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Abstract Stable isotope labeling for proteins of interest is
an important technique in structural analyses of proteins by
NMR spectroscopy. Escherichia coli is one of the most
useful protein expression systems for stable isotope label-
ing because of its high-level protein expression and low
costs for isotope-labeling. However, for the expression of
proteins with numerous disulfide-bonds and/or post-trans-
lational modifications, E. coli systems are not necessarily
appropriate. Instead, eukaryotic cells, such as yeast Pichia
pastoris, have great potential for successful production of
these proteins. The hemiascomycete yeast Kluyveromyces
lactis is superior to the methylotrophic yeast P. pastoris in
some respects: simple and rapid transformation, good
reproducibility of protein expression induction and easy
scale-up of culture. In the present study, we established a
protein expression system using K. lactis, which enabled
the preparation of labeled proteins using glucose and
ammonium chloride as a stable isotope source.
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Abbreviations

K. lactis Kluyveromyces lactis

MBP Maltose-binding protein

YNB Yeast nitrogen base

MALDI-TOF Matrix-assisted laser desorption
ionization-time of flight

HSQC Heteronuclear single quantum coherence

For structural analysis of proteins by NMR spectroscopy,
preparation of large amounts of stable isotope-labeled
recombinant protein is important. Due to its advantages,
including ease of use, high-speed cell growth, high-level
protein expression, and low costs for isotope labeling,
E. coli protein expression systems are typically used in
structural genomics. However, heterologous proteins with
complex disulfide-bonds often form inclusion bodies when
expressed in E. coli or other prokaryotic cells. In some
cases, it is fundamentally impossible to express the cor-
rectly folded proteins using prokaryotic cells, as there are
several differences when compared with eukaryotic cells:
(1) intracellular redox state is lower, (2) there are no
intracellular organelles in prokaryotic cells, (3) the number
of molecular chaperones is insufficient, and (4) prokaryotic
cells have no post-translational protein modification
mechanisms (Lilie et al. 1998). Therefore, the use of
eukaryotic cells is necessary to overcome these issues.

In eukaryotic cell expression systems, P. pastoris is
widely used to express large amounts of stable isotope-
labeled proteins in a cost-effective manner, as it shows
high-density cell growth and high-level protein expression
in comparison with other eukaryotic cells (Wood and
Komives 1999). P. pastoris secretes heterologous proteins
into culture medium. Protein secretion has useful
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advantages: (1) fewer contaminants and simpler purifica-
tion, (2) greater yield when compared with expression in
cytoplasm, and (3) potentially toxic cytosolic proteins can
be over-expressed without damaging the host cells.

Recently, an expression system using the hemiasc-
omycete yeast Kluyveromyces lactis was established and its
host—vector system was made commercially available
(Colussi and Taron 2005). K. lactis also efficiently secretes
heterologous proteins into culture medium. One of the
major differences between K. lactis and P. pastoris is the
promoters utilized for expression of the target gene.
P. pastoris and K. lactis use AOXI (Alcohol oxidase 1) and
LAC4 promoters, respectively (Cregg et al. 1989; Colussi
and Taron 2005). Therefore, the expression of target genes
is induced by adding methanol and galactose to culture
medium with P. pastoris and K. lactis, respectively. Fur-
thermore, methanol and galactose act not only as inducers
of target gene expression, but also as carbon sources for
P. pastoris and K. lactis, respectively. In the case of
P. pastoris, due to the toxicity of methanol, the methods for
addition of methanol (manual periodic addition or con-
secutive 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 cul-
tivation 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 this study, we established a culture method that
enables high-efficiency and low-cost '>C and '°N labeling
of a protein produced by K. lactis for structural biological
analysis using NMR spectroscopy.

In the K. lactis expression system, according to the
manufacturer’s instructions, 20 g/l galactose is required as a
carbon and energy source for cell growth, and as an inducer
for expression of target proteins. However, for isotope
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 p-glucose in
K. lactis, while its potential as an inducer of protein
expression is low. Therefore, we investigated culture con-
ditions 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
(Gardner et al. 1998; Kainosho et al. 2006; Xu et al. 2006).
The complementary DNA encoding MBP (malE) was
genetically inserted into an expression vector, pKLACI
(New England Biolabs, Beverly, MA, USA). The plasmid
pKLAC1/malE was linearized by digestion with Sacll
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(New England Biolabs, Beverly, MA, USA) and purified
with a QIAquick PCR purification kit (Qiagen, Valencia,
CA, USA). This purified fragment (10 pg) was transformed
into competent cells of the K. lactis GG799 strain (New
England Biolabs, Beverly, MA, USA) by the heat-shock
method according to the manufacturer’s instructions. Pro-
tein expressed in the K. lactis cells undergoes processing of
the signal peptide, resulting in the secretion of MBP
recombinant protein into the culture medium.

We explored the minimal dose of glucose that enables
sufficient cell growth and production of target proteins.
K. lactis stably expressing MBP was precultivated in 14 ml
of YPGlu medium containing 2% glucose, 1% Yeast
Extract (Becton Dickinson) and 2% Bacto™ Peptone
(Becton Dickinson) at 30°C for 1.5 days. The precultivated
solution was diluted 100-fold with 1,400 ml of YNB med-
ium without ammonium sulfate and amino acids (Becton
Dickinson) containing 5 g/l ammonium chloride and
4-20 g/l p-glucose. The medium was then transferred into
2-1 bioreactor vessels (Takasugi Co. Ltd., Tokyo, Japan)
with 0.5 ml antifoam PE-M (Wako, Osaka, Japan), and was
cultured with the Mini-fermentation unit TS-M (Takasugi
Co. Ltd., Tokyo, Japan) at 30°C, with constant air supply
using a pump at 1 I/min and agitation at 650 rpm, for 60 h.
Induction of MBP expression was observed with 4 g/l
p-glucose (Fig. 1, lane 2). However, the yield of the MBP
was 1.4 mg/l, which is approximately 20-fold lower than
the yield at 20 g/l p-glucose (23.8 mg/l; Fig. 1, lanes 1, 2).

The depletion of glucose appears to result in low cell
density and protein expression. To overcome this problem,
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Fig. 1 SDS-PAGE of MBP secreted into culture supernatants (15 pl)
after 60 h of batch culture using minimal media containing 20 g/l
D-glucose (lane 1) and 4 g/l p-glucose (lane 2), or Fed-batch
cultivation that continuously supplied p-glucose (See text; lane 3).
SDS-PAGE of purified MBP is shown in lane 4
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we tested a “Fed-batch” cultivation strategy. The Fed-
batch method supplies nutrients into the culture media in a
controlled manner. With this strategy it is possible to reach
higher cell densities and protein expression levels than in
normal batch culture (Cai et al. 1998). Fermentation was
started with 700 ml of minimal media containing 4 g/l
D-glucose, as described above. During the culture period
(60 h), a further 700 ml of fresh minimal media containing
6 g/l p-glucose was added at a constant flow rate of 8.3 ml/
h with peristaltic pump. The final concentration of p-glu-
cose was 5 g/l and the total liquid volume of media reached
1,400 ml. The yield of expressed MBP was 10.1 mg/l,
which is 8-fold higher than batch culture using 4 g/l
pD-glucose (Fig. 1, lane 3). Thus, the Fed-batch culture
method enables larger amounts of proteins expressed by
K. lactis, despite using smaller amount of p-glucose (5 g/1),
which reduces costs to a level comparable to E. coli isotope
labeling systems.

Isotope labeling of MBP by K. lactis for NMR mea-
surement was performed by the established Fed-batch
culture method using 1,400 ml of minimal media contain-
ing '*C-p-glucose (>99% U-'*Cq, Cambridge Isotope
Laboratories, Inc., Cambridge, MA, USA) and 5 g/l SN
ammonium chloride (>97% ISN, Wako, Osaka, Japan).
After the Fed-batch culture was finished, the supernatant of
the media containing MBP, which was secreted by K. lactis,
was collected by centrifugation at 7,000g for 30 min, and
residual cells and the other debris were eliminated by
microfiltration with a membrane filter (0.22 um pore size)
(Millipore, Billerica, MA, USA). The supernatant was
dialyzed against buffer containing 20 mM Tris—HCI (pH
7.4),200 mM NaCl, and 1 mM EDTA, and was then loaded
onto amylose resin (5 ml, New England Biolabs, Beverly,
MA, USA), which was equilibrated with the buffer descri-
bed above. After washing the resin, MBP was eluted with
the buffer described above containing 10 mM maltose.

SDS-PAGE analysis of the eluted solution showed a
major band for MBP (>90% of total protein) (Fig. 1, lane
4). For NMR measurement, the MBP solution was dialyzed
against buffer containing 10 mM HEPES-NaOH (pH 7.4),
1 mM EDTA, 1 mM f-cyclodextrin and protease inhibitor
cocktail (Roche Diagnostics, Basel, Switzerland), and was
then concentrated to 0.3 mM with Amicon Ultra (Milli-
pore, Billerica, MA, USA). The yield of the purified MBP
under these conditions was approximately 14.0 mg. Unla-
beled MBP was also expressed and purified with the same
procedures as described above.

The unlabeled and 13C, I5N-labeled MBP were analyzed
by MALDI-TOF mass spectrometry. The mass of the
unlabeled MBP was 40547.7 Da, which is consistent with
the calculated mass of MBP at natural abundance
(40584.0 Da). Molecular mass of the BN- and "C,
""N-labeled MBP were 41017.5 Da and 42876.2 Da,

respectively, which are consistent with predicted molecular
mass of !’N-labeled MBP (41050.0 Da) and °C,
>N-labeled MBP (42894.0 Da) (Data not shown). From
these results, it was estimated that the efficiency of 13C and
>N incorporation into the MBP secreted by K. lactis was
approximately >95%, which is sufficient for heteronuclear
NMR experiments.

NMR experiments for uniformly '*C, '’N-labeled MBP
in the presence of f-cyclodextrin (Gardner et al. 1998)
were performed with a Bruker Avance 700-MHz spec-
trometer equipped with TXI probe at 37°C. Data were
processed using TopSpin 2.1 (Bruker, Karlsruhe, Germany)
and NMRPipe (Delaglio et al. 1995), and were analyzed
with Sparky (Goddard and Kneller 2006).

The well-dispersed chemical shift of the 'H and '°N in
the [ISN, 1H] HSQC spectrum indicates that the uniformly
13C, '>N-labeled MBP secreted by K. lactis into the culture
medium is correctly folded (Fig. 2a). Furthermore, the
assignment of NMR signals of the uniformly '*C, '"N-
labeled MBP was successfully performed using HNCA
spectrum (Fig. 2b), 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.

We thus established a culture method for K. lactis using a
minimal amount (5 g/1) of glucose to enable sufficient pro-
duction of target protein with highly efficient isotope
labeling. Using this culture method, the cost of isotope
labeling of target proteins is six to seven times lower than
that of the P. pastoris expression system, if it is assumed that
equal amounts of target protein are expressed in both sys-
tems. The cultivation procedure for K. lactis is simple, easily
scaled-up, and has high reproducibility when compared to
the system using P. pastoris. In addition, it is possible to
produce deuterated proteins using the present K. lactis cul-
ture system, as methods for expressing deuterated proteins
by P. pastoris have already been established (Morgan et al.
2000; Ichikawa et al. 2007). It is feasible to express glyco-
proteins by using K. lactis expression system (Fleer et al.
1991a, b; Tokunaga et al. 1997; Wildt and Gerngross 2005)
and stable isotope labeling of glycans of glycoproteins could
be possible if a minimal media utilizing ammonium chloride
and glucose is used for the protein expression. However,
care should be taken that the glycosylation type is rather
characteristic for the yeast expression (Daly and Hearn 2005
and references cited therein), therefore glycans attached to
target proteins in the yeast expression are not necessarily
identical to the original ones expressed in mammalian cells.
Furthermore, since several membrane integral proteins are
successfully expressed in yeast P. pastoris or Saccharomy-
ces cerevisiae with their native form (Weiss et al. 1998; Tate
2001; Long et al. 2005; Jidenko et al. 2005), it could be
possible to express membrane proteins by using K. lactis
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Fig. 2 a ['°N, 'H] HSQC spectrum, and b Resonance assignment of
0.3 mM uniformly '*C, '°N-labeled MBP using ["*Co, '"HN]-strips
taken from 3D HNCA spectrum at each '°N of residues 28-39

expression system. We believe that the K. lactis expression
system is a powerful tool for isotope labeling of heterolo-
gous proteins for NMR study.

Acknowledgements This work was supported by the Ministry of
Economy, Trade and Industry (METI) and the New Energy and
Industrial Technology Development Organization (NEDO). We
would like to thank to Mr. Osamu Ichikawa (Graduate School of
Pharmaceutical Sciences, University of Tokyo, Japan) for assistance
with the P. pastoris protein expression system. In addition, we are
especially grateful to Naoki Yoshida, Ph.D., Hitoshi Tainaka, Ph.D.
(New England Biolabs Japan, Inc.), and C. H. Taron, Ph.D. (New
England Biolabs, Inc.), for technical support regarding the K. lactis
protein expression system.

References

Cai M, Huang Y, Sakaguchi K, Clore GM, Gronenborn AM, Craigie
R (1998) An efficient and cost-effective isotope labeling
protocol for proteins expressed in Escherichia coli. J Biomol
NMR 11:97-102

@ Springer

Colussi P, Taron CH (2005) Kluyveromyces lactis LAC4 promoter
variants that lack function in bacteria but retain full function in
K. lactis. Appl Environ Microbiol 71:7092-7098

Cregg JM, Madden KR, Barringer KJ, Thill G, Stillman CA (1989)
Functional characterization of the two alcohol oxidase gene from
the yeast Pichia pastoris. Mol Cell Biol 9:1316-1323

Daly R, Hearn MTW (2005) Expression of heterologous proteins in
Pichia pastoris: a useful experimental tool in protein engineering
and production. J Mol Recognit 18:119-138

Delaglio F, Grzesiek S, Vuister GW, Zhu G, Pfeifer J, Bax A (1995)
NMR pipe: a multidimensional spectral processing system based
on UNIX pipes. J Biomol NMR 6:277-293

Fleer R, Chen XJ, Amellal N, Yeh P, Fournier A, Guinet F, Gault N,
Faucher D, Folliard F, Fukuhara H, Mayaux JF (1991a) High-
level secretion of correctly processed recombinant interleukin-1
in Kluyveromyces lactis. Gene 107:285-295

Fleer R, Yeh P, Amellal N, Maury I, Fournier A, Bacchetta F, Baduel
P, Jung G, H’ote H, Becquart J, Fukuhara H, Mayaux JF (1991b)
Stable multicopy vectors for high-level secretion of human serum
albumin by Kluyveromyces lactis. Bio/Technology 9:968-975

Gardner KH, Zhang X, Gehring K, Kay LE (1998) Solution NMR
studies of 42 kDa Escherichia coli maltose binding protein/f3-
cyclodextrin complex: chemical shift assignments and analysis. J
Am Chem Soc 120:11738-11748

Goddard TD, Kneller DG (2006) SPARKY 3—NMR assignment and
integration software. University of California, San Francisco

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

Jidenko M, Nielsen RC, Sgrensen TL, Mgller JV, le Maire M, Nissen
P, Jaxel C (2005) Crystallization of a mammalian membrane
protein overexpressed in Saccharomyces cerevisiae. Proc Natl
Acad Sci USA 102:11687-11691

Kainosho M, Torizawa T, Iwashita Y, Terauchi T, Mei Ono A,
Guntert P (2006) Optimal isotope labelling for NMR protein
structure determinations. Nature 440:52-57

Lilie H, Schwarz E, Rudolph R (1998) Advances in refolding of
proteins produced in E.coli. Curr Opin Biotechnol 9:497-501

Long SB, Campbell EB, Mackinnon R (2005) Crystal structure of a
mammalian voltage-dependent Shaker family K+ channel.
Science 309:897-903

Merico A, Capitanio D, Vigentini I, Ranzi BM, Compagno C (2004)
How physiological and cultural conditions influence heterolo-
gous 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

Tate CG (2001) Overexpression of mammalian integral membrane
proteins for structural studies. FEBS Lett 504:94-98

Tokunaga M, Ishibashi M, Tatsuda D, Tokunaga H (1997) Secretion
of mouse alpha-amylase from Kluyveromyces lactis. Yeast
13:699-707

Weiss HM, Haase W, Michel H, Reilinder H (1998) Comparative
biochemical and pharmacological characterization of the mouse
5THsa S-hydroxytriptamine receptor and the human-f,-adren-
ergic receptor produced in the methylotrophic yeast Pichia
pastoris. Biochem J 330:1137-1147

Wildt S, Gerngross TA (2005) The humanization of N-glycosylation
pathways in yeast. Nat Rev Microbiol 3:119-128

Wood MJ, Komives EA (1999) Production of large quantities of
isotopically labeled protein in Pichia pastoris by fermentation. J
Biomol NMR 13(2):149-159

Xu'Y, Zheng Y, Fan JS, Yang D (2006) A new strategy for structure
determination of large proteins in solution without deuteration.
Nat Methods 3:931-937



	Stable isotope labeling of protein by Kluyveromyces lactis �for NMR study
	Abstract
	Acknowledgements
	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 false
  /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 <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


