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Abstract We present here a stable isotope labeling technique
for proteins, which seeks the appropriate compromise between
the advantages of (a) random isotope labeling, with its large
number of protons available for structure determination, and
(b) selective labeling to generate isolated proton spins decreas-
ing spectral complexity and improving relaxation properties of
NMR experiments. The described reduced proton (REDPRO)
procedure results in side-chain speci¢c protonation of overex-
pressed proteins, which is highly selective. The REDPRO label-
ing scheme provides a su⁄cient number of NOE constraints for
structure calculation. Dramatically improved relaxation proper-
ties of the heteronuclear magnetization transfer coupled with
TROSY advantages make the proposed labeling scheme an at-
tractive approach for study of high molecular weight protein
targets, their ligand sites, and interdomain interactions. - 2002
Federation of European Biochemical Societies. Published by
Elsevier Science B.V. All rights reserved.
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1. Introduction

The study of biological molecules by solution NMR spec-
troscopy has greatly bene¢ted from the use of isotope label-
ing. The utility of uniform 15N,13C labeling and triple reso-
nance spectroscopy permits structure determination and
functional characterization of proteins on the order of 30
kDa (e.g. [1]). Application of NMR-based techniques of struc-
ture determination to proteins and protein complexes of high-
er molecular weight is hampered mainly by the highly e⁄cient
spin relaxation from the 1H^1H dipolar interactions [2,3].
These relaxation pathways lead to decreased magnetization
transfer e⁄ciency and broadened spectral lines in heteronu-
clear multidimensional experiments resulting in a loss of both
sensitivity and resolution. An obvious way to alleviate this
problem is to substitute non-exchangeable protons by deute-
rium to take advantage of the 6.5-fold lower gyromagnetic
ratio of 2H relative to 1H, suppressing spin relaxation path-
ways that would otherwise be present in fully protonated
samples [4]. Random uniform incorporation of 2H to various
degrees has been used in many structural studies (e.g. [4,5]).
Several samples with di¡erent levels of deuteration are usually

required for structure determination. Selective protonation of
methyl groups [6] or backbone CK atoms [7] in a highly deu-
terated environment solves the problem of spectral complexity
but leaves very few useful protons for structural studies rely-
ing on traditional NOE-based approaches, and can be prohib-
itively expensive.
Ideally, one would like to have a single NMR sample that

contains a su⁄ciently low proton density to improve relaxa-
tion properties of triple resonance NMR experiments and at
the same time contains enough protons for structural studies
using NOE constraints. We present here a simple labeling
method which seeks the appropriate compromise of the ad-
vantages of random uniform labeling with its large number of
protons available for structure determination, and selective
labeling methodology to generate isolated proton spins with
decreased spectral complexity and improved relaxation prop-
erties of the NMR experiments.

2. Materials and methods

2.1. Protein overexpression
The technique is based on the observation that a culture of Esche-

richia coli strain BL21 containing an overexpression vector for the
protein of interest can be grown in minimal medium containing
100% D2O supplemented with [U-13C,1H]glucose and [U-15N,1H]-
ammonium chloride without prior adaptation [8]. We developed a
protocol that was tested on ¢ve proteins, human ubiquitin, human
Abl SH(32), cA factor from Thermotoga maritima, E. coli GroEL, and
E. coli GroES, all of which produced a consistent labeling pattern.
The host strain of E. coli BL21 (Novagen) was freshly transformed
with each expression construct. Cells from overnight culture grown on
unlabeled M9 minimal medium in 1H2O were collected by centrifuga-
tion, washed in phosphate-bu¡ered saline, resuspended in labeling
minimal medium, and grown at 37‡C from OD600 0.5 to 0.8. In about
2^3 h the cells adapt to growth in D2O and reach the indicated cell
density. Protein overexpression was induced by addition of 0.5 mM
IPTG and the cells were aerated for 20 h at 37‡C. Finally, the cells
were collected and stored at 380‡C for further puri¢cation. The pro-
tein yield using the reduced proton (REDPRO) labeling scheme in all
¢ve cases of protein overexpression was very similar to that of the
standard [U-13C,15N] labeling scheme [4]. The speci¢c details of pro-
tein puri¢cation have been previously published for human ubiquitin
[9], human Abl SH(32) [10]. cA factor from T. maritima [11], E. coli
GroEL and GroES [12].

2.2. NMR spectroscopy
NMR spectra were recorded on Bruker DMX spectrometers oper-

ating at 1H frequencies of 500 and 600 MHz and equipped with triple-
resonance probes with z-axis magnetic ¢eld gradient capability.
CBCA(CO)NH, CC(CO)NH, HNCACB, 1H-{13C} HSQC and ho-
monuclear NOESY spectra [1] were collected at 27‡C, processed using
the NMRPipe suite [13] and analyzed using XEASY software [14].
NMR samples of [U-15N,13C] and REDPRO labeled human ubiquitin
with concentrations of 1 and 2 mM, respectively, were exchanged into
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30 mM sodium acetate pH 4.6, 10% D2O, 0.01% NaN3. Deuterium
decoupling using the WALTZ16 scheme was employed in all NMR
experiments during carbon evolution. The CBCA(CO)NH spectrum
was collected with 40, 70 and 512 complex points in the 15N, 13C and
direct 1H dimensions, respectively with four scans per transient. The
corresponding sweep widths were 32 ppm, 80 ppm and 15 ppm. The
data in the 15N dimension were doubled by data mirroring. The data
in all dimensions were multiplied by a squared cosine-bell function
and zero-¢lled to 128, 128 and 1024 points prior to Fourier trans-
formation. The HNCACB dataset was collected with 32, 100 and 512
complex points in 15N, 13C and direct dimensions respectively. The
sweep width in the 15N dimension was 26 ppm. All other parameters
and processing modes were the same as in the case of the CBCA-
(CO)NH experiment. The CC(CO)NH experiment was collected and
processed the same way as the HNCACB experiment using a 7.8 ms
DIPSI2 mixing scheme but no linear prediction was used in the 15N
dimension. The homonuclear NOESY spectra were collected with
512 complex points in each dimension with a sweep width of 14
ppm and a mixing time of 500 ms with four scans per transient.
The data in both dimensions were multiplied by a squared cosine-
bell window function and zero-¢lled to double their size prior to
Fourier transformation.

2.3. Structure calculation
Structure calculations of ubiquitin were performed using DYANA

v1.5 [15] using homonuclear NOESY connectivities ¢ltered for the
observed labeling pattern and reported proton^proton distances [16]
and loose angular (P, i, and M1) constraints generated from chemical
shifts using the TALOS [17] procedure and measured scalar couplings.
In all, 1000 structures were generated and subjected to 4000 steps of
torsional angle dynamics at an elevated temperature, followed by
16 000 steps of simulated annealing. Finally, the resulting structures
were subjected to 8000 steps of conjugate gradient minimization. A
typical structure calculation takes 35 s on a Dell Precision 330

equipped with Pentium IV processor operating at a clock frequency
of 1.7 GHz. The 10 structures that had the lowest value for the target
function were considered to represent the structure of ubiquitin.

3. Results and discussion

The REDPRO procedure results in products with the fol-
lowing composition: the total incorporation of deuterium de-
pends on the amino acid composition of the protein and
ranges from 70% to 80% of the chemically non-exchangeable
protons. Protonation was sequence independent, side-chain
speci¢c and, surprisingly, highly selective. A detailed analysis
of the spectrum of ubiquitin (Fig. 1) shows that methyl groups
of Ala, Val, Leu, Ile, Met, Thr and methine group of Thr, a
total of 44, had intensities equivalent to protonation from
55% to 64%. Methylene groups of Arg (N), Ile (Q), Lys (Q, N,
O), Pro (N), Ser (L), Asp (L), Glu (L, Q), Asn (L), and Gln (L, Q),
a total of 69, had equivalent proton intensities to a lesser
degree (27^36%). Representative spectra for these isotopic ra-
tios are shown in Fig. 2. For methyl groups (a total of 37),
CHD2 (73%) and CH2D (22%) were the major isotopomeric
fragments and for methylene groups CHD (87%) constituted
the major isotopomer. The isotopomer subspectra are discri-
minated by small 13C and 1H shifts associated with the addi-
tional 2H [4]. The fraction of completely protonated methyl
and methylene was less that 10%. The existence of methylene
isotopomeric fragments CHRDS and CHSDR results in multi-
dimensional spectra in which two corresponding positions at

Fig. 1. 1H-{13C} HSQC spectrum of ubiquitin labeled using REDPRO scheme (a and c) and [U-15N,13C]ubiquitin (b). The samples were in
30 mM sodium acetate pH 4.6, 10% D2O, 0.01% NaN3. In comparing panels b and c, the 13C and 1H shifts in carbon and proton dimensions
are generally 2H isotope shifted up¢eld.
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the same 13C chemical shift represent the isotopic mixture,
and the hydrogen dimension has no multiplicity from homo-
nuclear spin coupling [18]. Such spectra are considerably sim-
pler to analyze than equivalent spectra from [U-13C,15N] la-
beled proteins (Fig. 3). Aromatic side-chains of Tyr (N, O), Phe

(N), and His (N, O), a total of six, were protonated from 67% to
73% whereas those of Phe (O, j), a total of four, were proton-
ated from 19% to 22%. Overall, we see protonation of about
23% of non-exchangeable protons that is a compromise be-
tween low proton density and high information context of the
spectrum. Deuterium is present at 95% of all CKs. This label-
ing pattern is consistent with well-known glucose metabolism
and amino acid synthesis pathways. While there is a general
expectation that each site per amino acid type would have
constant isotopic enrichment, small variations would have lit-
tle e¡ect on use for structure calculation because the depen-
dence of derived distance on cross peak intensity in the NOE
spectrum is typically at the one-sixth power.
One of the apparent challenges of structural studies of pro-

teins with reduced density of protons is resonance assignment.

Fig. 2. Representative slices of Ala46 methyl and Lys6 Q-methylene
peaks of 1H-{13C} HSQC spectra of ubiquitin labeled using the
REDPRO scheme and [U-15N,13C]ubiquitin. Numbers in parenthe-
ses re£ect the peak volume of the isotopomers of methyl and methe-
lene groups of ubiquitin labeled using REDPRO relative to [U-15N,
13C]ubiquitin. In this and several other cases, the ratio of CHRDS/
CDRHS di¡ers slightly from 1.0.

Fig. 3. Representative slice of Lys63 Q-methylene peak of 1H-{13C}
HSQC spectra of ubiquitin labeled using the REDPRO scheme and
[U-15N,13C]ubiquitin. The peaks representing CH2 moieties in the
protonated NMR samples are multiplets arising from homonuclear
spin coupling [18]. On the other hand, methylene isotopomeric frag-
ments CHRDS and CHSDR in the NMR samples labeled using the
REDPRO scheme are singlets and can be resolved in the multidi-
mensional NMR spectra. 1H-{13C} HSQC spectra were apodized
using a squared cosine-bell function to enhance resolution in the
proton dimension in both panels.

Table 1
Simulated structure calculations for selected NOE sets in REDPRO
labeled ubiquitina

Set A Set B

Constraints
Distance constraints 236 339
P, i constraints 92 92
M1 constraints 35 35
Hydrogen-bonding constraints 36 92
Structural characteristics
RMSD (AU )b;c

Backbone 1.7V 0.5 0.6 V 0.1
All heavy atoms 2.3V 0.5 1.1 V 0.2
Dihedral angles
Most favored 76.2% 74.7%
Additional favored 19.8% 19.2%
Generously favored 2.0% 3.2%
Disallowed 2.0% 2.9%
aSet A includes NOEs to the backbone 1HP. Set B includes all
NOEs from set A and methyl^methyl and aliphatic^aromatic NOEs.
bAll RMSDs calculated including residues 2^71.
cThe backbone RMSD for the ¢nal structures for set B with the
mean structure from the reference (1D3Z) is 1.1 V 0.1 AU in regions
with de¢nite secondary structure (1.2 V 0.2 in sheets and 0.7V 0.1 in
helices).

Fig. 4. Representative sequential assignment of 2 mM ubiquitin la-
beled using REDPRO: (A) strips from the CBCACONH and
HNCACB datasets, (B) strip from the CCC(CO)NH dataset. The
sample was in 30 mM sodium acetate pH 4.6, 10% D2O, 0.01%
NaN3.
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The standard approach of using aliphatic protons to start or
end triple resonance NMR experiments fail. We demonstrate
(Fig. 4) that triple resonance experiments can be run initiating
magnetization transfer from 13C nuclei. The nominal four-fold
loss in sensitivity is compensated by signi¢cantly improved
relaxation properties of the sample in standard CBCACONH
and CC(CO)NH experiments. This advantage is expected to
be of greatest signi¢cance at high molecular weights as ob-
served previously [19].

3.1. Does the labeling scheme permit su⁄cient NOEs for the
generation of structure?

Generating several sets of structures using subsets of NOE
information tested the utility of the REDPRO labeling scheme
to provide su⁄cient number of NOE constraints for structure
calculation. Fig. 5A shows the structures of ubiquitin calcu-
lated with HP-aliphatic constraints, excluding HP-HK con-
straints, and loose (P, i, and M1) dihedral angle restraints.
(P, i) restraints were obtained from chemical shifts using

Fig. 5. Cluster of 10 ubiquitin structures with the lowest value of the target function calculated using DYANA based on (A) HP/aliphatic pro-
ton distances (excluding HP/HK distances) (backbone RMSD=1.7 AU ), (B) the same as a plus methyl^methyl and aromatic^aliphatic proton dis-
tances (backbone RMSD=0.6 AU ), and (C) solution structures of ubiquitin (PDB code ld3z). The structures in C were calculated using a full
set of NOEs as well as 1H^15N, 1H^13CK, 13CK^13CL and 15N^13CP residual dipolar couplings in several alignment media [16].

Fig. 6. Homonuclear 1H^1H NOESY spectrum of 2 mM ubiquitin labeled using the REDPRO scheme with a mixing time of 500 ms. The sam-
ple was in 30 mM sodium acetate pH 4.6, 10% D2O, 0.01%. The spectrum is asymmetric because of the variable intensity of labeling, and
hence observable projected density in the direct dimension. So, for example, 1HP{1HK} NOEs are observed although the 1HK density is about
5%, while 1HK{1HP} are not observed.
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the TALOS database [17]. These structures revealed an RMS
deviation of 1.6 AU for backbone atoms in the regions with
de¢nite secondary structure (Table 1). The addition of meth-
yl^methyl and aromatic^aliphatic NOE constraints decreased
the RMSD value to 0.6 AU . Addition of dipolar coupling con-
strains can further improve the quality of the structure and
the labeling pattern favors high sensitivity measurement of
one bond residual dipolar coupling of backbone and side-
chains nuclei. A homonuclear 1H^1H NOESY spectrum of
ubiquitin with a 500 ms mixing time re£ecting the NOE pat-
tern expected is shown in Fig. 6.
One of the most powerful features of NMR is the ability to

generate interaction maps of molecules based on the chemical
shift perturbations. Previously used observations of chemical
shift changes were focused on observation of the backbone
15N, 1HP, and 13CP nuclei. Though powerful, this approach
su¡ers from the relatively distant position of backbone nuclei
from possible interaction sites. This may especially be the case
of hydrophobic or predominantly charged interactions. The
REDPRO scheme allows us to use the exquisite sensitivity
of chemical shift perturbation mapping to study interaction
surfaces formed by side chains with the potential of obtaining
additional information on the inter and or intra-molecular
interactions. An application of this methodology is reported
elsewhere [11].
The availability of the isolated proton spins in the highly

deuterated environment opens new possibilities for the dy-
namic characterization of the proteins. Studies to date have
mostly focused on backbone dynamics, largely through mea-
surements of backbone 15N relaxation properties in uniformly
15N labeled proteins due to of the predominant ‘simple’ dipo-

lar relaxation of 15N,HP pairs. All relaxation experiments de-
veloped for backbone 15N,HP pair can be potentially utilized
to study side chain dynamics using isolated 13C,1H pairs pre-
pared by the scheme illustrated here. The possible deleterious
e¡ects of the carbon^carbon coupling could be circumvented
using partially enriched 13C glucose.
TROSY based triple resonance techniques which permit the

study of proteins with molecular weights exceeding 20 kDa
also bene¢t from high-level deuteration obtained using RED-
PRO due to greatly reduced 1H homonuclear dipolar interac-
tion [20]. REDPRO appears to have a su⁄cient spin isolation
of 1HPs, presumably because of the low 1H density at HK sites.
The TROSY-HSQC of GroES (MW of the heptamer is 70
kDa) at 900 MHz (Fig. 7) demonstrates signi¢cant signal,
while an HSQC under the same conditions gave no observable
signals (data not shown). Dramatically improved relaxation
properties of the heteronuclear 13C magnetization transfer
coupled with TROSY advantages presents proposed labeling
scheme as an attractive approach for study of high molecular
weight protein targets, their ligand sites, and interdomain in-
teractions. The REDPRO scheme has also possible applica-
tions in recent solid-state NMR techniques which utilize in-
verse detection [21,22].
In conclusion, we demonstrated that the described RED-

PRO protein labeling technique allows us to create in a cost
and time e⁄cient way 2H, 13C, and 15N NMR samples which
contain enough protons for structural characterization and
investigation of proteins properties and protein interactions
in solution.
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of GroES was in 50 mM phosphate bu¡er, pH 6.5, 100 mM NaCl, 10% D2O, 0.01% NaN3, 2 mM EDTA. The data were acquired on a Var-
ian spectrometer operating at 900 MHz at 30‡C. 256 t1 increments were collected with 16 acquisitions per increment.
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