
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
Ju

ly
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

0/
25

/2
02

5 
8:

13
:1

0 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
A highly sensitive
aCollege of Pharmaceutical and Biologica

Chemical Technology, No. 11 Street, Eco

Zone, Shenyang 110142, P. R. China
bCAS Key Laboratory of Separation Science fo

Chemical Physics, Chinese Academy of Scien

qinggy@dicp.ac.cn; lihuazhang@dicp.ac.cn
cCollege of Chemistry and Chemical Eng

Sunshine Road, Wuhan 430200, P. R. China

† Electronic supplementary informa
https://doi.org/10.1039/d3sc02140h

‡ Y. Q. and X. Z. contributed equally to th

Cite this: Chem. Sci., 2023, 14, 8360

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 26th April 2023
Accepted 13th July 2023

DOI: 10.1039/d3sc02140h

rsc.li/chemical-science

8360 | Chem. Sci., 2023, 14, 8360–8
nanochannel device for the
detection of SUMO1 peptides†
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Minmin Li, b Lihua Zhang *b and Guangyan Qing *bc

SUMOylation is an important and highly dynamic post-translational modification (PTM) process of protein,

and its disequilibriummay 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 SUMO1. Then we combined the CPs and polyethylene

terephthalate conical nanochannel films to fabricate a nanochannel device highly sensitive towards the

SUMO1 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

makes it a promising tool for the time-point monitoring of the SENP1 enzyme-catalyzed de-

SUMOylation reaction and cellular imaging. This study not only solves the challenge of SUMO1 precise

recognition that could promote SUMO1 proteomics analysis, but also demonstrates the good potential

of the nanochannel device in monitoring of enzymes and discovery of effective drugs.
Introduction

The covalent attachment of small ubiquitin-like modier
(SUMO) protein (size, ∼11 kD) to substrate proteins is an
important and widely distributed post-translational modica-
tion (PTM).1,2 This modication is highly conserved in eukary-
otic cells and has various cellular regulatory functions.3

SUMOylation is a highly dynamic process;4 the disequilibrium
of SUMOylation may lead to the development of neurodegen-
erative diseases5 and cancers.6 In mammalian cells, the
SUMOylation of proteins involves a cascade of enzymatic reac-
tions (Fig. 1a),7 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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protein through E3 ligases. Only one type of E2 conjugating
enzyme but a variety of E3 ligases can be found in mammalian
cells.8 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.9 In mammals,
SUMO-specic proteases (SENPs), which are the primary regu-
lators of intracellular SUMO-related homeostasis,10 catalyze the
removal of SUMO proteins from a modied target protein by
breaking isopeptide bonds; thus SUMO proteins are removed
from the target protein and can re-enter the SUMOylation
cycle.11

Uncontrolled SUMOylation and de-SUMOylation may lead to
homeostasis dysregulation in cells,12,13 and central to the
monitoring of SUMOylation are SENPs, and the importance of
SENP1 in clinical and molecular studies has been enumerated
by Woźniak et al. and is shown in Table S1.†14,15 The silencing of
cardiac-targeted PIASy through the de-SUMOylation of Cav-3
partially prevented the downregulation of the Nav 1.5 protein
in the plasma membrane of cardiomyocytes during ischemia/
reperfusion injury, thus reducing the incidence of ventricular
arrhythmia in rats.16 TAK-981 selectively reduces SUMOylation,
thereby preventing cell proliferation and causing mitotic failure
and defective chromosome segregation in pancreatic cancer
cells.17 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
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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 (I–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−1) at 25 °C.

Fig. 1 SUMOylation and the design of functional nanochannels for the
detection of SUMO1. (a) Catalytic cycle of SUMOylation. (b) Phage
display screening for CPs capable of binding DG12, a key region of
SUMO1, 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.

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
Ju

ly
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

0/
25

/2
02

5 
8:

13
:1

0 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
disruption mainly involves SUMOylation.18 Considering the
importance of de-SUMOylation, sensitive and specic 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 oen studied together. However, they
exhibit only 50% homology with SUMO1, which remains to be
studied extensively.8 SUMO1 varies considerably from SUMO2
and SUMO3 in terms of function and in vivo substrate proteins.
Compared with other PTMs,19–21 SUMOylation is difficult to
explore, primarily because of the transient nature of this
process,4 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 SUMO1.22,23 These problems
have been indicated as the major contributors to reproducibility
crises.24

In the present study, we designed a sensitive nanochannel
device25–27 for the detection of SUMO1. Using the phage display
© 2023 The Author(s). Published by the Royal Society of Chemistry
technology, we rst identied a series of cyclic peptides (CPs)
capable of specically 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 side28 of
nanochannels in etched conical polyethylene terephthalate
(PET) lms.29 High sensitivity and specicity30 of DG12 and
SUMO1 detection were achieved using an electrochemical cell.31

This cell had two separate measurement systems, which
enabled transmembrane ionic current and Faraday current to
be simultaneously recorded32 (Fig. 1c and Schemes S1–S3 in the
ESI†). This nanochannel device further realized the time-point
monitoring of SENP1-catalyzed de-SUMOylation, which may
facilitate the screening of effective drugs.
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 109). To identify
SUMO1-specic peptides, we performed phage display
screening. For this, we used a library constructed using peptide
data from a lamentous phage displaying ve copies of CPs on
the phage surface; these CPs generally were cystine-linked cyclic
heptapeptides (CX7C; X is any amino acid).33 The structures of
CPs are more rigid than that of linear peptides of the same
length; this reduces the conformational exibility and increases
the proteolytic stability of CPs.34 In this study, a series of
SUMO1-binding CPs were identied through complete bio-
panning, which included one round of reverse biopanning
against bovine serum albumin (BSA, which reduces the proba-
bility of non-specic binding) and four rounds of selection
Chem. Sci., 2023, 14, 8360–8368 | 8361
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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 (10−12 to 10−6 M) of DG12 in TBS (5 mM and pH 8.0) at 25 °C. (c
and d) Concentration-dependent transmembrane ionic current
increase ratios (DI/I0) at −2 V (c) and Faraday current increase ratios
(DI/I0) 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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against DG12. Aer 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 conrmed
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 spectrometry35,36 (Fig. S1–S3 in the ESI†).

A PET lm with conical nanochannels (1 × 107 pores per
cm2) was prepared through asymmetric ion-track etching.37 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 mm (Fig. 2c).
The distribution of surface charge on the tip side of nanopores
strongly affects transmembrane ionic current;38 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 lm 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
conrmed by Xia et al.39 The signals for both transmembrane
ionic current and Faraday current could be recorded (Fig. 1c).
Specically, a layer of nickel was sputtered onto the tip side of
the PET lm 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 ESI†); the deposition
rate was 0.02 nm s−1.40 Subsequently, CP-1 was immobilized on
the gold layer through gold–sulfur bonding.41 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 lm indicated
apparent changes aer CP-1-mediated modication (Fig. S5–S7
in the ESI†). The lm was tightly mounted between two Teon
modules in a current measurement apparatus made in our
laboratory (Scheme S1 in the ESI†). Then, transmembrane ionic
current was measured aer injecting 5 mM Tris–HCl 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 recti-
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 lm was modied using CP-1
(Fig. 2d). The self-assembly of CP-1 on the gold layers
8362 | Chem. Sci., 2023, 14, 8360–8368
deposited on the nanochannels further decreased the recti-
cation ratio because CP-1 is a neutral biomolecule that changed
the surface charge remarkably.42 These ndings conrmed the
successful modication of the PET lm.

TBS containing different concentrations of DG12 was
sequentially added to the electrolytic cell. For the CP-1-modied
nanochannel device, when the concentration of DG12 was 1 ×

10−12 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 × 10−6 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 voltammetry43,44

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 mA in the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Mechanisms. (a) Nyquist plots (−Zim vs.−Zre) 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)6

3−/4− with different concentrations (10−12 to 10−6 M) of DG12.
The solid lines indicate the data fitted to the equivalent circuit at 25 °C.
(b) Concentration-dependent variations in the Rct 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) DF 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 mL min−1. (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).
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presence of 1 × 10−6 M DG12 solution; the characteristic peak
potential shied 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 inuenced 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,† 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 identied 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 specicity of the
CP-1-modied nanochannel device for DG12, two non-SUMO
peptides (NSPs) were used. No evident change was detected
aer 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-
modied nanochannel device could detect DG12 even in this
complex sample (Fig. S9 in the ESI†).45

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 lm, which had negligible sensitivity
toward DG12 (Fig. S10 in the ESI†). In addition to CP-1 that was
screened from phage display, the CP-2-modied 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 lm with conical nanochannels. The
transmembrane ionic current of this device only decreased by
10% compared to the initial value when 1 mM DG12 was added
(Fig. S11 in the ESI†). 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 lms, CP-1 was immobilized on a gold-coated
electrode surface through gold–sulfur bonding,46 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 (Rct) exhibited a linear relationship with the DG12
concentration (Fig. 4b). Rct increased from 831 ± 138 to 2886 ±

481 U in the presence of 10 nM DG12, corresponding to a 277%
Rct 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
Fe(CN)6
3−/4− from solution to the gold electrode surface, thus

increasing Rct. Cyclic voltammetry further indicated the
complex formation (Fig. S12 in the ESI†). Control experiments
performed using NSP-1, the DTT-treated CP-1-modied elec-
trode, and the bare electrode further conrmed the satisfactory
specicity of CP-1 for DG12 (Fig. 4b and S13 in the ESI†).

The dynamic adsorption of DG12 on the CP-1-modied 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 ESI†). Aer 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
nal frequency variation (DF) was 24 Hz, and the adsorption
amount of DG12 was 141.6 ng cm−2 according to the Sauerbrey
equation. An upward curve of energy dissipation (D) was observed
with a DD of 9 × 10−6 (Fig. S15 in the ESI†), which indicated that
the adsorption of DG12 increased the viscoelasticity of the lm.
Chem. Sci., 2023, 14, 8360–8368 | 8363

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc02140h


Fig. 5 Binding site analysis. (a) ITC raw data of DG12 (0.25mM) 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 1H–1H 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 d6-dime-
thylsulfoxide. (e) Possible binding between DG12 (shown as lines and
surface) and CP-1 (shown as sticks), obtained through molecular
docking.
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When using NSP-1, DF was only 6 Hz (Fig. 4c), which was
substantially lower than that induced by DG12, suggesting
a prominent difference between SUMO and NSP.

Aer conrming the strong interaction between CP-1 and
DG12, we measured the surface potential47 of the PET lms 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 lm
was 50 mV, which increased to 472 mV aer CP-1-mediated
modication. Aer 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 ow (EOF) experiment performed
as described previously,48,49 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 ESI†). As shown in Fig. S17,† the surface charge
density of the bare gold-coated PET lm was −0.008e nm2,
which decreased to −0.029e nm2 aer CP-1-mediated modi-
cation. Aer treatment with DG12, the surface charge density
increased to−0.014e nm2, 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 inuence
transmembrane ionic current.50 To visualize the effect, we per-
formed a steady-state nite simulation with the modied
nanochannels according to Poisson and Nernst–Planck equa-
tions using COMSOL Multiphysics (version 5.4).51 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 ESI.†
Fig. 4g and h present the two-dimensional prole 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 tting based on a sequential binding
mode (Fig. 5b) gave a dissociation constant (KD) of 6.9 mM
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 KD could not be
obtained through non-linear tting (Fig. S19 in the ESI†). These
results proved the satisfactory selectivity of CP-1 for DG12 in
terms of binding affinity. Besides, the CP-1-modied sensor
exhibited adequate binding to DG12 in biolayer interferometry
8364 | Chem. Sci., 2023, 14, 8360–8368
and led to the generation of a steady-state tted response curve,
and a KD of 5.86 mM was obtained between CP-1 and DG12
(Fig. S20 in the ESI†), which is close to the KD value obtained by
ITC titration.

1H–1H nuclear magnetic resonance (NMR) spectra provided
the details of binding between CP-1 and DG12.52,53 First, the
chemical shi 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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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 SUMO1 in TBS at 25 °C. The insets show the
current increase ratios for SUMO1 (blank), RanGAP1 (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–I0)/I0); 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.
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was assigned according to the two-dimensional 1H–1H (corre-
lation spectroscopy) COSY and 13C–1H (heteronuclear singular
quantum correlation) HSQC NMR spectra (Fig. S21–S25 in the
ESI†). Then, CP-1 was mixed with an equimolar amount of
DG12. The chemical shi variation of these H protons was
recorded (Fig. 5c 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;†
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 ESI†). Specically, 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
conrmed the strong binding between CP-1 and DG12 (Fig. S28
in the ESI†).

To evaluate the application potential of CP-1-modied
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 SUMO1 is
dispersed into the solution and recognized by CP-1 immobi-
lized on the sensor surface, at which point the current changes.
The more SUMO1 is recognized, the more pronounced the
change in current. We used RanGAP1 which is the most abun-
dant SUMO1-modied protein in mammalian cells.54 The
SUMOylated RanGAP1 peptide (SUMO1 is located at the site
K524 of RanGAP1) and SUMO1 peptide were introduced, and
their peptide sequences are presented in Fig. 6a. First, the
response of CP-1-modied 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 ESI† 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 specicity 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 mM) was dissolved in 50 mM
© 2023 The Author(s). Published by the Royal Society of Chemistry
TBS (pH 8.0) and was injected into the measurement apparatus
mounted with a CP-1 modied nanochannel lm. Then SENP1
was added to the SUMOylated RanGAP1 solution. According to
the literature, and we recorded the enzymatic digestion reaction
continuously for 24 hours.54 SUMOylated RanGAP1 was enzy-
matically cleaved by SENP1, resulting in the generation of two
new peptides: RanGAP1 substrate peptide containing lysine
modication 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 aer 24 h. Simultaneously, the Faraday current value
Chem. Sci., 2023, 14, 8360–8368 | 8365
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increased from −5.35 to −4.43 mA (Fig. 6e). De-SUMOylation
was conrmed through matrix-assisted laser desorption/
ionization-time of ight mass spectrometry.55 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.56 Therefore, in this study, we
aimed to demonstrate a proof of concept for the application of
CP-1 in cellular imaging,57,58 which is of signicant interest to
researchers. We examined CP-1's capability to detect the
subcellular localization of SUMO1 through
Fig. 7 Imaging of SUMO1 with CP-1 in SH-SY5Y cells. 4′,6-Diamidino-
2-phenylindole (DAPI) was used to display the localization of the
nucleus. Anti-SUMO1 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 mm.

8366 | Chem. Sci., 2023, 14, 8360–8368
immunouorescence 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-specic 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,20

and the nucleolus is the site where SUMO1 modications
mainly occur in ribosomes and chromosomes. These data
demonstrated that CP-1 could replace a specic antibody and
efficiently indicate the localization of SUMO1 in cells. More
broadly, our strategy shows potential for yielding various
specic 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 rst small molecule ligand targeting
SUMO1, and based on this we designed a nanochannel device
for the detection of SUMO1 with satisfactory sensitivity and
high specicity. 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/uorescent 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 identied 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 identied 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.

Data availability

The data supporting the ndings of this study are available
within the article and in the ESI.†
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M. Verlaan-de Vries, J. Rip, R. Arens, N. F. C. C. de
Miranda, L. J. A. C. Hawinkels, T. van Hall and
A. C. O. Vertegaal, Gut, 2022, 71, 2266–2283.

18 J. Gao and H. A. Pickett, Nat. Rev. Cancer, 2022, 22, 515–532.
19 I. Nir, D. Huttner and A. Meller, Biophys. J., 2015, 108, 2340–

2349.
20 Z. You, W. X. Jiang, L. Y. Qin, Z. Gong, W. Wan, J. Li,

Y. Wang, H. Zhang, C. Peng, T. Zhou, C. Tang and W. Liu,
Nat. Commun., 2019, 10, 5792.

21 Y. Zhang, C. Fang, H. Bao, W. Yuan andH. Lu, Chin. J. Chem.,
2021, 39, 550–558.

22 J. A. Daniel, B. H. Cooper, J. J. Palvimo, F. P. Zhang, N. Brose
and M. Tirard, eLife, 2017, 6, e26338.

23 M. P. C. Mulder, R. Merkx, K. F. Witting, D. S. Hameed,
D. E. Atmioui, L. Lelieveld, F. Liebelt, J. Neees, I. Berlin,
A. C. O. Vertegaal and H. Ovaa, Angew. Chem., Int. Ed.,
2018, 57, 8958–8962.

24 S. L. Goodman, New Biotechnol., 2018, 45, 9–13.
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