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Abstract The impact of Nuclear Magnetic Resonance

(NMR) on studies of large macromolecular complexes

hinges on improvements in sensitivity and resolution.

Dynamic nuclear polarization (DNP) in the solid state can

offer improved sensitivity, provided sample preparation is

optimized to preserve spectral resolution. For a few

nanomoles of intact ribosomes and an 800 kDa ribosomal

complex we demonstrate that the combination of DNP and

magic-angle spinning NMR (MAS-NMR) allows one to

overcome current sensitivity limitations so that homo- and

heteronuclear 13C and 15N NMR correlation spectra can be

recorded. Ribosome particles, directly pelleted and frozen

into an NMR rotor, yield DNP signal enhancements on the

order of *25-fold and spectra that exhibit narrow line-

widths, suitable for obtaining site-specific information. We

anticipate that the same approach is applicable to other

high molecular weight complexes.

Keywords Ribosome structure � Magic-angle spinning

NMR (MAS-NMR) � Solid-state NMR � Dynamic nuclear

polarization (DNP) � TOTAPOL

Introduction

Notwithstanding formidable advances in structural biology,

the study of large macromolecular complexes, ranging

from hundreds of kilodaltons to several megadaltons,
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remains a difficult task. The challenges associated with

understanding the ribosome structure and dynamics in its

many functional states are representative of the strengths

and shortcomings of today’s approaches to structurally

characterize large cellular complexes. The ribosome is a

macromolecular machine responsible for cellular protein

synthesis that, even in simple organisms such as Esche-

richia coli, reaches the size of more than 2.3 MDa.

Determining the structure of the ribosome has been the aim

of numerous investigations since the early 1980’s. These

studies have recently culminated in the accurate description

of the ribosomal architecture, thus shedding light on its role

in the basic steps of translation including the two most

fundamental aspects of protein synthesis, peptide bond

formation and decoding (Noeske and Cate 2012; Schmeing

and Ramakrishnan 2009), as well as describing its inter-

action with major classes of antibiotics (Wilson 2009).

These results set the stage for studying evermore inter-

esting functional complexes, where one of the most

ambitious goals is to visualize at the atomic level how the

interplay between the ribosome, protein folding and sorting

machinery guide the newly synthetized polypeptide nas-

cent chain toward its transformation into a functional

protein. Our progress, in this respect, resides not only in the

type of samples that we can prepare but in the type of

sample that we can indeed analyze. Thus far this analysis

predominantly relied on X-ray crystallography and cryo-

electron microscopy (cryo-EM). These methods are best

suited to complexes with high stability, high ligand occu-

pancy, low conformational heterogeneity, and in the case

of X-ray diffraction, with the propensity to form crystals

that diffract at high resolution. However our advancement

in ribosome structural biology hinges on the analysis of

functional processes that do not meet these criteria, forcing

us to look for alternative approaches.

Complementing biochemical and cryo-EM studies,

solution-state NMR has been the only technique able to

provide high-resolution structural information on one of

the most intriguing and insufficiently understood phe-

nomena of structural biology, non-assisted co-translational

protein folding (Fedyukina and Cavagnero 2011). By

building on initial studies characterizing the highly

dynamic and functionally essential L7/L12 ribosomal stalk

(Christodoulou et al. 2004; Mulder et al. 2004), the way

was paved to follow the structure and dynamics of long

polypeptide nascent chains retained on stalled ribosomal

complexes (Hsu et al. 2007, 2009; Cabrita et al. 2009;

Rutkowska et al. 2009; Eichmann et al. 2010). The

achievement of acquiring solution-state NMR spectra from

a ribosomal complex of more than 2.3 MDa, is made

possible by the inherent high-flexibility of L7/L12 and the

polypeptide nascent chain. In both cases, the region of the

protein that is analyzed is linked to the ribosome by a short

and unstructured stretch of 10–20 amino acids. Local

motions of these regions shorten the effective correlation

times so that the 1H linewidths of the first 100 N-terminal

amino acids of a 150 residues long nascent chain tethered

to the ribosome at its C-terminus are comparable to those

of the same protein in its untethered form (Hsu et al. 2007).

Similarly, the short correlation time observed for the L7/

L12 stalk (sc = 15 ns) suggests that this region tumbles, to

a large extent, independently of the ribosomal body

(Christodoulou et al. 2004). Solution-state NMR has also

been successfully applied to study the dynamic binding of

different translation factors such as IF-1, EF-G, EF-Tu, IF-2

and RF3 (Sette et al. 1997; Christodoulou et al. 2004;

Helgstrand et al. 2007). Although the large molecular

weight of a ribosome implies very slow rotational diffusion

(sc * 2.5 ls for E. coli ribosome at 20 �C) (Amand et al.

1977) and, therefore, very broad non-detectable lines for

any element tightly associated with the ribosome, indirect

information about the bound state of the factor can be

retrieved by inspecting changes in the resonances of the

free state. When for example IF1 interacts with the ribo-

some, it is in fast chemical exchange, i.e., the on- and off-

rates are faster than the difference between the chemical

shifts of the bound and free states. This allows one to

identify residues of IF1 involved in binding to the ribosome

(Sette et al. 1997) via changes of their averaged chemical

shifts and line-widths.

Despite the demonstrated ability of solution-state NMR

to study the structure of dynamic regions of ribosome

complexes that are poorly represented or ‘invisible’ in

electron density maps, this approach also has short-com-

ings. To avoid aggregation, ribosome concentrations must

be limited to *30 lM. Even at such low concentrations,

the samples tend to degrade at 25 �C after *24 h, so

extensive time-averaging must be ruled out. These limita-

tions strongly restrict the type of NMR experiments and

hence structural information that can be obtained. Indeed

most of our knowledge has derived from the comparison of

HSQC and HMQC spectra. It remains an unsolved task to

use solution-state NMR to solve ‘de-novo’ the structure of

ribosome elements or ligands, in their bound state.

To circumvent these limitations, our attention has been

drawn by the recent advances reported in the solid state

NMR field.

Solid-state NMR using magic-angle spinning (MAS-

NMR) is emerging as a popular technique for structural

biology, since it allows studying macromolecular com-

plexes that are too large for solution-state NMR, yet cannot

be studied by electron diffraction techniques (Ader et al.

2010; Cady et al. 2010; Hiller et al. 2005; Shewmaker et al.

2006; Wasmer et al. 2008). When combined with DNP

(Abragam 1961; Abragam and Goldman 1978) the sensi-

tivity can be improved to the extent that high-quality 2D
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correlation maps of nanomolar quantities of protein com-

plexes can be obtained in reasonable experimental times

(Reggie et al. 2011). The DNP enhancement can be

achieved by the addition of stable radicals such as TOT-

APOL to the solvent (Song et al. 2006), by covalent

grafting of such radicals to the proteins (Vitzthum et al.

2011), and by saturating the EPR transitions with a pow-

erful microwave source such as a gyrotron (Hall et al.

1997). Sensitivity enhancements on the order of eon/off

* 200 (i.e., the ratio of signal intensities obtained with and

without microwave irradiation) have been observed in

frozen glycerol/water matrices at temperatures in the

vicinity of 100 K (Kiesewetter et al. 2012), resulting in a

reduction of experimental times by a factor of (eon/off)
2 =

40,000 allowing this approach to be applied to a variety of

molecular systems beyond the reach of traditional methods.

For example, applications to surface science (Vitzthum

et al. 2012; Zagdoun et al. 2012; Lelli et al. 2011) have

been remarkably successful and may open the way to

improved understanding of heterogeneous catalysis and

other phenomena that can only occur on surfaces. DNP-

enhanced MAS-NMR has so far been applied to study the

structure of only few macromolecules, fibrils and protein

aggregates (Debelouchina et al. 2010; Bayro et al. 2011),

membrane proteins (Reggie et al. 2011; Bajaj et al. 2009)

and whole cells (Renault et al. 2012).

In this communication, we report our strategies and

initial experiments to adapt DNP-enhanced MAS-NMR to

study ribosome complexes. We demonstrate that using a

newly designed home-built centrifugal device ribosomal

complexes can be pelleted and concentrated by ultra-cen-

trifugation directly in NMR rotors. The sample analyzed

yields signal enhancements on the order of eon/off * 25 at

temperatures near 100 K, overcoming the problems of

ribosomal complex stability. The spectra feature line-

widths on the order of 1 ppm, or 100 Hz for carbon-13

signals at B0 = 9.4 T (1H and 13C Larmor frequencies of

400 and 100 MHz respectively) allowing one to obtain

information at atomic resolution, particularly when multi-

dimensional NMR is combined with selective isotope

labeling.

Results and discussion

Design of centrifugal devices for ribosome packing

Although DNP-enhanced MAS-NMR has major advanta-

ges for biological systems, its sensitivity is relatively low.

The simplest way to increase the sensitivity is to increase

the concentration of the material packed in the NMR rotor.

Sample manipulation and rotor packing are critical steps

for DNP-enhanced MAS-NMR. We developed custom-

designed concentrators for direct pelleting of intact E. coli

70S ribosomes (E70S) and ribosome subunits into an NMR

rotor by ultracentrifugation. The devices described in the

Supporting Information (Figure S1) are designed to fill

3.2 mm NMR rotors using Beckman ultracentrifuges with

either SW28/SW32 swinging-bucket or Ti-45 fixed-angle

rotors. In contrast to similar tools developed for MAS-

NMR studies of biomolecules by ultracentrifugation

(Gardiennet et al. 2012; Bertini et al. 2012a) or by direct

packing in an NMR rotor (Bertini et al. 2011; 2012b) the

devices presented here have a large reservoir (6–7 ml),

allowing ratios between the reservoir and the rotor volumes

of *230 and *200. These systems are, therefore, suitable

for pelleting proteins over a wide range of concentrations

and are particularly attractive for packing macromolecular

complexes that are prone to aggregation. There are several

practical advantages associated with direct packing into an

NMR rotor: (1) only a single pelleting step is required, (2)

minimal sample loss during the transfer of costly prepa-

rations, (3) no need for preparing micro- or nanocrystalline

samples by precipitation with PEG or other auxiliaries/

precipitants, and (4) the resulting pellets contain a large

amount of buffer, so that the macromolecular complex

under investigation remains in a close-to-native condition.

Frozen ribosomal pellets are suitable for DNP-

enhanced MAS-NMR

To draw benefits from DNP-enhanced MAS-NMR and

obtain large and uniform enhancements, the solute must be

dissolved in a solvent mixture that forms a homogeneous

glassy matrix that facilitates spin diffusion at cryogenic

temperatures. At the same time, the matrix acts as a

cryoprotectant for biomolecular complexes (Hall et al.

1997). To assess whether frozen ribosomal pellets con-

taining some residual buffer are useful for DNP studies, we

explored the effect of different solvents and TOTAPOL

concentrations on eon/off by recording one-dimensional 13C

spectra of E70S particles, at natural isotopic abundance,

obtained by cross-polarization (CP) from protons with or

without microwave irradiation at 100 K and 9.4 T

(400 MHz for protons, 263 GHz for electrons). The E70S

particles were pelleted from a buffer of glycerol-

D8:D2O:H2O (60:30:10), with 20 mM TOTAPOL. The

spectra (Fig. 1) reveal an enhancement factor eon/off * 25

for ribosome signals. The glycerol signals near 70 ppm

exhibit the same eon/off ratio, suggesting that the packed

E70S particles retain a sufficient amount of solvent for the

dipolar couplings between the free electrons of the birad-

ical and the protons of the solute to be effective (Debe-

louchina et al. 2010; van der Wel et al. 2006). Increasing

the biradical concentration to 40 mM reduces the longitu-

dinal relaxation times and allows one to choose a shorter
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relaxation delay and a faster repetition rate. However, this

gain is not accompanied by a higher eon/off for the E70S

signals (only glycerol signals exhibit slightly higher eon/off,

as shown in Figure S2) or higher signal-to-noise ratio per

unit time, presumably due to losses in signal intensity

arising from the paramagnetic effects of the biradical

(Lange et al. 2012). Since sucrose is extensively used in

ribosome preparations and aqueous sugar solutions are

known to be very effective in promoting the formation of

amorphous ice at low temperatures (Angell 2002), we

tested whether glycerol can be replaced by an aqueous

sucrose solution (Figure S2). Intriguingly, the DNP

enhancement obtained when E70S is pelleted from a 30 %

(w/v) sucrose DNP buffer, in D2O:H2O (90:10), with

20 mM TOTAPOL was only eon/off * 13, significantly

lower than for glycerol. We assume that this reduction in

eon/off is due to a less homogeneous distribution of the

biradicals upon freezing, which depends on both buffer

composition and rate of freezing (Barnes et al. 2008;

Georgieva et al. 2012). Nevertheless, the higher E70S

packing density achieved when pelleting with sucrose

(5.5 nmol/rotor for sucrose vs. 3.5 nmol/rotor for glycerol)

partially compensates for the lower eon/off and results in a

satisfactory signal-to-noise ratio (*20 for the carbonyl

region). Therefore, sucrose can be a very attractive glass-

forming medium for DNP-NMR studies of biological

macromolecules that are purified by centrifugation through

sucrose gradients or cushions.

The highest DNP-enhancement we observed (eon/off

* 80) was obtained with a frozen solution of IF1 (Figure

S3) at 100 K in buffer containing 60 % glycerol and

20 mM TOTAPOL (see below). This large eon/off is due in

part to bleaching which appears to be more effective in a

frozen solution than in a pellet that contains only small

amounts of solvent.

High-resolution DNP-enhanced MAS NMR reveals

contact residues in an 800 kDa complex

The enhancement factors obtained for unlabeled E70S

ribosomes prompted us to record homo- and heteronuclear

2D correlation spectra on labeled ribosome complexes of

the Escherichia coli small ribosomal subunit (E30S) and

IF1. The relatively high affinity of IF1 for E30S (Celano

et al. 1988) makes it an ideal system for this study since it

allows a high concentration of the E30S-IF1 complex in the

NMR rotor with only small amounts of free E30S (see

Supplementary Information). In addition, this complex is

representative for a broad class of ribosome complexes,

where a factor bound to the surface of a ribosomal subunit

is exposed to the solvent that contains the radicals

(Fig. 2a). Even more importantly, the mode of binding of

IF to E30S has already been characterized, both by solu-

tion-state NMR (Sette et al. 1997) as well as by X-ray

crystallography (Carter et al. 2001), providing the frame-

work for comparing and validating our results.

The DNP-enhanced proton-driven spin-diffusion

(PDSD) 13C–13C correlation spectrum of an E30S-IF1

complex, where only IF1 is uniformly labeled with 13C and
15N (Fig. 3), shows a very good signal-to-noise ratio (eon/off

* 25), although the amount of sample is only *30 nmol/

rotor (with an estimated 90 % occupancy of IF1 on the

ribosome and less than 0.01 % of free IF1, Supplementary

Information). However, the linewidths lead to signal

overlap even in regions where only a few signals are

expected. This spectral crowding is attributed to inhomo-

geneous broadening caused by the conformational hetero-

geneity of E30S-IF1 in the frozen wet pellet, possibly

compounded by abrupt freezing when the rotor is suddenly

immersed in liquid nitrogen (Linden et al. 2011; Martin

and Zilm 2003). To alleviate crowding and improve

spectral resolution, we selectively labeled the tyrosine and

histidine residues present in IF1 with 13C and 15N. As

expected from the sequence of IF1, the PDSD spectrum

(Fig. 3) reveals a set of five signals in the dispersed CO-CA

region, whereas the CA-CB region is masked by the signals

of glycerol. Selective labeling of the two Tyr residues

further simplifies the spectrum, resulting in two completely

resolved signals. This allows an unambiguous distinction

between the two types of amino acids (Figure S5). The

linewidths of the two Tyr signals in the direct dimension

are 100 and 120 Hz (1.0 and 1.2 ppm), much like what has

been observed for the membrane protein bacteriorhodopsin

embedded in its native lipid bilayer (Barnes et al. 2010) at a

0255075100125150175200

100120140160180

ε=25

ε=25
x10

g

g

Fig. 1 Carbon-13 spectra of a frozen pellet of unlabeled E70S (3.5

nmoles in 30 ll) acquired in 40 min by cross-polarization (CP) from

protons to 13C (contact time 2.4 ms) at 9.4 T (400 MHz for protons),

T = 100 K, MAS spinning frequency of mrot = 8 kHz, 256 scans

with a relaxation delay of 9.4 s. E70S was pelleted from a HEPES

buffer (pH = 7.6) in 60:30:10 D8-glycerol:D2O:H2O, containing

20 mM TOTAPOL. A DNP enhancement eon/off = 25 was deter-

mined for both E30S-IF1 and glycerol signals (denoted by g) by

acquiring spectra with the 263 GHz microwave irradiation ‘on’

(black) or ‘off’ (red)
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similar temperature. These linewidths suggest that neither

the cryogenic temperatures nor the state of the frozen

pellets are limiting factors in obtaining well-resolved

spectra. Indeed, even for nano-crystalline protein prepara-

tions, resonance linewidths are dominated by inhomoge-

neous broadening at cryogenic temperatures (Linden et al.

2011). A direct comparison between the PDSD 13C–13C

spectrum of His,Tyr-labeled IF1 in complex with E30S

(Fig. 4, red lines) and a spectrum of free IF1 (Fig. 4, blue

contours), acquired under identical conditions (at 100 K in

a DNP-buffer with 60 % glycerol and 20 mM TOTAPOL)

yields useful insight into the residues that are involved in

the E30S-IF1 interaction. The HII and HIII resonances

observed for the IF1-E30S complex (Fig. 4, red spectrum),

are absent in the spectrum acquired with IF1 in its free state

(Fig. 4, blue spectrum). Although it is impossible to

determine whether HII and HIII experience a large change

in chemical shift upon E30S binding, or whether their

resonances are broadened beyond detection in the free state

(due to either paramagnetic broadening or the ‘‘freezing’’

of multiple conformations), their different appearance in

the two spectra indicates that these two residues are clearly

affected by the presence of the ribosome. A similar rea-

soning can be applied to YI although the observed change

is less significant when the two spectra are compared. On

the contrary, the resonances for HI and YII are identical in

the two spectra, indicating that the physical and chemical

environment of these two residues remains the same upon

binding to the ribosome.

The available X-ray crystallography and solution-state

NMR structures of the IF1-30S complex (Carter et al.

2001; Sette et al. 1997) and unbound IF1 (Sette et al.

1997), allow us to compare, validate and further interpret

the results we obtained using DNP enhanced MAS-NMR.

When comparing IF1 in its free or bound state as reported

respectively by solution-state NMR (Sette et al. 1997) and

X-ray crystallography (Carter et al. 2001), it is evident that

IF1 does not undergo a substantial conformational change

upon binding to the 30S (Fig S4), in a groove formed

between ribosomal protein S12 and the rRNA helices 44

and 18 (h44, h18) (Fig. 2b). A closer inspection of the IF1-

30S structure reveals that of the 5 IF1 residues labeled in

our DNP-NMR experiments, only His30 and Tyr44 are not

involved in binding (Fig. 2b). His-1, His35 and Tyr60, on

H35

G1410

T44

L52

L34

T22

T42
Y60

G74

V40

K54

E4

D6

H-1
H75

a c

d

h18

h44

H35

H-1

Y60
H30

Y44

S12

h34b

Fig. 2 Interaction between IF1 and the small ribosome subunit, the

E30S-IF1 complex. a Overview of the complex, as reported in the

X-ray crystallography study (PDB ID: 1HR0, Carter et al. 2001),

between T. thermophilus 30S (light and dark gray for the ribosomal

RNA and proteins, respectively) and T. thermophilus IF1 (marine

blue). b Closed-up view of the interaction site, i.e. boxed region in

panel (a), which involves the rRNA helices h18 and h44 (light gray)

and the ribosomal protein S12 (dark gray). Using the high structural

similarity between the E. coli and T. thermophilus IF1 structures in

their free and bound states (PDB IDs: 1HR0 and 1AH9, Figure S4),

the positions of the residues labeled in this study are indicated such

that His30 and His35 are orange, and Tyr44 and Tyr60 are magenta.

The additional Histidine residue present in the IF1 protein used in this

study in position-1 (His-1) is colored green. Of the five labeled

residues, His-1, His35 and Tyr60 are in close contact with the

ribosome while His30 and Tyr44 are exposed to the solvent. c The

environment around residue His35 (orange surface) of IF1 (marine

blue ribbon) is shown. The elements found in the crystal structure at a

distance less than 5 Å from His35 are indicated in a surface

representation. These include residues from the ribosomal protein S12

or rRNA (yellow) as well as IF1 residues (light blue). d The binding

pocket of Tyr60 (magenta surface) of IF1 (marine blue ribbon) is

shown where elements found in the crystal structure at a distance less

than 5 Å from Tyr60 are indicated in a surface representation and

colored as in panel (c). In addition the modeled position of His-1 is

shown and colored green
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the contrary, are deeply buried in the interaction interface

(Fig. 2b–d). These observations provide the basis for a

tentative assignment of the resonances observed in our

spectra. HII and HIII, the two His resonances (Fig. 3, central

and right panels) that experience the strongest changes

upon binding to the ribosome (Fig. 4) are thus likely to be

generated by His-1 and His35, the two His residues that

are in close contact with the ribosome in the X-ray struc-

ture (Fig. 2b–d). Moreover, HI can be assigned to His30 as

this resonance is not altered when the spectra of the free to

the bound state are compared (Fig. 4) and, as seen in the

crystal structure, H30 does not interact with the ribosome,

so that its chemical and physical environment are the same

in its free or bound form (Fig. 2b). Following a similar

reasoning YII can be assigned to Y44 for which no sig-

nificant interaction with the ribosome are observed in the

X-ray structure of the complex (Fig. 2b), implying no

changes in its chemical environment upon binding to the

ribosome and accordingly no chemical shift changes are

observed for this residue in the comparison of the free IF1

versus IF1-E30S spectrum (Fig. 4). Finally, the last labeled

residue, Y59, can be assigned to YI. It is worth mentioning

that, although we do observe chemical shift changes

between the free and bound forms in the aromatic region

(Figure S6), the lack of aromatic-aliphatic correlations does

not allow one to assign these resonances to specific

residues.

DNP allows detecting 2D 15N–13C correlations

and spin-system identification

To assess the extent to which the heterogeneity of the

E30S-IF1 pellets affects the spectra used for identification

of spin systems and for sequential assignments, we recor-

ded a NCACX experiment, which employs two consecu-

tive cross-polarization steps, initially from 1H to 15N,

followed by transfer from 15N to 13C (Baldus et al. 1998;

Pauli et al. 2001; Egorova-Zachernyuk et al. 2001). Like

the PDSD 13C–13C spectrum of uniformly labeled 13C, the

central NiCAi, NiCBi and NiCOi-1 regions of the NCACX

spectrum collected from a 15N-labeled IF1 in complex with

E30S suffer from signal overlap (Figure S7). Nevertheless,

several signals can be resolved, including three distinct

spin systems that belong to Thr and Ala residues (Fig. 5).

Overall, we observe a very good correspondence between

chemical shifts of CA positions in the DNP-enhanced

NCACX and the PDSD 13C-13C spectra of the IF1-E30S

complex at 100 K and an HNCA spectrum of free IF1

Fig. 3 Proton-driven spin diffusion (PDSD, smix = 18 ms) 13C-13C

correlation spectrum of frozen pellets of uniformly 13C-enriched IF1

in complex with E30S obtained with cross-polarization (CP) at 9.4 T,

T = 100 K and mrot = 8 kHz. Cryogenic temperatures inhibit the

averaging of chemical shifts by internal motions in the amorphous

sample and lead to signal broadening and extensive overlap in both

aliphatic and CO-CA regions (left panel). Selective labelling of only

Tyr residues, or of both Tyr and His residues, overcomes this

limitation and yields almost completely resolved signals (central

panels). Dashed boxes are magnified on the right

Fig. 4 Overlay of a 13C–13C PDSD correlation spectrum (CO-CA

region) of free (blue) and E30S-bound (red) His,Tyr-labeled IF1. The

spectrum of the free form suffers from extensive overlap due to

degenerate chemical shifts. Selective labeling of Tyr or both Tyr and

His residues in IF1 (see Fig. 2) allows differentiating between the two

types of amino acids in the bound form. Comparison between the free

and bound states suggests that two of the His residues are strongly

affected by binding (HII and HIII), while of the two Tyr residues only

one is not affected (YII)
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acquired in solution state at room temperature, including

the histidine and tyrosine residues discussed above (Figure

S8). This suggests that when a ribosome binding factor is

amenable to high resolution NMR investigation at room

temperature (either in solution or in solid state), the

assignment can be readily transferred to cryogenic tem-

peratures for many residues, provided that this transition is

not accompanied by large-scale conformational changes).

In addition, the PDSD 13C–13C mixing (sm = 15 ms) after

the transfer from 15N to 13C in an NCACX experiment

allows one to detect nitrogen-containing side chains

(Egorova-Zachernyuk et al. 2001; Renault et al. 2012). As

shown in Fig. 5, it is possible to unambiguously identify all

five lysine side chains, and, based on chemical shift sta-

tistics of the BioMagResBank (Seavey et al. 1991), assign

the signals at d(N) * 33 ppm to Nf lysine correlations.

Overall, the resolution and linewidths observed in the

NCACX spectrum suggest that high quality DNP-enhanced

band-selective cross-polarization spectra can be acquired

with frozen ribosome pellets. Furthermore, sequential

labeling of unique pairs of amino acids i and i–1 can

facilitate sequential assignment of these spectra.

Conclusions

In conclusion, we have demonstrated that by direct pelleting

of ribosome particles from glass-forming solvents it is pos-

sible to obtain significant DNP enhancements of 13C and 15N

signals and thus acquire two-dimensional correlation spectra

from a few nanomoles of ribosomal complexes in a reason-

able experimental timeframe. Since no solvent, apart from

the amount contained in the pellet, is necessary, the sample

density is high. The cryogenic temperatures in the vicinity of

100 K that are essential to achieve significant DNP

enhancements greatly extend the lifetimes of samples that

tend to degrade at room temperature, thus permitting

extensive signal averaging. Furthermore, the improved

Boltzmann distribution and reduced thermal noise lead to a

higher signal-to-noise ratio. The frozen wet pellets can be

readily prepared to study virtually any ribosomal complex

without compromising spectral quality, as the 13C linewidths

are on the order of 1 ppm or 100 Hz at 9.4 T.

The experimental setting developed in this study thus

demonstrates that when combined with selective labeling,

DNP-MAS-NMR allows one to observe well-resolved

signals from specific residues that are part of a ribosomal

complex. The relationship between the chemical shift and

linewidth of a resonance and the physical/chemical envi-

ronment of the corresponding residue allows one to com-

pare ribosomal complexes in different states to pinpoint, at

the residue level, elements that experience changes in their

environment. Given that is it possible to specifically label

ribosomal ligands (as IF1 in this study), the complete

ribosome or its individual elements including proteins or

rRNA (Christodoulou et al. 2004; Llano-Sotelo et al. 2009;

Erlacher et al. 2011) or the synthesized nascent chain (Hsu

et al. 2007), DNP-MAS-NMR effectively extends our

ability to study the structure of ribosome complexes that

have, thus far, been beyond our reach. Although limited to

the inspection of few residues (e.g. 5 in this study), this

methodology can be, for example, applied to determine

which residues of the polypeptide nascent chain interact

with and/or change their conformation in response to the

chaperones (e.g. TF, SecA, translocon) that guide the

nascent chain in its acquisition of its final folded state and

proper localization within the cell. Furthermore the ability

to identify and assign spin systems (Fig. 5) implies the

possibility to determine with relative certainty the confor-

mation of specifically labelled residues. This would allow

one to follow how the secondary structure of the poly-

peptide nascent chain evolves during its synthesis. Given

the emerging evidence indicating a cross-talk between the

nascent chain, the ribosome and the protein sorting and

folding machinery, mainly mediated by structural signals

imparted by the NC, we envisage that this methodology

will play an important role to unravel this second code.

Fig. 5 Resolved regions of a 15N–13C correlation spectrum

(NCACX) of uniformly labeled IF1 bound to E30S (see Figure S3).

After two cross-polarization (CP) steps from 1H to 15N and from 15N

to 13C, 13C–13C exchange via PDSD (smix = 15 ms) allowed

detecting two-bond (N-CB) and three-bond (N-CG) intra-residue

correlations (lower panel) that facilitate the identification of the spin

systems and their assignment. The highlighted connectivities of Thr

residues and the methyl group of Ala33 can be readily distinguished.

The tentative assignments are based on the CA chemical shifts in a

solution-state HNCA spectrum of free IF1. Lysine residues (upper

panel) and other nitrogen-containing side-chains that play a critical

role in protein–protein interactions can be observed in the same

spectrum and appear in their characteristic region
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