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Abstract

A rapid and efficient approach for preparing isotopically labeled recombinant proteins is presented. The method
is demonstrated for 13C labeling of the C-terminal domain of angiopoietin-2, 15N labeling of ubiquitin and for
2H/13C/15N labeling of the Escherichia coli outer-membrane lipoprotein Lpp-56. The production method generates
cell mass using unlabeled rich media followed by exchange into a small volume of labeled media at high cell
density. Following a short period for growth recovery and unlabeled metabolite clearance, the cells are induced.
The expression yields obtained provide a fourfold to eightfold reduction in isotope costs using simple shake flask
growths.

A majority of biomolecular NMR techniques require
isotopic labeling (2H, 13C, and/or 15N) of recom-
binant proteins. Isotopic labeled samples are gener-
ally required for optimizing NMR solution conditions
(Bagby et al., 1997; Lepre and Moore, 1998), NMR
assignments and structure determination (Sattler et al.,
1999), performing heteronuclear spin relaxation stud-
ies (Palmer and Bracken, 1999), biological screening
applications such as ‘SAR by NMR’ (Shuker et al.,
1996), and high throughput structural genomics stud-
ies (Montelione et al., 2000). Many of these investi-
gations require large quantities of isotopically labeled
proteins, the production of which is often a costly and
time consuming aspect of NMR studies.

Currently, most isotopically labeled recombinant
proteins are expressed in the bacterial host E. coli.
Methods of generating heteronuclear labeled samples
in E. coli commonly use standard or modified versions
of M9 minimal media (Sambrook et al., 1989) employ-
ing 13C glucose for carbon labeling, 15N ammonium
sulfate or 15N ammonium chloride for nitrogen label-
ing, and deuterium oxide for deuteration. A variety of
different strategies for enhancing E. coli growth and
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protein expression have been employed. Minimal me-
dia supplements such as trace metal mixtures, vitamin
cocktails as well as commercially available algal and
microbial hydrolysates have shown enhancements in
growth and expression (Reilly and Fairbrother, 1994;
Jansson et al., 1996; Kainosho, 1997; Cai et al., 1998).
Despite these advances, it is desirable to achieve
higher expression yields at lower isotope costs using
commonly employed shake flask growths.

In this communication, we present a simple proce-
dure for the production of isotopically labeled proteins
that permits high yields of labeled protein while signif-
icantly reducing the cost in both isotopes and produc-
tion time. The method employs two new features. Cell
mass is predominately grown on unlabeled rich media
allowing rapid growth to high cell densities. Following
growth in unlabeled medium, cells are exchanged into
an isotopically defined minimal media at higher cell
densities optimized for maximal protein expression.
The isotopic incorporation rates obtained were 95%
for 13C, 90% for 15N and ∼56% overall 2H incorpo-
ration for protein expressed in 75% deuterium oxide.
Expression yields in all cases were increased fourfold
to eightfold per unit isotope.
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Table 1. Recipe for 1 L of supplemented minimal growth medium and 1 L of
5 × M9 salts (autoclaved)

Minimal growth medium

5 × M9 Salts 200.0 ml

D-glucose Stock (20 g/100 ml) (0.2_m filter sterilized)a 20.0 ml

Basal Vitamins Eagle Mediab 10.0 ml

1 M MgSO4 (autoclaved) 2.0 ml

1 M CaCl2(autoclaved) 0.1 ml

5 × M9 Salts (autoclaved)

KH2PO4 15.0 g

Na2HPO4•7H2O 64.0 g

NaCl 2.5 g

NH4Cla (pH adjusted to 7.2 with NaOH) 5.0 g

aFor isotopic labeling 15NH4Cl and 13C D-glucose were substituted for un-
labeled NH4Cl and D-glucose respectively. For incorporation of deuterium,
75% 2H2O was used in place of deionized water for preparing the solution.
bBasal Vitamins Eagle Media was purchased from Life Sciences Technology.
The above recipe is a modification of M9 minimal media (Sambrook et al.,
1989).

The expression protocol was developed incorpo-
rating the following ideas. First, the growth rate
for E. coli in minimal media is generally slower.
Longer growth rates can result in reduced expression
due to cytotoxic effects associated with the plasmid
and plasmid gene products exerting selective pressure
(Makrides, 1996; Baneyx, 1999). In addition, the rate
of protein expression increases exponentially in re-
lation to increasing E. coli growth rates. A change
in E. coli doubling times from 100 min to 24 min
results in a 10-fold increase in the number of ribo-
somes per cell (Bremer and Dennis, 1987). Therefore,
rapid E. coli growth rates can have favorable effects
on protein yields. Second, Cai and co-workers have
demonstrated, using carefully controlled fermenter
growths in minimal media, that isotopically labeled
cell mass is not a requirement for high level 13C/15N
incorporation (Cai et al., 1998). Therefore, isotope
consumption can be reduced by generating the ma-
jority of cell mass using unlabeled media. Third,
exchanging cells into fresh growth media immediately
prior to induction can increase protein expression lev-
els by removing byproducts inhibitory to growth and
expression. Fourth, the cell density for optimal in-
duction may differ for freshly exchanged media and
conditioned media.

We tested the method on three proteins, an outer
membrane lipoprotein found in gram negative bacte-
ria designated Lpp-56 (Shu et al., 2000), ubiquitin
(Ecker et al., 1987) and the C-terminal domain of
angiopoietin-2 designated ANG2. Lpp-56 was ex-

Figure 1. Effect of concentration on protein expression level. The
top graph displays the final OD600 at harvest as a function of cell
concentration for the 12C minimal media growth. The first column
of the bar graph (LB) shows the control expression of ANG2 grown
on 1 L of LB media (striped bar), in a 2 L baffled shake flask,
to OD600≈0.7 followed by a 4 h induction. Minimal media sam-
ples were grown on 250 ml of either 13C or 12C labeled minimal
media (Table 1) in 1 L baffled shake flasks, denoted by gray and
black bars, respectively. The concentrations of glucose in the 13C
and 12C growths were 4 g/L and 8 g/L, respectively. The columns
1×, 2×, 4×, and 8× indicate the concentration factor that corre-
sponds respectively to 250 ml, 500 ml, 1000 ml and 2000 ml of
LB growth harvested at OD600≈0.7, then exchanged into 250 ml
of minimal media for induction. After induction and harvest, the
cells were chemically lysed, then flash frozen in liquid nitrogen
and stored at −80 ◦C for later purification using NiNTA affinity
chromatography (Qiagen). The purified protein was judged to be
>95% pure by gel electrophoresis. Expression yields were quanti-
fied by UV absorbance using a calculated extinction coefficient of
ε278 = 2.27 Abs. cm−1 mg−1 (Pace and Schmid, 1997).
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pressed using the pLPP56 plasmid (Shu et al., 2000)
encoded in the pAED4 vector (Doering, 1992). The
ubiquitin construct pGLUB was a generous gift from
Dr. Tracy Handel (Lazar et al., 1997). The ANG2 se-
quence was encoded in the pET27 vector (Novagen),
as a fusion to a cleavable N-terminal His-tag for affin-
ity purification. All proteins were expressed in the
E. coli BL21(DE3)/pLysS strain using the T7 expres-
sion system (Studier et al., 1990). The general protocol
for isotope labeling is as follows. Cells were grown in
1 L of LB at 37 ◦C shaken at 240 rpm. Upon reaching
optical cell densities at 600 nm (OD600) ∼0.7, the cells
were pelleted by a 30 min centrifugation at 5000 × g.
The cells were then washed and pelleted using an
M9 salt solution, excluding all nitrogen and carbon
sources. The cell pellet was resuspended in isotopi-
cally labeled minimal media (Table 1), then incubated
to allow the recovery of growth and clearance of un-
labeled metabolites. Protein expression was induced
after 1 h by addition of isopropylthio-β-D-galactoside
to a concentration of 0.8 mM. After a 4 h incubation
period the cells were harvested. For isotope labeling
the expression medium substituted one or more of
the following isotopically labeled chemicals: 15NH4Cl
(99%), 1H-, 13C-glucose (98%), and deuterium oxide
(75% 2H labeled) (Cambridge Isotope Laboratories).

To determine the optimal cell concentration for in-
duction and expression in freshly exchanged minimal
media, cells grown on unlabeled LB-broth were har-
vested at OD600≈0.7 during mid-log phase growth.
The cell pellets were resuspended in 250 ml of ei-
ther 13C labeled minimal media at cell concentrations
onefold (1×), twofold (2×), fourfold (4×), and eight-
fold (8×) greater relative to the originating LB cell
growths (e.g. 1× results in an OD600≈0.7 and 8×
results in OD600≈5.6 suspended in 250 ml of min-
imal media). An identical series of minimal media
growths using unlabeled 12C-glucose was tested at
a higher concentration of glucose (8 g/L) to deter-
mine if glucose concentration limits expression at high
cell densities. A 1 L control growth using LB-broth
was used to determine the protein yield achieved for
growth and induction on rich media. In this case the
same media was used for both the growth and induc-
tion at OD600≈0.7. The protein yields from the rich
media, 13C minimal media, and 12C minimal media
growths are shown in Figure 1. The standard rich me-
dia growth (LB) generates ∼75 ± 6 mg/L LB (n =
4 growths) of pure protein, whereas the 1× concen-
trated minimal media growth displays roughly half the
expression level observed in rich media. The highest

yields were attained by concentrating the LB growths
4× in minimal media prior to induction, resulting in a
purified protein yield of 140 mg/L 13C minimal media
and 165 mg/L in the 12C minimal media growth. The
modest expression gains observed between 13C and
the 12C growths upon a twofold increase in glucose
concentrations indicates that glucose starvation is not
a significant limiting factor.

The molecular masses of ANG2 proteins in
the 13C-labeling experiments were determined using
MALDI-TOF. For the four 13C-labeling experiments,
the average molecular weight was 28985 ± 25 Da, the
calculated masses for unlabeled and 100% 13C-labeled
protein are 27824 and 29047 Da respectively, indicat-
ing 95 ± 2% 13C incorporation. The extent of 15N
label incorporation were tested by expressing the pro-
tein ubiquitin using the optimized labeling procedure.
Out of a 250 mL minimal media expression 25.5 mg of
HPLC purified protein was obtained with ∼90% 15N
label incorporation. This is a fourfold improvement
over the highest expression yields (∼25 mg/L minimal
media) that we have obtained for ubiquitin expressed
using standard minimal media growth protocols.

We employed the method to generate a 2H/13C/15N
labeled sample of the Lpp-56 protein. Lpp-56 forms a
highly anisotropic 18 kDa α-helical coiled-coil trimer
composed of three 6 kDa monomeric subunits. Prior
attempts at heteronuclear 2H/13C/15N labeling of the
Lpp-56 protein resulted in complete loss of protein ex-
pression following the prolonged growth in deuterated
media using established 2H/13C/15N labeling proto-
cols (Gardner and Kay, 1998). For expression in
75% deuterated media, cell pellets were transferred
from a 1 L LB growth (100% 1H2O) upon reaching
OD600≈0.7 to 250 ml 75% 2H2O 13C/15N minimal
media. After transfer into deuterated media a 1 h
growth lag was observed followed by a slow increase
in OD600. The cells were induced after 1 h, then har-
vested after a 9 h induction period. The protein was
purified by HPLC and lyophilized, producing 18 mg
of pure protein, corresponding to an expression yield
of 72 mg/L minimal media. This yield compares fa-
vorably with the 80–100 mg/L LB yields we typically
obtain from the rich-broth expressions of Lpp-56. The
incorporation rates for 15N and 13C were estimated by
NMR to be ∼90% and ∼85%, respectively. The extent
of 15N/13C incorporation is slightly lower than in the
individual isotopically labeled growths. However, the
high expression yield overcompensates for the sensi-
tivity loss since higher concentrations and/or larger
sample volumes can be employed. Increases in the iso-
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Figure 2. (A) Heteronuclear sensitivity enhanced 1H-15N TROSY spectra (Rance et al., 1999) and (B) strip plots from the sensitivity enhanced
TROSY-HNCACB spectra displaying correlations for residues 16 through 24 of ∼1.6 mM (monomer concentration) 2H/13C/15N-labeled
Lpp-56 in 93% H2O/7% D2O, 50 mM NaPi, 0.1% NaN3, pH 5.8 at 35 ◦C acquired on a Varian Inova 600 NMR spectrometer. The 15N-TROSY
spectrum of the Lpp-56 molecule displays well-resolved resonances. The expansion of the peaks, shown in the inset box in Figure 2A, displays
an isotope induced chemical shift effect on 15N. The stronger upfield shifted cross peak is attached to 2Hα and the weaker downfield shifted peak
is due to the 1Hα isotope species. The excellent signal-to-noise observed in both spectra demonstrates the success of the labeling procedure.

topic incorporation rates may be obtained by including
a longer period for clearance of unlabeled nutrients
before induction, to account for reduction of E. coli
metabolic rates in deuterated media. The experimen-
tally determined mass was 6653.1 Da for the triply
labeled sample compared to the unlabeled average
mass of 6153.7 Da. This indicates an overall deu-
terium incorporation level of ∼56%. The sensitivity
enhanced 15N-TROSY spectrum (Figure 2) displays
peaks with a deuterium isotope shift on the NH due to
the adjacent 2Hα (Figure 2, inset). The backbone res-
onances were assigned using a suite of TROSY pulse
sequences (Loria et al., 1999; Salzmann et al., 1999)
acquired on the 2H/13C/15N labeled Lpp-56 sample.
Figure 2B shows slices taken from the sensitivity
enhanced TROSY-HNCACB experiment displaying
the sequential connectivity of the polypeptide back-
bone of residues 16 through 24 in the coiled-coil of
2H/13C/15N labeled Lpp-56; the excellent sensitivity
observed validates the labeling strategy.

A number of distinctly different recombinant
proteins have been expressed using the production
method, in all cases improved protein yields were ob-
served at reduced isotope costs. We find that the extent

of isotope incorporation is up to 95% for 13C and
∼90% for 15N, allowing a majority of NMR experi-
ments to be successfully run. Using a standard suite of
triple resonance pulse sequences, complete backbone
assignments have now been obtained on two distinct
protein samples produced using this method. The
method offers an alternative to fermenter growths that
require additional setup time and specialized equip-
ment which is economically prohibitive for parallel
expressions of recombinant proteins. The time prepar-
ing isotopically labeled samples using this method is
slightly greater than growth on unlabeled rich me-
dia, offering a time savings in comparison to standard
minimal media growth procedures which require sig-
nificantly longer periods of cell growth to achieve
cell densities suitable for expression. Additionally, the
smaller media volumes required make the production
method ideal for selective side-chain or amino acid la-
beling procedures (Goto and Kay, 2000) that employ
expensive isotope labeled amino acids or precursors.
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