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The manner by which a protein acquires its correct tertiary structure, 
while avoiding alternative pathways leading to aberrant folding, is a 
fundamental processes that underpins the biological activity of all 
living systems1. A mechanistic understanding of the inherent nature 
of protein folding has come predominantly from extensive studies of 
isolated polypeptides renatured in dilute aqueous solutions, in which 
the folding process has been elegantly described by using energy 
landscapes2,3. However, the extent to which these characteristics 
describe folding within the cell is a prominent question in contem-
porary biology4. For the majority of proteins, folding processes begin 
in a cotranslational manner during biosynthesis on the ribosome5–7, 
which leads to constant remodeling of the energy landscape as trans-
lation proceeds8. Cotranslational folding is thought to be a crucial 
means by which the cell carries out successful folding, particularly of 
polypeptide chains that would otherwise readily misfold7,9,10.

A mechanistic understanding of protein biosynthesis is emerging 
through detailed structures of the functional ribosome11, but there is 
little structural understanding of the emerging nascent chain because 
its inherent dynamics has eluded most high-resolution techniques. 
During biosynthesis, the nascent chain is synthesized at a rate of 
~10–20 amino acids per second in prokaryotes12, and its folding is 
under at least some form of translational control; thus, for example, 
the presence of synonymous codons within mRNA sequences has 
been observed to adversely affect the folding efficiency6,10 of nascent 
chains. As the nascent chain elongates, it emerges in a vectorial manner  
from the restricted environment of the ribosomal exit tunnel, enters the 
crowded cellular milieu and begins to explore conformational space.  
A range of ancillary proteins such as molecular chaperones13 and those 

mediating processing and translocation14 are present, and the ribosome  
is a central hub for many of these proteins, which compete for  
binding to the nascent chain15. Most notable among these proteins 
is the ribosome-associated molecular chaperone trigger factor16,17, 
which binds to emerging polypeptide chains at the ribosomal exit 
tunnel18. In addition, the ribosomal surface itself has been suggested 
to influence this process through transient electrostatic interactions 
between the emerging nascent chain and the ribosomal surface9,19; in 
some cases, these interactions appear to alter the rate and efficiency 
of folding9.

The manner by which nascent chains sample structural conforma-
tions has been primarily investigated with translationally arrested 
RNCs, in which local compaction observed with fluorescence reso-
nance energy transfer (FRET) probes on the nascent chain has been 
used to propose structure formation10. Putative cotranslational pro-
tein-folding intermediates20 have also been identified through fluo-
rescence measurements20 and through biochemical studies21, which 
have proposed that structural conformations formed on the ribosome 
may differ from those populated in vitro. Cryo-EM analysis of RNCs22 
has shown that nascent chains remain largely extended as they are 
extruded through the ribosomal exit tunnel, and additional struc-
tural23 and biochemical evidence24,25 has indicated that some amino 
acid sequences promote the formation of incipient structures, such as 
α-helices, in distinct regions of the tunnel. Although it has also more 
recently been shown that a simple tertiary motif can form within  
the exit tunnel26, higher-order structure appears to be formed only 
when a nascent chain has emerged. A detailed understanding of the 
progressive acquisition of the tertiary structure of the nascent chain 
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Although detailed pictures of ribosome structures are emerging, little is known about the structural and cotranslational folding 
properties of nascent polypeptide chains at the atomic level. Here we used solution-state NMR spectroscopy to define a structural 
ensemble of a ribosome–nascent chain complex (RNC) formed during protein biosynthesis in Escherichia coli, in which a pair of 
immunoglobulin-like domains adopts a folded N-terminal domain (FLN5) and a disordered but compact C-terminal domain (FLN6). 
To study how FLN5 acquires its native structure cotranslationally, we progressively shortened the RNC constructs. We found that the 
ribosome modulates the folding process, because the complete sequence of FLN5 emerged well beyond the tunnel before acquiring 
native structure, whereas FLN5 in isolation folded spontaneously, even when truncated. This finding suggests that regulating 
structure acquisition during biosynthesis can reduce the probability of misfolding, particularly of homologous domains. 
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outside the ribosome is absent. In this study, therefore, we set out  
to use NMR spectroscopy to report on both structure and dynamics  
during folding at a residue-specific level27,28. We produced a struc-
tural ensemble of a highly dynamic nascent chain of a pair of immu-
noglobulin-like domains emerging during biosynthesis. In addition, 
we characterized, in solution, a set of RNCs generated in vivo in  
E. coli and produced a series of high-resolution snapshots that reveal 
structural details of cotranslational protein folding.

RESULTS
Isotopically labeled RNCs produced in vivo in E. coli
To explore the structure and dynamics of nascent chains as they 
emerge from the ribosome, we studied a polypeptide chain whose 
sequence was based on a pair of immunoglobulin-like proteins, 
FLN5646–750 and FLN6751–857, the fifth and sixth filamin domains of 
the Dictyostelium discoideum gelation factor27. We initially designed 
an FLN5-6 RNC, denoted FLN5+110 (ref. 27), in which the C terminus  
of the 105-residue FLN5 domain was separated from the peptidyl trans-
ferase center (PTC) by 110 residues comprising a folding-incompetent  
FLN6 domain (with an 18-residue truncation at its C terminus  
(residues 840–857)28, referred to here as FLN6∆18) and the 17-residue 
SecM translation-arrest motif29. All RNC and isolated protein desig-
nations for the FLN5 and FLN6 variants used in this study are shown 
in Supplementary Figure 1. We generated all the RNCs in E. coli27, 
in which folding takes place in the cellular milieu, and purified the 
intact RNCs in high yield as previously described27 (Fig. 1a).

FLN5 acquiring native-like structure on the ribosome
To use NMR spectroscopy to probe folded and unfolded confor-
mations of FLN5+110 RNC, we developed a dual isotopic labeling 
scheme, using both selective protonation and uniform labeling 
approaches. Because methyl-group resonances are highly sensitive 
reporters of changes in protein tertiary structure, we generated selec-
tively labeled RNCs on a perdeuterated (2H) background in which 
only the isoleucine δ1 side chain of the nascent chain was labeled with 
13CH3. The replacement of all surrounding 1H by 2H nuclei results in 
longer relaxation times and more intense signals30. We then examined 
samples of the uniform (U) [U-2H] Ileδ1-[13CH3] labeled RNC via  
1H-13C correlation spectra (by using methyl TROSY NMR meth-
ods30). We identified resonances from all five FLN5 isoleucine residues  
in 1H-13C correlation spectra of FLN5+110 RNC, and these over-
laid closely (1H and 13C chemical-shift changes <0.01 and 0.1 p.p.m., 
respectively) with those of isolated FLN5 (Fig. 1b), thus indicating 
that in this nascent chain the FLN5 domain had folded into a native 
conformation. In parallel, we produced U-15N–labeled FLN5+110 
RNCs, in which the peptide backbone was isotopically labeled, and 
we recorded 1H-15N correlation spectra via band-selective optimized 
flip-angle short transient heteronuclear multiple quantum coherence 
(SOFAST-HMQC) experiments31. Examination of the 1H-15N correla-
tion spectra of the U-15N–labeled FLN5+110 RNC showed nascent-
chain resonances within a narrow window of 1H chemical shifts, a 
result indicative of disordered structure. The chemical shifts of the 
nascent-chain resonances corresponded closely to those observed 
for unfolded FLN6 (in spectra of isolated FLN5-6∆18 (ref. 28))  
rather than unfolded FLN5 (in spectra of a 12-residue C-terminal  
truncation, FLN5∆12) (Fig. 1c).

Because these combined NMR data were exquisite probes for both 
the folded and unfolded structural preferences of FLN5 and FLN6 
tethered to the ribosome, they enabled us to use chemical shifts meas-
ured for FLN5+110 RNC as replica-averaged structural restraints in 
molecular dynamics simulations32 to determine a structural ensemble 

of the RNC (Fig. 1d,e and Supplementary Video 1). This ensemble 
showed folded FLN5 tethered to the ribosome by a disordered FLN6. 
Despite lacking persistent structure, FLN6 was compact and exhibited 
transient populations (of ~20% on average) of native-like secondary-
structure elements and inter-residue contacts (Fig. 1d–h). The ensem-
ble also illustrated that FLN5 had substantial access to a broad region 
of the ribosomal surface and formed transient contacts with both 23S 
rRNA and ribosomal protein L29, as a result of its tethering to the dis-
ordered FLN6 (Fig. 1d,e). We analyzed the regions of the ribosome in 
proximity to FLN6 and observed that FLN6 formed transient interac-
tions with 23S RNA and several ribosomal proteins associated with the 
exit port (Fig. 1f). The most frequent degrees of contact were with L24 
(55%), specifically with a prominent loop in proximity to the exterior 
of the exit port; such contact is further supported by nascent-chain 
cross-linking studies33 and a cryo-EM structure of a ribosome–SecYE 
complex34, which has shown that this loop undergoes marked con-
formational changes in the presence of a nascent chain derived from 
the periplasmic protein FtsQ. In addition, FLN6 made transient yet 
substantial contacts with L23 (30%), whose position on the surface 
near the exit tunnel has been shown in structural studies15 to be an 
adaptor site for ancillary proteins including trigger factor.

These RNC ensemble structures suggested that the conformational 
freedom of the nascent chain was likely to be tempered by its interac-
tions with the ribosomal surface (Fig. 1d) and that these interactions 
had both structural and dynamical implications for the processes by 
which a vectorially emerging nascent-chain sequence forms its com-
plex tertiary structure beyond the ribosomal tunnel. Previous stud-
ies35 have shown that isolated FLN5 folds highly cooperatively via a 
weakly populated folding intermediate, thus raising the question of a 
possible role for the ribosome itself in modulating the folding of FLN5 
nascent chains as they emerge during biosynthesis.

Structural evidence for cotranslational folding of FLN5
To probe how FLN5 acquires its structure during biosynthesis, we 
extended our NMR approach to analyze a series of 12 RNCs, in which 
the FLN6 linker was progressively shortened (Fig. 2a,b); each NMR 
spectrum represented a unique snapshot during biosynthesis and 
reported on cotranslational protein folding at equilibrium. The series 
of SecM-arrested nascent chains consisted of FLN5 with decreasing 
numbers of residues of the FLN6 sequence, ranging from 110 to 21 
residues (Fig. 2b). The RNCs, denoted FLN5+L (with linker length 
L = 21 to 110), purified from E. coli cells in similar yields to that 
of the FLN5+110 RNC, and a series of biochemical and biophysical 
analyses showed that all RNCs were completely intact (Fig. 2c) and 
free of any extraneous proteins, including trigger factor and DnaK 
(Supplementary Fig. 1). The continuous cycling of these ubiquitous 
cytosolic chaperones17,36 with the ribosome and nascent chains alike 
indicated that the RNCs had considerable access to such chaper-
ones during cotranslational folding within the cell; however, their 
absence after purification (<1.5% occupancy; Supplementary Fig. 1) 
indicated that FLN5 RNCs are relatively poor substrates16 for these 
particular species. We isotopically labeled each of the FLN5 RNC 
samples as either Ileδ1-[13CH3] or U-15N, and we  acquired 1H-13C 
and 1H-15N correlation spectra, respectively. For all samples, the 
acquisition of these spectra was accompanied by rigorous control 
experiments including interleaved NMR diffusion and cross-peak 
intensity measurements, in conjunction with western blotting (Fig. 2c 
and Supplementary Fig. 2), to ensure that the data used for structural 
analysis were derived exclusively from intact RNCs.

As shown in the 1H-13C correlation spectra of FLN5+110 RNC  
(Fig. 1b), resonances from all five FLN5 isoleucine residues could 
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be  similarly identified in 1H-13C correlation spectra  of FLN5+67 and 
FLN5+47 samples, thus indicating that in these nascent chains the 
FLN5 domain had also folded into a native or near-native conforma-
tion (Fig. 3a). The intensities of the dispersed resonances in FLN5+47 
were, however, only 30% (±12%) of those within the corresponding 
spectra of FLN5+67 and FLN5+110, a feature further discussed below. 
Moreover, in the spectra of FLN5+45, only three of the five native-like 
isoleucine resonances were visible, all with very low intensity (Fig. 3a), 
no such resonances at all could be detected in spectra of the RNC with 
the shortest linker length, FLN5+21.

Using each of the FLN5 RNCs, we also recorded 1H-15N correla-
tion spectra to monitor the presence or absence of resonances of the 

unfolded form of the FLN5 domain in each sample. Examination of 
the spectra (Fig. 3b) revealed that when L was between 21 and 44 
residues, all the resonances of the nascent chain appeared within a 
narrow window of 1H chemical shifts, a result indicative of disordered 
structure. The chemical shifts of the nascent-chain resonances corre-
sponded closely to those observed in spectra of unfolded forms of iso-
lated FLN5 generated by a C-terminal truncation, FLN5∆12 (Fig. 3b  
and Supplementary Fig. 3) or by a destabilizing mutation in the FLN5 
variant Y719E (Supplementary Fig. 3). The average intensities of 
these RNC cross-peaks were, however, reduced substantially in spec-
tra of FLN5+43 and FLN5+44 RNCs, and no comparable unfolded 
FLN5 resonances were visible in the spectra of FLN5+45 to FLN5+110 

FLN6

FLN5

SecM

30S

50S
FLN5

Exit
tunnel

839646 750

FLN5His6 FLN6 SecM

L24

L22

L29

L23

P-site tRNA

A-site tRNA

a

f

g h

b c
FLN5+110 RNC

δ C
 (

p.
p.

m
.)

δ C
 (

p.
p.

m
.)

FLN5/FLN5∆16

I738

I748

I674

I695

I743

I738

I748

I674

I695

I743

0.8 0.4 0
15

14

13

12

11

FLN5∆12 FLN5-6∆18
FLN5+110 RNC FLN5+110 RNC

8.4 8.2 8.08.4 8.2 8.0

δH (p.p.m.)δH (p.p.m.) δH (p.p.m.)

15

14

13

12

11

125

120

115

110

δ N
  (

p.
p.

m
.)

760

780

800

820

840

R
es

id
ue

0

0.2

0.4

0.6

0.8

1.0

760 780 800 820 840

Residue

Isolated
FLN5-6FL

FLN5+110 RNC

760 780 800 820 840

Residue

0

100
S

ec
on

da
ry

 s
tr

uc
tu

re
 (

%
)

80

60

40

20

30

40

50

MW
(kDa)

+– RNase A

tRNA-bound NC

Released NC

d e

β-strand
α-helix

Polyproline II region

Figure 1  Structural ensemble of a ribosome-bound nascent chain. (a) Schematic of the FLN5+110 RNC used for the ensemble calculations. The FLN5 
sequence is tethered to the ribosome by a C-terminally truncated FLN6751–839 sequence and stalled with the SecM translation-arrest motif27,29. Anti-
hexahistidine (His6) western blot of purified FLN5+110 RNC, in both the ribosome-attached form with bound prolyl P-site tRNA and the released form. 
MW, molecular weight. (b) Overlay of 1H-13C correlation spectra of Ileδ1-[13CH3]-labeled FLN5+110 RNC (black), isolated, natively folded FLN5 (pink) 
and isolated unfolded FLN5∆16 (orange). (c) Overlay of 1H-15N correlation spectra of U-15N–labeled FLN5+110 RNC with isolated FLN5∆12 (blue) 
and unfolded FLN5-6∆18 (green). (d) NMR chemical shift–restrained structural ensemble of FLN5+110 RNC, showing the disordered FLN6 linker 
(cyan) and the native fold acquired by FLN5 (pink) (accession codes, PDB 2N62 and BMRB 25748). (e) Close-up view of the ribosomal exit tunnel, 
highlighting three representative conformations of the nascent-chain ensemble (left); the three representative conformations are also shown separately 
(right). (f) Transient interactions made between the disordered FLN6 linker (cyan) and the proximal ribosomal proteins at the surface. (g) Probability of 
the formation of inter-residue contacts in the FLN5+110 RNC (shown above diagonal) and in the native state of isolated full-length (FL) FLN5-6 (shown 
below diagonal) (h) Secondary-structure populations of the RNC, depicting β-strands (magenta), α-helices (blue) and polyproline II regions (green); 
native β-strands are indicated (arrows).
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RNCs. In addition, we identified cross-peaks attributable to the emerg-
ing FLN6 sequence in an unfolded state (Supplementary Fig. 3) in 
spectra of FLN5+67 (Fig. 3b), as in the FLN5+110 RNC (Fig. 1c).  
These NMR data clearly showed an increasing population of the folded 
state of FLN5 relative to its unfolded state as the length of the sequence 
joining it to the PTC increased, and they also showed a concomitant 
appearance of peaks from disordered residues from FLN6.

To further evaluate the transition from the unfolded to the folded 
state as FLN5 emerged from the tunnel, we selected three amide 
resonances of FLN5 that were particularly well resolved and did  
not overlap with other resonances in the spectra of U-15N–labeled 
RNCs (Fig. 3b and Supplementary Fig. 3). These resonances had 
comparable 1H linewidths (20 ± 3 Hz) in all RNCs from FLN5+21 to 
FLN5+42 (Supplementary Fig. 3), thus indicating that, at least for 
these residues, any differences in intensity associated with nascent-
chain length were attributable to changes in the population of the 
unfolded form of the nascent chain rather than to changes in relaxa-
tion behavior. Indeed, analysis of the signal intensities indicated that 
the population of the unfolded state of FLN5 decreased substantially 
in samples for which L = 42 to 45, and the length-dependent changes 
in the amide resonance intensities of the disordered FLN5 nascent 
chain were consistent with an unfolded-to-folded transition with a 
midpoint between L = 42 and 45 (Fig. 4a). Also consistent with this 
conclusion was our observation of native-like 
resonances of the isoleucine methyl groups 
of FLN5 in 1H-13C correlation spectra start-
ing from FLN5+45 and continuing through 

to FLN5+110 RNCs. We attributed the weak intensity of the methyl 
resonances in nascent chains with L = 45 and 47 to the low mobility 
of the folded FLN5 domain, resulting from its proximity to the slowly 
tumbling ribosome, rather than attributing it to a reduction in the 
population of the folded state. The increases in the intensity of these 
resonances, as evident for nascent chains with L = 67 and 110, then 
reflected the gain in mobility of the folded FLN5 domain as the length 
of the chain linking it to the PTC increased (Fig. 3a).

Folding of FLN5 RNCs is offset relative to isolated FLN5
To rationalize these spectral observations of folding as the nascent 
chain elongates, we examined the accessibility to solvent of the emerg-
ing FLN5 domain by probing the native cysteine residue (Cys747; 
Fig. 2a), which is located close to the FLN5-FLN6 boundary, for 
its susceptibility to modification by methoxypolyethylene glycol  
maleimide (PEG-Mal) (Fig. 4a,b). Under the experimental condi-
tions used, the 5-kDa moiety, as shown previously24, can substantially 
(>80%) modify a cysteine in a nascent chain only if it is beyond the 
exit tunnel, i.e., more than ~100 Å from the PTC37. Therefore, we 
used a series of RNCs of the folding-incompetent variant FLN5 Y719E 
(Supplementary Fig. 4) to monitor the emergence of Cys747 from 
the ribosomal exit tunnel, without the complication of the cysteine 
residue being shielded from solvent as a result of structure acquisition 
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in the FLN5 domain. Under conditions analogous to those of the NMR 
experiments (and adapted from those well established24 to achieve 
PEGylation of a nascent chain entirely emerged from the tunnel), we 
observed complete PEGylation for L ≥31, i.e., when Cys747 was ≥34 
residues from the PTC (Fig. 4a,b and Supplementary Fig. 4). This 
result showed that at these nascent-chain lengths, the entire FLN5 
sequence had emerged from the tunnel to an extent that enabled it to 
be accessible by PEG-Mal well before the folding of the domain could 
be observed (L >44) by NMR spectroscopy, as discussed above.

We next generated a series of C-terminal truncations of the isolated 
FLN5646–750 domain to examine the length dependence of folding of 
this domain in the absence of the ribosome. We analyzed 1H-15N cor-
relation spectra of nine C-terminal truncations ranging from FLN5∆2 
to FLN5∆21. The spectra indicated that FLN5∆12 and its shorter vari-
ants, which lacked the C-terminal β-strand G and its adjacent loop in 
the native structure, were fully unfolded under the conditions used in 
this study (Fig. 4c and Supplementary Fig. 5). In contrast, the longer 
variants FLN5∆2 and FLN5∆4 were fully natively folded, whereas 
sequences of lengths between FLN5∆6 and FLN5∆9 populated both 
folded and unfolded states at equilibrium. From these results, we  
concluded that the isolated FLN5 domain in bulk solution could  
tolerate truncation of up to nine residues and still populate a folded 
state to a substantial degree.

The observation that FLN5∆4 (residues 646–746 of FLN5) was fully 
folded in its isolated state was notable because the next residue in the 
RNC FLN5+31, Cys747, was solvent accessible and hence was clear 
of the exit tunnel, as shown by the PEGylation experiments discussed 
above (Fig. 4a,b). Acquisition of native structure would therefore, in 
principle, be possible even in the case of FLN5+31, i.e., when L = 31 
and Cys747 has emerged from the tunnel, as indicated by this residue’s 
accessibility to PEGylation. The NMR data, however, showed that fold-
ing of the FLN5 domain took place only when a further 11 to 14 resi-
dues of FLN6 had been added to the sequence (Fig. 4a). There was thus 
a substantial difference between the length of the FLN5 polypeptide 
sequence required for the acquisition of native structure by the isolated 
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Figure 5  FLN5 folding is offset on the ribosome. Comparison of 
FLN5 folding on the ribosome and in isolation, as depicted by the 
conformational states observed for FLN5 RNCs with different linker 
lengths, L, from the PTC and those of C-terminal FLN5 truncations: blue, 
unfolded; cyan, folded; pink, folding transition. The sequence of the FLN5 
nascent chains is solvent exposed, as monitored by PEGylation, at L ≥31 
residues, in which Cys747 is 34 residues from the PTC, yet the domain 
acquires native-like structure only upon addition of a further 11–14 
residues, at 42 ≤ L ≤ 45, as monitored by NMR spectroscopy. Isolated 
FLN5 truncations are shown alongside the RNC lengths with FLN5∆4 as 
a reference for L = 31, at which point complete PEGylation is observed. 
A folding offset (pink dashed arrow) indicates the difference observed in 
the initiation of FLN5 structure acquisition on the ribosome relative to the 
protein in isolation.

Figure 4  Folding of FLN5 on the ribosome, 
as monitored by NMR spectroscopy and 
PEGylation. (a) FLN5 nascent-chain  
folding, as measured by intensity changes  
of 15N amide resonances (blue) arising from  
the unfolded FLN5 domain (mean ± s.d.  
for n = 4 (n = 3 for +45 and n = 2 for +47) 
nascent-chain concentrations from western  
blot replicates) and intensity changes in  
isoleucine 13CH3 resonances (cyan) arising  
from native FLN5 structure (mean ± s.d.  
derived from spectral noise for one single 
measurement). Intensities are normalized  
and scaled relative to L = 21 (unfolded)  
or L = 110 (folded). The solvent accessibility  
of the FLN5 domain from the ribosomal exit 
tunnel was probed with PEGylation (orange) 
(mean ± s.d., n = 5 sample replicates) of 
folding-incompetent FLN5 Y719E RNCs, 
in which the native Cys747 is close to the 
boundary between FLN5 and FLN6. (b) Cys747 
PEGylation of FLN5 Y719E RNCs results in a band shift (PEG-RNC). (c) C-terminal truncations of isolated FLN5, as measured by NMR. Averaged cross-
peak intensities of folded (black) and unfolded (gray) states of FLN5 (additional data in Supplementary Fig. 5) are mapped against truncation length.
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Figure 7  The ribosome modulates the  
folding landscape of FLN5 nascent chains.  
(a) Schematic of a free-energy diagram for 
isolated FLN5, showing the difference in  
free energy (G) of 7 kcal mol−1 between the  
folded state (F) and the unfolded state (U).  
(b) Schematic free-energy diagram for isolated 
FLN5 in the presence of ribosomes, showing a 
ribosome-bound state (UB), which is accessible 
from the unfolded state. A model for how the 
ribosome may alter this landscape and inhibit 
nascent-chain folding is indicated (arrows).  
At short linker lengths, the tethered nascent 
chain is subject to high effective ribosome 
concentrations, thus favoring the ribosome-bound 
state. The native state is also likely to be energetically unfavorable, owing to steric interactions with the ribosome. As the nascent chain increases in length, the 
steric effects and the ribosome-associated interactions experienced by the tethered nascent chain are overcome by the stability of the folded FLN5 domain.

domain in bulk solution and by the domain 
when attached to the ribosome; indeed, the 
folding transition on the ribosome, compared 
with that observed for the isolated protein, 
remarkably, required the availability of an 
additional 17 residues (Fig. 5).

We initially explored the origins of the 
offset between the solvent accessibility of 
the complete FLN5 domain and its folding during biosynthesis by 
examining the interdomain interactions between the emerged FLN5 
and sections of the successive FLN6 linking sequence (Fig. 1d,g), 
by substituting the FLN6 residues with a poly(glycine-serine) linker 
(LGS) to generate a series of FLN5+LGS RNCs (Supplementary Fig. 6). 
Under identical conditions to those used for the FLN5 RNCs, complete 
PEGylation of the FLN5+LGS RNCs occurred at LGS ≥35 (Cys751, i.e., 
34 residues from the PTC). NMR observations of LGS = 31, 37 and 42 
showed only disordered FLN5 resonances, thus suggesting that FLN5 
folded independently, regardless of the linking sequence, and it was 
unlikely that interdomain interactions alone were the cause of the 
offset observed for folding (Supplementary Fig. 6).

The ribosome surface modulates the energy landscape of FLN5
Our structural ensemble of the FLN5+110 RNC revealed that  
the emerging nascent chain interacted transiently with ribosomal 
surface proteins (Fig. 1d,f), and we assessed this issue further with 

high-resolution 2D 1H-15N correlation spectra (Fig. 6a). We reasoned 
that such interactions might influence the capacity for a nascent  
chain to acquire structure. Addition of an equimolar concentration 
of 70S ribosomes to samples of the isolated unfolded variants FLN5 
Y719E (Fig. 6b) and FLN5∆12 (Supplementary Fig. 7) resulted in 
moderate (~30%) reductions in the intensities of the resonances  
of Lys663 to Val677 and Gly713 to Gly750. However, we did not 
observe analogous intensity changes after addition of 70S ribosomes 
to a sample of full-length, folded FLN5 (Fig. 6b and Supplementary 
Fig. 7), thus indicating that the intensity changes were the result of 
broadening attributable to the binding of unfolded FLN5 to the slowly 
tumbling ribosome particle. Analysis of the spectra of the various 
FLN5 RNCs showed that when L = 21 to 42, in which the domain 
was unfolded, resonances of Phe665 to Val677 and Gly713 to Gly750 
were similarly reduced in intensity. The effects were, however, much  
more substantial than those observed for the isolated domain:  
the resonances of Phe665 to Val667 lost more than 70% of their  
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Figure 6  Residue-specific mapping of 
RNC interactions. (a) An overlay of 1H-15N 
correlation spectra (recorded at a 1H frequency 
of 950 MHz) of FLN5+31 RNC (black) and 
unfolded, isolated FLN5∆12 (red), highlighting 
resonances that are substantially broadened in 
the RNC. (b) Relative intensities of 1H-15N  
resonances of folded FLN5 (5 µM) and  
unfolded FLN5 Y719E (8 µM) in the presence 
of 1 molar equivalent of 70S ribosomes.  
(c) Relative intensities (I ) of FLN5+21, 
FLN5+31, FLN5+42, FLN5+67 and FLN5+110 
RNCs compared with an isolated reference 
comprising unfolded FLN5 (red), unfolded  
FLN6 (green) and folded FLN5 (cyan) are shown 
(additional information in Online Methods). A 
five-point moving average is plotted as a guide; 
errors are derived from spectral noise from a 
single measurement. The gray shaded area 
denotes occluded residues inaccessible  
to PEGylation.
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intensities, and those of Gly713 to Gly750 became completely  
undetectable (Fig. 6a,c).

The same FLN5 residues showed similar reductions in intensity 
in analogous spectra of LGS = 31 and 42 in the FLN5+LGS RNCs 
(Supplementary Fig. 6). These data therefore indicated that the spe-
cific stretches of sequence identified from the spectra of unfolded 
FLN5 interact with the ribosomal surface, a phenomenon previously 
observed for other RNC systems9,19. The greater extent of ribosome 
surface interactions of FLN5 in the RNCs, relative to that of the iso-
lated FLN5 domain in the presence of the ribosome, may be attributed 
to a higher effective concentration of the ribosome as a result of its 
anchoring to the PTC. Such an effect would be most pronounced at 
short linker lengths (L = 21 to 42); indeed, we estimated the effec-
tive concentration to be 20 mM for a C-terminal residue located ten 
residues beyond the exit tunnel (Online Methods). This effect would 
increase the magnitude of the interaction between unfolded FLN5 and 
the ribosomal surface, particularly at the C terminus, which includes 
residues Gly713 to Gly750, a result consistent  with our observations. 
As a consequence, the unfolded state would be stabilized relative to 
the native state8 at short RNC linker lengths, 21 < L < 44 (Fig. 7b) and 
could therefore inhibit folding of the domain when attached to the 
ribosome, as compared to its isolated state. As the nascent chain elon-
gated, the interactions with the ribosome surface were progressively 
reduced, and only at L > 42 did they become insufficient to overcome 
the 7 kcal mol−1 free energy of folding measured for isolated FLN5 in 
bulk solution35 (Fig. 7a,b).

The mechanism by which the ribosome–nascent chain interactions 
specifically acquire the capacity to modulate nascent-chain folding 
and achieve the observed folding offset is likely to be related to the 
effects of steric occlusion (particularly at short linker lengths) (Fig. 7b)  
and to be directed by the sequence determinants inherent to the 
nascent chain. In the latter case, the sequence similarity between 
FLN5 and FLN6 suggests that the two domains are likely to form 
similar transient interactions with the ribosome in their disordered 
states (Fig. 1). Because replacing FLN6 with a poly(GS) linker did 
not abrogate the folding offset (Supplementary Fig. 6), the transient 
interactions with the ribosome appear to act independently on each 
emerging domain, rather than requiring a preceding domain to inter-
act with a specific ribosomal protein or RNA at the ribosomal exit, 
and to be responsible for transmitting a ‘folding trigger’. Therefore, 
for a multidomain protein such as FLN, composed of homologous 
domains, ribosome-nascent chain interactions implicated in a folding 
offset may occur as each domain emerges sequentially, rather than in 
a coordinated intradomain manner. 

DISCUSSION
In summary, we used NMR spectroscopy to determine the structural 
ensemble of a folded multidomain nascent chain on its parent ribos-
ome. The ensemble provided clear insights into the dynamic process 
of cotranslational folding: the globular FLN5 domain possessed a high 
degree of conformational freedom resulting from the presence of a 
compact, disordered FLN6 domain; the latter showed transient yet 
substantial interactions with both ribosomal RNA and the ribosomal 
proteins surrounding the exit site, particularly L24. Our studies of 
the changes to the structural ensembles formed by shortened RNCs 
afforded a residue-specific understanding of how a nascent chain 
acquires native-like structure during its progressive emergence from 
the ribosomal exit tunnel. Indeed, in the case of the protein domain 
studied here, the folding of the tethered nascent chain did not take 
place as soon as a sequence of polypeptide chain capable of folding in 
bulk solution emerged from the ribosomal tunnel.

A certain degree of compaction of the nascent chain along with  
contributions from specific interactions of the disordered state of 
FLN5 (that are likely to be analogous to those observed for FLN6 in 
the structural ensemble), and the ribosomal surface are observed. 
These appear to permit persistent folding to occur only after emer-
gence of an additional segment, here consisting of 11–14 residues 
of the subsequent FLN6 sequence. In living cells, however, cotrans-
lational folding is not an equilibrium process but occurs in parallel 
with the process of translation (10–20 residues s−1)12, thus potentially 
resulting in an offset between the points at which folding occurs on 
actively translating ribosomes compared with stalled ribosomes38. 
Thus, the continuous translation process would indicate that the fold-
ing of FLN5 may be completed at linker lengths longer than that at 
which we observed FLN5 folding to occur in stalled RNCs. Folding 
in vitro on a timescale of ~1 s−1, a value typical of immunoglobulin  
domains39, may produce an offset of 10–20 residues between the 
polypeptide chain length at which FLN5 folding becomes thermo-
dynamically favorable and the point at which folded populations  
can form kinetically.

Therefore, at least in this system, interactions with the ribosome 
during emergence from the tunnel inhibit the acquisition of stable 
structure by a nascent chain rather than promote native-like con-
tacts in a progressive manner, as suggested for other systems5,7,9,10. 
This phenomenon has apparent similarities to the behavior of some 
molecular chaperones, described as holdases40, that inhibit the forma-
tion of misfolded and potentially toxic aggregates by stabilizing more 
highly unfolded states41. We suggest that regulating the acquisition 
of partially folded structures within a nascent chain during cotrans-
lational folding of a protein may act in a similar manner to ensure 
efficient generation of functional proteins within living systems by 
reducing the probability of misfolding, particularly of multidomain 
proteins with high sequence identities among domains42. Indeed, 
such a mechanism suggests that cotranslational folding of neighbor-
ing individual domains may be remarkably similar to the cooperative 
folding in vitro3 rather than to acquisition of native-like structure 
occurring gradually during the process of biosynthesis.

Methods
Methods and any associated references are available in the online 
version of the paper.

Accession codes. Coordinates for the structural ensemble have been 
deposited in the Protein Data Bank under accession code PDB 2N62, 
and NMR chemical-shift restraints have been deposited in the Biological 
Magnetic Resonance Data Bank under accession code 25748.

Note: Any Supplementary Information and Source Data files are available in the online 
version of the paper.
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ONLINE METHODS
Generation of ribosome–nascent chain complexes (RNCs) and isolated  
C-terminal truncations. DNA constructs of RNCs of tandem domains FLN5 and 
FLN6 were derived from a FLN5+110 RNC construct described previously27. Site-
directed mutagenesis was used to manipulate the length of the 110–amino acid 
FLN6 linker to generate a set of SecM-stalled FLN5 RNCs with linker lengths, L, 
ranging from 21 to 110 residues (L = 21, 26, 31, 35, 37, 42, 43, 44, 45, 47, 67 and 
110). Selectively isotopically labeled, histidine-tagged RNCs were generated in 
BL21(DE3) E. coli with an in vivo procedure described previously27 with modifi-
cations. Cells were grown in an unlabeled MDG medium at 37 °C and then were 
washed and resuspended in an M9-based expression medium (EM9, adapted from 
ref. 43) enriched with the relevant isotopes. RNC expression was induced with  
1 mM IPTG, and after 10 min, 150 mg/mL rifampicin44 was added, and the cells 
were harvested 35 min later. Uniform 15N labeling was performed as described pre-
viously27. The production of [U-2H]-Ileδ1-[13CH3]–labeled RNCs, in which the δ1 
methyl group of the isoleucine side chain was selectively protonated, was achieved 
under perdeuterated (2H) conditions with the isoleucine precursor 2-ketobutyric- 
4-13C,3,3-d2 acid in a procedure adapted from that described previously for  
U-15N–labeled RNCs27, in which the cells were progressively adapted into the 
deuterated isotopes and precursors. Rifampicin was omitted during the induction  
period, and cells were harvested after 1.5 h. The purification of RNCs from  
E. coli was performed as described previously27, except that the ribosomal  
material was recovered from the lysate with a 35% (w/v) high-salt sucrose cushion 
before purification with an Ni-IDA column and then with a 10–35% (w/v) sucrose 
gradient. Site-directed mutagenesis was used to introduce the Y719E point  
mutation into FLN5 RNCs and into isolated FLN5, and to substitute the FLN6 
linker for a glycine-serine repeat sequence (poly(GS)). Isolated C-terminal  
truncations of FLN5 (residues 646–750) were generated by removing between 2 
and 21 amino acids (FLN5∆2 ∆4, ∆6, ∆8, ∆9, ∆12, ∆16 and ∆21) with mutagen-
esis. Each of the FLN5 variants was expressed and purified as previously described 
for full-length FLN5 (ref. 28).

Determination of RNC integrity and nascent-chain occupancy. For evaluating 
RNC integrity, samples were run on denaturing 12% (w/v) polyacrylamide bis-
Tris gels at neutral pH and with a sample dye at pH 5.7 to maintain the ester bond 
between the tRNA and the nascent chain. Released forms of the nascent chain 
were obtained by treatment of the RNC samples with RNase A. For determination 
of nascent-chain occupancy, RNase A–treated RNCs were run alongside isolated 
protein concentration standards, and anti-histidine western blots were analyzed 
with ImageJ (http://imagej.nih.gov/ij/) software.

RNC integrity over the time course of NMR experiments, as monitored by 
western blotting. Purified RNCs were incubated at 25 °C, and 5-pmol aliquots 
were collected periodically to examine the integrity of the tRNA-bound form 
of the nascent chain over time, in the same samples used in NMR experiments.  
All samples were analyzed by western blotting, and the intensity of the band  
corresponding to tRNA-bound nascent chain was assessed by densitometry.

Detection and quantification of trigger factor and DnaK in RNC samples. 
Purified RNC samples were treated with RNase A and assessed by western blot-
ting for the presence of trigger factor with a rabbit polyclonal anti–trigger factor 
antibody (cat. no. A01329, GenScript). A similar procedure was used for the 
detection of DnaK with an anti-DnaK antibody (cat. no. LS-C63274-50, Source 
Bioscience). The residual amount of both trigger factor and DnaK present within 
the RNCs was determined with densitometry analysis with purified trigger factor 
and DnaK proteins as standards, as described above.

Coupled transcription and translation of RNCs in vitro. An E. coli S30 cell extract 
was prepared as previously described25. A pair of primers (5′ primer upstream of 
the T7 promoter, 5′-CTCGATCCCGCGAAATTAATACG-3′; 3′ primer partially 
overlapping the SecM-stalling sequence, 5′-AGGTCCATGGTTAAGGGCCAG-3′)  
was used to produce linear templates encoding SecM-stalled RNCs from the rel-
evant plasmids. Reactions were performed in 25-µL volumes with an S30 extract 
and a translation premix25, containing 1.5 µg linear DNA, 0.04 mM l-amino  
acids, 20 µL (10 units) T7 RNA polymerase, 5 µCi [35S]methionine and  
200 ng/µL antisense ssrA oligonucleotide. Transcription-translation reactions 

were incubated at 37 °C for 30 min, and the RNCs were isolated from 30% (w/v) 
sucrose cushions and centrifuged at 100,000 r.p.m. for 1 h.

PEGylation gel-shift assay of RNCs. Pelleted in vitro–derived RNCs, corre-
sponding to approximately 6 pmol of 70S ribosomes were resuspended in buffer 
A (20 mM HEPES, pH 7.2, 100 mM NaCl, and 5 mM MgCl2). Samples were 
divided, and the aliquots subjected to PEGylation reactions were incubated in 
buffer A containing 1 mM methoxypolyethylene glycol maleimide (5 kDa). 
Samples were then incubated at 25 °C for 1 h. After PEGylation reactions, the 
samples were run with PAGE conditions as described above. The gel was exposed 
to film, and the extent of PEGylation in each RNC was evaluated by densitometry  
with ImageJ software, in which the intensity of the PEGylated, tRNA-bound  
form was evaluated relative to that of the unPEGylated tRNA-bound form  
within the same sample. The PEGylation data reported are the average of at  
least five independent experiments.

NMR spectroscopy of RNCs. Before NMR spectroscopy, each sample was buffer-
exchanged into Tico buffer27, pH 7.5 (containing d8-HEPES for 13CH3-labeled 
RNCs), supplemented with 1 mM EDTA and protease inhibitors. The samples also 
contained 7% (v/v) D2O (U-15N–labeled samples) or 100% D2O (Ileδ1-[13CH3]– 
labeled samples) as a lock signal and 0.001% (w/v) DSS as an internal reference. 
Sample concentrations were based on the nascent-chain content and ranged 
from 2 to 12 µM. NMR data were acquired on a 700 MHz Bruker Avance III 
spectrometer (University College London) equipped with a TXI cryoprobe, 
and in specific cases with 800- and 950-MHz Bruker Avance III HD spectrom-
eters (NMR Centre, Crick Institute). All spectra were recorded at 298 K unless  
otherwise stated, in an interleaved manner27. For samples of U-15N–labeled 
RNCs, 1H-15N SOFAST-HMQC spectra at 700 MHz were recorded with 1,024 
points in the direct (1H) dimension (Taq = 46 ms) and 64 points (128 points for 
poly(GS)-linker RNCs) in the indirect (15N) dimension (Taq = 14.1 ms), with 
a recycling delay of 50 ms. 1H-13C HMQC spectra of Ileδ1-[13CH3]–labeled 
RNCs at 700 MHz were recorded with 3,072 points in the direct (1H) dimension  
(Taq = 137.6 ms) and 128 points in the indirect (13C) dimension (Taq = 12.1 ms).  
For all RNCs recorded at 700 MHz, either 15N XSTE45 or 1H STE–1H-13C  
HMQC46 diffusion measurements were acquired with a diffusion delay of 100 ms 
and bipolar trapezoidal gradient pulses (total length 4 ms, shape factor 0.9) with 
strengths of 0.028 and 0.529 T m−1. Spectra were recorded at 800 and 950 MHz 
with a nonuniform weighted sampling scheme, a 50-ms acquisition time in the 
direct (1H) dimension (spectral width 16 p.p.m.), 160 points in the indirect (15N) 
dimension (spectral width 22 p.p.m.), and a recycling time of 50 ms. The indirect 
dimension was acquired with a cosine nonuniform weighted scheme, provid-
ing an 11% increase in intensity47. These data were interleaved with SORDID  
diffusion measurements48 with a diffusion delay of 190 ms and trapezoidal gra-
dient pulses (total length 4 ms, shape factor 0.9) with strengths of 0.058 and 
0.387 T m−1. All data were processed and analyzed with NMRPipe49 and Sparky 
(http://www.cgl.ucsf.edu/home/sparky/).

RNC labeling efficiency and selectivity, as assessed by 15N filtered/edited  
difference spectroscopy. Isotopic labeling of the 70S ribosome particle was moni-
tored in U-15N–labeled RNCs. A 15N-edited 1D experiment was recorded with 
modified 15N SOFAST-HMQC sequences with 500-ms presaturation of water for 
suppression of the disordered nascent-chain resonances that exchange rapidly with 
the solvent. The observed signals therefore arise predominantly from nonlabile 
amides of the folded domain of ribosomal protein L7/L12 (ref. 50). A 15N-filtered  
experiment was run identically, except with the phase cycle of the receiver 
inverted to reject 15N-labeled magnetization (14N-bound 1H). The intensity of 
the 1H envelope of 70S ribosomal resonances bound to 14N (15N-filtered 1D) was 
matched by scaling to that of 15N-bound 1H (15N-edited 1D) to quantify the ratio 
of unlabeled to labeled ribosomal protons. From these measurements, the extent 
of background labeling arising from the ribosomal proteins was determined to 
range between 1% and 15% across all samples (~50 samples) of 15N-labeled RNCs. 
An analogous approach was applied to purified, released nascent chains, and the 
extent of nascent-chain labeling was determined to be >90%.

Cotranslational folding, as monitored by 1H-15N correlation spectra. Three 
well-resolved resonances with signal-to-noise ratios of 12 ± 2 (corresponding 
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to residues Ala683, Ala694 and Val682) within 1H-15N correlation spectra of 
RNCs L = 21 to 42 were used for lineshape analysis. Spectra were processed with 
exponential window functions, and 1D cross-sections were fitted to Lorentzian 
lineshapes. The averaged calculated linewidths of the resonances of these residues 
were 12 ± 1 Hz for FLN5∆16 and 20 ± 3 Hz for FLN5 RNCs (error, s.d.). The 
similar linewidths measured for Ala683, Ala694 and Val682 in disordered FLN5 
RNCs (L = 21 to 42) indicated that these resonances had uniform relaxation 
properties and could therefore be used to monitor the populations of the disor-
dered state. Peak intensities of FLN5+L RNCs (L = 21, 31, 37, 42, 43, 44, 45, 47, 67 
and 110) were determined with Sparky (http://www.cgl.ucsf.edu/home/sparky/),  
scaled for the number of scans and relative nascent-chain concentrations, and 
averaged across the three peaks. Peak-height errors were calculated as the s.d. of 
100 points randomly selected in the baseline of these RNC spectra. Nascent-chain 
concentrations were determined with anti-histidine western blot analysis of the 
RNC, as described above. At least two independent experiments were performed 
for each RNC sample, and the error was determined from the s.d. of these experi-
ments. Relative intensities (I) of the residues from FLN5+21, FLN5+31, FLN5+42, 
FLN5+67 and FLN5+110 RNCs were measured relative to a reference of unfolded 
FLN5 (made up of a composite consisting of FLN5∆12 and FLN5 Y719E) and 
unfolded FLN6 (from FLN5-6∆18) from 1H-15N correlation spectra measured at 
high field (FLN5+21 and FLN5+110 RNCs at 800 MHz and FLN5+31, FLN5+42 
and FLN5+67 at 950 MHz). Relative intensities (I) of the three well-dispersed 
Ileδ1-13CH3 resonances in FLN5+21, FLN5+67 and FLN5+110 RNCs were meas-
ured against those of folded FLN5 from 1H-13C correlation spectra.

Assignment of FLN5 Y719E and disordered FLN6. FLN5 Y719E amide  
chemical shifts were assigned on the basis of an assigned FLN5∆12 spectrum 
and with 15N NOESY-HSQC (200-ms mixing time) and 15N TOCSY-HSQC  
(70-ms mixing time) experiments recorded at 277 K. Unfolded FLN6 1HN  
and 15N chemical shifts were assigned (except for residues 810–832) with a  
FLN5-6∆18 construct28, which gave rise to resonances that closely overlaid  
with those of natively folded FLN5 and showed additional resonances char-
acteristic of disordered chemical shifts of unfolded FLN6. FLN5-6∆18 amide 
chemical shifts were assigned at 283 K with uniformly 15N-13C–labeled samples 
via standard triple resonance experiments (HNCO, HN(CA)CO, HNCACB  
and HN(CO)CACB).

Estimation of the effective ribosome concentration experienced by a nascent 
chain. The effective local concentration of a binding site near the exit tunnel on 
the ribosome surface, as experienced by a residue in a nascent chain, can be esti-
mated with previously described methods51. If the unfolded polypeptide outside 
the exit tunnel is analyzed with a random flight model, the mean distance from a 
residue at the end of the exit tunnel (taken here to be 31 residues from the PTC on 
the basis of PEGylation measurements, Fig. 4a,b) to a point N residues along the 
chain (i.e., N + 31 residues from the PTC) is approximately <r2> = CNl2, where 
the Cα-Cα distance l = 3.8 Å, and the characteristic ratio C = 9 accounts for the 
stiffness of a typical polypeptide chain51. By modeling the ribosome surface as an 
infinite plane, the effective local concentration of a binding site situated close to 
the exit tunnel can be determined to be cL = 2(3/2π<r2>)3/2/1,000NA (in mol L−1),  

where NA is Avogadro’s number51. For residues 10 to 20 amino acids beyond  
the exit tunnel (i.e., linker lengths L = 41–51), this corresponds to effective  
concentrations between 8 and 23 mM.

Structure calculations with chemical shift–restrained molecular dynamics  
simulations. Structural ensemble calculations of the FLN5+110 RNC were 
performed with the replica-averaged metadynamics (RAM) method previously 
described32. In these calculations, chemical shifts are used as replica-averaged 
structural restraints in molecular dynamics simulations with GROMACS52 
together with PLUMED2 (ref. 53). We used the CHARMM22* force field54 with 
TIP3P water molecules55. A time step of 2 fs was used together with LINCS 
constraints56. The van der Waals and Coulomb interactions were cut off at  
0.9 nm, whereas long-range electrostatic effects were treated with the particle 
mesh Ewald method. All simulations were carried out in the canonical ensemble 
by keeping the volume fixed and by thermosetting the system at 300 K with a 
Bussi-Donadio-Parrinello thermostat57.
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