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Abstract   Larger proteins (above molecular weight 
50 kDa) usually show slow motional tumbling in 
solution, which facilitates the decay of NMR signal, 
resulting in poor signal-to-noise. In the past twenty 
years, researchers have tried to overcome this 
problem with higher molecular weight by 
improvement of hardware (higher magnetic field and 
cryoprobe), optimization of pulse sequences for lager 
molecules, and development of isotope-labeling 
techniques. Actually, GroEL/ES complex (≈ 900 
kDa) was successfully studied using combination of 
above techniques1. Among the techniques used in 
large molecular studies, the impact of 
isotope-labeling for large molecules study is 
summarized and discussed here. 
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Large proteins studied by NMR 
 
First breakthrough of larger protein studies by NMR 
was reported in early 2000. Fiaux et al published the 
GroEL/ES complex in 20021. Two-dimensional 
[15N,1H]-correlation spectra was obtained by 
universal > 97% 2H labeling to overcome the size 
limit.  This work successfully established that 
TROSY/CRINEPT-based 15N–1H correlation 
experiments in combination with perdeuteration are 
able to provide collective information of proteins 

with molecular weight of up to 900 kDa. In the same 
year, Rudiger et al reported structural information of 
the p53 core domain-bound Hsp90 (≈ 200 kDa) using 
TROSY/CRINEPT techniques2. The same molecular 
system was monitored by Park et al using 
methyl-specific labeling method, revealing the mode 
of binding of the p53 core domain to Hsp903. The 
bigger molecular system, L7/L12 ribosome complex 
corresponding to about 2.3 MDa was also monitored 
in heteronuclear NMR study4. Before this study, this 
large system can be only detected in cryoelectron 
microscopy. Even though Christodoulou et al 
detected only several narrow lines in NMR spectra, 
the information was sufficient for explaining 
dynamic mobility of the L7/L12 proteins on the 
ribosome. The highly conserved, 300 kDa cylindrical 
protease ClpP composed of 14 subunits was also 
studied mainly using methyl resonances5. It showed 
that the handle region is highly dynamic and the ring 
structure makes equilibrium between two distinct 
conformational states. Later, the same group 
published the 670 kDa 20S proteasome core particle 
using methyl resonances of Ile, Leu, and Val with 
highly deuterated background6. These studies 
provided strategies to overcome the size limitation 
that prevents the quantitative analysis using NMR. 
 
 
Deuteration and Perdeuteration 
 
To extend the use of NMR to larger protein systems, 
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one approach is the utilization of deuterium labeling. 
The usefulness of deuteration in protein study is 
originated from the reduction of relaxation rate by 
bulk protons. The larger the sizes of proteins, the 
bigger the density of protons in proteins, and which 
result in line-broadening of each resonance. A 
magnetization (usually of protons) in protein 
experiences multiple relaxation pathways by 
surrounding protons that are coupled through space 
(Fig. 1). This is so called spin diffusion. In a larger 
protein system, this spin diffusion is more significant 
so that the spectra usually show a low signal-to-noise 
ratio. Replacement of proton by deuterium eliminates 
many of relaxation pathways, which enhances the 
life-time of a magnetization and improves spectrum 
quality. 
 

 
Figure 1. Network of protons (colored red) in the 
N-terminal domain of Hsp90 
 
Another advantage of deuteration is related to the 
improved life-time of magnetization from hetero 
nuclei such as 13C and 15N that are directly attached 
to protons. The bonded protons highly affect the 
relaxation of 13C and 15N by dipolar interaction. For 
example, the Cα relaxation times increase from 
16.5ms (100% 1H) to 130ms (70% 2H) in a 37kDa 
Trp repressor–DNA complex. The increased 
relaxation time is due to the smaller gyromagnetic 
ratio (γ) of deuterium compared to the proton. 
Usually, the relaxation rates of hetero nuclei are 
proportional to the square of the gyromagnetic ratios 

((γD/γH)2 ≈ 0.02), which leads to reduced dipolar 
relaxation rate of hetero nuclei (about 16 times less). 
Indeed, the linewidth of 13Cα attached 2H is not 
broadened up to 50 kDa, while that of 1H shows a 
significant line broadening according to the increase 
of molecular weight7. Thus, deuteration of target 
protein is necessary for studying large molecules. 
 
The required deuteration level depends on the system. 
Especially, random fractional deuteration (below 
uniform 80% deuteration) has been widely used to 
study proteins. Through fractional deuteration, the 
transverse relaxation time of amide protons is 
expected to highly increase. However, in a larger 
protein system the high deuteration level (> 95%) is a 
prerequisite for obtaining analyzable spectra. 
Perdeuterated protein sample has several benefits. 
First, as described above, strong reduction of external 
relaxation contribution can be achieved. Second, it is 
possible to remove the internal dipolar contributions 
of 13CHn. Third, we can expect the increase in T2 and 
T1 values of 13CHn and 1HN as well as sharper lines 
by removal of J(H, H). 
 

 
Figure 2. Pathway of amino acid biosynthesis in E. coli. 
The usual carbon sources for deuteration are represented by 
dotted line. 
 
To produce deuterium-enriched protein in E. coli, 
several chemicals can be used. E. coli can synthesize 
all its amino acids using single nitrogen and carbon 
sources. Thus, appropriate selection of nitrogen or 
carbon sources in D2O growth media enables 
incorporation of deuterium into amino acids. 
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Practically, to use only D2O growth media without 
deuterated carbon sources provides low-level 
incorporation of deuterium into amino acids. In 
general, deuterated carbon sources such as 
2H-glucose, 2H-pyruvate, 2H-acetate, 2H-succinate, 
and 2H-glycerol can be chosen for deuteration as 
depicted in Fig. 2. However, one should consider that 
the carbon sources affect the production yield of 
target protein when E. coli is grown in single carbon 
source. The glucose is the most widely-used chemical 
and the production yield should be best among 
carbon sources, while the cost of 2H-glucose is 
relatively high. Compared to the growth in minimal 
media containing normal glucose, the growth rate and 
the maximum population of E. coli usually decrease 
more than two fold8. This may be caused by short of 
1H sources that maintain protein structures via 
hydrogen bonding.  
 

 
Figure 3. Serial culture schemes of deuteration. 
 
2H-pyruvate and 2H-acetate can be alternative of 
2H-glucose while the production yield is lower than 
that of 2H-glucose due to their toxicity. Actually, 
several proteins cannot be obtained in 2H-acetate 
media. Benefit for using these two chemicals is they 
are cheaper than glucose. Growth on 2H-glycerol will 
result in isotope enrichment at alternating carbons in 
most amino acids, including isolated aromatic 

carbons in Phe, Tyr, and Trp. For the purpose of 
perdeuteration of protein, 2H-glucose, 2H-glycerol, 
and 2H-succinate can be generally applied. Other 
materials are mainly used for 13C labeling or methyl 
protonation rather than perdeuteration. During 
perdeuteration, E. coli should be serially adapted to 
the D2O media from 50% to 100% D2O since abrupt 
change in growth media can cause bacterial death 
(Fig. 3). 
 
 
Methyl-selective isotope labeling 
 
Fractional deuteration is generally effective when 
correlation time, τc is below 18 ns (accordingly the 
size of molecules is below 35 kDa). Above 18 ns, the 
limitation of enhanced life time of HN resonances by 
deuteration still exists9, which means that monitoring 
HN resonances in larger system is not promising and 
other labeling strategies including perdeuteration are 
required for NMR measurement. Monitoring methyl 
protons can be successfully applied to the larger 
system. Methyl protons (-CH3) can offer 
approximately 3-fold intrinsic sensitivity since three 
protons are coupled to one carbon nucleus compared 
to the single amide proton-nitrogen pair. In addition, 
methyl groups in proteins have high mobility with 
slow relaxation time as well as their protons do not 
exchange with solvent protons. The first application 
of methyl resonance to study protein was done by 
London et al10. They monitored the bacterial 
dihydrofolate reductase (DHFR) by incorporating the 
methyl-13C methionine. Later, Rosen et al showed 
selectively methyl-protonated samples will be useful 
in many areas of structural analysis of larger 
molecules and molecular complexes by NMR11. The 
report on selective protonation strategy for (1H-delta 
methyl)-leucine and (1H-gamma methyl)-valine in 
perdeuterated protein greatly accelerated the use of 
methyl resonances in structural studies in larger 
complex systems12. Currently, most of the larger 
protein systems with molecular weight of above 100 
kDa are studied using methyl proton resonances in 
combination with perdeuteration (Fig. 4).  
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To prepare a methyl protonated and perdeuterated 
sample, two chemicals are mainly used. [3,3-2H]-13C 
α-ketobutyrate can be used to incorporate the protons 
into δ1 carbon position in perdueterated condition. 
[3-2H]-13C α-ketoisovalerate can be used to 
incorporate 1H-δ methyl-Leucine and -Valine in 
perdueterated proteins. These two chemicals are 
actually metabolites produced in amino acid 
biosynthesis in E. coli as shown in Fig. 2. Thus, 
2H-pyruvate can be used for the same purpose while 
metabolic scrambling may happen to some extent.  
 

 
Figure 4. Example of Ile (δ1) methyl-protonated and 
perdeuterated NMR spectra of Hsp9013. The molecular 
size of Hsp90 dimer corresponds to approximately 180 kDa. 
All Ile residues of Hsp90 can be detected in the methyl 
TROSY spectra. The spectrum was measured in DRX 800 
MHz bruker machine. 
 
A simple addition of α-ketoisovalerate and 
α-ketobutyrate to D2O media containing 2H-glucose 
1hr prior to induction can easily produce Val, Leu, 
Ile (δ1) methyl-protonated 15N-, 13C-, 2H-labeled 
proteins. The concentration of α-ketoisovalerate and 
α-ketobutyrate should not exceed 100 mg/L and 50 

mg/L, respectively. This is because [3,3-2H]-13C  
α-ketobutyrate incorporation into Ile can decrease at 
higher α-ketoisovalerate concentration. As shown in 
Fig. 2, high level of α-ketoisovalerate increases 
cellular concentration of Val which activates the 
enzyme, threonine deaminase. This enzyme degrades 
Thr into α-ketobutyrate with which E. coli can 
incorporate the non-protonated methyl group into Ile 
since Thr is mainly originated from full-deuterated 
glucose.   
 
In summary, the development of labeling techniques 
together with advance of hardware and software has 
facilitated the studies on the larger molecular system. 
Currently, the deuteration and methyl-protonation 
have become basic techniques for researches and 
expanded availability of NMR study. In addition to 
the two basic labeling strategies introduced here, 
many other specific labeling strategies such as 
stereo-array isotope labeling and in vitro cell-free 
labeling are currently used and being developed. All 
these efforts should contribute evolution of NMR 
techniques, leading NMR as a valuable tool for 
studying large biological system. 
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