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The study of virus protein shells mechanics in the elastic regime has provided insights into
the virus strength and structure, such as the rigidity of the shells or the precursors of the
disassembly. However, there is a lack of information about the plasticity of viral cages,
including their molecular and structural determinants, which results in the permanent
deformation of particles without breakage. Here, we investigate the effects of pH and ions
sequestration on the mechanics of individual Tomato Bushy Stunt Virus nanoparticles
(TBSV-NPs) by using Atomic Force Microscopy (AFM). Our experiments show that the
depletion of calcium ions from the intra-capsid binding sites reduces the stiffness of TBSV-
NPs and induces an elastic-plastic transition on the mechanical response of these shells.
Interestingly, we found that this plastic transition could be triggered by mechanical
deformation, a fact that was also supported by a careful analysis of the virus adsorption
geometries on the surface. All these results indicate that, apart from act as structural stabilizer
of the capsids, calcium ions may be inextricably linked to the molecular determinants of
plasticity in TBSV-NPs. Finally, we suggest that the capsid plasticity of TBSV-NPs may not
only have implications during the infection of plant cells, but may also increase the stability
of these cages for cargo transportation at the nanoscale.
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1. INTRODUCTION

Viral capsids are self-assembled macromolecular shells that naturally protect, shuttle and
release the enclosed genetic material upon the proper physicochemical conditions. ' The
stability of the viral shells has been finely tuned by evolution for responding to the variety of
environmental conditions encountered along their life cycle. This enormous adaptability to
the environment, together with the possibility of genetically engineering their coat protein
(CP) coding sequence, have made viruses attractive systems to construct virus-derived
nanoparticles (VNPs) for applications in bionanotechnology. > In this context, the
investigation of virus physicochemical properties under different conditions has become a
cornerstone for the future use of these nanostructures for human benefit. In particular, the
study of virus mechanics by Atomic Force Microscopy (AFM) 3 has emerged as a powerful
source of information to unravel the structural role of nucleic acids, > mutations, 7 or
maturation. %' Moreover, AFM has also contributed to understand the influence of
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environmental conditions on the stability of the viruses, including pH variations
humidity. 3

The study of mechanical properties of viral shells pivots on the measurement of two
parameters, the stiffness and the breaking force, both determined by recording indentation
curves that result from squeezing the particles with an AFM tip. The stiffness, directly linked
to the spring constant of the viral shell,'* is obtained from the elastic regime of the
deformation and permits to determine the Young’s modulus of the virus on the basis of the

continuum elasticity theory. 3 On the other hand, the breaking force usually corresponds to

the end of the elastic regime and it is ascribed to the force needed to disrupt the capsid. '°

2



However, after the elastic limit, indentation curves present a variety of nonlinearities and
steps, commonly associated with the loss of structural subunits or non-linear deformations,
instance that may contain relevant information about the properties of the sample. > ' For
example, the existence of a plastic regime in viruses, understood as a permanent deformation

without fracture, has been scarcely studied. !

Plant virus capsids display a variety of properties particularly appropriate for their
applications in nanotechnology, such as their controllable genetic manipulation, their
inability to infect and replicate in vertebrates hosts, or their ease of production. ¥ Tomato
Bushy Stunt Virus nanoparticles (TBSV-NPs) are robust, stable, highly modifiable and easy
to manufacture using Nicotiana benthamiana as the production host. ' In addition, the
intrinsic tendency of these viruses to form ordered aggregates has been already used to build
homogeneous monolayers. 2° TBSV is a small non-enveloped virus with an outer diameter
of about 33 nm and an icosahedral symmetry with a triangulation number of T=3 (Figure
1A). The viral capsid is formed by the assembly of 180 subunits of a single CP and its genome
consists of a monopartite ss+tRNA. 2! An additional attractive feature of TBSV-NPs is the
possibility to access their inner cavity using a swelling process that mediates the reversible
opening of pores on the VNPs’ surface. 2 This process, which likely occurs during the first
stages of the infection cycle, increases the virus dimension through a Ca?*-dependent

transition and is required for the release of the RNA. 2
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Figure 1. TBSV structure. (A) Side view derived from X-ray diffraction data (pdb 2TBV).
24 One of the protein trimers at the quasi-threefold axes is drawn in yellow in the structure.
The trimer is composed of A-, B-, and C-type protein subunits: the A-type, packed around
the 5-fold axes (blue), and the B- and C-types that alternate around the three-fold axes
(colored in white and green, respectively). The black dotted lines drawn on the particle allow
to extrapolate the triangulation number (T) of the virus, which describes the distribution of
the capsomers on the surface of an icosahedral virus. For TBSV-NPs, T=3. (B) JM-AFM
images of wt CVNPs recorded in liquid. The dotted blue shows the line along which the
profile was taken. (C) Profile of the particle of B taken along its central part (dotted blue
lines). Due to the dilation effect between the particle and the tip, the inserted cross section is

deformed showing a broader width.

In this paper, we present the first experimental evidence of an elastic-plastic transition of

individual viral particles. Our AFM images showed that under mechanical stress TBSV-NPs
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were capable of deforming their structure irreversibly without fracture. In addition, we found
that the intra-capsid calcium ions and mechanical deformation were, respectively, the

molecular and physical determinants of virus plasticity.

2. EXPERIMENTAL DETAILS

2.1 TBSV-wt and TBSV-FLAG construct

Infectious cDNA clones were assembled using standard recombinant DNA techniques as
described in details in Grasso et al. 2012. ¥ In particular, the FLAG chimera construct is
characterized by the addition at the 3’ of the TBSV CP gene of an heterologous sequence

encoding for a GGPGGGG protein spacer followed by the DYKDDDK FLAG sequence.

2.2 Plant infection

Six to eight weeks old Nicotiana benthamiana plants were inoculated with two different
TBSV constructs. !° Briefly, cDNA templates of TBSV-wt and TBSV-FLAG constructs were
digested with the restriction enzyme Xmal. One pg of completely linearized cDNA was used
for in vitro transcription reaction following the manufacturer's instructions
(MEGASscript®T7 High Yield Transcription kit, Ambion Applied Biosystems). Plants were
mechanically inoculated abrading the adaxial side of two leaves per plant using the
carborundum powder (VWR International) mixed with the TBSV infectious RNAs,

previously checked for integrity by TBE denaturing agarose gel electrophoresis.

2.3 Virus purification

Virus purification was carried out as described in Grasso ef al. 2012. ' Briefly, infected

tissue was ground in liquid nitrogen and homogenized with 3 ml/g of ice-cold extraction
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buffer [SO mM sodium acetate, 1% (w/v) ascorbic acid, pH 4.5, supplemented with a cocktail
of protease inhibitors (Sigma)]. Homogenate was immediately filtered through Miracloth
and, after low-speed centrifugation, the supernatant was adjusted to pH 5.0 with NaOH and
ultracentrifuged for 1 h at 90000 x g at 4 °C, using a Sorvall-Thermo Scientific, WX ULTRA
100 ultracentrifuge with an AH629 rotor. The pellet was gently suspended in ice-cold acetate
buffer (50 mM sodium acetate, pH 5.3) and then centrifuged at low-speed for further
clarification. Quality of the preparations was verified by a silver stained 13.5% SDS-PAGE
(Figure S1). Viral particles concentration was quantified using Bradford Reagent (Bio-Rad)

and Bovine Serum Albumin (BSA) as reference standard.

2.4 Sample preparation for AFM measurements

We studied four different forms of TBSV-NPs: compact wt TBSV-NPs, swollen wt TBSV-
NPs, recompacted wt TBSVs-NPs, and Ca?*-free wt TBSV-NPs (Table 1 and Figure 2A and

2C). In addition, we investigated the FLAG chimera VNPs.

i) compact wt VNPs (wt CVNPs) and FLAG chimera VNPs: stock VNPs solution (3.03
ng/ul for wt and 8.08 ug/ul for FLAG in Na-acetate 50 mM, pH=5.3) was diluted 1:100 into
the acidic buffer (NiCl, 5 mM, Na-acetate 50 mM, pH=5.3). A 20 pl drop of this diluted
solution was incubated in a freshly cleaved mica surface and, after 30 minutes, washed until
reaching a volume of 60 ul. The tip was also prewetted with a drop of 20 ul of the acidic
buffer before starting AFM measurements. AFM images of wt CVNPs and FLAG chimera

VNP were all conducted under acidic buffer conditions.

ii) swollen wt VNPs (SVNPs): stock virus solution was diluted 1:10 in swelling buffer

(TRIS-HCI10.1M, pH 8.5, EDTA 50 mM) and incubated for 2 hours at 4°C. Then, the solution
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was diluted 1:10 in swelling buffer in the presence of NiCl, (TRIS-HC10.1 M, pH 8.5, EDTA
50 mM, NiCl, 5 mM) before incubating a 20 pl drop of this solution on the mica surface.
After 30 minutes the sample was washed with swelling buffer, maintaining always an
aqueous environment. The tip was prewetted with a 20 ul drop of swelling buffer, in which

the measurements were carried out.

iii) recompacted wt VNPs (RVNPs): the swollen VNPs (stock viruses diluted 1:10 in
swelling buffer during 2 hours at 4°C) were diluted 1:10 into compacting buffer (200 mM
CaCl,, 50 mM Na-acetate, pH=5.3) and incubated for 2 hours at 4°C. Afterwards, the solution
was diluted 1:2 into acidic buffer and a 20 ul drop of this solution placed on a cleaved mica
surface. After 30 minutes the sample was washed with the acidic buffer in which AFM

images were acquired.

ii) Ca’*-free wt VNPs (IFVNPs): stock virus solution was diluted 1:10 in the swelling
buffer (TRIS-HCI1 0.1 M, pH 8.5, EDTA 50 mM) and incubated for 2 hours at 4°C.
Afterwards, the solution was 1:10 diluted into acidic buffer. A 20 pul drop of this diluted
solution was deposited on a freshly cleaved mica surface and washed with acidic buffer after
30 minutes of incubation. The swelling buffer promoted the deprotonation of the aspartate
residues of the calcium binding sites (pH=8.5) and the consecutive sequestration of the Ca?*
ions by the EDTA which, in this case, were not added when lowering the pH conditions. All

the experiments were conducted under acidic buffer conditions.

2.5 AFM experiments

All measurements were conducted with an AFM (Nanotec Electronica S.L., Madrid, Spain)

operated in jumping mode plus (JM) in liquid.?> AFM images and nanoindentation
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measurements were carried out by using silicon-nitride, rectangular cantilever (Olympus,
RC800PSA) with a nominal spring constant of 0.7 N/m and a tip radius of about 15 nm. We
chose these cantilevers because their spring constant was similar to the spring constant of the
sample, which increases the sensibility of the measurements. To calibrate the spring constant

of the cantilever we used the Sader’s Method.

AFM topography images were acquired in JM plus. In this mode the tip perform a force
vs. distance curve (FDCs) over all the points of the image up to a given maximum force
determined by the user. The tip moves from one point to another when is far from the sample,
thus reducing any damage of the sample due to lateral force. Our AFM images were taken at
an average controlled constant force of about 200 pN. To process the images we used the

commercial software provided by WSxM.

To carry out the nanoindentation experimetns, individual FDCs were performed on top of
each particle by extending the Z-piezoelectric while registering the deflection of the
cantilever. All FDCs were all performed at the same z-piezo displacement (of about 17 nm
from the contact point) with a loading rate of around 60 nm/s. To obtain the mechanical
response of the virus, we constructed the force vs. indentation curve (FIC) by subtracting the
piezo displacement on the particle from the piezo displacement on the substrate. > Then, the
spring constant of the particle was obtained from the slope of the initial linear part of the FIC
(green dashed lines in Figure 3A). The linear part of the indentation (regarding the elastic
response of the shell) is sometimes preceded by a short-range non-linear region due to
electrostatic, van der Waals, and hydration forces.?® 2’ Therefore, this initial curvature was

excluded from the fitting. Likewise, the fitting was usually extends to the elastic limit.



However, if the FIC presented a shoulder before the elastic limit (as it does in the case of
Figure 3C) the fitting was end before it. In these cases, the slope of the FIC after the shoulder
was checked to ensure that it may be ascribed to an adjustment of the tip on the shell and not
to a damage of the particle. This procedure has been established during the last decade for
study of virus mechanics, some reviews have recently published the main goals achieved on
this field.'* 2® The elastic limit was considered as the maximum force reached at the end of
the linear deformation. !> During the first 5 deformations, the VNP was imaged before and
after each FDC. From there on, the particle was cyclically loaded and images were taken
after sets of 5 FICs. We stopped the loading when the particle responded as a solid object.
All the images were analyzed using the program WSxM;  and the profile along the top of

the VNP was taken with a 5 nm radius of influence.

3. RESULTS

3.1 Topographic characterization. The high-resolution AFM image of a typical wt
CVNP on mica (Figure 1B) presents a diameter (height) fully compatible with the nominal
size obtained from the X-ray structure,?* where data from hundreds of different particles are
averaged. The granular structure observed in this image can be attributed to the protruding
domains present on the outer shell of the TBVV-NP. Therefore, despite the tip-particle lateral
convolution (Figure 1B) we are able to achieve resolution of the order of 5 nm, which
correspond to the size of the protein protrusion. To confirm that this rough appearance of the
outer shell was not and artifact we confirm that the same topography was found on particles
imaged with other tips (Figure S2).

In order to study the stability of the virus upon absorption, we imaged larger areas (of about

1 um?) under different chemical conditions and measured the height of individual particles
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(Figure 2C). The statistical analysis of AFM topographies unveils that wt CVNPs and RVNPs
present the same average height (red and blue bars in Figure 2E). In contrast, SVNPs collapse
into structures with an average height of about 10 nm (black bars in Figure 2E). We also
studied the effect of removing ions from the viral shell by decreasing the pH of SVNPs in
the absence of Ca?" ions. In this case, most of IFVNPs maintain their virus-like structure,
with an average height of about 30 nm (green bar in Figure 2E), though the existence of
structural virus subunits on the mica suggests that some of them were most likely destroyed
during the adsorption (Figure 2C). This increase of small structures on the substrate for the
cases of SVNPs and IFVNPs supports the idea that these two forms are the feebles, thus
easier to be destroyed. To explore the instability of the virus on other substrate, we incubated
the SVNPs on HOPG (Highly Oriented Pyrolytic Graphite). In this case, we found that under
alkaline conditions SVNPs were disrupted in a more dramatic way than on mica (Figure S3):

particles disassembled in multiple subunits with final height of less than 10 nm in average.

10
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Figure 2. Schematic representation of the swelling process and height histogram of the
adsorbed VNPs (A) Representation of the pH-induced expanding-compacting process.
Under neutral conditions (pH=5.3) the Ca*" ions are located at specific binding sites (red
dots) contributing with an attractive component to the inter-protein interaction. The swelling
of the particle was achieved by increasing the pH in the presence of EDTA. 22 2330 This
procedure promotes the expansion of the capsid as a consequence of the deprotonation of the
aspartate residues at the calcium binding sites and the subsequent sequestration of such ions.
The swollen forms were either (1) recompacted by lowering the pH in the presence of calcium
(RVNPs) or (2) compacted by lowering the pH without calcium ions (IFVNPs). (B) Sketch
of the conformational change associated with the swelling process. On the left, the subunits
of the trimmer before the expansion are tightly packed and the Ca**-binding sites include the
ions (red dots). On the right, after the expansion, the Ca?" ions have been removed and the
electrostatic repulsion between subunits opens pores at the quasi-threefold axes. (C) JM-
AFM images, acquired in swelling buffer (pH=8.5) for SVNPs and in imaging buffer
conditions (pH=5.3) for the rest of TBSV-NPs, show the adsorption of the different forms of
TBSV-NPs. In this case, the areas scanned were about 800° nm?. (D) Profiles of the different
forms of TBSV-NPs absorbed on mica in liquid environment, taken along the central part of

each particles. (E) Histograms of height of the different forms adsorbed on mica.

3.2. Mechanical properties. Nanoindentation experiments relied on squeezing individual
VNPs with an AFM tip while registering the cantilever deflection vs. the piezo displacement
3 The resulting FICs (obtained after subtracting the deflection of the cantilever) provide

information of the mechanical properties of the particle such as the stiffness and the elastic
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limit. 43! In addition to them, also resistance to material fatigue can be addressed by applying
cyclic loading with single indentation assays.!'? Figure 3 shows, respectively, the mechanical
and topographical evolution of a wt CVNP and a IFVNP. The consecutive FICs performed
on the wt CVNP present three different mechanical responses: an elastic regime, an elastic-
plastic regime, and a non-linear regime. FIC#1 (elastic regime) responds linearly until a force
of about 4.8 nN, where a sharp drop of the force is registered. The small shoulder transition
at a force of about 1.5 nN observed in this curve is likely caused by an adjustment of the
AFM tip on the VNP surface (or of the VNP on the substrate), which explain why the slope
of the FIC after this transition is maintained. In addition, the drop after the elastic limit, with
a negative slope, indicates that the particle yields under the tip.*? This feature suggests that
the particle has likely suffered a structural damaged. The fact that the consecutive AFM
images do not show a clear defect on the structure may be the consequence of a limitation on
resolution; we need to keep in mind that the relative size of the tip-sample is almost 1.
However, the retraction curve (blue line) supports the formation of a crack as the hysteresis
loop that it defines is characteristic of an irreversible deformation. In addition, subsequent
curve FIC#2 also corroborate this idea because the elastic limit is reached at lower values (~
2 nN) and is followed by a smoother decrease in force, an indirect indicator of a change in
the structure of the particle. From FIC#2 to FIC #6 the mechanical response of the particle
shows an elastic-plastic regime. Finally, FIC#9 and FIC #10 do not longer present a linear
regime at the beginning. The topographical control of the wt CVNP after each curve permits
to monitor the gradual decrease in height after each indentation (Figures 3B and 3C) and
evaluate the topography surface. Despite the change in the mechanical properties, AFM
images show no any dismantlement of the viral shell until the tenth frame. Although the AFM
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resolution does not allow to appreciate the cracks in the topography, it probes that TBSV-
NPs are endorse with the ability of maintaining together their protein subunits into a round-
shaped shell instead of dismantling. Likewise, Figure S4 confirms the absence of cracks and
the progressive loss of height of three different wt CVNPs subjected to cyclic loading. On
the other hand, the same experiment performed on an IFVNP (Figure 3D) does not reveal
any difference between the FIC#1 and FIC#2. In this case, FIC#1 already displays a plastic
transition at a similar force than in FIC#2. The topographical evolution of this particle also
reveals an irreversible decrease in height without cracks along the consecutive loading

(Figures 3E and 3F).

Figure 3. Cyclic loading with single indentation assays. (A) Cyclic loading performed on
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a dotted blue line in the AFM images) and are labeled according to the number of FIC
performed on it (i.e., the profile labeled as 1 shows the topography in which the FIC-1 was
performed). (D, E, F) The same experiment performed on a IFVNP. The inset of Figure 3D
illustrates the characteristic mechanical response of malleable material, consisting of an
initial elastic response (red line) preceding a plastic deformation (blue line). All the images

were acquired in JM-AFM under acidic buffer conditions (pH=5.3).

Figures 4A and 4B show the initial 3 FICs performed on 11 wt CVNPs and 16 IFVNPs,
respectively. The comparison of the elastic limit along the loading cycles (Figure 4C)
demonstrates that wt CVNPs and IFVNPs present a distinct behavior at the beginning
(FIC#1) but similar in the subsequent deformations (FIC#2 and FIC#3). Likewise, Figure 4D
depicts the evolution of the spring constant of the wt CVNPs (black line) and the IFVNPs
(blue line). Although the stiffness decreases monotonically for both kinds of particles, wt
CVNPs starts with a stiffer elastic constant. In addition, our data show that the FLAG chimera
VNPs presented very similar mechanical parameters to those of the wt CVNPs (Table 1 in

Supporting Information and Figure S4).
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Figure 4. Comparison between the mechanical properties of wt CVNP and IFVNPs. (A) The
graph shows the overlap of the first three FICs performed on 11 different wt CVNPs: first
curve (black), second curve (dark grey), and third curve (light grey). (B) In this case the
graphs show the curves performed on 15 IFVNPs. (C) Comparison of the evolution of the
elastic limit between wt CVNPs (black line) and IFVNPs (blue line). (D) Comparison of the
evolution of the elastic constant, obtained by fitting the linear part that precedes the plastic
transition, for wt CVNPs (black line) and IFVNPs (blue line). (E) Comparison of the
evolution of the height between wt CVNPs (black line) and IFVNPs (blue line). It indicates

the average height of the particles before performing the corresponding FIC.
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4. DISCUSSION

Presently, we discuss the results from a twofold perspective, including the topographical
aspects of viral particles adsorption and the mechanical characterization addressed by
nanoindentation experiments.
The high heterogeneity of charge density and hydrophobic patches within a virus shell permit
the anchoring of the particle to substrates through a combination of van der Waals,
electrostatic and hydrophobic forces. ** Therefore, AFM imaging of absorbed particles
provides valuable parameters that reveal subtle details about VNPs stability. Our experiments
demonstrate that wt CVNPs and RCVNPs show a height (~34 nm) in agreement with the
expected diameter of X-ray data, 2* probing the structural stability of these viruses upon
absorption and demonstrating the reversibility of the swelling process. Contrariwise, the
average height of IFVNPs (~29 nm) indicate that these structures were deformed about 15%
in respect to their nominal size due to the force exerted by the surface. We also found that
this reduction in height of IFVNPs was accompanied by a decrease in spring constant. This
demonstrates that Ca?* ions sequestration weakens the structure and increments the
deformability of the particles, which results in a broader dispersion in height. On the other
hand, the feeblest form of TBSV-NPs was found under alkaline conditions in the absence of
Ca*" ions, as the AFM images of SVNPs demonstrate, showing a deformation of about 70%
(Figure 2C and S3). Since RVNPs were obtained from SVNPs by decreasing the pH in the
presence of Ca?* ions in solution, the collapse of SVNPs is likely caused by the interaction
with the substrate. In addition, the geometry showed by the AFM images of SVNPs (Figures
2C and S2D) suggests that the internal RNA was likely ejected during the absorption as the
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final size of the particles slightly corresponded to a wall-to-wall structure, similar to a
deflated football.

The mechanical properties obtained in relation to the different kind of VNPs support the
adsorption results afore discussed. If we consider the spring constant as a measurement of
virus deformability, Figure 4D indicates that IFVNPs are softer than wt CVNPs in about 0.2
N/m. This major deformability could then explain why IFVNPs present a lower and more
heterogeneous height. Indeed, the interaction between the IFVNPs and the surface may
reduce the apparent height of the VNPs due to their major plasticity. The plastic behavior of
TBSV-NPs is confirmed by the successive topographies obtained after each indentation
which, after the monotonic decrease of the height (Figure 4E), do not show fractures or cracks
of the viral shell (Figures 3C, 3F and S4). Previous mechanical studies of VNPs have shown
that the AFM tip usually removes individual structural components. '% 121316 Most of times
FICs presented a linear response that ended with a sudden drop of the force ascribed to the
rupture of the structure. In contrast, our data show that FICs present a plastic regime that may
be attributed to an irreversible deformation of the structure without fracture. The fact that
TBSV-NPs do not present fracture under mechanical stress, '* is likely caused by the presence
of inner capsid protein tails that protrude into the virus interacting with the ssSRNA and
maintaining the viral subunits together. In fact, the last curves of the loading cycle for both
particles reveal a Hertzian regime, typical of solids deformation. These final structures
present a height which is compatible with the presence of RNA inside the viral particle. The
complex amalgam of inner protein tails with the RNA genome likely flows plastically under

mechanical stress avoiding the fracture of the structure into subunits.
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Our results also suggest that the tendency to plasticity can be achieved by either deforming
the particles with the AFM tip or by sequestering the calcium ions embedded into the capsid.
Remarkably, we found that IFVNPs are mechanically indistinguishable from wt CVNPs that
were previously squeezed: the second indentation performed on wt CVNPs shows that the
stiffness of the particles decreases to the initial value of IFVNPs (Figure 4C). This analogy
is further supported by the threshold of the plastic transition; while the first deformation of
CVNPs present an elastic behavior until forces of about 3 nN, the successive FICs reach the
plastic transition at the same values than IFVNPs (~1.7 nN) (Figure 4C). The differences
between wt CVNPs and IFVNPs are likely the consequence of some unspecific inter-proteins
rearrangements promoted by the chelation of calcium ions. The self-assembly process of
TBSV-NPs needs a precise balance between electrostatic and entropic contributions of ions,
capsid proteins and genome. 3° The lack of these calcium ions in the case of IFVNPs may
likely introduce mismatches during the recompaction which promotes the softening of the
VNPs and the decrease of their elastic limit. Nonetheless, structural studies have proved that
the insertion of ions in the viral capsids increase their stability. 3* Therefore, by deforming
the capsid with the AFM tip we may also induce some protein rearrangements that facilitate
the plasticity of the capsids. The capacity of deforming plastically confers TBSV a great
stability against fracture, and may be a sign of adaption for infecting plant cells. In fact,
differently from animal viruses, plant viruses do not gain access into the cell by specific
receptor-dependent internalization mechanisms but their entry is accompanied by a brute
force necessary for damaging the cuticle and cell wall. ¥

Finally, we have studied the stability and mechanical response of TBSV-NPs whose outer

surface was artificially modified. Functionalization by genetic modification of the coat
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protein gene can be used to introduce new properties onto VNPs surface. In particular, using
this approach a seven amino acid long spacer (GGPGGGG) followed by a eight amino acid
long FLAG sequence (DYKDDDK) has been previously fused at the C-terminal end of the
CP, known to be exposed and freely accessible on the outside of the TBSV-NPs, resulting on
a stable display on each of the 180 CP subunits. !° Our results demonstrate that this
modification, which involves the whole external surface, does not alter the mechanical
stability of the TBSV-NPs, which proves the robustness of these nanocages for future

applications.

5. CONCLUSIONS

In this paper, we report the first experimental evidence of an elastic-plastic transition of
individual viral cages. Specifically, we have subjected individual TBSV-NPs to consecutive
loading cycles and have complementary compared the curves of deformation with the AFM
images. The topographical characterization after each deformation has revealed the
progressive and irreversible deformation of the capsid without cracks. We have also shown
that Ca®" ions are likely the molecular determinants of the elastic-plastic transition, since
their depletion from the virus structure induce a decrease of the elastic limit. Our experiments
demonstrate that this transformation can also be induced by squeezing the particles with the
AFM tip, thus establishing a direct link between a chemical and a mechanical stresses. As
TBSV-NPs are subjected to a brute force when entering the cell, they have to mechanically
damage the cuticle and cell wall, ¥ this parallelism could even find similarities during the

plant cell infection. In any case, beyond its potential role during plant cell infection, plasticity
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endow potential protein shells nanocontainer with extra structural stability as they are able to
maintain the cargo constrained into the capsid under mechanical stress.
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