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rminal localization and dynamics
of engineered virus-like particles†

Daan F. M. Vervoort,‡ Chiara Pretto‡ and Jan C. M. van Hest *

Virus-like particles composed of the cowpea chlorotic mottle virus (CCMV) capsid protein (CP) have been

extensively studied as carrier systems in nanoscience. One well-established method to improve their

stability under physiological conditions is to fuse a stimulus-responsive elastin-like polypeptide (ELP) to

the N-terminus of the CPs. Even though the N-terminus should in principle be localized in the inner

cavity of the protein cage, studies on the native CCMV revealed its accessibility on the particle surface.

We verified that such phenomenon also applies to ELP-CCMVs, by exploiting the covalent

functionalization of the CP N-terminal domain via a sortase A-mediated reaction. Western-blot analysis

and Förster resonance energy transfer (FRET) experiments furthermore revealed this to be caused by

both the external display of the N-termini and the interchange of CPs among preformed capsids. Our

findings demonstrate the tunability of ELP-CCMV stability and dynamics and their potential effect on the

exploitation of such protein cages as a drug delivery system.
1. Introduction

Protein cages obtained from the cowpea chlorotic mottle virus
(CCMV) represent an interesting platform for the development
of smart systems that can be exploited for several biologically
relevant applications.1–5 CCMV can be disassembled into capsid
protein dimers and reassembled, without the viral RNA, into
virus-like particles (VLPs) in response to variations in the
surrounding environment.6–8 The native form of the VLP, for
example, disassembles at neutral pH and assembles in acidic
conditions in a reversible manner.9–12 This process can be
exploited for the encapsulation of different cargoes into these
protein cages, for example via electrostatic interactions of the
positively charged N-terminus of the capsid protein (CP) with
negatively charged polyelectrolytes.13–16

To broaden the scope of CCMV systems for biomedical
applications, protein engineering methods have been employed
tomodify the internally oriented N-terminus for improving both
loading capacity and stability under physiologically relevant
conditions. In particular, the ELP-CCMV variant, obtained by
fusion of a stimulus-responsive block co-polymer called elastin-
like polypeptide (ELP, consisting of nine repeats of the Val-Pro-
Gly-Xaa-Gly (VPGXG) pentapeptide) to the N-terminus of the
capsid protein, results in particle formation triggered by an
increase in temperature or salt concentration in solution.17 As
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a result, control over nanoparticle stability is achieved at neutral
pH even in the absence of a specic cargo.18,19 Moreover, cova-
lent encapsulation strategies have been successfully performed
on ELP-CCMV with both enzymes and small molecules under
physiological pH without additional modications or stabi-
lizing agents.20–22 These were achieved via either sortase A-
mediated fusion of LPETG-tagged proteins to the N-terminal
glycine of the CP or via CP functionalization with vinylboronic
acids (VBAs) and the subsequent bioorthogonal reaction with
a cargo bearing a tetrazine handle. Additionally, insertion of an
N-terminal histidine tag allows for both CP purication through
immobilized metal affinity chromatography (IMAC) and capsid
stabilization by addition of metal ions such as nickel23,24 as
a result of the binding affinity of the histidine imidazole groups
towards divalent cations. For the reasons stated above,
histidine-tagged ELP-CCMV are a potential candidate for
various applications in nanomedicine.

Although the N-terminus is predominantly directed
towards the capsid core, some studies have indicated that the
N-terminus can also be orientated towards the particle surface.
In particular, the N-terminal localization of the native CCMV
was investigated exploiting protease digestion, mass spec-
trometry and crystal structure analysis.6,25,26 It was shown that
this domain of the CP was partially exposed on the particle
surface. These ndings were in agreement with a more recent
study, where the replacement of the (N-terminal) RNA-binding
motif of the CP with a tumor-homing peptide not only led to
the efficient assembly into VLPs but also to selective cancer
cell targeting.27 Furthermore, as a result of protein–protein
interactions the structure of icosahedral capsids in general,
and CCMV in particular is exible and dynamic, with capsids
This journal is © The Royal Society of Chemistry 2020
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and capsid subunits in thermodynamic equilibrium.28,29

Consequently, association and dissociation of capsid proteins
are continuous processes, even when capsids are stable in
solution.

These previously mentioned studies suggest that the acces-
sibility of the CP N-terminus can be a result of capsid dynamics,
which allows temporary exposure of the N-terminus, and/or
a different conformational orientation of the capsid proteins,
which allows the N-terminal part to fold back onto the particle
surface. Therefore, a deeper understanding of the dynamic
behaviour of these protein-based scaffolds, paying special
attention to the N-terminus, is required. To the best of our
knowledge, these tightly correlated aspects have never been
studied independently. Moreover, both proposed mechanisms
have yet not been investigated for the ELP-CCMV.

In this report we present our evaluation of the N-terminal
accessibility of ELP-VLPs exploiting N-terminal tagging using
the sortase A-mediated reaction. We subsequently performed
western blot analysis using an antibody directed against the N-
terminus to analyze the N-terminal localization on the particle
surface. In parallel, Förster resonance energy transfer (FRET)
experiments on stable capsids elucidated the dynamic behav-
iour of ELP-CCMV subunits. We demonstrate the complemen-
tarity of N-terminal accessibility and dynamics, which should be
considered when exploiting ELP-CCMV capsids in the eld of
nanotechnology.
2. Experimental section
2.1. Materials

Nickel(II) chloride hexahydrate was obtained from Sigma-
Aldrich. DTSSP (3,30-dithiobis(sulfosuccinimidylpropionate)),
Alexa Fluor™ 532 C5 maleimide and Anti-His6-tag mouse
monoclonal antibody conjugated with HRP (MA1-21315-HRP)
were purchased from ThermoFisher Scientic. Sulfo-Cyanine5
maleimide was purchased from Lumiprobe.
2.2. Protein expression

General protocols for the expression of proteins used in this
study and detailed buffers' composition can be found in the
ESI.†
2.3. Dynamic light scattering (DLS)

DLS measurements were performed on a Malvern Zetasizer
Nano ZSP at 21 �C. Samples (20 mM, unless stated otherwise)
were centrifuged twice prior to analysis. Buffers were ltered
prior to use. All measurements were performed in triplicate and
the average measurements were plotted.
2.4. Size exclusion chromatography (SEC)

SEC analysis was performed on a Superose 6 increase 10/300 GL
column (GE Healthcare Life Sciences). Analytical measurements
were executed on an Agilent 1260 bio-inert HPLC. Samples with
a protein concentration of 1.0 mg mL�1 were separated on the
column with a ow rate of 0.5 mL min�1 in buffer of interest.
This journal is © The Royal Society of Chemistry 2020
2.5. Capsid assembly

Variants of CCMV capsids from protein expression (stored in
pH 5.0 capsid buffer, Table S1, ESI†) were dialyzed for 90
minutes, unless otherwise stated, at 4 �C or 21 �C using Spectra/
Por 2 Dialysis Tubing, (12–14 kDa) in the buffer of interest prior
to analysis. Buffers were refreshed three times.
2.6. Capsid stabilization

VY1-VY8 ELP-CCMV (T ¼ 1) capsids in PBS (2 M NaCl) were rst
incubated with nickel chloride for 1 hour at room temperature
(10 : 1 Ni2+ : CP molar ratio, 45 mM CP). Samples were dialyzed
against PBS at 4 �C and incubated with the crosslinker (20 : 1
DTSSP : CP molar ratio) for one hour at 21 �C and 600 rpm. At
reaction completion, samples were dialyzed at 4 �C in PBS
containing 2 mM EDTA in order to remove the metal ions.
Extensive overnight dialysis in PBS was subsequently performed
to remove the unreacted crosslinker.
2.7. Sortase A-mediated functionalization of ELP-CCMV

Standard ELP-CCMV and VY1-VY8 ELP-CCMV capsids were
dialyzed at 4 �C towards PBS (500 mM NaCl) and pH 7.5 buffer
(100 mM NaCl) respectively to ensure disassembly. ELP-CCMV
variants and GFP were then buffer exchanged towards sortase
buffer by spin-ltration (Amicon® Ultra 0.5 mL). Dimers
(Standard ELP-CCMV) or capsids (VY1-VY8 ELP-CCMV), sor-
tase A and GFP were incubated in equimolar concentrations
(30 mM) at 21 �C, 400 rpm up to 24 h. Reaction mixtures at
indicated time points were analyzed by SDS-PAGE using Mini-
Protean TGX 4–20% gels (tris/glycine buffer) for 1 hour at
150 V. Proteins were visualized via Coomassie Brilliant Blue
staining (Bio-Rad). ImageJ analysis soware was used to
calculate the conversion percentage using the following
formula, where gel is the intensity of the protein band on the
SDS-PAGE gel and MW is the molecular weight of the protein
of interest:

FRET ratio ¼ A

ðAþ BÞ; where A ¼ Em: 670 nm

B ¼ Em: 530 nm

2.8. Native PAGE

Native ELP-CCMV capsids were dialyzed at 21 �C or 4 �C towards
PBS (500 mM NaCl) in order to obtain dimers. VY1-VY8-ELP-
CCMV capsids were dialyzed at 21 �C against PBS (500 mM
NaCl) and at 4 �C in pH 7.5 buffer (100 mMNaCl) in order to get
capsids and dimers respectively. Samples were then mixed in
a 1 : 1 ratio with native PAGE loading buffer (2�) and further
diluted with PBS (500 mM NaCl) to a nal concentration of 5
mM. ELP-CCMV variants (30 mL) were separated using Mini-
Protean TGX 4–20% gels (tris/glycine buffer) for 1 hour at
100 V at room temperature in native PAGE running buffer or for
2 hours at 100 V in ice-cold native PAGE running buffer. Gels
were stained by Coomassie Brilliant Blue (Bio-Rad) or used for
the western blot analysis.
RSC Adv., 2020, 10, 38774–38781 | 38775
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2.9 Western blot

Proteins of native PAGE gels were transferred on a nitrocellu-
lose membrane in blotting buffer using a blotting system
(Tetra Blotting Module, Bio-Rad) for 1 hour at 100 V. The
membrane was incubated with blocking buffer for 40 minutes
at room temperature. The blot was probed with Anti-His6-tag
mouse monoclonal antibody conjugated with HRP (MA1-
21315-HRP 1:1000) overnight at 4 �C. Excess of antibody was
removed by washing the membrane 3 times with PBST.
3,30,5,50-Tetramethylbenzidine (TMB) was added to visualize
antibody binding.
2.10. Evaluation of ELP-CCMV dynamics using FRET

VY1-VY8 ELP-CCMV capsids (T ¼ 3) were dialyzed towards pH
7.5 buffer (100 mM NaCl) to ensure disassembly. Capsid
proteins were then dialyzed towards PBS (2 M NaCl) to ensure
ELP-induced capsid assembly. Capsid labeling with either sulfo-
Cyanine5 maleimide or Alexa Fluor 532 maleimide was per-
formed according to a 1 : 5 molar ratio (capsid protein (50 mM):
dye (250 mM)) in PBS (2 M NaCl) for 2 hours at 21 �C and
600 rpm. Extensive dialysis towards PBS (2 M NaCl) was per-
formed to remove the excess of unlabeled dye. Labeled and
unlabeled capsids were dialyzed against pH 7.5 (100 mM NaCl)
in order to get dimers. The following samples were then mixed
in a 1 : 1 ratio: (a) unlabeled and Cy5-labeled, (b) unlabeled and
Alexa532-labeled and (c) Cy5-labeled and Alexa532-labeled.
Subsequently, samples were buffer-exchanged using centrif-
ugal lters (Amicon® Ultra 0.5 mL) towards PBS (2 M NaCl) to
force ELP-induced capsid formation. Additionally, Cy5-labeled,
Alexa532-labeled and unlabeled capsid proteins were assem-
bled under the same conditions. Cy5-labeled and Alexa-labeled
capsids were then crosslinked as previously described (2.6
capsid stabilization). In order to perform the FRET assay, the
following capsids were analyzed: (i) capsids containing 50%
unlabeled CPs and 50% Alexa-labeled CPs, (ii) capsids con-
taining 50% unlabeled CPs and 50% Cy5-labeled CPs, (iii) pre-
formed capsids containing 50%Cy5-labeled CPs and 50% Alexa-
labeled CPs (to ensure the maximum FRET per capsid), (iv)
capsids containing 50% Cy5-labeled CPs and 50% Alexa-labeled
CPs, (v) stabilized capsids containing 50% Cy5-labeled CPs and
50% Alexa-labeled CPs and (vi) unlabeled capsids. Using
a SPARK® 10 M multimode microplate reader (Tecan), an
emission scan (530–800 nm) was performed with an excitation
wavelength of 485/20 nm. The ratiometric FRET-ratio was
calculated according to the following equation, where the
emission of the acceptor (Cy5) and donor (Alexa532) were
measured at 670 nm and 530 nm respectively:

Conversion ð%Þ ¼ A

ðAþ BÞ ;

where A ¼ GelGFP-ELP-CCMV=MWGFP-ELP-CCMV

B ¼ GelELP-CCMV=MWELP-CCMV

All data points were normalized to the maximum FRET
(sample iii).
38776 | RSC Adv., 2020, 10, 38774–38781
3. Results and discussion

The “standard” ELP-CCMV contained nine ELP pentapeptide
repeats (VPGXG), with four valines, four leucines and one
glycine as guest residue X (in guest residue order, starting from
the N terminus: VLVLVLGVL).17 The CP assembled into stable
capsids at physiological pH, although a high concentration of
sodium chloride was necessary (�2 M). Lowering the salt
concentration to 500 mM fully disassembled the capsids into
dimers. In order to further stabilize the ELP-CCMV towards
physiological salt concentration, a library of variants was
developed by replacing the rst and eighth guest residues with
amino acids of higher hydrophobicity.18 Substitution of valine
to tyrosine resulted in a variant, named VY1-VY8 ELP-CCMV,
that assembled at 500 mM NaCl and disassembled at 100 mM
NaCl.19 These capsids remained even stable at nearly physio-
logical conditions (pH 7.5, 150 mM NaCl and 37 �C) up to seven
hours. A more hydrophobic variant, VW1-VW8 ELP-CCMV,
developed by substitution of the rst and eighth valine guest
residue with tryptophan, remained stable at these conditions up
to 24 hours. In fact, this variant seemed to lack reversible
disassembly behaviour. Data even suggested that VW1-VW8
ELP-CCMV was already assembled into capsids prior to puri-
cation through immobilized metal affinity chromatography.
Since purication of these capsids can only be achieved when
the N-terminal His6-tag is accessible, this data represents the
rst indication that ELP-CCMV has similar N-terminal accessi-
bility compared to native CCMV. The N-terminus availability
could be a result of the N-terminal domain backfolding on the
surface of preformed engineered capsids and/or be a conse-
quence of the capsid proteins exchanging and intermixing over
time, as illustrated in Fig. 1. In order to verify whether either of
these two mechanisms applies for ELP-CCMV, a sortase A-
mediated reaction was performed. As the ELP-CCMV
construct contains an N-terminal glycine, it is amenable to
undergo the enzymatic tagging with appropriately LPETG-
labeled proteins. Here, standard ELP-CCMV and VY1-VY8 ELP-
CCMV were used, as VW1-VW8 ELP-CCMV's inability to disas-
semble made it less relevant for drug delivery applications.
Additionally, stabilized capsids of VY1-VY8 ELP-CCMV were
generated as follows. First, nickel ions were added to the
capsids in order to direct the N-termini towards the particle
core. Second, the capsids were partially crosslinked with the
homobifunctional crosslinker DTSSP (3,30-dithiobis(sulfo-
succinimidylpropionate)) to hinder dynamic intermixing of CPs
(Fig. S5, ESI†).30

This dual-step modication allowed us to limit both
proposed mechanisms. A schematic overview of all samples
used in this work and their relative stability (depending on the
salt concentration) is reported in Table 1. The conjugation of an
LPETG-tagged green uorescent protein (GFP) was executed at
neutral pH in the presence of 500 mM of sodium chloride. In
this way, we were able to perform the reaction on dimers,
capsids and stabilized capsids under the same environmental
conditions (Table 1). SDS-PAGE analysis demonstrated
successful conjugation of GFP to standard ELP-dimers aer 24
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Schematic representation of the two proposed mechanisms, (i) surface exposed N-terminal localization, (ii) dynamic intermixing.
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hours of incubation according to a conjugation yield of 33%
(based on ImageJ analysis of the band intensity) as shown in
Fig. 2A. Interestingly, successful conjugation (5%), albeit less
pronounced, was also observed when performing the same
reaction on VY1-VY8 ELP-capsids. These ndings perfectly
correlate to our previous data related to protein purication,
demonstrating N-terminal accessibility of ELP-CCMV VLPs. As
expected, 0% conjugation efficiency was recorded performing
the reaction on stabilized capsids. DLS analysis of standard
ELP-dimers as well as VY1-VY8 ELP-capsids and stabilized
capsids was performed aer 24 hours of incubation under the
same conditions used for the sortase A reaction to conrm the
assembly state of tested samples (Fig. 2B).

Since the sortase A-mediated reaction conrmed the acces-
sibility of the N terminus, we subsequently investigated both
processes independently. We rst focused our attention on the
N-terminal localization on preformed capsids. In order to do so,
we performed native PAGE and western blot analysis using an
anti-His6 HRP-labeled antibody against the N-terminal His6-tag.
Since dimers and capsids run differently on the native gel it is
not only possible to clearly distinguish between these two
Table 1 Assembly states of standard ELP-CCMV, VY1-VY8 ELP-CCMV
concentrations (100, 500 and 2000 mM NaCl) at both 4 and 21 �C

[NaCl] Standard ELP-CCMV

100 mM

500 mM

2000 mM

This journal is © The Royal Society of Chemistry 2020
assemblies but also to analyze the accessibility of the N-
terminus due to antibody recognition in a highly sensitive
manner. Moreover, the relative bulkiness of the antibody does
not allow binding to the N-termini when they are located in the
particle core. Since full dimerization of the more stable VY1-VY8
ELP-CCMV was not achieved at 4 �C, even in the presence of
100 mM of sodium chloride (Fig. 3A), the analysis of the anti-
body binding capacity was performed towards standard ELP-
dimers, VY1-VY8 ELP-CCMV capsids as well as stabilized
capsids at 21 �C in the presence of 500 mM of NaCl (Fig. 3B). We
normalized the binding efficiency to the maximum value
achievable with the dimers, as all N-termini of the CP should be
exposed and available for antibody binding. By analyzing the
capsids via this approach, a normalized binding efficiency of
about 7% was measured. This result demonstrated that the
antibody is capable of interacting with the His6-tag of pre-
formed particles. Since the antibody as well as the CP concen-
tration was constant under both conditions, the binding
observed at capsid level has to be attributed to the exposure of
the N-terminus on the particle surface. In the case of stabilized
capsids, a lower binding efficiency was recorded (3%) indicating
and stabilized VY1-VY8 ELP-CCMV at neutral pH under different salt

VY1-VY8 ELP-CCMV Stabilized ELP-CCMV

RSC Adv., 2020, 10, 38774–38781 | 38777
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Fig. 2 (A) SDS-PAGE analysis of GFP conjugation. Proteins were visualized with Coomassie staining. Bands associated with unmodified CP
appeared at 22 kDa, sortase A overlapped with GFP at about 27 kDa and GFP–CP conjugates appeared at about 49 kDa. GFP–sortase A
intermediate appeared about 50 kDa. Conversion percentages were calculated using ImageJ analysis (Experimental Section 2.7). *Impurity in
sortase A (Fig. S3, ESI†). (B) DLS analysis of standard ELP dimers, VY1-VY8-ELP capsids and stabilized capsids after 24 hours of incubation under
the same conditions used for sortase A reaction.
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that the N-terminal accessibility was reduced by over two-fold
compared to normal capsids.

Next, we analyzed the dynamic process involving CP inter-
mixing by using FRET. To this aim, a FRET pair consisting of
Cy5 and AlexaFluor-532 was selected. VY1-VY8 ELP-CCMV
capsids were prepared in PBS (2 M NaCl) and their assembly
state conrmed by DLS (Fig. S6, ESI†) and SEC (Fig. 4A).
Subsequently, capsids were independently functionalized with
one of the uorophores via maleimide-coupling. Labeling effi-
ciency was analyzed according to manufacturer instructions
(Table S4, ESI†) and conrmed by reducing SDS-PAGE analysis
(Fig. 4B) and size exclusion chromatography (Fig. 4C). Aer
purication, samples for FRET analysis were prepared. By
mixing capsids labeled with either Cy5 or AlexaFluor-532 in
a 1 : 1 molar ratio, the resulting FRET signal can be directly
associated to the CPs intermixing, thus allowing us to monitor
the dynamics of the system. Stabilized capsids, whose dynamic
behaviour was expected to be hindered, were prepared in the
same way. As a positive control, both uorescently labeled VY1-
VY8 ELP-CCMV particles were rst disassembled into dimers
(100 mM NaCl, Table 1), mixed together in equimolar ratio and
nally forced into capsid formation by increasing the salt
Fig. 3 (A) Native PAGE analysis of standard ELP-CCMV and VY1-VY8 EL
*Higher-ordered subunits or capsids were visible although the gel was p
VY8 ELP-CCMV capsids. (B) Native PAGE and western blot analysis of st
capsids performed at 21 �C. The intensity values for the anti-His6 HRP-l

38778 | RSC Adv., 2020, 10, 38774–38781
concentration in solution. This allowed us to obtain capsids
bearing both dyes in equimolar amounts and therefore
achieving the maximum FRET signal (positive control).

A mixture of unlabeled VY1-VY8 ELP-CCMV and AlexaFluor-
532 labeled VY1-VY8 ELP-CCMV (1 : 1 molar ratio) was prepared
as a negative control. The dynamic behavior of nanoparticles
was monitored for one week by measuring the FRET emission
spectra at both 4 �C and 21 �C. These temperatures were
selected, in combination with a high salt concentration (2 M
NaCl), to guarantee that neither particle aggregation nor protein
unfolding may occur. A signicant increase of the normalized
FRET ratio was observed for capsids at both temperatures,
especially within the rst 24 hours (Fig. 5). As expected, the
analysis of the negative control, consisting of capsids func-
tionalized with the uorophore donor only (AlexaFluor-532),
resulted in negligible background signal. These data clearly
demonstrated CP intermixing over time. The trend of the curves
related to intermingled capsids, and in particular at 21 �C,
suggests that more time compared to the positive control is
required for capsids to reach an equilibrium and with that the
maximum FRET value. When analyzing the behaviour of labeled
particles aer stabilization, a different trend was observed. In
P-CCMV dimers performed at 4 �C to ensure the disassembled state.
erformed under cold conditions, indicating the higher stability of VY1-
andard ELP-CCMV dimers, VY1-VY8 ELP-CCMV capsids and stabilized
abeled antibody were normalized against ELP-dimers.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (A) SEC chromatogram of VY1-VY8 ELP-CCMV capsids in PBS (2 M NaCl): elution volume�13 mL. (B) SDS-PAGE characterization of VY1-
VY8 ELP-CCMV capsids labeled with Cy5 and Alexa 532. CP bands appeared at 22 kDa. Coomassie blue staining (left); overlapped false color
images obtained by illumination (Cy5 excitation at 630 nm and Alexa 532 at 530 nm) with a LED light source (LED Trans illuminator BT509) and
emission through either a 670/10 nm (Cy5) or a 590/55 nm (Alexa 532) emission filter (right). (C) SEC chromatograms of VY1-VY8 ELP-CCMV
capsids labeled with either Cy5 (left) or Alexa 532 (right) in PBS (2 M NaCl): elution volume �13 mL. Negligible absorbance measured at 646 nm
(Cy5 labeled capsids) and 532 nm (Alexa 532 labeled capsids) is due to broad absorbance spectra of the dyes.

Fig. 5 FRET analysis of VV1-VY8 ELP-CCMV dynamics. Measurements were performed over one week at 4 �C (left) and 21 �C (right). Values were
normalized against the maximal FRET ratio (positive control).
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this case, CPs' dynamics was indeed limited since the increase
in the FRET ratio was signicantly slower. Additionally, it was
shown that also the temperature plays a role in this process.
Indeed, higher normalized FRET ratios observed for both
This journal is © The Royal Society of Chemistry 2020
capsids and stabilized capsids at 21 �C indicate that the
dynamics of these systems and therefore CP exchange was faster
compared to the experiment performed at 4 �C. All data re-
ported indicate dynamic behaviour of the CPs, which is more
RSC Adv., 2020, 10, 38774–38781 | 38779

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra07612k


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
O

ct
ob

er
 2

02
0.

 D
ow

nl
oa

de
d 

on
 1

2/
5/

20
25

 1
:3

4:
51

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
clearly observed within the rst 24 hours of incubation. More-
over, the attening of the slope of the FRET curves over time,
observed for both capsids and stabilized capsids, indicate that
a dynamic equilibrium was reached.
4. Conclusions

From our data, it becomes clear that the N-terminal localization
on CCMV-VLPs and dynamic intermixing of CPs represent
highly interconnected processes. Both aspects need to be
considered when developing a drug delivery system or a smart
nanoreactor for biological applications based on these protein
cages. First, the N-terminal position is not only important when
considering cargo loading but also when performing particle
functionalization. In particular, its partial external localization
may indicate that a specic payload, either covalently linked or
electrostatically bound to this portion of the protein, could be
partially exposed on the particle surface. On the other hand, the
presence of free N-termini on the capsid exterior could repre-
sent an additional handle for further particle functionalization
aer cargo loading.

Our results clearly demonstrate that even in the case of ELP-
induced assembly, where salt is used to trigger ELP hydro-
phobic interactions and orientation towards the inner cavity of
the capsids, some of these N-terminal residues are still exposed
on the particle surface. At the same time, we have shown that CP
intermixing is an ongoing dynamic process. Even though ELP-
CCMVs display higher stability under nearly physiological
conditions, the dynamic behaviour of ELP-CPs is not completely
inhibited. When designing systems for drug delivery, stabilizing
particles with a crosslinker which hampers the dynamics could
prove to be a necessary measure to prevent early cargo leakage.
Therefore, in order to use these particles in biomedical appli-
cations the balance between stability and dynamicity should be
carefully tuned.
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