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In the cell, the conformations of nascent polypeptide chains during
translation are modulated by both the ribosome and its associated
molecular chaperone, trigger factor. The specific interactions
that underlie these modulations, however, are still not known
in detail. Here, we combine protein engineering, in-cell and
in vitro NMR spectroscopy, and molecular dynamics simula-
tions to explore how proteins interact with the ribosome dur-
ing their biosynthesis before folding occurs. Our observations
of a-synuclein nascent chains in living Escherichia coli cells
reveal that ribosome surface interactions dictate the dynamics
of emerging disordered polypeptides in the crowded cytosol.
We show that specific basic and aromatic motifs drive such
interactions and directly compete with trigger factor binding
while biasing the direction of the nascent chain during its exit
out of the tunnel. These results reveal a structural basis for the
functional role of the ribosome as a scaffold with holdase char-
acteristics and explain how handover of the nascent chain to
specific auxiliary proteins occurs among a host of other factors
in the cytosol.

cotranslational folding | NMR spectroscopy | structural biology |
alpha synuclein | in-cell NMR

he ribosome, the macromolecular machine responsible for

polypeptide synthesis, also acts as a universal hub to coor-
dinate a range of cotranslational processes including process-
ing, folding, and targeting (1). The structural bases of these
auxiliary functions have been explored, although many ques-
tions remain open. An elongating nascent chain (NC) interacts
with the interior of the narrow ribosomal tunnel (2) before
emerging into the cytosol, where it continues to experience
the influence of the ribosome through transient interactions
with its outer surface. The negative electrostatic potential of
the ribosome, originating from its RNA as well as the overall
negatively charged surface-exposed residues of its proteins,
can mediate NC interactions (3-5). These interactions can
influence cotranslational folding processes, likely through the
stabilization of the disordered conformations prevalent in
incomplete polypeptide chains, and can even delay native
structure formation (6—8) and molecular assembly of protein
complexes (9). Once an NC is sufficiently emerged, its folding
can also be assisted by ribosome-associated molecular chap-
erones, such as the trigger factor (TF) present within Escheri-
chia coli, which is thought to facilitate this process by acting
as a holdase (10).

We have previously initiated an investigation examining the
molecular basis of NC interactions made with the ribosome
surface by studying a biosynthetic snapshot of a-synuclein
(aSyn) (4). aSyn, whose aggregation is a pathological hallmark
of Parkinson’s disease (11) consists of an N-terminal, amphi-
pathic region, which is predominantly positively charged due
to a range of imperfect “KTKEGV” repeats, a central hydro-
phobic region, known as non-Af component (NAC), and a
negatively charged C-terminal region (Fig. 14). As an intrinsi-
cally disordered protein (IDP), aSyn allows an analysis at the
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residue-specific level of NC-ribosome interactions in the absence
of complex folding processes (4). The abundance of lysine resi-
dues within its seven-repeat motif also offers the possibility to
interrogate the impact of charge reversal on its properties.
Using NMR spectroscopy, a powerful technique to characterize
the conformational properties of an emerging NC (6, 12, 13),
we determined at atomic resolution an NMR-restrained three-
dimensional structural ensemble of this disordered ribosome-
bound NC (RNC). Combined with a systematic analysis of
the effects of electrostatic charge, aromaticity, and NC length, as
underpinned by all-atom molecular dynamics (MD) simulations,
we describe a residue-specific dissection of NC-ribosome interac-
tions. We find, using a comparative analysis of NC-ribosome and
RNC-TF interactions, that the ribosome shares characteristics
that similarly define TF’s known holdase activity. Using in-cell
NMR spectroscopy of live E. coli cells, we then show that NC
interaction sites identified in purified RNCs in vitro are likely
retained in actively translating RNCs in vivo. We thus conclude
that during biosynthesis, positively charged and aromatic resi-
dues in emerging NCs are key signatures that can modulate
interactions formed with the ribosome surface and during hand-
over to auxiliary factors such as TE
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Proteins are produced by ribosomes in the cell, and during
this process, can begin to adopt their biologically active
forms assisted by molecular chaperones such as trigger
factor. This fundamental cellular mechanism is crucial to
maintaining a functional proteome and avoiding deleteri-
ous misfolding. Here, we study how disordered nascent
chains emerge from the ribosome exit tunnel, and find
that interactions with the ribosome surface dominate their
dynamics in vitro and in vivo. Moreover, we show that the
types of amino acids that mediate such interactions are
also those that recruit trigger factor. This lays the founda-
tion to describe how nascent chains are handed over from
the ribosome surface to chaperones during biosynthesis
within the crowded cytosol.
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Results

aSyn NC Interactions with the Ribosome Are Modulated by
Charged and Aromatic Residues. We set out to investigate the
contribution of electrostatic forces in modulating ribosome-NC
interactions using aSyn (4). The aSyn N-terminal amphipathic
region is mildly basic through its imperfect KTKEGV repeats
while the RNA-rich ribosome surface is highly negatively
charged. Initially, we replaced 11 positively charged Lys (K)
residues with negatively charged Glu (E) residues within the
sequence of the N-terminal amphipathic region of aSyn (resi-
dues 1 to 61) (Fig. 14 and SI Appendix, Fig. S14), reversing the
net positive charge in the amphipathic region from +4 in WT
aSyn to a net negative charge of —18 for K/E¢ ¢ at physiologi-
cal pH (Fig. 14). Two intermediate variants, K/Eq 34 (net
charge —10) and K/Eg 45 (net char%e —14), were also investi-
gated for the effects of local charge. °N-labeled, SecM-arrested

A b

ribosome-NC complexes (RNCs) of the charge variants were gen-
erated in E. coli and purified to homogeneity (4, 14) (Fig. 1B).
"H,"N correlation SOFAST-HMQC spectra of the WT aSyn
RNCs (4) as well as the variant RNCs K/E¢ 34, K/Eg 45, and K/
E¢_60 showed narrowly dispersed resonances with negligible chem-
ical shift perturbations relative to their corresponding isolated
proteins. These results indicate that similar disordered states are
accessible to the RNC charge variants relative to that of the WT
(Fig. 1 C and D and SI Appendix, Fig. S1).

Next, the NMR signal intensities within these RNC spectra
were used to probe NC-ribosome interactions (Fig. 1F). Trans-
ferred relaxation due to transient interactions with the large
ribosome particle leads to attenuation of NMR signal intensi-
ties. At the N terminus within the amphipathic and NAC
regions, increases in signal intensities were observed for the
K/E6-34, K/E6-45, and K/E6-60 RNCs as compared to those of
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Fig. 1. Charged and aromatic residues determine NC-ribosome interactions in aSyn. (A) Charge variants used to investigate the effects of electrostatic

forces on NC interactions, highlighting the 11 Lys residues of the amphipathic region of aSyn (1 to 60) that were mutated to Glu residues. The K/Eg_go
FYF/AAA variant has aromatic residues replaced with Ala. (B) Anti-SecM Western blot of the aSyn RNC mutants (before and after TEV protease cleavage).
(C-E) "H, ">N-SOFAST-HMQC spectrum of the WT aSyn RNC, K/Ee_go (scaled 0.5x relative to WT, red), and K/E¢_so FYF/AAA aSyn RNCs (scaled 0.5x relative
to WT, green) at 700 MHz and 277 K. G31 and G41 are indicated as representative examples of the assigned resonances. (F) Cross-peak intensities of aSyn
RNCs relative to the corresponding isolated protein in the presence of 70S ribosomes: WT (blue), K/Eg_34 (light blue), K/Eg_45 (pink), and K/Eg_go aSyn (red).
Three-point moving averages are shown. The gray shaded area depicts the part of the RNC sequence confined within the ribosomal exit tunnel. (G) Same
plot as F but showing K/Eg_go (red) and K/Eg_go FYF/AAA aSyn (green) RNCs. The positions of the aromatic residues within aSyn are indicated in green
boxes on the top bar, and those mutated to Ala are indicated using additional vertical green lines.
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the WT aSyn RNC, while the most C-terminal residue observ-
able, D135 (28 residues from the peptidyl transferase center
[PTC]), remained unchanged. These data indicate that the
dynamic character of the emerged NC sequence can be attenu-
ated by the ribosomal surface in a residue-specific manner (Fig.
1 A and F) with the observed modulations originating from a
repulsive electrostatic effect between the negatively charged
ribosomal surface and segments of the negatively charged NC.
For the region between residues E61-D135, which is beyond
the sites of mutation, the magnitude of the intensity changes
correlated with the progressive addition of negative charge to
the aSyn NC (Fig. 1F). While the same effect was also observed
within the N-terminal region, surprisingly, the N-terminal
region of K/Ee o RNC shows significantly lower average reso-
nance intensities relative to K/E¢ 45 RNC (~40% less, Fig. 1F),
despite this pair of RNCs sharing the same sequence within
their first 48 residues. These findings indicate that, despite its
higher negative charge, the N-terminal region of the K/Eg ¢
variant is more motionally restricted relative to that of the K/E¢ 45
variant, implying that electrostatic interactions between positively
charged NC residues and the largely negatively charged ribosome
surface may not be the only factor responsible for modulating the
dynamics of the disordered aSyn NC.

The sites that remained broadened within all the aSyn RNC
variants correlated with segments containing aromatic residues
present in the native sequence (F4, Y39, H50, F94, Y125,
Y133, Y136, Fig. 1 A and G, green). We examined the extent to
which three N-terminal aromatic residues with strongly broad-
ened resonances (F4, Y39, F94) contributed to interactions
with the ribosome surface by substituting these residues with
Ala within a K/Eg_gp background (Fig. 1 E and G). At the N
terminus, the F4A and Y39A mutations in the K/Es g9 FYF/
AAA RNC showed a dramatic effect on the intensity profile
consistent with a major local disruption of these aromatic
residue-mediated interactions with the ribosome surface. At the
C terminus between residues E60 and D135, the FYF/AAA
substitution showed only a very small increase in intensity local-
ized around the F94A mutation site, and it is likely that the two
flanking, positively charged residues K96 and K97 contribute to
an attractive effect with the ribosome at this site (Fig. 1G
and Identification of NC Interaction Sites on the Ribosome).

This residue-specific dissection of NC-ribosome interactions
using the aSyn RNC scaffold demonstrates that an interplay
exists between charge and aromaticity, which modulates the
interaction propensities of NCs when bound to the ribosome.

Nascent Chain-Ribosome Interactions Persist During Elongation.
To investigate how interactions are formed with the ribosomal
surface as an NC emerges progressively from the exit tunnel,
we evaluated an earlier snapshot of biosynthesis in which only
the first 100 residues are translated (denoted: 1-100 RNC)
(SI Appendix, Fig. S2A4). The resulting intensity profiles of a
K/Eg_s0 1-100 RNC followed a similar trend to that of full-
length K/Eg o aSyn for the N-terminal residues 1 to 60 only
(Fig. 24 and SI Appendix, Fig. S2 B-H), suggesting that the NC
sequence, rather than the proximity to the ribosome, was the
strongest determinant of interactions. Beyond this point, the
intensity plots deviate significantly, where a progressive decrease
in intensity was seen in the 1-100 RNC, suggesting that a
decreased mobility toward the C terminus exists and is likely a
result of NC tethering to the ribosome particle. Indeed,
despite differences in their C-terminal sequences, both NCs
were similarly affected by the confines of the exit tunnel, lead-
ing to strongly attenuated intensities up until ~40 residues
from the PTC. These results suggest that any ribosome tether-
ing effects are largely sequence independent. Overall, we
observe that, once the NC has sufficiently emerged to over-
come the effects of both ribosome tunnel confinement and
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Fig. 2. Length-dependence of aSyn NC interactions with the ribosome
surface. (A) Comparison of the normalized 'H,">N-SOFAST-HMQC intensi-
ties (700 MHz, 277 K) of the full-length K/E¢_go RNC (red, containing oSyn
residues 1 to 140) and the truncated K/Eg_go 1-100 RNC (yellow). The dot-
ted line indicates the most C-terminal residue in each construct.

tethering, the amino acid sequence of the emerged segment,
rather than its proximity to the ribosomal body, is the main
determinant of ribosome interactions.

Identification of NC Interaction Sites on the Ribosome. In order to
provide a structural basis for these observed interactions (Fig. 1F),
we measured NMR residual dipolar couplings (RDCs) for
backbone amide resonances in the K/E¢ 69 RNC, a strategy
also recently applied to the ribosome-bound multicopy bL12
stalk protein (15) that is responsible for binding GTPase trans-
lation factors such as elongation factor G. These RDCs depend
on the average orientation of the N-H bond vector when
aligned in an anisotropic medium and so contain both short-
range and long-range structural information.

Following alignment of the K/Eg_ ¢y RNC in PfI phage, 85
RDCs could be determined for residues between V3 and Y133
(Fig. 3). Comparison of these RDCs with those measured for
the isolated K/E¢ 4o protein in the same alignment medium
reveals interesting similarities and differences that provide
additional insights into the influence of the ribosome on the
conformational and dynamic properties of the NC. The RDCs
for residues in the N-terminal half of the protein show a similar
overall profile for the NC and the free protein, characterized by
small-magnitude and almost exclusively positive RDC values.
Such RDC profiles are typical for IDPs (16) although the
deviations from a smooth, featureless profile are indicative of
conformational biases away from a truly random ensemble, for
example, due to transient long-range interactions between dif-
ferent regions of the polypeptide chain. Some of the more
prominent local features in the RDC profile of the isolated pro-
tein—such as the two dips centered on residues 44 and 67—are
reproduced in the profile of the RNC, indicating that the
conformational biases in the N-terminal region of the isolated
protein are at least partially preserved in the NC. In contrast,
however, the overall magnitude of the RDCs measured on the
NC is noticeably larger than for the isolated protein (while the
strength of alignment was slightly greater for the RNC, as
reported by the “H splittings, the relative increase in the magni-
tude of the RDCs in the N-terminal part of protein in its
ribosome-bound form is significantly larger). This difference is
due to the subtle influence of the ribosome on the conforma-
tional sampling of the polypeptide chain. The N-terminal part
of the NC is sufficiently distant from the vestibule of the exit
tunnel to assume that purely steric restrictions due to the pres-
ence of the ribosome core particle are likely negligible; hence,
ribosome-induced perturbations to the conformational sam-
pling of the NC can be attributed to the transient interactions
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Fig. 3. Orientational preferences of the K/Eg_go aSyn RNC from RDC measurements. (A) Schematic representation of the RDC experiments used to deter-
mine the orientational preferences of the RNC. Measurements are made on RNCs in both unaligned and partially aligned states with respect to the mag-
netic field of the NMR spectrometer using bacteriophage (represented as gray ovals). Overlay of the 'H,"*N-HSQC and TROSY spectra of the K/Eg_go aSyn
RNC (950 MHz, 277 K) aligned in the presence of 15.1 mg/mL’1 bacteriophage Pf1 (light blue/blue). A magnified view is centered on resonance T81 and
additionally overlaid with unaligned (isotropic) spectra (magenta/red). The dipolar coupling D is inferred from the difference between the isotropic split-
tings (J-coupling only) and the partially aligned splittings (J+D). (B) N-HN RDCs measured on the K/Eg_go aSyn RNC (red) and on the isolated K/Es_go protein
(gray). Uncertainties are derived from >N peak linewidths and signal-to-noise ratios (and hence are large for weak intensity, C-terminal RNC resonances).

between the NC and the surface of the ribosome. While the
NMR signal intensities clearly show that these interactions
between the NC and the ribosome are weaker for the K/E¢_¢
mutant than the wild-type protein, they still appear to be of suf-
ficient strength to perturb the overall RDC profile relative to
the isolated protein.

Beyond residue 85, the RDCs of the NC begin to deviate
more drastically from those of the isolated protein, with several
residues of the NC showing negative RDCs. While the mea-
surement uncertainties for the RDCs of these more C-terminal
residues are inevitably larger than for those in the N-terminal
half of the NC, the number of the residues showing negative
RDC:s is significant. The dominant factor governing the large
deviations observed between the RDC profiles of the free pro-
tein and the NC is probably the steric influence of the ribosome
on the conformational sampling of the NC, together with the
effects of its C-terminal tethering the ribosome. Nevertheless,
semispecific charge-mediated or aromatic interactions with the
ribosome surface, as revealed in the N-terminal part of the NC,
are likely to persist in the C-terminal part; as such, the overall
observed RDC profile of the NC depends on a complex inter-
play of ribosome-mediated effects. However, the RDCs can be
incorporated as experimental restraints within all-atom MD
simulations to generate ab-initio the conformational ensemble
of the NC.

RDCs from 63 non overlapped peaks and spanning the
sequence between Glu6-GInl09 were selected as structural
restraints in all-atom MD simulations, employing a ribosome
structural model comprised of the exit tunnel as well as the
outer ribosome surface accessible to the NC (Fig. 44 and
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Methods). A well-tempered bias-exchange metadynamics scheme
(17-19) with six replicas was used, with each sampling one
unique collective variable (CV) (SI Appendix, Fig. S44) for
325 ns, resulting in ~2 ps of total MD simulation time. The result-
ing structural ensemble is in good agreement between back-
calculated backbone amide chemical shifts with those derived
experimentally (SI Appendix, Fig. S4B). Upon analysis of the
entire trajectory, we find that the K/Eq_6p aSyn NC samples a
range of significantly disordered conformations (Fig. 44) with
very few intrachain contacts observed and mostly located within
the hydrophobic NAC region (SI Appendix, Fig. S4C).

We then applied sketch-map analysis (20) to the NC trajec-
tory in order to extract the most sampled and structurally
distinct microstates from its complex free energy landscape
(Fig. 44) and describe their interactions with the ribosome as a
representative behavior of the NC across the entire ensemble
(Fig. 4 B and C and SI Appendix, Fig. S4C). We found that the
12 most sampled microstates are characterized by extensive
structural heterogeneity (Fig. 44) but nevertheless ones in
which the aSyn NC is observed to bind to distinct sites on the
ribosome.

Of the NC segment comprising residues 1 to 121, which
extend well beyond the exit tunnel, we observed contacts with
the ribosome in circa 7% of the conformations, with the most
persistent of these localized to several ribosomal proteins,
including ul.29, ul.24, and an unstructured C-terminal region
of ribosomal protein ul23, as well as helices H7, H9, and
H54 of the 23S ribosomal RNA (rRNA). Toward the C termi-
nus, the NC segment comprising residues 122 to 130 is found
in the immediate vicinity of the exit tunnel vestibule and
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space; see Methods); we also show the structures of the six most populated states in the landscape. (B) Surface map of the ribosome, highlighting the NC
interaction sites according to binding frequency, with rRNA (red) and ribosomal proteins (blue). (C) Circular plot representing all interactions (defined as
two atoms closer than 4.5 A) between the aSyn K/E¢_go NC and the ribosome, rainbow-colored by primary sequence. The aSyn K/Es_go RNC relative cross-
peak intensities from NMR experiments (as in Fig. 1F) are shown above the circular plot for reference. (D, Top) Mg?*-bound population of the NC residues
(defined using a 4.5 A cutoff distance) in the MD trajectory. (D, Bottom) Chemical shift perturbations in the "H,">N-SOFAST-HMQC of isolated K/E¢_go aSyn

protein in the presence of Mg?*

therefore experiences an increased extent of contacts (ranging
from 10% up to 70%) with the ribosome surface. These con-
tacts center on ribosomal proteins ulL24 and ul29 and 23S
rRNA helices H7 and H50 (Fig. 4 B and C). Within the exit
tunnel, the aSyn NC residues 131 to 140 interact extensively
with several regions of the 23S rRNA and also with ribosomal
protein uL23. Generally, we find that the aSyn segments that
interact with the ribosome surface correspond well to those
that report reductions in NMR intensities (Fig. 4C). The
nature of these interactions is defined by charge-charge, polar,
and hydrophobic contacts (SI Appendix, Fig. S4E), and their
localization suggests that the NC preferentially exits the ribo-
some along a more protein-rich region of the exit port (Fig. 4B
and SI Appendix, Fig. S4D).

Further inspection of the structures also revealed that in >6%
of these conformations, charge interactions are observed
between aSyn residues K96 and K97 with residues E59 and D17,
respectively, of ribosomal protein ulL24 (SI Appendix, Fig. S4E).
This result may account for the absence of a major effect of the
F94A mutation, which did not lead to a significant increase in
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the intensity profile of the aSyn mutant RNC, as described pre-
viously (Fig. 1G).

Moreover, the structures reveal that the highly negatively
charged N-terminal and C-terminal segments of the NC associ-
ate with Mg”" ions (Fig. 4D and SI Appendix, Fig. S4F), of which
>170 encase the 70S E. coli ribosome particle (21). A structural
analys1s shows that NC-Mg** contacts occurred almost exclu-
sively in a transient manner and are coordinated via water mole-
cules, aside from a few exceptlons such as Glu37 and Glul34,
Wthh were observed to bind Mg?* directly. The majority of
Mg>* jons were found to mediate interactions formed between
the NC and rRNA (e.g., Glu123 with rRNA A95) (SI Appendix,
Fig. S4F) and to a lesser extent, also facilitated intra-NC interac-
tions (e.g., between Leu8 and Glul0, S/ Appendix Fig. S4F).
These same N-terminal and C- termlnal reg10ns of the aSyn
K/Eg_60 NC, seen to interact with Mg also showed NMR
chemical shift perturbations when Mg>" ions were titrated into
isolated aSyn K/E6 60 (Fig. 4D). These observations thus suggest
a role for Mg?* in mediating ribosome-NC interactions. Of the
aSyn charge variants, the most negatively charged variant, K/Eg 4,
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Fig. 5. Characterization of the structural properties of aSyn RNCs in a cellular context. (A) Variation in the intensity of the 'H,"°N-amide signal of 705
and WT, K/Eg_g0, and K/Eg¢_go FYF/AAA aSyn RNCs as a function of the molar ratio of TF to ribosome. (B) Relative cross-peak intensities of the WT
(blue), K/Eg_go (red), and K/Eg_go FYF/AAA (green) aSyn RNCs, as well as K/Eg_go protein (with ribosomes) in the presence of 1 mol equivalent TF vs. in
the absence of TF (700 MHz, 277 K). Five-point moving averages are plotted. (C) Cross-peak intensities of aSyn K/E¢_¢o RNC in buffer (red), in 12.5 g/L
cell extract (blue), with TF (cyan) relative to isolated aSyn K/Eg_go protein in the presence of 70S, in the presence of cell extract, and in the presence of
70S and TF, respectively. The sites of the strongest broadenings are indicated by pink shadings. The inset shows the correlation between relative
cross-peak intensities (RNC relative to protein) in buffer and cell extract (blue) or TF (cyan). (D) 'H,"*N-SOFAST-HMQC of E. coli cells expressed with
2H,">N-labeled arrest-enhanced oSyn K/Eg_go RNC (magenta), aSyn K/Eq_go protein (gray), and an empty vector (dark blue) (800 MHz, 298 K). Cross-peaks
corresponding to in-cell background species are observed in the latter spectrum. Selected aSyn resonances displaying significant line broadening within
the glycine region of the in-cell RNC are indicated in the inset. (Bottom Right) Anti-aSyn Western blot detecting the RNC species after NMR data acqui-
sition and lysis of the in-cell NMR samples. The NC remained >40% bound to the ribosome after NMR data acquisition, although the disruptive nature
of cell lysis procedures used to obtain this value imply that the attachment levels are likely to be significantly higher with the depicted in-cell NMR
spectrum. (E) Cross-peak intensities of in-cell aSyn K/E¢_go RNC relative to in-cell aSyn K/E¢_go protein. The sites of the strongest broadenings are indi-
cated. Inset shows correlation between relative cross-peak intensities (RNC versus protein) in buffer and in cell. Data are normalized according to aSyn
concentration.

is likely to support such Mg**-mediated interactions, which may ~ WT aSyn RNC, which contains the signature residues (basic
go some way toward rationalizing why this NC gives rise to lower  and aromatic) consistent with previously described TF client
NMR intensities (i.e., interacts with the ribosome more) relative to  features (23), appears to undergo more specific, albeit still very
the K/E¢ 45 RNC (Fig. 1F). weak, interactions with the molecular chaperone (Fig. 5B).

The Effect of TF on NC Interactions. We explored NC handover  Nature of NC Interactions within Live Cells. We examined the
between the ribosome surface and TE. We previously showed that ~ impact of a cytosolic environment on observable NC inter-
TF addition to WT aSyn RNCs caused significant nonuniform  actions by titrating purified E. coli cell extract (24) into samples of
reductions (10 to 70%) in the intensities of the aSyn cross-peaks  K/Eg 6o aSyn RNC. The RNCs remained largely intact (Fig. 5C
(4). When TF was titrated into variant aSyn RNCs, decreases in ~ and SI Appendix, Fig. S5E) in the viscous solution (~14 mg/mL
'H,"*N-correlated NMR intensities were again observed for each ~ RNC in 12.5 to 37.5 mg/mL cell extract) and gave rise to well-
aSyn RNC variant (Fig. 5 4 and B and SI Appendix, Fig. S5 A  resolved resonances without significant chemical shift perturba-
and B). For all RNCs, only minimal perturbations are seen for  tions (<0.06 ppm) with progressive resonance broadening ranging
the tunnel-emerged C-terminal region, consistent with about 45  from 30 to 50% seen for the majority of cross-peaks (SI Appendix,
residues from the PTC being necessary to make contact with the  Fig. S5 F and G). The relative intensities were overall similar to
TF cradle (4, 22). For each of K/E¢ g0 RNC, 1-100 K/E¢_¢0, and  those observed for RNCs in aqueous buffer and in the presence
K/E¢_60 FYF/AAA RNC, the perturbations observed were sig-  of TF but with subtle differences mostly localizing to the NAC
nificantly more modest than for WT, indicative of a weaker inter-  region (Fig. 5C). These data show that TF exerts a specific
action and consistent with reducing the number of basic and effect on the NC that is distinct to the general crowding that is
aromatic residues. In the full-length RNCs, the N-terminal seen in cell extract.

regions (residues 1 to 45) appear to show only minor inter- Next, we studied actively translating K/Eq_g9 aSyn RNCs
actions, suggesting that they are located beyond the TF cradle.  within live E. coli cells to examine the influence of a native
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cellular environment. Excellent quality NMR spectra of iso-
lated WT aSyn have previously been obtained in both E. coli
(25, 26) and mammalian cells (27, 28). Here, we produced an
in-cell sample of uniformly ’H," N-labeled K/Eq 40 aSyn RNC
using an optimized, arrest-enhanced variant of the SecM stall-
ing motif to retain RNCs during real-time translation and
improve the NC signal (SI Appendix, Fig. S5 I and J). We
recorded 'H,">N-SOFAST-HMQC spectra (Fig. 5D) and inter-
leaved these with one-dimensional (1D) 'H,'*N-diffusion meas-
urements (SI Appendix, Fig. S5K) to monitor cell leakage and
ensure observation of exclusively intracellular species (25). The
in-cell sample of K/Eg 9 aSyn RNC gave rise to resolvable res-
onances (Fig. 5D) that could unambiguously be attributed to
K/Eg 6o aSyn (with chemical shift perturbations <0.06 ppm).
Additionally, significantly sharper cross-peaks with higher sig-
nal intensity were also observed, overlaying closely with those
obtained from an in-cell sample transformed with an empty
vector. These signals arise due to the presence of high (millimo-
lar) concentrations of small molecules such as metabolites, pep-
tides, or free amino acids present in E. coli (29) and contrast
against the significantly lower concentration of intracellular
RNC (~30 pM, SI Appendix, Fig. SS5H).

To further ascertain that the observed cross-peaks originate
from RNCs rather than released in-cell species, we produced
an in-cell NMR sample of isolated K/Eq_go aSyn using identical
expression conditions, and we compared the signal intensities
of 29 well-resolved resonances in the in-cell RNC sample (Fig.
5E). We found significant variations in residue-specific signal
attenuation that were significantly more pronounced than those
observed for the in-cell RNC sample with a WT SecM
sequence (whose weaker stalling motif results in more released
NC species) (SI Appendix, Fig. S5 I and J), suggesting the
detection of a significant population of intracellular, ribosome-
bound K/Eg o aSyn NCs. The in-cell RNC spectra show rea-
sonably similar broadening patterns as those seen for aSyn
K/Eg o RNC in buffer, TE, and cell extract (Fig. 5 C and E,
Insets). Moreover, broadened resonances were also localized to
the regions around residue F94 and, to a lesser extent, around
residue Y39, with the most extensive line broadenings observed
at the C terminus of aSyn. NMR line broadening of released
aSyn protein has been observed within both bacterial (26) and
mammalian cells (27), and while it is therefore likely that some
of the line broadenings observed here are caused by combina-
tion of macromolecular crowding and direct interactions with
components of the cell, the NC resonance intensities reported
here are relative to those of the isolated protein under identical
conditions and should therefore significantly account for these
effects. Moreover, the ribosome accounts for circa 30% of
E. coli cellular mass and has been shown to dominate quinary
interactions in several isolated protein in-cell studies (30),
which are thought to have a potential regulatory role in modu-
lating protein activity (31). These considerations, together with
the very high local NC-ribosome concentrations experienced
(6), support the notion that the line broadenings observed here
are predominantly a result of ribosome interactions, in a man-
ner similar to that observed in vitro: the NC-ribosome interac-
tions likely persist in vivo.

Discussion

We have exploited the disordered nature of aSyn to investigate
the sequence determinants of ribosome-NC interactions in the
absence of complex folding events. NMR spectroscopy is
uniquely able to describe such dynamics in exquisite detail, and
through the use of RDC-restrained MD calculations, we have
been able to describe some of the conformational preferences
of a nascent polypeptide chain. In particular, we examined the
impact of the ribosome surface on chain elongation and
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described how its conformational landscape is perturbed by the
crowded, cytosolic environment into which it enters.

We expect that these observations will guide our understand-
ing of the ubiquitous process by which all NCs explore their
conformational landscape (32) in order to find their native
states as the elongation process proceeds.

In the case of aSyn, the positively charged lysine residues
within the N-terminal amphipathic region are attracted to the
negatively charged ribosome surface, and systematic charge
alterations of the aSyn NC rescue much of the signal broadening
observed in NMR spectra as a result of local interactions. How-
ever, even aSyn NCs devoid of basic residues in the amphipathic
region still experience motional restrictions at their N terminus,
suggesting additional factors at play other than electrostatic
interactions, as also observed for intrinsically disordered PIR
NGCs (33). We show that aromatic residues can create contacts
with the ribosome, which is also a feature seen for an unfolded
immunoglobulin NC (13). As aromatic residues in part drive
hydrophobic collapse during folding and typically become bur-
ied within globular folds, the interactions described between
aromatic residues and the ribosome surface suggest a mecha-
nism for the latter to specifically sequester disordered states.
Although not a common interaction, base stacking between
RNA and aromatic ring side chains has been described (34),
and it may be possible that a similar mechanism occurs with
rRNA. Use of RDC-restrained MD calculations additionally
permitted the dissection of the K/Es g9 NC and its ribosomal
interactions. Despite exhibiting a highly dynamic ensemble,
this NC emerges from the tunnel with a preferred directional-
ity toward the protein-rich side of the ribosome surface at the
exit port, close to the TF binding site, and in which Mg?* ions
contribute a role toward stabilizing contacts between the ribo-
some and negatively charged NC residues.

Our study reveals that the signature interaction motifs of
molecular chaperones, including TF (23, 35) and DnaK (36), as
well as of other ribosome-associated cellular factors (37) (i.e.,
both basic and aromatic residues) are also those mediating
interactions with the ribosome surface. The NMR measure-
ments of TF interactions with aSyn NCs in purified RNCs indi-
cate that removal of basic and aromatic residues causes a
reduction of interaction between TF and the NC. The NMR
line broadenings observed here within aSyn RNCs show high
similarity with the intensity profiles observed in aSyn in the
presence of other chaperone systems such as HSC70 and
Hsp90, with a pattern that reflects the canonical chaperone rec-
ognition motif (28) in aSyn. These observations support the
notion that the ribosome itself might have a chaperoning
role akin to a holdase and can hand over NC substrates to its
auxiliary partners during synthesis (Fig. 6).

Within live E. coli cells, our NMR spectrum of the ribosome-
bound oSyn NC remains closely similar to that of the RNC
observed in reconstituted cytosol and that in vitro, suggesting
little influence of the cellular structures or lipid membranes.
We note that the patterns of NMR line broadenings identified
in vitro have also been similarly observed for the released
mature aSyn protein within bacterial (26) and mammalian cells
(27); with the ribosome accounting for up to ~37% in mass in
rapidly dividing E. coli, interactions between the aSyn protein
and ribosomes are likely to be at the origin of these effects.
Moreover, with the aromatic residues F4 and Y39 also known
to initiate lipid membrane interactions, and F4 in particular
having a role in nucleating helix formation within the mem-
brane (38), it is tempting to speculate an interplay between the
handover from ribosome to chaperones and regulation of mem-
brane association of aSyn.

Our data also reveal the ability to study RNCs in live cells,
and that, at ~2.3 MDa, is well beyond the molecular weight of
any other system studied by in-cell NMR spectroscopy to date
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Fig. 6. The ribosome surface acts as a molecular chaperone. Positively charged and aromatic residues within the NC interact with the highly negatively
charged ribosome surface. Negatively charged regions create a repulsion with the ribosome surface and are highly dynamic. In some cases, negatively
charged residues are seen to interact with the negatively charged ribosome surface via the Mg?* ion shell surrounding the ribosome. The molecular
chaperone, TF, also preferentially interacts with positively charged and aromatic residues within the NC. A handover from the ribosome surface to the

molecular chaperone is likely to occur during NC elongation.

(39). We believe that these first direct structural observations of
RNCs in cell will facilitate future investigations of cotransla-
tional protein folding under increasingly more physiologically
relevant conditions.

In conclusion, we have identified the sequence motifs that
trigger the activity of the ribosome as a molecular chaperone
that regulates the conformational properties of NCs. Our recent
findings that ascribe a specific role to the ribosome in protecting
aggregation prone nascent polypeptides from the competing
misfolding processes (40) suggest that the molecular character-
izations of ribosome interaction modes described here could be
useful in the future in understanding disease-related processes.

Materials and Methods

Protein and RNC Production. Site-directed mutagenesis was used to generate
all modified aSyn constructs. Isolated proteins were expressed using uniform
5N or "N, "3C-labeling in BL21(DE3) E. coli cells and purified using standard
procedures (41), with yields (~14 mg/L) and purity (>95%) comparable to
those of WT aSyn. TF was prepared from BL21(DE3) E. coli using nickel affinity
chromatography followed by Tobacco Etch Virus (TEV) protease cleavage of
the hexa-histidine tag and size exclusion chromatography as described previ-
ously (4). Uniformly ">N-labeled RNCs were generated in BL21(DE3) E. coli cells
as described previously (14) with an additional TEV protease cleavage step to
remove the He-tag (4). NMR measurements were performed in Tico buffer (10
mM Hepes, 30 mM NH,4Cl, 12 mM MgCl,, 5 mM EDTA, 0.1% protease inhibi-
tors, SigmaFast), pH 7.0 (14).

Pf1 Phage and RNC Preparation for RDC Measurements. Bacteriophage Pf1
(ASLA Biotech Ltd.) was centrifuged at 95,000 rpm for 1 h at 5°Cin a Beckman
TLA-110 rotor and resuspended in Tico buffer. This procedure was repeated
twice. The phage concentration was determined from the ultraviolet absor-
bance at 270 nm (e = 2.25mg - mL~" - cm™"). The deuterium splitting was mea-
sured from the 1D 2H NMR spectrum to confirm the concentration of phage in
the NMR sample and to verify the homogeneity of the aligned liquid-crystal
phase (S/ Appendix, Fig. S3A). Anisotropic RNC samples were initially recorded
in the absence of phage to check sample integrity via >N X-STE diffusion,
then concentrated and mixed with phage.

Determination of RNC Integrity and NC Occupancy. As described previously
(14), the RNC sample integrity was determined using Western blots detecting
the intact tRNA-bound form of NGCs, and the NC occupancy was determined
based upon a standard curve from isolated aSyn protein standards of known
concentration using Western blots.

NMR Spectroscopy of RNCs. All NMR data were acquired at 277 K, 700 MHz
using a Bruker Avance Il spectrometer (UCL) except for the RDC measure-
ments, recorded at 277 K on a 950 MHz Bruker Avance Ill HD spectrometer
(NMR Centre, Crick Institute), and the in-cell NMR measurements, recorded at
298 K on an 800 MHz Bruker Avance Ill spectrometer (UCL). All spectrometers
were equipped with a TXI cryoprobe.
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"H,">N-SOFAST-HMQC spectra (42) were recorded using nonuniform
weighted sampling (43) with 1,024 complex points and a sweep width of
10,504 Hz in the 'H dimension, 122 complex points and a sweep width of
1,845 Hz in the >N dimension, and a recycle time of 50 ms. '°N-edited X-STE
diffusion measurements (44) were recorded using a diffusion delay of 100 ms,
and bipolar trapezoidal gradient encoding pulses of a total length of 4 ms
and strengths corresponding to 5% and 95% of the maximum gradient
strength (0.56 Tm™").

For RDC measurements, '>N-HSQC spectra were recorded using gradient
coherence-order-selection and sensitivity enhancement (45, 46). ">N-TROSY-
HSQC spectra were recorded using the Nietlispach TROSY implementation (47,
48), modified to incorporate band-selective Ha/Hb decoupling [using an
IBurp1 shaped pulse (49), and centered at 3 ppm with a bandwidth (50%
inversion) of 4.9 ppm (1,500 ps pulse length at 700 MHz)] during t1 (50), with a
temperature compensation block during the recycle delay to match the "N
radio frequency power deposition with that of the >N HSQC. In both experi-
ments, water was preserved along the +z axis with a combination of water
flip-back pulses and weak bipolar gradients during t1.

The backbone assignment spectra of aSyn K/Egg [HSQC, HNCO,
HN(CA)CO, HN(CO)CACB, and intra-HNCACB spectra] were acquired using the
band-selective excitation short-transient technique, modified to allow long
5N acquisition times by incorporation of semiconstant-time >N chemical shift
evolution. The '*C chemical shift evolution in the CACB-type experiments was
implemented in a constant-time fashion. The data were recorded with non-
uniform sampling in Topspin3 (typical fractional sampling ratios: 5 to 15%)
and using the online schedule generator available at gwagner.med.harvar-
d.edu/intranet/hmsIST/. The assignments have been deposited under Biologi-
cal Magnetic Resonance Bank accession number 51049.

For in-cell samples, SOFAST-HMQC experiments were acquired with 256
complex points and a sweep width of 26 ppm in the indirect dimension and
1,024 complex points and a sweep width of 15 ppm in the direct dimension,
corresponding to an acquisition time of ~50 ms. To monitor cell leakage, 1D
>N SORDID diffusion experiments were interleaved between SOFAST-HMQC
experiments and acquired with a diffusion delay of 300 ms, using gradient
pulses of 4 ms and gradient strengths corresponding to 5% and 95% of the
maximum gradient strength (0.56 Tm~"). No discernible changes were observed
between in-cell spectra acquired during the course of NMR data acquisition.
The NMR protocols used are described in detail in S/ Appendix.

NMR Data Processing. NMR data were processed and analyzed by NMRPipe
(51), Sparky and CcpNmr (52) software packages, and the Azara package for
RDGCs (Azara v2.8).

Cross-peak intensities of the «aSyn RNCs were reported relative to the corre-
sponding isolated aSyn variant in the presence of an equimolar concentration
of 70S ribosomes (recorded at 5 pM) (Fig. 1 F and G). The NC concentration
was determined as described previously (14). For each residue, the relative
intensities were calculated as

Inc X Ciso X NSiso

Relative intensities = .
liso X €nc X NSnc

where Iygiso is the intensity of the NC/isolated protein, c is its concentration,
and NS is the number of scans within the summed up two-dimensional (2D)
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"H,"®N correlation SOFAST-HMQC spectra. SEs were derived from the spectral
noise and using standard propagation methods. In Fig. 5, the analogous strat-
egy was applied to derive relative intensities in the presence versus in the
absence of TF (Fig. 5B) or in cell (Fig. 5 C and E). In Fig. 2, absolute intensities of
the full-length K/Eg_go RNC and its truncated version K/Eg_go 1-100 RNC were
plotted (as normalized by their concentration and number of scans).

For the RDC work, signal-to-noise ratios were calculated as the ratio of the
peak height to the SD of the data points within a signal-free region. Line-
widths were measured in CcpNmr Analysis. The uncertainties in peak positions
depend on the accuracy of the peak-picking, which in turn depends on the sig-
nal-to-noise ratio and linewidth of the peaks. An empirical relationship
between the peak position and the signal-to-noise ratio and peak linewidth
was derived using a large set of simulated peaks with varying signal-to-noise
ratios and linewidths:

1 LW

:EXSW' [11

oV

where cv is the uncertainty of the peak position in hertz, LW is the linewidth
(in hertz) and the SN is the signal-to-noise ratio. The RDC is calculated from
four peak positions,

D=2x [(Va/iganSOC - Va/ign,TROSY) - (Visotropic,HSOC - Visotropic,TROSY)]: [2]

and hence the corresponding uncertainty (substituting Eq. 1 for each of the v
terms) is given by

_ 2 2 2 2
oD =2x \/ OV3lign,HsQC T Valign,TrRosy T Visotropic,HsQc T Visotropic, TROSY *

Building the RNC Model. The starting atomic model of the K/Eg_go aSyn RNC
was built based on the structure obtained from MD flexible fitting (53) of the
cryo-electron microscopy map of the SecM-stalled E. coli ribosome (54). The N
terminus of the original structure of the SecM was extended with the K/Eg o
aSyn sequence using Swiss-PDB Viewer (55). Only the atoms surrounding the
exit tunnel (within 25 A from the NC) were used, as well as the region of the
ribosome surface, which is accessible to the NC as determined from our previ-
ous coarse-grained study (4). Ribosome atoms were kept fixed during the
simulation apart from those within the flexible loops and disordered tails of
ribosomal proteins that line the exit tunnel and the ribosome surface.

MD Simulations. MD simulations were performed in the AMBERO3w force
field (56) with the four-site TIP4P/2005 water model (57) successfully used in
previous IDP simulations (58, 59). The simulation box consisted of 2,103,176
atoms, including 1 CI~ and 648 Mg?* ions to neutralize the system. RDCs were
applied as ensemble averaged structural restraints using the tensor-free ®
method (60). Simulations were run in GROMACS 5.0.4 (61) with Plumed 2.1
(62) libraries used to introduce RDC restraints and well-tempered bias-
exchange metadynamics protocols. Bias was exchanged between six replicas,
each sampling different CVs: three AlphaBeta CVs (applied to backbone
angles and to angles y1 and 2 for hydrophobic and polar amino acids to
enhance the side-chain packing search), AlphaRMSD (to evaluate a-helicity
within the NC), and two Coordination Number CVs (measuring the number of
hydrophobic contacts within the NC and the contacts between the NC and the
ribosome surface). Electrostatic interactions above a cutoff of 0.9 nm were
treated with the particle-mesh Ewald method (63), whereas for Lennard-Jones
interactions, a 1.2 nm cutoff was used. Bond lengths were constrained with
the LINCS algorithm (64), and the time step for the simulation was set to 2.0
fs. Exchange between replicas was attempted every 10 ps according to a
replica-exchange scheme and well-tempered scheme (18), with a bias factor of
10 to rescale the added bias potential. The convergence of the simulation was
assessed based on the free energy profiles calculated for each CV as an aver-
age over the last 100 ns of simulations (S/ Appendix, Fig. S4A).
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Trajectory Analysis. The analysis of the metadynamics trajectory and the
assignment of microstates was carried out in VMD software (65) using the
METAGUI plugin (66) and Plumed 2.1 (62). The sketch-map algorithm (20) was
used to generate low-dimensional representations of the MD trajectory
described in the dihedral angle space. The obtained sketch-map coordinates
were used to plot the 2D free energy landscape. Interactions between the NC
and the ribosome were calculated from the trajectory using MDAnalysis
python library (67) and represented using a circular plot generated with Circos
(68). Chemical shifts were back-calculated using the ChemShift method (69).
All other structural properties from the MD ensemble were calculated in VMD
or using Python and the MDAnalysis library.

In-Cell NMR Samples. Cell cultures of 2H,"5N-labeled RNCs and isolated aSyn K/
Es_60 (without Hisg and TEV cleavage site) were produced using the high cell
density growths as described for purified samples and in which the cells were
progressively adapted into deuterated isotopes. After harvesting, the cell pel-
let was washed twice, each time by gently resuspending in in-cell NMR buffer
(75 mM bis Tris propane, 75 mM Hepes, 25 mM MgCl,, pH 7.5) followed by
centrifugation. The resulting pellet was resuspended as a 40% (wt/vol) slurry
in in-cell NMR buffer, 10% (vol/vol) D,0O, and 0.01% (vol/vol) DSS. Cell viability
was monitored by plating colony tests, with no discernible difference between
the NMR sample at the start and end of data acquisition. To minimize the pop-
ulation of intracellular, ribosome-released species, an arrest-enhanced stalling
motif [based on SecM deriving from Mannheimia succiniciproducens (70)] was
used for in-cell NMR measurements.

Preparation of Reconstituted Cytosol. Lyophilized E. coli lysate was prepared
based upon a previous protocol (71). A starter culture of BL21(DE3) cells in LB
was used to inoculate 500 mL of MDG media (50 mM NH,Cl, 25 mM Na,HPO,,
5 mM Na,SOs3, 4 g/L glucose, 2 g/L L-aspartic acid, pH 7.0, 2 mM MgSO,, 0.2%
trace metals [100% trace metals: 50 mM FeCl, (dissolved in 0.1 M HCl), 20 mM
CaCly, 1 mM MnCl,, 1 mM ZnSO,4, 2 mM CoCl,, 2 mM CuCl,, 2 mM NiCl,, 2 mM
Na,MoO,, 2 mM Na,SeOs, 2 mM H3BOs3]). The cells were incubated for 18 h at
37°C and harvested by centrifugation. The cell pellet was washed twice by
resuspension in EM9 salts (25 mM Na,HPO,4, 25 mM KH,PO,4, 50 mM Nadl, pH
8.0) followed by centrifugation (4,000 rpm, 30 min, 4 °C). The cells were then
resuspended in EM9 media (EM9 salts supplemented with 2.5 mM MgSO,,
100 uM Cadl, 2 g/L glucose, 0.25% BME vitamins [Sigma], and 0.0125% trace
metals) containing isotopes (2 g/L ">NH,Cl) and 1 mM isopropyl B-D-1-thioga-
lactopyranoside. After incubating for 10 min at 30°C, rifampicin was added
to 150 pg/L and the cells were incubated for 30 min at 30 °C. Cells were har-
vested and lysed in Tico buffer by French press, and then the cellular debris
was pelleted. The supernatant was filtered (0.22 pm) and then lyophilized.
The resulting powder was resuspended into Tico buffer, and the pH was
adjusted to 7.0. The mixture was then lyophilized again in single-use aliquots
and stored at —80°C. The mass fraction of protein in the cell extract was
determined by bicinchoninic acid assay and found to be 65.4 + 7.5%, consistent
with the protein content of E. coli cells (72).

Data Availability. All study data are included in the article and/or SI Appendlix.
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