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Figure S1: The system setup of protein unfolding through CNT-based nanopore. Water and ions are not shown for clarity. The
protein was initially positioned such that the chosen pulling terminus (i.e. the N-terminus, left; and C-terminus, right) was situated 8
A above the CNT entrance. After a 5-ns equilibration, the protein terminus (rendered as a sphere) was then threaded into the

nanopore via steered molecular dynamics.



Table S1: Protein fragment designations corresponding to structure motifs detected during nanopore-mediated unfolding processes.

Fragments | Residues range Fragments Residues range
C1 1-50 N1 10-72
C2 1-45 N2 22-72
C3 1-35 N3 40-72
C4 1-17
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Figure S2: Biterminal unfolding at a pulling rate of 1nm/ns. Left: force profiles (ten trajectories); right: RMSDs of protein and its
combinations of secondary structures in a representative trajectory. There is only one clear force profile peak appears in the early
stages of stretching (t = 3ns), corresponding to the initial unfolding of protein. All RMSDs of the combinations of secondary

structures sharply increases at the same time, suggesting a dramatic disassembly event.
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Figure S3: N-terminal unfolding at a pulling rate of 1 nm/ns. Left column: force profiles; right column: RMSDs of ubiquitin (black)
and its N1 (red), N2 (green) and N3 (blue) motifs. The sequential detachment of secondary structure element can be found
throughout ten independent simulations, and the remaining part always maintains native like characteristics (i.e. unfoldon motif). In
addition, the correlation between the detachments of secondary structure elements and the distinct force peaks can also be found in

all simulations.



Figure S4: Snapshots of protein during N-terminal unfolding (1 nm/ns, same trajectory as figure 1). The protein underwent

considerable rotation to allow the secondary structure elements to dissociate and thread into nanopore.
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Figure S5: N-terminal unfolding at a pulling rate of 0.2 nm/ns. Left column: force profiles; right column: RMSDs of ubiquitin (black)
and its N1 (red), N2 (green) and N3 (blue) motifs. The sequential detachment of secondary structure element can be found
throughout ten independent simulations, and the remaining part always maintains native-like characteristics (i.e. unfoldon motif). In
addition, the correlation between the detachments of secondary structure elements and the distinct force peaks can also be found in

all simulations.
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Figure S6 N-terminal unfolding at a pulling rate of 0.04 and 0.02 nm/ns. Left column: force profiles; right column: RMSDs of
ubiquitin (black) and its N1 (red), N2 (green) and N3 (blue) motifs. All the features of nanopore-mediated protein unfolding, i.e.

sequential detachment of secondary structure elements, stable unfoldon motifs and force-structure correlation are retained in the

unfolding at much slower pulling rate.
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Figure S7: N-terminal unfolding at pulling rates of Inm/ns (left) and 0.2nm/ns (right). Top: the number of hydrogen bonds between
the secondary structural elements B1 (black), B2 (red), al (green) and B3 (blue) and the remainder of protein. Middle: the number of
heavy atom contact pairs between 1 (black), B2 (red), al (green) and B3 (blue) and complementary protein atoms. Bottom: the

number of hydrogen bonds between the protein and nanopore (i.e. the CNT end and the surrounding lipids).
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Figure S8: C-terminal unfolding at a pulling rate of 1 nm/ns. Left column: force profiles; right column: RMSDs of ubiquitin (black)
and its C1 (red), C2 (orange), C3 (green) and C4 (blue) motifs. The sequential detachment of secondary structure element can be
found throughout ten independent simulations, and the remaining part always maintains native-like characteristics (i.e. unfoldon
motif). In addition, the correlation between the detachments of secondary structure elements and the distinct force peaks can also be

found in all simulations.
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Figure S9: Snapshots of protein during C-terminal unfolding (1 nm/ns, same trajectory as figure 3). The protein underwent

considerable rotation to allow the secondary structure elements to dissociate and thread into nanopore.



S

=)

<]

<3
T

RMSD (A )

o
o N B O O O N & O ®

Force (pN)
=)

[
08$88

L
10 20 30 40 50 60 70 80 90 100 110 120

:

g

(=)
3
RMSD (A)

Force (pN)

&

10 20 30 40 50 60 70 80 90 100 (10 120 1020 30 40 30 60 70 &0 90 100 110 120
1400
1200
1000}
300
600
400
200

Force (pN)
RMSD (A )

1
10 20 30 40 50 60 70 80 90 100 110 120 0 I(‘)ﬂ li[] 120

RMSD (A)
=

Force (pN)

85383

: v I . et s i 1 ! I
10 20 30 40 50 60 70 80 90 100 110 120 10 20 30 40 50 60 70 80 90 100 110 120

Force (pN)
RMSD (A)

1 | - L 1 Il 1 1 1 1 1 Il L
10 20 30 40 50 60 70 80 90 100 110 120 10 20 30 40 50 60 70 80 90 100 110 120

I I - S - S R - -

N

B
2
=1
T
RMSD (A )

Force (pN)

- L 1 L . L L 1 L Il
10 20 30 40 50 60 70 80 90 100 110 120 100 20 30 40 50 60 70 80 90 100 110 120

Force (pN)
=
k=4
=1
T
RMSD (A)

L L L Low Do £ oo 0 1 g I
10 20 30 40 350 60 70 80 50 100 110 120 10 20 30 40 50 60 70 80 90 130 110 120

1400
1200
1000}
800
600
400
200

(=}

Force (pN)
RMSD (A)
&~ o

Al !
100 110 120

I
=)

IS}

<
wl
<3
SN
(=]

v
Sl3c
ol
3

-

=}
]
3

©

(=]

1 1
10 20 30 40 50 60 70 80 90 100 110 120

1000
800
600
400
200

L L ! ! ! ! I I I I I R | L | I
0 10 20 30 40 50 60 70 80 90 100 110 120 10 20 30 40 50 60 70 80 90 100 110 120

Time (ns) Time (ns)

Force (pN)

RMSD (A)
2 = 0w O

=]

Figure S10: C-terminal unfolding at a pulling rate of 0.2 nm/ns. Left column: force profiles; right column: RMSDs of ubiquitin
(black) and its C1 (red), C2 (orange), C3 (green) and C4 (blue) motifs. The sequential detachment of secondary structure element can
be found throughout ten independent simulations, and the remaining part always maintains native-like characteristics (i.e. unfoldon
motif). In addition, the correlation between the detachments of secondary structure elements and the distinct force peaks can also be

found in all simulations.
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Figure S11: C-terminal unfolding at pulling rates of 1 nm/ns (left), and 0.2 nm/ns (right). Top: the number of hydrogen bonds
between the secondary structural elements B5 (black), p4 (red), B3 (orange), al (green) and B2 (blue) and the remainder of protein.
Middle: the number of heavy atom contacts between B5 (black), p4 (red), B3 (orange), al (green) and B2 (blue) and complementary
protein atoms. Bottom: the number of hydrogen bonds between the protein and nanopore (i.e. the CNT end and the surrounding lipids)

during C-terminal unfolding.



Figure S12: Representative configurations that illustrate the trapping of residues around nanopore entrance. a) ASP32, LYS33 and
GLU34 trapped at the nanotube aperture (t=64 ns, N-terminal unfolding at a pulling rate of 0.2nm/ns). b) two positively charged
residues -- LYS27 and LYS29 -- trapped at the nanopore entrance (t=82 ns, C-terminal unfolding at a pulling rate of 0.2nm/ns ).
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Figure S13: RMSDs of protein fragments corresponding to the motifs C1, C2, C3, and C4 (first row) and the motifs N1, N2, N3
(second row). RMSDs of protein fragments with respect to corresponding crystal structure fragments are presented in black, whereas

RMSDs with respect to configurations resulting from initial structural rearrangements are shown in gray.



