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Abstract: The development of peptide inhibitors against intracellular targets depends upon the
dual challenge of achieving a high affinity and specificity for the target and maintaining cellular
permeability for biological activity. Previous efforts to develop bicyclic peptides targeted to the Grb7
signalling protein implicated in HER2+ve cancer progression have resulted in improved affinity.
However, these same peptides demonstrated a lowered activity due to their decreased ability to
penetrate cell membranes. Here, we report the testing of a new series of bicyclic G7 peptides designed
to possess improved bioactivity. We discovered that the incorporation of two amino acids (Phe-Pro,
Phe-Trp or Phe-Arg) within the bicyclic peptide framework maintains an enhanced binding affinity
for the Grb7-SH2 domain compared to that of the first-generation monocyclic peptide G7-18NATE.
Structure determination using X-ray crystallography revealed that the mode of binding by the
expanded bicyclic G7 peptide is analogous to that of G7-18NATE. Interestingly, while the bicyclic
peptide containing Phe-Trp did not display the highest affinity for Grb7-SH2 in the series, it was the
most potent inhibitor of HER2+ve SKBR3 breast cancer cell migration when coupled to Penetratin.
Together, this demonstrates that peptide flexibility as well as the amino acid tryptophan can play
important roles in the uptake of peptides into the cell.

Keywords: Grb7; SH2 domain; binding affinity; bicyclic peptide inhibitor; cell permeability; penetratin;
breast cancer cell migration

1. Introduction

Targeting signalling proteins is an identified strategy against cancers in which specific
signalling pathways have become dysregulated. To this end, peptide inhibitors are an
attractive option over small molecule inhibitors due to the reliance of signalling pathways
on protein–protein interface interactions. Protein–protein interfaces are not effectively
disrupted by small molecules but can be targeted by peptides that possess a greater capacity
to mimic protein surfaces and to form higher affinity interactions. Peptides have thus been
the inspiration for many anti-cancer inhibitor development programs [1,2]. However, while
there has been great success in the development of high-affinity and specific peptides and
peptidomimetics to protein targets, the problem of delivery remains the greatest obstacle
to their implementation [3]. Many peptides are not naturally cell permeable and require
conjugation to additional moieties, such as cell-penetrating carrier peptides, to be delivered
into the cytosol of the cell. While there is hope that this strategy will provide a viable
option for peptide therapeutics development [4,5], there is still much more that needs
to be understood about the determinants of peptide cellular uptake. Here, we explore
the problem of delivery of a bicyclic peptide targeted to the Grb7 adapter protein by the
cell-penetrating peptide Penetratin.
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Growth factor receptor-bound protein 7 (Grb7) is an adaptor protein that is impor-
tant in breast cancer cell migration and proliferation [6,7]. Initially identified due to its
co-overexpression with HER2, Grb7 has since been identified as an independent prognostic
marker in breast cancer [8,9]. Grb7 mediates interactions between autophosphorylated
receptor tyrosine kinase (RTK) and downstream signalling molecules [10]. Specifically,
Grb7 promotes the signal transduction of epidermal growth factor receptor (EGFR), HER2,
and human epidermal growth factor receptor types 3 and 4 (HER3 and HER4) [11–13].
Grb7 has also been demonstrated to promote cell migration through its interactions with
focal adhesion kinase (FAK) [7,14,15]. Grb7 primarily interacts with its upstream signalling
partners through its Src homology 2 (SH2) domain, leading to Grb7 tyrosine phosphoryla-
tion and signal transduction [16–18]. It has therefore been hypothesised that inhibiting the
Grb7-SH2 domain would inhibit breast cancer cell migration as well as other Grb7-SH2-
related signal transduction pathways. Pero et. al. [19] identified a non-phosphorylated
peptide titled “G7-18NATE” using phage display. This cyclic peptide is 11 amino acids
in length (sequence: WFEGYDNTFPC) and is highly specific to Grb7-SH2 [20]. Through
the addition of the cell-penetrating peptide known as Penetratin (hereby referred to as
Pen), G7-18NATE-Pen was found to successfully inhibit Grb7-SH2 signal transduction.
Specifically G7-18NATE-Pen was found to inhibit breast cancer cell migration and invasion
as well as ERK/MAPK and AKT phosphorylation in vitro [7]. In pancreatic mouse models,
G7-18NATE-Pen was shown to successfully inhibit the interaction between Grb7 and FAK
and, as a result, decrease tumour weight and the number of nodules [21].

This initial success of G7-18NATE led to the development of a series of second-
generation Grb7-SH2 inhibitors, with a 130-fold improvement made to the affinity of
the interaction with Grb7-SH2 [22–24]. These improvements involved the addition of a
covalent tether, making the peptide bicyclic, and the removal of two unnecessary amino
acids at positions 9 and 10 as well as the incorporation of phosphotyrosine mimetics. This
culminated in the development of a nine-amino-acid (sequence: KFEGYDNEC) bicyclic
peptide scaffold with the amino acid sequence termed “G7-B7” (or Peptide 5) with a KD
of 0.27 µM [22]. Despite G7-B7 possessing the higher affinity to Grb7-SH2 in vivo, it was
discovered to be less active than its original counterpart, G7-18NATE, in vitro [24]. While
G7-18NATE-Pen was able to effectively reduce the cell migration of breast cancer cells
in a wound healing assay, G7-B7-Pen showed no activity. This was found to be corre-
lated to its reduced ability to interact effectively with lipid membranes to enter the cell
and exert its inhibitory function upon Grb7 [24]. Despite being conjugated to Penetratin,
which is usually very effective at delivering its peptide cargo, the G7-B7 peptide remained
membrane-impermeable.

The current study was therefore undertaken to explore the basis for the lost cell per-
meability and to restore activity to the bicyclic G7-B7 peptide scaffold. It was hypothesised
that returning the sequence of G7-B7 to closer to that of G7-18NATE while maintaining the
bicyclic constraint could result in increased cell permeability while retaining the affinity for
Grb7-SH2. Therefore, a series of third-generation peptides was developed with specific
amino acids added to the sequence of G7-B7. The peptides were named G7-B8, G7-B9, and
G7-B10 (with sequences as shown in Figure 1). G7-B8 was designed with the premise of
making the sequence more similar to that of G7-18NATE. Therefore, the Phe9 and Pro10
that had previously been removed to rigidify the scaffold [23] were re-added to the peptide.
G7-B9 and G7-B10 were designed with Trp or Arg replacing Pro10, respectively. These
residues were selected, as they are known for their roles in promoting membrane interac-
tions and cell permeability [25]. In particular, Trp was considered a potentially important
amino acid residue for the cell permeability of G7-18NATE that was no longer present at
position 1 in the bicyclic peptide due to its replacement by Lys to form a lactam linkage.
We discovered that all three newly developed peptides possessed enhanced affinities for
Grb7-SH2 compared to the original peptide, G7-18NATE. In particular, the G7-B8 peptide
showed the highest affinity of the three. The structure determination of the Grb7-SH2/G7-
B8 complex using X-ray crystallography revealed that G7-B8 bound Grb7-SH2 through
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an analogous binding mode to that of G7-18NATE. Interestingly, wound healing assays
of Penetratin-conjugated versions of the peptides in HER2+ SKBr3 cell lines revealed that
G7-B9, despite possessing the lowest affinity of the G7-bicyclic peptides, was the most
effective at inhibiting wound closure. Our study thus reveals the crucial role of the amino
acid Trp for the cell permeability of the G7 peptide and illustrates the way in which small
changes to peptide cargo can have a big impact on its biological activity.
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Figure 1. Schematic and peptide sequence of third-generation Grb7-SH2 inhibitors. Shown are
schematic representations of the Penetratin-linked peptides used in the current study. The Penetratin
amino acid sequence is shown in black single-letter code. The G7 peptide sequences are shown in
coloured single-letter code. The thioether linkage that tethers the N-terminal amine to the cysteine
side chain and the lactam bridge that tethers Lys1 to Glu8 in the bicyclic peptide are also depicted.
Note that binding and structural studies were conducted on G7 peptides synthesized without the
Penetratin sequence.

2. Materials and Methods
2.1. Peptide Synthesis and Concentration Determination

Peptides were synthesised commercially (Purar Chemicals, Doncaster East, Victoria, Aus-
tralia). All peptides were purified to greater than 95% purity using RP-HPLC and verified
using mass spectrometry. The peptide concentration was determined by absorbance at 280 nm
using a NanoDrop 2000/2000c (Thermo Scientific) using calculated extinction coefficients.

2.2. Protein Expression and Purification

GST and GST-Grb7-SH2 proteins were expressed and purified as previously de-
scribed [26]. Briefly, Grb7-SH2 was expressed as a GST fusion, and protein was purified via
GST affinity chromatography, followed by size exclusion chromatography.

2.3. Surface Plasmon Resonance

SPR experiments were carried out as previously described using the BIAcore
T100 [23,26]. BIAcore CM5 series S sensor chips (GE Life Sciences, Paramatta, NSW,
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Australia) were utilised. Amine coupling was used to immobilise the anti-GST anti-
body (Abcam, Cambridge, UK) to all flow cells. The immobilisation levels were between
11,000 RU and 7700 RU. As a control, the first flow cell captured only GST. GST-Grb7-SH2
was immobilised on flow cell 2 at close to 2800 RU. Peptides were resuspended in an
analysis buffer consisting of 50mM Na3PO4, 150–300 mM NaCl, and 1 mM DTT (pH 7.4).
The peptide was injected over flow cells at 30 µL/min for 60–80 s in triplicates. Double-
referenced SPR data were analysed using Scrubber 2.0 (BioLogic Software, Campbell, ACT,
Australia) and Prism 9.2.0 (GraphPad Prism v9.0, San Diego, CA, USA).

2.4. Crystal Structure Determination

Crystal screening of the Grb7-SH2/B7-B8 complex was performed with sparse screens,
including Index and PEG/ION HT (Hampton Research), with Grb7-SH2 at two concentra-
tions (10 mg/mL and 5 mg/mL) and using 300 nL sitting drops. G7-B8 was combined with
the Grb7-SH2 domain in a 2:1 molar ratio. Several conditions that gave rise to precipitate
and spherulites were observed in the Index screen condition F10. Hand trays set up using
the higher 10 mg/mL Grb7-SH2 sample and conditions of 0.2M NaCl, 0.1M BIS TRIS pH 6.6,
and 16% PEG3350 gave rise to thin plate crystals. A single crystal was cryoprotected in
mother liquor supplemented with 15% (v/v) glycerol and flash-cooled in liquid nitrogen
prior to the collection of diffraction images. The diffraction images were collected at 100 K
at the Australian Synchrotron MX2 high-throughput protein crystallography beamline
with an ADSC Quantum 315r CCD detector using the BLU-ICE acquisition software [27].
The data were indexed using DIALS [28] and scaled using AIMLESS [29] from the CCP4
suite [30]. The diffraction limit of the data was determined to be to a 2.55 Å resolution.
Phases were generated using molecular replacement, using MOLREP [31] from CCP4, with
one chain of protein-only Grb7-SH2 as the search model (PDB ID: 5EEQ). A subsequent
model refinement was conducted using PHENIX [32], and model building was performed
with COOT [33]. The coordinates and data were deposited in the Protein Data Bank (PDB
ID: 7MP3).

2.5. Cell Culture and Reagents

SKBr3 human breast cancer cell lines were purchased from the American Type Culture
Collection (ATCC, Manassas, VA, USA) and were routinely cultured. The SKBr3 cell lines
were maintained in McCoy’s 5A medium supplemented with 10% FBS at 37 ◦C with
5% CO2 according to the ATCC guidelines.

2.6. Wound Healing Assay

SKBr3 cells were plated in a 24-well plate at 90% confluency and were left to adhere
overnight. The cells were serum-starved overnight, and the following day, cells were
pre-treated for 2 h with 5 µg/mL mitomycin C (Sigma-Aldrich, St. Louis, MO, USA, M4287)
to inhibit proliferation [24]. The medium was replaced with PBS, and a wound was created
using a 10 µL pipette tip. The cells were washed twice with PBS to remove cell debris from
the wound. The cells were then treated with a 20 µM peptide (control peptide Penetratin,
G7-18NATE-Pen, G7-B8-Pen, G7-B9-Pen, or G7-B10-Pen) in complete medium (10% FBS).
The complete medium was supplemented with 1 ng/mL EGF to promote migration [6].
The cells were maintained at 37 ◦C in 5% CO2. Wound closure was captured using a Nikon
Eclipse TI microscope. An image of the wound was taken every 15 min using NIS-Elements
Imaging Software Version 4.20 for 24 h.

The percentage of wound closure was calculated using the following equation:

% wound closure =
Size o f wound at time 0 − Size o f wound at time x

Size o f wound at time 0
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3. Results
3.1. G7 Peptide Binding to Grb7-SH2

In order to determine the relative affinities of the newly developed G7 peptides
for Grb7-SH2, surface plasmon resonance (SPR) was undertaken using experimental
procedures similar to those previously published [22]. Here, it should be noted that
the peptides were tested in the absence of the Penetratin tail shown in the schematic
(Figure 1). In brief, peptides, at a range of concentrations, flowed over the chip surface
to which the Grb7-SH2 domain was tethered, and the response was detected over time.
The sensograms revealed that all four peptides readily interacted with Grb7-SH2. The
sensogram profile of G7-18NATE was as previously observed [20,26,34]. G7-18NATE
quickly reached equilibrium upon injection, and the response readily returned to baseline
after the injection period, reflecting a fast dissociation from Grb7-SH2 (Figure 2A). G7-B8
gave rise to a similar sensogram profile to that of G7-18NATE. However, it was observed
that G7-B8 had a prolonged dissociation phase, indicative of a higher affinity interaction
(Figure 2B). Lower concentrations of G7-B8 did not appear to reach equilibrium. Both
G7-B9 and G7-B10 bound Grb7-SH2, and all peptide concentrations reached equilibrium
(Figure 2C,D). Interestingly, G7-B9 and G7-B10 also displayed prolonged dissociation
phases compared to that of G7-18NATE. However, this was not as pronounced as observed
for G7-B8. In order to quantitate the binding affinities, the equilibrium dissociation binding
constants (KD) for each peptide were calculated using binding curves derived from the sen-
sogram responses at equilibrium (Figure 2E). KD values of 7.83 ± 0.46 µM, 0.86 ± 0.08 µM,
2.68 ± 0.39 µM, and 1.15 ± 0.408 µM were calculated for G7-18NATE, G7-B8, G7-B9, and
G7-B10, respectively (Figure 2E). Thus, G7-B8, containing the original Phe-Pro sequence,
was revealed to have the highest affinity for Grb7-SH2 compared to the other peptides.
These data demonstrate that the addition of two amino acids into the bicyclic scaffold is
compatible with binding to Grb7-SH2 and that all three third-generation peptides possess
a tighter binding affinity than the original peptide, G7-18NATE.
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Figure 2. SPR binding analysis of newly developed Grb7-SH2-targeting peptides. Sensograms
acquired for (A) G7-18NATE, (B) G7-B8, (C) G7-B9, and (D) G7-B10 peptides binding to the Grb7-SH2
domain. Peptide concentrations ranged from 0.015 to 250 µM. (E) Binding curves derived for each
peptide concentration at steady-state and equilibrium binding constants (KD), calculated using a
single-site binding model. Errors are SD arising from model.
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3.2. G7-B8 Binds Grb7-SH2 in a Similar Fashion to G7-18NATE

In previous studies of G7 bicyclic peptide interactions with the Grb7-SH2 domain,
we discovered that the G7-B1 peptide, containing an O-allylserine-based olefin staple
group between positions 1 and 8, bound to the Grb7-SH2 domain with a relatively high
affinity but in an unexpected orientation [23,35]. Therefore, to assess the mode of binding
of G7-B8 to Grb7-SH2, the structure of the Grb7-SH2/G7-B8 complex was determined
to a 2.55 Å resolution using X-ray crystallography (Figure 3, Table 1). Interestingly, the
complex crystallised with four protein molecules in the asymmetric unit, of which only
two Grb7-SH2 domains were formed in complex with the peptide. The other two protein
molecules remained as apo-proteins, as similarly observed for G7-18NATE bound to the
Grb7-SH2 domain [36]. The mode of G7-B8’s interaction with the Grb7-SH2 domain was
strikingly similar to that previously observed for G7-18NATE, as would be expected for
this peptide that differs by only two amino acids (Figure 3). The thioether-linked cyclic
backbone of G7-B8 made equivalent contacts with the Grb7-SH2 domain surface, including
the positioning of Tyr5 in the phosphotyrosine binding pocket, and Phe2 and Phe5 formed
planar hydrophobic contacts over the SH2 domain surface. Asn7 formed hydrogen bond
interactions with the Grb7-SH2 domain Leu481, which is understood to underlie the Grb7-
SH2 domain specificity for the “YXN” motif [17]. Only amino acids 1 and 8 differed in
their positioning relative to G7-18NATE due to their substitution with Lys and Glu residues
in G7-B8 for the formation of the lactam ring. This linkage can be seen clearly within the
G7-B8 electron density (Figure 3A) and reveals that it serves well to support the adopted
conformation for the interaction with Grb7-SH2, underlying its enhanced binding affinity.
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ture of G7-18NATE (blue stick representation) bound to the Grb7-SH2 domain (grey surface repre-
sentation) is shown from the same orientation for comparison (PDB ID:3PQZ). 

Figure 3. Structure of the G7-B8 peptide bound to the Grb7-SH2 domain compared to that of G7-
18NATE. (A) The structure of G7-B8 (green stick representation) is shown within the calculated
electron density (blue mesh) bound to the Grb7 SH2 domain (grey cartoon representation) (PDB ID:
7MP3). (B) The same structure of G7-B8 (green stick representation) is shown bound to the Grb7 SH2
domain (grey surface representation). A schematic representation of the G7-B8 peptide showing the
amino acid sequence in single-letter code (red font) is presented underneath. (C) The structure of
G7-18NATE (blue stick representation) bound to the Grb7-SH2 domain (grey surface representation)
is shown from the same orientation for comparison (PDB ID:3PQZ).
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Table 1. X-ray data statistics.

Grb7-SH2/G7-B8

Data collection

Wavelength (Å) 0.954
Space group P1

Unit cell dimensions
a, b, c (Å) 42.16, 53.12, 54.81
α, β, γ (◦) 103.98, 102.00, 100.05

Resolution (Å) 42.5–2.55 (2.64–2.55)
† Rmerge (%) 0.2832 (0.7805)

Wilson B factor 35.42
CC (1/2) (%) 0.912 (0.564)

I/σI 8.33 (1.28)
Unique reflections measured 14071 (1408)

Completeness (%) 98.18% (97.56%)
Multiplicity 4.2 (4.3)

Refinement

Rwork (%) 0.22 (0.27)
Rfree (%) 0.26 (0.38)

No. of atoms
Macromolecules 3193

Ligands 20
Solvent 52

Mean B-factors (Å2)
Macromolecules 40.56

Ligands 37.22
Solvent 35.62
RMSDs

Bond lengths (Å) 0.002
Bond angles (◦) 0.51

Ramachandran plot (%)
Favoured regions 99.00

Outliers 0.00
† Rmerge = Σhkl Σi|Ii(hkl)-‹I(hkl)›|/Σhkl ΣiIi(hkl) where Ii(hkl) is the ith intensity measurement of reflection hkl,
and ‹I(hkl)› is its average. Values given in parentheses are for the high-resolution shell.

3.3. Impact of G7 Peptides on Migration of HER2+ Breast Cancer Cells

Following the confirmation that the newly developed peptides bound Grb7-SH2 with
a relatively high affinity, their ability to inhibit cell migration was assessed. All peptides
were prepared with the C-terminal Penetratin sequence for direct comparison (Figure 1).
The peptides were tested for their ability to inhibit the cell migration of HER2+ SKBr3 cells
using a wound healing assay. Cells were treated with the G7 peptide or Penetratin alone
at a 20 µM concentration for direct comparison with previously reported studies of G7-B7
peptides [22,24]. Over a 24 h period, a similar degree of cell migration was observed for the
control cells, the vehicle control (PBS), and Penetratin alone (Figure 4). The G7-18NATE-Pen
peptide was found to inhibit cell migration, as previously observed [21,24]. G7-B8-Pen
inhibited wound closure, similar to G7-18NATE-Pen. G7-B9-Pen was the most effective at
inhibiting wound closure in the SKBr3 cell line. In contrast, G7-B10-Pen did not appear to
have any effect upon the wound healing abilities of the SKBr3 cells. Together, these data
suggest that the presence of Phe-Trp within G7-B9 successfully restores the peptides’ ability
to enter the cell and results in a Grb7-targeted peptide with enhanced biological activity
compared to G7-18NATE-Pen.
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wound closure were monitored in real time, and images were captured every 15 min for 24 h. Rep-
resentative images of wound closure of SKBr3 at 0 h and 24 h. Scale bar is equal to 200 µm. (bottom) 
Percentage of wound closure was calculated over 24 h and paired t-tests were performed without 
correction. Error bars represent the mean ± SD (n = 4), * = p ≤ 0.05, ** = p ≤ 0.01. 
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Figure 4. Effects of G7-18NATE-Pen and derivatives upon wound healing of SKBr3 cells. (top) Cells
were plated as a confluent monolayer, and a wound was created to assess the extent in which the
newly developed peptides could inhibit cell migration. The cells were treated with either complete
medium (untreated), a vehicle control (sterile PBS), 20 µM control peptide (Penetratin), or 20 µM
Grb7-SH2 inhibitor (G7-18NATE-Pen, G7-B8-Pen, G7-B9-Pen, and G7-B10-Pen). Cell migration
and wound closure were monitored in real time, and images were captured every 15 min for 24 h.
Representative images of wound closure of SKBr3 at 0 h and 24 h. Scale bar is equal to 200 µm.
(bottom) Percentage of wound closure was calculated over 24 h and paired t-tests were performed
without correction. Error bars represent the mean ± SD (n = 4), * = p ≤ 0.05, ** = p ≤ 0.01.

4. Discussion

Grb7 is identified as an independent prognostic marker in breast cancer and is identi-
fied as a potential target for the treatment of HER2+ve and TNBC tumours [8,37,38]. The
inhibition of this adaptor protein has been demonstrated to reduce cell invasion, migration,
and proliferation in several breast cancer cell types [6,7,39]. The discovery has led to the
development of a highly specific Grb7-SH2 cyclic binding peptide “G7-18NATE” [19] as
well as second-generation bicyclic peptides with improved binding affinities [22,36]. A
higher affinity was achieved with the substitution of amino acids Trp1 and Thr8 with lysine
and glutamic acid that facilitated the formation of a lactam linker designed to stabilise
the bound conformation of the peptide. Peptide rigidity was further enhanced with the
removal of amino acids Phe9 and Pro10 [23]. These same changes that gave rise to the
enhanced binding affinity of the new bicyclic peptide scaffold, however, also had the effect
of reducing the ability of the G7 peptides to enter cells and exert their biological activity,
despite conjugation to the cell-penetrating peptide Penetratin [24].

The reason for the lost membrane permeability was potentially due to two factors:
First, the increased rigidity of the bicyclic scaffold may have been detrimental to the ability
of the peptide to interact with membranes. This could occur, for example, by limiting the
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formation of intramolecular hydrogen bonds that reduce the desolvation energy penalties
during passive diffusion across cell membranes [40]. Second, the replacement of Trp1 to
facilitate the formation of the lactam linker between amino acid positions 1 and 8 may have
impacted the G7 peptide’s ability to interact with membranes. Tryptophan residues have
been identified for their ability to interact with membranes and assist peptide partitioning
to just below the lipid headgroups of the lipid bilayer [41]. Both arginine and tryptophan
are able to interact with membranes though ion-pair pi interactions at the membrane
surface as well as their hydrophobic character, but the presence of tryptophan has been
shown to be of particular importance [42].

Thus, it was of interest to determine whether the addition of amino acids that could
both restore a degree of peptide flexibility and increase the number of membrane-enhancing
amino acids would overall lead to G7 peptides with enhanced activity over the original
G7-18NATE. Three peptides were designed with Phe-Pro, Phe-Trp, or Phe-Arg incorporated
at positions 9 and 10 of the amino acid sequence. All three G7 peptides were found to bind
to the Grb7-SH2 domain with a higher affinity than G7-18NATE. Thus, it can be concluded
that the lactam linkage confers a degree of rigidity sufficient to enhance the binding affinity
of the G7 peptide. Notably, G7-B8, which is most similar in sequence to G7-18NATE, was
found to possess the highest affinity of the three, with a KD of 0.86 µM. This represents an
approximately 8-fold increase in affinity over G7-18NATE derived purely via the inclusion
of the lactam linkage between positions 1 and 8 in the sequence. This compares favourably
with a stapled version of the same sequence, termed G7-B1, that was found to have a KD
of 1.5 µM for the Grb7-SH2 domain [23]. This also confirms that amino acid sidechains of
Trp1 and Thr8 are not required for interactions directly with the Grb7-SH2 domain.

We were able to successful determine the structure of the G7-B8 peptide in complex
with the Grb7-SH2 domain. This was undertaken since, in previous work, the G7-B1 peptide
was found to interact with the Grb7-SH2 domain in an unexpected binding mode with
the O-allylserine-based olefin staple group forming direct contact with the surface of the
Grb7-SH2 domain in place of the Phe9-Pro10 amino acid residues [23]. The G7-B8 peptide,
however, bound in the expected orientation, making the same contacts with the surface
of the Grb7-SH2 domain as first observed for G7-18NATE [36]. It can thus be concluded
that the lactam linkage, unlike the more hydrophobic olefin staple, did not outcompete
Phe9-Pro10 to form surface contacts with the Grb7-SH2 domain. Furthermore, it is apparent
from the binding affinity measurements that proline is the optimum amino acid at position
10. Neither G7-B9 nor G7-B10 bound Grb7-SH2 with as high an affinity as G7-B8. Thus,
proline, either due to its stable turn conformation or the nature of its hydrocarbon sidechain
that is able to make hydrophobic contacts with the Grb7-SH2 surface, underlies the higher
affinity of the G7-B8 peptide.

In contrast to the relative affinities of the four peptides for the Grb7-SH2 domain
(G7-B8 > G7-B10 > G7-B9 > G7-18NATE), the biological activities of the Penetratin-linked
G7 peptides revealed a different trend. Here, it should be noted that the current study
only utilized the wound healing assay in SKBr3 cells to assess the effect of inhibiting Grb7
on cell migration. Previous studies have explored the activity of Grb7 inhibitor peptides
more broadly, including signalling assays, cell proliferation assays, and invasion assays
as well as the use of other cell types [24]. While we have found that the biological activity
has generally been very well reflected in the wound healing assay in SKBr3 cells, it could
nevertheless be useful to verify the biological activity using other assays as well. Despite
G7-B9 possessing the lowest affinity for the Grb-SH2 domain, with a KD of 2.68 µM, G7-B9-
Pen demonstrated the greatest ability to inhibit SKBr3 cells in a wound healing assay of
cell migration. It is unlikely that this is due to a new mode of action of this peptide or a
change in peptide stability, though these possibilities cannot be ruled out. It is more likely
that, of the G7 peptides, G7-B9 is superior with respect to its ability to enter cells. This
peptide differs from G7-B8 and G7-B10 by only one amino acid residue, a tryptophan at
position 10. Thus, it suggests that, indeed, tryptophan assists the uptake of the G7 peptide
into cells. It was also of interest that the G7-B8-Pen peptide showed equivalent activity
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to that of G7-18NATE-Pen. While not containing a tryptophan residue, it maintained a
sufficient ability to enter cells and exert activity. This is in contrast to the highly rigid
G7-B7-Pen peptide tested in a previous study that showed no cellular activity, despite
G7-B7 possessing an affinity of KD = 0.27 µM for Grb7-SH2 [22,24]. Thus, in addition to
tryptophan, peptide flexibility likely also plays a role in G7 peptide cellular uptake.

5. Conclusions

Together, this study highlights that small changes in peptide sequence can impact
both the affinity of the peptide for its target and also the cell permeability of the peptide,
even when conjugated to a cell-penetrating peptide. We have identified, in the case of the
G7 peptides, that extra amino acids at positions 9 and 10 may, in part, contribute to cell
permeability by permitting a degree of peptide flexibility. More significantly, however,
is that tryptophan, but not arginine was able to enhance cell permeability and therefore
the bioactivity to the G7 peptide. The G7-B9-Pen peptide is thus the first Grb7-targetting
peptide to display enhanced bioactivity over the originally discovered G7-18NATE-Pen
peptide. These peptides both continue to serve a useful role for studies of Grb7 inhibition
in cancer cell lines and other tumour models and will help to establish the therapeutic
potential of Grb7-SH2 inhibitors.

Author Contributions: Conceptualization of the overall study, J.A.W. and N.P.S.; Protein preparation
and SPR studies, N.P.S., G.M.W. and N.S.; Grb7-SH2/G7-B8 crystal structure determination, R.N.C.
and M.C.J.W.; Cell culture and wound healing assays, N.P.S., X.Y. and J.T.P. Original draft preparation,
N.P.S. and J.A.W.; All authors were involved in review and editing. Funding acquisition, J.A.W. and
J.T.P. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by a grant from the National Health and Medical Research Coun-
cil awarded to J.A.W. (APP1045309) and a National Health and Medical Research Senior Research
Fellowship awarded to M.C.J.W. (FP1079611) as well as the Victorian Government’s Operational
Infrastructure Support Program.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The atomic coordinates and structure factors for the Grb7-SH2/G7-B8
complex were deposited in the RCSB PDB under the accession number PDB: 7MP3.

Acknowledgments: We wish to thank all the beamline staff at the MX2 microfocus beamline at the
Australian Synchrotron, Victoria, Australia.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Wang, X.; Ni, D.; Liu, Y.; Lu, S. Rational Design of Peptide-Based Inhibitors Disrupting Protein-Protein Interactions. Front. Chem.

2021, 9, 682675. [CrossRef]
2. Ran, X.; Gestwicki, J.E. Inhibitors of protein-protein interactions (PPIs): An analysis of scaffold choices and buried surface area.

Curr. Opin. Chem. Biol. 2018, 44, 75–86. [CrossRef] [PubMed]
3. Fu, A.; Tang, R.; Hardie, J.; Farkas, M.E.; Rotello, V.M. Promises and Pitfalls of Intracellular Delivery of Proteins. Bioconjug. Chem.

2014, 25, 1602–1608. [CrossRef] [PubMed]
4. Zorko, M.; Jones, S.; Langel, Ü. Cell-penetrating peptides in protein mimicry and cancer therapeutics. Adv. Drug Deliv. Rev. 2022,

180, 114044. [CrossRef]
5. Xie, J.; Bi, Y.; Zhang, H.; Dong, S.; Teng, L.; Lee, R.J.; Yang, Z. Cell-Penetrating Peptides in Diagnosis and Treatment of Human

Diseases: From Preclinical Research to Clinical Application. Front. Pharmacol. 2020, 11, 697. [CrossRef]
6. Lim, R.C.; Price, J.T.; Wilce, J.A. Context-dependent role of Grb7 in HER2+ve and triple-negative breast cancer cell lines. Breast

Cancer Res. Treat. 2014, 143, 593–603. [CrossRef]
7. Pradip, D.; Bouzyk, M.; Dey, N.; Leyland-Jones, B. Dissecting GRB7-mediated signals for proliferation and migration in HER2

overexpressing breast tumor cells: GTP-ase rules. Am. J. Cancer Res. 2013, 3, 173–195. [PubMed]
8. Ramsey, B.; Bai, T.; Hanlon Newell, A.; Troxell, M.; Park, B.; Olson, S.; Keenan, E.; Luoh, S.W. GRB7 protein over-expression and

clinical outcome in breast cancer. Breast Cancer Res. Treat. 2011, 127, 659–669. [CrossRef] [PubMed]

http://doi.org/10.3389/fchem.2021.682675
http://doi.org/10.1016/j.cbpa.2018.06.004
http://www.ncbi.nlm.nih.gov/pubmed/29908451
http://doi.org/10.1021/bc500320j
http://www.ncbi.nlm.nih.gov/pubmed/25133522
http://doi.org/10.1016/j.addr.2021.114044
http://doi.org/10.3389/fphar.2020.00697
http://doi.org/10.1007/s10549-014-2838-5
http://www.ncbi.nlm.nih.gov/pubmed/23593540
http://doi.org/10.1007/s10549-010-1010-0
http://www.ncbi.nlm.nih.gov/pubmed/20635137


Biomedicines 2022, 10, 1145 11 of 12

9. Stein, D.; Wu, J.; Fuqua, S.A.; Roonprapunt, C.; Yajnik, V.; D’Eustachio, P.; Moskow, J.J.; Buchberg, A.M.; Osborne, C.K.;
Margolis, B. The SH2 domain protein GRB-7 is co-amplified, overexpressed and in a tight complex with HER2 in breast cancer.
EMBO J. 1994, 13, 1331–1340. [CrossRef]

10. Chu, P.Y.; Tai, Y.L.; Shen, T.L. Grb7, a Critical Mediator of EGFR/ErbB Signaling, in Cancer Development and as a Potential
Therapeutic Target. Cells 2019, 8, 435. [CrossRef]

11. Nencioni, A.; Cea, M.; Garuti, A.; Passalacqua, M.; Raffaghello, L.; Soncini, D.; Moran, E.; Zoppoli, G.; Pistoia, V.; Patrone, F.; et al.
Grb7 upregulation is a molecular adaptation to HER2 signaling inhibition due to removal of Akt-mediated gene repression. PLoS
ONE 2010, 5, e9024. [CrossRef] [PubMed]

12. Chu, P.Y.; Li, T.K.; Ding, S.T.; Lai, I.R.; Shen, T.L. EGF-induced Grb7 recruits and promotes Ras activity essential for the
tumorigenicity of Sk-Br3 breast cancer cells. J. Biol. Chem. 2010, 285, 29279–29285. [CrossRef]

13. Fiddes, R.J.; Campbell, D.H.; Janes, P.W.; Sivertsen, S.P.; Sasaki, H.; Wallasch, C.; Daly, R.J. Analysis of Grb7 recruitment by
heregulin-activated erbB receptors reveals a novel target selectivity for erbB3. J. Biol. Chem. 1998, 273, 7717–7724. [CrossRef]
[PubMed]

14. Han, D.C.; Shen, T.L.; Guan, J.L. Role of Grb7 targeting to focal contacts and its phosphorylation by focal adhesion kinase in
regulation of cell migration. J. Biol. Chem. 2000, 275, 28911–28917. [CrossRef]

15. Chu, P.-Y.; Huang, L.-Y.; Hsu, C.-H.; Liang, C.-C.; Guan, J.-L.; Hung, T.-H.; Shen, T.-L. Tyrosine Phosphorylation of Growth Factor
Receptor-bound Protein-7 by Focal Adhesion Kinase in the Regulation of Cell Migration, Proliferation, and Tumorigenesis. J. Biol.
Chem. 2009, 284, 20215–20226. [CrossRef] [PubMed]

16. Margolis, B.; Silvennoinen, O.; Comoglio, F.; Roonprapunt, C.; Skolnik, E.; Ullrich, A.; Schlessinger, J. High-efficiency expres-
sion/cloning of epidermal growth factor-receptor-binding proteins with Src homology 2 domains. Proc. Natl. Acad. Sci. USA
1992, 89, 8894–8898. [CrossRef]

17. Janes, P.W.; Lackmann, M.; Church, W.B.; Sanderson, G.M.; Sutherland, R.L.; Daly, R.J. Structural determinants of the interaction
between the erbB2 receptor and the Src homology 2 domain of Grb7. J. Biol. Chem. 1997, 272, 8490–8497. [CrossRef]

18. Han, D.C.; Guan, J.-L. Association of Focal Adhesion Kinase with Grb7 and Its Role in Cell Migration. J. Biol. Chem. 1999, 274,
24425–24430. [CrossRef]

19. Pero, S.C.; Oligino, L.; Daly, R.J.; Soden, A.L.; Liu, C.; Roller, P.P.; Li, P.; Krag, D.N. Identification of novel non-phosphorylated
ligands, which bind selectively to the SH2 domain of Grb7. J. Biol. Chem. 2002, 277, 11918–11926. [CrossRef]

20. Gunzburg, M.J.; Ambaye, N.D.; Del Borgo, M.P.; Pero, S.C.; Krag, D.N.; Wilce, M.C.; Wilce, J.A. Interaction of the non-
phosphorylated peptide G7-18NATE with Grb7-SH2 domain requires phosphate for enhanced affinity and specificity. J. Mol.
Recognit. 2012, 25, 57–67. [CrossRef]

21. Tanaka, S.; Pero, S.C.; Taguchi, K.; Shimada, M.; Mori, M.; Krag, D.N.; Arii, S. Specific Peptide Ligand for Grb7 Signal Transduction
Protein and Pancreatic Cancer Metastasis. JNCI J. Natl. Cancer Inst. 2006, 98, 491–498. [CrossRef] [PubMed]

22. Watson, G.M.; Kulkarni, K.; Sang, J.; Ma, X.; Gunzburg, M.J.; Perlmutter, P.; Wilce, M.C.J.; Wilce, J.A. Discovery, Development,
and Cellular Delivery of Potent and Selective Bicyclic Peptide Inhibitors of Grb7 Cancer Target. J. Med. Chem. 2017, 60, 9349–9359.
[CrossRef]

23. Gunzburg, M.J.; Kulkarni, K.; Watson, G.M.; Ambaye, N.D.; Del Borgo, M.P.; Brandt, R.; Pero, S.C.; Perlmutter, P.; Wilce, M.C.J.;
Wilce, J.A. Unexpected involvement of staple leads to redesign of selective bicyclic peptide inhibitor of Grb7. Sci. Rep. 2016,
6, 27060. [CrossRef] [PubMed]

24. Sang, J.; Kulkarni, K.; Watson, G.M.; Ma, X.; Craik, D.J.; Henriques, S.T.; Poth, A.G.; Benfield, A.H.; Wilce, J.A. Evaluation of
Cyclic Peptide Inhibitors of the Grb7 Breast Cancer Target: Small Change in Cargo Results in Large Change in Cellular Activity.
Molecules 2019, 24, 3739. [CrossRef]

25. Bechara, C.; Sagan, S. Cell-penetrating peptides: 20 years later, where do we stand? FEBS Lett. 2013, 587, 1693–1702. [CrossRef]
26. Watson, G.M.; Gunzburg, M.J.; Ambaye, N.D.; Lucas, W.A.; Traore, D.A.; Kulkarni, K.; Cergol, K.M.; Payne, R.J.; Panjikar, S.;

Pero, S.C.; et al. Cyclic Peptides Incorporating Phosphotyrosine Mimetics as Potent and Specific Inhibitors of the Grb7 Breast
Cancer Target. J. Med. Chem. 2015, 58, 7707–7718. [CrossRef] [PubMed]

27. McPhillips, T.M.; McPhillips, S.E.; Chiu, H.J.; Cohen, A.E.; Deacon, A.M.; Ellis, P.J.; Garman, E.; Gonzalez, A.; Sauter, N.K.;
Phizackerley, R.P.; et al. Blu-Ice and the Distributed Control System: Software for data acquisition and instrument control at
macromolecular crystallography beamlines. J. Synchrotron Radiat. 2002, 9, 401–406. [CrossRef]

28. Beilsten-Edmands, J.; Winter, G.; Gildea, R.; Parkhurst, J.; Waterman, D.; Evans, G. Scaling diffraction data in the DIALS software
package: Algorithms and new approaches for multi-crystal scaling. Acta Crystallogr. Sect. D Struct. Biol. 2020, 76, 385–399.
[CrossRef] [PubMed]

29. Evans, P.R.; Murshudov, G.N. How good are my data and what is the resolution? Acta Crystallogr. Sect. D Biol. Crystallogr. 2013,
69, 1204–1214. [CrossRef]

30. Winn, M.D.; Ballard, C.C.; Cowtan, K.D.; Dodson, E.J.; Emsley, P.; Evans, P.R.; Keegan, R.M.; Krissinel, E.B.; Leslie, A.G.;
McCoy, A.; et al. Overview of the CCP4 suite and current developments. Acta Crystallogr. Sect. D Biol. Crystallogr. 2011, 67,
235–242. [CrossRef]

31. Vagin, A.; Teplyakov, A. Molecular replacement with MOLREP. Acta Crystallogr. Sect. D Biol. Crystallogr. 2010, 66, 22–25.
[CrossRef] [PubMed]

http://doi.org/10.1002/j.1460-2075.1994.tb06386.x
http://doi.org/10.3390/cells8050435
http://doi.org/10.1371/journal.pone.0009024
http://www.ncbi.nlm.nih.gov/pubmed/20126311
http://doi.org/10.1074/jbc.C110.114124
http://doi.org/10.1074/jbc.273.13.7717
http://www.ncbi.nlm.nih.gov/pubmed/9516479
http://doi.org/10.1074/jbc.M001997200
http://doi.org/10.1074/jbc.M109.018259
http://www.ncbi.nlm.nih.gov/pubmed/19473962
http://doi.org/10.1073/pnas.89.19.8894
http://doi.org/10.1074/jbc.272.13.8490
http://doi.org/10.1074/jbc.274.34.24425
http://doi.org/10.1074/jbc.M111816200
http://doi.org/10.1002/jmr.2148
http://doi.org/10.1093/jnci/djj105
http://www.ncbi.nlm.nih.gov/pubmed/16595785
http://doi.org/10.1021/acs.jmedchem.7b01320
http://doi.org/10.1038/srep27060
http://www.ncbi.nlm.nih.gov/pubmed/27257138
http://doi.org/10.3390/molecules24203739
http://doi.org/10.1016/j.febslet.2013.04.031
http://doi.org/10.1021/acs.jmedchem.5b00609
http://www.ncbi.nlm.nih.gov/pubmed/26359549
http://doi.org/10.1107/S0909049502015170
http://doi.org/10.1107/S2059798320003198
http://www.ncbi.nlm.nih.gov/pubmed/32254063
http://doi.org/10.1107/S0907444913000061
http://doi.org/10.1107/S0907444910045749
http://doi.org/10.1107/S0907444909042589
http://www.ncbi.nlm.nih.gov/pubmed/20057045


Biomedicines 2022, 10, 1145 12 of 12

32. Afonine, P.V.; Grosse-Kunstleve, R.W.; Echols, N.; Headd, J.J.; Moriarty, N.W.; Mustyakimov, M.; Terwilliger, T.C.; Urzhumtsev, A.;
Zwart, P.H.; Adams, P.D. Towards automated crystallographic structure refinement with phenix.refine. Acta Crystallogr. Sect. D
Biol. Crystallogr. 2012, 68, 352–367. [CrossRef] [PubMed]

33. Emsley, P.; Cowtan, K. Coot: Model-building tools for molecular graphics. Acta Crystallogr. Sect. D Biol. Crystallogr. 2004, 60,
2126–2132. [CrossRef] [PubMed]

34. Watson, G.M.; Lucas, W.A.H.; Gunzburg, M.J.; Wilce, J.A. Insight into the Selectivity of the G7-18NATE Inhibitor Peptide for the
Grb7-SH2 Domain Target. Front. Mol. Biosci. 2017, 4, 64. [CrossRef] [PubMed]

35. Gunzburg, M.J.; Ambaye, N.D.; Del Borgo, M.P.; Perlmutter, P.; Wilce, J.A. Design and testing of bicyclic inhibitors of Grb7—Are
two cycles better than one? Biopolymers 2013, 100, 543–549. [CrossRef]

36. Ambaye, N.D.; Pero, S.C.; Gunzburg, M.J.; Yap, M.; Clayton, D.J.; Del Borgo, M.P.; Perlmutter, P.; Aguilar, M.I.; Shukla, G.S.;
Peletskaya, E.; et al. Structural basis of binding by cyclic nonphosphorylated peptide antagonists of Grb7 implicated in breast
cancer progression. J. Mol. Biol. 2011, 412, 397–411. [CrossRef]

37. Nadler, Y.; Gonzalez, A.M.; Camp, R.L.; Rimm, D.L.; Kluger, H.M.; Kluger, Y. Growth factor receptor-bound protein-7 (Grb7) as a
prognostic marker and therapeutic target in breast cancer. Ann. Oncol. 2010, 21, 466–473. [CrossRef]

38. Sparano, J.A.; Goldstein, L.J.; Childs, B.H.; Shak, S.; Brassard, D.; Badve, S.; Baehner, F.L.; Bugarini, R.; Rowley, S.;
Perez, E.A.; et al. Relationship between quantitative GRB7 RNA expression and recurrence after adjuvant anthracycline
chemotherapy in triple-negative breast cancer. Clin. Cancer Res. 2011, 17, 7194–7203. [CrossRef]

39. Giricz, O.; Calvo, V.; Pero, S.C.; Krag, D.N.; Sparano, J.A.; Kenny, P.A. GRB7 is required for triple-negative breast cancer cell
invasion and survival. Breast Cancer Res. Treat. 2012, 133, 607–615. [CrossRef]

40. Dougherty, P.G.; Sahni, A.; Pei, D. Understanding Cell Penetration of Cyclic Peptides. Chem. Rev. 2019, 119, 10241–10287.
[CrossRef]

41. Jobin, M.L.; Blanchet, M.; Henry, S.; Chaignepain, S.; Manigand, C.; Castano, S.; Lecomte, S.; Burlina, F.; Sagan, S.; Alves, I.D. The
role of tryptophans on the cellular uptake and membrane interaction of arginine-rich cell penetrating peptides. Biochim. Biophys.
Acta 2015, 1848, 593–602. [CrossRef] [PubMed]

42. Walrant, A.; Bauzá, A.; Girardet, C.; Alves, I.D.; Lecomte, S.; Illien, F.; Cardon, S.; Chaianantakul, N.; Pallerla, M.; Burlina, F.; et al.
Ionpair-π interactions favor cell penetration of arginine/tryptophan-rich cell-penetrating peptides. Biochim. Biophys. Acta
Biomembr. 2020, 1862, 183098. [CrossRef] [PubMed]

http://doi.org/10.1107/S0907444912001308
http://www.ncbi.nlm.nih.gov/pubmed/22505256
http://doi.org/10.1107/S0907444904019158
http://www.ncbi.nlm.nih.gov/pubmed/15572765
http://doi.org/10.3389/fmolb.2017.00064
http://www.ncbi.nlm.nih.gov/pubmed/29018805
http://doi.org/10.1002/bip.22237
http://doi.org/10.1016/j.jmb.2011.07.030
http://doi.org/10.1093/annonc/mdp346
http://doi.org/10.1158/1078-0432.CCR-10-3357
http://doi.org/10.1007/s10549-011-1822-6
http://doi.org/10.1021/acs.chemrev.9b00008
http://doi.org/10.1016/j.bbamem.2014.11.013
http://www.ncbi.nlm.nih.gov/pubmed/25445669
http://doi.org/10.1016/j.bbamem.2019.183098
http://www.ncbi.nlm.nih.gov/pubmed/31676372

	Introduction 
	Materials and Methods 
	Peptide Synthesis and Concentration Determination 
	Protein Expression and Purification 
	Surface Plasmon Resonance 
	Crystal Structure Determination 
	Cell Culture and Reagents 
	Wound Healing Assay 

	Results 
	G7 Peptide Binding to Grb7-SH2 
	G7-B8 Binds Grb7-SH2 in a Similar Fashion to G7-18NATE 
	Impact of G7 Peptides on Migration of HER2+ Breast Cancer Cells 

	Discussion 
	Conclusions 
	References

