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Figure S1: All-atom MD simulations of the ionic current blockade difference produced by
the folding state of a protein. (A) Eight additional systems used for the all-atom MD
simulations. The ninth system is shown in Figure 1A (main text). Each simulation system
contains a protein in either folded (top) or unfolded (bottom) conformation at the center
of a 6 nm-diameter solid-state nanochannel (cyan) filled with 2 M KCI solution. Electric
field (74.67 mV /nm) was applied along the axis of the channel, the protein is restrained to
maintain its initial conformation. The protein is colored according to the secondary structure
of its folded conformation: purple indicates a-helix, yellow indicates S-sheet, white and cyan
indicate coil and turn, respectively; the semitransparent molecular surface represents the
excluded volume of the protein. Green and yellow spheres depict potassium and chloride
ions, respectively; water is not shown. Coordinates of the unfolded proteins were randomly
selected from the respective all-atom MD trajectories (see Methods); the @ factor of each
unfolded conformation was less than 0.1. SI Table S2 characterizes the average shape of
the unfolded conformations. The simulated ionic current blockade difference is shown in
Figure 1C (main text) (B) Simulated blockade currents for three orthogonal orientations of
the titin protein in both folded and unfolded states. This set of simulations was carried out
using a bulk electrolyte system shown in SI Figure S2A. (C) Simulated blockade currents for
five distinct conformations of unfolded HP35 protein and one folded conformation of HP35.
These simulations were carried out using a nanopore system shown in panel A. In panels B
and C, the error bars represent the standard errors of mean each computed from a 150 ns
ionic current trace averaged in 1.2 ns blocks.



Table S1: Physical properties of the proteins considered in this work. For each protein, Np,
Ny and N denote the number of positively charged, the number of negatively charged and the
total number of residues, respectively; ¢ indicates the total net charge of the protein whereas
(Np+N)/N is the fraction of charged residues in the protein. MW denotes the protein’s
molecular weight whereas Ji, Jo and J3 denote the three principle moments of inertia of the
protein’s folded conformation. The ratio of the smallest to the largest moments, Jiin/Jmaxs
reports on the shape of the protein. The last column lists PDB ID for folded structure of
the protein. The %, t and + subscript symbols indicate the use of a particular protein in
nanochnanel, bulk electrolyte and protein folding simulations, respectively.

Protein N Np Ny q (Np+Nyn)/N MW Ji Jo Js Jmin/ Jmax  PDB ID
kDa Da*nm? Da*nm? Da*nm?

Trp-cage®™™ 20 1 2 -1 0.15 2.028  882.0 736.8 475.0 0.539 2JOF
HP35*+ 34 5 5 0 0.294 3.905 2994.2 2344.3 1427.8 0.477 2F4K
GTT** 34 5 5 0 0.294 4.068  3219.6 2601.7 1696.3 0.527 2F21
NTL9** 39 8 5 0.333 4.29 2699.1 2262.1 1842.3 0.683 2HBA
BBL*"* 47 8 7 1 0.319 5.002  4433.1 3918.7  2668.5 0.602 2WXC

protein G** 56 4 8 4 0.214 6.142 5589.8  4974.0  3078.7 0.551 1IMIO
a3Dxt 73 12 13 -1 0.342 8.107 11885.8 11231.0  4459.6 0.375 2A3D

ubiquitin®* 76 12 12 0 0.316 8.565  9373.4 8371.4  6160.7 0.657 1UBQ
A-repressor™hT 80 11 10 1 0.263 8.784 10018.8 9831.7  6137.0 0.613 1LMB
BBA* 28 8 4 4 0.429 3.543  3034.6 2480.9 1164.7 0.384 1FME
titinf 119 12 17 -5 0.244 13.05 37450.0 35769.3 8681.4 0.232 1TIT

Table S2: Physical properties of the unfolded proteins used for all-atom MD simulations.
The first seven columns of the table are identical to those of SI Table S1. J;, Jy and J;
denote the three principle moments of inertia of the protein’s unfolded conformation. The
ratio of the smallest to the largest moments, Jyin/Jmax, reports on the shape of the protein.
Five different unfolded conformations were used for the simulations of the HP35 protein
reported in SI Figure S1C. The last column indicates the source of the atomic coordinates.

Protein N Np ]\“YN q (]\‘rp + NN)/N MW J1 ,]2 Jg Jmin/c]max Source
kDa Da*nm? Da*nm? Da*nm?

Trp-cage®™* 20 1 2 -1 0.15 2.028  3803.0 3208.9 858.3 0.226 Ref. 1
HP35,Conf 1T 34 5 5 0 0.294 3.905 8369.7 8009.3 2486.4 0.297 Ref. 2
HP35,Conf 25T 34 5 5 0 0.294 3.905 10306.7  9233.4 1800.2 0.175 Ref. 2
HP35,Conf 3T 34 5 5 0 0.294 3.905 47914 4315.2 2243.9 0.468 Ref. 2
HP35,Conf 45T 34 5 5 0 0.294 3.905 5970.6 5378.9 2030.9 0.34 Ref. 2
HP35,Conf 55T 34 5 5 0 0.294 3.905 8816.8 8154.2 2271.0 0.258 Ref. 2

GTTt 34 5 5 0 0.294 4.068  6695.1 5771.7 2564.0 0.383 Ref. 2
NTL9*+ 39 8 5 3 0.333 4.29 4382.2 3862.0 2096.2 0.478 Ref. 1
BBL*T+ 47 8 7 1 0.319 5.002  7527.7 5034.9 3980.1 0.529 Ref. 1

protein G*T 56 4 8 4 0.214 6.142 8785.2 7869.8 3765.2 0.429 Ref. 1

a3D* 73 12 13 -1 0.342 8.107 23436.3 22635.9  7517.9 0.321 Ref. 1

ubiquitin®* 76 12 12 0 0.316 8.565 12992.3 10528.4  9910.9 0.763 Ref. 3

A-repressor*tt 80 11 10 1 0.263 8.784 12426.5 11482.0  8694.1 0.7 Ref. 1
BBA* 28 8 4 4 0.429 3.543  5911.5 4498.2 2039.2 0.345 Ref. 1
titin' 119 12 17 -5 0.244 13.05 35986.0 28284.5 23544.9 0.654 Ref. 4




Supplementary Methods 1: Calculation of the ion concentration and mobility
distributions. The distributions of ion concentration and mobility were determined from
simulations of bulk electrolyte systems, such as the systems shown in Figure S2A. The volume
of a bulk electrolyte system was partitioned into 1 A-thick shells of complex shapes defined
by the minimum and maximum distance from the protein surface, r min < 7 < 7'y max, Where
Tnmax=1X 1 A, Thmin = Tnmax — 1 A and n labels consecutive shells. Then the numbers of ions
and water molecules, Nion , and Nyatern, Were computed for each shell. The ion concentration
versus distance from protein surface was determined as Cion(rn) = 55.5 M % Nionn/Nyatern,
with 7, = Thmax — 0.5 A. Similar to the method described in a previous study,® the ion
mobility was determined as fiion(7n) = (Vion () — Uwater(Tn))/ E, where vion (1) and vyager (7n)
are the average components of ion and water velocities along the external electric field F
in the n’s shell. The instantaneous velocity of each ion or water molecule in each shell bin
was calculated as v = (zj41 — 2;)/dt, where z;41 and z; indicate the z coordinates of the ion
or water molecule in the (j+1)th and jth frame of the trajectory and 6t denotes the time
interval between the consecutive trajectory frames. In all simulations, external electric field
was applied along the z axis. Then the average velocity in each shell bin was determined by
averaging over all ions or water molecules present in that bin and over all frames of the MD
trajectory. Figure S2B shows the resulting dependences of the relative ion concentration and

ion mobility on distance from the protein surface.
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Figure S2: ITon concentration and mobility distributions in bulk electrolyte systems. (A)
Typical simulation systems containing a protein (A-repressor is shown) in either folded or
unfolded conformation surrounded by a rectangular volume of 2 M KCI electrolyte solution.
The volume occupied by solution is approximately shown as a white semitransparent surface.
Cyan and yellow spheres indicate potassium and chloride ions, respectively. The protein
molecules are shown using a NewCartoon representation colored according to the secondary
structure of the folded state and semitransparent molecular surface (green) indicating the
excluded volume of the protein. (B) Concentration C(r) and mobility p(r) of KT and Cl~
ions wversus distance from protein surface r normalized by the corresponding bulk values,
Cy and pg. Data are shown for three proteins, BBL, A-repressor and titin, simulated in
both folded and unfolded conformations. Unfolded conformation of titin protein was taken
from Ref. 4. The dashed lines in panel B indicate distance r* where the C(r) and u(r)
dependences reach their corresponding bulk values.



1.0 1.0 1.0
Q 1 Q [ Q [
Ag | B , Cg ,
— ! — ! — 1
.8 .8 0.84
g 0.8 : S 0.8 : g :
£ | 2 | £ !
g, 064 I 2, 064 g 8 064 .. |
g ! g il s | G
s ) s < ! = Unfolded HP35 s A ——Unfolded GTT
S 04 ! —— Unfolded Trpcage| = 04+ ! —— Folded HP35 £ 04 ' ——Folded GIT
: 5 : —— Folded Trp-cage S :
=
= 4 ( =] 4 =] o
£ 0.2 f 5 £ 02 £ 0.2 !
« 1 - <1 g 1
= 00 R . . = 00 T . . = 00 S I . ,
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
0 Distance from the protein surface (&) ;. Distance from the protein surface (&) 10 Distance from the protein surface (&)
@ 1 L 1 o
D¢ . Eg . F§g
= | = 1 =
S 08 . S 08 X S 08
; ! @ ! :
53 1 - 1 1
2, 0.6 | 2, 0.6 ! 2 0.6
=] 1 g ] =]
§ 1 = Unfolded NTL9 < 1 = Unfolded BBL/| 5 = Unfolded proteinG
S 044 ! —— Folded NTL9 S 044 ) —— Folded BBL S 044 —— Folded proteinG
=) ! =} 1 =] z %
= = = .
S 024 g S 024 ! S 024 1 Gapni¥
g 1 § 1 \ P 154 1 | [,
8 1 g 1 - E 1
B 00 — v r ; = 00 — ; y ; B 00 —! ; y r
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
10 Distance from the protein surface (&) 0 Distance from the protein surface (&) Distance from the protein surface (&)
o 10 ; o 10
G s 1 HE
— ! —
g 0.84 ) : E 0.8
< it o £ <
8 06 RN 8, 06
@
15 S i 5]
g ; —— Unfolded 03D g —— Unfolded ubiquitin
= 0.4 ——Folded a3D = 0.4 = Folded ubiquitin
s i s I 7
= [ = ! Ve
S 02 I %ﬁ S 02 ! Wit
E ! &5 g | %>
£ s g '
= 00 —! T T T = 00 — T T T
0 5 10 15 20 25 0 5 10 15 20 25
Distance from the protein surface (&) Distance from the protein surface (&)

Figure S3: The fraction of the nanopore volume occupied by the protein and the solvent
surrounding the protein within distance r of the protein surface as a function of r. The data
are shown for the folded and unfolded conformations of the following eight proteins: Trp-
cage (A), HP35 (B), GTT (C), NTL9 (D), BBL (E), protein G (F), a3D (G) and ubiquitin
(H). Insert images illustrate the folded (below the red line) and unfolded (above the blue
line) conformations of the proteins. The dashed lines schematically indicate the distance
r* = 6.6 A at which C(r) and p(r) attain their bulk values.



Supplementary Methods 2: Theoretical model of ionic current blockades.
As the local conductivity o(r) is proportional to both local ion mobility p(r) and ion
concentration C(r), the normalized conductivity as a function of distance to the protein

surface is obtained as

_ Xlr) £ C0)
or) oo = SR

where Cy, o and oy are the bulk ion concentration, mobility and conductivity and the sum

(1)

runs over the two ions types (K and Cl17). The dependence of the normalized conductivity
on distance to the protein, Figure 3A of the main text, can be approximated by a smooth

step function
r—a

o (1) /oo = %(1 + tanh(Z=%)) @)

where parameters a and b determine the location and the steepness of the step function.
The least square fit to the bulk electrolyte MD data yielded the following numerical values:
a = 3942 A and b = 0.809 A. For a given protein conformation, the ionic current I was
computed by first partitioning the volume of the system into 1 A® cubes and then determining
the distance from the center of each cube to the nearest protein surface using the VolMap
plugin (version 1.1) of VMD (version 1.9.1). Knowing the distance of each cube to the
protein surface, the local conductivity o(rj) of the entire system can be determined by
applying Eq. 2, from which the ionic current I at a voltage bias V' is determined following
the method described in Figure 3A and the main text. In practice, however, parameter a
of Eq. 2 needed adjustment because the o(r) dependence obtained from analysis of the MD
trajectories, Figure 2B, was determined relative to the atomic coordinates of the proteins
whereas the VolMap plugin returns the distance map relative to the molecular surface of the
protein. Therefore, the final value of parameter a = 3.3 A was determined by least square
optimization of the model’s predictions with respect to results of all-atom MD simulations
of nanopore and bulk electrolyte systems. Optimization against only the bulk electrolyte

systems yielded a very similar value (a = 3.2 A). Figure S4 compares predictions of the



model with results of all-atom MD simulations for the bulk electrolyte systems. With small
modifications, the model is able to predict ionic current blockades at arbitrary electrolyte

concentration and temperature (see SI Figure S8 and Figure S9).
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Figure S4: Theory versus simulation for ionic current prediction in bulk electrolyte systems.
(A) The ionic current predicted by the model versus the ionic current measured in MD
simulations for three proteins in folded and unfolded conformations. SI Figure S2A illustrates
a typical simulation system. In all cases, electric field of 71.43 mV /nm was applied along the
z axis; the KCI concentration was 2 M. The protein conformations used for the theoretical
model calculations was the same as in the all-atom MD simulations of the ionic current. The
blockade current from our model was calculated by the same method for nanopore systems
described above but in the absence of the nanopore. Dashed line indicates perfect agreement

between model and simulation. Error bars represent standard errors. (B) Same as in panel
A but for Aly.

Because our theoretical model assumes the same average ion distribution around a protein
regardless of the protein charge, it is expected to fail in the case highly charged proteins.
To find the limits of our model, we simulated a moderately charged protein BBA in our
nanochannel setup along with GTT and NTL9 proteins in four different conformations,
Figure S5. Comparison between the predictions of the model and results of all-atom MD
simulations, Figure SSA—C, show that as the charge of the protein increases, our model starts
to overestimate slightly the ionic current. Figure S5 (panels D and E) plots the relative error
of the model with respect to all-atom MD simulation as a function of the average protein
charge, |g| /N, and the fraction of charged resiudes, (Np+Nx)/N. The relative error increases

with (Np + Ny)/N, although specific protein conformations are also seen to influence the

agreement.
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Figure S5: The effect of protein charge on agreement between the theoretical model and
all-atom MD simulation. (A—C) Ionic currents computed using the theoretical model (red)
and MD simulations (black) for four conformations of GTT (panel A), NTL9 (panel B) and
BBA (panel C). Images in each panel illustrate the four conformations of the proteins. The
ratio of the protein’s total charge ¢ or the number of charged residues (Np + Ny) to the
total number of residues N is specified in each panel. The ionic current were computed
using the same setup as in Figure 1A and Figure S1. (D-E) Percent difference error between
predictions of the model I,4¢ and results of all-atom MD simulation Iyp versus |q| /N
(panel D) and (Np + Ny)/N (panel E) for ten folded proteins, nine from Figure 1A and

Figure S1 and BBA.
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Supplementary Methods 3: Calculations of rotation-averaged ionic currents.

To determine the effect of protein orientation on the ionic current, the folded and unfolded
conformations of the nine weakly charged proteins (Figure 1A and Figure S1) were placed
at the center of the nanochannel in different orientations. 1728 different protein orientations
were generated by rotating the protein about the z, z, and y axes in 30° increments from 0° to
360°. The center of mass of the protein was located within 0.3 A from the nanopore in all
conformations considered. For each protein orientation, the 3D distance map was generated
from the atomic coordinates of the protein and the nanochannel as described in SI Methods
2. The ionic current for each conformation was computed using our theoretical model (main
text Figure 3A), producing 1728 independent ionic current values for the folded and unfolded
states of each protein at the same bias and ion concentration conditions as in Figure 1A and
Figure S1. Figure S6 shows the variation of the nanochannel ionic current with protein
orientation. Similar rotation average values were obtained when protein orientations were
randomly chosen, Figure STA-C. Figure STD-F compares the rotation-averaged currents
to the currents obtained by averaging the ensembles of folded and unfolded conformations

observed in MD simulations of protein folding, see main text Figure 5 and SI Methods 4.
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Figure S6: The effect of protein orientation on the blockade current. Shown is the block-
ade current, I, for 1728 unique orientations of Trp-cage (panel A), HP35 (panel B), GTT
(panel C), BBL (panel D), protein G (panel E), 3D (panel F), ubiquitin (panel G) and
A-repressor (panel H) in the folded (red) and unfolded (blue) states. Horizontal lines indi-
cate the rotation-averaged blockade currents. The blockade currents were computed using a
theoretical model featured in the main text Figure 3. For each protein state, the plot also

shows an all-point histogram of the currents (off the right axis) and its fit to a Gaussian
distribution (black line).
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Figure S7: Validation of the protocol for determination of the rotation-averaged ionic cur-
rents. (A-B) Blockade ionic currents computed for 1728 orientations of protein G (panel A)
and a3D (panel B) produced by rotating the protein about axis z, z, and y in 30° increments
(left column) or by randomly selecting the rotation angles (right column). Horizontal lines
indicate the rotation-averaged blockade currents. For each protein state, the plot also shows
an all-point histogram of the currents (off the right axis) and its fit to a Gaussian distribution
(black line). (C) Comparison of the rotation-averaged blockade currents obtained using the
deterministic (horizontal axis) and random (vertical axis) methods of protein orientation se-
lection. Dashed line indicates perfect agreement between the two methods. (D) Comparison
of the rotation-averaged blockade current amplitudes, < Al >= Iy— < [ >, obtained using
the deterministic rotation-averaging protocol (vertical axis) and by averaging over ensem-
bles of conformations observed in MD simulations of protein folding (horizontal axis). In
the analysis of protein folding trajectories, protein conformations of () values greater than
0.9 or smaller than 0.1 were considered to represent folded and unfolded states, respectively,
except for BBL and A-repressor, see caption to Figure S17 for detailed description. Dashed
line indicates perfect agreement between the two rotation-averaging methods. Error bars
indicate standard deviations of the current values associated with conformational sampling.
(E) Percent difference error between the blockade current values obtained using different
averaging methods. The greater percent difference error for the unfolded state can be at-
tributed to the conformational heterogeneity of the state. (F) Same as in panel D but for
the Alp values. In all panels, the blockade current for each orientation was computed using
a theoretical model featured in the main text Figure 3.
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Figure S8: Theory versus simulation for ionic current blockades at variable electrolyte con-
ditions. (A) The blockade current predicted by the theoretical model versus the blockade
current measured in MD simulations for the folded and unfolded Trp-cage and A-repressor
at 0.1, 0.3 and 1.0 M KCI electrolyte. Except electrolyte concentration, the simulation con-
ditions were identical to those featured in main text Figure 1. Dashed line indicates perfect
agreement between model and simulation. Theoretical calculation of the blockade currents
at an arbitrary electrolyte concentration was done using the same functional dependence
of o(r)/op as at 2 M KCI, main text Figure 3A; the bulk electrolyte conductivity value
oo was set to the value measured in all-atom MD simulations of a nanochannel filled with
electrolyte of the target concentration and in the absence of protein. Error bars represent
standard errors. (B) Same as in panel A but for Alp.
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Figure S9: The effect of temperature on the ionic current difference produced by protein
folding. (A) Blockade currents measured in all-atom MD simulations of a 6-nm-diameter
nanochannel containing a Trp-cage protein in either folded or unfolded states as a function
of temperature. Except temperature, the simulation conditions were identical to those fea-
tured in main text Figure 1. (B) Temperature dependence of the relative current blockades
AI/Iy measured in all-atom MD simulations. Here, I, denotes the open pore current and
Al=Iy-I; (or Iy — Iy¢) denotes the current blockade amplitude produced by the folded (or
unfolded) Trp-cage protein. (C) The blockade current predicted by the theoretical model
versus the blockade current measured in MD simulations for the folded and unfolded Trp-
cage at different temperatures. Theoretical calculation of the blockade currents at arbitrary
temperature was done using the same functional dependence of o(r)/og as at 2 M KCI, main
text Figure 3A; the bulk electrolyte conductivity value oy was set to the value measured in
all-atom MD simulations of a nanochannel system filled with 2 M KCI, at the target temper-
ature and in the absence of protein. Dashed line indicates perfect agreement between model
and simulations. (D) Same as in panel C but for Alr. Error bars represent standard errors.
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Supplementary Methods 4: Real-time detection of folding-unfolding transitions
by ionic current measurement.

Our calculations of ionic current signatures produced by folding or unfolding of a protein
in a nanopore were based on the millisecond all-atom, explicit solvent MD trajectories re-
ported by the David E. Shaw group.!? To make our analysis computationally tractable, the
all-atom simulation trajectories were pruned with a time interval ranging from 0.1 us to 1.0
us, making sure that at least a thousand of protein conformations were preserved in each
data set. Interestingly, our sampling of the MD trajectories mirrors that of advanced ionic
current recording systems of 1 to 5 MHz bandwidth.®

To compute an ionic current trace, each protein conformation was first translated to have
its center of mass at the center of the nanochannel. Following that, the ionic current I was
computed using the theoretical model described in main text Figure 3 and SI Methods 2 at
the same bias and ion concentration conditions as in Figure 1A and Figure S1. For clarity,
all resulting ionic current traces were smoothed with a low-pass filter.

To characterize the blockade currents of folding intermediates (main text Figure 5D—
F, Figure S19 and Figure S20), we analyzed millisecond all-atom MD trajectories'® and
randomly selected 1000 protein conformations for each of the twenty @) value intervals (from
0 to 1, in 0.05 increments) from replica exchange simulations? for analysis. The theoretical
model was used to compute the ionic current for each of the conformations; the resulting set
of ionic current values was averaged to determine the mean value and the standard error of
mean in each of the () value intervals. Similar analysis was performed to determine the ionic
current of folding intermediates using R, and RMSD as the folding coordinate.

We computed the fraction of native contacts, ), using Eq. 13 of Ref. 7 with a cutoff of
8 A excluding i — j <= 4 where i and j are residue indices.” For completeness, we reproduce

Eq. 13 below:

(rij—r})?
0- Zi<jfl O(re — szj) exp [_T] 3)
Zi<j—1 O(re — Tz]}[) ‘
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In the above expression, rf}f and r;; denote distances between Ca atoms of residues ¢ and

j in the native (N) and current structures, respectively; 6 is the Heaviside step function;

Te = 8 A, 045 = |Z —j|0'15 A
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Figure S10: Folding-unfolding transitions of NTL9 observed by ionic current through the
nanopore. Panels A, B and C correspond to three independent all-atom MD simulations
of NTL9. The ionic current recording from a single protein undergoing folding-unfolding
transitions are shown at the top panels. The corresponding changes in the folding parameter

() are shown at the bottom panels. The traces shown were sampled at 1 MHz and smoothed
with a low-pass filter at 200 kHz.
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Figure S11: Folding-unfolding transitions of BBL observed by ionic current through the
nanopore. Panels A and B correspond to two independent all-atom MD simulations of BBL.
The ionic current recording from a single protein undergoing folding-unfolding transitions
are shown at the top panels. The corresponding changes in the folding parameter () are
shown at the bottom panels. The traces shown were sampled at 5 MHz and smoothed with
a low-pass filter at 1 MHz.

19



1723
N
1

A B
~ ~ 35 a
E 34 E
= B 344
£ &
33 = 33
o} o}
14 1-
o o
0 : : : 0 T T T
0.0 0 02 03 0.0 0.1 0.2 03 0.4
C Time (ms) D Time (ms)
~ ~
35 354
2 2
= = 341
5 34 g
= E
= S 334
O 33 O
14 1-
o o
9 T T T 9 T T T
0.00 0.04 0.08 012 0.16 0.00 0.04 0.08 0.12 0.16
Time (ms) Time (ms)

Figure S12: Folding-unfolding transitions of protein G observed by ionic current through the
nanopore. Panels A-D correspond to four independent all-atom MD simulations of protein
G. The ionic current recording from a single protein undergoing folding-unfolding transitions
are shown at the top panels. The corresponding changes in the folding parameter () are shown

at the bottom panels. The traces shown were sampled at 2.5 MHz and smoothed with a
low-pass filter at 500 kHz.
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Figure S13: Folding-unfolding transitions of a3D observed by ionic current through the
nanopore. Panels A and B correspond to two independent all-atom MD simulations of a3D.
The ionic current recording from a single protein undergoing folding-unfolding transitions
are shown at the top panels. The corresponding changes in the folding parameter () are

shown at the bottom panels. The traces shown were sampled at 3.3 MHz and smoothed
with a low-pass filter at 670 kHz.
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Figure S14: Folding-unfolding transitions of ubiquitin observed by ionic current through the
nanopore. Panels A-E correspond to five independent all-atom MD simulations of ubiquitin.
The ionic current recording from a single protein undergoing folding-unfolding transitions
are shown at the top panels. The corresponding changes in the folding parameter () are

shown at the bottom panels. The traces shown were sampled at 1 MHz and smoothed with
a low-pass filter at 200 kHz.
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Figure S15: Folding-unfolding transitions of A-repressor observed by ionic current through
the nanopore. Panels A, B and C correspond to three independent all-atom MD simulations
of A-repressor. The ionic current recording from a single protein undergoing folding-unfolding
transitions are shown at the top panels. The corresponding changes in the folding parameter
(@ are shown at the bottom panels. The traces shown were sampled at 5 MHz and smoothed
with a low-pass filter at 1 MHz.
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Figure S16: Real-time detection of protein folding-unfolding transitions. (A—C) Simulated
ionic current recording from a single protein undergoing folding-unfolding transitions (top
panels) for Trp-cage (A), NTL9 (B) and ubiquitin (C), respectively. The corresponding
changes in the radius of gyration (Ry) and RMSD are shown at the middle panels and
bottom panels, respectively. The traces shown for Trp-cage were sampled at 10 MHz and
smoothed with a low-pass filter at 2 MHz. And the traces shown for NTL9 and ubiquitin
were sampled at 1 MHz and smoothed with a low-pass filter at 200 kHz.
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Figure S17: The effect of protein conformation on ionic current blockade in folded and
unfolded states. Shown is the blockade current, I, for ensembles of folded (¢ > 0.9, red) and
unfolded (@) < 0.1, blue) conformations of Trp-cage (A), NTL9 (B), BBL (C), protein G (D),
a3D (E), ubiquitin (F) and A-repressor (G). The conformations were selected from all-atom
MD trajectories of protein folding-unfolding transitions reported by the D.E. Shaw group.®?
For each conformation, the blockade current was computed using our theoretical model.
Because of limited sampling, we used a more relaxed criterion to select folded conformations
of BBL (@ > 0.8) and unfolded conformations of A-repressor () < 0.2). Horizontal lines
indicate the averaged blockade currents. For each protein state, the plot shows an all-point

histogram of the currents (off the right axis) and its fit to a Gaussian distribution (black
line).
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Figure S18: Blockade current amplitude < Al >= [j— < I > versus molecular weight of the
proteins averaged over ensembles of folded (¢ > 0.9) and unfolded (@ < 0.1) conformations
observed in all-atom MD simulations of folding-unfolding transitions (see SI Figure S17).
Because of limited sampling, more relaxed selection criteria was applied to folded confor-
mations of BBL (@ > 0.8) and unfolded conformations of A-repressor (@ < 0.2). Lines
represent linear fit to the data. The corresponding plot of the Alg value is shown in main
text Figure 4D.
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Figure S19: Protein folding intermediates characterization by ionic current. (A—C) The av-
erage difference between the current blockades produced by a folding intermediate of that
protein (/) and a fully folded protein (/¢). In panels A,B and C, the protein folding interme-
diates are categorized according to their () values, radius of gyration and RMSD from the
native folded states. Error bars represent standard errors. Protein conformations used for
the analysis derived from the millisecond folding trajectories of BBL, protein G, a3D and
A-repressor reported by the D.E. Shaw group.!
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Figure S20: Protein folding intermediates of HP35 and GT'T observed by ionic current. (A-
C) The average difference between the current blockades produced by a folding intermediate
of that protein (I) and a fully folded protein (If). In panels A;B and C, the protein folding
intermediates are categorized according to their () values, radius of gyration and RMSD from
the native folded states. Protein conformations used for the analysis were obtained from
replica-exchange simulations of villin head piece (HP35) and WW domain (GTT) folding,?
Error bars represent standard errors.
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