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Abstract Molecular size has limited solution NMR

analyses of proteins. We report 13C–13C NOESY experi-

ments on a 480 kDa protein, the multi-subunit ferritin

nanocage with gated pores. By exploiting 13C-resonance-

specific chemical shifts and spin diffusion effects, we

identified 75% of the amino acids, with intraresidue C–C

connectivities between nuclei separated by 1–4 bonds.

These results show the potential of 13C–13C NOESY for

solution studies of molecular assemblies >100 kDa.

Keywords Ferritin � High molecular weight NMR �
13C–13C NOESY � Spin diffusion � 13C-direct detection

Introduction

The number of solution structures determined by NMR has

been growing rapidly since the first NMR protein structure

determination in 1985 (Kaptein et al. 1985; Williamson

et al. 1985). Complete structure determinations by solution

NMR have generally been restricted to proteins of rela-

tively low molecular weight (< 30 kDa) because of trans-

verse relaxation rates and thus signal linewidths, which

increase with the size of the macromolecule. For proteins

of < 100 kDa (Frueh et al. 2006), novel techniques using

cross-correlated relaxation between dipole–dipole interac-

tions and chemical shift anisotropy (CSA) have overcome

the limitations imposed by transverse relaxation, allowing

the detection of some sets of signals (Fernández and Wider

2003; Frueh et al. 2006; Wider 2005). Examples are

transverse relaxation-optimised spectroscopy (TROSY),

(Pervushin et al. 1997) cross-correlated relaxation-en-

hanced polarization transfer (CRINEPT), (Riek et al. 1999)

and cross-correlated relaxation-induced polarization trans-

fer (CRIPT) (Brüschweiler and Ernst 1992; Dalvit 1992;

Riek et al. 1999). TROSY-experiments, in combination

with selective reprotonation schemes of perdeuterated

proteins, have been used to assign 13C and 1H chemical

shifts from methyl (Tugarinov et al. 2003) and methylene

(Miclet et al. 2004; Tugarinov et al. 2005b) groups in

proteins below 100 kDa. 3D and 4D TROSY-based

NOESY spectra have been used to measure HN–methyl

and methyl–methyl distances in a 82 kDa protein, allowing

the definition of its global fold in solution (Tugarinov et al.

2005a). CRINEPT- and CRIPT-based 1H-15N correlation

experiments, in combination with extensive protein deu-

teration, have successfully been used for the detection of

amide resonances in systems up to 900 kDa (Flaux et al.

2002). Amide resonances are extremely useful for

monitoring conformational changes and intermolecular

interactions in proteins. Given the lack of sequential and

residue-type information for systems larger than 100 kDa,

the use of 1H–15N correlation experiments for studying

intermolecular interactions in supramolecular assemblies

has been limited to those cases where the assignment for

the lower molecular weight component is available and the

shift changes can be monitored upon formation of

the complex. For this type of complexes, the use of
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[1H–1H]-NOESY-[15N–1H]-CRINEPT-HMQC for the

detection of cross peaks between backbone amides has

been proposed very recently (Horst et al. 2006). They

provide precious structural information.

An alternative and complementary approach to 1H-de-

tected NMR, is represented by 13C-direct detection exper-

iments (Bermel et al. 2003; Bermel et al. 2005; Bermel

et al. 2006b; Bermel et al. 2006a; Bertini et al. 2004b;

Bertini et al. 2004c; Bertini et al. 2004a). In these cases the

smaller magnetic moment of 13C with respect to 1H reflects

in a reduction of signal linewidth. 13C-13C NOESY-type

experiments (Bertini et al. 2004b; Bertini et al. 2004c) are

the most likely to alleviate the negative effect of the

molecular size, even more than 1H-detected 13C–13C

magnetization transfer (Fischer et al. 1996). Indeed, the

coherence transfer at the basis of experiments relying on

scalar couplings suffers for the reduced transverse relaxa-

tion times in high molecular weight systems. On the con-

trary, the magnetization transfer phenomena at the basis of

NOESY experiments occur when the magnetization is

along the z-axis, and are therefore not affected by trans-

verse relaxation (Banci et al. 1991; Bertini et al. 2004c).

During the NOESY mixing time two processes are opera-

tive: the cross-relaxation, that is responsible of the mag-

netization transfer through dipolar coupling, and the

longitudinal relaxation which restores the magnetization to

the equilibrium values. The longitudinal relaxation times

are substantially longer in large proteins. The cross relax-

ation increases with molecular weight, being directly

proportional to the rotational correlation time of the

molecule (Neuhaus and Williamson 1989). Therefore the

NOESY intensities gain from both processes. The advan-

tage of using 13C–13C NOESY experiments for systems of

higher molecular weight was proposed some years ago and

illustrated by the comparison of the spectra for monomeric

(16 kDa) and dimeric (32 kDa) forms of the protein

superoxide dismutase (SOD) (Bertini et al. 2004b; Bertini

et al. 2004c). In the dimeric protein, all the expected

Ca–CO connectivities were detected with higher intensity

than in the monomeric protein. In addition, most of the

two-bond CO–Cb cross peaks were observed for the

dimeric SOD, when long mixing times were used (Bertini

et al. 2004b). Therefore, we decided to test the use of
13C-13C NOESY for the detection of one and two-bond

carbon correlations in a large protein (>100 kDa), the

ferritin nanocage with gated pores (480 kDa).

Materials and methods

Ferritin was expressed in BL21 DE3 pLys E. coli cells in
2H, 13C,15N- labelled Spectra9 medium from Spectra Sta-

ble Isotopes (Fiaux et al. 2004). The protein was treated for

iron removal. The purified protein was 90% deuterated,

based on MALDI experiments.

The correlation tumbling time of the protein in solution

at the concentration of the NMR sample was checked by

NMRD (nuclear magnetic relaxation dispersion) measure-

ments and found to be 170 ns at 298 K, as expected for a

spherical molecule of this size (Bertini et al. 2000).

The 13C–13C NOESY experiments were carried out on a

16.4 T Bruker AVANCE 700 spectrometer equipped with a

triple-resonance TXO probe optimised for 13C direct-

detection experiments, at 298 K on a sample that was

2 mM in monomer concentration, at pH 7.5 (20 mM

phosphate buffer). Composite pulse decoupling on 1H and
2H was applied during the whole duration of the experi-

ments (Bertini et al. 2004b). 13C–13C NOESY maps were

recorded at four different mixing times (150 ms, 300 ms,

500 ms, 1 s) on the full spectral width and on the aliphatic

region in order to increase resolution. Experiments on a

sample, 2 mM in monomer, lasted 40 h each to achieve

good signal-to-noise ratios.

Results and discussion

The ferritin M protein from bullfrog was chosen as a test

case. The protein is a homo polymer of 24 subunits (Trikha

et al. 1995). Each subunit has 176 amino acids folded into

four helix bundles; in living cells the cavity contains con-

centrated iron (hydrated ferric oxide mineral). The protein

is assembled as a spherical cage with an external diameter

of 12 nm, and an inner cavity, 8 nm in diameter (Fig. 1)

(Ha et al. 1999; Liu and Theil 2005). The overall molecular

weight is 480 kDa.

In 13C–13C NOESY maps intraresidue connectivities

could be easily detected for most residues (Fig. 2). At

shorter mixing times the most intense peaks are those

between carbon nuclei connected by a single bond.

Fig. 1 Ribbon representation of the cross-section of the ferritin

protein nanocage structure, viewed down the three-fold axis, and of

the monomeric unit (PDB ID 1MFR)
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Connectivities between methionine Ce and Cc (which

correspond to nucleus–nucleus distances of about 2.5 Å),

and between arginine Cf and Cd, (which correspond to

nucleus–nucleus distances of about 2.7 Å), were also

observed, although they were extremely weak. For con-

nectivities among carbon nuclei separated by two, three, or

four C–C bonds, we took advantage of the spin-diffusion

effects which increase in intensity with longer mixing times.

It appears that spin diffusion is driven by bound 13C nuclei

(Fig. 3), rather than through 13C nuclei belonging to dif-

ferent amino acids, due to the relatively large distances

among the latter (see below). For example in the case of Ile,

cross peaks between all the possible cross peaks connecting

pairs of carbon nuclei different from CO, were detected

(Fig. 3). The maximum intensity for connectivities between

carbons bound directly to each other occurs at 300 ms

mixing time, whereas for those between carbons separated

by two bonds it occurs at 500 ms (Fig. 3). By taking

advantage of the residue-specific chemical shifts of carbon

nuclei resonances, we have been able to clearly detect the

spin-patterns of most aliphatic residues, using intraresidue

patterns of NOESY connectivities. Some aromatic residues

Fig. 2 Aliphatic region of the 13C–13C NOESY spectrum recorded

with 500 ms mixing time. Several peaks are color-coded to exemplify

residue-type assignment

Fig. 3 Examples of the

NOESY pattern for Ile, Val, and

Ala residues and corresponding

build-up curves for selected

connectivities
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(7 His and 1 Tyr) could be identified using Cb–Cc cross

peaks. In addition, the Cb–Cd2 cross peaks of histidine were

also detected (Fig. 4). This first inspection allowed the easy

identification of a number of spin patterns, accounting for

75% of total amino acids (as summarized in Table 1). The

chemical shift index analysis based on Ca and Cb, permitted

the identification of the secondary structure element to

which each amino acid belongs (Table 1). Good agreement

between CSI analysis and the X-ray crystal structure of

ferritin supported the accuracy of the assignments and

indicated the detection of amino acids located throughout

the entire protein structure. While cross peaks between ali-

phatic signals (Fig. 2) and between aliphatic and aromatic

signals (Fig. 4) were often well resolved, the carbonyl sig-

nals were extremely broad. This effect, due to chemical shift

anisotropy relaxation, gives rise to unresolved cross peaks

and prevents identification of backbone connectivities. The

shortest inter-residue C–C distances in ferritin (and in all

proteins in general), are those between carbonyls and car-

bonyls and Ca of sequential amino acids. Such distances are

as short as 2.4–2.9 Å. At the current stage of spectral res-

olution achieved we could not determine with certainty the

presence of CO–CO peaks, given their large linewidths. The

CO–Ca region was difficult to analyze for the same reason.

In the X-ray crystal structure of ferritin, all the other inter-

residue connectivities involving pairs of carbon atoms are

longer that 3.2 Å. None of these could be observed under the

used experimental conditions.

Conclusions

The present results show that spin diffusion in a large

protein such as ferritin is confined to coupled spins of the

same residue and represents a strong advantage for 13C–13C

NOESY experiments. In a large protein such as ferritin, the
13C–13C NOESY solution spectra are rich in information,

as emphasized by the large number of resolved peaks, even

for an alpha-helical protein as ferritin. Per residue assign-

ment is possible for those amino acids that possess peculiar
13C chemical shits. Identification, by 13C–13C NOESY, of

the carbon nuclei in a given type of amino acid of a large

protein is similar to the information obtainable from

TOCSY experiments of low molecular weight proteins.

There are also several advantages of 13C–13C-NOESY

experiments compared to those limited to amide

Fig. 4 Portion of the 13C–13C NOESY map containing Cb–Cc and

Cb–Cd2 cross peaks for His residues

Table 1 Identification of the intraresidue NOESY patterns for the

different classes of amino acids. Aspartate (Asp) and asparagines

(Asn), leucine (Leu) and lysine (Lys), glutamate (Glu) and glutamine

(Gln) are grouped together because the range of chemical shift

dispersion for their 13C nuclei does not allow a per-residue

differentiation

Amino

Acid Type

Total Found NMR

a/Coil

Crystal

a/Coil

Connections

observed

max

Bonds

Amino

Acid Type

Total Found NMR

a/Coil

Crystal

a/Coil

Connections

observed

max

Bonds

Ala (A) 12 11 10/1 11/1 CCaCb 2 Met (M) 5 3* CaCbCdCe 2

Cys (C) 2 1 CaCb 2 Pro (P) 3 3 0/0 1/2 CaCbCcCd 3

Asp (D) 13
20*

CaCb 1 Glu (E) 18
13*

CaCbCcCd 3

Asn (N) 9 CaCbCc 2 Gln (Q) 8 CbCcCd 2

Phe (F) 8 5* CbCc 1 Arg (R) 9 4* CcCdCf 2

Gly (G) 7 6 1/0 3/4 CCa 1 Ser (S) 8 5 2/2 6/2 CCaCb 2

His (H) 8 7 7/0 7/1 CaCbCcCd 2 2 Thr (T) 5 3* CaCbCc 3

Ile (I) 4 4 3/0 3/1 CCaCbCcCd 4 Val (V) 11 11 3/1 4/7 CaCbCc 1/2 3

Lys (K) 13
20*

CeCd 1 Trp (W) 1 0

Leu (L) 19 CCaCbCcCd 3 Tyr (Y) 8 2* CbCcCf 1

The asterisk indicates the presence of unresolved spectral features that can clearly be attributed to that type of amino acid. Results of

the Chemical Shift Index analysis based on Ca and Cb indices is also reported. The statistic analysis is based on the 171 residues detected in the

X-ray crystal structure
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resonances, such as elimination of problems related to

amide proton exchange with bulk solvent and the ability to

monitor the full side chain of the amino acids. The ability

to monitor side chains, to assign them to a given amino-

acid and secondary structure-type element, represents a

step forward from simply monitoring backbone amides and

extends to high molecular weight systems the potential of

solution NMR to characterize intermolecular interactions

and conformational changes.

Future investigations outside the scope of this study

aim at improved spectral resolution, for more extensive

and possibly sequence-specific assignment, as well as at

increased sensitivity of the experiments, to facilitate

detection of long-range interresidue connectivities. How-

ever, even at the present stage of development, the
13C–13C NOESY methodology can be of great help for

spectral analyses of many high molecular weight proteins

or supramolecular adducts and contributes to lower the

macromolecular size barrier for solution NMR. The novel

per residue assignment here described facilitates studies

of large molecular assemblies and provides a comple-

mentary/alternative approach to the 1H-based NMR

spectroscopy.
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Bermel W, Bertini I, Felli IC, Kümmerle R, Pierattelli R (2003) 13C

direct detection experiments on the paramagnetic oxidized

monomeric copper, zinc superoxide dismutase. J Am Chem

Soc 125:16423–16429

Bermel W, Bertini I, Felli IC, Lee Y-M, Luchinat C, Pierattelli R

(2006a) Protonless NMR experiments for sequence-specific

assignment of backbone nuclei in unfolded proteins. J Am

Chem Soc 128:3918–3919

Bermel W, Bertini I, Felli IC, Piccioli M, Pierattelli R (2006b) 13C-

detected protonless NMR spectroscopy of proteins in solution.

Progr NMR Spectrosc 48:25–45

Bertini I, Duma L, Felli IC, Fey M, Luchinat C, Pierattelli R, Vasos

PR (2004a) A heteronuclear direct detection NMR experiment

for protein backbone assignment. Angew Chem Int Ed 43:2257–

2259
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