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Introduction 
• Experiments indicate that large proteins fold to their 

native structure faster in the cell than in dilute solution.1 

• Studies suggest the ribosome may play a role in this 
process by allowing proteins to form α-helices inside its 
tunnel during protein synthesis but experiments indicate 
this process is sequence dependent.1,2 
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•  Our extensive atomically detailed MD simulations with 
open CNTs highlight the importance of water in 
determining the conformation of polymers in nanoscale 
confinement. 
•  Polyalanine forms a thermodynamically stable α-helix 

inside the open CNT which is different from previous 
studies using periodically replicated CNTs.4 
•  Polyserine does not from an α-helix inside the CNT. We 

attribute this to the solvent mediated repulsion between 
the surface of the helix and the CNT. 
•  We intend to extend our results to surfaces with mixed 

polarity. We also intend to further characterize water in 
these systems. 

• Our group has performed MD simulations of non-polar 
(Alanine23) and polar (Serine23) polypeptides inserted into 
carbon nanotubes (CNT) open to a water bath. 

 
        Alanine     Serine 
 
• We would like to elucidate water’s crucial role in 

determining the preferred conformation of proteins in 
these confining geometries. 
• We also would like to determine the thermodynamics of 

the α-helix-coil transition inside nanoscale confinement. 
• We hope this will inform future studies on the ribosome 

tunnel. 
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lation, of the fungal arg2/CPA1 and human cytomegalo-
virus (hCMV) gp48 genes (Figure 3c). The stalling capa-
bility of leader peptides can be intrinsic to the peptide
sequences, as seen for the SecM [36], MifM [37] or hCMV
gp24 [38,39] leader peptides, or require additional extrin-
sic co-effector molecules, such as free amino acids [40–42]
or antibiotics [43]. For example, TnaC stalling requires
high levels of free tryptophan, which leads to up-regula-
tion of the tryptophanase TnaA and a tryptophan-specific
permease TnaB (Figure 3a). Likewise, antibiotic-
induced stalling leads to up-regulation of antibiotic resist-
ance genes, for example, erythromycin-induced ErmCL
stalling leads to up-regulation of ErmC (Figure 3b), a
methyltransferase that confers macrolide resistance by
modifying the large subunit rRNA. Lastly, it is worth
distinguishing between stalling that occurs during trans-
lation elongation (SecM, ErmCL, and CatA86) versus
during translation termination (TnaC, AAP, and CMV),
although studies indicate that some leader peptides can
stall during both elongation and termination (TnaC [40]
and AAP [44,45]). Nevertheless, in all these cases, stalling
requires a specific interaction between distinct residues in
the NC and components of the ribosomal tunnel.

Interaction of the NC with the tunnel
Cryo-EM structures of eukaryotic ribosomes stalled
during translation of the uORFs of AAP and CMV
[17!] as well as bacterial ribosomes stalled during trans-
lation of TnaC [15!!] and SecM [18!!] have provided
insight into the distinct pathways and conformations of
the NCs in the tunnel as well as interactions between the
NCs and tunnel wall components (Figure 4a–d).
Although the AAP-NC appears to be compacted adjacent
to the PTC, the TnaC-NCs, SecM-NCs, and CMV-NCs
are extended throughout the upper and central regions of
the tunnel. Some degree of compaction is however
observed in all four stalling peptides in the lower regions
of the tunnel [17!], where helix formation has been
observed previously [16!!,27,30]. Despite these differ-
ences, there is a surprising similarity in the set of tunnel
components that the various NCs interact with
(Figure 4a–d). These encompass rRNA nucleotides, in
the mid-upper tunnel (U2585, A2062, A2058, U2609;
Escherichia coli numbering used throughout), as well as
r-proteins (L4 and L17/L22), at the tunnel constriction
(Figure 4a–d), many of which have been shown by
mutagenesis studies to be critical for translational stalling
of particular leader peptides (Figure 4e) [36,46–48,49!!].
These nucleotides are generally in close proximity to NC
residues that are also essential for stalling (Figure 4a–d)
[38–42,46]; however, higher resolution structures will be
required to discern the nature/details of the interactions.
Nevertheless, it is clear from biochemical studies with
SecM stalling that while some NC residues are critical for
stalling, others may form contacts to aid in the placement
of neighbouring critical residues and thus appear to
exhibit some plasticity in terms of sequence [50!].
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Protein folding within the ribosomal tunnel. (a) Transverse section through
the eukaryotic ribosome to reveal an enlargement of the tunnel and the Helix
1 (yellow, left) and Helix 2 (blue, right) peptidyl-tRNAs (overview shown in
central panel). (b) Isolated densities (surface) and molecular models for the
Helix 1 (orange, left) and Helix 2 (blue, right). The sequence (Seq.) of the Helix
1 NC is given with secondary structure prediction (Pred.) and probability
(Prob.) determined using PSIPRED. (c) Schematic comparing structural
(cryo-EM [16!!]) and biochemical (FRET [30] and pegylation [27,28,29!!,
62,63]) studies delineating the regions of the tunnel regions where helical or
compacted conformations of distinct NCs has been observed.
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• Molecular dynamics (MD) simulations of model systems 
relevant to these experiments display conflicting 
behavior. Simulations without water reveal α-helix 
stabilization due to a dramatic reduction of entropy of the 
coiled state upon confinement3, however, MD simulations 
with water show the opposite effect with the α-helix 
destabilized upon confinement.4 

Replica Exchange Molecular Dynamics (REMD): 
•  62-88 replicas spanning the temperature range 

280-500 K simulated in the NPT ensemble using 
GROMACS 5.1.1 

•  Langevin dynamics to control the temperature. 
•  Berendsen pressure coupling 
•  CHARMM36 and AMBER99SB*-ILDN force fields 
•  Bulk water and D = 12.2, 13.6, 14.9, 16.3, 20.4 and 

35.3 Å CNTs 
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Figure 1: Summary of experimental studies on the ribosome tunnel 
(picture left).2 

Figure 2: Average number 
of helical residues from 
MD simulations of 
polyalanine in periodically 
replicated CNTs with 
water.4 

Figure 3: Representative conformations of Ala23 in CNT of diameters 
D=12.2, 13.6, 14.9, 16.3, 20.4, and 35.3 Å from the CHARMM36 force 
field. 

Figure 4: (Left) Definition of helicity and a plot of helicity vs D. (Right) 
A phase diagram of helicity in the (D, λ) plane with an expression for 
the Lennard-Jones potential scaled by λ for the CNT. 

Figure 5: Ramachandran potentials of mean force for Ala23 in bulk 
water and in the D=13.6 Å CNT for both force fields. 
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Figure 6: Thermodynamics of the coil-helix transition for Ala23 in bulk 
water and in the D=13.6 Å CNT for different λ. 

Figure 7: Electrostatic potential for Ala23 as a coil and as a helix. The 
polar surface of the coil experiences a solvent mediated repulsion from 
the CNT while the non-polar surface of the helix experiences a solvent 
mediated attraction. This drives helix formation in the CNT.5 
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Figure 8: Electrostatic potential for Ser23 as a coil and as a helix. The 
polar surface of the coil experiences a solvent mediated repulsion from 
the CNT but so does the polar surface of the helix. This opposes helix 
formation in the CNT.5 
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4. Implications of interaction of nascent 
polypeptide chains within the ribosomal 
tunnel

Because of the high structural conservation of the 
 ribosomal tunnel between eukaryotes and prokaryo-
tes, it is possible to make a direct comparison between 
the interaction pattern of a non-stalling nascent chain 
such as that present in the 80S•Helix 1-RNC (Bhushan 
et al., 2010), with a stalling sequence, such as the TnaC 
leader peptide present in the 70S•TnaC-RNC (Seidelt 
et al., 2009) (Figure 5). In the cryo-EM structure of the 
70S•TnaC-RNC, multiple contacts are observed from 
the C-terminal region of the peptide to a distinct set 
of ribosomal components, consistent with the con-
servation and importance of this region for inducing 
translational stalling. Interestingly, in the upper re-
gion of the tunnel of the 80S•Helix 1-RNC, interac-

tion between the nascent chains and a subset of these 
components is also observed (Figure 3), for example, 
with the regions in the vicinity of A2062 and A751 (E. 
coli numbering) of the large subunit rRNA as well as 
the loops of ribosomal proteins L4 and L17 (L22 in 
bacteria) located at the constriction. The fact that the 
contacts observed here for non-stalling sequences are 
similar in location to those predicted for some of the 
known stalling leader peptides may indicate that these 
regions of the tunnel represent functional hotspots for 
tunnel-nascent chain interaction. 

In addition to inducing translational stalling, the 
interaction between nascent polypeptide chains and 
the ribosomal tunnel can regulate the rate of transla-
tion (Lu and Deutsch, 2008) and has been suggested to 
act as a signal to recruit chaperones and translocation 
machinery at the tunnel exit site (reviewed by (Kramer 
et al., 2009; Cabrita et al., 2010)). Moreover, allow-

Fig. 5 Schematic view of (A) the bacterial TnaC•70S-RNC, with 
the eukaryotic (B) 80S•Helix 1-RNC, indicating the specific regions 

of the ribosomal tunnel that contribute to protein folding or trans-
lational stalling.
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