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The C-terminal region of Opisthorchis viverrini granulin-1 promotes 
cell proliferation in the absence of regular secondary structure 
Mohadeseh DastpeymanA,B, David T. WilsonA, Alex LoukasA, Michael J. SmoutA,* and Norelle L. DalyA,*

ABSTRACT 

Topical application of granulin-derived peptides has the potential to alleviate the burden of 
chronic wounds. Granulins are a family of growth factor proteins that generally contain six 
disulfide bonds and are found in most organisms. They have diverse sequences and complex 
structure–function relationships. Select examples are potent wound healing agents, making it 
important to improve our understanding of how granulins fold and the structural features critical 
for bioactivity. We have previously shown that fragments corresponding to the N-terminal region 
of the parasite granulin, Ov-GRN-1, can fold autonomously even with a non-native disulfide bond 
and still have well-defined structures. Here, we show that this phenomenon appears unique to 
the N-terminal region, as a peptide corresponding to the C-terminal fragment of Ov-GRN-1 does 
not fold independently in an analogous manner to the N-terminal region. Despite a lack of 
structure in the C-terminal granulin fragment, this peptide promotes cell proliferation, indicating 
that the sequence might be more important than the three-dimensional structure for Ov-GRN-1 
wound-healing bioactivity.  

Keywords: disulfide-rich peptides, disulfide-rich peptide scaffolds, granulin cysteine motif, 
minimising proteins, peptide NMR, peptide therapeutics, unstructured peptides, wound healing. 

Introduction 

Wound healing is a complex process and when the multiple factors involved fail to 
effectively integrate, chronic wounds can result.1,2 A range of peptides and proteins have 
been shown to promote wound healing properties,3 including progranulin proteins.4,5 

Progranulin is a multifunctional protein belonging to the growth factor protein family6 

and is involved in diverse biological activities in addition to wound healing, such as 
carcinogenesis,5 regeneration and inflammation.7,8 

The human progranulin comprises seven-and-a-half repeats, which are cleaved to 
produce individual granulin peptides. Granulins share a highly conserved cysteine-rich 
framework; however, the bioactivities of the different isoforms vary and in some cases, 
are distinct from those of the precursor protein,9 thereby complicating their 
structure–function relationships.6,10 Despite their biological importance, the biochemical 
and functional characterisation of individual human granulin peptides remains limited, 
mainly due to the difficulties associated with large-scale purification of endogenous 
proteins or production of structurally well-defined proteins.9 

Over the past decade, advances in the study of granulin peptides isolated from species 
other than humans, including carp,11 zebrafish12 and liver-fluke,13 have significantly 
enhanced our understanding of their folding properties, structural features and 
structure–function relationships. The three-dimensional structures of carp granulin-1 
and zebrafish granulin AaE are well-defined with a laddered arrangement of the six 
disulfide bonds and stacking of four β-hairpins (Fig. 1).10,12,14 However, not all granulin 
modules have well defined structures, with human granulin A (hGRN2), human granulin 
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C (hGRN5) and several of the zebrafish granulin domains 
having varying degrees of structural disorder, particularly in 
the C-terminal domain (Fig. 1b–e).9,12,14,15 

Liver-fluke granulin, Ov-GRN-1, is the main growth factor 
isolated from the excretory or secretory product of the liver 
fluke Opisthorchis viverrini.16 Recombinant Ov-GRN-1 sig
nificantly induces human fibroblast cell proliferation and 
accelerates wound repair in a mouse model, but is difficult 
to make in high yields.13 Hence, we investigated the design 
and characterisation of downsized analogues.17,18 

We previously demonstrated that a peptide correspond
ing to the N-terminal half of Ov-GRN-1, comprising the 
first six cysteine residues of the full domain, named 
Ov-GRN12_35_3s, can fold autonomously with three disulfide 
bonds (Fig. 2) and display potent wound healing properties 
similar to the full-length Ov-GRN-1.17 The sequences of full- 
length Ov-GRN-1 and Ov-GRN12_35_3s are given in Table 1. 
Investigation into the structure-function relationships of the 
N-terminal region of Ov-GRN-1 led to the development of a 
truncated analogue with improved oxidation yield and 
wound healing properties.18 Our previous studies also dem
onstrated that the disulfide bond between CysIV and CysVI, 
which is not present in the characteristic granulin disulfide 
bond pairing pattern, has an important role in maintaining a 
well-defined β-hairpin structure of the truncated analogues, 
as well as its bioactivity (Fig. 2).17–20 

Autonomous folding of a disulfide-rich peptide into a 
well-defined structure with potent bioactivity is a significant 
advantage for the potential pharmaceutical development of 
Ov-GRN-1 derived compounds, as regioselective oxidation 

of disulfide-rich peptide-based therapeutics is costly, labori
ous and complicated in large-scale manufacturing.21–25 

Despite the interesting potential associated with the 
N-terminal region, the C-terminal half of granulin domains 
has not been studied in isolation. In the current study, we 
show for the first time that a peptide corresponding to the 
C-terminal region of Ov-GRN-1 comprising six cysteine resi
dues appears unstructured following in vitro folding, but still 
displays bioactivity.18 Providing insights into the folding of 
the granulin structural motif further enhances our funda
mental understanding of protein folding as well as the 
potential of granulins as wound-healing agents. 

(a)

(b) (c)

I II III IV VI VII VIII IX X XI XIIV

(d) (e)

Fig. 1. Granulin cysteine framework. (a) Schematic representation of the highly conserved cysteine frame
work and disulfide bond pairing present in the granulin family; the cysteine residues are numbered using 
Roman numerals (I–XII). Three-dimensional structure of (b) zebrafish granulin AaE (PDB ID: 6CKU), 12 (c) hGRN A 
(PDB ID: 2JYE), 9 (d) hGRN C isomer 1 (PDB ID: 2JYT), 9 (e) hGRN C isomer 2 (PDB ID: 2JYU). 9   

VI
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IVIIIII
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Fig. 2. Three-dimensional structure of Ov-GRN12–35_3s (PDB ID: 
5UJG), previously described. 17, 18 Ribbon representations are of the 
lowest energy structures from ensembles of 20 structures. Disulfide 
bonds are shown as yellow sticks and only the backbone atoms are 
displayed. The Figure was prepared using MOLMOL (ver. 1.0.7, see 
https://sourceforge.net/p/molmol/wiki/Home/). 26  
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Results and discussion 

Peptide synthesis and oxidation 

To determine if the C-terminal half of Ov-GRN-1 can fold 
independently with three disulfide bonds, we synthesised a 
peptide corresponding to residues 39–66 of the Ov-GRN-1 
protein (called Ov-GRN39–66_3s), which spans the region 
encompassing CysVII to CysXII (Table 1). For comparison, 
a peptide corresponding to residues 9–35 (Ov-GRN9–35_3s) 
and spanning the region that includes CysI to CysVI, was 
also synthesised. Both peptides contain at least three resi
dues prior to the first cysteine residue. 

Peptides were synthesised using Fmoc solid-phase pep
tide synthesis on 2-chlorotrityl resin and the disulfide bonds 
formed by air oxidation in ammonium bicarbonate (0.1 M) 
and glutathione (5 mM) at room temperature. These oxida
tion conditions were chosen based on the previous studies 

on Ov-GRN-1 truncated peptides.17–19 The analytical RP-HPLC 
traces of the oxidation reactions for Ov-GRN9–35_3s contain a 
relatively sharp peak that eluted earlier than the other peaks 
(Supplementary Fig. S1). The folding profile was consistent 
with our previous studies on Ov-GRN-1 N-terminally truncated 
peptides17,18 and with studies carried out in other laboratories, 
including carp granulin 1 and 2,27 human granulin domains9 

and recombinant zebra fish granulins expressed in E. coli 
(DE3),12 which indicated that the early eluting peak was 
likely to have a well-folded structure. The relative folding 
yield, calculated based on the area of the early-eluting peak 
relative to the total peak area, was determined to be 43% for 
Ov-GRN9–35_3s The early-eluting peak was purified by semi- 
preparative RP-HPLC. 

The RP-HPLC trace for the oxidation of the C-terminal 
truncated peptide, Ov-GRN39–66_3s, contained numerous poorly 
resolved peaks (Fig. 3), in contrast to the N-terminal truncated 

Table 1. Sequences of granulin peptides.    

Peptide Sequence   

Ov-GRN-1 A ...DTLQPIRSPSCPDPVYTCRPGQTCCRGLHGYGCCPMDSATCCSDLLHCCPHGTACTAYGLCVRGD… 

Ov-GRN12_35_3s 
B                 CPDPVYTCRPGQTCCRGLHGYGCC 

Ov-GRN9_35_3s       SPSCPDPVYTCRPGQTCCRGLHGYGCC 

Ov-GRN39–66_3s                                                          SATCCSDLLHCCPHGTACTAYGLCVRGD 

The ellipses (…) indicate a sequence gap. Cysteine residues are shown in bold to indicate granulin cysteine motif. 
AResidues 20–84 of the Ov-GRN-1 sequence are shown in this table. 
BThe sequence of the previously studied, Ov-GRN12_35_3s, 

17 is cited accordingly and presented in this table for comparison purposes. Inter-cysteine loop 2 
(GRN-L2), previously published, 19 is underlined.  
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Fig. 3. RP-HPLC and mass analysis of the Ov- 
GRN39–66_3s oxidation reaction. The oxidation 
mixture was fractionated using a C18 preparative 
RP-HPLC column following 82 h of oxidation. 
The separation method was as follows: a gradi
ent of 0–50% solvent Β over 50 min with a flow 
rate of 6 mL min–1. Fractions were collected and 
the peptide mass was analysed using a SCIEX 
5800 MALDI TOF/TOF spectrometer. The 
masses of different Ov–GRN39–66_3s disulfide 
bond isomers eluting at different time points 
are shown in boxes a and b. (a) Box a shows the 
((M + H)+ charged ion at m/z = 2851.7808), which 
corresponds to fully oxidised Ov-GRN39–66_3s. 
(b) Box b shows the ((M + H)+ charged ion at 
m/z = 2853.7397), which corresponds to the 
partially oxidised Ov-GRN39–66_3s with two 
disulfide bonds. The non-symmetric isotope 
pattern in box b indicates the presence of 
some traces of fully oxidised product from 
adjacent peaks.   
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analogues of Ov-GRN-1 peptides, including Ov-GRN9–35_3s, 
which exhibited an early-eluting peak corresponding to the 
fully oxidised species. Notably, no predominant peak was 
observed in the Ov-GRN39–66_3s oxidation mixture, even after 
extending the oxidation reaction to 82 h. Mass spectrometry 
analysis of the collected peaks at different time points revealed 
that some fractions corresponded to fully oxidised species, 
whereas some represented partially oxidised forms (Fig. 3). 

As illustrated in Fig. 3, the cluster of poorly resolved 
peaks indicates the presence of analytes with highly similar 
biochemical properties that partially co-elute across adjacent 
peaks. This overlap prevented separation and characterisation 
of the fully oxidised species. To address this issue, we col
lected the apex of the peak appearing at the retention time of 
43.1 min, which corresponded to the molecular weight of the 
fully oxidised species, and subjected it to repeated purifica
tion. Despite this repeated purification, there were still several 
overlapping peaks as shown in Supplementary Fig. S2. Given 
their identical mass, these peaks likely represent species with 
alternative disulfide bond arrangements, which could not be 
resolved chromatographically. This fraction was subsequently 
used for downstream analyses, including NMR spectroscopy 
and proliferation assays. 

Folding of Ov-GRN39–66_3s 

Oxidative folding of disulfide-rich peptides in vitro can be 
significantly influenced by the folding conditions. For example, 
organic solvents such as isopropanol or acetonitrile can 
improve the folding efficiency of hydrophobic peptides by 
protecting the peptide from aggregation and possibly by addi
tional stabilisation of the native conformation.28,29 Positive 
effects of organic solvents were previously observed in the 
oxidative folding of hydrophobic conotoxins and the prototypic 
cyclotide kalata B1.30 Comparison of the sequences of 
Ov-GRN39–66_3s and Ov-GRN9–35_3s, with the Expasy ProtParam 
tool (see https://web.expasy.org/protparam/), indicates that 
Ov-GRN39–66_3s contains a higher proportion of hydrophobic 
residues compared to Ov-GRN9–35_3s (Table 2). However, the 
addition of acetonitrile and isopropanol into the folding 
mixture had no significant effect on the RP-HPLC profile 
for Ov-GRN39–66_3s folding (data not shown).              

Significant differences in physicochemical properties of the 
N- and C-terminal truncated analogues of Ov-GRN-1 may 
contribute to their distinct folding behaviours. However, 
differences in folding properties could also be related to 
the cysteine framework itself. Notably, the highly conserved 
cysteine spacing is inverted in the C-terminal half of the 
molecule relative to the N-terminal region, as shown for Ov- 
GRN-1 in Table 1. It might not be energetically favourable 
for the C-terminal region of the granulin motif to fold with 
three disulfide bonds, given that the C-terminal region is 
reported to be disordered in several granulins (Fig. 1). 
Furthermore, the N-terminal half of granulins exists in 
nature as a discrete peptide, termed paragranulin,6 whereas 
this is not the case for the C-terminal half. This distinction is 
likely to be the most telling factor contributing to the differ
ences in folding between the N- and C-terminal regions of 
the Ov-GRN-1 granulin motif. 

Overall, these results indicate that it is not energetically 
favourable for the C-terminal truncated analogue to fold 
autonomously, in the same way as the N-terminal analogues 
under the conditions used in this study. Regioselective 
disulfide bond formation is not investigated in this paper, 
given that the purpose of the study was to explore the 
autonomous folding of the Ov-GRN-1 C-terminal fragment 
spanning the second half of the granulin motif compared to 
the N-terminal fragment. 

Structural analysis 

One-dimensional proton spectra can provide insight into the 
type of secondary structure present in peptides and proteins.31 

The 1H NMR spectrum of the Ov-GRN39–66_3s fully oxidised 
fraction had broad peaks with limited dispersion in the amide 
region (Fig. 4), indicating the peptide does not have a well- 
defined structure. By contrast, Ov-GRN9–35_3s showed large 
chemical shift dispersion in the amide region (Fig. 4), consist
ent with peptides containing β-sheet structure. In our previous 

Table 2. Physicochemical characterisation of Ov-GRN-1 N-terminal 
and C-terminal analogues.       

Peptide Number of 
residues 

pI Aliphatic 
index 

GRAVY   

Ov-GRN9–35_3s 27  7.56  25.19  −0.363 

Ov-GRN39–66_3s 28  5.92  62.86  0.368 

pI is the abbreviation for the theoretical isoelectric point. Aliphatic index is 
defined as the relative volume of a protein occupied by amino acids with 
aliphatic side chains. Grand Average of Hydropathicity (GRAVY) score is calcu
lated as the sum of hydropathy values of each amino acid residues, divided by 
the number of residues in the sequence. Positive GRAVY value refers to the 
hydrophobicity of a peptide and a negative value indicates hydrophilicity.  

10 9

Chemical shift (ppm)

Ov-GRN39–66_3s

Ov-GRN9–35_3s

8 7

Fig. 4. One-dimensional proton NMR spectra for truncated granulin 
analogues. Spectra are shown from 6 to 10.5 ppm; this region primarily 
contains the amide protons. Ov-GRN9–35_3s has significant chemical 
shift dispersion in this region compared to the limited dispersion for 
Ov-GRN39–66_3s.  
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study, we showed that the structure of Ov-GRN12–35_3s 
featured a single β-hairpin in the C-terminal region of the 
peptide (Fig. 2).17 We initially hypothesised that the addi
tional three amino acid residues (SPS) at the N-terminus of 
Ov-GRN9–35_3s might stabilise a β-hairpin at the N-terminus of 
the truncated analogue as well. However, secondary shift anal
ysis suggested that the overall structure for Ov-GRN9–35_3s is 
similar to Ov-GRN12–35_3s (Fig. 5). 

The two-dimensional NMR spectra of Ov-GRN39–66_3s were 
not assigned due to the presence of co-eluting fully oxidised 
species and the presence of broad peaks, which precluded 
reliable peak assignment and structural interpretation. 

Bioactivity assay 

The potency of peptides corresponding to the N-terminal 
(Ov-GRN9–35_3s) and C-terminal (Ov-GRN39–66_3s) regions of 
Ov-GRN-1 in driving the proliferation of a human normal 
fibroblast cell line (1BR.3.GN) was assessed using a real- 
time xCELLigence cell proliferation assay. 

The N-terminal truncated analogue, Ov-GRN9–35_3s, sig
nificantly enhanced fibroblast proliferation by 121% 
(P < 0.0001) at 1 μM,  as shown in Fig. 6. These findings 
are consistent with our previous observations on Ov- 
GRN12–35_3s, which shares the same cysteine framework 
(Table 1) and a comparable overall secondary structure 
(Fig. 5).17,18

Although Ov-GRN9–35_3s and Ov-GRN12–35_3s appear 
to have similar structures based on NMR secondary shift 
analysis, with the main element of the secondary structure a 
β-hairpin, previous work has demonstrated that the three- 
dimensional structure is not necessary for bioactivity of 
Ov-GRN-1 N-terminally truncated peptides.19 Further down
sizing of the peptides corresponding to the N-terminal 
domain of Ov-GRN-1 into smaller peptide fragments, repre
senting inter-cysteine loops, showed that the seven-residue 

peptide corresponding to inter-cysteine loop 2 (Table 1) 
promotes cell proliferation of human fibroblasts.19

The fraction of Ov-GRN39–66_3s analysed with NMR spec
troscopy that showed no ordered structure was also ana
lysed in the fibroblast proliferation assay. At a concentration 
of 1 μM, this fraction enhanced fibroblast cell proliferation 
(125%, P < 0.0001), as shown in Fig. 6. At a concentration 
of 1 μM, this fraction enhanced fibroblast cell proliferation 
(121%, P < 0.001), as shown in Fig. 6. These data further 
support the hypothesis that a well-defined 3-D structure 
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Fig. 5. αH Secondary-shift comparison for truncated analogues from the N-terminal domain of Ov-GRN1. The αH 
secondary shifts were calculated by subtracting the random coil 1H NMR chemical shifts previously reported by 
Wishart et al. 32 from the experimental αH chemical shifts. The colour used for each peptide is shown at the top of the 
diagram. The sequences of Ov-GRN12–35_3s (green) and Ov-GRN9–35_3s (red) are given at the bottom of the diagram.   
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Fig. 6. Cell proliferation analysis of granulin peptides using 
xCELLigence technology. Fibroblast cells were treated with peptides at 
concentrations of 200 nM (black) and 1 μM (white). Cell index was 
measured after 120 h post treatment. Data represent mean ± s.e.m. of 
three independent experiments. Data were analysed by two-way 
ANOVA against peptide control (ns, not significant; ****, P < 0.0001).  
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may not be critical for the cell proliferation bioactivity of 
Ov-GRN-1 truncated analogues and that the proliferative 
activity is predominantly governed by specific sequence 
motifs rather than by a stable tertiary structure. 

There are several other examples where it has been 
shown that a well-defined 3-D structure is not necessary 
for granulin bioactivity.33–35 It has been previously shown 
that neither the fully oxidised nor fully reduced form of 
human granulin Β (GRN-3) is structured in solution,9,36 

but the fully reduced form modestly induces NF-κB activa
tion and consequently suppresses inflammation in SY-SH5Y 
human neuroblastoma cells.15 Furthermore, it has been 
shown that the disordered form of the hGRNB modulates 
Aβ-induced aggregation and cytotoxicity in Alzheimer’s dis
ease, the same as the fully oxidised form.37 

The mechanism of action of Ov-GRN-1 granulin peptides, 
and hence the receptor, has yet to be established. It is possible 
that upon binding to a biological target, structural changes 
occur that induce structural order and enhance peptide binding 
to the receptors.33,34 It is also noteworthy to mention that the 
Ov-GRN39–66_3s peptide contains an Arg-Gly-Asp (RGD) 
sequence, which is the minimal integrin binding motif.38 

RGD-binding integrins such as αvβ3, αvβ5, αvβ6, αvβ8, 
α5β1 and αIIbβ3 are heterodimeric cell surface receptors 
involved in the regulation of multiple physiological processes 
such as cell proliferation, differentiation and apoptosis.39 Short 
linear peptides mimicking the RGD sequence have been devel
oped and used for therapeutic purposes, either as a therapeutic 
agent for modulation of integrin function or carrying therapeu
tics for treating a wide range of diseases.39–43 The presence of 
the RGD sequence motif in Ov-GRN39–66_3s might be responsible 
for the bioactivity observed in the current study, but mutational 
studies would be required to confirm this hypothesis. 

Conclusion 

Investigating the structure-function relationships of Ov-GRN-1 
through downsized analogues has provided significant 
insights into the folding and bioactivity of the granulin pep
tides. This study focused on the C-terminal half of the granulin 
domain and compared its folding, structural features and 
biological activity to the N-terminal half of the domain. The 
C-terminal analogue did not autonomously fold with three 
disulfide bonds into a one major conformation and showed 
no evidence of regular secondary structure formation, in con
trast with the N-terminal analogues. In addition, the 
C-terminal fragment also enhanced the cell proliferation of 
fibroblast cells. This result suggests that fibroblast cell prolif
eration, induced by granulin peptides, does not appear to be 
dependent on having a well-defined structure. The inter- 
cysteine loops of the N- and C-terminal regions of Ov-GRN-1 
have no similarity and therefore further structure–function 
investigations are required to determine the residues involved 
in the bioactivity. 

Materials and methods 

Peptide, synthesis, purification and characterisation 

Truncated granulin peptides were synthesised on a Protein 
Technologies PS3 synthesiser, using 2-chlorotrityl-chloride 
resin. The Fmoc amino acid derivatives (Auspep, Melbourne, 
Vic., Australia) were sequentially coupled on the resin using a 
standard DIEA/HCTU protocol. Fmoc-Cysteine residues were 
trityl protected. Peptides were cleaved from the solid support 
by treatment with a mixture of TFA:TIPS:H2O (at ratios of 
95%:2.5%:2.5% v/v), followed by purging with nitrogen to eva
porate TFA. Peptides were then precipitated in ice-cold diethyl 
ether and dissolved in 50% acetonitrile:50% H2O containing 
0.1% TFA (v/v) and subsequently lyophilised. The crude peptides 
were purified by reversed-phase HPLC on a Phenomenex Jupiter 
C18 preparative column (300 Å, 10 µm, 250 × 21.2 mm), using 
a gradient of 0–60% solvent Β (Solvent A: 99.95% H2O:0.05% 
TFA; Solvent Β: 90% acetonitrile:10% H2O containing 0.045% 
TFA) over 60 min. The collected fractions were characterised 
using a SCIEX 5800 MALDI TOF/TOF mass spectrometer 
(SCIEX, Foster City, CA, USA) and then lyophilised. 

Disulfide bond formation 

Disulfide bonds were formed as described previously.17,18 

Reduced peptide (0.1 mg mL–1) was dissolved in ammonium 
bicarbonate buffer (0.1 M, pH 8–8.2) containing reduced 
glutathione (5 mM) at room temperature. To examine the 
effect of organic solvents on the folding properties of the 
peptide, up to 40% isopropanol or acetonitrile was added to 
the oxidation buffer. The presence of disulfide-bond species 
was examined by removing aliquots from the folding mixture 
at selected time points and analysing them with analytical 
RP-HPLC using a Phenomenex Jupiter 4-µm Proteo column 
(150 × 2.00 mm, 90 Å). When the oxidation was completed, 
the oxidation solution was acidified with TFA and loaded on a 
C18 preparative column (Phenomenex Jupiter 250 × 21.2 mm, 
10 µm, 300 Å). with a flow rate of 6 mL min–1. The separation 
method was as follows: a gradient of 0–50% solvent Β over 
50 min. Fractions were collected and the peptide mass was 
analysed using a SCIEX 5800 MALDI TOF/TOF spectrometer. 

NMR spectroscopy 

Lyophilised peptide was dissolved in 90%H2O:10% D2O at a 
concentration of ~0.2 mM. All NMR spectra were acquired on 
a Bruker 600-MHz AVANCE III NMR spectrometer (Bruker, 
Karlsruhe, Germany). 2-D 1H–1H TOCSY, 1H–1H NOESY and  
1H–1H DQF-COSY, collected at 290 K, were used for sequence- 
specific assignments and structure calculations. 1H–15N HSQC 
and 1H–13C HSQC spectra were acquired for nitrogen and 
carbon chemical shifts respectively. Two-dimensional homo
nuclear NOESY and TOCSY spectra were acquired with a 
mixing time of 200 ms and a spin lock time of 80 ms 
respectively. All spectra were processed using Bruker TopSpin 
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(ver. 3.5pl7, see https://www.bruker.com/en/products-and- 
solutions/mr/nmr-software/topspin.html) and assigned using 
the CcpNmr analysis program (ver. 2.1, see https://ccpn.ac.uk/ 
software/version-2/) based on the approach described in 
Wüthrich.44 The αH secondary shifts were determined by 
subtracting random coil 1H NMR chemical shifts32 from the 
experimental αH chemical shifts. 

Mammalian cell culture 

The human skin normal fibroblast cell line, 1BR.3.GN 
(ECACC 90020509), was purchased from the European 
Collection of Authenticated Cell Cultures (ECACC). The 
1BR.3.GN fibroblasts were grown and maintained in Gibco 
DMEM/F12 containing Gibco antibiotic and antimycotic 
(1×) and Gibco GlutaMAX (1×), supplemented with Gibco 
foetal bovine serum (10%) (FBS) (all from ThermoFisher 
Scientific, Melbourne, Vic., Australia) at 37°C and CO2 (5%). 
The same medium was used for all treatments in the cell 
proliferation assays unless specified. 

Cell proliferation monitoring in real time using 
xCELLigence 

An xCELLigence Real Time Cell Analyser – Single Plate (RTCA 
SP) instrument (ACEA Biosciences, San Diego, CA, USA) was 
used to evaluate cell proliferation as described previously.17,18 

Briefly, 1BR.3.GN cells (7500 cells/well) were seeded into a 96- 
well xCELLigence E-plate (ACEA Biosciences). The E-plate was 
placed into the xCELLigence station and incubated at 37°C with 
5% CO2 and monitored overnight (<16 h). The following day, 
the media was subsequently aspirated and replaced with star
vation media (150 μL of DMEM/F12 media supplemented with 
1× antibiotic/antimycotic, 1× GlutaMAX, 0.5% FBS) and 
incubated overnight. Treatments were added in fresh media 
(DMEM/F12 media supplemented with 1× antibiotic/antimy
cotic, 1× GlutaMAX, 10% FBS) to each well in a total volume 
of 150 μL to provide 200-nM or 1-µM final concentrations in 
quadruplicate. Cells treated with a 20-residue peptide from 
tropomyosin (EADRKYDEVARKLAMVEADL) served as the neg
ative control peptide.17,18 Cell proliferation was monitored 
every 1 h for up to 5 days. The cell index (CI) was normalised 
to the CI of the time-point when the treatments were added to 
the cells. The cell proliferation rate was calculated as the CI for 
the treated cells compared to the CI for peptide control cells 
(~120 h in culture). Cell proliferation rates were compared 
between treatment and control wells, and statistical analyses 
were conducted using two-way ANOVA followed by 
Holm–Šidák’s correction for multiple comparisons, using 
Prism (ver. 6.02, GraphPad Software, Boston, MA, USA, see 
https://www.graphpad.com/features). 

Supplementary material 

Supplementary material is available online. 
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