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Abstract: Viruses are naturally formed bionanoparticles ranging in size from about 20 to 150 nm. Remarkably, small vi-

ruses are composed of one single protein chain folding into a capsid structure with icosahedral symmetry. The icosahe-

dron is built from 60 asymmetric units and is the largest closed shell in which every subunit is in an identical environ-

ment. It is characterized by 2-fold, 3-fold and 5-fold rotational symmetry axes. By superposition of different protein oli-

gomerization domains onto the symmetry axes of an icosahedron, a nanoparticle with icosahedral symmetry can be de-

signed. We have recently described such a design of peptide nanoparticles using coiled-coil protein oligomerization do-

mains. Here we show that oligomerization motifs other than coiled-coils can be used to form nanoparticles by incorporat-

ing the globular foldon domain from fibritin with a trimeric -sheet conformation into the design. We expressed and puri-

fied 8 different peptides and performed refolding studies and biophysical characterization with analytical ultra centrifuga-

tion (AUC) and electron microscopy (EM). In the first design version we joined the foldon domain to the pentameric 

coiled-coil domain of COMP and varied the lengths of the linker sequences between the two domains. In this design we 

observed only smaller nanoparticles. When in the second design the foldon domain was extended with an additional 

trimeric coiled-coil domain as a combined trimerization domain that is linked to the COMP pentamer, we observed 

nanoparticles of sizes and molecular weights as would be expected for icosahedral symmetry. Viruses and virus-like parti-

cles (VLPs) are known for their ability to induce a strong humoral and hence antibody mediated immune response due to 

their repetitive antigen display. Peptide based nanoparticles have similar properties to VLPs, which are in clinical trials as 

a carrier in vaccination. Therefore, these peptide nanoparticles represent an alternative platform for subunit vaccine using 

the concept of repetitive antigen display. 
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INTRODUCTION 

 Nanotechnology is exploring the “plenty of room at the 
bottom” that Richard Feynman referred to nearly half a cen-
tury ago [1], when reasoning about the possibilities of ma-
nipulating matter at the atomic and molecular scales. Much 
research has since been done leading to a wide variety of 
biomedical applications for nanostructures and nanoparticles. 
For example, dendrimers [2, 3] and magnetic nanoparticles 
[4, 5] can be used to target cancer cells and in tissue imag-
ing; gold nanoshells [6] can be used in cancer therapy; 
liposomes [7, 8] have applications in gene therapy and drug 
delivery. However, with the growing number of applications 
of inorganic, metallic, semiconductor and polymer based 
nanoparticles in biology, there is also increasing concern 
about the toxicological properties of these nanoparticles. For 
example, carbon nanoparticles have been shown to induce 
lipid per-oxidation in the brain cells of fish and pulmonary 
inflammation in rats [9, 10]. Therefore, as an alternative re-
searchers started using peptides and proteins as nanoparticle 
building blocks. This has opened up a new field of research 
called nano-biotechnology, which focuses on the research 
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and development of novel nanoscale materials made from 
protein building blocks for medical applications such as gene 
delivery, bio-imaging, drug delivery and vaccine develop-
ment. 

 Self-assembly is one of the processes used in nanotech-
nology to generate supramolecular nanostructures [11], and 
in particular, self-assembly processes are exploited to create 
novel nanoscale biomaterials. Nature itself provides a rich 
source of self-assembled nanoscale structures such as vi-
ruses, ribosomes and many other highly complex, su-
pramolecular machineries. By combining molecular biology 
and recombinant protein expression, several self-assembled 
nanoscale structures derived from nature’s repertoire have 
been prepared for nanobiotechnological applications, includ-
ing virus-like particles (VLPs) [12, 13], ferritin protein cages 
[14-16], heat shock protein cages [17-19] and other self-
assembled protein cages, such as enzyme complexes [20], 
chaperones [21], and carboxysomes [22]. According to Lee 
and Wang [23], the following characteristics make bio-
nanoparticles more attractive compared to synthetic nanopar-
ticles: they have well organized architectures with a broad 
selection of sizes at the nanometer scale; they are monodis-
perse with uniform sizes and shapes; their three-dimensional 
structures can be resolved at atomic or near-atomic resolu-
tion; and they can be economically produced at a large scale 
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in gram or even kilogram quantities. Furthermore, through 
the availability of their gene sequence the composition and 
surface properties can be precisely controlled since they can 
be modified by both genetic and chemical techniques. 
Hence, their scaffolds can be altered and modified with near 
atomic precision. 

 More than 25 years ago Eric Drexler [24] suggested that 
protein design could be used as a “bottom-up” approach to 
fabricate devices by using peptides and proteins as mono-
meric building blocks to self-assemble into more complex, 
supramolecular structures. Still it is nearly impossible to 
design a protein scaffold completely from scratch: however, 
when using known protein folds such as coiled-coils as 
building blocks, things look quite different since a great deal 
is known about their folding and stability and the rules that 
govern their self-assembly into oligomeric structures.  

 Molecular symmetry can be used as a powerful tool in 
protein design for building large regular objects since pro-
teins usually assume a unique and well-defined three-
dimensional architecture. Using this concept, Yeates and co-
workers have exploited a general strategy for designing pro-
tein scaffolds that self-assemble into large symmetrical 
nanostructures, including protein cages, filaments, layers and 
porous materials [25].  

 We have recently developed a novel type of nanoparti-
cles with icosahedral geometry (Fig. 1A) that self-assemble 
from 60 identical peptide chains [26]. The peptide chains are 
composed of a trimeric and pentameric oligomerization do-
main that are linked by a short peptide sequence. We call 
these particles self-assembling polypeptide nanoparticles 
(SAPN). In the design of Raman et al. 2006, the basic build-
ing blocks of the SAPN are coiled-coil motifs, which are the 
most frequently encountered oligomerization motifs in pro-
teins [27-29]. Here, we wanted to investigate whether oli-
gomerization motifs other than coiled coils can be used in an 
analogous design to form SAPN with icosahedral geometry. 
To accomplish this, we combined a non coiled-coil oli-
gomerization motif (Foldon) together with either one or two 
coiled-coils (Laminin and COMP) as building blocks, and 
analyzed the self-assembly properties of these new SAPN. 
Depending on the building blocks contained in the constructs 
(Laminin, Foldon and COMP) we call the uncleaved ver-
sions of the constructs with all three building blocks LFC1 to 
LFC4, and the thrombin cleaved constructs with only two 
oligomerization domains FC1 to FC4 (see Fig. 2). 

MATERIALS AND METHODS 

Cloning and Purification of LFC1 to LFC4 Constructs 

 The oligonucleotides used to construct the LFC1 to LFC4 
proteins were synthesized by Microsynth AG (Balgach, 
Switzerland), 5’ phosphorylated and were quality assured by 
PAGE purification. All the oligonucleotides (both forward 
and reverse strand) of LFC1 to LFC4 constructs were dis-
solved in Milli-Q water to a concentration of 100 μM. The 
forward and reverse strand of each oligonucleotide were 
combined in 1 μM concentration and 5 μl of 20X SSC buffer 
(30 mM sodium citrate dihydrate pH 7.0 and 300 mM NaCl 
for 100 ml) and water were added to give 50 μl. Annealing 
reaction was done in a thermocycler by first incubating at 
90°C for 1 min followed by 70°C for 1 min and then cooling 

at 1°/15 sec to 20°C (Tpersonal, Biometra, UK) to give the 
annealed product. The annealed products were desalted using 
Micro Bio-Spin P-30 columns as per the manufacturers pro-
tocol (Bio-Rad, USA) and then checked in 4% NuSieve 
GTG-Agarose (Cambrex Bio Science, USA) to confirm the 
annealing reaction. The annealed oligonucleotides of LFC1 
to LFC4 were ligated into the multiple cloning site of the 
prokaryotic expression vector pPEP-T [30, 31]. Subse-
quently, the expression plasmids were transformed into E. 
coli strain BL21 (DE3) pLysS cells (Novagen, USA).  

 A freshly transformed bacteria was inoculated in LB 
broth with ampicillin (200 μg/ml) and chloramphenicol (30 
μg/ml) and grown overnight at 28°C with shaking at 180 
rpm. 1% of the overnight grown culture was inoculated into 
fresh LB broth with ampicillin (200 μg/ml) and chloram-
phenicol (30 μg/ml) and incubated at 37°C with shaking at 
180 rpm. Protein expression was induced when the cell den-
sity at OD600nm reached 0.5 by adding IPTG to a final con-
centration of 1 mM. After induction at 37°C for 3 hr, the cell 
pellet was collected by centrifugation at 6000 g for 20 min at 
4°C (Sorvall, GSA rotor). The bacterial cell pellets were 
thawed on ice and to each gram of pellet (wet weight), 3 ml 
of lysis buffer pH 8.0 (8 M Urea, 10 mM Tris-HCl, 100 mM 
NaH2PO4) was added along with 10 mM -mercaptoethanol. 
Pellets were thoroughly resuspended in lysis buffer and soni-
cated on ice for 5 min (4 sec of sonication and 6 sec of gap) 
followed by centrifugation at 16000 rpm at 4°C for 45 min to 
recover the supernatant from the cell debris. The resultant 
supernatant was mixed with Ni

2+
-NTA slurry (Qiagen, Swit-

zerland) and gently shaked for 1 hr at room temperature 
(batch method). After the incubation, the purification was 
done according to the protocol described by Qiagen and 10 
mM -mercaptoethanol was included in all the buffers used 
during the purification step.  

Thrombin Cleavage and Purification of Cleaved Proteins 
FC1 to FC4 

 The eluted proteins (LFC1 to LFC4) were refolded in a 
step wise dialysis under reducing conditions (2 mM DTT) by 
going from the 8 M urea buffer containing 20 mM Tris-HCl 
pH 8.4, 150 mM NaCl to 6 M urea followed by 4 M and 2 M 
and finally to 0 M urea. After going to 0 M urea, the protein 
samples were dialyzed against the buffer without DTT (20 
mM Tris-HCl pH 8.4, 150 mM NaCl). The refolded samples 
were dialyzed against the thrombin cleavage buffer (20 mM 
Tris-HCl (pH 8.4), 150 mM NaCl and 2.5 mM CaCl2). For 
cleavage reactions, 1 U of human plasma thrombin (Sigma, 
USA) was used per mg of protein and the reactions were 
carried out at room temperature for 16 to 18 hours or some-
times for 24 hours with gentle shaking. After cleavage reac-
tion, the proteins were mixed with Ni

2+
-NTA slurry (Qiagen, 

Switzerland) and incubated at room temperature with gentle 
shaking for 1hr (batch method). Subsequently, the Ni-NTA 
column chromatography was done again to separate the 
cleaved proteins FC1 to FC4 (elution at pH 8.0) from the 
uncleaved proteins LFC1 to LFC4 and the His-tag along 
with laminin domain (mostly elution at pH 5.9).  

SDS-PAGE and Western Blot 

 Standard SDS-PAGE was performed [32] using Bio-Rad 
mini gel apparatus (Bio-Rad, USA). 15% and 17% SDS-
PAGE were run to analyze the purified samples of LFC1 to 
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LFC4 and FC1 to FC4 proteins, respectively. Proteins were 
visualized by Coomassie Brilliant blue staining. Estimates of 
molecular masses were obtained by comparison with low-
molecular-mass standards (GE Healthcare Life Sciences, 
range 94 kDa to 14.4 kDa). Electrophoretic transfer of pro-
teins from polyacrylamide gels to nitrocellulose membrane 
was done as described in the literature [33, 34]. Monoclonal 
antibody raised in mouse against the polyhistidine tag 
(Sigma, USA) was used to detect proteins containing His-
tag. 

Refolding Conditions 

 The protein refolding procedure was carried out using 
two different refolding regimes. During refolding under both 
the regimes the protein concentration was kept at 0.1 mg/ml. 

Regime 1 (Refolding Under Oxidizing Conditions) 

 The purified protein in denaturing conditions was re-
folded by step wise dialysis procedure. Initially, the dena-
tured protein was dialyzed against the buffer 20 mM Tris-
HCl pH 7.5, 150 mM NaCl containing 8 M urea followed by 
6 M urea, 4 M urea, 2 M urea and no urea in the same buffer 
as above. Finally, the protein was concentrated to the re-
quired concentration for further characterization in the buffer 
20 mM Tris-HCl pH 7.5, 150 mM NaCl. 

Regime 2 (Refolding Under Reducing Conditions) 

 In this condition also, the step wise dialysis procedure 
was followed. Initially, the protein was dialyzed against the 
buffer 20 mM Tris-HCl pH 7.5, 150 mM NaCl and 2 mM 
DTT containing 8 M urea followed by 6 M urea, 4 M urea, 2 
M urea and no urea in the same buffer as above. Finally, the 
protein was dialyzed against the buffer 20 mM Tris- HCl pH 
7.5, 150 mM NaCl to remove DTT and concentrated to re-
quired concentration for further characterization in the same 
buffer.  

Analytical Ultracentrifugation 

 Analytical ultracentrifugation (AUC) was carried out on 
an Optima XL-A analytical ultracentrifuge (Beckman In-
struments, Palo Alto, CA) equipped with a 12-mm Epon 
double-sector cell in an An-60 Ti rotor. Sedimentation equi-
librium runs were performed at 20°C at rotor speeds of 
12,000 to 18,000 rpm and protein concentrations of 0.1 to 
0.5 mg/ml. Average molecular masses were evaluated by 
using a floating base-line computer program SEGAL that 
adjusts the baseline absorbance to obtain the best linear fit of 
ln (absorbance) versus the square of the radial distance [35]. 
A partial specific volume ( ) of 0.73 mL/g and a buffer den-
sity ( ) of 1.005 g/mL was used.  

Electron Microscopy 

 Protein samples were prepared for electron microscopy 
(EM) by negative staining with 2 % uranyl acetate and at a 
protein concentration of 50 g/ml. They were analyzed and 
photographed on a Philips Morgagni 268D model transmis-
sion electron microscope with an acceleration voltage of 80 
kV. 

Circular Dichroism (CD) Measurements 

 The CD measurements were acquired on an Aviv 62A 
DS spectropolarimeter. The far-ultraviolet spectra (200-250 

nm) were measured in a 1 mm path-length quartz cell at 4°C. 
The spectra were normalized for concentration and path 
length to obtain the mean molar residue ellipticity ( , theta) 
after subtraction of the buffer contribution. The following 
formula was used to calculate the concentration independent 
theta ( ) values (deg cm

2
 dmol

-1
):  (observed) * MRW / [10 

* path length (cm) * concentration (mg/ml)], where MRW - 
mean residue weight (molecular mass of the peptide or pro-
tein divided by number of amino acids). Data analysis and 
the wavelength scan plots were performed with the pro Fit 
software package (QuantumSoft, Switzerland).  

Blue-Native PAGE (BN-PAGE) Electrophoresis 

 For all the samples, 15 g of protein per gel lane was 
loaded and the protein samples were resuspended in the fol-
lowing buffer: 50 mM BisTris-HCl pH 7.0, 500 mM 6-
aminocaproic acid and 50% glycerol. Samples were resolved 
on 5-12% gradient acrylamide gel overnight at 100 V using 
following anode (50 mM BisTris-HCl pH 7.00) and cathode 
buffer (50 mM Tricine, 15 mM Bistris-HCl pH 7.0 with 
0.005% Coomassie G250) (Bio-Rad, USA) [36]. Estimates 
of molecular masses were obtained by comparison with high 
molecular weight standards for native gel electrophoresis 
(GE Healthcare Life Sciences, USA, range 669 kDa to 66 
kDa). Proteins were visualized by staining with Coomassie 
Brilliant blue R250 (Bio-Rad, USA). 

RESULTS 

Design Principles 

 In this new design the SAPN have a tripartite structure 
composed of a trimeric coiled-coil head domain from 
laminin [30], the small, globular, trimeric -propeller struc-
ture of the foldon domain [37] of fibritin followed by the 
pentameric coiled-coil domain from COMP [38] (Fig. 1C). 
The trimeric coiled-coil head domain can be cleaved off the 
peptide by using a thrombin cleavage site thus leaving a pep-
tide chain that is composed of the foldon and the COMP 
domain only (Fig. 1B). This modular approach allowed us to 
test two different designs with two and three oligomerization 
domains, respectively, starting from the same gene construct. 

 According to this design, we engineered two versions of 
four different constructs 1 to 4. The schematic representation 
and the amino acid sequences of these constructs is shown in 
Fig. 2. The C-terminal part of these constructs comprises the 
foldon domain (residues 55-82; blue), and the COMP do-
main (residues 85-126; green) separated by two glycine resi-
dues (brown) which act as a linker region, joining the foldon 
domain to the COMP domain. The glycine residues are used 
to provide flexibility between the two domains relative to 
each other. In the native coiled-coil domain of COMP the 
cysteine residues (Cys

122
 and Cys

125
) at the C-terminal end 

form interchain disulfide bridges between the helices, as 
seen in the crystal structure of this protein [38]. The N-
terminal part of the constructs includes a His-tag (residues 3-
8; grey), the trimeric coiled-coil domain of laminin (residues 
10-43; pink) and a thrombin cleavage site (residues 49-54; 
red). After thrombin cleavage, all the four constructs will 
have the residues glycine and serine from the thrombin 
cleavage site at their N-terminus.  

 In construct 2, a single aspartic acid to cysteine point 
mutation is introduced in the foldon domain at position 64; 
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Fig. (1). (A) Icosahedron with the symbols of the three different symmetry elements. (B) Monomeric building block of the cleaved construct 

composed of the Foldon (blue) and the COMP (green) domains. (C) Monomeric building block of the uncleaved construct composed of the 

Laminin (red), Foldon (blue) and COMP (green) domains. (D) Stereo diagram of a model of an LCM-unit composed of the cleaved (Foldon-

COMP) construct. (E) Stereo diagram of a model of an assembled nanoparticle with icosahedral symmetry composed of the uncleaved 

(Laminin-Foldon-COMP) construct. (F) Close-up stereo diagram of the modeled interaction of the two cysteine residues in a nanoparticle 

with icosahedral symmetry. 

(bold and underscore in Fig. 2), otherwise the sequence is the 
same as that of construct 1. The rationale behind this muta-
tion is to introduce a disulfide bridge with the same residue 
of another peptide chain, to which it is symmetrically related 
by the two-fold rotation axis of the icosahedron. The inten-
tion is to cross-link two neighboring foldon trimers within 
the icosahedron that are related by the two-fold symmetry 

(Fig. 1E and F) and hence to stabilize the SAPN. In the 
structure of the foldon domain [37], this cysteine residue is 
located in the loop region which connects the  hairpin motif 
to the end of the last  helical segment, and hence it is not 
expected to stabilize the tertiary or quarternary structure of 
the foldon domain. Therefore, this mutation should not abol-
ish the oligomeric state of the foldon domain. 
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 In Raman et al. [26] we have argued that if the two dif-
ferent oligomeric domains of the monomeric building blocks 
fold properly, the monomeric building blocks will first as-
semble into ‘even-units’. The number of monomers of such a 
unit will depend on the least common multiple (LCM) of the 
oligomeric state of the involved domains and hence we will 
call them “LCM-units”. In our design, 15 monomers will 
form such an LCM-unit (Fig. 1D). One of the factors that is 
expected to determine the further assembly of these LCM-
units into an icosahedral nanoparticle is the length of the 
linker region that connects the two oligomerization domains. 
To test this hypothesis, we extended the linker region be-
tween the foldon and the COMP domain from two to four 
(GGSG) and six residues (GGSGSG) yielding in the se-
quences of the third and fourth construct, respectively. The 
linker region between the laminin and the foldon domain on 
the other hand was kept constant in this design (5 glycine 
residues). 

 The four protein constructs were expressed in E. coli and 
then purified under denaturing conditions using a Ni

2+
-

affinity column. All four purified, uncleaved samples were 
then also dialyzed against a thrombin cleavage buffer and 
cleaved by thrombin to give both, the uncleaved and cleaved 
versions of each of the four constructs LFC1 to LFC4 and 
FC1 to FC4. After thrombin cleavage, the protein was then 
purified, as described in the Materials and Methods section.  

Self-Assembly Properties of Cleaved Proteins FC1 to 
FC4 

 First, the cleaved proteins FC1 to FC4 were studied for 
their self-assembly properties. Because of the presence of 

cysteine residues in these proteins they can form different 
combinations of intra- and interchain disulfide bridges dur-
ing refolding. Therefore, we tried with two different refold-
ing conditions. In the first refolding condition, the purified 
protein samples were refolded in a step-wise dialysis from 8 
M to 0 M urea under oxidizing conditions (regime 1). In the 
second refolding regime, the protein samples were refolded 
under reducing conditions (2 mM DTT), followed by a final 
dialysis to oxidizing conditions (regime 2). The self-
assembly behavior of the cleaved proteins under these two 
different refolding regimes was analyzed by Blue Native 
(BN)-PAGE and AUC to determine the molecular mass of 
the formed assemblies. The morphology of the oligomers 
was investigated by EM, and the secondary structure content 
was measured by CD-spectroscopy. 

 In the BN-PAGE for protein FC1, refolded by regime 1, 
we observed a band corresponding to pentamers (41.9 kDa; 
Fig. 3 - lane 1). However, for the same sample refolded by 
regime 2 we observed an additional band which corresponds 
to decamers (83.8 kDa; Fig. 3 - lane 2). For protein FC2, 
refolded using regime 1, we observed bands corresponding 
to trimers (25.1 kDa), pentamers (41.9 kDa) and LCM-units 
(125.6 kDa; Fig. 3 - lane 3). However, for regime 2 refolded 
samples we observed bands which correspond to pentamers 
and LCM-units, and we did not observe the trimeric band 
(Fig. 3 - lane 4). For protein FC3, refolded using regime 1, 
we observed bands corresponding to trimers (25.5 kDa), pen-
tamers (42.5 kDa) and LCM-units (127.5 kDa; Fig. 3 - lane 
5). However, for regime 2 refolded samples, we observed 
bands which correspond to pentamers and LCM-units but 
again, no trimers were observed (Fig. 3 - lane 6). For FC4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (2). Top, schematic representation of constructs involved in this study. LFC1 to LFC4 represent the expressed constructs along with the 

N-terminal vector coded laminin domain (red rectangle). Blue oval shape - foldon domain; green rectangle - COMP domain. The brown col-

ored amino acids in between the foldon and COMP domain represent the linker residues. * represents the mutated amino acid aspartic acid 

(D) to cysteine (C) in the foldon domain. Vertical line (|) represents thrombin cleavage site. FC1 to FC4 represent the thrombin cleaved con-

structs LFC1 to LFC4. In FC1 to FC4 constructs, the two extra amino acids at the N-terminus which are result of thrombin cleavage, are 

highlighted pink. Bottom, amino acid sequence of LFC1 to LFC4 and FC1 to FC4 constructs. In LFC1 to LFC4 constructs, the N-terminal 

54 amino acids are vector sequences coding for His-tag (grey), laminin domain (red) and thrombin recognition sequence (magenta). The 

green and blue colored amino acids represent the foldon and COMP domain, respectively. The mutated aspartic acid (D) to cysteine (C) 

amino acid in the foldon domain is indicated in bold and underlined, referred to as cysteine 1. The C-terminal cysteine residues of the COMP 

domain are indicated in bold and underlined, referred to as cysteines 2 and 3. 
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protein, refolded using regime 1, we observed bands corre-
sponding to trimers (25.9 kDa), pentamers (43.2 kDa) and 
LCM-units (129.7 kDa; Fig. 3 - lane 7). However, for regime 
2 refolded sample, we observed bands which correspond to 
pentamers (43.2 kDa) and LCM-units (129.7 kDa). We also 
observed an additional faint band which corresponds to 20-
mers (Fig. 3 - lane 8).  

 Molecular weight determination using analytical ultra-
centrifugation (AUC) for the FC1 samples under both condi-
tions (regime 1 and 2) gave an average molecular mass 
which corresponds to pentamers (Table 1). The FC2 samples 
under both conditions (regime 1 and 2) gave molecular mass 
values which correspond to pentamers and 20-mers (Table 
1). Based on the results of BN-PAGE, the observed 20-mers 
might well correspond to the mixture of LCM-units and pos-
sibly the LCM-units linked to pentamers through disulfide 
bridges (Fig. 7E). The regime 1 FC3 sample gave molecular 
mass values which correspond to pentamers and 20-mers 
(Table 1). On the other hand, regime 2 refolded samples 
gave molecular mass values which correspond to pentamers 
and 30-mers. The observation of 30-mers suggests nanopar-
ticles composed of two LCM-units. The FC4 samples under 
both conditions (regime 1 and 2) gave molecular masses 
which correspond to pentamers and high molecular weight 
species. The high molecular weight species seem to be a 
mixed population of 20-mers and 30-mers (Table 1). 

 In the analysis of the morphology of the samples by EM, 
in both regime 1 (Fig. 4A) and regime 2 (Fig. 4B) refolded 
samples of FC1 protein, we observed short fragment-like 
structures. Based on the results of BN-PAGE and AUC, the 
observed short fragment-like structures might well corre-
spond to pentamers and decamers. In both regime 1 (Fig. 
4C) and regime 2 (Fig. 4D) of the FC2 samples, we observed 
nanoparticles not regular in shape. In addition, we observed 

a lot of background material. Based on the results of BN-
PAGE and AUC, the observed nanoparticles which are not 
regular in shape might well correspond to LCM-units and 
20-mers, and background material to trimers and pentamers. 
In both, regime 1 refolded samples of FC3 and FC4 (Fig. 4E 
and F) and in regime 2 refolded samples of FC3 and FC4 
(Fig. 4G and H), we observed nanoparticles but not with 
regular shape. Based on the BN-PAGE and AUC results of 
FC3 and FC4 proteins, the observed nanoparticles which are 
not regular in shape might well correspond to LCM-units 
and to the higher order oligomers. 

 We performed CD experiments in order to understand the 
secondary structural contents of the refolded samples be-
cause the laminin and COMP domain in the refolded sam-
ples are well characterized -helical coiled-coil proteins [38-
40]. Also, the foldon domain is a well studied -hairpin mo-
tif structure [37]. The CD spectrum of both regime 1 and 
regime 2 refolded FC1 to FC4 proteins also showed a typical 
and similar -helical spectrum (Fig. 6). The cleaved proteins 
FC1 to FC4 showed a higher -helical spectrum compared to 
the -helical spectrum of LFC1 to LFC4 samples. The -
helical content calculated from CD spectra using CD Pro 
software [41] (data not shown) showed 8 to 10% higher -
helical content values compared to the theoretically calcu-
lated -helical content values (FC1, FC2 constructs - 58.7 %; 
FC3 construct - 57.1%; FC4 construct - 55.7%). The calcu-
lated -sheet content from the CD spectra of FC1 to FC4 
samples showed about 6% less than expected when com-
pared to their theoretically calculated -sheet content. 

Self-Assembly Properties of Uncleaved Proteins LFC1 to 
LFC4 

 From the self-assembly studies of cleaved proteins FC1 
to FC4, we understood that the cleaved proteins do not form 

 

 

 

 

 

 

 

 

 

 

 

Fig. (3). 5 - 12% gradient Blue Native (BN) PAGE of refolded cleaved (FC1 to FC4) proteins. The figure lanes are explained as follows: M - 

High molecular weight native gel marker; analyzed in the buffer 20 mM Tris pH 8.0, 150 mM NaCl and 2 mM DTT; lanes 1, 3, 5 and 7 cor-

respond to regime 1 refolded samples; lanes 2, 4, 6 and 8 correspond to regime 2 refolded samples; B- blank lanes. 

Table 1. Number of Monomers Per Particle for the Cleaved Proteins Measured by AUC 

 FC1 FC2 FC3 FC4 

Regime 1: Oxidizing 5.3 5.3 + 19.8 5.8 + 21.5 5.6 + 36.5 

Regime 2: Reducing 5.3 6.0 + 21.4 5.3 + 29.8 5.6 + 26.9 
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icosahedral SAPN composed of 60 monomers. We then 
studied the self-assembly properties of uncleaved proteins 
LFC1 to LFC4 (for construct details refer to Fig. 2).  

 For self-assembly studies, the purified samples of un-
cleaved proteins LFC1 to LFC4 in 8 M urea were subjected 
to step wise dialysis of the urea under reducing condition and 
at low protein concentration (regime 2). The reason for re-
ducing condition (2 mM DTT) refolding is that the initial 
refolding experiment of LFC2 protein under oxidizing condi-
tion (regime 1) showed precipitating behavior of the protein 
at 4 M urea concentration. Therefore, we decided to refold 
the proteins under reducing conditions only (regime 2). 

Initial Refolding Results of Uncleaved Protein 

 Initially for LFC1 protein, the reducing condition refold-
ing (regime 2) was done at pH 7.5. However, the refolded 
protein started to precipitate in refolding buffer containing 0 
M urea and 2 mM DTT (reducing condition). Subsequent 
change to the refolding buffer containing 0 M urea and no 
DTT (oxidizing condition), the refolded protein precipitated 
heavily. From the EM analysis of sample in 0 M urea with-

out DTT, large aggregated structures with few individual 
nanoparticles are observed. The possible reason for precipi-
tation in the refolding buffer containing 0 M urea and 2 mM 
DTT could be due to the pI of the protein which is calculated 
to be 6.29. In addition, the observed heavy precipitation 
upon oxidizing condition could be due to linking of aggre-
gates through interchain disulfide bridges. Therefore, the 
LFC1 samples were refolded at pH 8.0 and 8.5 and analyzed 
in the refolding buffer containing 0 M urea and 2 mM DTT 
(reducing condition). The refolded samples are found to be 
stable in 0 M urea containing 2 mM DTT. From EM pic-
tures, the refolded samples at pH 8.0 and 8.5 are observed to 
form nanoparticles (data not shown).  

 To compare their self-assembly properties, all four pro-
teins were refolded under reducing condition (regime 2) and 
the pH of the refolding buffer was kept at 8.0. The protein 
samples were refolded up to 0 M urea containing 2 mM DTT 
and analyzed in the same buffer using EM and AUC tech-
niques. On the other hand the BN-PAGE results for LFC1, 
LFC2 and LFC4 proteins, showed no bands in the separating 
gel (5 - 12 % gradient gel). This shows that the loaded pro-

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (4). Electron micrographs of constructs FC1, FC2, FC3, and FC4 (from top to bottom). The left column corresponds to refolding of the 

constructs according to regime 1 and the right column according to regime 2, respectively. 
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teins got stuck in the stacking gel (4.5%). The reason for this 
is most likely that resolution limit for the molecular weight 
of the gel doesn’t go beyond about 500 kDa, and therefore 
larger species are not able to penetrate into the separating 
portion of the gel. For example, an LFC1 icosahedral 
nanoparticle with 60 peptide chains as shown in Fig. (1E) 
has a molecular weight of about 850 kDa. 

 The sedimentation equilibrium (SE) results from the 
AUC experiments for the LFC1 to LFC4 proteins refolded at 
pH 8.0, showed high molecular weight aggregates ranging 
from 1.7 MDa to 17.3 MDa.  

 For the LFC1 protein refolded at pH 8.5, the SE results at 
lower speed (2800 rpm) showed molecular weight values 
ranging from 611 kDa to 7.2 MDa. The smallest molecular 
weight species 611 kDa corresponds to a molecular weight 
of 3 LCM-units. At higher speed (4800 rpm), the smallest 
molecular weight species showed mixed population of mo-
lecular weight values 632 kDa (3 LCM-units) and 756 kDa 
(3.6 LCM-units). Therefore, the observed low molecular 
weight species roughly correspond to icosahedral SAPN 
composed of 4 LCM-units. This is supported by the EM pic-
ture of LFC1 protein refolded at pH 8.5, where we observed 
nanoparticles in the corresponding size range. The observed 
high molecular weight aggregates in all refolded proteins 
(LFC1 to LFC4) suggest some aggregation tendency of these 
nanoparticles.  

 From the EM pictures, all four proteins are observed to 
form nanoparticles in the size range that would be expected 
for icosahedral geometries: however, the nanoparticles are 
clearly not completely regular in their size and shapes (Fig. 
5).  

 The uncleaved LFC1 to LFC4 samples showed a typical 
and similar -helical spectrum (Fig. 6). For uncleaved pro-
teins LFC1 to LFC4, if both the laminin and COMP domain 
folds into an -helical structure, the theoretical -helical con-
tent will be the following: LFC1, LFC2 proteins - 61.4 %; 

LFC3 protein - 60.5 %; LFC4 protein - 59.5 %. The calcu-
lated -helical content from CD spectra using CD Pro soft-
ware [41] (data not shown) are similar to these theoretically 
calculated values. Also, the theoretically calculated -sheet 
contents are similar to the calculated -sheet content values 
from CD spectra. The above results support the formed -
helical structures in both the laminin and COMP domain and 
the -sheet structures in the foldon domain.  

DISCUSSION 

 The cleaved proteins FC1 to FC4 were rationally de-
signed to form SAPN with regular icosahedral symmetry, 
consisting of 60 monomeric building blocks. The basic idea 
for such a design was derived from the structure of small 
virus capsids, which usually display icosahedral symmetry. 
The peptide nanoparticles were designed to mimic such an 
icosahedral capsid geometry. VLPs are now widely used as a 
platform for rational vaccine design since the spacing of the 
epitopes on the surface of the VLPs makes them ideal repeti-
tive antigen display systems. Therefore, also our peptide 
nanoparticles could possibly be used for vaccine design us-
ing the same concept of repetitive antigen display if they 
form particles with similar dimensions as VLPs. Computer 
modeling predicted that such particles would each have a 
diameter of about 17 nm. The observed oligomeric forms of 
these proteins after refolding under regime 1 and regime 2 
conditions are discussed in the following sections. 

Self-Assembly Result of Protein FC1 

 The coiled-coil domain of COMP is known to form a 
very stable pentamer [42]. During refolding out of 8 M urea, 
the coiled-coil domain of COMP will already form in urea 
concentrations that are moderately high. Formation of heli-
ces within the COMP domain will bring the two cysteines at 
the C-terminus of the COMP domain in close contact. For 
the sake of simplicity, the cysteine in the foldon domain will 
be called 1 and the two cysteines at the C-terminus of COMP

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Fig. (5). Electron micrographs of refolded LFC1 to LFC4 proteins. A, LFC1; B, LFC2; C, LFC3; D, LFC4. All the four proteins were re-

folded under reducing condition after denaturation (regime 2).  
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Fig. (6). Far-UV Circular Dichroism (CD) analysis of LFC1 to LFC4 and FC1 to FC4 samples. In A, B, C and D, open circles ( ) represent 

the regime 2 refolded samples of LFC1, LFC2, LFC3 and LFC4, respectively; closed circles ( ) represent the regime 1 (R1) and open squares 

( ) represent the regime 2 (R2) refolded samples of FC1, FC2, FC3 and FC4, respectively. LFC1 to LFC4 samples were studied in the buffer 

20 mM Tris-HCl pH 8.0, 150 mM NaCl and 2 mM DTT. FC1 to FC4 samples were studied in the buffer 20 mM Tris-HCl pH 7.5, 150 mM 

NaCl. During measurement the protein concentration was kept at 0.1 mg/ml. 

domain will be called 2 and 3 (see Fig. 2), in order to explain 
the different combinations of intra- and interchain disulfide 
bridges that could form during refolding. Under oxidizing 
conditions with low protein concentration (regime 1) in-
trachain disulfide bridge formation will immediately and 
predominantly occur. Therefore, the pentamers observed in 
the regime 1 refolded sample of FC1 by native gel (Fig. 3; 
lane 3) and AUC (Table 1) suggest the folded COMP do-
main with the intrachain disulfide bridges (2-3). During re-
gime 2 refolding, there is no possibility of forming either 
intra- or interchain disulfide bridges because of its refolding 
under reducing condition up to 0 M urea. As a result, the 
cysteine residues will be in reduced state up to 0 M urea: 
however, upon proceeding to oxidizing condition, they will 
form disulfide bridges. Therefore, the pentamers and decam-
ers observed in regime 2 refolded samples (Fig. 3; lane 4) are 
presumably the intrachain disulfide linked pentamers (2-3) 
and two pentamers linked through interchain disulfide 
bridges (either 2-2, 2-3 or 3-3), respectively, depicted in Fig. 
(7B and C). 

 The observed pentamers and decamers for FC1 protein 
suggest that the trimeric foldon domain is not folded in these 
structures because if the trimeric foldon domain folds along 
with the pentameric COMP domain they will assemble into 
‘LCM-units’ (15-mers; Fig. 1D). In addition, it seems that 
the folding rate of the pentamer domain is faster than that of 
the trimer domain. 

Self-Assembly Result of Proteins FC2, FC3 and FC4 

 For proteins FC2, FC3 and FC4, the LCM-units observed 
in both regime 1 and regime 2 refolding conditions (Fig. 3) 
are evidence of both properly folded COMP and properly 
folded foldon domain. In addition, the observed LCM-units 
support properly formed interchain disulfide bridges between 
the monomeric chains of the foldon domain (1-1) and be-
tween the monomeric chains of COMP domain (2-3). A 
schematic model of an LCM-unit is shown in Fig. (7D) (see 
also Fig. 1D).  

 FC2, FC3 and FC4 proteins have an additional cysteine 
residue in the foldon domain (1) in addition to the two cys-
teines in the COMP domain (2 and 3; see Fig. 2). During 
refolding under oxidizing conditions (regime 1) if the un-
folded monomeric chains form either 1-2 or 1-3 intrachain 
disulfide bridges, this will lead to formation of pentamers or 
trimers. Therefore, the trimers observed in regime 1 refolded 
samples of FC2, FC3 and FC4 (Fig. 3; lane 3, 5 and 7) sup-
port the folded foldon domain with 1-2 or 1-3 intrachain di-
sulfide bridges. During reducing condition refolding up to 0 
M urea (regime 2), the formation of 1-2 or 1-3 intrachain 
disulfide bridges is not possible, as this is supported by the 
absence of trimers in regime 2 refolded samples of FC2, FC3 
and FC4 proteins (Fig. 3; lane 4, 6 and 8). A schematic 
model of a trimer is shown in Fig. (7A). The observation of 
trimers and LCM-units in the refolded samples of FC2, FC3 
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and FC4 proteins and not in the refolded samples of FC1 
protein, suggests a more stable refolding of the previous 
three. Therefore, for proteins FC2, FC3 and FC4 the muta-
tion of Asp (D) to Cys (C) (for sequence details see Fig. 2) in 
the foldon domain seems to stabilize the foldon domain in 
terms of its folding property. 

 Also, the BN-PAGE (Fig. 3) for proteins FC2, FC3 and 
FC4 refolded under both regime 1 (lanes 3, 5 and 7) and re-
gime 2 conditions (lanes 4, 6 and 8) shows an additional 
faint band corresponding to 20-mers. AUC results for pro-
teins FC2, FC3 and FC4 suggest that the higher order oli-
gomers (more than 15-mers) could be a mixture of 20-mers 
and 30-mers. The observation of 20-mers suggests the linked 
LCM-units and pentamers through interchain disulfide 
bridges. A schematic model of 20-mers is shown in Fig. 
(7E). Furthermore, the observed pentamers in both the re-
folding conditions for all proteins FC1 to FC4 suggest that 
this is a common ‘intermediate form’ during the refolding 
process. 

 The LCM-units observed in proteins FC2, FC3 and FC4 
support our design principles (Fig. 1, panel D). LCM-units 
are nanoparticles but not with icosahedral symmetry. Fur-
thermore, the observed LCM-units failed to associate further 
into icosahedral nanoparticles. 

Uncleaved Proteins LFC1 to LFC4 

 The regime 2 refolded proteins LFC1 to LFC4 were ob-
served to form nanoparticles (see EM pictures of Fig. 5). The 
observation of nanoparticles in uncleaved proteins LFC1 to 
LFC4 can be explained on the basis of their domain architec-
ture. The domain architecture of these uncleaved proteins 
comprises a 34 amino acid N-terminal laminin domain fol-
lowed by the foldon and the COMP domain (Fig. 2). The 
laminin domain was derived from the C-terminal region of 
the laminin -chain of mouse (1750-1784 amino acids), and 
from the literature this region was known to be an -helical 
region with a heptad repeat pattern characteristic of coiled-
coils [40, 43]. In our study, the formation of -helical struc-
tures in the laminin domain of the uncleaved proteins was 
supported by the -helical content calculated from the CD 
spectra of these proteins.  

 Kammerer, R et al. [30] showed that the laminin -chain 
of residues 1700-1786, tends to associate into trimers. There-
fore, the laminin domain in the uncleaved proteins, based on 
its -helical structure with the heptad repeat pattern repre-
sents a trimeric coiled-coil structure. In addition, the trimeri-
zation potential of the foldon domain [44, 45] will stabilize 
the formation of trimeric coiled-coil structure in the laminin 
domain and vice versa. Hence, the monomeric chain com-
prising the combined laminin-foldon trimeric oligomeriza-
tion domain connected to the pentameric oligomerization 
domain of COMP mimics the design principles of our origi-
nal SAPN design [26]. 

CONCLUSION 

 SAPN as described here can rather easily be functional-
ized in several ways: At either the N- or the C-terminus the 
peptide chain can be extended with peptide sequences of a 
particular function like targeting peptides, cell penetrating 
peptides, nuclear localization sequences or epitopes from a 
pathogen to generate multifunctional nanoparticles for a 
wide variety of bio-medical applications. In particular, these 
SAPN can be used as repetitive antigen display system for 
synthetic vaccine design. The geometry of the SAPN and 
their resemblance to VLPs will trigger a strong immune re-
sponse - a concept that is now increasingly exploited for 
producing novel vaccines that yield high titers of specific 
antibodies [46]. Our SAPN eliminate the need for virus-
based designs, and allow for a higher flexibility in vaccine 
design compared to VLPs. Epitopes of any pathogen can 
readily be engineered onto the surface of the nanoparticle, 
thus allowing for the easy generation of a whole variety of 
different vaccines. Enveloped viruses such as HIV, SARS or 
influenza represent an ideal target as their surface proteins 
are characterized by trimeric coiled-coil proteins, which are 
the same building blocks that are used in our SAPN. Investi-
gations of SAPN as potent immunogens and possible vaccine 
candidates are currently on their way in our laboratories and 
show very encouraging results. 
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