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Supplementary Tables and Figures
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Supplementary Figure 1. Characterization for horse spleen ferritin sample. (a) SEC analysis
for ferritin. The main peak at 15.5 minutes represents the monomer ferritin, and the small
peaks at 12 and 13 minutes respectively represent the ferritin aggregates, which has been
reported previously." The minor peak marked by * may be caused by salts, which was also
observed in previous works.? 3 There are no other peaks, indicating good purity of the ferritin
sample. (b) SDS- and Native-PAGE analysis for ferritin. M: marker, Ferritin: ferritin sample.
The SDS-PAGE and Native-PAGE are carried out with 12% gel at 120 V and with 15% gel at
150 V, respectively. In the SDS-PAGE experiment, only a single band between 15 kDa and
20 kDa was observed, with no obvious bands above 20 kDa detected, indicating that the
ferritin sample predominantly consists of L-chains which is consistent with previously works.*
In Native-PAGE experiment, the intact 24-mer ferritin band is observed at ~440 kDa. The
band corresponding higher molecular weight (it doesn’t mean ~669 kDa but have not been
totally expended) means the ferritin aggregates,® which is consistent with the SEC

experiments in (a). (c-d) DLS analysis and stained HTREM images for ferritin. Insertion is the
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size statistic for ferritin. The DLS and HRTEM experiments verify the intact spherical structure

(~11 nm) of ferritin sample.®
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C3 channel

;

Supplementary Figure 2. Ferritin surface and cross-sectional diagram. All the eight C3
channels and six C4 channels are marked in blue and orange, respectively. Lipid bilayer is

located on the XZ plane, with one C4 channel and four C3 channels on each side.
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Supplementary Figure 3. Typical current trace of single ferritin inserting into the lipid bilayer

_

at +180 mV. The current change from 0 to ~150 pA represents the insertion of ferritin. The 0
mV bias is applied to ensure the correct ionic current without baseline shift. The I-V test is
carried out by regulating voltage from +100 to -100 mV. The electrical recording is carried out

in 1 M KCI buffer at pH 7.4.
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Supplementary Figure 4. Three independent electrical recordings of ferritin nanopore

forming. All the experiments are carried out at +180 mV in 1 M KCI buffer at pH 7.4.
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Supplementary Figure 5. Independent |-V curves from three ferritin nanopores. All the

experiments are carried out in 1 M KCI buffer at pH 7.4.
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Supplementary Figure 6. (a) Current trace of single and two ferritin nanopores. The first

pore is beforehand inserted. The second pore is inserted in the period of electrical recording.

(b) I-V curves of single and two ferritin nanopores. All the experiments are carried out in 1 M
KCI buffer (pH 7.4).
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Supplementary Figure 7. Current traces of L-Cys detection without Cu?* showing no
obvious blockage signals. The experiment is carried out in 1 M KCI buffer (pH 7.4) with only

L-Cys (80 uM) in trans chamber at +40 mV.
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Supplementary Figure 8. Simultaneous detection for Cys and Hcy. (a) Current trace of
simultaneous detection for Cys (blue) and Hcy (green). The extracted current values are
marked by red line. (b-c) Scatter plot and histogram for Cys (blue) and Hcy (green). Sample

size n=211. The experiment is carried out in 1 M KCI buffer with Cu?* (80 uM), Cys (40 uM)
and Hcy (40 uM) in trans chamber at +40 mV.
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Supplementary Figure 9. Models for multi-level signals analysis. (a) Schematic diagrams
and current traces of multi-level signals. After a ferritin is inserted into the lipid bilayer, there
are four C3 channels on a side of the lipid membrane. Current baseline means none channel
is blocked. Single-level signal (state 1) means one of four channel is blocked. Multi-level
signals (state 2, state 3, and state 4) mean multiple channels are simultaneously blocked. (b)
Predicted probability curves of five states by the Bin(4,q) binomial distribution model. (c)
Magnified view of (b) ranging from 0 to 0.1 on the x-axis. The lines are predicted model
curves of the five states (X=0, 1, 2, 3, 4). The data points are actual experimental probabilities
of the five states (X=0, 1, 2, 3, 4) in different Cys-Cu concentrations (0 to 80 uM). (d) The
relationship between the channel-blocked probability (q) and the Cys-Cu concentration,

which is fitted to the logistic model.
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Explanation for Supplementary Figure 9:

To simulate the multi-channels of ferritin, we simplify it as four identical channels. For
the four-channel ferritin nanopore, each of four channels has the same each-channel-blocked
probability (q) and each-channel-opening probability (1-q). Theoretically, there are five
possible states (X=k, k=0,1,2,3,4), where P(X=k) represents the probability that k of the four
channels is/are simultaneously blocked (Supplementary Fig. 9a). For example, X=0 means
none channel is blocked, corresponding to current baseline (state 0), and X=2 indicates that
two of the four channels are simultaneously blocked, which corresponds to the state 2 signals
observed in nanopore recordings.

Frist, the experimental data about multi-level signals was summarized and analyzed.
The experimental probabilities of five states (Pexp(X=0,1,2,3,4)) at five different Cys-Cu
concentrations (0, 20, 40, 60, and 80 uM) were calculated from the experimental current
traces. The experimental probability is defined as the dwell time proportion and summarized
in Supplementary Table S1. Such as for state 1 signals at 80 uM, the experimental probability
(Pexp(X=1)) is 0.17312, which is calculated by dividing the total dwell time of state 1 signals
by the total recoding time. To be noted that, during the experiments under current Cys-Cu
concentrations, no state 4 signals were observed and Pexp(X=4) thus was zero.

Second, a binomial distribution model was established to fit the experimental data. For
the four-channel ferritin nanopore, each of four channels has the same each-channel-blocked
probability (q) and each-channel-opening probability (1-q). The binomial distribution model
Bin(4,q) is suitable to describe the relationship between the occurrence probability P(X=k) of
multi-level signals and the g values. The binomial distribution model formula Bin(4,q) is
described as:

PX=k) = (i) q“(1—q)* % k =0,1,2,34

4

5 ()ea-or -1

k=0

in which, kK means the number of simultaneously blocked channels, g means the each-
channel-blocked probability of each channel, P(X=k) means the probability that k of the four
channels is/are simultaneously blocked, and the sum of all the probabilities of five states
(X=0,1,2,3,4) equals to 1. According to above formula, the model curves depicting how the

predicted probability of five states (Ppre(X=0,1,2,3,4)) changes as different g value were
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generated through python code (please see code files) (Supplementary Fig. 9b, c).

Third, for each Cys-Cu concentration, the experimental probabilities Pexp(X= 0, 1, 2, 3,
4) were respectively substituted into the model curves to fit an optimal g value. In this way,
we obtained five g values (qo=0, q20=0.0066, 40=0.0198, q60=0.0351, and qs0=0.0494)
corresponding to the Cys-Cu concentrations of 0, 20, 40, 60, and 80 pM, respectively
(Supplementary Fig. 9c). As shown in Supplementary Fig. 9d, the data points corresponded
quite well with the model curves, revealing the good credibility of obtained q values.

Finally, the data points of q values at different concentrations were plotted in
Supplementary Fig. 9d. Then, the logistic model, usually used in describing the relationship
between receptor response and ligand concentrations, was used to fit the relationship
between each-channel-blocked probabilities (g values) and Cys-Cu concentrations. The
logistic model was found to have a good performance in fitting their relationship. Therefore,
the logistic model can be used to predict q value at a given analyte concentration. Then,
according to the binomial distribution model curves, one can calculate the occurrence

probabilities of each kind of multi-level signals.
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Supplementary Table S1. The experimental probabilities of five states (X=0,1,2,3,4) at five
different Cys-Cu concentrations (0-80 uM)a.

Pexp(sz)
Pexp(XZO) Pexp(le) Pexp(Xzz) Pexp(X=3) Pexp(X=4)
C(Cys-Cu)
80 uM 0.81867 0.17312 0.00706 0.00118 0
60 uM 0.86561 0.12520 0.00247 0.00324 0
40 uM 0.92366 0.07495 0.00120 0.00042 0
20 uM 0.97308 0.02534 0.00044 0.00006 0
0 uM 1 0 0 0 0

a8 The experimental probabilities for each concentration were defined as their respective dwell time
proportions in nanopore recordings. At the same concentration, the sum of the probabilities of all states
equals 1. For 0 uM Cys-Cu, no other signals but only baseline was observed. No current blockages of

state 4 were observed.
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Supplementary Figure 10. Nanopore experiments with horse spleen apo-ferritin. (a) Stained
HTREM images for ferritin (left) and apo-ferritin (right). Iron-loaded ferritin results in a darker
central region, whereas apo-ferritin without iron core does not. (b) Comparison of the |-V
curves of ferritin (black) and apo-ferritin (red), in which, almost identical |-V curves are
observed. (c) Nanopore experiments for Cys-Cu (80 uM) detection using an apo-ferritin
sensor at +40 mV. (d-e) Scatter plot and histogram of Cys-Cu events. Sample size n=360.
The signals are almost the same as that observed in using ferritin sensor. The nanopore

recording is carried out in 1 M KCI buffer at pH 7.4.
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Supplementary Figure 11. Quantitative experiments for L-cysteine. (a) Event frequency of
L-cysteine in different concentrations (20, 40, 60, 80 yM) with fixed 80 uM Cu?* and the fitted
concentration standard curve. (b) Comparison between calculated and indicated L-cysteine
fraction in the L-cysteine capsule. The error bar represents standard deviation (SD) and
come from three independent experiments. The indicated weight percentage of L-cysteine is
18 wt% in the commercial L-cysteine capsule. In our experiment, 30 mg drug powder was
dissolved in 10 mL H20 and then 10 pL solution was pipetted into KCI buffer (previously
mixed with Cu?*) to prepare 1 mL test solution with 80 uM Cu?* and unknown L-cysteine.
Three independent nanopore experiments were carried out and the statistical results of
events frequency were acquired as 286 /5 min, 246 /5 min and 267 /5 min, respectively.
According to the fitted formula in (a), the concentrations of L-cysteine were calculated and
converted into weight percentage as 18.5 wt%, 14.7 wt%, and 16.7 wt%, respectively. Thus,
the calculated mass fraction of L-cysteine was acquired as 16.6 wt%z+1.9 wt%, close to the

indicated value (18 wt%).
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Supplementary Figure 12. Current traces of Cys-Cu complex detection with (a) MOPS and
(b) Tris-HCI buffer reagents. All the experiments are carried out in 1 M KCI buffer (pH 7.4)
with Cu?* (80 uM) and Cys (80 uM) in trans chamber at +40 mV.
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Supplementary Figure 13. Current traces of Cys-Cu complex detection and corresponding

dwell time statistics for blockage signals at (a) pH 7.4, (b) pH 7 and (c) pH 6. All the

experiments are carried out in 1 M KCI buffer with Cu?* (80 uM) and Cys (80 puM) in trans

chamber at +40 mV.
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Supplementary Figure 14. Current traces of (a) Cys-Fe®*, (b) Cys-Fe?*, (c) Cys-Zn?*, and
(d) Cys-Ni?* complexes detection. There is no obvious current blockage signals observed for
all experiments. All the experiments are carried out in 1 M KCI buffer with Cys (80 uM) and

Fe3* (80 uM), Fe?* (80 uM), Zn?* (80 uM), or Ni?* (80 uM) in trans chamber at +40 mV.
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Supplementary Table 2. Quantum chemical calculations of different binding structures

between Cu?* and Cys.?

L 4
S-Cu-O
Combination states of Cys-Cu Calculated internal energy Relative internal energy
complexes (kcal/mol) (kcal/mol)
N-Cu-O -1480539.994 0.000
S-Cu-O -1480556.108 -16.114
S-Cu-N -1480566.993 -26.999

a Three possible Cys-Cu binding structures are constructed and optimized to convergence
using the B3LYP-D3/6-31g(d) method,” & and the relative internal energies of the three
complexes are calculated using the high-precision XYGJOS/def2-TZVPP method.>*! The S-
Cu-N structure has the lowest internal energy, suggesting it is the most stable structure in

the three possible Cys-Cu binding structures.
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Supplementary Figure 15. Current traces of Cys-Cu complex detection in different ratios of
Cu?* to Cys. The concentration of Cu?* is 80 uM for all experiments and the concentrations
of Cys are (a) 40 uM, (b) 80 uM, (c) 120 uyM and (d) 160 pM, respectively. The events
frequency is highest when the ratio of Cu?* to Cys is 1:1. All the experiments are carried out

in 1 M KCI buffer (pH 7.4) at +40 mV.
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Supplementary Figure 16. Nanopore detection for Cys-Cu complex at +80 mV. (a-b)
Current trace and scatter plot of Cys-Cu complex detection. The characteristic events for
Cys-Cu are marked in red. Plots on the left with broad Al/lo distribution are background

signals. (c) Background signals of nanopore recording without any analytes at +80 mV.
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Supplementary Figure 17. MD simulation of the Cu?* coordination style of Cu-protein
complexes in C3 channel. (a) The reported crystal structure of Cu?*-bonded ferritin (PDB
3RE7).? To clearly show the coordination of Cu?*, only one Cu?* is retained. (b) The
equilibrated ferritin-Cu?* model showing the combination state of Cu?* in the C3 channel. The
single Cu?* is observed to coordinate with His114, Cys126, and Glu130 in the C3 channel,
which closely resembles the crystal structure of Cu?*-bonded ferritin.’® (c) The RMSD plot
showing relaxation process of the ferritin-Cu?* model in MD simulation. The small RMSD
value reflects the favorable stability of the Cu?* coordination structure. The details of MD

simulation have been described in the Methods section.
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Supplementary Figure 18. The changes of critical bond distances in the MD simulation of
Cys-Cu complex in ferritin C3 channel. The residues from C3 channel are marked Cys126,
Glu130 and His114. The Cu?* and Cys are from Cys-Cu complex. The “Cu-S-Cys126”
represents the coordination bond between Cu?* and -SH from cysteine on C3 channel. The
“Cu-S-Cys” represents the coordination bond between Cu?* and -SH from the added cysteine
(Cys). The “Cu-O-Glu130” represents the coordination bond between Cu?* and -COOH from
glutamine (Glu) on C3 channel, in which the O1 and O2 represent the different oxygen atoms.
The “His114-N-Cys” represents the hydrogen bond between histidine (His) on C3 channel
and -NH: from the added cysteine. The illustration is simulated structure of Cys-Cu complex

in C3 channel.
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Supplementary Figure 19. Occupation effect of Zn?* to the Cys-Cu binding sites. (a) MD
simulation of the Zn?* coordination style in ferritin C3 channel. The single Zn?* is observed to
coordinate with His114, Cys126, and Glu130, which is identical to the coordination style of
Cu?*. (b) RMSD plot showing relaxation process of the ferritin-Zn** model. The small RMSD
value reflects the favorable stability of the Zn?* coordination structure. (c) Events frequency
in Cys-Cu complex detection with Zn?* in different concentrations. The error bars represent
standard deviation (SD) and come from three independent experiments. The frequency of
Cys-Cu events decreased as the Zn?* concentration increased, revealing the obvious
occupation effect of Zn?* to the Cys-Cu binding sites (His114, Cys126, and Glu130). All the
nanopore experiments are carried out in 1 M KCI buffer with 80 uM Cu?*, 80 uM Cys and
Zn?* (0, 160, 240, or 320 yM) in trans chamber at +40 mV.
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Supplementary Figure 20. Current traces in the presence of (a) Cys-Asp dipeptide (CD) (80
uM) and (b) Cys-Glu dipeptide (CE) (80 uM) with Cu?* (80 uM) at +40 mV. All the experiments
are carried out in 1 M KCI buffer (pH 7.4).
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Supplementary Figure 21. Surface charge distribution map of the C3 channel. The whole

C3 channel is negatively charged.
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Supplementary Figure 22. Discrimination between CR and CK. (a) Current traces of CR-
Cu?* and CK-Cu?* complexes detection. (b) Histogram for CR and CK. All the experiments
are carried out in 2 M KCI buffer (pH 7.4) with CR (80 uM) or CK (80 uM) and Cu?* (80 uM)

in trans chamber at +40 mV.
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