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One silicon-based microarray system was constructed to discover
the affinity peptides and to distinguish the specific peptides from
the high throughput library. Using the color-encoding strategy, in
situ peptide distinguishing between the HER1 ligands and HER2
ligands was achieved. Novel affinity peptide sequences H1P (HER1
ligand) and H2P (HER2 ligand) were determined with nmol affinity.

Small molecular ligands are important tools for studying complex
biological functions. 12 As excellent small molecular ligands,
peptides are low-immunogenic and low-toxicity reagents in living
system. Conventionally, affinity peptide ligands could be screened
out through combinatorial library of which the “one bead one
compound” (OBOC) strategy is the most common one.? However,
the on-bead screening against macromolecular targets is highly
susceptible to interference from nonspecific interactions between
the target molecule and the bead surface (which are defined as
aimless interactions other than the intended interaction), resulting
in biased screening data or in some cases, complete failure of the
screening experiment.“'6 As a result, an accurate peptide screening
process without false positive hits is highly desirable. Recently,
several approaches have been developed for the fragment-based
discovery to perform accurate ligands screening. 7% With the
development of micro electromechanical systems (MEMS) and large
scale integration (LSI), precise ligand screening could be performed
integratedly. Therein, small-molecule microarrays provide an
efficient strategy for high-throughput and high-content molecular
interactions.” ° Since the microarray-based detection can
considerably increase throughput and allow for simultaneous data
acquisition, the strategy could be employed to screen and identify
the “true” specific peptide ligands towards biomarkers from a large
number of molecules.’™ *?

Herein, the biomarker epidermal growth factor receptor (EGFR) is
what we are interested in. EGFR family consists of four homologous
members: HER1,HER2, HER and HER4.® These receptors are
essential in modulating cell proliferation and cell differentiation in
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tissues. Among them, aberrant expression of HER1 and HER2

has been implicated in the development of many types of human
cancers, including breast, lung, pancreatic, and ovarian cancers.’®*’
Therefore, HER1 and HER2 have been intensely pursued as
therapeutic targets. However, the sequence homology between
HER1 and HER2 in the extracellular domain is 44% and as high as
82% in the kinase domain.*® Therefore, it is difficult to screen the
specific ligands towards the HER1 or HER2, respectively. Some

affinity peptide towards HER1 is also the ligands of HER2."
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Scheme. 1 The principle of the microarray screening process. (a) Each well in
the microarray was designed half transparent and half conductive (b) Each
of the positive bead was labelled by different colors indicating the specificity

@ HER1 x Streptavidin

As shown in Scheme 1a, we report here a silicon-based microarray
to discover the affinity peptides and to distinguish the specific
peptides from 10° OBOC combinatorial library using the color-
encoding strategy in a direct-reading way. Novel affinity peptides
H1P (HER1 ligands) and H2P (HER2 ligand) were determined
specifically.

In the first stage, a 10-mer OBOC peptide library was constructed
through the solid phase peptide synthesis (SPPS) strategy.4‘ 2 The
library was served as X; X; X3 X5 X5 Xg X; Xg CGM in which the
sequences on each bead would be randomly distributed result from
the “split and pool” approach. The details of the sequences and the
synthesis process was described in Scheme S1. High-throughput
screening was performed from approximately 4.8 x10° candidate
peptide beads. In order to realize an unbiased display of free
molecular geometries, the interactions between the affinity
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peptides and protein were mediated by biotin-streptavidin
conjugation followed the previous procedure.21'23 As shown in
Scheme 1b, biotinylated HER2 was incubated with the streptavidin-
magnetic beads to prepare a “magneitic-HER2”. In addition,
biotinylated HER2 was incubated with the streptavidin-coated Cy5
(Cy5-HER2) while biotinylated HER1 was incubated with the
streptavidin-coated FITC (FITC-HER1). A small amount of magneitic-
HER2 were introduced into the library to process the preliminary
screening. The HER2 coated magnetic beads will give the positive
beads magnetic surfaces through which they could be isolated out
of the library using magnetic separation approaches in a
continuous-flow microfluidic process (Scheme 1a). All the beads in
the library were introduced into the sorting micro channel (Scheme
1a, upper part). Positive peptide beads were enriched and isolated
by a magnetic field. So that positive beads were trapped and adhere
to one side of the tube while negative beads were flushed out. The
positive beads were then collected and the streptavidin coated
magnetic beads were removed from the beads system by centrifuge
process.3 In this way, about 800 positive beads were isolated from
the library. Meanwhile, equimolar Cy5-HER2 and FITC-HER1 were
introduced to recognizing the true positive peptide beads.

The in situ detection was performed in a microarray. As shown in
Scheme 1a as well as Figure 1a and b, a silicon-based microchip
with high-density microarrays was designed and fabricated. The lab-
on-chip system is consisted of in situ trapping, fluorescent analyses
and peptide sequencing by MALDI-TOF-MS (matrix assisted laser
desorption ionization time of flight mass spectrometry) detection.
The microarray was divided into eight regularly arranged sub-arrays
with 10x10 wells of each. Each well was designed with a cube shape
with the dimension of 230 um (L) x230 um (W) x 200 um (D) which
is exactly fit the single peptide bead in order to trap the beads in
one-well-one-bead manner. The microwells were fabricated by
conventional lithography procedure (Scheme S2). In order to realize
the in situ single bead detection through optical means. Half of each
microwell was etched through along the diagonal of the cube
bottom. To ensure a good conductivity for MALDI-TOF detection, a
silver layer of 200 nm thickness was sputtering on the surface of the
microarray including the inner surface of the microwells. Along the
diagonal, transparent half of the microwell was employed for in situ
fluorescent detection and the other half was utilized for single bead
MALDI-TOF-MS sequencing. Therefore, the microarray chip worked
in a bi-functional manner.

The 800 positive beads from the library were loaded into the
microarray by scraping the beads suspension back and forth until all
the beads were trapped in the microwells. As shown in Figure 1, the
fluorescent detection was carried out first and the fluorescent of
each well was read through both Cy5 channel (red) and FITC
channel (green). Although the peptide beads were trapped by the
magnetic-HER2, different colors and different intensities were still
revealed. It is indicated that a number of the false positive beads
were sneaked during the preliminary screening. However, the
fluorescent signal of the “true” positive beads will be “switched on”
in a specific way because HER1 and HER2 was encoded by different
colors. Also, the affinity of the peptide towards HER1 and HER2
could be indicated by the fluorescent intensity in a quantitative
manner. In the color encoding microarray, about 40% of the beads
revealed affinities towards HER2 (red fluorescent spots) and 30% of
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the beads revealed affinities towards HER1 (green fluorescent
spots). Among them, 10% of the ones show the both affinity
towards the two proteins.

Figure. 1 (a) SEM image of the fabricated structure of the microarray chip (b)
SEM image of the “one- well-one bead” trapping (c) The red fluorescent
detection of the color encoding microarray (Cy5 Channel) (d) The green
fluorescent detection of the color encoding microarray (FITC Channel)

Guided by the fluorescent detection results, peptides were
sequenced by MALDI-TOF-MS and the mass spectra of specific well
could be obtained automatically. For Cy5 channel, about 150 TOF-
TOF MS spectra were obtained through the detection of red
fluorescent spots with relatively higher intensities. For FITC channel,
about 130 TOF-TOF MS spectra were obtained. 50 spectra with both
the signals were also confirmed. Figure S1 show the representative
MS/MS spectra of the three model peptides.

For each condition, top 17 sequences, which hit the most
probabilities, were aligned in the sequence map using the software
ClustalX 2 (Figure 2). As a result, peptide AHDFEWLHCG (named
here H1P) were determined as the specific HER1 ligand and peptide
NWRKTWLHCG (named here H2P) were chosen as the specific HER2
ligand. Peptide YWRFEWNRCG (named here HMP) were considered
as the non-specify peptide because it showed affinities towards the
two proteins. The affinities of the peptides towards protein HER1
and HER2 were determined by SPRi (Surface Plasmon Resonance
imaging) detection. The dissociation constants (Kps) were
calculated.”? As shown in Figure 2, a, b and c represent the three
peptides, H1P, H2P and HMP, respectively. For each peptide in the
figure, the SPR curves towards HER1 were shown at upper right and
SPR curves towards HER2 were shown at low right. K, of H1P
towards HER1 was calculated as 8 nM (nmol/L) and K, of H2P
towards HER2 was calculated as 116 nM. For the non-specify
peptide HMP, the K, towards HER1 was 4.6 nM and the K, towards
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HER2 was 810 nM. Either of the peptides H1P or H2P showed
specific affinities towards HER1 or HER2 respectively. It is indicated
that the peptide shown nano molar dissociation constants towards

positive sequences could be pointed out in a precise and effective
way by color encoding screening. The low dissociation constant has
achieved a good binding affinity between the small ligands and

the target protein that are comparable to antibodies. The true large molecules.
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Figure 2. Alignment of sequences and the affinity determination of the peptides using SPRi. (a) The alignment of the sequences to HER1 (left), SPRi curves of
H1P towards HER1 (upper right) and HER2 (low right); (b) The alignment of the sequences to HER2 (left), SPRi curves of H2P towards HER1 (upper right) and
HER2 (low right); (c) The alignment of the sequences to both HER1&HER2 (left), SPRi curves of HMP towards HER1 (upper right) and HER2 (low right) .

Further confirmation of the affinity peptides towards corresponding
proteins were made in living cancer cells. Human breast cancer cell
line MDA-MB-468 with high HER1 expression and human breast
cancer cell line SKBR-3 with high HER2 expression were tested as
models. Meanwhile, FITC labelled peptide (1 mg/mL),
hoechest33342 (10 upg/mL) and PE (Phycoerythrin) labelled
antibodies (5 u g/mL) were incubated with the above cells at 4 °C
for 30 min and then rinsed with cold PBS three times. Confocal laser
scan microscopy imaging was carried out in the excitation
wavelength of 405 nm (Hoechest33342), 488 nm (FITC) and the 565
nm (PE). The fluorescent images were obtained at the emission
wave length of 425 nm, 525 nm and 670 nm, respectively. For the
MDA-MB-468 cell assay, H1P shows high green fluorescent signal
towards HER1 positive cells while H2P shows little signal (Figure 3a
and b). In addition, peptide and anti-HER1 antibody were co-
localized on the membranes. The merged fluorescent signals
further proved that the specific binding sites of the peptide ligands
H1P is HER1 protein. For the SKBR-3 cell assay, it was exactly
opposite. It is indicated that the specific binding sites of the peptide
ligand H2P is HER2 protein (Figure 3d and e). Not surprisingly, the
non-specify peptide HMP was binding on the cell membranes in
both cell lines (Figure 3c and f). It is suggested that the high cellular
uptake of the peptides were facilitated through HER1 or HER2 in a
specific way. To check the specificity of the H1P, H2P and HMP,
human embryonic kidney cell lines 293A (HEK) with no expression
of HER1 and HER2 was served as negative cells. As illustrated in
Figure S2 none of the peptides showed binding to the cell surface. It
was revealed that the three peptides binding to HER1 and HER2
protein respectively with a specific manner. So H1P and H2P were
very good molecular probes towards the cancer related biomarkers.
The low toxicities of the peptide probes were also confirmed by
MTT assay (Figure S3). To further explore the influence of the H2P
peptide on cell growth process, growth curves were drawn. There is
no obvious difference in cells treated with H2P compared with
untreated ones (Figure S4).

This journal is © The Royal Society of Chemistry 20xx

MDA-MB-468 (EGFR / HER1)

FITC-peptide PE-anti-HER1 Brightness Merged

SKBR-3 (HER2)

FITC-peptide PE-anti-HER2 Brightness Merged

Figure 3. Confocal images of FITC-peptides and PE-antibodies towards living
cancer cells. (a-c) FITC-H1P, FITC-H2P and FITC-HMP towards MDA-MB-468
cells with PE-anti-HER1 co-localized; (d-f) FITC-H1P, FITC-H2P and FITC-HMP
towards SKBR-3 cells PE-anti-HER2 co- localized.
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To further confirm the theoretical binding affinity and the binding
site of the peptides towards the proteins, interaction energy was
calculated from computer simulation using MM/GBSA method
(Figure 55).24 It showed that the predicted binding free energy of
H1P/HER1 and H2P/HER2 is -40.12+ 4.00 Kcal/mol and -43.56 + 3.53
Kcal/mol, respectively. It is indicated that the ligand-receptor pairs
H1P-HER1 and H2P-HER2 showed the stable bindings. As shown in
Figure 4, decomposing of the binding site into individual residues
was also done by the simulation of the crystal structures. The
analysis indicated that the interaction of residues with His2-Met86,
Glu5-Arg284, Trp6-His279 and Leu7-Val283 contribute most to the
binding between H1P and HER1. The interaction of residues with
Trp2-GIn84, Arg3-Leu291, Lys4-GIn59 and His8-Phe236 contribute
most to the binding between H2P and HER2. The binding residues
of H1P-HER1 and H2P-HER2 is quite different, which resulted in the
specific bindings of the peptides towards specific proteins.

(a)

Figure 4. Three-dimensional representation of a peptide-protein. White
cartoon and transparent surface: HER1/HER2, peptide is displayed as a
green frame. (a) HER1/H1P complex. (b) HER2/H2P complex.

Conclusions

The color-encoding microarray system shows a prospective
application for almost all types of peptide screening and
determination. The novel peptide probes were prospectively
employed for clinical use. In above, our work provides a new
insight into the establishment of effective and universal
strategy for screening small molecule probes.
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