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SUMOylation is an important and highly dynamic post-translational modification (PTM) process of protein,
and its disequilibrium may cause various diseases, such as cancers and neurodegenerative disorders. SUMO
proteins must be accurately detected to understand disease states and develop effective drugs. Reliable
antibodies against SUMO2/3 are commercially available; however, efficient detectors are yet to be
developed for SUMO1, which has only 50% homology with SUMO2 and SUMO3. Here, using phage
display technology, we identified two cyclic peptide (CP) sequences that could specifically bind to the
terminal dodecapeptide sequence of SUMOI1. Then we combined the CPs and polyethylene
terephthalate conical nanochannel films to fabricate a nanochannel device highly sensitive towards the
SUMOL1 terminal peptide and protein; sensitivity was achieved by ensuring marked variations in both

transmembrane ionic current and Faraday current. The satisfactory SUMO1-sensing ability of this device
Received 26th April 2023 K it . tool f the time-point itori f the SENP1 —catalvzed de-
Accepted 13th July 2023 makes it a promising tool for the time-point monitoring o e enzyme-catalyze e
SUMOylation reaction and cellular imaging. This study not only solves the challenge of SUMOL1 precise
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Introduction

The covalent attachment of small ubiquitin-like modifier
(SUMO) protein (size, ~11 kD) to substrate proteins is an
important and widely distributed post-translational modifica-
tion (PTM)."? This modification is highly conserved in eukary-
otic cells and has various cellular regulatory functions.?
SUMOylation is a highly dynamic process;* the disequilibrium
of SUMOylation may lead to the development of neurodegen-
erative diseases® and cancers.® In mammalian cells, the
SUMOylation of proteins involves a cascade of enzymatic reac-
tions (Fig. 1a),” including the activation of SUMO by the E1
enzyme SAE1/SAE2 (also known as Aosl1/Uba2), the transfer of
SUMO to ubiquitin carrier protein 9 (UBC9) through the E2
conjugating enzyme, and the ligation of SUMO to the target
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of the nanochannel device in monitoring of enzymes and discovery of effective drugs.

protein through E3 ligases. Only one type of E2 conjugating
enzyme but a variety of E3 ligases can be found in mammalian
cells.? SUMO proteins can bind to one or more lysine residues of
a target protein, or a chain of SUMO proteins may attach to
a single lysine residue of the target protein.” In mammals,
SUMO-specific proteases (SENPs), which are the primary regu-
lators of intracellular SUMO-related homeostasis," catalyze the
removal of SUMO proteins from a modified target protein by
breaking isopeptide bonds; thus SUMO proteins are removed
from the target protein and can re-enter the SUMOylation
cycle.*

Uncontrolled SUMOylation and de-SUMOylation may lead to
homeostasis dysregulation in cells,"* and central to the
monitoring of SUMOylation are SENPs, and the importance of
SENP1 in clinical and molecular studies has been enumerated
by Wozniak et al. and is shown in Table S1.1'*** The silencing of
cardiac-targeted PIASy through the de-SUMOylation of Cav-3
partially prevented the downregulation of the Na, 1.5 protein
in the plasma membrane of cardiomyocytes during ischemia/
reperfusion injury, thus reducing the incidence of ventricular
arrhythmia in rats.'® TAK-981 selectively reduces SUMOylation,
thereby preventing cell proliferation and causing mitotic failure
and defective chromosome segregation in pancreatic cancer
cells.”” For telomere maintenance, the disruption of the alter-
native lengthening of telomere-associated promyelocytic
leukemia bodies is a potential target for cancer drugs; this

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d3sc02140h&domain=pdf&date_stamp=2023-08-08
http://orcid.org/0000-0001-9428-0813
http://orcid.org/0000-0003-1509-0670
http://orcid.org/0000-0001-5101-7273
http://orcid.org/0000-0003-0596-5445
http://orcid.org/0000-0003-2543-1547
http://orcid.org/0000-0002-4888-9318
https://doi.org/10.1039/d3sc02140h
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc02140h
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC014031

Open Access Article. Published on 13 July 2023. Downloaded on 7/15/2025 5:45:14 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

a

Activation

Substra!a

Substrate / Substrate
G SUMO

SENP
Protease

GG

4,
W
&7,
/84

GG

Q seve

HN='
NH

~K~

o)

G OH o o COOH

G Phage Display H)J\N

T Sscreening O,

Q

E

Q

Y

\'
v E
L

\V

‘D

40 nm

Fig.1 SUMOylation and the design of functional nanochannels for the
detection of SUMOL. (a) Catalytic cycle of SUMOylation. (b) Phage
display screening for CPs capable of binding DG12, a key region of
SUMOQOY, leading to the identification of CP-1, which had strong affinity
towards DG12. (c) Modifications, such as etching, nickel and gold
plating, and CP-1 adsorption of nanochannel films to fabricate a highly
sensitive SUMO1 detection device by using both transmembrane ionic
current and Faraday current.

disruption mainly involves SUMOylation.”® Considering the
importance of de-SUMOylation, sensitive and specific detection
methods must be developed for monitoring this process for
facilitating drug development and imaging; for this, precise
recognition and detection of SUMO proteins are crucial.

Mature forms of SUMO2 and SUMO3 exhibit 97% amino
acid sequence homology and are indistinguishable; therefore,
these two forms are often studied together. However, they
exhibit only 50% homology with SUMO1, which remains to be
studied extensively.® SUMO1 varies considerably from SUMO2
and SUMO3 in terms of function and in vivo substrate proteins.
Compared with other PTMs,"?" SUMOylation is difficult to
explore, primarily because of the transient nature of this
process,* low levels of SUMOylated proteins, and lack of reliable
detection tools. Particularly, the available SUMO1 antibodies do
not enable the effective detection of this protein, which hinders
the discovery of the functions of SUMO1.>>** These problems
have been indicated as the major contributors to reproducibility
crises.”

In the present study, we designed a sensitive nanochannel
device® for the detection of SUMO1. Using the phage display

© 2023 The Author(s). Published by the Royal Society of Chemistry
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technology, we first identified a series of cyclic peptides (CPs)
capable of specifically binding to the key region of SUMO1
(DG12: DVIEVYQEQTGG, Fig. 1b). Then, the CPs were immo-
bilized on the gold-coated (thickness, 20 nm) tip side*® of
nanochannels in etched conical polyethylene terephthalate
(PET) films.” High sensitivity and specificity*® of DG12 and
SUMOL1 detection were achieved using an electrochemical cell.>*
which
enabled transmembrane ionic current and Faraday current to
be simultaneously recorded* (Fig. 1c and Schemes S1-S3 in the
ESIf). This nanochannel device further realized the time-point
monitoring of SENP1-catalyzed de-SUMOylation, which may
facilitate the screening of effective drugs.

This cell had two separate measurement systems,

Results and discussion

Phage display biopanning helps screen peptides with high
affinity towards target proteins of interest from a large library of
candidate peptides (diversity, approximately 10°). To identify
SUMO1-specific peptides, we performed phage display
screening. For this, we used a library constructed using peptide
data from a filamentous phage displaying five copies of CPs on
the phage surface; these CPs generally were cystine-linked cyclic
heptapeptides (CX,C; X is any amino acid).*® The structures of
CPs are more rigid than that of linear peptides of the same
length; this reduces the conformational flexibility and increases
the proteolytic stability of CPs.** In this study, a series of
SUMO1-binding CPs were identified through complete bio-
panning, which included one round of reverse biopanning
against bovine serum albumin (BSA, which reduces the proba-
bility of non-specific binding) and four rounds of selection
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Fig. 2 (a) Peptide sequences used in this study (NSP-1/2: non-SUMO
peptide 1/2). (b) Results of the enzyme-linked immunosorbent assay
performed to evaluate the DG12-binding affinity of seven CPs. Error
bars represent the standard deviations from three measurements, n =
3. (c) Field emission scanning electron microscopy images of the
cross-section (top), base side (bottom left), and tip side (bottom right)
of PET conical nanochannels. (d) Current-voltage (/-V) curves of
a bare PET film (black) and a gold-coated PET film before (red) and
after (blue) CP-1-mediated modification (0.25 mg mL™?) at 25 °C.
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against DG12. After the complete biopanning procedure, we
randomly selected DG12-binding phage clones and successfully
obtained the DNA sequences of 7 of these clones. Fig. 2a depicts
the corresponding peptide sequences. The DG12-binding
affinity of the selected phages bearing CPs was confirmed
through enzyme-linked immunosorbent assay; the results are
presented in Fig. 2b. Finally, we selected CP-1 and CP-2, which
exhibited relatively high affinities, as the candidate peptides for
the subsequent experiments. Protein blast searches performed
on the National Center for Biotechnology Information website
(https://www.ncbi.nlm.nih.gov/BLAST/) by using CP-1 and CP-2
sequences revealed no homologous sequences in the database,
indicating that the two CPs are novel peptides. The synthesized
peptides (CP-1/2 and Rhodamine B-labelled CP-1) were char-
acterized through high-performance liquid chromatography
and mass spectrometry**** (Fig. S1-S3 in the ESIf}).

A PET film with conical nanochannels (1 x 10 pores per
cm?®) was prepared through asymmetric ion-track etching.?” The
average diameters of the small (tip side) and large (base side)
openings of the nanopores were 48 and 680 nm, respectively,
and the length of the conical nanochannel was 12 pm (Fig. 2c).
The distribution of surface charge on the tip side of nanopores
strongly affects transmembrane ionic current;*® therefore,
a thin layer of gold was plated on this side to improve the
sensitivity of the nanochannel device. The deposition of a thin
layer of Au on the surface of the tip side of the PET film has two
roles; on the one hand, the nanopore becomes smaller, which
will improve the sensitivity of the nanopore; on the other hand,
Au has excellent conductivity, capable of building an electrode
interface for the Faraday current measurement, which has been
confirmed by Xia et al.** The signals for both transmembrane
ionic current and Faraday current could be recorded (Fig. 1c).
Specifically, a layer of nickel was sputtered onto the tip side of
the PET film by using a coater; then, a layer of gold was sput-
tered on the same side. The average thickness of both the nickel
and gold layers was 20 nm (Fig. S4 in the ESIT); the deposition
rate was 0.02 nm s~ *.** Subsequently, CP-1 was immobilized on
the gold layer through gold-sulfur bonding.** We used 2-mer-
captoethanol to shield the residual active sites on the gold-
coated surface and maintain the well-organized structure of
the CP-1 monolayer.

The analysis of the X-ray photoelectron spectrum, quartz
crystal microbalance with dissipation (QCM-D), and surface
contact angle data of the gold-coated PET film indicated
apparent changes after CP-1-mediated modification (Fig. S5-S7
in the ESIT). The film was tightly mounted between two Teflon
modules in a current measurement apparatus made in our
laboratory (Scheme S1 in the ESIT). Then, transmembrane ionic
current was measured after injecting 5 mM Tris-HCI buffer
solution (electrolyte, TBS) into the two modules. As shown in
Fig. 2d, due to the deposition of gold, the diameter of the
original tip side becomes smaller, resulting in a larger rectifi-
cation ratio (ratio of 13). The transmembrane ionic current
value at —2 V (a similar voltage was used in the subsequent
experiment) increased from —337 to —83 nA. This value
increased to —307 nA when the film was modified using CP-1
(Fig. 2d). The self-assembly of CP-1 on the gold layers
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deposited on the nanochannels further decreased the rectifi-
cation ratio because CP-1 is a neutral biomolecule that changed
the surface charge remarkably.** These findings confirmed the
successful modification of the PET film.

TBS containing different concentrations of DG12 was
sequentially added to the electrolytic cell. For the CP-1-modified
nanochannel device, when the concentration of DG12 was 1 x
107*? M, the value of transmembrane ionic current increased
from —307 to —278 nA, which further increased gradually with
the increasing concentration of DG12 (Fig. 3a). Finally, the
transmembrane ionic current increased to —48 nA in the pres-
ence of 1 x 10~® M DG12, denoting a current increase ratio of
approximately 84% compared with the value noted for a blank
buffer solution. The complexation between CP-1 and DG12
caused the original monomolecular layer to become complex,
impeding electrolyte transport in the narrow nanochannel
space, thus leading to the change in the transmembrane ionic
current. Furthermore, the differential pulse voltammetry*>*
spectra of Faraday current exhibited prominent variations
(Fig. 3b). The variations in the current signal indicated
a concentration (DG12)-dependent decreasing trend. The
current value at —0.4 V increased from —3.3 to —2 pA in the
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Fig. 3 CP-modified nanochannels for the detection of DG12. (a, b, e
and f) Transmembrane ionic current curves (a and e) and Faraday
current curves (b and f) of CP-1-modified (a and b) and CP-2-modified
(e and f) nanochannels in response to addition of different concen-
trations (1072 to0 107° M) of DG12 in TBS (5 mM and pH 8.0) at 25 °C. (c
and d) Concentration-dependent transmembrane ionic current
increase ratios (Al/lp) at —2 V (c) and Faraday current increase ratios
(Al/lg) at —0.4 V (d) of CP-1-modified nanochannels in response to
DG12 (black), two non-SUMO peptides NSP-1 (red) and NSP-2 (blue),
or the ratios of the dithiothreitol (DTT)-treated CP-1-modified (purple)
or bare gold-coated PET film (green) in response to DG12. n = 3.
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presence of 1 x 10~ ® M DG12 solution; the characteristic peak
potential shifted from —0.4 to —0.6 V. Initially, only CP-1 is
present on the gold electrode surface, and when DG12 is added,
the complexation between CP-1 and DG12 contributes to a new
characteristic peak, accompanied by a remarkable change in the
Faraday current. Remarkable variations in both trans-
membrane ionic current and Faraday current indicated that the
binding between CP-1 and DG12 influenced the ionic transport
and charge transfer from the bulk solution to the gold electrode
surface. We evaluated whether the concentration of TBS would
impact the sensitivity of the device. As shown in Fig. S8 in the
ESI,7 the device displays remarkable response to DG12 in
10 mM TBS, and the variations are close to that detected in
5 mM TBS.

A linear relationship was identified between the concentra-
tion of DG12 and the variation in transmembrane ionic current
or Faraday current (Fig. 3c and d; black lines), which was
favorable for DG12 detection. To evaluate the specificity of the
CP-1-modified nanochannel device for DG12, two non-SUMO
peptides (NSPs) were used. No evident change was detected
after the addition of NSP-1 or NSP-2. We further used BSA tryptic
digest solution containing >100 types of peptides to mimic
a relatively complex biological sample; notably, the CP-1-
modified nanochannel device could detect DG12 even in this
complex sample (Fig. S9 in the ESI{).*

We further investigated the role of the rigid cyclic structure
of CP-1 in molecular recognition. When the sulfur-sulfur bond
of CP-1 was broken using dithiothreitol (DTT), CP-1 trans-
formed into a linear peptide, which was assembled onto the
nanochannel device. Under these conditions, no considerable
change was noted in the current signal (Fig. 3c and d; purple
lines), highlighting the crucial role of the cyclic structure of CP-
1 in DG12 detection. This presumption was further validated by
a bare gold-coated PET film, which had negligible sensitivity
toward DG12 (Fig. S10 in the ESIf). In addition to CP-1 that was
screened from phage display, the CP-2-modified nanochannel
device also exhibited considerable variations in the current
signal upon interaction with DG12 (Fig. 3e and f), and the power
of phage display screening technology speaks for itself. Finally,
a control experiment was designed, in which CP-1 was immo-
bilized on a bare PET film with conical nanochannels. The
transmembrane ionic current of this device only decreased by
10% compared to the initial value when 1 pM DG12 was added
(Fig. S11 in the ESIT). Therefore, we presumed that the detection
sensitivity could be largely improved by plating a thin gold layer
on the tip of the nanochannels.

To investigate the electrochemical behaviors of the surface of
the nanochannel films, CP-1 was immobilized on a gold-coated
electrode surface through gold-sulfur bonding,*® and electro-
chemical impedance spectroscopy was performed. The semi-
circle diameter representing resistance gradually increased with
the increasing concentration of DG12 (Fig. 4a). Charge transfer
resistance (R.;) exhibited a linear relationship with the DG12
concentration (Fig. 4b). R increased from 831 + 138 to 2886 +
481 Q in the presence of 10 nM DG12, corresponding to a 277%
R increase from the initial value. We assumed that complex-
ation between CP-1 and DG12 impeded the transfer of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Mechanisms. (a) Nyquist plots (—Z,, vs. —Z,¢) constructed using
data obtained by measuring the electrochemical impedance of the
CP-1-modified gold electrode in 0.1 M TBS containing 5 mM
Fe(CN)¢>~/4~ with different concentrations (10™*2 to 10~® M) of DG12.
The solid lines indicate the data fitted to the equivalent circuit at 25 °C.
(b) Concentration-dependent variations in the R of the CP-1-modi-
fied gold electrode in response to DG12 (blank) and NSP-1 (red) and of
the DTT-treated CP-1-modified (purple) or bare gold electrode (blue)
in response to DG12. n = 3. (c) AF on the CP-1-modified QCM-D
sensor surface upon addition (1 mM) of DG12 (blank) or NSP-1 (red) in
TBS at 25 °C and flow rate: 100 uL min~™. (d—f) Surface potential of the
gold-coated PET film (d) and the CP-1-modified PET film before (e)
and after (f) its immersion in DG12 solution (1 mM); measurements
were performed using a Bruker Dimension Icon atomic force micro-
scope in Kelvin probe force microscopy mode. COMSOL-based
numerical simulation of the distribution of K™ on the tip side of the CP-
1-modified nanochannel device (g) and the CP-1-nanochannel device
after interaction with DG12 (h).

Fe(CN)e>~*~ from solution to the gold electrode surface, thus
increasing R.. Cyclic voltammetry further indicated the
complex formation (Fig. S12 in the ESIt). Control experiments
performed using NSP-1, the DTT-treated CP-1-modified elec-
trode, and the bare electrode further confirmed the satisfactory
specificity of CP-1 for DG12 (Fig. 4b and S13 in the ESIY).

The dynamic adsorption of DG12 on the CP-1-modified gold
surface was monitored through QCM-D. CP-1 was immobilized
on a quartz crystal sensor surface and then washed with ultrapure
water and TBS (Fig. S14 in the ESIT). After equilibrium, DG12
buffer solution was added. As shown in Fig. 4c, the frequency of
the sensor decreases gradually and plateaus at approximately
30 min, indicating a typical chemical absorption process. The
final frequency variation (AF) was 24 Hz, and the adsorption
amount of DG12 was 141.6 ng cm™ > according to the Sauerbrey
equation. An upward curve of energy dissipation (D) was observed
with a AD of 9 x 10~ (Fig. S15 in the ESI}), which indicated that
the adsorption of DG12 increased the viscoelasticity of the film.

Chem. Sci., 2023, 14, 8360-8368 | 8363
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When using NSP-1, AF was only 6 Hz (Fig. 4c), which was
substantially lower than that induced by DG12, suggesting
a prominent difference between SUMO and NSP.

After confirming the strong interaction between CP-1 and
DG12, we measured the surface potential*” of the PET films in
different states by using a Bruker Dimension Icon atomic force
microscope in Kelvin probe force microscope mode. As shown
in Fig. 4d-f, the surface potential of the gold-coated PET film
was 50 mV, which increased to 472 mV after CP-1-mediated
modification. After the interaction with DG12, this value
reduced to 137 mV.

We propose a plausible explanation for the remarkable
variations in transmembrane ionic current from the perspective
of surface charge density, which was calculated through an
independently electroosmotic flow (EOF) experiment performed
as described previously,*** which was independent of the
surface potential. The EOF velocity was measured by recording
the rate at which an electrically neutral probe molecule (e.g.,
phenol) passed through the nanochannels (Scheme S4 and
Fig. S16 in the ESIt). As shown in Fig. S17,1 the surface charge
density of the bare gold-coated PET film was —0.008¢ nm?,
which decreased to —0.029¢ nm? after CP-1-mediated modifi-
cation. After treatment with DG12, the surface charge density
increased to —0.014e nm”, indicating that the negative charge of
CP-1 was shielded by the binding between CP-1 and DG12.
Changes in surface charge distribution may strongly influence
transmembrane ionic current.” To visualize the effect, we per-
formed a steady-state finite simulation with the modified
nanochannels according to Poisson and Nernst-Planck equa-
tions using COMSOL Multiphysics (version 5.4).°* The Au layer
was considered to be about 20 nm in height inside the tip side,
and the charge density change occurred on the Au-coated area.
The simulation model was set only to contain the Au-coated
area, where the size effect was strongest, and the detailed
calculation is presented in Scheme S4 and Fig. S18 in the ESL{
Fig. 4g and h present the two-dimensional profile of the K"
concentration in the two types of nanochannel devices with the
corresponding surface charge density values obtained. In the
presence of DG12, the K' concentration in the nanochannels
was reduced. The ion reduction was due to the decreased elec-
tric double layer on the tip side of the negatively charged
channel. DG12 entered the restricted CP-1 nanochannels and
was then enriched in these nanochannels. The concentration
gradient and the potential gradient induced the permeation of
DG12. Finally, selective transport of DG12 was achieved.

Isothermal titration calorimetry was employed to investigate
the binding affinity between CP-1 and DG12. Remarkable heat
release was detected when CP-1 was titrated into DG12 solution
(Fig. 5a). Curve non-linear fitting based on a sequential binding
mode (Fig. 5b) gave a dissociation constant (Kp) of 6.9 uM
between CP-1 and DG12. By comparison, the titration of CP-1
into the NSP-1 solution only generated very weak heat varia-
tion, and under these conditions, a reliable K, could not be
obtained through non-linear fitting (Fig. S19 in the ESIt). These
results proved the satisfactory selectivity of CP-1 for DG12 in
terms of binding affinity. Besides, the CP-1-modified sensor
exhibited adequate binding to DG12 in biolayer interferometry
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Fig. 5 Binding site analysis. (a) ITC raw data of DG12 (0.25 mM) titrated
with CP-1 (5 mM) at 25 °C and (b) corresponding fitting curve, and
stirring speed: 1000 rpm. The number of titrations is 3. Complexation-
induced H-'H COSY NMR chemical shift variations in CP-1 (c) and
DG12 (d), and the peptide concentration was 20 mM. Data were ob-
tained through an NMR titration experiment at 25 °C in dg-dime-
thylsulfoxide. (e) Possible binding between DG12 (shown as lines and
surface) and CP-1 (shown as sticks), obtained through molecular
docking.

and led to the generation of a steady-state fitted response curve,
and a Kp of 5.86 uM was obtained between CP-1 and DG12
(Fig. S20 in the ESIT), which is close to the Ky, value obtained by
ITC titration.

"H-"H nuclear magnetic resonance (NMR) spectra provided
the details of binding between CP-1 and DG12.>** First, the
chemical shift attribution of each H proton in CP-1 and DG12

© 2023 The Author(s). Published by the Royal Society of Chemistry
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was assigned according to the two-dimensional "H-'H (corre-
lation spectroscopy) COSY and "*C-"H (heteronuclear singular
quantum correlation) HSQC NMR spectra (Fig. S21-S25 in the
ESIT). Then, CP-1 was mixed with an equimolar amount of
DG12. The chemical shift variation of these H protons was
recorded (Fig. 5¢ and d). Acid-base interaction may cause
prominent changes in terminal amines (e.g., H3 in CP-1 and H1
in DG12), which were absent here. The largest changes were
observed for H18 (arginine; N-H), H19 (arginine; C-H), H34
(threonine; O-H), and H36 (valine; N-H) in CP-1, and H13
(isoleucine; C-H), H45 (glutamine; C-H), H51 (threonine; C-H),
and H54 (glycine; N-H) in DG12. The data indicate that CP-1
mainly bound to the QTGG fragment of DG12, which is a key
linkage unit between SUMO1 and the substrate protein.
Considering the aforementioned binding site information, we
performed molecular docking calculations. As shown in Fig. 5e,
DG12 has a random coil conformation (Fig. S26 in the ESI;T
circular dichroism spectrum and analysis), and CP-1 is inserted
into the cavity of DG12, resulting in close complexation. Nine
sets of hydrogen bonds form between CP-1 and DG12 (Fig. S27
in the ESIt). Specifically, the arginine of CP-1 binds to multiple
amino acids of DG12 through hydrogen bonding. QTGG is a key
binding region in DG12, and it may even be the main binding
region. Fourier transform infrared spectroscopy further
confirmed the strong binding between CP-1 and DG12 (Fig. S28
in the ESIY).

To evaluate the application potential of CP-1-modified
nanochannels in the label free detection of de-SUMOylation
reaction, we carried out experiments to monitor the de-
SUMOylation reaction with our device. The enzymatic cleavage
reaction is a process by which the SUMOylated RanGTPase-
activating protein 1 (RanGAP1) is cleaved into RanGAP1 (the
substrate protein) and SUMO1 by the action of the SENP1
enzyme (Fig. 6a). As the reaction proceeds, more SUMOL1 is
dispersed into the solution and recognized by CP-1 immobi-
lized on the sensor surface, at which point the current changes.
The more SUMOL1 is recognized, the more pronounced the
change in current. We used RanGAP1 which is the most abun-
dant SUMO1-modified protein in mammalian cells.>* The
SUMOylated RanGAP1 peptide (SUMOL1 is located at the site
K524 of RanGAP1) and SUMOL1 peptide were introduced, and
their peptide sequences are presented in Fig. 6a. First, the
response of CP-1-modified nanochannels to these peptides was
assessed. As shown in Fig. 6b and c, the addition of the SUMO1
caused considerable variations in transmembrane ionic current
and Faraday current signals, which were reduced by 17% and
16%, respectively. By contrast, no apparent change was noted
when using the RanGAP1 peptide or SUMOylated RanGAP1
(Fig. S29 in the ESIt and insets of Fig. 6b and c). Notably, the
nanochannel device exhibited no response to SUMOylated
RanGAP1; because the key QTGG fragment of SUMO1 was
linked to RanGAP1, the steric hindrance might have hindered
CP-1 recognition. This result meets the specificity requirement
for SUMO1 detection, thus laying the foundation for the
monitoring of the SENP-catalyzed de-SUMOylation reaction.

We further performed the de-SUMOylation reaction.
SUMOylated RanGAP1 solution (1 uM) was dissolved in 50 mM
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Fig. 6 (a) Schematic of de-SUMOylation. (b and c) Variations in
transmembrane ionic current (b) and Faraday current (c) signals
generated by the CP-1-modified nanochannel device in response to
different concentrations of SUMOL1in TBS at 25 °C. The insets show the
current increase ratios for SUMO1 (blank), RanGAPl (red) and
SUMOylated RanGAP1 (blue). Time-dependent transmembrane ionic
current (d) and Faraday current (e) signals generated by CP-1-modified
nanochannels for the time-point monitoring of the de-SUMOylation
reaction at 30 °C (at 10:1; m: m, protein : enzyme). (f) Matrix-assisted
laser desorption/ionization-time of flight mass spectrometry spectra
of the mixture of SUMOylated RanGAP1 and SENP1 before (top) and
after 24 h (bottom) enzyme digestion at 25 °C. (g) Time-dependent
current increase ratio ((I-1g)/lp); black: transmembrane ionic current
variation at —2 V and red: Faraday current variation at —0.4 V. Error bars
represent the standard deviation values calculated from three ionic
current measurements.

TBS (pH 8.0) and was injected into the measurement apparatus
mounted with a CP-1 modified nanochannel film. Then SENP1
was added to the SUMOylated RanGAP1 solution. According to
the literature, and we recorded the enzymatic digestion reaction
continuously for 24 hours.* SUMOylated RanGAP1 was enzy-
matically cleaved by SENP1, resulting in the generation of two
new peptides: RanGAP1 substrate peptide containing lysine
modification sites and the SUMO1 peptide. Transmembanr
ionic current was monitored continuously. The recorded
transmembrane ionic current value increased gradually with
the reaction time (Fig. 6d), from an initial value of —530 to —395
nA after 24 h. Simultaneously, the Faraday current value
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increased from —5.35 to —4.43 pA (Fig. 6e). De-SUMOylation
was confirmed through matrix-assisted laser desorption/
ionization-time of flight mass spectrometry.® The signal peak
intensity of SUMOylated RanGAP1 considerably reduced, and
two new peaks corresponding to RanGAP1 and SUMO1
appeared (Fig. 6f). The time-dependent variations in trans-
membrane ionic current and Faraday current signals generated
by the nanochannel device clearly display the de-SUMOylation
process (Fig. 6g). Therefore, our device may be used for the
time-point monitoring of this enzymatic reaction.

Studies on SUMOylation rely on the detection of endogenous
SUMO family members using antibodies. Although approxi-
mately 100 monoclonal antibodies for SUMO are available
commercially, a minority are cited and many lack complete or
any validation by their vendors.*® Therefore, in this study, we
aimed to demonstrate a proof of concept for the application of
CP-1 in cellular imaging,*”*® which is of significant interest to
researchers. We examined CP-1's capability to detect the
subcellular localization of SUMO1 through

Anti-SUMO1

CP-1

DAPI

Rhodamine B

Fig.7 Imaging of SUMO1 with CP-1in SH-SY5Y cells. 4',6-Diamidino-
2-phenylindole (DAPI) was used to display the localization of the
nucleus. Anti-SUMOL1 antibody was used as a positive control (left
panels). Rhodamine B-labelled CP-1 was used for immunofluores-
cence imaging (right panels). Scale bars: 10 um.
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immunofluorescence in cells. As shown in the right panels of
Fig. 7 and S30 in the ESI,¥ Rhodamine B-labelled CP-1 exhibited
predominant nucleus localization similar to the pattern of
commercial SUMO1-specific antibodies, displaying a diffuse
nuclear signal. Furthermore, Rhodamine B-labelled CP-1 was
observed in the nucleolus (highlighted by the white arrow),
which corresponds to the localization of SUMO1. As described
in the literature, SUMO1 is mainly distributed in the nucleus,*
and the nucleolus is the site where SUMO1 modifications
mainly occur in ribosomes and chromosomes. These data
demonstrated that CP-1 could replace a specific antibody and
efficiently indicate the localization of SUMO1 in cells. More
broadly, our strategy shows potential for yielding various
specific peptides for applications in both chemical and bio-
logical studies, laying the groundwork for the subsequent
intracellular SUMO1 assays.

Conclusions

In this study, we report the first small molecule ligand targeting
SUMO1, and based on this we designed a nanochannel device
for the detection of SUMO1 with satisfactory sensitivity and
high specificity. This device was found to be useful for moni-
toring de-SUMOylation. The advantage of our device is that it
does not require any labeling or radioactive/fluorescent reagent.
Thus, this device can facilitate the development of drugs tar-
geting SENP1. The present study considerably expands the
scope of nanopore research to SUMOylation, and our strategy is
also applicable to other important and rare PTM types, such as
ubiquitination, glycosylation, and acetylation, proving efficient
enrichment and analysis methods for biological studies.
Notably, through phage display, we identified a series of CPs to
improve the sensitivity of SUMO1 detection, thus resolving the
bottleneck problem associated with the low efficiency of SUMO1
antibodies. The current work is just the beginning, and in the
future, the identified CP sequences may be developed as an
enrichment material for advancing SUMO1 proteomics, SUMO1
probes, SUMO1-targeting drug release systems, and drug
design, which, in turn, would improve our understanding of the
role of SUMO proteins, particularly SUMO1, in disease and
physiology. This direction is currently being explored in our
laboratory.
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