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interactome using long synthetic protein
fragments†
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Xuechen Li *b and Ruijun Tian *acd

Activated receptor tyrosine kinases (RTKs) rely on the assembly of signaling proteins into high-dimensional

protein complexes for signal transduction. Shc1, a prototypical scaffold protein, plays a pivotal role in

directing phosphotyrosine (pY)-dependent protein complex formation for numerous RTKs typically

through its two pY-binding domains. The three conserved pY sites within its CH1 region (Shc1CH1) hold

particular significance due to their substantial contribution to its functions. However, how Shc1

differentially utilizes these sites to precisely coordinate protein complex assembly remains unclear. Here,

we employed multiple peptide ligation techniques to synthesize an array of long protein fragments (107

amino acids) covering a significant portion of the Shc1CH1 region with varying phosphorylation states at

residues Y239, 240, 313, and S335. By combining these phospho-Shc1CH1 fragments with integrated

proteomics sample preparation and quantitative proteomic analysis, we were able to comprehensively

resolve the site-specific interactomes of Shc1 with single amino acid resolution. By applying this

approach to different cancer cell lines, we demonstrated that these phospho-Shc1CH1 fragments can be

effectively used as a diagnostic tool to assess cell type-specific RTK signaling networks. Collectively,

these biochemical conclusions help to better understand the sophisticated organization of pY-

dependent Shc1 adaptor protein complexes and their functional roles in cancer.
Introduction

In response to external cues, the activation of membrane
receptors requires scaffold proteins to dynamically recruit high-
dimensional protein complexes and precisely orient specic
signaling output.1 Scaffold proteins oen contain well-dened
post-translational modication (PTM)-binding domains and
specic PTM sites to sophisticatedly coordinate these dynamic
signaling processes, which is essential for maintaining
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signaling delity and versatility. By genetically tagging these
scaffold proteins and proling their protein complexes typically
by affinity purication-mass spectrometry (AP-MS), functional
protein complexes and their coordination of multiple signaling
pathways have been well studied under various physiological
and pathological conditions of human cells.2 Despite these
advancements, technical difficulties make structural resolving
of protein complexes depending on specic PTM sites of scaf-
fold proteins a long-term challenge.

Shc1 is a prototypic scaffold protein that functions as a key
regulator for protein complex assembly in a variety of receptor
tyrosine kinases (RTKs) and immunoreceptors such as TCR and
BCR.3 Both RTKs and immunoreceptors mainly use p52Shc1
(referred to as Shc1 hereaer), one of the three transcripts of the
Shc1 gene, to transduce signals. This isoform possesses a linear
collagen homology (CH1) domain anked by an N-terminal
phosphotyrosine-binding (PTB) domain and a C-terminal SH2
domain (Fig. 1A). Upon activation of RTKs, Shc1 is swily
recruited to specic pY sites on the cytoplasmic tail of RTKs.
This recruitment also leads to sequential phosphorylation of
Shc1 on both pY and pS/T sites by the activities of receptor-
associated tyrosine kinases and downstream kinases.4 We
have systematically explored the temporal dynamics of the Shc1
interactome by immunoprecipitation-MS (IP-MS).5 But the site-
specicity of the interactome remains vague. The CH1 domain
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic diagram of the synthetic peptide-based AP-MS for the phosphorylation site-specific interactome of Shc1CH1. (A) Designing 107
AA peptide probes for mouse Shc1CH1 with pY239, pY240, pY313, and pS335. (B) Schematic diagram of the 4 synthesized Shc1CH1 fragments with
different phosphorylation patterns for integrated AP-MS analysis.
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of Shc1 contains two adjacent phosphotyrosine (pY) sites at
position 239 and 240 (pY239/240) within the YYN motif, a pY
site at position 313 (pY313) within the YVN motif, along with
a phosphothreonine site at position 214 (pT214), and a phos-
phoserine site at position 335 (pS335). The phosphorylation
sites pY239/240/313 and pT214 exhibit high conservation across
species, whereas the pS335 site is found in mice and several
other species but not in humans, suggesting its species-specic
functions. These phosphorylation events create additional
docking sites for numerous downstream effectors. As a result,
the CH1 region mediates most of the functions of Shc1 by
coupling the cytosolic signaling machinery to receptors. Since
this signaling regulatory mechanism is adopted by several other
RTK-scaffold systems,4 understanding how Shc1 differentially
employs these phosphorylation sites to organize protein
complex assembly can lead to a broader understanding of RTK
signaling.

The utilization of chemically synthesized protein fragments
for AP-MS analysis has been demonstrated as an effective
strategy for the analysis of interactomes specic to the PTM site
in unstructured protein regions.6 For example, through inte-
grating with MS-based proteomics and conventional solid-
phase peptide synthesis (SPPS), we have successfully eluci-
dated the site-specic interactome of the 41 amino acid (AA)-
long uncoiled cytoplasmic tail of the immune coreceptor
CD28.7 To extend the length of synthetic peptides over 100 AA
for protein domains such as the Shc1 CH1 region, various
chemical and enzymatic ligation strategies can be adopted.8

Among them the native chemical ligation (NCL) originally per-
formed between a C-peptide terminal thioester and an N-
terminal cysteine of another peptide remains the most widely
applied approach.9 The expansions of NCL include convenient
generation of peptide thioesters and the development of
cysteine alternatives.8a Although the C-terminal peptide thio-
esters could be prepared by Boc-SPPS, it is not suitable for
© 2024 The Author(s). Published by the Royal Society of Chemistry
phosphorylated peptide because the employed hydrouoric
acid (HF) causes dephosphorylation of phospho-AAs.10 The
developed peptide hydrazide chemistry not only offered peptide
thioester surrogates for convenient Fmoc-SPPS, but also allowed
consecutive assembly of multiple peptides in the N to C direc-
tion because it is inert during NCL without NaNO2 activation.11

Another constraint of NCL is the requirement of a cysteine at
the ligation site, which is scarce in most proteins. The NCL-
desulfurization of cysteine and other unnatural b, g, or d-mer-
capto amino acids greatly expands the ligation sites to cover
almost all AAs at the ligating N-terminus.12 However, both
metal-based and metal-free radical-based desulfurizations
create drawbacks such as metal contamination and epimeriza-
tion of secondary alcohols.12 The metal-free “add-and-done”
(ADD) desulfurization we recently reported by employing TCEP
and NaBEt4 is a mild and superfast method particularly suitable
for the synthesis of peptides with methionine and
phosphorylation.13

In this work, we adopted both the peptide hydrazine chem-
istry and the ADD desulfurization method for the construction
of four 107 AA-length protein fragments containing all three pY
sites along with the pS335 site in the Shc1 CH1 region (Shc1CH1,
Fig. 1). By integrating these synthetic long phospho-protein
fragments of Shc1CH1 with FISAP-based integrated proteomics
sample preparation14 and label-free quantitative proteomic
techniques, we have successfully revealed the sophisticated
organization of pY-dependent Shc1 protein complexes and their
utility for probing RTK signaling networks in various cancer cell
lines.

Results and discussion
Synthesis of 4 Shc1CH1 protein fragments

As shown in Fig. 1A, Shc1CH1 contains ve phosphorylation
sites. Among them, Y239/240/313, and S335 play a crucial role in
the assembly of Shc1-mediated protein complexes, while T214
Chem. Sci., 2024, 15, 14806–14815 | 14807
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likely inuences the binding affinity of the PTB domain allo-
sterically instead of directly participating in the complex
formation.5 Therefore, to simplify the chemical synthesis, we
chose a 107 amino acid long region that encompasses the four
phosphorylation sites from the mouse Shc1CH1. Shc1CH1

contains a cysteine at position 302 (C302) (Fig. 2A), which can be
ligated to proline by Pro–Cys ligation to overcome the low effi-
ciency of NCL at this site.8a,15 However, C302 is not at the
optimal location to allow convenient synthesis of NCL segments
with moderate length. Therefore, we decided to utilize the
available alanine sites, which can be regenerated through
cysteine desulfurization. Particularly, we selected two ligation
sites between two adjacent alanine residues as these sterically
unhindered sites were reported to offer faster ligation speed.8b

Meanwhile, the innate C302 was protected by an acet-
amidomethyl (ACM) group. We selected ligation sites located
between phosphorylation sites to enable the generation of
various phosphorylation patterns for the Shc1CH1 protein frag-
ments by combining different short peptide segments. Speci-
cally, we segmented the 107 AA section into four parts with
lengths varying from 18 to 30 AAs for synthesis via Fmoc-based
SPPS (Fmoc-SPPS). Among these segments, the four phosphor-
ylation sites were distributed, with Y239/240 in Segment 1, Y313
in Segment 3, and S335 in Segment 4 (Fig. 2B).
Fig. 2 Schematic diagram of the assembly of Shc1CH1 fragments. (A) Ch
pYpYpYpS by 3 NCLs with peptide hydrazides, followed by ADD desulfu
fragments.

14808 | Chem. Sci., 2024, 15, 14806–14815
For segments containing single phosphorylation site, only
two either phosphorylated or unphosphorylated versions were
required. For Y239/240-containing segment 1, we synthesized 3
versions, termed 1-YY, 1-pYY and 1-pYpY, to cover three possible
phosphorylation patterns. The segment 2 that contains no
phosphorylation sites was shared by all Shc1CH1 protein frag-
ments, which reduced the synthetic workload. To allow
sequential assembly of the Shc1CH1 protein fragments without
self-circularization, we adopted peptide acyl hydrazide as the
thioester surrogate, which was introduced on the C-terminal of
the peptide segments via hydrazine-treated chlorotrityl chloride
resin.11 One problem we encountered during our sequential
NCL procedure is that the excessively introduced 4-mercapto-
phenylacetic acid (MPAA) during thiolysis oen co-eluted with
the ligation product during the purication by HPLC (Fig. S1†).
This leover MPAA in the HPLC-puried peptide could react
with the newly added NaNO2 during the subsequent NCL,
causing signicant interference. We found that MPAA could be
readily dissolved in either diethyl ether or ethyl acetate, while
deprotected peptides were polar enough to remain in the
aqueous phase. Thus, we optimized ourmulti-ligation approach
by adding a washing step for all crude NCL products to prevent
the carry-over of MPAA (Fig. S1†). Aer ADD desulfurization of
the articially introduced cysteines at the ligation site, the S-
osen NCL sites on the Shc1CH1 peptides. (B) Assembly of the fragment
rization and ACM-deprotection. (C) LC-MS of the 4 purified Shc1CH1

© 2024 The Author(s). Published by the Royal Society of Chemistry
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acetamidomethyl (S-ACM) protection of Cys302 was removed by
PdCl2.16 Overall, we obtained 4 high-purity Shc1CH1 protein
fragments termed YYYS, pYYYS, pYpYYS, and pYpYpYpS with
the yield between 32% and 81% for each ligation, desulfuriza-
tion, or ACM removal step (Fig. 2B, C and S2, Table S2†).
Site-specic interactome proling by synthetic phospho-
Shc1CH1-based proteomics

Due to the limited quantity of synthetic Shc1CH1 phospho-
protein fragments, we adopted our fully integrated spintip-
based AP (FISAP) technique14 for exploring phosphorylation
site-specic interactomes of Shc1CH1 (Fig. 1B). The FISAP
require only a few micrograms of the synthetic fragment during
sample preparation with minimized sample loss in a simple
setting.18 In brief, synthetic Shc1CH1 phospho-protein fragments
were immobilized onto streptavidin beads within spintips and
incubated with cell lysates. The enriched proteins underwent
washing, tryptic digestion, and desalting in the same spintip.14

Eluted peptides were analyzed by LC-MS, and the relative
Fig. 3 Site-specific interactome of Shc1 in mouse 4T1 cells (A–D). Volca
for the specific interactomes of pY239 (A), pY239+pY240 (B), pY313 (C), a
2, FDR= 0.05, average MS/MS count of the right-hand group >2, and at le
for all volcano plots (A–D). Among the significant dots, the nucleotide-b
brown. Other cytosolic proteins annotated by the database (https://www
the annotated Shc1CH1 interactome captured by AP-MS.

© 2024 The Author(s). Published by the Royal Society of Chemistry
protein amount was deduced by label-free quantication (LFQ,
see 6. LC-MS analysis section in ESI† for details). Out of all the
tryptic peptides derived from Shc1CH1 phospho-protein frag-
ments, ve peptide fragments were consistently identied
across all experiments (colored in QC-1C, also underlined in
Fig. S23†). The fragment with sequence “EPPLGGVVDMR”
(highlighted in green in QC-1C) emerged as the most abundant
tryptic peptide with the highest MS/MS count. It is also derived
from the non-phosphorylated region of Shc1CH1 protein frag-
ments, making it suitable for evaluating the loading of different
fragments during AP-MS analysis. Thus, we used the intensity of
this fragment to normalize our LFQ analysis across the YYYS,
pYYYS, pYpYYS, and pYpYpYpS groups.

Shc1 Y239/240/313 sites undergo rapid phosphorylation with
indistinguishable kinetics during the initial stages of EGF
signaling (<20 seconds aer EGF treatment).5 Despite their
crucial role in mediating Shc1 functions, earlier studies have
only loosely linked these sites to Grb2-dependent interactions
involved in the Shc1-mediated dynamic assembly of the EGFR
receptor complex,17 which is conducted through the pTyr-
no plot of the standard AP-MS comparing different Shc1CH1 fragments
nd the overall interactome of pYpYpYpS (D). The cut-offwas set as S0=
ast 2 of the 3 replicates in the right-hand group have MS/MS count$ 1
inding proteins were considered as noise, and were colored in tortilla
.proteinatlas.org) were counted and colored in blue. (E) Summary of

Chem. Sci., 2024, 15, 14806–14815 | 14809
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binding SH2 domain on Grb2 that preferentially recruited to the
“pYXN” motif.18 To identify the specic role of these sites in
complex assembly, we analyzed the interactomes enriched by
pYYYS, pYpYYS, and pYpYpYpS fragments in the mouse 4T1 cell
line, a highly metastatic mouse cell line that very closely mimics
human breast cancer. The interactome comparison between
pYYYS and its non-phosphorylated counterpart YYYS indicated
that Grb7 is the only high affinity interactor of the singly
phosphorylated Y239motif (Fig. 3A). Grb7 is also a strong in vivo
binding partner of the EGF-induced endogenous Shc1 complex
in human cancer cells.19 In contrast, the doubly phosphorylated
Y239/240 fragment pYpYYS enriched a group of proteins known
to participate in in vivo EGFR complex assembly during the early
phase of EGFR activation (Fig. 3B and S20†), which is consistent
with the dynamics of the phosphorylation of Y239/240.5

Alongside the direct interactors Grb2 and Grb7, there are also
presumed indirect interactors, including Sos1/2, Arhgef5, Tns4,
Pik3r1, Pik3cb, Src, and Yes1.20 Furthermore, the signicantly
increased binding of Grb7 to pYpYYS highlighted the require-
ment for double phosphorylation for optimal protein interac-
tions within this motif. It is noteworthy that proteins bound to
pY239/240 of Shc1CH1 predominantly consist of positive regu-
lators of RTK signaling. Interestingly, Src has also been reported
to initiate double-phosphorylation of the YYN motifs by
priming phosphorylation of the 2nd tyrosine.21

The functions of pY313 and pS335 of Shc1 are particularly
intriguing, as evidence from kinetic analysis and site-directed
mutagenesis suggest that they are involved in mediating Grb2-
independent interactions.17 Unfortunately, the synthesis of the
pY313 singly-phosphorylated ShcCH1 segment was particularly
challenging for unknown reasons. However, we could deduce
the interactions of pY313 by comparing interactomes enriched
by pY239/240/313/pS335 (pYpYpYpS) and pY239/240 (pYpYYS).
Volcano plot analysis of the AP-MS results demonstrated that
the phosphorylation of these two sites can attract a distinct set
of proteins of RTK complex assembly. Remarkably, pY313/
pS335 intensively recruits two lipid signaling proteins Plcg1
and Plcg2 (Fig. 3C). Previous studies have loosely attributed the
recruitment of these two emerging cancer-driving genes to the
tyrosine phosphorylation of RTKs.22 Therefore, our discovery
hinted at a novel role of Shc1 in regulating lipid signaling
through Plcg1/2. Additionally, the pY313/pS335 motif recruited
a cluster of negative regulators of RTK signaling, including
components of the ubiquitination machinery, such as Fxo3,
tyrosine phosphatases Ubash3b and Ptpn11, the negative RTK
adaptor Sh2b3, and the inhibitory receptor Ctla4. These obser-
vations were further supported by the comparison of inter-
actomes enriched by pYpYpYpS and its non-phospho
counterpart (YYYS, Fig. 3D), as well as various in vitro and in vivo
studies.23 These pieces of evidence strongly hint at a negative
role of these Shc1 phospho-sites in the RTK signaling pathway.
However, further functional distinction of pY313 and pS335
relies on improved synthesis of corresponding phospho-protein
fragments.

Collectively, the concurrent identication of both direct and
indirect RTK interactors highlights the feasibility of our
synthetic phospho-protein fragment-based proteomic approach
14810 | Chem. Sci., 2024, 15, 14806–14815
in dissecting protein complex assembly. The analysis of the
Shc1 interactome at site-specic resolution has elucidated
surprisingly distinct roles for different phosphorylation sites.
Specically, the doubly phosphorylated pY239/240 sites
primarily recruit interactors to positively regulate RTK
signaling, while phosphorylation on Y313 and S335 sites is
likely involved in lipid signaling and the negative regulation of
signaling downregulation, respectively.
Verication of site-specic interactomes

First, we selected Plcg1, Pik3r1, Ubash3b, and Grb2 in our AP-
MS result with specic affinity to either pY239-240 or pY313
for AP-western blot verication (Fig. 4A). For all 4 proteins, the
western blot result matched the AP-MS quantication result
(Fig. 4B). We then tested whether AlphaFold3 (AF3)24 can help
provide molecular clues for these binding preferences. Speci-
cally, we observed Grb2's enhanced association with the double-
phosphorylated pY239/240 compared to the single-
phosphorylated Y239, which has been reported and rational-
ized with the crystallography data.21,25 The AF3 prediction of the
complex between mouse Grb2 and Shc1-pYpYpYS highly
resembled the structure observed by crystallography
(Fig. S21A†). Considering that the sequence of the GRB2-SH2
domain is identical between human and mouse, the predicted
structure of the Grb2 complex by AF3 is convincing. Encouraged
by the AF3 prediction of Grb2-pY239-240 interaction, we
examined the complex between Pik3r1 and pYpYpYS. AF3 sug-
gested a staple binding mode for Pik3r1, with its two SH2
domains for pY239-240 and pY313, respectively (Fig. 4C). The
prediction matched our AP-MS and western blot results
showing a weak association of Pik3r1 with pYpYYS and a much
stronger binding to pYpYpYpS (Fig. 4A and B). Besides, AF3 also
successfully predicted the association of Ubash3b (Sts1) with
pYpYpYpS by its phosphatase domain, with the key residues
specically recognizing pY313 at its catalytic site (Fig. S21B†).26

This pY-dependent binding mechanism may also be adopted
for the interaction between Ubash3b and the cytoplasmic tail of
CD28 as we studied previously.7

To further validate the ndings from the AP analysis with our
synthetic Shc1CH1 protein fragments, we conducted Shc1 IP-MS
experiments in HeLa cells. We engineered HeLa cells to stably
express a Flag-GFP-tagged wild type mouse p52Shc1 or its
mutants with substituted tyrosine (Y) residues at positions
Y239, 240, or 313 with structurally similar phenylalanine (F) to
prevent phosphorylation. The simultaneous phosphorylation of
wild type Shc1 at Y239/240 and Y313 upon EGF stimulation was
conrmed by WB of the cell lysate (Fig. S22A†). For IP-MS
analysis, the overexpressed Shc1 protein was immunoprecipi-
tated by the anti-Flag antibody from cell lysates that were either
treated with EGF to maximize protein complex assembly or le
untreated. The resulting immunoprecipitates were then sub-
jected to tryptic digestion and LC-MS analysis. The Flag-tagged
GFP was included as a negative control (Fig. S22B†). The
expression levels of Shc1 and its mutants were validated (QC-
2C). For comparison between the cell lines with overexpressed
Shc1, we normalized the LFQ intensity of all proteins in the IP
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Validation of the site-specific interactomes observed in the Shc1CH1 AP-MS analysis by western blot and mouse p52Shc1 IP-MS in HeLa
cells. (A) AP-western blot experiment confirming the specific interactions of Plcg1, Pik3r1, Ubash3b, and Grb2 (INP: Input). (B) Log2 LFQ intensity
of the selected proteins in the Shc1CH1 AP-MS result (Fig. 3). (C) AlphaFold3 prediction of the 1 : 1 complex between Shc1-pYpYpYpS and mouse
Pik3r1 (D-F). Volcano plots of the IP-MS experiments to compare the interactome of stimulated Shc1 WT and various stimulated Shc1 mutants.
Proteins found by our Shc1CH1 AP-MS in the pY239 + 240-specific category are shown in green. (G) Schematic diagram of the complex between
Shc1, GRB2, ARHGEF5, and GAREM.
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samples based on the LFQ intensity of Shc1. Furthermore, we
observed similar levels of EGFR activation upon EGF stimula-
tion, which was indicated by the similar level of co-precipitated
EGFR in Shc1 IP-MS analysis (Fig. S22C†).

We focused on comparing the interactomes mediated by
different mutants of the Y239/240 sites with single AA differ-
ence. The results revealed that substitutions at either one of
these two tyrosine residues would similarly impair protein
binding, as no distinct interactors were found for either Shc1
Y239F (Fig. 4D) or Y240F (Fig. S22D†). The absence of phos-
phorylation on Y239/240 mostly compromised the binding of
GRB2, ARHGEF5, and GAREM to Shc1, suggesting that Y313
alone cannot substitute for the function of Y239/240 in
recruiting these interactors (Fig. 4E and F). The expanded
interactome of double-phosphorylated Y239/240 obtained using
synthetic Shc1CH1 protein fragments highlighted the advantage
of our chemical proteomic approach (Fig. 3A and B). Speci-
cally, our IP-MS analysis conrmed Grb2's reported binding to
the double-phosphorylated Y239/240 with high affinity.21 Our
IP-MS analysis also supported our AP-MS result for Arhgef5
(Figure 4B, E and F), which agrees with our previous study that
Arhgef5 interacts with Shc1 indirectly through Grb2.5 It is worth
noting that GAREM, an adaptor protein found to associate with
Shc1 in a GRB2-dependent manner,27 consistently emerged as
© 2024 The Author(s). Published by the Royal Society of Chemistry
a signicant interactor of the double-phosphorylated pY239/240
of the full-length Shc1.5 However, it was absent in the AP-MS
analysis conducted with Shc1CH1 protein fragments, showing
the necessity of combining different strategies to obtain
detailed topological information of the Shc1-Grb2 complex
(Fig. 4G).
Phospho-Shc1CH1 as diagnostic probes for RTK signaling
networks in cancer cells

The PTB domain of Shc1 is responsible for recruiting Shc1 to
RTKs, while the CH1 region helps implement most of its output
functions in coupling receptors to downstream signaling
machinery. Any compromise in the integrity of protein complex
assembly can result in abnormal regulation of signaling path-
ways. Therefore, the capacity of phospho-Shc1CH1 to enrich
both direct and indirect key signaling proteins has inspired us
to investigate their potential in evaluating the activation status
of RTK-dependent signaling networks in various human cancer
cells. Since the sequence and function of Shc1CH1 show high
homology between human and mouse (Fig. S23†), and espe-
cially has two identical pY-binding motifs, we used various
mouse Shc1 phospho-protein fragments to enrich protein
complexes in three human breast cancer cell lines with different
Chem. Sci., 2024, 15, 14806–14815 | 14811
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ERBB expression patterns. MDA-231 is a triple-negative breast
cancer (TNBC) cell line with low expressions of both EGFR and
HER2 (EGFR-/HER2-).28 MDA-MB-468 is also a TNBC cell line
but with signicantly elevated EGFR expression (EGFR+/HER2-
).29 The BT474 cell line is a frequently used cellular model for
HER2-positive breast cancer.28 However, these cells express low
Fig. 5 Comparison of the AP-MS results of Shc1CH1 between three hu
Volcano plots of the AP-MS experiments for the interactome of pYpYpYp
(EGFR-/HER2+) cells. Beside S0 and FDR, other cutoff criteria were the
pYpYpYpS in MDA-231, MDA-468, and BT-474.

14812 | Chem. Sci., 2024, 15, 14806–14815
levels of EGFR (EGFR-/HER2+). We conducted pilot experiments
to further optimize our approach and conrmed the expres-
sions of EGFR and HER2 in these cell lines by western blot and
proteomic analysis (Fig. S24A and B†). Subsequently, cell lysates
were collected and subjected to protein complex enrichment
and sample processing using the FISAP-based workow with
man breast cancer cells with different EGFR and HER2 levels (A–C).
S in MDA-231 (EGFR-/HER2-), MDA-468 (EGFR+/HER2-), and BT-474
same as that in Fig. 3. (D) Comparison of the interactome of Shc1CH1

© 2024 The Author(s). Published by the Royal Society of Chemistry
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phospho-Shc1CH1. We observed a similar site-specic Shc1CH1

interactome in MDA-MB-468 cells compared to that in mouse
4T1 cells, demonstrating the feasibility of our approach
(Fig. S25†).

Consistent with the low level of ERBB signaling in MDA-
231 cells, fragment pYpYpYpS exhibited minimal recruit-
ment of signaling proteins, as expected (Fig. 5A). In contrast,
the phospho-Shc1CH1-enriched interactomes were substan-
tially expanded in either MDA-468 or BT-474 cells (Fig. 5B and
C), which validates the use of phospho-Shc1CH1 as a diag-
nostic probe for detecting signaling from RTKs such as ERBB
receptors. Upon a more detailed comparison, it was found
that components of the two interactomes were largely over-
lapped, which is consistent with the conservation of signaling
between members of the ERBB family.30 Specically, eight
proteins were shared between MDA-468 and BT-474 cells,
which included the adaptor GRB7, PIK3R1/2/3 of the lipid
signaling, ARHGEF5, tyrosine kinase YES1, CTLA4 and
PKD2L1 (Fig. 5B–D). Nevertheless, the proteins shared
between the two interactomes exhibited quantitative differ-
ences, suggesting the potential to use phospho-Shc1CH1 as
a diagnostic probe to assess quantitative difference in the
activities of signaling pathway. A notable example is the
signicantly enhanced recruitment of GRB7 to Shc1CH1 in
HER2-positive BT474 cells, which align with the frequent co-
amplication of this adaptor protein with HER2 in breast
cancer patients.31 By strongly binding to HER2, but weakly to
other ERBB family members, GRB7 signicantly enhances
cellular survival and migration. Consequently, elevated levels
of Grb7 have been correlated with decreased survival rates in
breast cancer patients.32

Despite the high similarity between phospho-Shc1CH1-
enriched interactomes from MDA-MB-468 and BT474, there
are still signicant parts of the interactomes which are unique
to each cell line, as summarized in Fig. 5D. Remarkably, the
adaptor protein CRK, which is also a potent activator of tyro-
sine kinases such as Yes, plays a pivotal role in cell motility and
metastasis in highly aggressive and motile cancer cells. The
selective detection of CRK in BT474 but not the other two
breast cancer cell lines by phospho-Shc1CH1 aligns with the
highly invasive phenotype of BT-474.33 On the other hand, our
phospho-Shc1CH1 selectively detect UBASH3B, a crucial regu-
lator of the ubiquitination machinery, in the TNBC cell line
MDA-MB-468, which overexpresses EGFR. UBASH3B is an
oncogenic tyrosine phosphatase that has been found to be
highly expressed in TNBC. It functions by deactivating the
ubiquitin ligase CBL through tyrosine dephosphorylation,
resulting in a signicant increase in EGFR signaling.34 For
diagnostic purposes, we also compared our AP-MS approach
with the whole cell proteomic approach to evaluate the
difference between the three cell lines (Fig. S24C and S24D†).
Although certain differences between cell lines in our AP-MS
analysis, such as that for Grb7, are also reected in the pro-
teomic analysis, most differences in our AP-MS are insigni-
cant in the volcano plots of the proteomic comparison between
cell lines. Also, the AP-MS approach offered signicantly
improved sensitivity over proteomic analysis for the key
© 2024 The Author(s). Published by the Royal Society of Chemistry
interacting proteins, such as PI3K family members PIK3R1,
PIK3R2, and PIK3R3, thanks to the selective enrichment by
AP.6b,c Collectively, these ndings support the validity of
employing our synthetic phospho-protein fragment-based
method for both quantitative and qualitative evaluation of
endogenous RTK signaling across various biological sample
types, spanning from cell lines to freshly preserved clinical
tissue specimens.
Conclusions

Similar to elucidating the 3D structures of individual proteins,
characterizing the topology of high-dimensional protein
complexes can yield valuable insights into the regulatory
mechanisms of signaling networks. However, this has long
been a challenging task from a technical perspective. To tackle
this challenge, we developed a novel approach that combines
long phospho-protein fragment synthesis using multiple
peptide ligation techniques, integrated proteomics sample
preparation, and quantitative proteomic analysis. We applied
this approach to study a specic protein complex assembled by
the CH1 region of Shc1 protein. Our approach successfully
demonstrated the precise identication of interacting proteins
at specic sites of Shc1CH1, enabling the proposal of novel
molecular mechanisms of ERBB-regulated signaling. Addition-
ally, we showcased the potential of utilizing long synthetic Shc1
phospho-protein fragments as diagnostic tools to assess the cell
type-specic downstream signaling status of RTKs in cancer
cells. This offers unique insights into the organization of
protein networks of cancer. Signicantly, our approach can be
easily applied to elucidate the structural characteristics of
diverse PTM-dependent endogenous protein complexes in
different types of biological samples. The future progress in
chemical and enzymological ligation techniques, including
those facilitated by sequence-specic peptide ligases,35 holds
great potential for expanding the scope of synthetic long
peptides and even proteins. This opens up exciting possibilities
for further advancements and broader applications in the eld
of proteomics.
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