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Abstract The preparation of stable isotope-labeled pro-

teins is necessary for the application of a wide variety of

NMR methods, to study the structures and dynamics of

proteins and protein complexes. The E. coli expression

system is generally used for the production of isotope-

labeled proteins, because of the advantages of ease of

handling, rapid growth, high-level protein production, and

low cost for isotope-labeling. However, many eukaryotic

proteins are not functionally expressed in E. coli, due to

problems related to disulfide bond formation, post-trans-

lational modifications, and folding. In such cases, other

expression systems are required for producing proteins for

biomolecular NMR analyses. In this paper, we review the

recent advances in expression systems for isotopically

labeled heterologous proteins, utilizing non-E. coli pro-

karyotic and eukaryotic cells.
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Introduction

The preparation of large amounts of stable isotope-labeled

recombinant proteins is currently a crucial step for structural

analyses of the proteins by NMR spectroscopy. Due to

obvious advantage such as ease of genetic manipulation,

rapid cell growth, and low costs for isotope-labeling, the

Escherichia coli expression system is frequently used in

structural genomics (Gräslund et al. 2008). However, het-

erologous proteins, especially many eukaryotic proteins,

cannot be folded correctly and are expressed insolubly as

inclusion bodies in E. coli. To overcome this limitation,

several strategies, such as decreasing the temperature of the

cell culture (Schein and Noteborn 1988; Qing et al. 2004)

and/or fusing highly soluble tags (GST, TrxA, NusA, etc.) to

target proteins (Esposito and Chatterjee 2006), have been

proposed to facilitate soluble expression in E. coli. Never-

theless, in a significant number of cases, it is impossible to

express correctly folded proteins in a soluble form using E.

coli expression systems. For example, the expression of

eukaryotic proteins with complex disulfide-bonds frequently

causes inclusion body formation in E. coli. In such cases, the

use of other expression hosts should be considered, as

alternatives for the preparation of stable isotope-labeled

proteins. In this review, we present recent developments in

the expression systems for isotope-labeling of heterologous

proteins utilizing non-E. coli prokaryotic and eukaryotic

cells.

Stable isotope-labeling of heterologous proteins

by non-E. coli prokaryotic cells

In order to facilitate the correct folding of expressed het-

erologous proteins, especially when disulfide-bond forma-

tion is involved, the secretion from the bacterial cytoplasm

is occasionally employed (Georgiou and Segatori 2005).

Secretion of heterologous proteins has several advantages:

(1) fewer contaminants and simpler purification, (2) higher
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yield, as compared with cytoplasmic expression, and (3)

potentially toxic cytosolic proteins can be overexpressed

without injuring the host cells.

Shinagawa et al. (2005) recently developed an isotope-

labeling procedure utilizing Corynebacterium glutamicum,

a Gram-positive bacterium. By using the C. glutamicum

system, the authors successfully expressed soluble Strep-

toverticillium mobaraense transglutaminase (MTG), which

was expressed in inclusion bodies in the E. coli expression

system. C. glutamicum can be adapted for high-density cell

culture, and minimal medium (1.2 g glucose, 0.6 g NH4Cl,

20 g MgSO4�7H2O, 0.2 g FeSO4�7H2O, 0.2 g MnSO4�
7H2O, 30 g KH2PO4, 9 g thiamine hydrochloride, 9 g

biotin, and 1 g CaCO3 per 20 ml of distilled water,

adjusted pH 7.5), in which glucose and ammonium chlo-

ride are the sole carbon and nitrogen sources, respectively,

can be used for the 13C/15N-labeling of target proteins.

Although the concentrations of glucose and ammonium

chloride in the medium are much higher than those of the

standard M9 minimal medium for E. coli, a high expression

level of MTG with C. glutamicum can be attained by using

a culture volume of 20–100 ml. Furthermore, deuterium

labeling of MTG can also be achieved by using deuterium

oxide medium.

The Gram-positive bacterium Brevibacillus choshinen-

sis has been used to produce several heterologous proteins

(Udaka and Yamagata 1993), and the prokaryotic cell has

recently become commercially available (Takara Bio,

Shiga, Japan). B. choshinensis is usually cultivated in rich

medium, and the yield of the heterologous protein (12 kDa

human FK506 binding protein: FKBP12) expression in M9

minimal medium was lower and insufficient for NMR

measurements. However, Tanio et al. (2008) demonstrated

that the protein expression using 15N-labeled rich medium

(C. H. L. medium: Chlorella Industry, Tokyo, Japan)

improves the yield of the expressed FKBP12, thus facili-

tating NMR measurement. The use of commercially

available rich media also reportedly improves the protein/

peptide expression for other types of Brevibacillus strains

(Vogt et al. 2003). Furthermore, the amino acid-type

selective (AATS) 15N-labeling of a target protein secreted

by B. choshinensis was extensively examined, and revealed

that nine amino acids (alanine, arginine, asparagine, cys-

teine, glutamine, histidine, lysine, methionine, and valine)

were available for 15N selective labeling (Tanio et al.

2009).

Stable isotope-labeling of heterologous proteins

by yeast expression system

Although some of the non-E. coli prokaryotic expression

systems has enabled the successful expression of

heterologous proteins that cannot be expressed in E. coli,

several fundamental difficulties still exist for heterologous

protein expression in prokaryotic cells: (1) lack of intra-

cellular organelles, (2) a limited number of molecular

chaperones, and (3) absence pf post-translational protein

modification mechanisms. The utilization of eukaryotic

cells for the protein expression should overcome these

issues.

The methylotrophic yeast Pichia pastoris is a powerful

tool for the heterologous expression of proteins, and the

expression system includes several advantages of both the

prokaryotic and eukaryotic expression systems (Cregg

et al. 2000): (1) P. pastoris is a single-cell microorganism

that is easily grown to high cell densities, and high yields

of secreted protein (typically 100–500 mg/l) can be

expected when expression is carried out in a fermenter, (2)

the molecular genetic manipulation techniques for P. pas-

toris are not difficult, and are similar to the well-estab-

lished methods for Saccharomyces cerevisiae, and (3)

P. pastoris is capable of post-translational modifications,

including proteolytic processing, disulfide-bond formation,

and glycosylation. Another advantage of the expression

system is the stable isotope-labeling of expressed proteins

at a reasonable cost, because protein production by

P. pastoris is possible in simple minimal defined media.

The basal media for the stable isotope-labeling of pro-

teins contain a number of salts and defined nitrogen and

carbon sources. As for the carbon sources, two carbon

sources are typically utilized for protein production by

P. pastoris. Methanol is necessary for the induction of

protein production, but alternate carbon sources (glycerol

or glucose) are used for the growth phase of P. pastoris,

prior to the induction. In order to obtain the maximum

incorporation of the 13C-isotope, isotopically labeled car-

bon sources (13C-labeled glycerol or glucose) must be used

during the growth phase of the P. pastoris culture (Laroche

et al. 1994; Wood and Komives 1999), while 13C-methanol

is included during the expression phase. However, Rodri-

guez and Krishna demonstrated that the isotopes are not

continuously required during the growth phase, and the

addition of small amounts of labeled compounds 6 h prior

to the induction achieved sufficient isotope incorporation

(Rodriguez and Krishna 2001), thereby facilitating cost-

effective isotope-labeling.

For the structural analysis of large molecular weight

(Mw [ 25K) proteins by NMR, deuterium isotope-labeling

of expressed proteins is a critical requirement, since deu-

terium labeling simplified NMR spectra and also enhanced

the relaxation properties of attached or adjacent atoms

(Kay and Gardner 1997). Although bacterial expression

systems are usually used to produce deuterated proteins,

P. pastoris can also be adapted to growth in a deuterated

environment to produce deuterated heterologous proteins
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(Massou et al. 1999; Morgan et al. 2000; Tomida et al.

2003). Morgan et al. (2000) reported that the use of 95%

D2O media for protein expression achieves effective and

uniform deuteration at the Ca positions of proteins and

causes a significant reduction in the linewidth of the amide

proton signals, regardless of whether a protonated or deu-

terated carbon source (methanol) is used for the induction

(Fig. 1). However, in their study, several resonances from

methyl groups as well as Lys d/e groups still existed in the

[1H, 13C]-HSQC spectrum, even though deuterated meth-

anol was used during the induction phase (Fig. 1c). If

further deuteration is necessary for some applications, for

example, a cross-saturation experiment for identifying a

molecular interface (Takahashi et al. 2000; Nakanishi et al.

2002), the deuterated carbon sources (glycerol or glucose)

should also be used during the growth phase. Ichikawa

et al. successfully prepared the highly deuterated discoidin

domain of DDR2 in this manner (Fig. 2), and its deutera-

tion ratio was more than 95%, as judged from the MS

analysis. Consequently, a transferred cross-saturation

experiment, which requires a high level of deuteration,

successfully identified the collagen-binding site of DDR2

(Ichikawa et al. 2007).

Amino acid-type selective isotope-labeling of proteins is

also useful to simplify the NMR spectra and to facilitate the

NMR assignment of large molecular weight proteins. Chen

et al. (2006) optimized the culture conditions of P. pastoris to

overcome a scrambling problem, and successfully performed

four types (Cys, Leu, Lys and Met) of AATS 15N-labeling, in

which the incorporation rates were greater than 50%.

Quite recently, we established a cost-effective isotope-

labeling procedure by utilizing the yeast Kluyveromyces

lactis (Sugiki et al. 2008). Similar to P. pastoris, K. lactis

also efficiently secretes heterologous proteins into the cul-

ture medium (Colussi and Taron 2005). One of the major

differences between K. lactis and P. pastoris is the pro-

moters utilized for the expression of the target gene. P.

pastoris and K. lactis use the AOX1 (Alcohol oxidase 1)

and LAC4 promoters, respectively (Cregg et al. 1989;

Colussi and Taron 2005). In the case of K. lactis, the

expression of target genes is induced by adding galactose to

the culture medium, while methanol is used for P. pastoris.

Galactose acts not only as an inducer of target gene

expression, but also as a carbon source for K. lactis. In the

case of P. pastoris, due to the toxicity of methanol, the

methods for methanol addition (manual periodic addition or

constant supply using a peristaltic pump), dose, feed rate,

and timing must be strictly controlled during the period of

cultivation, in order to achieve maximum cell growth and

expression levels of protein with high reproducibility.

On the other hand, in K. lactis, high-level expression of

the target protein is continuously induced by constitutive

cultivation with media containing galactose. Thus, the

procedures for culture and induction of protein expression

by K. lactis are simple, easily scaled-up, and offer high

reproducibility.

In the K. lactis expression system, 20 g/l galactose is

usually required as a carbon and energy source for cell

growth, and as an inducer for the expression of target

proteins. However, for uniform 13C-labeling of target

proteins, 20 g/l carbon source may be economically

unfeasible. Merico et al. (2004) reported that heterologous

protein can be induced by 20 g/l glucose in K. lactis, while

its potential as an inducer of protein expression is lower.

Fig. 1 Two-dimensional [13C, 1H]-HSQC spectra of MSP1-19 pro-

tein expressed in the yeast Pichia pastoris (aliphatic region). a
13C/15N-labeled (non-deuterated) protein [control]. b 2H/13C-labeled

protein (inducing protein production by growing the cells in 95% D2O

with protonated 13C-methanol). c 2H/13C/15N-labeled protein (induc-

ing protein production by growing the cells in 95% D2O with

deuterated 13C-methanol). Specific amino acid signals that remained

relatively intense in the deuterated samples (b, c) are indicated in b.

(Reprinted with permission from Morgan et al. 2000)
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Therefore, we investigated culture conditions that enable

sufficient production of isotope-labeled protein by K. lactis

using a minimal amount of glucose.

The 41-kDa maltose-binding protein (MBP) was used as

a model protein in the K. lactis protein expression system.

We explored the minimal dose of glucose that enables

sufficient cell growth and induction of MBP expression

was observed with 4 g/l glucose, but the yield of the MBP

was 1.4 mg/l, which is approximately 20-fold lower than

the yield at 20 g/l glucose (23.8 mg/l) (Fig. 3a). To over-

come this problem, we utilized a ‘‘Fed-batch’’ cultivation

strategy (Sugiki et al. 2008). With this strategy it is pos-

sible to obtain 10.1 mg/l of expressed MBP with final

concentration of 5 g/l glucose, which is eightfold higher

than batch culture using 4 g/l glucose (Fig. 3a). NMR

experiments for uniformly 13C/15N-labeled MBP in the

presence of b-cyclodextrin were performed and the well-

dispersed chemical shift of the 1H and 15N in the [15N, 1H]

HSQC spectrum indicates that the uniformly 13C/15N-

labeled MBP secreted by K. lactis is correctly folded

(Fig. 3b). Furthermore, the assignment of NMR signals of

the uniformly 13C/15N-labeled MBP was successfully per-

formed using HNCA spectrum (Fig. 3c), and the results

were entirely consistent with previous reports (Gardner

et al. 1998). This indicates that highly efficient isotope-

labeling was achieved by the K. lactis expression system.

Thus, the Fed-batch culture method enables larger amounts

of proteins expressed by K. lactis, despite using smaller

amount of glucose, which reduces costs to a level com-

parable to E. coli isotope-labeling systems. Using this

culture method, the cost of isotope(13C/15N)-labeling of

target proteins is 6–7 times lower than that of the

Fig. 2 One-dimensional proton NMR spectrum of perdeuterated

DDR2 expressed in the yeast Pichia pastoris (initially by growing the

cells in 99% D2O with deuterated glucose and then inducing protein

production by growing the cells in 99% D2O with deuterated

methanol. Impurity peaks are marked with asterisks

Fig. 3 a SDS–PAGE of MBP secreted by the yeast K. lactis into

culture supernatants (15 ll) after 60 h of batch culture using minimal

media containing 20 g/l D-glucose (lane 1), 4 g/l D-glucose (lane 2),

or fed-batch cultivation with continuously supplied D-glucose (lane
3). SDS–PAGE of purified MBP is shown in lane 4. b [15N, 1H]

HSQC spectrum of 13C/15N-labeled MBP expressed in the yeast K.
lactis. c Resonance assignment of 0.3 mM uniformly 13C/15N-labeled

MBP expressed in the yeast K. lactis using [13Ca,
1HN]-strips taken

from the 3D HNCA spectrum at each 15N of residues 28–39
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P. pastoris expression system, if it is assumed that equal

amounts of target protein are expressed in both systems.

Stable isotope-labeling of heterologous proteins

by other eukaryotic cells

There are some disadvantages of yeast protein expression

systems, regarding their inability to accomplish certain

complex post-translational modifications, such as prolyl

hydroxylation as well as a certain type of phosphorylation

and high mannose glycosylation. Therefore, the use of

higher eukaryotic cells with advanced cell machinery

facilitates the proper folding and post-translational modi-

fications, essential for the biological functionality of target

proteins. Among the eukaryotic expression systems, the

baculovirus expression system (BVES) is one of the most

popular and powerful expression systems for the expres-

sion of mammalian proteins such as kinases and membrane

proteins. The BVES is based on the infection of insect cells

(in many cases, Sf9 cells are used) with a recombinant

baculovirus carrying a target gene, and the subsequent

expression of the target protein by the insect cells (O’Reilly

et al. 1994). Nowadays, gene manipulation to construct the

recombinant baculovirus is facilitated by using commer-

cially available molecular biology kits.

However, since insect cells cannot be grown in minimal

medium, it is difficult to cost-effectively perform the uni-

form isotope-labeling of target proteins using the BVES.

Instead, by optimizing the medium and culture conditions,

AATS 15N-labeling by BVES can be successfully per-

formed for several amino acid types (Brüggert et al. 2003;

Strauss et al. 2003). Recently, isotopically labeled

expression media for BVES has become commercially

available (BioExpress-2000 (Insect Cell); Cambridge Iso-

tope Laboratories, Inc., Cambridge, MA, USA), and

Strauss et al. (2005) used these media for the uniform 15N-

and 13C/15N-labeling of the catalytic domain of Abl kinase.

Although the source and the concentration of the amino

acids in BioExpress-2000 media have not been disclosed to

the public, the expression levels of Abl with BioExpress-

2000 series are comparable to those of other culture media

for protein expression in insect cells, such as SF900 II or

EX-CELL 420. The total label incorporation rate, as well

as that for each single amino acid, is more than 90%.

A major bottleneck of uniform labeling in the BVES is

the high cost for such labeled rich media. Another potential

limitation of the BVES is the expression of perdeuterated

proteins. Most higher eukaryotic cells are more sensitive to

toxic substances than bacteria and cannot survive in deu-

terium oxide media, and thus cost-effective perdeuteration

of target proteins is not currently possible. In the case of

Abl kinase, a 32 kDa protein, CBCA-type triple resonance

experiments are difficult without deuterated samples.

However, the combination of AATS 15N-labeling and

several basic triple resonance experiments (HNCO, HNCA,

HN(CO)CA, and 15N-edited NOESY) allowed the assign-

ment of 96% of all backbone (1HN, 15N, 13Ca, and 13CO)

resonances (Vajpai et al. 2008). On the basis of this nearly

complete backbone resonance assignment, Vajpai et al.

performed structural and dynamical NMR analyses of Abl

kinase complexed with three clinical inhibitors, by utilizing

residual dipolar coupling and 15N relaxation data.

Ideally mammalian proteins should be produced by

using mammalian cells, such as Chinese hamster ovary

(CHO) cells, HEK293 cells, and so on. However, these

mammalian cells cannot grow on the isotopically enriched-

minimal media used for bacterial or yeast expression sys-

tems, and require amino acids, vitamins, and in many

cases, serum. Therefore, the uniform isotope-labeling of

target proteins in mammalian cells is not currently possible

to perform in a cost-effective manner, for reasons similar to

those discussed for insect cells.

Hansen et al. (1992) first introduced a practical, cost-

effective approach for obtaining uniformly 15N- and
13C/15N-labeled proteins from mammalian cells. In this

approach, a hydrolysate of bacteria or algae grown on

inexpensive 15NH4Cl and 13C-labeled glucose or 13CO2 is

first prepared, and an isotopically labeled amino acid

mixture is purified from the hydrolysate. The authors uti-

lized this prepared 15N-labeled amino acid mixture along

with 15N-labeled glutamine, which is enzymatically syn-

thesized from rather inexpensive 15N-labeled glutamate,

and commercially available 15N-labeled cysteine, to pro-

duce uniformly 15N-labeled urokinase in Sp2/0 cells

(Hansen et al. 1992). The preparations and multinuclear

NMR analyses of uniformly labeled proteins expressed in

other mammalian cells, according to this strategy, were

also reported (Lustbader et al. 1996; Shindo et al. 2000).

Nowadays, purified algal amino acid mixtures are com-

mercially available from manufacturers. Furthermore,

mammalian cell growth media (BioExpress 6000; CIL) for

the isotopic(15N and 13C/15N)-labeling of proteins has

recently become commercially available, and Werner et al.

(2008) successfully produced isotopically labeled mam-

malian G protein-coupled receptor (GPCR), rhodopsin, in

mammalian HEK293 cells by using this medium. However,

the uniform isotope-labeling by using a mammalian

expression system currently faces similar issues to those of

the BVES, regarding its relatively high cost, as compared

to the bacterial expression system, and the difficulty in

achieving perdeuteration of target proteins. Therefore,

NMR analyses using AATS isotope-labeling of proteins

have been mainly employed to obtain the structural and

dynamical information of target proteins so far (Arata et al.

1994; Klein-Seetharaman et al. 2002, 2004).
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Recently, a stable isotope-labeling procedure using an

inducible viral infection system in Tobacco BY-2 suspen-

sion-cultured plant cells was reported by Ohki et al. (2008).

In the most efficient case, sufficient NMR samples (1–

4 mg) were obtained from 50 ml cultures of BY-2 cells. In

order to prepare uniformly 15N-labeled proteins, K15NO3

and 15NH4
15NO3 were used as nitrogen sources. In princi-

ple, 13C-labeling is possible if 13C-labeled sucrose is

employed as the sole carbon source in the culture medium.
15N-labeled bovine pancreatic trypsin inhibitor (BPTI),

which contains three disulfide-bonds and is expressed as an

inclusion body in E. coli, was successfully expressed in the

soluble form by using this system.

Future prospects

Characteristic features of the different expression systems

are summarized in Table 1. The utilization of eukaryotic

cells is attractive for the expression and stable isotope-

labeling of mammalian proteins, especially human pro-

teins, which are important targets for drug discovery. In

particular, eukaryotic membrane proteins are generally not

expressed in an active form in the E. coli expression sys-

tem. As mentioned above, a GPCR, bovine rhodopsin, was

successfully expressed, and AATS labeling can be per-

formed in mammalian cells (Werner et al. 2008) as well as

in the BVES (Creemers et al. 1999). Other GPCRs [CCR5

(Nisius et al. 2008) and thromboxane A2 receptor (Ruan

et al. 2008)] were also expressed in the BVES and solu-

bilized to conduct 1H-NMR analyses, although isotope-

labeling has not been employed yet. In the case of the yeast

P. pastoris expression system, the systematic expression of

GPCRs was performed for structural biology applications

(Lundstrom et al. 2006; Lundstrom 2006). Therefore, the

yeast expression system is expected to be useful for

expressing partially or uniformly 2H/13C/15N-labeled

mammalian membrane proteins, thus enabling extensive

multinuclear NMR analyses. Overall, the further develop-

ment of cost-effective expression systems for mammalian

proteins that can be labeled with arbitrary combinations of

stable isotopes will facilitate the elucidation of the struc-

tural aspects of fully functional mammalian proteins with

posttranslational modifications.
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Gräslund S, Nordlund P, Weigelt J, Hallberg BM, Bray J, Gileadi O,

Knapp S, Oppermann U, Arrowsmith C, Hui R, Ming J, dhe-

Paganon S, Park HW, Savchenko A, Yee A, Edwards A,

Vincentelli R, Cambillau C, Kim R, Kim SH, Rao Z, Shi Y,

Terwilliger TC, Kim CY, Hung LW, Waldo GS, Peleg Y,

Albeck S, Unger T, Dym O, Prilusky J, Sussman JL, Stevens RC,

Lesley SA, Wilson IA, Joachimiak A, Collart F, Dementieva I,

Donnelly MI, Eschenfeldt WH, Kim Y, Stols L, Wu R, Zhou M,

Burley SK, Emtage JS, Sauder JM, Thompson D, Bain K, Luz J,

Gheyi T, Zhang F, Atwell S, Almo SC, Bonanno JB, Fiser A,

Swaminathan S, Studier FW, Chance MR, Sali A, Acton TB,

Xiao R, Zhao L, Ma LC, Hunt JF, Tong L, Cunningham K,

Inouye M, Anderson S, Janjua H, Shastry R, Ho CK, Wang D,

Wang H, Jiang M, Montelione GT, Stuart DI, Owens RJ, Daenke

S, Schutz A, Heinemann U, Yokoyama S, Büssow K, Gunsalus

KC (2008) Protein production and purification. Nat Methods

5:135–146

Hansen AP, Petros AM, Mazar AP, Pederson TM, Rueter A, Fesik

SW (1992) A practical method for uniform isotopic labeling of

recombinant proteins in mammalian cells. Biochemistry

31:12713–12718

Ichikawa O, Osawa M, Nishida N, Goshima N, Nomura N, Shimada I

(2007) Structural basis of the collagen-binding mode of discoidin

domain receptor 2. EMBO J 26:4168–4176

Kay LE, Gardner KH (1997) Solution NMR spectroscopy beyond

25 kDa. Curr Opin Struct Biol 7:722–731

Klein-Seetharaman J, Reeves PJ, Loewen MC, Getmanova EV,

Chung J, Schwalbe H, Wright PE, Khorana HG (2002) Solution

NMR spectroscopy of [a-15N] lysine-labeled rhodopsin: the

single peak observed in both conventional and TROSY-type

HSQC spectra is ascribed to Lys-339 in the carboxyl-terminal

peptide sequence. Proc Natl Acad Sci U S A 99:3452–3457

Klein-Seetharaman J, Yanamala NV, Javeed F, Reeves PJ, Getma-

nova EV, Loewen MC, Schwalbe H, Khorana HG (2004)

Differential dynamics in the G protein-coupled receptor rhodop-

sin revealed by solution NMR. Proc Natl Acad Sci U S A

101:3409–3413

Laroche Y, Storme V, De Meutter J, Messens J, Lauwereys M (1994)

High-level secretion and very efficient isotopic labeling of tick

anticoagulant peptide (TAP) expressed in the methylotrophic

yeast, Pichia pastoris. Biotechnology (N Y) 12:1119–1124

Lundstrom K (2006) Structural genomics for membrane proteins. Cell

Mol Life Sci 63:2597–2607

Lundstrom K, Wagner R, Reinhart C, Desmyter A, Cherouati N,

Magnin T, Zeder-Lutz G, Courtot M, Prual C, Andre N,

Hassaine G, Michel H, Cambillau C, Pattus F (2006) Structural

genomics on membrane proteins: comparison of more than 100

GPCRs in 3 expression systems. J Struct Funct Genomics 7:

77–91

Lustbader JW, Birken S, Pollak S, Pound A, Chait BT, Mirza UA,

Ramnarain S, Canfield RE, Brown JM (1996) Expression of

human chorionic gonadotropin uniformly labeled with NMR

isotopes in Chinese hamster ovary cells: an advance toward rapid

determination of glycoprotein structures. J Biomol NMR 7:

295–304

Massou S, Puech V, Talmont F, Demange P, Lindley ND, Tropis M,

Milon A (1999) Heterologous expression of a deuterated

membrane-integrated receptor and partial deuteration in meth-

ylotrophic yeasts. J Biomol NMR 14:231–239

Merico A, Capitanio D, Vigentini I, Ranzi BM, Compagno C (2004)

How physiological and cultural conditions influence heterologous

protein production in Kluyveromyces lactis. J Biotechnol 109:

139–146

Morgan WD, Kragt A, Feeney J (2000) Expression of deuterium-

isotope-labelled protein in the yeast Pichia pastoris for NMR

studies. J Biomol NMR 17:337–347

Nakanishi T, Miyazawa M, Sakakura M, Terasawa H, Takahashi H,

Shimada I (2002) Determination of the interface of a large

protein complex by transferred cross-saturation measurements.

J Mol Biol 318:245–249

Nisius L, Rogowski M, Vangelista L, Grzesiek S (2008) Large-scale

expression and purification of the major HIV-1 coreceptor CCR5

and characterization of its interaction with RANTES. Protein

Expr Purif 61:155–162

O’Reilly DR, Miller LK, Luckow VA (1994) Baculovirus expression

vectors. Oxford University Press, New York

Ohki S, Dohi K, Tamai A, Takeuchi M, Mori M (2008) Stable-isotope

labeling using an inducible viral infection system in suspension-

cultured plant cells. J Biomol NMR 42:271–277

Qing G, Ma LC, Khorchid A, Swapna GV, Mal TK, Takayama MM,

Xia B, Phadtare S, Ke H, Acton T, Montelione GT, Ikura M,

Inouye M (2004) Cold-shock induced high-yield protein pro-

duction in Escherichia coli. Nat Biotechnol 22:877–882

Rodriguez E, Krishna NR (2001) An economical method for 15N/13C

isotopic labeling of proteins expressed in Pichia pastoris.

J Biochem 130:19–22

Ruan KH, Cervantes V, Wu J (2008) A simple, quick, and high-yield

preparation of the human thromboxane A2 receptor in full size

for structural studies. Biochemistry 47:6819–6826

Schein CH, Noteborn MHM (1988) Formation of soluble recombinant

proteins in Escherichia colli is favored by lower growth

temperature. Biotechnology 6:291–294

Shinagawa M, Shimba N, Mizukoshi T, Arashida N, Yamada N,

Kikuchi Y, Suzuki E (2005) High expression with Corynebac-
terium glutamicum for nuclear magnetic resonance sample

preparation. Anal Biochem 344:281–283

Shindo K, Masuda K, Takahashi H, Arata Y, Shimada I (2000)

Backbone 1H, 13C, and 15N resonance assignments of the anti-

dansyl antibody Fv fragment. J Biomol NMR 17:357–358

Strauss A, Bitsch F, Cutting B, Fendrich G, Graff P, Liebetanz J,

Zurini M, Jahnke W (2003) Amino-acid-type selective isotope

labeling of proteins expressed in Baculovirus-infected insect

cells useful for NMR studies. J Biomol NMR 26:367–372

Strauss A, Bitsch F, Fendrich G, Graff P, Knecht R, Meyhack B,

Jahnke W (2005) Efficient uniform isotope labeling of Abl

kinase expressed in Baculovirus-infected insect cells. J Biomol

NMR 31:343–349

Sugiki T, Shimada I, Takahashi H (2008) Stable isotope labeling of

protein by Kluyveromyces lactis for NMR study. J Biomol NMR

42:159–162

Takahashi H, Nakanishi T, Kami K, Arata Y, Shimada I (2000) A

novel NMR method for determining the interfaces of large

protein–protein complexes. Nat Struct Biol 7:220–223

Tanio M, Tanaka T, Kohno T (2008) 15N isotope labeling of a protein

secreted by Brevibacillus choshinensis for NMR study. Anal

Biochem 373:164–166

Tanio M, Tanaka R, Tanaka T, Kohno T (2009) Amino acid-selective

isotope labeling of proteins for nuclear magnetic resonance

study: proteins secreted by Brevibacillus choshinensis. Anal

Biochem 386:156–160

Tomida M, Kimura M, Kuwata K, Hayashi T, Okano Y, Era S (2003)

Development of a high-level expression system for deuterium-

labeled human serum albumin. Jpn J Physiol 53:65–69

Udaka S, Yamagata H (1993) High-level secretion of heterologous

proteins by Bacillus brevis. Methods Enzymol 217:23–33

Vajpai N, Strauss A, Fendrich G, Cowan-Jacob SW, Manley PW,

Grzesiek S, Jahnke W (2008) Solution conformations and

J Biomol NMR (2010) 46:3–10 9

123



dynamics of ABL kinase-inhibitor complexes determined by

NMR substantiate the different binding modes of imatinib/

nilotinib and dasatinib. J Biol Chem 283:18292–18302

Vogt TC, Schinzel S, Bechinger B (2003) Biosynthesis of isotopically

labeled gramicidins and tyrocidins by Bacillus brevis. J Biomol

NMR 26:1–11

Werner K, Richter C, Klein-Seetharaman J, Schwalbe H (2008)

Isotope labeling of mammalian GPCRs in HEK293 cells and

characterization of the C-terminus of bovine rhodopsin by high

resolution liquid NMR spectroscopy. J Biomol NMR 40:49–53

Wood MJ, Komives EA (1999) Production of large quantities of

isotopically labeled protein in Pichia pastoris by fermentation.

J Biomol NMR 13:149–159

Yin J, Li G, Ren X, Herrler G (2007) Select what you need: a

comparative evaluation of the advantages and limitations of

frequently used expression systems for foreign genes. J Bio-

technol 127:335–347

10 J Biomol NMR (2010) 46:3–10

123


	Production of isotopically labeled heterologous proteins �in non-E. coli prokaryotic and eukaryotic cells
	Abstract
	Introduction
	Stable isotope-labeling of heterologous proteins �by non-E. coli prokaryotic cells
	Stable isotope-labeling of heterologous proteins �by yeast expression system
	Stable isotope-labeling of heterologous proteins �by other eukaryotic cells
	Future prospects
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


