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Abstract

A general method for stable-isotope labeling of large proteins is introduced and applied for studies of the E. coli
GroE chaperone proteins by solution NMR. In addition to enabling the residue-specific 15N-labeling of proteins
on a highly deuterated background, it is also an efficient approach for uniform labeling. The method meets the
requirements of high-level deuteration, minimal cross-labeling and high protein yield, which are crucial for NMR
studies of structures with sizes above 150 kDa. The results obtained with the new protocol are compared to other
strategies for protein labeling, and evaluated with regard to the influence of external factors on the resulting isotope
labeling patterns. Applications with the GroE system show that these strategies are efficient tools for studies of
structure, dynamics and intermolecular interactions in large supramolecular complexes, when combined with
TROSY- and CRINEPT-based experimental NMR schemes.

Introduction

Studies of large macromolecular structures by solu-
tion NMR are complicated by a number of factors,
including line-broadening caused by rapid transverse
spin relaxation, signal overlap due to the high num-
ber of resonances, and low sensitivity when only
limited concentrations can be achieved. TROSY- and
CRINEPT-based NMR techniques can suppress fast
transverse relaxation and enable studies of structures
with sizes of 100 kDa and above (Pervushin et al.,
1997; Riek et al., 1999; Salzmann et al., 2000), and
the sensitivity has been enhanced with the introduction
of higher-field instruments and cryo-probe technology.
However, these advances in NMR spectroscopy can
only be fully exploited in combination with suitable
stable-isotope labeling strategies, in particular the re-
placement of non-exchangeable protons for deuterons,
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and residue-specific 15N- and/or 13C labeling. Dif-
ferent protocols to achieve high levels of deuteration
have been reported (Gardner and Kay, 1998; Leit-
ing et al., 1998; Lian and Middleton, 2001; Marley
et al., 2001), but most of the currently used techniques
depend upon lengthy conditioning of the cells to the
deuterated growth medium, which is sometimes not
well tolerated by the expression system. Furthermore,
although residue-specific labeling has quite routinely
been accomplished in a protonated background (McIn-
tosh and Dahlquist, 1990; Muchmore et al., 1989),
specific labeling on a deuterated background typically
involves the addition of protonated 15N- or 15N,13C-
labeled amino acids to the expression medium (Kelly
et al., 1999; Metzler et al, 1996; Smith et al., 1996).
These protocols are not suitable for structure sizes
above 100 kDa, because the residual protonation of the
polypeptide chain deteriorates the NMR spectra due to
fast relaxation.

Here we describe a procedure for achieving
residue-specific 15N-labeling of proteins on a highly
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deuterated background. It is presented in the form of
a general protocol, which we have applied for both
uniform and residue-specific labeling. We describe
several variants of this protocol and discuss the dif-
ferent factors affecting the resulting labeling pattern.
Practical use of the protocol is illustrated with pro-
teins of the E. coli GroE system, with structure sizes
from 70 to 870 kDa. The discussion and comparison of
different labeling strategies in this publication comple-
ment previous reports on experimental NMR schemes
for work with large structures (Fiaux et al., 2002; Riek
et al., 2002).

Materials and methods

Materials

Deuterated, or 15N-enriched and deuterated algal
hydrolysate (CELTONE-d or CELTONE-dN base
powder), and purified [15N,2H]-lysine and [15N,2H]-
cysteine were purchased from Spectra Stable Isotopes,
Inc., Columbia, MD. [15N,2H]-valine, [15N,2H]-
leucine, and 15NH4Cl were obtained from Cambridge
Isotope Laboratories, Inc., Andover, MA. 99.8%
2H2O (D2O) was purchased from Isotec, Miamisburg,
OH.

The strains DL39 (F-, LAM-, aspC13, fnr-25, rph-
1, ilvE12, tyrB507) and JM15 (F-, cysE50, tfr-8) were
obtained from the E. coli Genetic Stock Center, Yale
University, and modified to contain the T7 expres-
sion system, yielding DL39(DE3) and JM15(DE3),
respectively. The strains CT8 and CT19 obtained
from Hoffmann-LaRoche, Inc., Basel, Switzerland
are derivatives of BL21(DE3), which carry the muta-
tion lysA23, and the mutations aspC, ilvE, trpB and
tyrB, respectively (Waugh, 1996). The genetic le-
sions in these strains affect the following enzymes:
aspC, aspartate aminotransferase; cysE, serine acetyl-
transferase; ilvE, branched chain amino acid amino-
transferase; lysA, diaminopimelate decarboxylase;
trpB, tryptophan synthase; tyrB, aromatic amino acid
aminotransferase.

Protein expression

Recombinant GroEL, GroES and human dihydrofolate
reductase (hDHFR) were expressed from pET expres-
sion vectors. Uniformly 15N-labeled and deuterated
proteins were expressed in the BL21(DE3) strain. For
residue-specific 15N-labeling of valine and leucine,

Table 1. Composition of the CELTONE-supplemented media
used in the present studya

Basic minimal mediumb

→ 800 mL H2O or D2O

100 mL M9 salt solutionc

2 mL 1M MgSO4

→ 1 g NH4Cl

→ 1 g D-glucose

Vitamin and trace element supplements (optional)

10 mL Vitamin mixd

2 mL Trace element solutione

Amino acid supplements

→ 1–3 g deuterated algal lysate amino acid mixture

(CELTONE base powder),

dissolved at 30 mg/mL and filteredf .

sterile filter

add antibiotics

→ for specific amino acid labeling, add the

[15N,2H]-amino acid in proper

amount (see text) at induction

aThe arrows indicate the compounds that may be isotope-labeled
in the different variants of the protocol (see text).
bBased on Sambrook et al. (1989).
cNa2HPO4 · 2H2O 85.1 g/L, KH2PO4 30 g/L, NaCl 5 g/L.
dThiamine 0.5 mg/mL, d-biotin 0.1 mg/mL, Choline chloride
0.1 mg/mL, Folic acid 0.1 mg/mL, Niacinamide 0.1 mg/mL, D-
pantothenic acid 0.1 mg/mL, Pyridoxal 0.1 mg/mL, Riboflavin
0.01 mg/mL.
e5M HCl 8 mL/L, FeCl2 · 4H2O 5 g/L, CaCl2 · 2H2O 184 mg/L,
H3BO3 64 mg/L, CoCl2 · 6H2O 18 mg/L, CuCl2 ·2H2O 4 mg/L,
ZnCl2 340 mg/L, Na2MoO4 · 2H2O 605 mg/L, MnCl2 · 4H2O
40 mg/L.
fCan also be added just before induction for pulse-labeling.

the proteins were expressed in the transaminases-
deficient strains DL39(DE3) or CT19 (LeMaster and
Richards, 1988; Waugh, 1996). For labeling of lys-
ine and cysteine, the proteins were expressed either
from the corresponding auxotrophic cell lines (Waugh,
1996) obtained from Hoffmann-LaRoche, Inc., Basel,
Switzerland, or from the BL21(DE3) strain. Table 3
indicates the strain type used for each protein batch.

Uniformly or residue-specifically 15N-labeled and
deuterated proteins were expressed in cells grown on
a CELTONE-supplemented medium (Table 1), and
a variety of isotope-labeled compounds were used
in various combinations to achieve different labeling
patterns (Tables 2 and 3). In all cases, the cultures
were inoculated from a preculture grown in the same
medium, and protein expression was induced with
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Table 2. Procedures used for the preparation of deuterated, uniformly 15N-labeled proteins

Medium description Deuteration Yield/L culture Advantages/disadvantages

1 Minimal medium on unlabeled ∼ 85% GroES: 65 mg +low cost, easily performed

glucose, D2O, 15NH4Cla SR1: 50 mg −residual protonation in side chains

2 Minimal medium on ∼ 98% GroEL: 24 mg +high level of deuteration

[2H4]-acetate, D2O, 15NH4Clb GroES: 20 mg −slow growth, low yield

3 Martek-9dN on D2Oc ∼ 98% SR1: 20 mg −low yield with BL21 cells, expensive

4 Minimal medium on glucose – GroES: 38 mgb +no N–H/N–D exchange problems

supplemented with CELTONE- (∼ 30–50% in pulse GroEL: 50 mgb

dN in H2Od labeling)e SR1: 35 mgb

aLeiting et al. (1998); Shekhtman et al. (2002).
bVenters et al. (1996).
cSpectra Stable Isotopes, Columbia, MD. This medium corresponds to a minimal medium in D2O supplemented with 1 g/L algal amino
acid mix CELTONE-dN (see Table 1).
dSee also Löhr et al. (2003), Markus et al. (1994), Serber et al. (2001) and Yamazaki et al. (1997).
ePulse labeling: labeled CELTONE added at induction.

0.5–1 mM IPTG in the mid-exponential growth phase.
The cells were collected after 3 to 5 h.

For comparison, uniformly 15N-labeled and deu-
terated proteins were also produced using standard
minimal-medium protocols in D2O (Leiting et al.,
1998; Sambrook et al., 1989; Shekhtman et al., 2002;
Venters et al., 1996), and residue-specifically 15N-
labeled and deuterated proteins were prepared using
variants of published protocols, as described in the
Tables 2 and 3.

Protein preparation and characterization

GroEL (Fiaux et al., 2002; Weissman et al., 1995),
SR1 (Horwich et al., 1998), GroES (Fiaux et al.,
2002; Weissman et al., 1995), and hDHFR (Goldberg
et al., 1997) were extracted and purified as described
previously.

The GroES–SR1 complexes were prepared by ad-
dition of 4.2 mg of isotope-labeled GroES to 34 mg
natural isotope abundance SR1 in the presence of
10 mM ATP.

The overall levels of deuteration, protonation at
the Cα position, and 15N cross-labeling were assessed
by a combination of 1D 1H-NMR spectroscopy and
[15N,1H]-HSQC spectroscopy of the protein under
denaturing conditions (see below). Deuteration was
further quantified by Matrix Assisted Laser Desorp-
tion Ionization Time of Flight Mass Spectrometry
(MALDI-TOF-MS) on a Voyager-DE Elite Biospec-
trometry workstation (PerSeptive Biosystems, Ap-
plied Biosystems). The levels of isotope labeling were

deduced from comparison of the measured molecular
mass of the labeled protein to that of the unlabeled
reference sample of the same protein.

NMR measurements

For studies of the folded proteins, NMR samples
were prepared in H2O solutions containing 25 mM
potassium phosphate at pH 6.15, 20 mM KCl, 5%
D2O, and 0.02% NaN3. For measurements in the
denatured state, the proteins were dissolved in 6M
urea or 6M guanidinium chloride solutions contain-
ing 25 mM potassium phosphate at pH 6.15, 20 mM
KCl, 5% D2O, and 0.02% NaN3. The NMR experi-
ments were carried out at a 1H resonance frequency
of 750 MHz or 900 MHz on Bruker DRX 750 and
DRX 900 spectrometers. The sample temperature was
25 ◦C. 2D [15N,1H]-HSQC, 2D [15N,1H]-TROSY and
2D [15N,1H]-CRIPT-TROSY experiments were recor-
ded as described previously (Fiaux et al., 2002; Riek
et al., 2002). The spectra were processed with the pro-
gram PROSA (Güntert et al., 1992) and analyzed with
the program XEASY (Bartels et al., 1995).

Results and discussion

In this study we searched for a general scheme for iso-
tope labeling of proteins in large molecular structures
to address specific requirements arising with the use
of TROSY- and CRINEPT-based experiments (Per-
vushin et al., 1997, 2000; Riek et al., 2000, 2002;
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Table 3. Procedures used for the preparation of deuterated and residue-specifically 15N-labeled proteins

Medium description Deuteration Yield/L culture E. coli strain Advantages/disadvantages

used

1 Protonated synthetic rich specific, [15N,2H-Leu]-GroEL:126 mg BL21(DE3) +no N–H/N–D exchange

medium in H2O +[15N,2H]- only 1 a.a. problems, high yield, low cost

a.a.a −deuteration not sufficient for NMR

with large molecules

2 Minimal medium on glucose+
CELTONE-d + [15N,2H]-a.a.

in H2O: ∼ 60–92% [15N,2H-Leu, U−2H]-GroEL: 20 mg DL39(DE3)c +no N–H/N–D exchange problems

[15N,2H-Leu, U−2H]-SR1: 5 mg DL39(DE3) +intermediate deuteration can be

[15N,2H-Leu, U−2H]-GroES: 50 mg CT19 achieved

in D2O: ∼ 95–97% [15N,2H-Val, U−2H]-GroES: 30 mg CT19 +high deuteration

[15N,2H-Lys, U−2H]-GroES: 80 mg CT8d

[15N,2H-Cys, U−2H]-DHFR: 3 mg JM15(DE3)c

3 Martek-9d in D2O + ∼ 97% [15N,2H-Leu, U -2H]-SR1: 15 mg BL21(DE3)e

[15N,2H]-a.a.

4 LB–> minimal mediumf on +improved growth

glucose + CELTONE-d +
[15N,2H]-a.a.

in H2O: ∼ 84% [15N,2H-Leu, U−2H]-DHFR: 4 mg DL39(DE3)

in D2O: ∼ 93% [15N,2H-Leu, U−2H]-DHFR: 4 mg DL39(DE3)

aMuchmore and Dahlquist (1989).
bThe deuteration level depends on the amount of amino acid in the medium at the induction time point (see text).
cObtained from the E. coli Genetic Stock Center, Yale University, and modified as described in Methods.
dWaugh (1996). Obtained from Hoffmann-LaRoche, Basel. CT8 and CT19 are BL21(DE3) derivatives carrying the lysA23 mutation and the
aspC, ilvE, trpB and tyrB mutations, respectively. The defective genes in these strains correspond to the following enzymes: aspC, aspartate
aminotransferase; cysE, serine acetyltransferase; ilvE, branched chain amino acid aminotransferase; lysA, diaminopimelate decarboxylase;
trpB, tryptophan synthase; tyrB, aromatic amino acid aminotransferase.
eSignificant label scrambling can be prevented with the use of DL39(DE3) or CT19 cells.
fBased on Marley et al. (2001). The cells are grown in LB, then resuspended in the labeled medium, and the protein expression is induced
after 1 h incubation.

Wider and Wüthrich, 1999; Fiaux et al, 2002). The
resulting approach enables the production of residue-
specifically 15N-labeled and perdeuterated proteins.
The protocol has been applied to produce labeled
samples of GroEL, the single-ring variant of GroEL,
SR1, GroES, and the GroE substrate polypeptide hu-
man dihydrofolate reductase (hDHFR). The results are
summarized and evaluated in the Tables 2 and 3.

The labeling protocol

The labeling scheme is based on a minimal medium
(M9) supplemented with a limited amount of deu-
terated algal lysate amino acid mixture (Löhr et al.,
2003; Markley et al., 1968; Markus et al., 1994;
Serber et al., 2001; Yamazaki et al., 1997). Table 1
presents the medium composition, in which the in-

gredients marked with an arrow can be isotope-labeled
in different combinations. The amount of protonated
glucose contained in a liter of culture medium was
reduced relative to the standard M9-medium to avoid
endogenous biosynthesis of protonated amino acids;
we thus obtained a higher degree of deuteration of
the protein. The recipe is similar to commercial for-
mulations for producing uniformly 15N-labeled and
deuterated proteins (for example, Table 2, line 3), and
we produced uniformly labeled samples by using a
[15N,2H]-labeled amino acid mixture and 15NH4Cl in
our medium (Table 2, line 4). By limiting the amount
of glucose and algal hydrolysate, this protocol can
be adapted for the production of residue-specifically
15N-labeled and deuterated proteins. For this purpose,
deuterated algal lysate is used, and one or several
[15N,2H]-amino acids are added in proper amounts
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just before induction of protein expression. Although
this is not further discussed here, 13C-labeled com-
ponents may also be used. In several variations, the
proposed protocol meets the requirements for high
overall protein deuteration, minimal scrambling of
15N, and high protein yields (Tables 2 and 3, Figure 2).

Factors affecting the level of protein deuteration

Whereas partial deuteration may be useful for pro-
teins in structure sizes of 30 to 100 kDa, complete
replacement of non-exchangeable protons for deuter-
ons is required to detect amide resonances in structures
of molecular weight above 150 kDa. This applies
also when 15N-labeling is applied only to specified
amino acid types in a protein. For example, in the
first panel of Figure 1, we show that deuteration of
only the 15N-labeled residue is not sufficient to detect
any resonances from structured parts of the 800 kDa
chaperonin GroEL.

To achieve high deuteration, all solutions for the
medium of Table 1 were prepared in D2O, and the cul-
ture was inoculated from a preculture in the same fully
deuterated medium. A deuteration level of ∼ 96%
was achieved for samples of [15N,2H-Val, U -2H]-
GroES, [15N,2H-Lys, U -2H]-GroES, and [15N,2H-
Cys, U -2H]-DHFR in spite of the use of 1 g/L of
protonated glucose in the medium (Table 3, line 2).
This deuteration level is comparable to that achieved
with perdeuteration procedures which do not enable
residue-specific 15N-labeling (summarized in Table 2
for comparison). When the expressions were per-
formed in H2O-based medium, deuteration levels up
to 90% were obtained for samples of GroES, GroEL
or DHFR (Table 3, line 2) (see also Löhr et al., 2003,
Markus et al., 1994, Serber et al., 2001, Yamazaki
et al., 1997). This is of interest when growth of the host
cells and protein expression are difficult in D2O-based
media. This variant of the protocol also ensures com-
plete protonation of the amide groups, as compared
with the expression in D2O for which deuterons might
be retained at buried amide sites, making them non-
observable in NMR spectra based on observation of
1H spins. Figure 1 shows that these schemes enable the
observation of resonances originating from structured
parts of the GroEL protein.

The deuteration level obtained when performing
expression on H2O-based medium correlates with the
amount of deuterated amino acids present in the me-
dium at the time of induction. We found that reducing
the amount of algal lysate in the medium or delay-

ing the induction resulted in lower overall deuteration
of the expressed protein. As a general rule, the use
of 3 g/L of algal lysate and induction in the mid-
exponential phase ensures an overall deuteration level
above 85%. This variant of the protocol uses a limited
glucose concentration (1 g/L) in the medium, so that
protonated glucose can be used to sustain the cellu-
lar energy metabolism without substantially affecting
the final level of deuteration of the protein. Simil-
arly, we observed that the extent to which α-deuterons
in the amino acids are exchanged with solvent pro-
tons also depends on the amino acid concentrations
in the medium (data not shown). This is consistent
with earlier observations by others (Crespi et al., 1968;
Löhr et al., 2003; Markus et al., 1994). For ex-
ample, Löhr et al. (2003) showed that the fractional
Cα deuteration can vary from 20 to 98% depending on
the amino acid type. From high-resolution [15N,1H]-
HSQC spectra of the protein samples denatured in
6 M guanidinium chloride or urea, we could assess
that the Cα position of leucines in specifically 15N-
labeled samples were deuterated to more than 90%
when following the aforementioned general recipe.
Although the overall deuteration achieved with this
protocol is comparable to that obtained from a cul-
tivation on minimal medium in D2O supplemented
with protonated glucose, the distribution of the resid-
ual protons is expected to be different. In the latter
case, glucose protons are incorporated mostly into the
amino acid side-chains during biosynthesis (Neidhardt
et al., 1996; Shekhtman et al., 2002), whereas in the
H2O-based cultivations described here the protonation
will first affect the Cα position through the activity
of transaminases. Clearly, the appropriate protocol for
production of a uniformly labeled and partially deu-
terated sample should be selected according to the
requirements of the NMR experiments planned (Löhr
et al., 2003; Yamazaki et al., 1997).

An additional consideration for the production of
highly deuterated proteins is the ability of a particular
host strain and expression system to function under
stringent conditions. Uniform 15N-labeling and per-
deuteration of proteins has been routinely performed
by growing cells on 15N-enriched, D2O-based min-
imal medium supplemented with a deuterated carbon
source. These conditions cause a significant stress
to the bacterial cells, requiring long periods of ad-
aptation of the cells to the growth medium. Some
of our systems simply failed to grow in perdeuter-
ated minimal medium. We found that cell growth and
protein expression in a perdeuterated medium supple-
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Figure 1. Effect of the level of deuteration on NMR spectra of uniformly and residue-specifically 15N-labeled GroEL. A 1D 1H-NMR
spectrum (upper panel) and a [15N,1H]-CRIPT-TROSY spectrum (lower panel) are shown for three different preparations of GroEL.
(A) [15N,2H-Leu]-GroEL prepared by addition of [15N,2H]-leucine to an unlabeled synthetic rich medium in H2O (Table 3, line 1). Only
the leucine residues are deuterated. The single resonance corresponds to residual intensity originating from Leu 531. Its multiplet structure
is shown in more detail in the inset in the upper left corner. This residue is located in the flexibly disordered tail of the GroEL subunits, and
its resonance is largely suppressed by the CRIPT transfer (Riek et al., 2002). The low deuteration level obtained using this labeling protocol
is not sufficient to observe any resonances from the structured parts of GroEL. (B) [15N,2H-Leu, ∼ 90%2H]-GroEL prepared by addition of
[15N,2H]-leucine to a deuterated synthetic rich medium in H2O (Table 3, line 2). This protocol enables observation of leucine resonances
from structured parts of the large protein. Although there is some signal overlap, we estimate that the resonances of only 15 out of the total
of 41 leucyl residues are detectable. Comparison with the spectrum (C) indicates that the remaining resonances are missing for reasons which
are not related to the labeling scheme chosen (see also text). (C) [U -15N, U -2H]-GroEL prepared from minimal medium in D2O containing
15NH4Cl as the sole nitrogen source and [2H4]-acetate as sole carbon source (Table 2, line 2). The overall deuteration level in this protein is
∼ 98%. The 1D 1H-NMR spectra were recorded as described previously, with an acquisition time of 100 ms (Riek et al., 2002). The different
CRIPT-TROSY spectra were recorded for 10 to 15 h, acquired data size 100∗1024 complex points, t1 max = 25 ms, t2 max = 100 ms. The
interscan delay was 0.3 s, and the CRIPT transfer delay was 1.4 ms (Riek et al., 2002). The samples were 1.5, 1.0 and 1.4 mM in GroEL
subunits, respectively, in 25 mM potassium phosphate at pH 6.1, 20 mM KCl, 5% D2O. The asterisks in the 1D 1H-NMR spectra indicate
artefactual peaks that do not belong to GroEL.

mented with 2H-acetate often required the use of a
very tightly regulated expression system, such as a
T7 vector. However, the use of richer media, such
as the one described here or commercially available
isotope-labeled growth media, eliminated the require-
ment for pre-conditioning of the cells, which should
ease the constraints relating to the expression system.

Factors affecting the residue-specific 15N-labeling

Selective 15N labeling of proteins by residue type
typically involves the use of synthetic rich broth con-
taining one or several 15N-labeled amino acids, and
high levels of all other amino acids in unlabeled form
(McIntosh and Dahlquist, 1990; Muchmore et al.,
1989). This approach suppresses the incorporation
of the 15N-label at undesired sites (cross-labeling)
through metabolic pathways. Applying a similar pro-

cedure using deuterated ingredients to obtain a deuter-
ated and specifically 15N-labeled protein is currently
hampered by limited commercial availability of the
components. We therefore replaced the addition of
individual labeled amino acids by adding a deuter-
ated algal hydrolysate mixture, to which the 15N,2H-
labeled amino acid is added. A similar approach has
been described for selective protonation of a deuter-
ated protein, resulting in simplified 1H-NMR spectra
(Markley et al., 1968). However, when applying this
protocol to selective 15N-labeling, cross-labeling be-
comes a substantial difficulty because the transfer of
the amino group to other compounds is the first step
in the amino acid metabolism. Careful adjustment of
the amount of labeled amino acid is therefore crucial
to prevent such cross-labeling. Since the deuterated
algal hydrolysate already contains a pool of unlabeled
amino acid, the quantity of 15N-labeled amino acid
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Figure 2. Residue-specific 15N,2H-labeling of deuterated GroES. (A) [15N,1H]-HSQC spectrum of denatured [15N,2H-Val, ∼ 96%
2H]-GroES. The 13 resonances observed are those of the valine residues. No scrambling of the 15N-label can be detected. The sample
contained 0.6 mM GroES subunits, 6 M urea, 45 mM potassium phosphate at pH 6.1, 20 mM KCl, 8% D2O, and protease inhibitors. The
spectrum was recorded for 13 h, acquired data size 300∗2048 complex points, t1 max = 113 ms, t2 max = 195 ms, the interscan delay was
1 s. (B) [15N,1H]-TROSY spectrum of folded [15N,2H-Val, ∼ 96% 2H]-GroES. The numbers indicate the sequence-specific assignments
obtained from TROSY-type triple resonance experiments with a 2H,13C,15N-labeled sample (Fiaux, 2002). The sample contained 1.1 mM
GroES subunits, 25 mM potassium phosphate at pH 6.1, 20 mM KCl, 8% D2O, and protease inhibitors. The spectrum was recorded for 16 h,
acquired data size 300∗4096 complex points, t1 max = 113 ms, t2 max = 390 ms, the interscan delay was 1 s. (C) [15N,1H]-CRIPT-TROSY
spectrum of [15N,2H-Val, U-2H]-GroES in a 470 kDa complex with unlabeled SR1. 12 of the 13 valine resonances can be detected and were
assigned by reference to the crystal structure, using NOESY data (unpublished). The asterisk indicates the position of the resonance of V59,
which was observed in a [15N,1H]-CRINEPT-HMQC spectrum of the same sample. The spectrum was recorded for 5 h, acquired data size
100∗1024 complex points, t1 max = 25 ms, t2 max = 81 ms. The interscan delay was 0.6 s, and the CRIPT transfer delay was 2.8 ms (Riek
et al., 2002). In each panel an inset in the upper right corner represents a molecular model visualizing the conformational state of GroES. In the
crystal structure of GroES (Hunt et al., 1996) in (B) one of the seven symmetry-related subunits has been colored in gold. The molecular model
for the complex of GroES and SR1 in (C) is based on Xu et al. (1997).

to add must be sufficient to ensure reasonably high
15N-occupancy in the protein while remaining small
enough to avoid cross-labeling. Typically, 75 mg of
15N-labeled leucine, 55 mg of 15N-labeled valine, or
5 mg of 15N-labeled cysteine were used per gram of
algal lysate in the medium.

The importance of reducing cross-labeling cannot
be over-emphasized when studying large structures
with solution NMR. For example, even minor cross-
labeling to other residues can lead to very strong sig-
nals in the NMR spectra when the receiving residues
are located in flexible regions of the proteins. In an as-
signment procedure, it may then not be trivial to distin-
guish resonances arising from the labeled residue itself
from those derived through cross-labeling. Multiply
transaminase-deficient strains have been found to be
suitable tools to suppress scrambling of the 15N-label.
For example, the E. coli strains DL39(DE3) (MG1655,
F-, LAM-, aspC13, fnr-25, rph-1, ilvE12, tyrB507,
λDE3), or CT19 (BL21, avtA::Tn5/, trpB83::Tn10/,
aspC13, ilvE12, tyrB507, λDE3) eliminate cross-
labeling via transaminase activity for valine, leu-
cine, isoleucine, aspartate, phenylalanine, tyrosine and
tryptophan residues (LeMaster and Richards, 1988;

Waugh, 1996). Indeed, ‘clean’ 15N-labeling of valine
and leucine in our experiments was only achieved
with these strains (data not shown). We expect that
strains with genetic lesions in biosynthetic pathways
shall also be useful for 15N-labeling of amino acids
that are direct metabolic precursors of other residues,
for example, serine or aspartate (see LeMaster and
Richards, 1988; Muchmore et al., 1989; Waugh, 1996
for detailed discussions of these aspects). For amino
acids that lie at the end of biosynthetic pathways, such
as arginine, cysteine, glycine, histidine, lysine, or
methionine, labeling in an auxotrophic strain is not
expected to be of significant advantage for preventing
cross-labeling. In addition, dilution of the 15N label by
endogenous amino acid biosynthesis does not appear
to be a serious difficulty. For example, in ascertain-
ing the overall levels of deuteration, we found that
endogenous amino acid synthesis contributes no more
than a few percent of the amino acids when using our
protocol. The adaptation of the protocol described by
Marley et al. (2001) for the purpose of residue-specific
labeling (see Table 3, line 4) may be an exception
to these considerations: In this procedure, one can
make use of the amino acid auxotrophies to promote
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the turnover of non-labeled components before adding
the labeled amino acids and inducing protein expres-
sion. Finally, note that residue-specific 15N-labeling of
glutamate or alanine will probably not be practicable
due to the central metabolic role of these compounds.

Application to the study of the GroE proteins

We have used the procedures described here as well as
other protocols from the literature to produce samples
of the GroE proteins with different labeling patterns
for solution NMR studies of structural and functional
aspects of these chaperones. Tables 2 and 3 present
an overview of the various samples used and the
characteristic labeling patterns obtained.

In a first study, we prepared uniformly 15N-labeled
and perdeuterated GroEL (Table 2, line 2). The
[15N,1H]-correlation spectra of this preparation (Fig-
ure 1C; see also Figure 3 in Riek et al., 2002) showed
about 20% of the expected 15N–1H correlation peaks,
which must include some resonances from structured
parts of the protein. A sample was then produced with
specific 15N-labeling of the leucine residues, using a
H2O-based protocol (Table 3, line 2). This labeling
pattern was designed to reduce spectral overlap and
enable a more precise count of the resonances, as well
as to investigate how many cross peaks are missing
in the spectra due to slow 2HN/1HN back-exchange
after protein expression in D2O. In NMR studies of the
resulting [15N,2H-Leu, ∼ 90%2H]-GroEL, only about
15 out of the total of 41 leucine resonances could be
detected (Figure 1B), suggesting that the remaining
resonances are missing for reasons other than spec-
tral overlap or incomplete 2HN/1HN exchange. For
example, they might be broadened beyond detection
by conformational averaging.

In contrast to GroEL, the complexes of 15N-labeled
and deuterated GroES with its partners GroEL or SR1
yielded virtually complete correlation spectra, and
enabled a mapping of the interaction surface with
these chaperones (Fiaux et al., 2002). We then pro-
duced residue-specifically 15N-labeled and deuterated
GroES as a tool for resonance assignment in the
large complexes. Figure 2 shows correlation spectra of
70 kDa [15N,2H-Val, ∼ 96%2H]-GroES free in solu-
tion (Figure 2B) and in the 470 kDa complex with SR1
(Figure 2C). The information obtained from residue-
specific labeling combined with NOESY data, both for
the free GroES and its complex with SR1, has enabled
the assignment of most resonances in the complex (to
be published).
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