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Abstract 

To identify peptides with high affinity and specificity against human epidermal growth factor re-
ceptor 2 (HER2), a series of peptides were designed based on the structure of HER2 and its 
Z(HER2:342) affibody. By using a combination protocol of molecular dynamics modeling, 
MM/GBSA binding free energy calculations, and binding free energy decomposition analysis, two 
novel peptides with 27 residues, pep27 and pep27-24M, were successfully obtained. Immunocy-
tochemistry and flow cytometry analysis verified that both peptides can specifically bind to the 
extracellular domain of HER2 protein at cellular level. The Surface Plasmon Resonance imaging 
(SPRi) analysis showed that dissociation constants (KD) of these two peptides were around 300 
nmol/L. Furthermore, fluorescence imaging of peptides against nude mice xenografted with SKBR3 
cells indicated that both peptides have strong affinity and high specificity to HER2 positive tumors. 
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Introduction 
The human epidermal growth factor receptor 

(EGFR/ERBB) family of receptor tyrosine kinases 
(RTKs) consists of four members: HER1 
(EGFR, ErbB1), HER2 (neu, ErbB2), HER3 (ErbB3), 
and HER4 (ErbB4). Overexpression or mutations of 
these proteins are associated with many types of hu-
man cancers. Except HER2, the other three receptors 
can be activated by EGF, EGF-like, or neuregulin lig-
ands. Although it lacks a ligand binding domain, 
HER2 can form homodimers or heterodimers with the 
other three HER (1, 3 and 4) family members. Upon 
dimerisation, the cytoplasmic tyrosine kinase domain 
activates several important oncogenes and drives 
downstream signaling cascade, leading to the stimu-
lation of cell proliferation, invasion, and an-
ti-apoptosis [1-4]. Amplification and/or high expres-
sion of the HER2 occurs in approximately 20-25% of 

invasive breast cancers, which is classified as HER2 
positive breast cancer [5, 6]. Compared with 
HER2-normal breast cancer, HER2-positive breast 
cancer is associated with worse prognosis, including 
higher mortality in early-stage disease, increased in-
cidence of metastasis, and reduced time to relapse [5, 
7, 8]. Therefore, HER2 has become a validated thera-
peutic target in breast cancer. Trastuzumab (Her-
ceptin), a recombinant humanized monoclonal anti-
body directed against the extracellular domain of 
HER2, is mainly used in treating patients with 
HER2-positive breast cancer [9]. However, approxi-
mately 15% of patients with HER2-positive metastatic 
breast cancer eventually relapse after therapy due to 
de novo or acquired resistance [10]. To solve this 
problem, other anti-HER2 agents, including mono-
clonal antibody pertuzumab, small molecule kinase 

 
Ivyspring  

International Publisher 



 Theranostics 2015, Vol. 5, Issue 10 

 
http://www.thno.org 

1155 

inhibitors like lapatinib, and antibody-drug conjugate 
such as trastuzumab emtansine have been developed. 
However, the therapeutic potential of these new 
agents is still unproven and there remain needs for a 
novel therapeutic agent that can have a long term 
effect on the treatment of breast cancer and ensure 
disease free survival [11, 12]. 

Affibody is a new class of affinity ligands, de-
veloped as a stabilized variant of the “B domain” of 
the IgG-binding staphylococcal protein A, and con-
tains 58 amino acids that folds into a stable three-helix 
bundle [13]. HER2 targeted affibody molecule ZHER2 
displays alternative properties compared to HER2 
antibodies. It does not compete with trastuzumab [14] 
or pertuzumab [15] because the binding site of ZHER2 
as shown in the crystal structure of HER2/ZHER2 
complex is different from the epitopes for 
trastuzumab and pertuzumab determined previously 
[16-18]. ZHER2 does not appear to mediate detectable 
biological effects by itself [19]. However, its different 
binding site makes it suitable for molecular imaging 
as a tracer [15, 20], even in the presence of therapeutic 
monoclonal antibodies. Therefore, ZHER2 has the 
potential for diagnostic and may be used as a carrier 
to direct therapeutic agents to their HER2 target. Up 
to now, a range of modified HER2-binding affibody 
molecules have been thoroughly investigated, such as 
ZHER2:4 [21], dimeric clone (ZHER2:4)2 [22] and an 
high affinity monomeric version Z(HER2:342) with KD 
of 22 pM [23]. Although these affibody molecules are 
promising for development into imaging agents, with 
a length of 58 amino acids, it is difficult to synthesize 
using solid phase peptide synthesis method.  

 Small peptides combine both the advantages of 
small molecule drugs which are cost effective, good 
tissue and membrane permeability and those of anti-
bodies which are high target specificity and low tox-
icity. To identify peptides with high affinity and spe-
cific to HER2 for imaging and therapeutic application, 
we designed a series of novel peptides with shorter 
lengths than Z(HER2:342) based on the interactions 
between Z(HER2:342) and HER2. Basically, we kept 
important binding residues and linked them together 
with suitable number of glycines according to dis-
tances between them. A combination protocol of mo-
lecular dynamics modeling, MM/GBSA binding free 
energy calculations [24-26], and binding free energy 
decomposition analysis [27-29] were then applied to 
study interactions of HER2 and designed peptides. 
After several rounds of mutations and simulations, 
those with lowest binding free energy were selected 
for experimental validation. 

As a result, two peptides with 27 residues named 
pep27 and pep27-24M were successfully obtained by 
computational simulation. Both peptides were 

demonstrated to bind specifically to the extracellular 
domain of HER2 protein with KD values of 346 and 
293 nmol/L, respectively. Ex vivo and in vivo experi-
ments verified that both novel peptides have strong 
affinity and high specificity for HER2 using mice 
xenografted with HER2 positive tumors. We expect 
that both peptides may be used as new probes in di-
agnosis and treatment of HER2 positive breast cancer.  

Materials and methods 
Prepare the initial structure 

Primary sequences of Z(HER2:342), pep32, 
pep27, pep26 and pep23 were aligned by using Clus-
talW program available on the web of EMBnet [30]. 

The model of HER2/Z(HER2:342) complex 
comes from crystal structure of HER2 extracellular 
region and 3-helix affibody Z(HER2:342) (PDB entry: 
3MZW) [16] in the RCSB Brookhaven Protein Data 
Bank (PDB) [31]. The model of HER2/pep32 was 
constructed based on the crystal structure of 
HER2/Z(HER2:342) by deleting and adding suitable 
number of amino acids in affibody Z(HER2:342). 
Other models like HER2/pep27, HER2/pep26 and 
HER2/pep23 complexes were constructed based on 
HER2/pep32. The mutant complexes of HER2/pep27 
were acquired by mutating the amino acids in the 
original model.  

MD Simulations 
The AMBER03 force field was used to establish 

the potentials of the proteins in the following molec-
ular mechanics (MM) minimizations and molecular 
dynamics (MD) simulations [32]. The whole system 
was solvated in a truncated octahedron box filled with 
8 Å TIP3P water molecules, with a minimum so-
lute-wall distance of 12 Å [33], and the missing hy-
drogen atoms of each model were added using the 
tleap program. Then, counter-ions Na+ were placed on 
the grids with the largest negative coulombic poten-
tials around the protein. 

 The sander program was used before the MD 
simulations to minimize the structure via three steps: 
firstly, the whole protein was fixed and the water 
molecules and counter-ions were minimized with 
5000 cycles of steepest descent and 2500 cycles of 
conjugate gradient minimizations; secondly, the 
backbone atoms of the protein were fixed and the side 
chains were minimized using the same settings as 
above (5000 cycles of steepest descent and 2500 cycles 
of conjugate gradient minimizations); thirdly, the 
whole system was minimized without any constrain 
with 10000 cycles of steepest descent and 5000 cycles 
of conjugate gradient minimizations. The SHAKE 
procedure was applied, and the time step was set to 
2.0 fs [34]. Particle Mesh Ewald (PME) was employed 
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to deal with the long-range electrostatic interactions in 
the MD simulations [35]. Followed by minimization, 
the entire system was gradually heated from 0 to 310 
K via seven steps in the NVT (canonical ensemble). 
Finally, 10 ns MD simulations were carried out under 
the constant temperature of 310 K. During the sam-
pling process, the coordinates were saved every 0.2 
ps, and the conformations generated from the simu-
lations were used for further binding free energy 
calculations and decomposition analysis.  

Binding free energy calculations 
The binding free energy of each system was 

calculated using MM/GBSA technique according to 
the following equation [25]. 

∆Gbind = Gcomplex－Gprotein－Gligand 

 = ∆EMM +∆GGB+∆GSA－T∆S  (1) 

 = ∆EvdW +∆Eele+∆GGB+∆GSA－T∆S  

where ∆EMM is the interaction energy between protein 
and ligand in gas-phase, including the parts: the van 
der Waals energies (∆EvdW) and the electrostatic 
(∆Eele); ∆GGB and ∆GSA are the relative polar and 
nonpolar contributions to desolvation free energy, 
respectively, and －T∆S represents the conformation-
al entropic contribution at temperature T. In this 
study, the polar solvation free energy was calculated 
by the generalized born (GB) model [36]. In the GB 
calculations, the solvent and the solute dielectric con-
stants were set to 80 and 4, respectively. The nonpolar 
solvation term was estimated based on the solvent 
accessible surface area (SASA) model by the LCPO 
method with a solvent-probe radius of 1.4 Å: ∆GSA 
=0.0072×∆SASA [37]. The binding free energy of each 
system was calculated based on 500 snapshots from 7 
to 10 ns MD simulation trajectories of each complex 
by using the mm_pbsa program in AMBER12 [38]. The 
conformational entropy (translation, rotation and vi-
bration) upon the ligand binding (－T∆S) was calcu-
lated using normal-mode analysis via the nmode 
program in AMBER12 [38]. Due to the high computa-
tional demand and low prediction accuracy, 50 
snapshots evenly extracted from the last 3 ns were 
used to estimate the entropic contribution [39-43]. 

Free energy decomposition analysis 
To have a clear understanding of key residues in 

the interaction between HER2 and Z(HER2:342), the 
MM/GBSA free energy decomposition process was 
applied by the mm_pbsa program in AMBER12 [44]. 
During the decomposition process, the polar contri-
bution of desolvation free energy (∆GGB) was calcu-
lated using the generalized Born (GB) approximation 
model developed by Onufriev et al. [45], and the 
nonpolar solvation contribution (∆GSA) part was 

computed based on the SASA determined with the 
ICOSA method [37]. All the energy components were 
calculated using 500 snapshots extracted from the MD 
trajectory from 7 to 10 ns. After the decomposition 
process, the free energy contribution can be allocated 
to each residue from the association of the receptor 
and the ligand.  

Peptides synthesis 
All peptides were synthesized using Fmoc 

strategy SPPS (solid phase peptide synthesis). The 
synthesized peptides were purified by using a Hitachi 
HPLC system (L-7100, Japan) on a TSK gel ODS-100V 
column (150 mm×4.6 mm) at a flow rate of 2 mL min-1. 
Gradient: 0-25 min, 5-80% acetonitrile containing 0.1% 
Trifluoroacetic acid (TFA). After purification, pep-
tides were characterized by MALDI-TOF MS (Bruker 
Daltonics). 

9-Fluorenylmethoxycarbonyl (Fmoc)-protected 
amino acids and 2-(1H-benzotriazole-1-yl)-1,1,3,3- 
tetramethyluronium hexafluorophosphate (HBTU) 
were purchased from GL Biochem (China). Tri-
fluoroacetic acid (TFA), and fluorescein 
5-isothiocyanate were from Sigma-Aldrich (USA). 
N-Methyl morpholine (NMM) and 
N,N-dimethylformamide (DMF) were from Beijing 
chemical plant (China). 

SPRi assay 
Surface Plasmon Resonance imaging (SPRi) chip 

used in this work is a gold layer of 47.5 nm thickness 
bare gold Plexera® Nanocapture® Chip. For detec-
tion, all peptides were linked to a cysteine residue in 
the amino terminal for interacting with bare gold. 
First, 1mg/mL peptides were added to the gold sur-
face of the chip and incubated at 4oC overnight in 
water box. Then, SPRi chip was washed with phos-
phate buffer saline (PBS) and water for 4 times before 
5% non-fat milk was applied to block overnight at 
4oC. After the chip was washed again with PBS and 
water, it was dried with nitrogen for later usage. The 
purified HER2 protein purchased from Sino Biological 
Inc (China) was used as the mobile phase. HER2 pro-
tein was dissolved in PBST (PBS with 0.1% Tween-20) 
to a stock concentration of 20 μg/mL and further di-
luted to 10, 5, 2.5, 1.25 and 0.625 μg/mL. The SPRi 
analysis procedure was carried out on the prepared 
SPRi chip by injection of PBST running buffer for 
baseline stabilization, followed by protein sample 
(one of the five concentration of protein, binding), 
then PBST running buffer for washing and finally 
0.5% (vol/vol) H3PO4 in deionized water for regener-
ation. The above cycle was repeated for each concen-
tration of the HER2 protein at 20, 10, 5, 2.5, 1.25 and 
0.625 μg/mL. Real-time binding signals were rec-
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orded and analyzed by PlexArray HT system (Plexera 
LLC, Bothell, WA, USA). The dissociation constant 
was calculated by fitting the association-dissociation 
curves. 

Flow cytometry, immunocytochemistry and 
MTT assay 

Human breast cancer cell lines SKBR3 (HER2 
high expression), MCF-7 (HER2 medium expression), 
MDA-MB-231 (HER2 medium expression), 468 (HER2 
low expression) and human embryonic kidney cell 
line 293A (HER2 low expression) were used in this 
study [46, 47]. SKBR3 cells were cultured in RPMI 
1640 medium (Hyclone) supplemented with 10% fetal 
bovine serum (Gibco). MCF-7, MDA-MB-231, 468 and 
293A cells were cultured in DMEM/High glucose 
(Hyclone) medium, with 10% fetal bovine serum, re-
spectively. All of the following flow cytometry, im-
munocytochemistry and MTT assay were repeated 
three times. 

For flow cytometry analysis, all cells were cul-
tured overnight, and approximately 1×106 mL-1 cells 
(100 μL) were collected. FITC-labeled peptides were 
dissolved to a concentration of 50 μM using cell cul-
ture mediums and the FITC-labeled anti-HER2 anti-
body (eBioscience) was used with the recommended 
dilution ratio (1:20). The collected cells were incubat-
ed with FITC-labeled peptides on ice for 20 minutes. 
The non-bound peptides were rinsed with PBS for 
three times. The whole assay was performed on ice 
with minimal light exposure. A Beckman Quanta SC 
flow cytometry was used to sort cells. Cell culture 
medium was used as the control. Each flow cytometry 
analysis was repeated for three times. 

For immunocytochemistry (ICC), approximately 
1×105 mL-1 cells (1 mL) were seeded into culture 
dishes and cultured overnight. FITC-labeled peptide 
(50 μM) with 1 mM Hoechst 33342 was dissolved in 
cell culture medium, and added to the culture dishes. 
Then cells were incubated in the solution for 20 
minutes at 4℃. Finally, cells were washed three times 
with cold PBS for observation. For the colocalization 
analysis, cells were incubated with phycoerythrin 
(PE) conjugated anti-human HER2 antibody 
(LS-C213848, 1:20 dilution) as well as FITC-labeled 
peptide (50 μM) and 1 mM Hoechst 33342 simulta-
neously. An Olympus FV1000-IX81 confocal-laser 
scanning microscope was used for confocal fluores-
cence imaging. For FITC, A FV5-LAMAR 488 nm laser 
was used as the excitation source, and emission was 
collected between 520 and 620 nm. Hoechst 33342 was 
excited by a FV5- LD405-2 405 nm laser and collected 
within the range of 422 to 472 nm. PE was excited by a 
FV10-LD559 559 nm laser with an emission maximum 
of 573 nm. All parameters of the microscope were set 

to be the same for observations of different samples to 
allow comparisons of the binding ability of different 
peptides. 

The toxicity of pep27 and pep27-24M against 
SKBR3 breast cancer cells and 3T3 fibroblast cells was 
investigated by MTT assay. Cells resuspended at a 
concentration of 3 × 104 cells/mL in fresh cell culture 
medium were seeded into 96-well plates at 3 × 103 
cells/well and cultured for 24 h with 5% CO2 at 37 °C. 
Then, the medium was discarded and replaced with 
the fresh one containing pep27 or pep27-24M at the 
final concentration from 1 nM to 100 μM and cultured 
for another 24 hours. The MTT 
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide, obtained from Sigma USA) solution was 
added to each well and the plates were incubated at 
37°C for 4 hours. Afterwards, the MTT solution was 
removed and 200 µL of dimethyl sulfoxide (DMSO) 
was added to each well. The optical density (OD) of 
the cells treated with and without (control) peptides 
was measured by using an ELISA reader at 570 nm 
after 10 minutes of vibration mixing. 

In Vivo and Ex Vivo Fluorescence Imaging 
All animal experiments were conducted in com-

pliance with the guide for the care and use of labora-
tory animals of Beijing University Animal Study 
Committee’s requirements. The Beijing University 
Animal Study Committee approved the experiments. 
1 × 107 SKBR3 cells were injected by subcutaneously 
(s.c.) into the right flank of the 6−7 week-old female 
BALB/c nude mice to establish xenografted tumors. 
After tumors were established, tumor size was meas-
ured periodically using calipers, and mice with tu-
mors of 6−8 mm in diameter were selected for the 
following small animal experiments. Cy5.5-NHS 
purchased from Lumiprobe was used to label pep-
tides. The conjugation of peptides and Cy5.5-NHS 
was carried out following the protocol provided by 
Lumiprobe and the crude product was purified by 
semi-preparative reverse phase HPLC. Either 
Cy5.5-peptide (1 μM, 200 μL) or the control Cy5.5 (1 
μM, 200 μL) was intravenously administered into 
tumor-bearing nude mice via the tail vein. Half an 
hour after the injection, the mice were anesthetized 
and placed into the small animal in vivo imaging sys-
tem (CRI Maestro 2) and scanned for the Cy5.5 sig-
nals. For each peptide and control, at least three mice 
were used. Near-infrared (NIR) fluorescence imaging 
of nude mice bearing subcutaneous tumor were taken 
with an exposure time of 50 ms using the Cy5.5 filter 
sets (excitation: 673 nm, emission: 707 nm) and the 
intensities were quantified using the same software. 
Then the nude mice were sacrificed and the main or-
gans as well as tumors were harvested. The fluores-
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cence images of these organs were individually taken 
as above. 

Results and discussion 
Structure analysis of HER2/Z(HER2:342) 
complex revealed key residues on the inter-
face 

Z(HER2:342), a 58 amino acids affibody, has 
three helixes: helix1 (Asn6-Leu18), helix2 
(Asn24-Asp36) and helix3 (Ala42-Gln55) (Figure 
1A,B). In order to find the key residues for HER2 and 
Z(HER2:342) interaction, molecular dynamics (MD) 
simulation was carried out based on the crystal 
structure of Z(HER2:342) binding to HER2 (PDB ID: 

3MZW) reported by Eigenbrot et al. [16]. MM/GBSA 
free energy was then calculated based on 500 snap-
shots from 7 to 10 ns MD simulation trajectories of 
each complex by using the mm_pbsa program in 
AMBER12 [38]. Details of MD simulation and 
MM/GBSA free energy calculation were described in 
Materials and Methods. The results showed that the 
predicted binding free energy between Z(HER2:342) 
and HER2 is -95.63 kcal/mol. Although, the electro-
static (ΔEele) contribution is the most strongest (-171.57 
kcal/mol), the net electrostatic (ΔGGB +ΔEele) contri-
bution is unfavorable for the binding. Therefore, the 
van der Waals (ΔEvdw) contribution is the main com-
ponent (Table 1).  

 

 
Figure 1. Sequence (A), structure (B, C) and binding free energy decomposition analysis (D) of affibody Z(HER2:342) in the HER2/Z(HER2:342) complex. Residues 
highlighted in red (A, D) are 22 key residues for HER2 binding, while the less contribution and unfavorable residues were colored in black (A, D). Side chain (B) and 
backbone (C) of these 22 key residues were shown in stick in the structure, and the distances between the backbone carboxyl carbon and amino nitrogen of each gap 
were calculated and shown in panel C. 
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Table 1. Binding free energies and individual energy terms of complexes of HER2 and Z(HER2:342) or the designed peptides calculated 
by MM/GBSA (kcal/mol) 

 ΔEvdw ΔEele ΔGGB ΔGSA -TΔS ΔGpred 
HER2/Z(HER2:342) -126.77±6.63 -171.57±11.86 183.40±11.04 -19.16±0.64 38.47±3.55 -95.63±5.01  
HER2/pep32 -88.38±10.07 -238.11±10.85 238.91±10.01 -14.32±1.19 41.52±4.21 -60.37±6.80  
HER2/pep27 -100.49±6.63 -275.80±14.03 274.42±13.08 -15.08±0.75 40.93±5.01 -76.02±5.79  
HER2/pep26 -86.34±5.03 -304.28±10.56 300.90±9.57 -13.13±0.57 39.24±3.99 -63.61±4.44  
HER2/pep23 -62.15±5.61 -259.91±15.98 256.15±14.63 -10.71±0.71 34.11±4.18 -42.50±4.66  
ΔEvdw, van der Waals contribution; ΔEele, electrostatic contribution; ΔGGB, the polar contribution of desolvation; ΔGSA, nonpolar contribution of desolvation; -TΔS, the con-
formational entropy at temperature T; ΔGpred, the total binding free energy. 

 
 
To test whether MD simulation and MM/GBSA 

free energy calculation used in this study can reflect 
actual binding affinity, two similar HER2 affibody 
complexes: HER2/Zwt and HER2/ZHER2:4 were also 
simulated using same parameters (see Supplementary 
Material). HER2/Zwt was constructed by replacing 
Z(HER2:342) in the HER2/Z(HER2:342) complex with 
Zwt (PDB ID: 1Q2N [48]). HER2/ZHER2:4 was con-
structed based on HER2/Z(HER2:342) by changing to 
different residues according to the sequence. Both 
constructions were carried out by PyMOL [49]. For all 
three complexes, Root-Mean-Square Deviation 
(RMSD) between the initial structure and simulated 
ones with time for three HER2 and ligands complexes 
converged after ∼500 ps (Figure S1). Our calculation 
of the binding free energies of HER2/Zwt, 
HER2/ZHER2:4 and HER2/Z(HER2:342) are -42.33, 
-82.84 and -95.63 kcal/mol, respectively. The trend of 
free energy change is consistent with the experimen-
tally measured dissociation constant (KD) (Table S1) 
that lower free energy corresponds to lower KD. This 
indicates that when the receptor remains the same 
and the structure of ligands are very close, MD simu-
lation and MM/GBSA free energy calculation can 
reliably reflect the relative binding affinity of the lig-
and. Based on this, we set out to design peptides and 
select peptides based on the binding free energy cal-
culated from MD simulations.  

The binding free energy was then decomposed 
to study the contribution of each residue in the re-
ceptor and ligand interactions (see Materials and 
Methods). The analysis indicated that residues 
Val1-Lys7, Met9-Arg10, Tyr13-Trp14, Ala17-Leu18, 
Asn24, Lys27-Arg28, Ile31-Arg32, Tyr35-Asp36 and 
Pro38-Ser39 contribute most to the binding between 
Z(HER2:342) and HER2 (Figure 1D). These 22 key 
residues are located at helix1 and helix2, but none in 
helix3. We can see that these key residues are made 
up by residues with an interval of 3-4 of the sequence, 
locating on the side of both helices facing HER2.  

Pep27 has the lowest binding energy to HER2 
among all designed peptides 

To design a short peptide with high affinity 
based on Z(HER2:342), we decided to eliminate resi-

dues that are not interacting with HER2, and replace 
them with proper number of glycines, so that interac-
tions between the key residues and HER2 remained. 
The numbers of glycine residue needed to link the 
gaps between key residues were estimated by calcu-
lating the distance between the backbone carboxyl 
carbon of a previous residue and amino nitrogen of 
the next residue for each gap. As shown in Figure 1C, 
most of these distances were between 3Å and 4Å 
which can be linked by one glycine residue. The only 
exception is that Leu18 is 9.94 Å away from Asn24, 
and therefore three glycine residues were required. 
Based on these calculations, a 32-mer peptide named 
pep32 (Figure 2A) was derived and HER2/pep32 
complex was constructed based on the crystal struc-
ture of HER2/Z(HER2:342) complex (PDB code: 
3MZW) by PyMOL [49], by keeping the original re-
ceptor-ligand interactions. 

The designed pep32 was more extended without 
the original helical turns in Z(HER2:342). This might 
raise the concern of peptide structure stability. To 
check this, MD simulations were carried out three 
times. Figure 2B showed the RMSD values of the 
backbone atoms calculated from the initial structure 
and successive simulated structures became stable 
after about 500 ps in all three MD trajectories, indi-
cating convergence of peptide structure toward an 
equilibrium state. The binding free energy between 
pep32 and HER2 is -60.37 kcal/mol which is higher 
than that of Z(HER2:342)/HER2 system (Table 1). The 
free energy decomposition analysis showed the con-
tributions of residues Val1-Asp2pep32 and 
Gly30-Pro31-Ser32pep32 are very small, even unfavor-
able for HER2 binding (Figure 3A). With the purpose 
to get a shorter peptide, these five unfavorable resi-
dues were deleted from pep32, resulting a 27-mer 
named pep27. Similarly, MD simulation, MM/GBSA 
binding free energy calculation and decomposition 
analysis was applied to pep27/HER2 complex. 
HER2/pep27 has a binding free energy of -76.02 
kcal/mol (Table 1) which is lower than HER2/pep32, 
indicating a higher affinity of pep27 binding to HER2. 
Figure 2C shows convergence of peptide structure, 
suggesting that the peptide is stable in the complex. 
Key residues shown in Figure 3B indicated that the 
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last residue Asp27pep27 was unfavorable for HER2 
binding. Similarly, residue Asp27pep27 was deleted 
from pep27 and pep26 was obtained. However, the 
binding free energy of HER2/pep26 was -63.61 
kcal/mol (Table 1), higher than HER2/pep27 but 
lower than HER2/pep32. Finally, the pep23 was de-
signed by deleting the first three residues 
Asn1-Lys2-Phe3pep26 which showed less contribution 
in pep26 (Figure 3C), but the binding free energy in-
creased to -42.50 kcal/mol (Table 1 and Figure 3D). 
We proposed that although these terminal residues 
show less contribution to receptor-ligand interactions, 
they might function as stabilizing the peptide and 
thus facilitate binding. Although we would like to get 
a peptide shorter than 27 residues, there is a trade-off 
of rather big increase of free binding energy after de-
letion of residues. As shown above, a significant in-
crease of free binding energy indicated low affinity of 
the ligand, therefore we decided to select pep27 for 
further analysis. 

Mutation based on pep27 
To improve affinity of pep27 against HER2, we 

examined the structure of the complex to design sin-

gle mutations. The properties of amino acids in both 
HER2 and peptide, as well as the space among the 
interactions were considered. Basic rules were that 
mutations should favor electrostatic and van der 
Waals interactions, without causing steric overlap. 
Finally a list of residues of the pep27 and their muta-
tions were made, including residues with less con-
tributions to free energies (Phe3Glu, Gly22Met and 
Arg24Met), and unfavorable residues (Asp27Met, 
Asp27Asn and Asp27Arg). Residues with more con-
tribution were also tried with amino acids of the same 
property: such as Tyr10Trp and Trp11Tyr to see 
whether there is improvement of binding. The single 
mutated sequences and binding free energies were 
shown in the Supplementary Material (Figure S2 and 
Table S2). Among the eight mutants, the binding free 
energy of pep27-24M is the lowest and is expected to 
have a tight binding to HER2. Two other mutants, 
pep27-27N and pep27-27R, were almost the same 
with pep27. From the results of computational simu-
lation and analysis, pep27 and pep27-24M were se-
lected for experimental validation using cells and 
animal models. 

 

 
Figure 2. Alignment of sequences of pep23, pep26, pep27, pep32 and Z(HER2:342), all glycines that linked the gaps among key residues were colored in brown (A); 
Backbone RMSDs as a function of time for the initial and successive structures of HER2/peptides complexes in MD trajectories (B-E). (B) HER2/pep32; (C) 
HER2/pep27; (D) HER2/pep26; (E) HER2/pep23. MD simulation for each complex was performed three times and shown in each panel. 
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Figure 3. Binding free energy decomposition for each residue of the ligands in 
the four complexes: HER2/pep32 (A), HER2/pep27 (B), HER2/pep26 (C) and 
HER2/pep23 (D). 

 

Dissociation constants (KD) of pep27 and 
pep27-24M measured by SPRi 

Surface Plasmon Resonance imaging (SPRi), an 
acceptable method to estimate interactions of mac-
romolecules for disease diagnosis, drug discovery and 
peptide screening [50-54], was used to estimate disso-
ciation constants of peptides binding to HER2 as de-
scribed in Methods. The dissociation constant was 
calculated from kinetic constants obtained by 
curve-fitting association and dissociation rates to re-
al-time binding and washing data. The results shown 
in Figure 4 indicated that the dissociation constants 
(KD) of the pep27 and pep27-24M with HER2 protein 
were 346 nmol/L and 293 nmol/L, respectively. The 
SPRi results were consistent with the computational 
simulation results that peptide pep27-24M has a lower 
binding free energy. Compared to ZHER2:4 [55] 
which has a dissociation rate constant (kd) of around 
9.9 × 10-3 s-1, kd of pep27 and pep27-24M are 10.7 × 10-3 
and 12.1 × 10-3 s-1, which are close. On the contrary, the 

association rate showed much difference between 
ZHER2:4 and peptides (Table S3). 

Validation of affinity and specificity of peptides 
to HER2 high expression cells  

Human breast cancer cell line SKBR3 has a high 
expression of HER2 proteins and adenocarcinoma cell 
and human embryonic kidney cell line 293A has a low 
expression of HER2 proteins. We performed flow cy-
tometry analysis for pep27 and pep27-24M on both 
cells as described in Methods. As shown in Figure 5, 
for SKBR3 cells, 99.4% and 99.5% of the cells incu-
bated with FITC-labeled pep27 and pep27-24M re-
spectively have higher intensity than the control. 
However, for 293A cells, less than 1% cells have 
higher fluorescence intensity than the control back-
ground. This result suggests high binding affinity and 
specificity of pep27 and pep27-24M to HER2 high 
expression cells. It is surprising to see that both pep-
tides bind better than anti-HER2 antibody used in this 
experiment. Unfortunately, the KD value of this anti-
body is not available for us to make a comparison.  

Immunocytochemistry analyses were then per-
formed using 6 cell lines expressing different levels of 
HER2: SKBR3 has high expression, MCF-7 and 
MDA-MB-231 medium, and 468 and 293A has low 
expression [46, 47]. Figure S3 showed that both pep-
tides labeled with FITC bound strongly to SKBR3 
cells; weakly to MCF-7 and MDA-MB-231 cells and no 
signals in 468 and 293A cells. PE labeled anti-HER2 
antibody raised against sequence 30-59 of the 
N-terminal region of human HER2 (LS-C213848) to-
gether with FITC labeled peptides were used in colo-
calization analysis using immunocytochemistry 
staining. Figure 6 indicated that both peptides (la-
beled with FITC in green color) and anti-HER2 anti-
body (labeled with PE in red color) have strong fluo-
rescence signals on SKBR3 cells. The fluorescence 
signals overlapped after merging and colocalized on 
cell surface. All these results confirmed that pep27 
and pep27-24M can bind to the extracellular domain 
of HER2 protein at the cellular level. 

Confirmation of affinity and specificity of pep-
tides to HER2 positive tumors 

Subsequently, in vivo and ex vivo studies were 
conducted to investigate the affinity and specificity of 
peptides to HER2 positive tumors. Nude mice were 
inoculated with SKBR3 human breast cancer cells to 
generate xenografted tumors of 6-8 mm in diameters. 
Cy5.5 labeled peptides (Cy5.5-pep27, 
Cy5.5-pep27-24M) and control Cy5.5 were then in-
jected into the tail vein of mice (see Methods for de-
tails) and in vivo tumor detection and imaging were 
carried out half an hour after the injection. Fluores-
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cence images of nude mice were acquired using the 
small animal in vivo imaging system (CRI Maestro 2) 
as described in Methods. Figure 7A showed clear dif-
ferences of the tumor images of mice with 
Cy5.5-pep27-24M or Cy5.5-pep27 injected with those 
of the control mice. With data from three mice in each 
group, Figure 7B indicated that the intensity of signals 
increased 4.43-fold for pep27-24M and 2.63-fold for 
pep27 as compared to the control. After in vivo imag-
ing, the nude mice were sacrificed and the main or-
gans as well as tumors were harvested and the fluo-
rescence images were individually taken. We saw that 

tumors targeted with pep27-24M and pep27 have 
higher fluorescence signals than controls and other 
normal organs except liver. (Figure 7C and 7D). This 
is consistent with the in vivo results that pep27 and 
pep27-24M have high specificity and affinity for 
HER2 positive tumors. Livers have much high signals 
for all the three labels, with the control Cy5.5 as much 
intense as those peptide linked Cy5.5. This is con-
sistent with the previous report by Hue et. al that there 
is a high distribution of free Cy5.5 dye in the liver 
within day one post injection [56]. 

 
 

 
Figure 4. SPRi detection of the binding affinity of pep27 (A) and pep27-24M (B) toward HER2. 

 
Figure 5. Flow cytometry analysis showed pep27 and pep27-24M have high affinity and specificity for HER2 high expression cells. The fluorescence intensities of cells 
bound with peptides or antibody for SKBR3 and 293A cell lines are shown in A and C, respectively, and the binding percentages in two cell lines are plotted as bars 
in panel B and D, respectively (n = 3). 
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Figure 6. Colocalization analysis of peptides (labeled with FITC, green) and anti-HER2 antibody (labeled with PE, red) in high (SKBR3) and low (293A) expression of 
HER2 cell lines. Both peptides showed significant fluorescence signals and overlap in SKBR3 cell surface, but no signals were detected in 293A cells. 

 

 
Figure 7. In vivo and ex vivo imaging of tumor targeting by pep27 and pep27-24M: (A) in vivo fluorescence imaging of pep27 and pep27-24M to tumor; (C) ex vivo 
fluorescence imaging of tumor accumulation and biodistribution; and (B, D) quantification of the fluorescence signals in vivo and ex vivo. Fluorescence intensity was 
measured in terms of counts/energy/area and is presented as an average (n = 3). 

 
The high accumulation of Cy5.5-pep27-24M and 

Cy5.5-pep27 in the liver raised the concern of the tox-
icity of these peptides. To test this, in vitro cytotoxicity 
analyses of pep27 and pep27-24M against SKBR3 and 

3T3 cells were measured by MTT assay. Cell viability 
at different concentrations of peptides in Figure 8 
suggested that both peptides have no significant cy-
totoxicity at low concentrations (1 nM-10 μM) and low 
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cytotoxicity at high concentration (50 μM-100 μM) in 
both cell lines. Compared to 1μM concentration used 
in the above imaging experiments, both peptides 
should be rather safe to be used as imaging probe.  

 

 
Figure 8. The in vitro cytotoxicity assay of pep27 (A) and pep27-24M (C) 
against SKBR3 cells, pep27 (B) and pep27-24M (D) against 3T3 cells tested by 
MTT assay (n = 3). 

 

Conclusions 
Based on affibody Z(HER2:342), we designed 

peptides at half size of Z(HER2:342) to targeted at 
HER2 protein with a combination protocol of molec-
ular dynamics modeling, MM/GBSA binding free 
energy calculations, and binding free energy decom-
position analysis. By this method, when the recep-
tor-ligands interactions are similar with only a few 
residue differences, MM/GBSA free energy can be 
used to reflect the relative affinity of peptides binding, 
that is, lower free energy corresponds to tighter 
binding. We obtained two 27-mer peptides named 
pep27 and pep27-24M with dissociation constants 
(KD) of 346 nmol/L and 293 nmol/L, respectively. 
Both peptides showed high affinity and specificity of 
binding to the extracellular domain of HER2 proteins 
by immunocytochemistry and flow cytometry anal-
yses. Furthermore, in vivo imaging showed both pep-
tides have strong affinity and high specificity for 
HER2 positive tumors. In the meantime, these pep-
tides showed low cytotoxicity to SKBR3 cells even at 
the concentration 50 times higher than the one used 
for imaging experiments.  

Because most residues responsible for 
HER2/Z(HER2:342) interactions were unchanged and 
have low binding free energy, both peptides should 
dock to HER2 in a much similar way as Z(HER2:342). 
These novel designed peptides with a smaller size 
than Z(HER2:342) may provide alternative probes to 
improve HER2 positive breast cancer early detection, 
diagnosis, and targeted therapy. In addition, our 
study proved that MM/GBSA binding free energy 

calculations based on MD simulation can be used to 
design and guide the selection of high affinity pep-
tides, saving laborious wet-lab work.  

Supplementary Material  
Supplementary Tables S1-S3. Supplementary Figures 
S1-S3. http://www.thno.org/v05p1154s1.pdf 
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