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Abstract Stable isotope enrichment in proteins is 

necessary for high-resolution nuclear magnetic 

resonance (NMR) experiments. Although methods for 
13C, 15N and 2H-enrichment in prokaryotic cells are 

well established, full processing and correct folding of 

complex protein systems require higher organisms as 

the expression host. In the present study, we review 

recent efforts to enrich stable isotopes in mammalian 

cells for protein NMR studies. 
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Introduction 

 

Detailed NMR analysis of biomolecules is facilitated 

by 13C and 15N frequency labeling. As the 13C, 15N and 
2H natural abundance is very low, it is crucial to enrich 

these stable isotopes during recombinant protein 

expression. One of the most widely used 

microorganism for protein expression is Escherichia 

coli, which is superior to other expression systems 

because of its fast growth rate, high cell density, 

inexpensive growth media and close to 100% isotope 

labeling efficiency.1,2 However, complex and large 

human proteins often require eukaryotic chaperones 

and post-translational modifications (PTMs), which 

include phosphorylation, glycosylation and disulfide 

bridges, to correctly fold into their fully active forms.3 

Therefore, yeast, insect, plant and mammalian cells 

are also utilized as protein expression systems.  

Although difficult, it is essential to select the right 

expression system for protein isotope enrichment. 

Regarding expression levels, there is an optimal host 

system for each protein.4 For example, the protein 

yield of human glutamic acid decarboxylase (GAD65) 

was 4.5 mg (E. coli), 3.5 mg (yeast), 50 mg (insect) 

and 1.7 mg (mammalian) per liter of cell culture.5-8 

Thus, eukaryotic expression helps in GAD65 

production, although it is not strictly required. The 

protein yield of human interleukin-6 (IL-6) was 7.5 g 

(E. coli), 280 mg (yeast) and 1 mg (insect) per liter of 

cell culture.9-11 Clearly, E. coli provides the highest 

expression level for human IL-6. Generally, the cost 

of cell culture increases, while the efficiency of 

isotope incorporation decreases as we go to higher 

organisms.12  

A question arises in which cases to use mammalian 

expression system. Interestingly, certain proteins are 

only expressed in mammalian cells. For example, 

human T-synthase was not expressed in insect cells, 

but was expressed in mammalian cells because only 

the latter possess Cosmc chaperones.13 Moreover, the 

function of human proteins can be fine-tuned by PTMs 

provided by mammalian cells.14 For instance, a 

recombinant FVIII-Fc fusion protein was successfully 

expressed in HEK293 cells, while retaining its full 

activity with native PTMs.15 Therefore, majority of 

recombinant biopharmaceutical proteins are based on 

mammalian expression systems. Protein data bank 

(PDB) statistics from the last 10 years reveal a clear 
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increasing trend in the use of mammalian expression 

systems (Figure 1). This trend reflects the increasing 

interest toward complex proteins that require 

advanced PTMs and cellular machineries for correct 

folding.16 

To study these complex proteins using NMR, it is 

necessary to optimize the protein yield and the 

efficiency of stable isotope incorporation in 

mammalian cells. Several attempts have been made to 

efficiently incorporate 15N and 13C isotopes in the 

proteins of interest in mammalian cells. This review 

summarizes these trials and provides perspectives on 

stable isotope labeling and in cell NMR. 

 

 
Figure 1. Annual incidences of recombinant protein 

expression in mammalian cells for structural studies. Data 

used in the histogram is from the protein data bank (PDB).17 

 

 

Isotope Incorporation Efficiency 

 

The first uniformly isotope-labeled protein was 

urokinase. It was expressed in Sp2/0 cells using 

hydrolysate from bacteria or algae, which was grown 

in 15NH4Cl and 13C-labeled glucose (or 13CO2).18 To 

avoid isotope dilution, fetal bovine serum (FBS) was 

dialyzed against phosphate buffered saline. Glutamine 

and cysteine, which were degraded during hydrolysis, 

were separately added to support cell growth. Doubly-

labeled 15N, 13C-glutamine and singly-labeled 15N-

cysteine was used. Based on the 15N-coupled 1H 

spectrum, the signal intensities around 11.6 ppm 

revealed 95% 15N labeling efficiency for urokinase, 

although this may be an upper limit due to the low 

signal-to-noise ratio of the spectrum. In their later 

work, the presence of unlabeled glucose in the 

medium led to amino-acid-type-dependent 13C 

dilution.19 For example, the labeling efficiency of 

alanine, serine and glycine residues were in the 60%–

75% range, whereas minimal dilution was observed 

for the amino acids synthesized by the citric acid cycle. 

A similar approach was taken by Lustbader et al., 

where glucose and pyruvate were both labeled with 
13C.20 As a result, mass spectrometric studies 

confirmed greater than 90% uniform 13C, 15N labeling 

in CHO cells. In a relatively recent study, Egorova-

Zachernyuk et al. used yeastolate and algal lysate to 

achieve uniform 15N labeling at the efficiency of 90% 

based on the FT-IR amide band shift.21 

Despite the cost reduction by using various lysates as 

a source of labeled amino acids, the aforementioned 

methods are rather labor intensive. One 

straightforward strategy for uniform isotope labeling 

in mammalian cells is to use Bioexpress 6000 

commercial medium from Cambridge Isotope 

Laboratories (CIL). This method generally achieves 

greater than 80% labeling efficiency.22,23 Furthermore, 

90% uniformly 15N isotope labeled TGF-beta 1 was 

created by adding individual 15N-labeled amino acids 

and 15N-labeled choline to the medium.24 Considering 

the high cost of commercial medium, it may be good 

to check a priori whether the protein of interest can be 

well expressed in mammalian cells and whether the 

size of the 13C, 15N-labeled protein is suitable for 

traditional NMR assignment experiments. 

Amino acid type selective (AATS) labeling is an 

alternative isotope labeling method. AATS isotope 

labeling is well illustrated in rhodopsin studies, where 

specific types of amino acids were replaced by the 

corresponding labeled ones.25-29 However, isotope 

scrambling, which causes unwanted labeling of other 

amino acids can be problematic. This effect is more 

pronounced for 15N-labeled amino acids than 13C-

labeled amino acids.24 To minimize scrambling, we 

can perform AATS on lysine or threonine, which do 

not serve as substrates for transaminases, or add a 

transaminase inhibitor to the growth medium.30 

Incorporation of 15N-labeled alanine, cysteine, glycine, 

histidine, isoleucine, leucine, methionine, 

phenylalanine, proline, serine, tryptophan, tyrosine 
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and valine residues was reported to have labeling 

efficiencies higher than 80%, except for serine 

residues with 50% labeling efficiency.30 

The overall isotope labeling efficiencies are 

summarized in Table 1. High efficiency of 15N and 13C 

isotope labeling was achieved by introducing a pure 
15N and 13C isotope source to the medium, adding 

extensively dialyzed FBS (or no FBS) and increasing 

the cell passage numbers using the isotope-enriched 

medium.21 Notably, the cell morphology can change 

because the composition of isotope-enriched medium 

differs from that of the optimal base medium + 10% 

FBS.21 Whether the change in cell morphology can 

affect the native PTMs, protein yield and in cell NMR 

studies should be carefully assessed. 

Deuterium (2H) labeling suppresses 1H–1H dipolar 

interactions and is especially useful for studying large 

proteins.31 Although E. coli can be grown in D2O 

minimal medium to achieve uniform 2H enrichment, 

D2O is generally toxic to mammalian cells. However, 

an interesting study showed that GFP protein was 

successfully expressed in A549 human cell line in 70% 

D2O medium.23 2H-labeled amino acids can potentially 

be used in AATS, but the cost would be prohibitively 

expensive. 

 

 

Protein Yield 

 

In general, a high (>100 M) protein concentration is 

required for NMR experiments even with high field 

magnets and cryogenic probes. Thus, it is important to 

increase the isotope incorporation efficiency and 

enhance the protein yield. Interestingly, a high 

percentage of undialyzed FBS in the medium will 

generally result in a high protein yield at the price of a 

low efficiency of isotope incorporation. Several 

attempts have been made to increase the expression 

level of proteins in mammalian cells grown in the 

labeled media. 

Table 1 summarizes the protein yields in different 

culture conditions. Because the yield substantially 

depends on the type of protein, different rows of the 

table should be compared with caution. In addition to 

the careful choice of the basal medium, isotope source 

and the percentage of FBS as illustrated in table 1, 

below efforts dramatically improved the yield of 

protein production. 

First, rigorous cell selection methods have improved 

the protein yield. Since stable cell lines typically 

produce more proteins than transiently transfected 

cells, stable HEK293S cell lines comprising the opsin 

gene were created, which produced about 2 mg of 

isotope labeled rhodopsin protein per liter of 

medium.29 Another method involved cloning cells 

with limited dilution technique, seeding one cell per 

well from the transfected cells, and recovering a clone 

with a high protein expression. This approach 

increased the production of human chorionic 

gonadotropin (hCG) by approximately ten-fold 

compared to the control without clone selection.20  

Exploiting a dihydrofolate reductase (DHFR) 

deficient CHO cell line is another approach to obtain 

high levels of protein expression.24 After transfecting 

the cell line with the plasmid containing both the gene 

of interest and the DHFR gene, cells are grown in a 

medium lacking hypoxanthine and thymidine to 

increase the number of plasmids in cells. Treating the 

cells with methotrexate, a DHFR inhibitor, can further 

amplify the copy number of the plasmids, resulting in 

elevated protein expression levels. Using this strategy, 

up to 1.2 mg of mature TGF-1 per liter of medium 

was produced, despite the inherently low expression 

level of TGF-1.24 While the aforementioned methods 

can improve the overall protein yield, the procedure 

can be time consuming. 

Second, viral transfection methods can be extremely 

efficient in mammalian cells. A recent study carried 

out by Sastry et al. highlights the improved protein 

expression via efficient delivery of a transgene to 

A549 cells by utilizing adenovirus infection with 

yields near 45 mg of HIV-1 gp120 outer domain per 

liter of cell growth.23 In this study, recombinant 

adenovirus type 5 (Ad5) was constructed based on the 

recombination of shuttle vector carrying HIV-1 gp120 

outer domain gene with a cosmid containing Ad5 

genomic DNA with deletion of the E1 region 

responsible for virus replication and with the 

nonfunctional E3 region. Interestingly, this system 

enabled a high level of GFP expression around 50 mg 
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per liter of various media: 15N or 15N/13C Bioexpress 

6000, unlabeled DMEM and unlabeled DMEM with 

70% D2O.23 Nevertheless, a long time is required for 

constructing recombinant adenovirus and the 

mammalian cells may display inflammatory response 

to capsid proteins.23,32 

Third, degraded amino acids in hydrolysates can be 

externally added. For isotope labeling of proteins in 

mammalian cells, unlabeled amino acids in the 

chemically defined commercial basal media are 

omitted and the labeled amino acids are added instead. 

The amino acid composition is altered while using 

bacteria, algae or yeast lysates as a source of labeled 

amino acids. Previous study by Hansen et al. reported 

that hydrolysates without amino acid supplements 

could not support Sp2/0 cell growth, but the addition 

of glutamine and cysteine enabled obtaining 30 mg of 

urokinase from 1 L culture.18 According to Lustbader 

et al., the addition of labeled cysteine, glutamine and 

arginine, where the first two were degraded during 

hydrolysis, was necessary for improving hCG 

expression when algal hydrolysate was used.20 By 

using the optimized media, an hCG production level 

of 10 mg per liter of medium was achieved, which 

indicates an approximately six-fold increase compared 

to the expression level in unoptimized media.20  

 

 

In cell NMR 

 

The biological processes in cellular context can be 

assessed via in cell NMR spectroscopy.33,34 In contrast 

to the traditional in cell NMR, where purified 15N, 13C-

enriched proteins were introduced from outside the 

cell by methods such as microinjection, cell 

penetrating peptides, pore-forming toxins or 

electroporation,35 endogenous protein expression may 

more faithfully reproduce the cellular condition. This 

is because endogenous expression can avoid protein 

damages during the purification steps and protein 

maturation can occur in its native environment. 

However, low NMR sensitivity and overflow of NMR 

signals from cellular background often create major 

huddles and restricts the analysis of cellular proteins. 

To alleviate these issues, a recent in cell NMR study 

used endogenous protein expression employing 

HEK293T cells transfected with a plasmid containing 

a strong CAG promoter and labeled in commercial 

Bioexpress 6000 media.36 High levels of protein 

expression and isotope incorporation for the 

overexpressed protein clearly indicated that in cell 

NMR can be performed using the endogenous protein 

expression method. Therefore, development of isotope 

labeling strategies in mammalian cells can benefit 

both in vitro and in cell observation of proteins. 

 

 

Perspectives 

 

Lower organisms such as E. coli and yeast generally 

provide high protein yield and good isotope labeling 

efficiency. However, as we proceed to more complex 

and large protein systems, species-specific PTMs and 

cellular machineries involved in protein folding may 

be necessary to obtain fully functional proteins, or in 

certain cases, obtain any protein at all. Unquestionably, 

a protein will be in its most native form, when it is 

expressed in the species from which it originates.  

The disadvantages for using mammalian expression 

system includes high cost and low protein yield 

compared to other prokaryotic or low eukaryotic 

expression systems. Furthermore, the inability of 

mammalian cells to grow in minimal media lowers the 

efficiency of stable isotope labeling, a prerequisite for 

NMR analysis. 

We have summarized the efforts in this field to 

overcome these challenges. For uniform labeling, 

early developments focused on the use of bacterial and 

algal hydrolysates as isotope-labeled amino acid 

sources. Later, yeast and algal autolysates were used; 

these do not require the addition of isotope-labeled 

glutamine and cysteine, which are degraded in 

hydrolysates. Although the commercial Bioexpress 

6000 media provides higher protein yield than the 

lysates, the latter provides slightly higher isotope 

incorporation efficiency (Table 1), presumably 

because lysates are often used without FBS. 

Furthermore, transfecting the mammalian cells by 

adenovirus or using a strong promoter helps to 

increase the yield and thereby reduces the cost of 
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protein production. In addition to uniform labeling, 

AATS labeling was introduced and extensively 

applied to NMR studies of rhodopsin. The advantages 

of AATS labeling are low cost and simplicity of NMR 

spectra, because one can judiciously select the amino 

acids to be isotope labeled. However, residues are 

assigned usually by individual mutations for AATS. 

Effective isotope labeling strategies of proteins in 

mammalian cells are being developed for studies of 

complex proteins by NMR and to capture the genuine 

state of proteins in cellular context. As we delve into 

more complex and important biological systems, the 

significance of efficient methods for stable isotope 

labeling in mammalian cells will become increasingly 

highlighted in NMR studies.

 

Table 1. Summary of isotope labeling of proteins in mammalian cells. 

 

Cell 

line 

Protein Basal 

medium 

Source of 
13C, 15N 

isotopes 

FBS 

(%) 

Yield 

(mg/L) 

Incorporation 

(%) 

Method to 

evaluate 

incorporation 

Ref. 

Sp2/0 Urokinase Hybridoma 

SFMa,b  

[U-15N] 

bacterial 

hydrolysatec 

5d 30 95 NMR  [18] 

Sp2/0 Urokinase Hybridoma 

SFMa,b  

[U-15N, 13C] 

algal 

hydrolysatec 

5d - 60-75e NMR  [19] 

CHO hCG CHO-S- 

SFMa,f 

[U-15N, 13C] 

algal 

hydrolysateg 

- 10 > 90 Mass spec. [20] 

CHO IgG1 NYSF404 
a,f 

[U-15N, 13C] 

algal  

amino acid 

mixtureh 

2d - - - [37] 

1B10.

7 

IgG2a NYSF404a [U-15N] 

amino acid 

mixturei 

- - - - [38] 

CHO Opsin DMEM/ 

F12a 

[U-15N] 

yeastolate 

and algal 

autolysate 

- - > 90 FT-IR  [21] 

HEK

293T 

SOD1,   

Mia40 

DMEMa [U-15N]   

algal 

autolysatej 

1.5 - - - [39] 

CHO TGF- 1 MEM-a 
 
 

[U-15N] 

amino acidsk  

1d 1 > 90 NMR  [24] 
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HEK

293T 

Proteome CGM- 

6000-N 

CGM-6000-

Nl 

1.5 - 84 FT-IR         [22] 

HEK

293T 

Various 

proteinsm 

CGM- 

6000-N 

CGM-6000-

Nl 

1.5 - - - [36] 

A549 HIV-1  

gp120 

CGM- 

6000-N 

CGM-6000-

Nl 

- 45n 85 Mass spec. [23] 

A549 HIV-1  

gp120 

CGM- 

6000-CN 

CGM-6000-

CNl 

- 44n 85 Mass spec. [23] 

CHO TGF- 1 MEM-a [15N, 13C], 

[15N], and 

[13C] amino 

acidso 

1d 0.5-

1.0s 

Varies 

depending on 

residues 

NMR [24] 

CHO TGF-1 MEM-a [U-15N, 13C] 

and [2-15N] 

amino acidso 

1d 0.7 Varies 

depending on 

residues 

NMR  [40] 

CHO hu-sCD2105 MEM-a [15N] Lys 15p - - - [41] 

AN02 AN02 

antibody 

RPMI 

1640a 

[ring-2H] 

Tyr, Phe, 

and Trp  

1 20 > 95 NMR  [42] 

HEK

293S 

Rhodopsin CGM- 

6750 

CGM- 6750q - 2 - - [29] 

HEK

293S 

Rhodopsin CGM- 

6750 

CGM- 6750t - 2.1 - - [29] 

HEK

293S 

Rhodopsin DMEMa [-15N]  

Lys 

10d - - - [25] 

HEK

293S 

Rhodopsin DMEMa [,-15N] 

Trp 

10d - - - [26] 

HEK

293S 

Rhodopsin DMEMa [U-15N, 13C] 

Trp or     

[U-15N] His 

or [U-13C]  

His  

10d - - - [27] 

HEK

293S 

Rhodopsin DMEMa [,-15N] 

Trpr  

10d - - - [28] 

 

The symbol ʻ-ʼ indicates that the information was not explicitly mentioned in the article 
a Unlabeled amino acids substituted by the labeled amino acids were omitted 
b Purchased from Gibco 
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c Supplemented with [15N] Cys and [15N] Gln (or [15N/13C] Gln) 
d Dialyzed to remove unlabeled amino acids  
e 13C incorporation data of only Ala, Ser and Gly are available  
f Carbohydrates and organic acids were omitted 
g Supplemented with [15N/13C] Cys, Gln, Arg, 13C-sodium pyruvate and 13C-glucose 
h Purchased from Taiyo Nippon Sanso Co. and supplemented with additional [U-15N,13C] amino acids, 13C-glucose, 
13C-sodium pyruvate and 13C-succinic acid from Shoko Co. as indicated in Ref. [37] 
i Purchased from Chlorella Industry Co. and supplemented with additional [U-15N] amino acids from CIL as 

indicated in Ref. [38] 
j [U-15N] Streptomyces platensis autolysate purchased from CIL and supplemented with unlabeled glucose 
k [U-15N] amino acids (except for Trp) and Trp (15N labeled only on the backbone) were purchased from Merck 

and CIL, respectively. 15N-choline was supplemented 
l Commercial [U-15N] or [U-15N,13C] labeling media (Bioexpress 6000) from CIL 
m SOD1, CCS, HAH1, Mia40, Cox17 and profilin1 
n Adenovirus vector-based expression 
o Individual amino acids were purchased from CIL and Merck according to the labeling scheme in Ref. [24] and 

[40] 
p FBS concentration was raised to 15% in the production phase 
q [U-15N] Gly, Gln, Leu, Lys, Ser, Thr, Trp and Val  
r Additional 13C labeled amino acids were added as indicated in Ref. [28] 
s Yields from the three labeling schemes indicated in Ref. [24] 
t [U-15N,13C] Gly, Gln, Leu, Lys, Ser, Thr and Val 
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