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Abstract: p38 mitogen-activated pro-
tein kinase (MAPK) is a member of
the serine/threonine kinases and is acti-
vated in response to stress stimuli, such
as cytokines, ultraviolet irradiation,
heat shock, and osmotic shock. We re-
vealed in a previous report that p62/
SQSTM1, known to participate in pro-
teasomal or autophagosomal protein
degradation and cytokine receptor

p38 to regulate specifically. Herein, we
describe the improvement of the pho-
toaffinity-thiol linker of our SPR imag-
ing platform, which enabled us to de-
termine the binding site of p62 to p38.
SPR imaging experiments using a new

Keywords: biosensors « gold - pep-
tides photoaffinity labeling

photoaffinity linker 2 to immobilize the
peptides derived from p62 on gold sub-
strate indicate that the domain com-
prising amino acids 164-190 of p62
binds to p38 directly. These SPR analy-
sis data and empirical biologic data
reveal that the binding site of p62 to
p38 is the domain corresponding to
173-182.

signal transduction pathways, binds to

Introduction

p38 mitogen-activated protein kinase (MAPK) has been
identified as an anti-inflammatory drug binding protein, a
lipopolysaccharide-activated protein kinase, or a stress-re-
sponsive protein kinase.!'! p38 is implicated as a mediator to
transmit intracellular signaling for cell survival, differentia-
tion, and response to stress, including various cytokines. We
have studied to elucidate the precise molecular mechanism
by which p38 can exert various responses to different stimu-
1i,”* and we previously showed that p62/SQSTM1, known
as a phosphotyrosine-independent ligand for the p56'*-SH
domain,”’ bound to regulate p38 in vitro.”! It is also known
that p62 plays important roles in proteasomal or autophago-
somal protein degradation”®! and cytokine receptor signal
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surface plasmon resonance

transduction pathways.”'” Qur further biological studies,
such as co-immunoprecipitation assays using deletion mu-
tants of p62, revealed two domains that play an essential
role for the interaction with p38, however, it was not clear
whether both domains interacted with p38 directly. We
thought that the SPR imaging technique was suitable for the
determination of the binding site between p38 and p62 by
detecting the SPR signals that were produced by the interac-
tion between p38 and peptides derived from p62.

We have recently developed a “photoaffinity” surface
plasmon resonance (SPR) imaging platform to enable the
immobilization of structurally diverse small molecules on
solid supports in a “functional group-independent”
manner."! However, the SPR signals generated by the inter-
action between p38 and p62 were not detected under previ-
ously reported conditions. Herein, we describe the improve-
ment of the photoaffinity-thiol linker of our SPR imaging
platform to enable us to investigate the binding site of p62
to p38, and this new linker enables us to determine the bind-
ing site.
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Results and Discussion

Improvement of the Photoaffinity-Thiol Linker for SPR
Imaging

In recent years, the SPR imaging technique has been used
to observe multiple interactions between non labeled biolog-
ical molecules and surface-bound molecules such as
DNA,"™" protein,"*'" peptide,'® and small molecules!"”'®
with an array format. However, most immobilization meth-
ods on a chip need a specific functional group to mediate
covalent attachment to the solid surface. In the case of pep-
tides, a specific amino acid sequence or biotin group on the
peptide terminus is necessary for immobilization. It is im-
plied that the amino acid sequence that can be immobilized
is limited, or the structure of the immobilized peptide differs
from the original structure by modifications, such as biotiny-
lation. There are easy methods to immobilize either the C-
or N-terminus of peptides to the chip. However, there are
few methods to immobilize, in uniform condition, both C-
and N-termini of peptides onto the solid surface. The immo-
bilization method requiring the specific terminus of the pep-
tide is not usable when the terminal sequence is responsible
for the recognition of the binding partner. Once the termi-
nal was used for the immobilization, the interaction of the
peptide with the binding partner can not be observed.

We have recently developed a “photoaffinity-linking” pro-
tocol to enable the introduction of structurally diverse small
molecules on solid supports in a “functional group-inde-
pendent” manner.!”? In this protocol, small molecules are
immobilized on a chip by a highly reactive carbene species
generated from surface-bound aryl diazirine upon UV irra-
diation.”"?! We confirmed that immobilized peptides on
glass slides by our photoaffinity method were detectable
with proteins known to bind to the peptide, and those re-
sults demonstrated the functional-group independency of
the photoaffinity-linking method.” As mentioned above,
we also reported the development of the photoaffinity SPR
imaging platform to observe the interaction between nonla-
beled proteins and nonmodified small-molecules on chips.!'!
Thus, we thought that our SPR imaging technique was suita-
ble for determination of the binding site between p38 and
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p62 using the detection of SPR signals produced by the
binding of p38 to synthetic peptides derived from p62.

First, we used photoaffinity-thiol linker 1 (Figure 1), ter-
minated with a phenyl-diazirine group, and dummy linker 5,
terminated with a hydroxyl group, reported previously,"! to
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Figure 1. Structure of the photoaffinity linkers 1-4 and dummy linker 5.

photochemically immobilize the p38-binding peptide
MNSRKPDLRVVIPPSS derived from myocyte enhancer
factor 2A (MEF2A), which is a specific substrate of p38, as
a positive control, and its mutants MNSAAPDLRVVIPPSS
and MNSRKPDARAVIPPSS as negative controls.””! How-
ever, in this model system, the SPR signals produced by the
binding of p38 were too low to make a sharp contrast be-
tween the positive and negative signals (Figure 3b-A).

In the studies previously conducted, the SPR signals were
often undetectable, although the interactions should theoret-
ically be observed according to their dissociation constant.
Hence, we decided to synthesize new linkers to re-examine
the length of the polyethylene glycol (PEG) chain and the
necessity of the NH group in the PEG chain.

We synthesized new photoaffinity-thiol linkers 24
(Figure 1), as shown in Scheme 1. Tri(ethyleneglycol) deriva-
tive 6 was oxidized with Dess—Martin Periodinane to an al-
dehyde and then coupled with aryl-diazirine derivative 8 by
reductive amination to give 9 with a 22 % yield from 6. The
deprotection of 9 afforded photoaffinity-thiol linker 3 in a
96 % yield. Amino-thiols 10 and 11 were condensed with 12
to give 2 and 4 in 61 % and 44 % yields, respectively.

To evaluate the newly synthesized linkers, we prepared
photoaffinity-linker-coated gold substrates (PGSs) from 1-4
to immobilize 11 digoxin analogs on gold surface, and these
PGSs were treated with a mouse monoclonal anti-digoxin
antibody (Figure 2). In our previous report, it was confirmed
that the interaction between digoxin and its antibody was
observed on a PGS coated with 1.' In a structure-activity
relationship (SAR) experiment with the photoaffinity small
molecule microarray that we reported previously, the signal
strength produced by the interaction of the digoxin analog
and anti-digoxin antibody on the array significantly correlat-
ed with the results of the solution-phase binding assay.”! So,
the digoxin analog—digoxin antibody model system was
thought to be appropriate for evaluation, whether the ob-
served SPR signals on the PGSs coated with new photoaf-
finity linkers were reasonable or not. As shown in Figure 2,
the observed SPR signals produced by the interaction of di-
goxin analogs and the anti-digoxin antibody were relatively
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Scheme 1. Synthesis of the photoaffinity-thiol linkers.
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Figure 2. Comparison and evaluation of new photoaffinity-thiol linkers.
Interaction between digoxin analogs and anti-digoxin antibody on PGS
coated with photoaffinity-thiol linker 1-4. a) The array pattern of the im-
mobilized digoxin analogs. M: marker to fit spot area for SPR signal
analysis; D: DMSO. b) Immobilized digoxin analogs and their ICs,
value, which was determined by the solution-phase binding assay.*!
c) Observed SPR difference images when the gold substrate coated with
each photoaffinity linker (1-4) was treated with a solution of anti-digoxin
antibody (8 pgmL™"); A)1 (0.1 mm) and 5 (0.9 mm), B) 2 (0.1 mm) and 5
(0.9 mm), C) 3 (0.1 mm) and 5 (0.9 mm), D) 4 (0.1 mm) and 5 (0.9 mm).

reasonable in all cases, and the new linkers improved detec-
tion sensitivity. In particular, the PGS that was coated with
linker 2 gave sufficient results for analysis of the interaction
of digoxin analogs and anti-digoxin antibody in terms of
good S/N ratio, sensitivity, and shape of the spots (Fig-
ure 2¢-B).?! As shown in Figure 2c-A, C, and D, the spot
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pound, although the signal
strength was enough to evalu-
ate the interaction between di-
goxin analogues and anti-digox-
in antibody. These spots had a
high tendency to vary in size on
the PGSs coated with 1 and 3,
being the NH-group including

N

.

N\N linkers. However, we have not
CFs reached a conclusion about the

optimal structure of the photo-
affinity linker for this platform,
because this tendency of a
shrinking in the size of the
spots was also observed with
linker 4.

N Proof-of-Concept Study and
Determination of the Binding
Site Between p38 and p62”

2:n=5(61%) N
4. n=28 (44%) CF,4

Next, we used new linkers 24

in the foregoing “p38-MEF2A”

model system in a proof-of-con-
cept study (Figure 3B-D). The best result was again ob-
tained with linker 2. The SPR signals produced by p38 bind-
ing to peptides on a PGS coated with 2, were enough to esti-
mate the differences between positive control and negative
controls, and gave good S/N ratios. The nonspecific back-
ground signals tended to be high on PGSs coated with NH-
group including linkers. Although the increasing SPR signals
of the experiments with linkers 3 and 4 were low, they
tended to be similar to the signal obtained with linker 2.
These results indicated that this SPR imaging system
worked well to detect specific binding to p38.

Since the proof-of-concept study was successful, the prac-
tical application of the SPR imaging technique to determine
the binding site between p62 and p38 was performed
(Figure 4). Further to MEF2 A-related peptides, six peptides
derived from p62, thought to play important roles in binding
to p38 in previous biological assays,””! were arrayed on a
chip that was coated with linker 2 (Figure 4a). The SPR
imaging study indicated that the three peptides 6, 9, and 10,
corresponding to amino acids 164-190 of p62, bound to p38
directly, and peptide 10, corresponding to 178-190, bound to
p38 the strongest.”®! These results are in reasonable agree-
ment with the empirical biologic results, suggesting that the
domain comprising amino acids 173-182 of p62 is essential
for binding to p38. However, it was indicated that the
domain corresponding to 330-342, peptide 5, was also very
important for binding in the biological assay; this SPR imag-
ing experiment revealed that the direct interaction between
p38 and peptide 5 was smaller as compared with the interac-
tion of p38 to peptides 6, 9, and 10. So, we speculate that
p38 can bind to the domain comprising amino acids 164-190
of p62 directly, and that, another important domain compris-
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Figure 3. Proof-of-concept study: Detection of the interaction between
p38 and control peptides derived from MEF2 A. SPR difference images
showing the binding of GST-p38 to control peptides examined on PGSs.
a) DMSO solution of peptides (10 mm) was spotted to the areas designat-
ed below: D: DMSO; 1: MNSRKPDLRVVIPPSS (positive control); 2:
MNSAAPDLRVVIPPSS (negative control); 3: MNSRKPDARAVIPPSS
(negative control). b) Observed SPR difference images when the gold
substrate coated with each photoaffinity-thiol linker (1-4) was treated
with a solution of GST-p38 (0.3 mgmL™); A) 1 (0.1 mm) and 5 (0.9 mm),
B)2 (0.lmm) and 5 (0.9mm), C)3 (0.1 mm) and 5 (0.9 mwm), D)4
(0.1 mm) and 5 (0.9 mm). c) Increase of SPR signal by incubation with
GST-p38 for 10 min. A-D correspond to A)-D) of (b). Each entry repre-
sents the average of six spots.

ing amino acids 330-342 has another role in the interaction
between p38 and p62, such as a role to form a certain con-
formation suitable for association with p38. Furthermore,
peptide 3, which includes cationic amino acid residues,
bound weakly to p38, and peptide 4—which includes the
PESE sequence with homology to PXSP, the substrate se-
quence of p38—did not bind to p38.

Conclusions

Our photoaffinity SPR imaging platform is significantly im-
proved by reviewing the thiol linkers used to coat the sur-
face of the gold substrate. New photoaffinity linkers 2 and 3
allow the identification of the binding site between p38 and
p62. Notably, linker 2 improves the signal strength and S/N
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Figure 4. Determination of the binding site of p62 to p38. Detection of
the interaction between peptides derived from p62 and GST-p38.
a) Array design of the immobilized peptides. 1-10 show the spot area of
each peptide. b) The amino acid sequence of the synthesized peptide.
c) Observed SPR difference image when the gold substrate coated with
photoaffinity-thiol linker 2 and dummy linker 5 was treated with a solu-
tion of GST-p38 (0.3 mgmL™"). d) Increase of SPR signal by incubation
with GST-p38 for 10 min normalized by the signal strength of DMSO.
Each entry represents the average of two spots. e) The association
domain of p62 to p38 identified in this SPR imaging experiment. Black
bars and numbers show the approximate regions of synthetic peptides in
p62. SH2, AID, ZZ, TRAF6, PEST, and UBA indicate the domains that
interact with the respective binding proteins or participate in the stability
of proteins.

ratio of SPR signals of the protein—peptide interaction,
which was difficult to analyze by SPR imaging experiments
using conventional linker 1. Furthermore, the new linkers
also improve the detection sensitivity of the interactions be-
tween not only peptides and proteins but also small mole-
cules and proteins. We have confirmed some cases that the
linker 3 is suitable in SPR experiments using different pro-
teins and other series of small molecules, although linker 2
gave good results for the binding site determination of p38
and p62. Unfortunately, we are yet to find a generally appli-
cable linker. Therefore, further studies on the improvement
of this SPR platform and screening of new bioprobes are in
progress.

Experimental Section

Synthesis

All commercially available chemicals for chemical synthesis were used
without further purification. All reactions were carried out under an
argon atmosphere and monitored by thin-layer chromatography with
0.25 mm pre-coated silica gel plates 60F254 Art 5715 (Merck, Darmstadt,
Germany) and FUJI SILYSIA CHEMICAL LDT Chromatorex 0.25 mm
NH-silica gel plates (Fuji Silysia Chemical LDT, Aichi, Japan). For silica-
gel column chromatography, Silica gel 60 N (Kanto Chemical Co., Inc.,
Tokyo, Japan) and NH-silica gel (Fuji Silysia Chemical LDT, Aichi,
Japan) were utilized. "H NMR spectra were recorded on a JEOL JNM-
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ALA400 spectrometer. Fast atom bombardment (FAB) mass spectra were
obtained using a JMS-HX110 mass spectrometer.

Photoaffinity-thiol linker 3: Dess—Martin Periodinane (182 mg,
0.43 mmol) was added to a solution of 6 (81.0 mg, 0.21 mmol) in
CH,Cl, (10 mL) at room temperature (RT). After the reaction mixture
had been stirred for 6 h, it was filtered through a celite pad and concen-
trated in vacuo. AcOH (13 pL, 0.22 mmol) and NaBH;CN (7.8 mg,
0.12 mmol) were added to a solution of the crude aldehyde (100 mg) and
amine 8% (50.0 mg, 0.11 mmol) in methanol at RT and stirred for 12 h at
this temperature. The reaction was quenched with saturated aqueous so-
lution of NaHCO; (5 mL), and concentrated in vacuo. The residue was
diluted with water (5 mL) and extracted with EtOAc (10 mL x3). The or-
ganic layers were washed with brine (5 mL), dried over Na,SO,, filtered,
and concentrated in vacuo. The residue was purified by NH-silica gel
column chromatography (CHCly/MeOH=15:1) to afford 9 (20 mg,
0.023 mmol, 22 %) as a pale yellow oil.

An aqueous solution of NaSMe (0.17 mL, 15%, 0.35 mmol) was added to
a solution of 9 (20.0 mg, 0.023 mmol) in MeOH (3 mL) at RT. The reac-
tion mixture was stirred for 2 h at RT, then quenched with water (3 mL),
and concentrated in vacuo. The residue was diluted with water (5 mL)
and extracted with EtOAc (10 mL x3). The organic layers were washed
with brine (5mL), dried over Na,SO,, filtered, and concentrated in
vacuo. The residue was purified by NH-silica gel column chromatography
(CHCly/MeOH =15:1) to give thiol linker 3 (18 mg, 0.022 mmol, 96 %) as
a pale yellow oil. 9: '"H NMR (400 MHz, CDCl,): 6=7.84 (2H, d. J=
8.4 Hz), 721 (2H, d, J=8.4 Hz), 7.04 (1H, br), 3.64-3.48 (32H, m), 3.40
(2H, t, J=6.8 Hz), 2.76 (2H, dt, J=3.1, 5.3 Hz), 2.65 (2H, t, J=7.2 Hz),
2.10-1.99 (2H, br), 1.64 (2H, dt, J=7.0, 148 Hz), 1.53 (2H, dt, /=7.0,
14.0 Hz), 1.40-1.20 ppm (16 H, m); FAB-MS m/z (%): 55 (100), 782 (6.3),
784 (8.3), 810 (5.0), 811 (5.2) [M+H]*; HR-FAB-MS (NBA) m/z (%)
caled for CyHgF3N,O,S: 811.4503 [M+H]*; found 811.4519.
Photoaffinity-thiol linker 2: 12°° (22.5 mg, 0.068 mmol) was added to a
solution of 10°! (44.0 mg, 0.086 mmol) in CH,Cl, (10 mL) at RT. After
the reaction mixture had been stirred for 2 h, it was concentrated in
vacuo. The residue was purified by silica-gel column chromatography
(CHCl;/MeOH =10:1) to give thiol linker 2 (39.0 mg, 0.057 mmol, 61 %)
as a pale yellow oil. 2: '"H NMR (400 MHz, CDCly): 6=7.83 2H, d, /=
79 Hz), 723 (2H, d, /=79 Hz), 6.92 (1H, br), 3.65-3.52 (22H, m), 3.41
(2H, t, J=6.7 Hz), 2.65 (2H, t, J=7.1 Hz), 1.93-1.91 (1H, br), 1.81-1.61
(2H, m), 1.56-1.52 (2H, m), 1.35-1.18 ppm (16 H, m); FAB-MS m/z (%):
55 (52), 185 (60), 228 (100), 229 (41), 256 (52), 650 (5.5), 652 (4.4), 678
(16) [M+H]*-2H 679 (7.1), 680 (3.7); HR-FAB-MS (NBA) m/z (%)
caled for Cy,Hy F3N;0,S: 678.3400 [M+H]*-2H; found 678.3419.
Photoaffinity-thiol linker 4: 12 (32.0 mg, 0.10 mmol) was added to a solu-
tion of 11 (30.0 mg, 0.050 mmol) in CH,Cl, (10 mL) at RT. After the re-
action mixture had been stirred for 12 h, it was concentrated in vacuo.
The residue was purified by silica gel column chromatography (CHCly/
MeOH=10:1) to give thiol linker 4 (18.0 mg, 0.022 mmol, 44%) as a
pale yellow oil. 4: '"HNMR (400 MHz, CDCL): 6=7.83 (2H, d, J=
8.5Hz), 7.21 (2H, d, J=8.5Hz), 6.94 (1H, brs), 3.66-3.53 (34H, m), 3.41
(2H, t, J=6.8 Hz), 2.65 (2H, t, J=7.2 Hz), 2.18-2.01 (1H, br), 1.64 (2H,
m), 1.52 (2H, m), 1.35-1.24 ppm (16H, m); FAB-MS m/z (%): 55 (75),
73 (100), 228 (75), 404 (38), 417 (34), 502 (15), 810 (7.3) [M+H]*-2H,
811 (3.2); HR-FAB-MS (NBA) m/z (%) caled for CiHgFiN;0,S:
810.4186 [M+H]*-2H; found 810.4204.

Peptides: Peptides were synthesized by Research Resources Center/
Brain Science Institute/RIKEN. We designed the peptides as follows.
RKPDLRVVIPSS (positive control: corresponding to amino acids 269—
281 of MEF2A); MNSRKPDLRVVIPPSS (positive control: correspond-
ing to 266-281 of MEF2 A); MNSAAPDLRVVIPPSS (negative control:
MEF2 A mutant 1); MNSRKPDARAVIPPSS (negative control: MEF2 A
mutant 2); GGKRSRLTPVSPE (corresponding to 262-274 of p62);
LOMPESEGPSSLDP  (corresponding to  356-369 of p62);
NCSGGDDDWTHLS  (corresponding to  330-342 of p62);
TKLAFPSPFGHLS (corresponding  to 164-176  of  p62);
SPFGHLSEGFSHS (corresponding  to 170-182 of  p62);
GFSHSRWLRKVKH (corresponding to 178-190 of p62).
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Preparation of the Recombinant Protein

The GST-hp38 expression plasmid was expressed in a bacterial strain,
BL21 (DE3), and grown in LB media (100 uygmL ' ampicillin) at 37°C
until the cell density reached an Agy, of 0.8. The culture was induced with
IPTG (1 mm) and incubated at 37°C for 2 h. The harvested bacterial cells
were resuspended in lysis buffer (50 mm Tris, pH 7.5, 25 % sucrose) with
lysozyme (0.2 mgmL~") and MgCl, (0.01 mm). On ice for 1 h, flash-frozen
cells were thawed twice, and lysed by adding Nonidet P-40 (1%) fol-
lowed by gentle sonication. After centrifugation at 10000 rpm for 15 min
at 4°C, the supernatant was mixed with glutathione-agarose beads
(SIGMA, 1mL, 50%) and rotated at 4°C. After 2 h, the beads were
poured into a column and washed with wash buffer (20 mL, 20 mm Tris,
pH 7.5, 2 mm MgCl,, 1 mm DTT). Fusion protein was eluted with elution
buffer (5 mm GSH, 50 mm Tris, pH 9.6) and dialyzed into PBS with glyc-
erol (10%).

Preparation of Photoaffinity-Linker-Coated Gold Substrates (PGSs) or
Digoxin Analogs and Peptide Printing on PGSs

The PGSs were prepared according to our previous report!!!! with each
synthesized new photoaffinity linker. A gold-coated glass chip
(TOYOBO, Japan) was immersed in the ethanol solution, which con-
tained photoaffinity linker (0.1 mm of each) and dummy linker 5
(0.9 mm), for 12 h. The chip was rinsed successively with ethanol, water,
and ethanol, and dried to obtain a photo-reactive chip. DMSO solutions
of digoxin analogs (10 mm) or peptides were applied onto the chip by
using a MultiSprinter automated spotter (TOYOBO, Japan). The ob-
tained chip was dried in vacuo, and then irradiated at 365 nm under a
UV transmission filter (Sigma-Koki, Japan) with a CL-1000 L ultraviolet
cross-linker (UVP Inc. CA, USA). The irradiation energy on the chip
amounted to 2.8 Jcm ™% The chip was washed with DMSO for 6 h, and
then rinsed with water and ethanol.

Detection of Digoxin Analogs-Anti-Digoxin Antibody Interaction on PGS

The digoxin analog-immobilized gold substrate was placed into MultiS-
printer SPR imaging instruments (TOYOBO, Japan) and incubated with
BSA (0.1%) in running buffer (10 mm HEPES, 150 mm NaCl, pH 7.4) for
5 min. After washing with running buffer, a solution of mouse monoclo-
nal anti-digoxin antibody clone DI-22 (Sigma-Aldrich Inc., MO, USA)
(0.1 mL, 8 ygmL™") in running buffer was injected to the array surface at
0.1 mLmin~' and incubated for 10 min. All SPR experiments were per-
formed at 30°C. The SPR image and signal data were collected with an
SPR analysis program (TOYOBO, Japan). The SPR difference image was
constructed by using a Scion Image (Scion, MD) program.

Detection of p38-Peptide Interaction on PGS

The peptide-immobilized gold substrate was placed into SPR imaging in-
struments (TOYOBO, Japan), and incubated with BSA (0.1%) in run-
ning buffer (10 mm Hepes, 150 mm NaCl, pH 7.4) for 5 min. After wash-
ing with running buffer, a solution of GST-hp38 (0.1 mL, 0.3 mgmL™") in
running buffer was injected to the array surface at 0. mLmin ' and incu-
bated for 10 min. All SPR experiments were performed at 30°C. The
SPR image and signal data were collected with an SPR analysis program
(TOYOBO, Japan). The SPR difference image was constructed by using
a Scion Image (Scion, MD) program.
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