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Translocation intermediates of ubiquitin through
an a-hemolysin nanopore: implications for
detection of post-translational modifications¥

Emma Letizia Bonome,? Fabio Cecconi & and Mauro Chinappi@ *C

Nanopore based sensors constitute a promising approach to single molecule protein characterization
being able, in principle, to detect sequences, structural elements and folding states of proteins and poly-
peptide chains. In narrow nanopores, one of the open issues concerns the coupling between unfolding
and translocation. Here, we studied the ubiquitin translocation in an a-hemolysin nanopore, the most
widely used pore for nanopore sensing, via all-atom molecular dynamics simulations. We completely
characterize the co-translocational unfolding pathway finding that robust translocation intermediates are
associated with the rearrangement of secondary structural elements, as also confirmed by coarse grained
simulations. An interesting recurrent pattern is the clogging of the a-hemolysin constriction by an
N-terminal p-hairpin. This region of ubiquitin is the target of several post-translational modifications. We
propose a strategy to detect post-translational modifications at the N-terminal using the a-hemolysin
nanopore based on the comparison of the co-translocational unfolding signals associated with modified

rsc.li/nanoscale and unmodified proteins.

Introduction

Nanopore devices are emerging as enabling technologies to
achieve reliable, fast and point-of-care protocols for fundamen-
tal biology and biomedical applications. One of the main fea-
tures of nanopore-based sensing devices is their capability of
operating at a single molecule level, i.e. the signal is due to the
interaction of a single molecule with the nanopore. In the pro-
teomic field, nanopores have been proposed for a number of
different tasks® such as analysis of proteins and peptide
folding,****6°%%  determination =~ of  conformational
changes, interaction with DNA,”> aggregation of proteins
and amyloids®>*® and discrimination between different peptide
chains.'®**?* Moreover, the capability of specific molecules to
alter the translocation probabilities of peptides has been used
to propose a nanopore based sensor for the detection of uranil
ions.”> Interestingly, recent studies show that even modifications
of few amino acids can be distinguished>*® and that graphene
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nanogap devices can potentially sense single peptide bonds,
suggesting possible applications for protein sequencing.

Beside the larger variety of pores employed (solid-
state! 2627365065 or hiological®**°*%?*) and the number of
different sensing strategies, there are three fundamental issues
in nanopore based devices:'® (i) capture, the molecule in the
bulk of the reservoir has to move in the pore region and
engage the pore, (ii) residence, the molecule has to reside in
the pore for a time interval long enough to record a stable
signal and (iii) distinguishability, different molecules (or
different conformations of the same molecule) have to leave
different signals.

In the context of protein and peptide sensing, all these
three issues are challenging. A combination of electrophoresis
and electroosmotic contribution is potentially able to control
the capture and translocation speed,*'®'"%2%%2 while, con-
cerning distinguishability, the wunivocal correspondence
between signals and protein conformations inside the pore is
not straightforward.

Few years ago, Rodriguez-Larrea and Bayley proposed a
generic strategy to import and translocate folded proteins
independent of their charge. They covalently added an oligo-
nucleotide to one of the two protein terminals. This enables a
voltage-driven unidirectional movement through a nanopore.
The narrower section of the oHL pore is smaller than the
typical size of folded globular proteins, hence, protein trans-
location is necessarily associated with its unfolding. This co-
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translocational unfolding process resulted in a multilevel
current signal that can be interpreted as a multistep transloca-
tion similar to the one previously observed in coarse grained
simulations.®**°" All-atom molecular dynamics simulations in
oHL and graphene nanopores showed that the multistep trans-
location is mainly ruled by the native state features of the
translocating proteins.”*’ Interestingly, Rosen et al.*® showed
that the presence of phosphorylation sites alters the current
level associated with the co-translocational unfolding pathway
of Thioredoxin. Another promising generic strategy for control-
ling translocation of the folded protein was proposed by Nivala
and Akeson*"*> where the translocation was carried out by the
action of the AAA + unfoldase ClpX protein that acts on a histi-
dine tag added to the protein terminal.

These promising results leave open several interesting ques-
tions. From the biophysical point of view, the link between the
protein native state and the multistep co-translocational
unfolding pathway needs to be clarified, supporting the
current picture with additional cases concerning different pro-
teins. This should allow assessing which features are generic
and which are specific of protein-pore interactions. On the
biomedical application side, it is not clear how to exploit mul-
tistep translocation for specific biochemical analysis. Indeed,
although multistep translocation does not provide a full
control of the translocation speed, its high reproducibility
suggests that the differences in the translocation pathways can
be used to detect specific protein features. In this framework,
coarse grained>'®!7:20:30:49:61 and all-atom®***%°” simulations
have been shown to be reliable tools to investigate the translo-
cation unfolding and translocation pathways.

In this work, we present a computational study on the co-
translocation unfolding of ubiquitin (Ubq) through the
a-hemolysin nanopore («HL). We explored both pulling direc-
tions, i.e. Ubq is pulled through the aHL nanopore from either
its N- or C-terminus. We find that, in both cases, the co-trans-
locational unfolding is a multistep process where Ubq gets
stuck along the pore in long-lived states, termed translocation
intermediates (or stalls). The more evident ones are associated
with specific structural rearrangements of Ubq secondary and
tertiary structures. These translocation intermediates are
highly reproducible among the different simulation replicas.
Other translocation intermediates are associated with contin-
gent interactions between the unfolded region of the Ubq and
the pore. These stalls are shorter and less reproducible among
the different replicas. Interestingly, a recurrent pattern in the
co-translocational unfolding is the clogging of the oaHL con-
striction by an N-terminal p-hairpin. This region can be the
target of several post-translational modifications (PTMs). An
approach to exploit the co-translocational unfolding pathway
to characterize the PTMs is discussed.

Methodology

Simulations were performed using the NAMD software.*” The
CHARMM36 force field'>** was employed to model lipids, pro-
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teins and TIP3P water molecules.>®> NBFIX corrections were
applied for ions.*® The particle mesh Ewald (PME) summation
method is used for the electrostatics.®

System set-up

The system consists of two main elements: (i) the aHL channel
embedded in a lipid membrane and (ii) the ubiquitin protein
(Ubq). The oHL structure (pdb id: 7AHL)’® was downloaded
from the OPM database.’” The membrane is constituted of a
phosphatidylcholine (POPC) lipid bilayer. The system is built
and equilibrated following protocols already reported in the
literature™* and described in our previous work.'® The final
configuration of the aHL-membrane system, including water
and ions (2 M KCl), is a periodic box of dimensions L, =
126.49 A, L,, = 124.61 A and L, = 217.5 A and the number of
atoms is ~370 000. Ubiquitin (pdb_id: 1UBQ®") is solvated and
ionized (2 M KCl) using the VMD software®' and independently
pre-equilibrated. The Ubq box dimensions after a constant area
NPT equilibration are Ly, = Ly, Ly, = Ly; and Ly, = 233 A. Then,
the two systems were merged and equilibrated for additional 2
ns (flexible cell, constant area NPT, T = 310 K, P = 1 atm). The
resulting periodic box has dimensions Ly; = 126.49 A, L; =
124.61 A and L,; = 435 A. The relatively large size in z allows the
fully stretched Ubq to be accommodated in the z-direction. The
full system is constituted of 681 519 atoms.

Dedicated steered molecular dynamics simulations were
employed to bring the Ubq at the pore vestibule entrance (cis
side). In particular, the protein terminus (C or N) is placed at
~10 A above the aHL cis entrance before translocation runs.
Fig. 1B shows the system configuration at the end of the equili-
bration for the C-pulling simulation.

A) ([@e B)

34 z (A)

N-ter +50
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Fig. 1 System components and simulation set-up. Panel A reports the
ubiquitin (Ubq) topological diagram.®° Yellow arrows correspond to beta
strands while helices are represented as cylinders (magenta for standard
a-helices and blue for 3—10 helices). Panel B reports a sketch of the
pore region before the translocation. The aHL nanopore is embedded in
a lipid bilayer and the Ubq is placed at ~10 A above the cis entrance.
Water is not reported, while ClI™ and K* atoms are represented as red
and blue dots in the electrolyte solution. The panel refers to the pulling
from the C-terminus. The origin of the reference system is in the center
of the pore constriction with the z-axis laying along the pore axis and
oriented from trans to cis. Consequently, aHL roughly corresponds to
the region —-50 A<z <50 A.
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Non-equilibrium simulations

The protein translocation pathway is explored by constant vel-
ocity (cvSMD) and constant force (cfSMD) steered molecular
dynamics.*® For ¢fSMD runs, a force F = (0,0,F) is applied to the
a-carbon of the pulled terminus. In the cvSMD, the a-carbon of
the pulled terminus is attached to a dummy atom via a virtual
spring. This dummy atom is moved at a constant velocity v par-
allel to the z-direction and the force F, acting on the pulled ter-
minus is measured.®® Fig. S1t reports the time evolution of the
z-component of F, for a pulling velocity |v| = 0.025 A ps™". It is
apparent that the force needed to unfold the Ubq is ~1 nN.
This information provides an order of magnitude of tentative
values of the constant force F to be applied in the cfSMD proto-
col in order to get a complete multistep translocation in a time
window that can be explored by all-atom MD simulations.’

Results

The ubiquitin (Ubq) is a small protein constituted of 76 amino
acids. Fig. 1A shows its topological diagram.®® The structure of
Ubq is characterized by one B-sheet, formed by five p-strands
(B1-p5), an a-helix HA and two 3;,-helices, HB and HC. To
investigate the Ubq translocation pathway, we performed a set
of constant force steered molecular dynamics simulations
(cfSMDs),** where a force F parallel to the z-direction is
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applied to the a-carbon of the C or N-terminus. In the next two
sections, we discussed the N and C-terminus cases.

C-Terminus pulling

We have selected three different force values: F; = 0.75 nN, F, =
0.65 nN and F; = 0.6 nN. We performed several simulations,
each one of them is labelled by a code TFS,, with T being the
pulling terminus (C or N), F the code for the force (e.g. 1 for Fy,
2 for F,, 3 for F3), and S = Q means that the run starts from the
native state, whereas S = Y means a restart from a specific
translocation stage, see below. Since we performed several
replicas for each simulation, we used the subscript x to indi-
cate the replica index. Table S17 reports the list of all the simu-
lations for C- and N-pulling.

For C-pulling, a common overall co-translocational unfold-
ing pathway emerges from our simulations. As a first step, the
strand 5 unfolds and enters the pore. This step splits the
native conformation into two structural clusters packing
against each other in the Ubq fold. The first cluster includes
f1, p2 and HA, while the second one includes 3 and p4 and
HC. This split into two halves has been conjectured in the free
pulling experiments of poly-Ubq by Schlierf et al.,”” and then
seen by Irback et al.** in the simulations of single Ubq pulling.
The co-translocational unfolding of the second cluster is
associated with stall T and II, while stall IIT, IV and V are associ-
ated with elements of the first cluster, Fig. 2. In particular,

aHL

| | 1 | | |
0 5 10 15 20 25 30 35
time [ns]

Fig. 2 C-Terminus pulling. (A) Time evolution of the position zc of the a-carbon of the C-terminus for the simulation starting from the native state
pulled with a force F, = 0.65 nN, simulation code C2€Q;. The grey rectangle represents the aHL region, —=50 A < z < 50 A. The translocation starts with
the C-terminus coil (residues 71-76) entering in the cis side of the pore. In this initial stage, indicated as 0, all the secondary structure elements are
still folded. Then, three different stalls (I, 11, 11l) are apparent, with the corresponding translocation intermediates being reported in panels C, D and E,
respectively. For simulation C2Q;, the Ubqg does not complete the translocation in a time window of 50 ns (not shown) and gets stuck in the translo-
cation intermediate Ill. (B) Complete protein unfolding. The blue line refers to the translocation pathway already shown in panel A, while the red line
corresponds to the simulation C2Y; obtained using an initial conformation just after stall lll (see text). In the red curve, two additional stalls, IV and V
corresponding to the conformations reported in panels F and G, are apparent.

9922 | Nanoscale, 2019, 11, 9920-9930 This journal is © The Royal Society of Chemistry 2019


https://doi.org/10.1039/c8nr10492a

Published on 17 April 2019. Downloaded by CONSIGLIO NAZIONALE DELLE on 7/7/2023 4:49:44 PM.

Nanoscale

stall IV and V are both due to the hairpin formed by 1 and 2.
In stall 1V, the hairpin remains blocked outside the aHL vesti-
bule, while in stall V, it clogs the pore constriction. As dis-
cussed in the last section, this occurrence could be employed
to sense specific post-translational modifications. The next
paragraphs describe in detail the overall pathway and the com-
putational results.

C-Pulling stalls I, II and III. Fig. 2A reports the time evol-
ution of the position z¢ of the a-carbon of the C-terminus for
the simulation starting from the native conformation €,
Fig. 1B, pulled with force F, (simulation code C2€,). The
origin of the reference system is at the pore constriction and
the z-axis points toward the vestibule, so that the translocation
corresponds to a decrease of zc. The simulation starts with
Ubq placed ~10 A above the pore cis entrance, z¢ ~ 60 A. In the
first part of the translocation, the Ubq reaches the cis entrance
in the native state. The C-terminus coiled structure (residues
71-76) easily enters the pore and the translocation slows down
only when f5 reaches the pore entrance (z¢ = 30 A). After this,
the native secondary structure elements begin to unfold, start-
ing from the strand f5. The translocation smoothly proceeds
until stall I is observed at times in the range 3 ns < ¢ < 4 ns (at
which z¢ ~ —5 A). The corresponding translocation intermedi-
ate is represented in Fig. 2C. The native p-sheet, p5-p1 is no
more present, but all the other secondary structure elements
are still folded and are stuck at the pore entrance. Then, B4
and B3 unfold and partially enter the pore. The subsequent
stall, corresponding to z¢ = —20 A and times 5 ns < ¢ < 7 ns, is
characterized by staying outside the pore of the remaining sec-
ondary elements, HB, HA, 2 and f1, see the translocation
intermediate II in Fig. 2D. At the same time, the residues
41-49, natively belonging to p3 and p4, occupy the pore vesti-
bule in a random coil conformation, possibly forming isolated
bridges as shown in Fig. S21 (frame 102). The translocation of
this random coil is characterized by a sequence of short stalls
corresponding to small rearrangements of this unfolded
region, —50 A <25 < =20 A, in the time interval 7 ns < ¢ < 10
ns, that end when the C-terminus moiety (residues 40-76) is
completely stretched, while the N-terminus elements (HA, (2
and p1) are still folded and clog the pore entrance, transloca-
tion intermediate III, Fig. 2E, zc = —80 A, 10 ns < ¢ < 15 ns.
This conformation is not unfolded by the force F, in a time
window of 50 ns (data not shown).

To overcome this stall and explore the complete unfolding
pathway, we have performed a set of 5 independent cfSMDs
using the higher force F; starting from the native confor-
mation Q (code = C1Q,, with x = 1, ---, 5). Four of them result
in a complete translocation in a time window T,, = 20 ns, see
Fig. S3,1 while for one of them, the protein stalls in a transloca-
tion intermediate corresponding to z¢ = —180 A, see Fig. S3(D).t
In all the C1Q, simulations, stall I and III are always present
(although, in several cases, they are less evident when com-
pared to the C2Q; simulation discussed above). Stall II,
instead, is not always present. We have attributed this occur-
rence to the lack of secondary structural elements associated
with stall II. In other words, stalls associated with transloca-
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tion intermediates linked to specific secondary structure
rearrangements are reproducible, while stalls due to contin-
gent interaction between random coils and the pore walls, are
not strictly reproducible among the different realizations of
the translocation process.

C-Pulling stalls IV and V. To complete the translocation
pathway, we have selected the first conformation after stall III
in the C1Q, run (Fig. S41) and have used it as the initial con-
dition, dubbed Y, for simulations at force F,. Fig. 2B shows
the complete time evolution of z¢ where the first part (blue) is
the already discussed translocation pathway of C2Q,, and the
second part (red) corresponds to the simulation C2Y;. After
stall III, the translocation is characterized by the unfolding of
HA while the p2 and p1 are folded. In particular, 2 and p1 are
parallel to the pore entrance, Fig. 2F (stall IV, zc = —155 A and
17 ns <t < 20 ns). Then, the two p-strands rotate, enter the ves-
tibule, and get stuck at the pore constriction (stall V, z¢ =
—205 A at times 23 ns < ¢ < 28 ns, Fig. 2G). After stall V, $2 and
f1 unfold and the translocation curve rapidly drops. The
described phenomenology also occurs in the other replicas,
see Fig. S5 (code C2Y,). As a further confirmation of the
described scenario, we performed a set of five independent
simulations with a smaller force F; = 0.6 nN, (code C3Y,). In
almost all simulations, stalls IV and V are present, see Fig. S6.t

Our results can be compared with those of Xu et al.®” where
Ubq unfolding through the carbon nanotube is investigated
via a cvSMD protocol. Xu et al.®” observed distinct structural
arrangements (motifs) that remain intact as the protein is
pulled through the nanopore. The motifs they identified are
very similar to translocation intermediates I, II, III and IV,
although, in our case, stall II is characterized by the unfolding
of residues 41-49, natively belonging to p3 and p4.

In summary, our C-pulling simulations indicate that,
during the translocation, the Ubq alternates phases where it
smoothly unfolds to stalls where portions of the protein are
blocked in translocation intermediates that appear to be
associated with specific secondary structural elements. A
similar scenario, characterized by a wealth of intermediates,
was f also ound in the co-translocational folding-unfolding of
RNA structures. Precisely, a nanopore pulling assay has been
used for dissecting the sequential unfolding mechanism of
pseudoknots that constitute longlived intermediates in RNA
molecules.®>”® Our simulations show that intermediates
associated with specific secondary structural elements are
highly reproducible among the replicas. Interestingly, the
difference between the structures of the same intermediate in
different replicas, measured as RMSD, is just a few Angstrom
(see the structural analysis discussed in section S3 of the ESIt)
indicating that actually the translocation intermediates invol-
ving folded structures, are very similar. Instead, intermediates
due to contingent interaction with the pore wall, do not occur
in all the replicas.

N-Pulling

Fig. 3A shows the typical time evolution of the position zy for
the simulation starting from the native conformation Q using

Nanoscale, 2019, 11, 9920-9930 | 9923
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Fig. 3 N-Terminus pulling. (A) Time evolution of the position zy of the
a-carbon of the N-terminus for the simulation starting from the native
state pulled into the nanopore by a force F, = 0.65 nN, simulation code
N2Q;. The gray rectangle represents the region corresponding to oHL,
—-50 A < z < 50 A. The translocation starts with the N-terminus coil (resi-
dues 1-2) entering in the cis entrance pore. In this initial stage, indicated
as 0, all the secondary structure elements are still folded. Then, two
different stalls, | and Il, occur, with the corresponding translocation inter-
mediates being reported in panels C and D, respectively. For simulation
N2Qy, the protein does not complete the translocation and gets stuck in
the intermediate II. (B) Complete protein unfolding. The blue line refers to
the translocation pathway already shown in panel A, while the red line
corresponds to the simulation N2Y; obtained using an initial confor-
mation just after stall Il (see the text). In the red curve, one additional stall,
I, corresponding to the conformation reported in panels E, is apparent.
(C—E) Snapshots of the translocation intermediates I-III.

a pulling force F, = 0.65 nN (code = N2Q;). During the translo-
cation, two stalls (I and II) occur. As soon as the Ubq touches
the pore, it gets stuck at the cis entrance and a short stall, 0, is
observed at zy = 30 A. All the secondary structure elements are
still folded although the tertiary structure is only slightly
deformed. Then, p1, p2, and a part of HA unfold and translo-
cate into the nanopore. Stall I, occurring at zy = —35 A in the
time interval 5 ns < ¢ < 12 ns, is characterized by the presence
in the pore vestibule of the secondary structural elements HB
(partially folded), HA, p3, p4, HC and f5, as shown in Fig. 3C.
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After this stall, the translocation is characterized by several
short stalls, corresponding to the progressive unfolding of the
HA (=100 A < zy < =75 A and 13 ns < ¢ < 15 ns), and p5, while
B3, p4 and HC are folded and still blocked in the vestibule,
Fig. 3D, stall I (zy = =120 A and 20 ns < ¢ < 35 ns). The resi-
dues 66-71, natively belonging to p5, occupy the pore vestibule
in a random coil conformation; this conformation is not
unfolded by the force F, in a time window of ~40 ns. To over-
come this stall and explore the complete unfolding pathway, the
same approach presented for the C-pulling has been used, i.e.
we selected a conformation Y just after stall II, see Fig. S8.f
Fig. 3B shows the complete time evolution of zy. After stall II,
the beta strands 3 and p4 unfold and the proteins get stuck
into the vestibule in a random coil, stall III, Fig. 3E. As this
unstructured coil disentangles, the translocation proceeds with
only short and not reproducible stalls associated with inter-
actions between Ubq and the pore. The presented co-transloca-
tional unfolding pathway is confirmed by four additional inde-
pendent replicas at F,, code N2Y,, Fig. S9,7 and five replicas at
F; = 0.75 nN, Fig. S7.1 With the exception of a single replica, all
the runs share the same sequence of translocation intermedi-
ates. Also in this case, the other stalls that appear in the zy plots
are not associated with secondary structure rearrangements but
to contingent interactions between Ubq and the pore walls.

The main difference between C-pulling and N-pulling cases
is that for C-pulling, the unfolding mainly occurs at the cis
entrance (stalls I-IV) while, for N-pulling, the Ubq enters the
vestibule after stall I. From the structural point of view, this
difference is associated with the different unfolding of the
helix HA. Indeed, HA is the largest secondary structure
element and Ubq can enter the vestibule only after HA
unfolds. In N-pulling, HA unfolds in the first stages of translo-
cation (HA is close to the N-term, see the topological diagram
in Fig. 1) allowing the protein to soon enter the vestibule just
after stall I. In C-pulling, instead, HA unfolds only in the last
stages of the translocation, after stall III.

Native structure signature in co-translocational unfolding

In order to better clarify the role of native structure elements
on the co-translocational unfolding pathway, we employed the
backward burial analysis.” The backward burial analysis is a
simple method to attempt to predict the translocation pathway
from the native structure, Bacci et al,” that was shown to
provide useful insight into the analysis of Thioredoxin co-
translocational unfolding.”® The backward burial of a residue i
is the number of long-range native contacts that are formed
with the untranslocated portion of the chain. For C-pulling
and N-pulling, the expressions for the backward burial of the
i-th residue are

i—0 m
Bo(i) =Y 4y Bn(i)= > 4y, (1)
Jj=1 J=ito

where A is the contact matrix, in our case, A; = 1 if the Ca of
residues i and j in the native structure are within 7.5 A and 0
otherwise, m is the total number of residues and § is set in
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order to only include interactions that are far enough in the
sequence, here |i — j| > § = 5. In essence, backward burial is a
measure of the interaction of a residue with the untranslocated
portion of the proteins, assumed to be in a folded state.

Fig. 4A reports B¢(i) and By(i). For C-pulling (red, right verti-
cal axis), the backward burial plot has to be read from right to
left, i.e. from the residue 76 (C-terminal) to residue 1. The first
peak is located in the portion of the chain corresponding to
B5, i.e. i ~ 66-71 and it is due to the interaction of 5 with f1
and B3, see also the contact map in Fig. 4B. This peak is the
one that causes stall 0, where the protein is completely folded
outside the pore. The second peak arises in the region i ~
56-68 and refers to the interaction between HC and the loop
of f2 and HA and roughly corresponds to the rearrangement
involved in stalls I and II. These first two peaks in Bs show a
good correspondence with the co-translocational unfolding
pathway. Instead, stall III is not associated with a peak in the
B since it is mainly due to the unfolding of HA that is trans-
versally stuck at the pore entrance, see Fig. 2E. Finally, the B¢
profile in Fig. 4A predicts stalls IV and V involving the residues
11-18; the latter being associated with the unzipping of the
p1-p2 hairpin.
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A similar analysis can be performed for N-pulling, blue areas
in Fig. 4A to be read from left to right, ie. from residue 1
(N-terminal), to residue 76. The first peak, residues ~1-8, corres-
ponds to the interaction of 1 with 2 and 5 and it is associated
with the first stall 0 when the entire protein is outside the pore
and almost completely folded. Stall I is associated with the con-
tacts between the loop connecting f2 to HA, residues ~17-23,
with the loop connecting 4 to HC, residues 50-57. Similarly,
the third peak, residues ~40-45, corresponds to the interaction
among B3, f5 and B4 and it is associated with stall II. In stall III,
instead, all the secondary structures are unfolded, so, no infor-
mation can be extracted from the native structure analysis.

As a further check of the crucial influence of the native struc-
ture on the co-translocational unfolding pathway, we performed
coarse grained simulations of the Ubq translocation. The
protein is modelled using a weighted version of the GO
model,'>?*! while the aHL pore is modelled as two coaxial con-
fining cylinders: a larger one for the vestibule and a narrower
one for the barrel, see Fig. 4E, with the details being reported in
section S1 of the ESLt Such a coarse grained model allows to
collect a large number of translocation events using limited
computational resources. To describe the co-translocational

L=

Residence time

C-ter C)

B1 B2 HA HB B3 B4 HC Bs

Fig. 4 Native structure signature in co-translocational unfolding. (A) Backward burial. The horizontal axis reports the index of the residue. A sketch
of the secondary structure is reported in the bottom of the graph (yellow rectangles refer to -strands, while magenta and blue rectangles refer to a
and 3-10 helices). Blue areas refer to N-pulling. Red areas refer to C-pulling and the backward burial axis for B¢ is reversed; see the red left y-label.
The roman digits refer to the correspondence between some of the stalls observed in the co-translocational unfolding simulations and the backward
burial graph. (B) Contact map 4;. Points refer to 4; = 1, i.e. the Cu of residues i and j in the native structure are within 7.5 A. (C) Cartoon view of the
Ubq native structure (pdb_id: 1UBQ®%). Image drawn using the VMD software.*! (D) Coarse grained simulations. Histogram of residence time. N, is
the number of residues that have not yet crossed the constriction. The residence time is rescaled by the average residence time between stall IV and
V. The peaks at 30 < N5, < 35 and 11 < N, < 16 correspond to stalls IV and V, respectively. Panel (E) and (F) display typical snapshots of stalled con-
formations referred to Stall IV and V respectively, obtained from the coarse-grained computational model.
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unfolding, we selected two collective variables, the number N,
of residues upward the barrel (ie. residues that still did not
engaged the barrel) and the number N of residues at the cis
side. The histograms of the residence time into N-states in
Fig. S117 display a large peak at the beginning of the transloca-
tion stage, 55 < N < 70. As in the all-atom simulations, this
main bottleneck is associated with the unfolding of the p5. To
analyze in more detail, in the last part of the translocational
pathway, we employed the same strategy used for all-atom simu-
lations, i.e. we restarted the run after the main bottleneck. The
histograms of the residence time for N, are reported in
Fig. 4D, where the two peaks correspond to stalls IV and V, the
typical conformations of which are reported in Fig. 4E and F. For
completeness, we calculated the RMSD between Stall V confor-
mations from all-atom MD and coarse grained simulations. The
average RMSD is ~1.5 A while the maximum is ~4 A. This larger
deviation is mainly due to the partial unfolding of the first two
residues of the N-term occurring during the last frames of stall V
in the all-atom simulations. This minor unfolding happens
when the N-term interacts with the constriction, see, e.g. Fig. 5F
and it is not present in the coarse grained simulation.

2 KA 2z
5 v 3 088
B 1 @
(%] o [72]
g ol 18
8 0.9 *#\: s % 0.8
0} HI.]
3 ‘\.‘, ] N
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K27 -ac
K29-ac

D) | E) F)

Fig. 5 Application to post-translational modification (PTM) sensing.
(A) Circles refer to the electrolyte accessibility, eqn (2), for the trans-
location already shown in Fig. 2, with zc being reported as a solid
line. (B) Electrolyte accessibility for translocational intermediates corre-
sponding to stalls Ill, IV and V. (C—F) PTMs located close to the secondary
structure elements involved in stall V. Panel C reports the Ubqg sequence
for residues 1-32. Bold lower case letters refer to amino acids for which
PTMs were reported in the literature as annotated in the PhosphoSitePlus
database.?® Panels D and E report acetylation (green, suffix — ac) and
phosphorylation (cyan, suffix — p) sites for f1 and 2 while panel F shows
the PTMs that would be located in the barrel in stall V.
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Discussion

A crucial question arising in nanopore sensing protocols is
whether the pore occlusion due to the translocating molecule
can leave an unambiguous signature in the ionic current
trace. It is, hence, interesting to briefly speculate on possible
applications of the observed co-translocational unfolding
pathway for specific sensing protocols. It is well known that
also small variations of the volume available for the electro-
lyte passage can be detected by oHL nanopore sensing
systems.>*®>*% In our case, the stalls observed are due to
different conformations of the protein in the pore, so, in prin-
ciple, they can be associated with different current levels as
seen, for instance, in Thioredoxin co-translocational
unfolding.”®** However, our simulations indicated that,
although the majority of the translocation bottlenecks are
caused by reproducible rearrangements of specific portions
of the ubiquitin secondary structure, the overall co-transloca-
tional unfolding pathway always shows also (i) stalls due to
partially unfolded structures (see e.g. stall I from C-pulling
and stall III from N-pulling), (ii) stalls due to pore-protein
interactions (see e.g. stalls “*” in the ESI Fig. S3, S6 and S77).
Type (ii) stalls occur only in some simulations, hence, will
presumably add additional unreproducible current levels in
an experimental current trace. Instead, type (i) stalls, being
quite reproducible (i.e. they occur in almost all the runs), are
expected to give rise to well defined current levels. These
mixture of reproducible and unreproducible stalls seem to
exclude the possibility of using a co-translocational unfolding
pathway as an unambiguous signature for single protein
identification.

Application to the detection of post-translational
modifications

Some stable features of the co-translocational unfolding
pathway can be exploited for nanopore sensing. Stall V
(C-pulling), corresponding to the B1-f2 hairpin stuck at the
pore constriction, is expected to give rise to a well defined
current signal. Indeed, after stall V, no other bottlenecks are
present, so the identification of stall V on an experimental
current blockade trace should be unambiguous because stall V
is always the last one.

To make this argument more quantitative, we try to esti-
mate the trend of the current levels associated with different
translocation intermediates from our structural data. The
current mainly depends on the portion of the pore that is
accessible to the electrolyte. We define the electrolyte accessi-
bility as

olt) = )

where R, and R(t) are estimations of the pore clogging for
the empty pore and for the pore occupied by the translocat-
ing protein at time ¢. Eqn (2) and the estimation of the pore
clogging R are inspired by a continuum quasi-1D model for
pore resistance, see the ESI S2f and ref. 24. In brief, we
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divided the pore region in N, slabs of size Az =1 A and calcu-
lated R as

N,
_2 :,0
R = 'IEAZ7 (3)
im

with A; being the area available for the electrolyte passage
across the i-th section and p the electrolyte resistivity. Note
that the value of p is not relevant for the electrolyte accessibil-
ity because it cancels out in eqn (2). Details on the calculation
of A; can be found in the ESI S2.7

Fig. 5A reports the electrolyte accessibility ¢(¢) for the co-
translocational unfolding already discussed for C-pulling,
Fig. 2. At t = 0, the pore is empty, so, R(t) = R, and ¢(¢t) = 1. In
the first 10 ns, the Ubq C-terminal enters the pore and, conse-
quently, the electrolyte accessibility c(¢) reduces. It is worth
noting, that in an experiment, the current trace associated
with this stage of the translocation process will be dominated
by the signal due to the tail added to the C-terminal for
importing the proteins, see e.g. ref. 44 and 53. The first stall
due to a conformation where the pore is completely filled by
the Ubq is stall III, Fig. 2E, that gives rise to the minimum
electrolyte accessibility. Then, Ubq continues to unfold and
c(t) decreases, stall IV. A further decrease occurs when the
B1-B2 hairpin moves from the vestibule entrance (stall IV) to
the constriction (stall V). After the complete passage of Ubq,
we recover c(t) = 1. Fig. 5B, reports the electrolyte accessibility
for stall II1, IV and V, with the data being obtained from all the
replicas where these stalls are present.

The unambiguous trace associated with stall IV and V can
be exploited for the detection of post-translational modifi-
cations (PTMs) at the N-term. Indeed, PTMs on p1 and p2 are
expected to produce detectable signals both in terms of block-
ade duration (less stable conformations should reduce the
dwell time in a stall) and in the current level.>® Fig. 5C shows
the PTMs on the Ubq moiety involved in stall V, as annotated
on the PhosphoSitePlus database.”® Some PTMs directly affect
residues belonging to p1 or p2, see Fig. 5D (acetylation sites)
and 5E (phosphorylation sites). Other PTM sites, instead, are
located on residues that, in stall V, occupy the aHL barrel
(Fig. 5F) and, hence, can alter the corresponding current
blockade level.

Conclusion

We studied the co-translocational unfolding of ubiquitin
through an a-hemolysin pore via extensive all-atom molecular
dynamics simulations. Our data indicates that the main ingre-
dient controlling the co-translocation unfolding pathway of
ubiquitin in the aHL nanopore is the native protein structure
and not the specific pore-protein interaction. Several stalls are
associated with the unfolding of a specific region of the
protein as also confirmed via coarse grained simulations.
Beyond these structural translocational intermediates, we
clearly show that also other stalls due to interaction between
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the unfolded ubiquitin moiety and the oHL surface occur
along the translocation. These stalls are less reproducible than
the ones involving secondary structure rearrangements,
although, in principle, mutations of the pore (as did, for
instance in ref. 66 and 41) can induce specific protein-pore
interactions making some stalls stable and reproducible. The
complexity of the co-traslocational unfolding pathway may
raise doubts on the actual possibility of using the co-transloca-
tional unfolding signal for protein sensing. Nevertheless, the
last part of the C-pulling translocation is characterized by a
high reproducible pattern where the f-hairpin constituted by
f1 and B2, gets stuck first at the pore entrance and, then, at
pore constriction. This very stable pattern can be potentially
exploited to detect post-translational modifications (PTMs) on
this region. Indeed, PTMs can alter the stability of this struc-
ture (potentially changing the dwell time for a stall) and affect
the current blockade level as well.
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