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Icosahedral virus capsids are closed shells built up with a hexagonal lattice of proteins, which
incorporate pentamers at their fivefold vertices. Human adenovirus particles lose pentamers (pentons)
during infection under a variety of physicochemical cues, including mechanical pulling of molecular
motors and the viscous drag of the cytoplasm. By combining atomic force microscopy experiments with
survival analysis and Markovian transition state theory, we investigate the sequence of adenovirus penton
disassembly that reveals the aging of the virus structure. We show evidence that the lifetime of pentons
gradually decreases, accompanied by capsid softening as neighboring pentons are lost. This cooperative
dismantling process, which involves first-neighbor penton-penton distances of at least 45 nm, leads to a
50% increase in the virus disassembling rate of the virus particle. Theory and experiments fit remarkably
well, allowing us to obtain the spontaneous escape rate and the energy barrier of penton disassembly
(~30kpT). The observed increase in the penton’s loss rate reveals long-range structural correlations within
the capsid. Our estimations suggest that the mechanical cues arising from the strokes of protein motors
carrying the virus to the nucleus could help penton disassembly and warrant the timely delivery of weak-

enough capsids for adenovirus infection.

DOI: 10.1103/PhysRevX.11.021025

I. INTRODUCTION

Upon entry into the host cell, eukaryotic viruses undergo
a controlled genome uncoating process [1], which usually
requires capsid disassembly following a timely precise
process. In icosahedral viruses, protein subunits (capsom-
ers) are organized in 20 triangular facets delimited by 12
fivefold vertices forming a structure of hexamers and
pentamers [2]. Pentamers are located at each one of the
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12 vertices surrounded by five hexamers. Therefore,
pentons can be understood as the disclinations needed
for achieving the curvature of a closed cavity using a planar
hexagonal lattice [3]. Because of the geometrical con-
straints of the pentons within the icosahedral capsid, they
are subjected to built-in mechanical stress [4—6]. In fact,
some experimental findings report pentons as the weakest
capsomers of icosahedral viruses under thermal or chemical
stress [7,8]. In adenovirus, penton release is a necessary
step for uncoating and infectivity [8,9]. Adenoviruses are
responsible for acute infections in immunocompromised
individuals, but they are also widely used as potential
therapeutic tools [10—14]. Human adenovirus type 5 (AdS5)
has a pseudo T =25 icosahedral shell composed of
12 pentons and 240 hexon trimers occupying the hexamer
positions [15]. A protruding fiber is attached to the penton
base to mediate binding to the cell membrane protein CAR
[16,17] [Fig. 1(a)]. For a successful infection, the adeno-
virus particle releases protein VI to escape into the cytosol.
This process requires capsid opening by penton loss
[18,19]. AdS uncoating has been mimicked in vitro by

Published by the American Physical Society


https://orcid.org/0000-0001-6036-404X
https://orcid.org/0000-0001-6098-9912
https://orcid.org/0000-0001-9642-0568
https://orcid.org/0000-0003-2237-1403
https://orcid.org/0000-0001-9799-175X
https://orcid.org/0000-0002-6801-640X
https://orcid.org/0000-0001-6637-2091
https://orcid.org/0000-0003-2386-3186
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevX.11.021025&domain=pdf&date_stamp=2021-04-30
https://doi.org/10.1103/PhysRevX.11.021025
https://doi.org/10.1103/PhysRevX.11.021025
https://doi.org/10.1103/PhysRevX.11.021025
https://doi.org/10.1103/PhysRevX.11.021025
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

NATALIA MARTIN-GONZALEZ et al.

PHYS. REV. X 11, 021025 (2021)

(@ (b)
) N

(c)

Free energy

Reaction coordinate

FIG. 1. Adenovirus in biological context, experimental and
theoretical setups. (a) Ad5 infection. (b) AFM jumping mode.
The tip approaches the sample (1), then withdraws (2), and moves
laterally to the next pixel (3). Two missing pentons are shown
(white circles). (c) Energetic profile of penton release process
when two states are considered.

physicochemical cues such as heat, inducing partial dis-
ruption and disassembly of the capsid shell [18]. The cyclic
mechanical loading induced by an atomic force microscope
(AFM) stylus also supplies energy to the system, allowing
it to simultaneously trigger and monitor the disassembly of
individual Ad5 particles in real time [19]. Pentons of
the facet oriented upwards in mica-adsorbed particles
escape sequentially, and afterwards, the shell cracks open,
allowing genome release [20]. In this work, we explore the
dynamics of AdS penton release by combining single-
particle AFM imaging experiments with theoretical mode-
ling based on survival analysis.

II. METHODS

A. Production of human adenovirus 5 virus particles

For this study, we used the El-deleted AdS variant
Ad5GL, which lacks fundamental genes for replication but
produces structurally wild-type particles in complementing
cell lines [21]. AdSGL was propagated at 37°C in HEK 293
cells (MOI of 5) and harvested at 40 h postinfection. Virus
particles were purified by equilibrium centrifugation at
18°C in two consecutive CsCl gradients. Bands extracted
from the gradients were desalted on a Bio-Rad 10 DC
column and stored in HBS (20 mM HEPES, pH 7.8,

150 mM NaCl) supplemented with 10% glycerol at —80°C
for long-term storage. The virus stock concentration was
5.1 x 10" viral particles (vp)/ml. For the AFM experi-
ments, samples were thoroughly dialyzed against HBS to
remove the storage glycerol and stored in 5 ul aliquots at
—20°C. Samples were diluted four times in HBS supple-
mented with 5 mM NiCI2, for a final concentration of
approximately 1.25 x 10'° (vp)/ml, and incubated during
20 min on cleaved mica. Then, a drop of 500 1 of HBS +
5 mM NiCl2 was placed on the AFM liquid chamber to
render a random population of virus particles (Fig. S1,
Supplemental Material [22]).

B. AFM experiments

AFM was used to consecutively image individual Ad5
particles and monitor the evolution of penton loss [19] and
to perform benchmark indentation experiments to obtain
the spring constants of the viral particles (k;). In brief,
we pipetted a droplet of virus solution on mica in the
presence of NiCl,, resulting in a random population of
single particles with an intact condition, i.e., with a
negligible substrate-induced deformation (Fig. S1). We
used rectangular silicon nitride cantilevers RC800PSA
(Olympus, Tokyo, Japan) with a nominal spring constant
of 0.05 N/m. This parameter was calculated before each
experiment by using Sader’s method [23]. The AFM
(Nanotec FElectrénica S.L., Spain) was operated in
Jumping Mode Plus in liquid [Fig. 1(b)] [24,25]. To
determine the stiffness of the viral particles, a first image
was taken; then, the tip was located at the top of the
particle, and a force-versus-distance curve was recorded.
During the first stage of indentation, the particles showed
a linear deformation from which their spring constant can
be derived [26].

C. Establishing the force range for controlled Ad5
penton release under mechanical perturbations

AFM imaging at low forces (about 70 pN) allows us to
select individual virus particles adsorbed on the mica
surface in a threefold orientation, presenting three intact
pentons [27]. For each selected capsid, we acquire a series
of AFM images inducing cyclic mechanical stress [19] with
forces between 100 and 250 pN [Fig. 2(a), top left]. We
note that the applied force should be large enough to
remove pentons during one experimental session (about
5 hours) and small enough to avoid sudden uncontrollable
large cracks on the viral particles. We find that the lower
threshold is 100 pN, close to the limit force value, allowing
us to obtain AFM images of viruses [24].

The experimental procedure consists of performing a
sequence of AFM images of the virus particle using a
prefixed imaging force F. Pentons are gradually lost, as
more images are taken, neatly showing that pentons are the
most fragile structures of the capsid. This result is in
agreement with previous experiments where capsids were
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FIG. 2. Penton release analysis by cyclic mechanical stress
assay. (a) Individual frames of one Ad5 particle at 150 pN (the
scale bar is 37 nm; white circles mark the penton vacancies—see
movie in Ref. [22]). (b) Penton release distribution at five forces.
Dots represent the experimental data. For example, for 100 pN
data (red), about 40% of the pentons remain on the capsid after
20 frames. Data fitting for a discrete Weibull distribution is shown
with solid lines. See details in Fig. S3.

subjected to heat stress [18,28] and with the existence of
built-in stress at the vertices [6]. In each experiment, we
recorded the image number (N;) at which we observed the
escape of the first (NV;), second (N,), and third (N3) pentons
[Fig. 2(a)]. Further imaging beyond the dissociation of the
third penton revealed how penton-less capsids undergo
further disassembly through cracking and crumbling [19]
(Fig. S2). In the experiments, we opted to use the applied
force F as the relevant parameter, instead of increasing the
imaging rate, which is also known to accelerate capsid
disassembly [29]. The imaging rate was fixed to about
10 ms per pixel (128 x 128 pixels), which is long enough
to guarantee the mechanical relaxation of the capsid after
obtaining the topographical data of each pixel [30]. This
rate includes other relevant experimental parameters, such
as the vertical distance traveled by the cantilever at each
pixel (jump off) and the sampling rate (jump sample)
[Fig. 1(b)] [24]. This rate ensures that each indentation is
independent from the previous one or, equivalently, that the
capsid does not accumulate any stress over successive

AFM strokes. In mathematical terms, this lack of memory
of the previous stroke is called the Markovian hypothesis
and will be used (and validated) later within the theoretical
framework for the escape process.

III. ANALYSIS AND RESULTS

A. Evidence of aging in the probability of penton
release: Weibull analysis

To investigate the statistics of penton escapes, we
first collect all the penton failure timepoints (measured in
frame number) in the same set of data {N} = {N|, N,, N3}
irrespective of the chronological order of escape [Fig. 2(b)].
We then construct the histograms for the number of escape
events observed at each image N and integrate (Fig. S3) to
obtain the cumulative probability P(N) for penton rupture
[Fig. 2(b)]. P(N) is thus the probability that some penton is
lost after taking N images at a given force F or, equivalently,
the fraction of released pentons from the total sample at a
given frame.

As shown in Fig. 2(b), P(N) significantly deviates from a
Poissonian distribution, meaning that the penton failure rate
is not constant but instead varies over time (i.e., over the
frame number N). To get more insight, we fit P(N) with a
Weibull distribution [31,32], which, in a survival analysis,
is a standard way to model processes with a time-dependent
failure rate. As the variable N is an integer, we use the
discrete version of the Weibull distribution whose cumu-
lative probability is

P(N) =1 —exp[=((N + 1)/(N,))’]. (1)

Here, (N ,) represents the average lifetime of a penton in
terms of the number of images. Note that the failure rate
varies with N as [d(log(1 — P(N)))/dN] = (B/(N,))-
(N/(N,))’~!, being determined by (N ) and the so-called
shape parameter f. Importantly, # determines how the
failure rate varies over time. Specifically, f =1 corre-
sponds to a constant failure rate, and in this case, the
Weibull distribution becomes equivalent to a Poissonian
distribution. By contrast, # > 1 is indicative of aging: The
failure rate increases over time (i.e., with N). Experimental
penton-escape probabilities [Fig. 2(b)] are found to be in
excellent agreement with aging, i.e., with Weibull distri-
butions having # > 1. In particular, we find =~ 1.5 for the
range 100 pN < F < 200 pN, while for F = 250 pN, it
increases up to # =~ 2.5, which indicates fast aging. In fact,
the increase in failure rate with time is even faster than
predicted by the Weibull test, as we did not consider that the
probability of finding a survival penton decreases after
another penton(s) disappears. For instance, after one of the
three accessible pentons is lost, the probability of hitting
one of the remaining pentons decreases by a factor 2/3, and
this contributes to a spurious decrease in the Weibull
analysis of the failure rate. As an aside, during the AFM
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experiments, we observe that when applying forces higher
than 150 pN, the experimental probability curves start to
overlap [Fig. 2(b)], preventing the use of higher forces. As
shown in the Supplemental Material [22], this experimental
resolution limit in force agrees with our theoretical pre-
diction for having a probability higher than 95% of penton
release during the acquisition of the first image (Fig. S4).

The increase of the penton release rate along the experi-
ment is a landmark of aging, which might arise either from
an accumulation of capsid stress during each pixel acquis-
ition or from the fact that we did not take into account the
chronological order of penton escape in the analysis. It is
important to elucidate between both causes because the first
one (stress accumulation) would be against the Markovian
hypothesis. To analyze this point, we remove the memory
stored in the chronological chain of escape events by
resetting the time counter each time an escape event takes
place. This approach allows us to study each penton-escape
event independently. To this end, for each applied force, we
gather three types of “time-interval” data: {n,} = {N,},
{ny} = {N,-N}, and {n3} = {N;3-N,}, which correspond
to the survival times for the first, second, and third
pentons, respectively. Notably, Weibull tests based on n;,
with i = {1,2, 3}, revealed that the resulting probabilities
P;(n) correspond to exponentials (i.e., f=~ 1.0, see
Table S1). The escape of a single penton is thus a
Poissonian (memoryless) process and confirms the validity
of the “Markovian hypothesis”; i.e., the tapping process
does not introduce stress accumulation in the capsid, as the
particle has enough time to relax between successive pixels
(taken every 10 ms). This result is to be expected, as the
mechanical relaxation time of virus capsids measured from
vibrational modes [33] is about 100 ps.

We then estimate the average escape rates for the first,
second, and third pentons, which correspond to well-
defined, “relaxed” states of the capsid. Interestingly, we
find that after the first penton is released, the average lifetime
of the following pentons is reduced. For instance, at
F =100 pN, the average lifetime of the first penton is
about37.5 min (12.5 images), while, for the second and third
pentons, it is about 27 min (9 and 8 images, respectively)
(Table S2). This fact explains the increase in failure rate over
image time observed in the Weibull analysis. The result
indicates that pentamer disassembly events constitute a
cooperative stepwise process, where the first step facilitates
the following ones. Cooperativity has a sense of “purpose,”’
which could be attributed to the need of the capsid to
gradually dismantle to achieve successful infection.

B. Estimation of the spontaneous penton-escape rate

We now focus on an analytical determination of the
probability of releasing the ith penton after taking n images
P;(n) (i = 1,2,3), which is amenable for comparison with
experiments. From a theoretical point of view, the transition
kinetics of penton release can be simplified as a two-state

process (bound and unbound) [Fig. 1(c)]. In the absence of
external mechanical perturbations (i.e., zero external work,
W = 0), the transition rate «, for a penton to change from
bound to unbound in a thermal bath is related to the free
energy well AG by a simple Arrhenius-type law,

o = wg exp <‘AG>. 2)

kyT

Note that ) is the spontaneous or natural escape rate, and
@ is the natural frequency of fluctuations of the penton in
the energy well. To extract a and then estimate AG, we use a
well-known strategy in transition theory [34], which consists
in applying mechanical work W into the system to lower the
free energy well (AG-W) and accelerating the penton-
escaping events to gather statistics in reasonable experi-
mental times. In the jumping mode imaging of the AFM, the
tip induces mechanical work to the capsid through an
intermittent force f op\ () whose time dependence is similar
to a tunable top-hat function (see the Appendix and Fig. S5).
From the virus perspective, each stroke of this long series of
indentations is extremely slow, and during each single jump,
the applied work W () > 0O increases the transition rate to the
unbonded state according to [34]

a(t) = ay - eV /KT (3)

where kp is the Boltzmann constant and T is the temperature.
To take a step further, we first propose a linear relation
between the work applied by the AFM tip and the set point
force (maximum F), W = —Fx,;, where x. is a constant
effective “indentation length.” A second route consists of
using the harmonic-well approximation, F = —kx, with an
effective spring constant of the capsid, k. The indentation is
then x = (—F/k), and the applied work becomes quadratic
in the applied force, W = (%)(F?/k), allowing us to compare
theoretically estimated values of spring constants k with the
experiments. The free parameters of the two-state model are
ag and either x; or the effective spring constant k£, which will
be calculated by fitting the theoretical P;(n) with the
experimental results.

The derivation of the single-penton-escape probability
P;(n) is detailed in the Appendix. Starting from the
expression for a(7) in Eq. (3), we first calculate the
probability P,(¢) of penton failure after a given time,
during a pixel. We are working with a Markov unidirec-
tional process (from a bound to an unbound state) repre-
senting a first-order kinetic reaction. In an ensemble
average, the increase in the number of unbound (or free)
pentons, dP(t), would be simply proportional to the
population of bonded pentons, and the master equation
reads
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Penton release distribution under Markov process model. Top: AFM images taken after the first, second, and third penton-

escape events (in the left panel, the scale bar corresponds to 44 nm). White circles mark the penton vacancies. Bottom: cumulative
probability of penton failure P;(n) for successive penton escapes when the capsid is exposed to strokes of forces of 100 pN, 125 pN, and
150 pN (right panel). Dots represent the experimental data, and dashed lines represent the model results [Eq. (5)].

dP(t) = a(t)[1 — P(1)]dt. (4)

The applied force fapy(f) used in Eq. (3) is experi-
mentally known [19] (see the Appendix), which permits us
to perform a change of variable, mapping the image number
“n” with real time in seconds. This mapping is essential as
Eq. (2) requires one to have the natural ¢ escape rate in
proper inverse-of-time units, to estimate the energy barrier
AG. Briefly, by integrating Eq. (4), we first determine the
escape probability after a single pixel and then integrate
over one complete image and finally over an arbitrary
number n; of images. The resulting expression for the
probability of releasing the ith penton is

Pi(n;) =1—(1-C;)", (5)

where C;, given in the Appendix, depends on the applied
force F and the free parameters we seek to find (x, k;, and
the natural escape rate of the ith penton, ay ;). By fitting the
theoretical probability P;(n) [Eq. (5) and the Appendix]
with the experimental results, we estimate x.¢ and ;. The
value of x. is found to be independent of the penton
index, and the best fit (x;; = 0.18 £ 0.03 nm) is used
for all the penton sequences. As shown in Fig. 3, the
theoretical model is in excellent agreement with exper-
imental data. Additionally, we estimate an increase in the

[0

spontaneous escape rate as the penton-release order “i
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increases: ag; =(2.7+£0.1)x107*s7!, &g, =(4.74£0.2)x
107*s7!, and ap3 = (6.4 £0.3) x 107* s~! (first, second,
and third pentons, respectively). Interestingly, the sponta-
neous escape rate of the third penton is about twice as fast
as the first one. As a curiosity, these values of the
spontaneous rates are of the same order as those reported
in the mechanical unfolding of proteins [35-37].

C. Weakening of the capsid stiffness

It has been reported that penton vacancies may be
accompanied by a change in the global capsid stiffness
[38,39]. Although this might seem logical, it is not a
common feature in nanomaterials [40]. The increase of the
failure rate that we observe after the release of the
first penton indicates a global effect, which could be
ascribed to the capsid structure softening. In addition, this
capsid softening is not obvious, as pentons are the weakest
capsomers of the virus structure [7,8]. We can estimate the
decrease in stiffness by using the ansatz W = (3)(F?/k),
based on the energy of a harmonic well with effective
local stiffness k. The form of the theoretical failure
probabilities was found to be in good agreement with
the experimental trends (Fig. S6) and allowed us to fit the
theoretical P;(n) with the experimental outcome to obtain
estimations for the capsid stiffness. For intact capsids, we
found kg = 0.50 £ 0.02 N/m, while for capsids without
one or two pentons, we obtained k; = 0.42 +0.01 N/m
and k, =0.41 +£0.01 N/m, respectively. These values
were compared with independent experimental data for
intact capsids (ky) and a group of 18 pentonless capsids
(k;). In these benchmark experiments, AdS pentonless
particles were obtained by applying a temperature stress
(T = 40°C during 5 minutes in solution), which caused
viral particles to lose at least one penton [18]. The bench-
mark experiments yielded k, = 0.58 +0.01 N/m (for a
capsid population of N = 50) [20] for intact particles and
0.42 +0.06 N/m (N = 18) [41] for heated capsids. These
values are consistent with those obtained from escape
probability distributions, where the penton number and
release order were considered. The similarity between the
estimated values of k; is remarkable if one considers that
both experiments are radically different. The benchmark
experiments measured k from the linear regime of the force-
indentation curves, using single indentation with a force of
a few nN, which ultimately causes large capsid deforma-
tions of tens of nm, as well as cracks and capsid breaking.
Here, we typically apply about 103 gentle AFM strokes of
about 100 pN, at low frequency (10 ms).

D. Estimation of the free energy
barrier for penton release

We have seen that losing pentons affects the Ad5 particle
in two ways: (i) a gradual increase in the penton-escape rate
and (ii) a decrease in the capsid stiffness. From the ratio
ap3/.1, Eq. (2) allows us to assess the difference between

the energy barriers of the third and first pentons, which is
about AG; — AG; = —1kgT. This value might indicate a
small but noticeable modification in the molecular con-
figuration of the residues sustaining the penton (after two
partners are lost), which leads to the particle softening.

Our analysis also allows us to estimate the average
energy barrier for the penton release, AG. For the process,
we need to estimate @, the rate of exploration of the
local well of the pentamer. A reasonable estimate is based
on the balance of cohesion forces and environmental
friction, and it yields wy = (k/&) ~ 10'° Hz (the penton’s
friction coefficient & is taken as the Stokes value in water,
where the dynamic viscosity is 7 ~ 1073 Pas). Alternative
estimations of @, require the cutoff radius of the well A
(a subnanometric length of the order of the junction
between the penton and the neighboring hexamers). We
infer that 1 must be similar to the displacement produced
by the limit force at which the loss of the penton can be
seen as extremely fast (i.e., approximately within a
single image), i.e., A = (Fiimii/k) =~ 0.5 nm. Thermal fluc-
tuations lead to an average kinetic energy Mv? = kgT,
and using wy=(v/A), this leads to @, = 6.4 x 10° Hz.
Vibrations around the quadratic potential lead to wy =
(k/M)'/?/(2x) = 10'° Hz. These three estimations are
quite close, and we conclude that wy= 7.0 x 10° Hz,
which is in good agreement with the relaxation rates of
capsid units evaluated from NMR spectra [42] and from the
vibrational modes via light scattering [33]. Taking loga-
rithms in Eq. (2) and averaging over {ag,}, we predict an
energy barrier of AG = (30 & 1)kgT. This value is con-
sistent with those reported in the literature for capsid
assembly, either from coarse-grained simulations [4] or
calorimetry studies [43]. The pairwise interaction between
capsid units is known to be between 5 and 6 kzT. For the
five contacts of the pentamer, this interaction leads to a total
binding free energy of about 30 k5T, which agrees with our
result.

IV. DISCUSSION

Theoretical simulations of virus assembly consider
capsomer interactions to first neighborhoods [4,44]. In
principle, this type of building method might suggest that
penton disruption is a local event depending solely on the
neighboring capsomers, i.e., hexons. However, we measure
a significant increase of the penton-escape rate after the first
penton is lost. In the Ad5 capsid, neighboring pentons are
about 45 nm away, so the loss of one penton is not expected
to induce a strong local modification of the protein
environment surrounding the other pentons. Since every
penton is surrounded by similar hexons, the penton loss rate
will not depend on the chronological order as long as their
local structural environment remains unchanged. However,
our analysis clearly shows that, far from being a local event,
penton disassembly depends on the global state of the
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capsid. Additionally, our analysis confirms a measurable
softening of AdS capsids after one penton is lost. Both
results suggest that the cooperativity in the penton-release
process (aging) is related to a gradual modification in the
global mechanical structure of the capsid. Notably, 45 nm
would be the largest correlation distance identified between
structural elements in a virus capsid [45] and other protein
assemblies [46—49]. Further support of this conclusion is
given in theoretical studies, which reveal that the tangential
stress distribution along the capsid presents long-range
correlations connecting pentons, being particularly strong
in T = 25 capsids [6]. Aside from a global change in the
particle stiffness, some enhancement in fluctuations and
particle breathing, perhaps also influenced by loss of
internal components such as protein VI or core protein
V [18], might also facilitate the next penton escape.

We now explore the implications of our findings in the
timeline of adenovirus uncoating [9]. In the initial stage,
integrins bind to the penton base and induce the release of
the associated penton. Penton loss facilitates externaliza-
tion of protein VI, whose lytic activity disrupts the endo-
some membrane to allow virus escape at 15 min post
infection (p.i.). Afterwards, the semidisrupted particle is
pulled along the microtubules, against the drag of the
viscous cytoplasm, by both dynein (minus-end) and kinesin
(plus-end) motor proteins, which bind to the capsid hexons
[50,51]. During this randomized travel (active diffusion)
along the microtubule network, the AdS5S capsid keeps
losing capsomers [50,52]. Each stroke of the molecular
motor introduces mechanical work (~10 k5T [53]) into the
capsid at a rate of about 10 Hz and corresponds to a step of
about 5 nm. During travel to the nucleus that covers
between 5 and 10 ym [51], the partially disassembled
capsids are subjected to thousands of these strokes. This
energy is partly dissipated to the motor-protein linker and to
the surrounding area, but part of this mechanical energy
(W) will reach the capsid, thus increasing the penton-
escape rate by the Boltzmann factor ¢"/%7. We find that
the penton lifetimes exponentially decay with the applied
force, at least for 100 pN < 200 pN. As an educated guess,
if W~25kgT (a quarter of the protein-motor power
stroke), the lifetime of a penton would be reduced by a
factor 10. Once at the nuclear membrane (45-60 min p.i.),
the virus particle is broken by the coupled action of the
attached kinesin motor pushing in opposite directions [51].
At this stage, most virus particles appear to be weak enough
to release the viral genome into the nuclear pore. The work
introduced by each tap over the long series (~10%) of gentle
AFM strokes mimics the mechanical queues that the virion
receives during travel to the nucleus.

Our in vitro experiments reveal that genome ejection
takes place after at least three pentons have been removed
[Fig. 4(a)]. Figure 4(b) shows that the dsDNA escapes from
the virus cage through big cracks that require the additional
disassembly of hexons [19]. In vivo, semidisrupted particles

(@
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Three Genome
pentons lost exposure

FIG. 4. Genome exposure and cooperative penton release.
(a) Top-left panel: intact virus particle (scale bar corresponds
to 40 nm). Top-right panel: the same particle with three penton
vacancies at frame No. 12. Bottom-left panel: the same particle at
frame No. 30, showing some DNA released. Bottom-right panel:
the final state of the collapsed particle. (b) Chart presenting the
number of frames required for releasing the pentons and inducing
DNA exposure. (c) Model of viral-impaired uncoating at the
nuclear pore assuming aging (left) and nonaging (right) penton
release.

must be strong enough to preserve genome integrity when
traveling from the endosome to the nucleus [54]. Most
likely, the uncoating process is adapted to achieve these two
apparently contradictory goals: (i) to keep the capsid stable
enough during the transport to the nucleus and (ii) for the
capsid to become weak enough once it arrives at the nuclear
pore. Retaining a large number of pentons would guarantee
a safe trip to the nucleus, but it might delay or even
preclude the final uncoating at the nuclear pore [Fig. 4(c)].
The survival analysis presented here estimates the average
natural lifetime of the first penton in about 1/ay; ~ 1 h.
The lifetime is gradually reduced to 1/ag, ~ 30 min
(second penton) and 1/ag3 ~ 20 min (third penton). The
whole process is over 50% faster than a noncooperative
penton-escaping sequence. We conclude that the co-
operative penton disassembly helps in achieving the
required capsid aging on time for the genome to be
successfully delivered at the nuclear pore (i.e., between
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60 and 90 min p.i.). In view of the relatively adjusted times
in the infectious cycle, a 50% delay might already prevent
the virus from releasing its dsDNA on time (e.g., by
allowing detection by cell defense mechanisms or ending
up stuck on the nuclear pore) [Fig. 4(c)]. Therefore, we
suggest that the increased disruption rate of the pentons
helps fine-tune the uncoating process of human adenovirus.
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APPENDIX: PROBABILISTIC MARKOVIAN
MODEL DESCRIPTION

We derive a theoretical model for the statistics of the lag
time between successive penton-escape events, treated as
a Markovian process (see main text). The experimental
results (Fig. 3 and Table S1) indicate that these events
corresponds to Poissonian processes with a well-defined,
time-independent escape rate. We separately consider the
survival times for the first, second, and third pentons, taking
the survival “time” (in image units) as the difference between
successive escape events. In order to reproduce the exper-
imental data, the theoretical model should reconstruct each
step of the experimental procedure, which is composed of
three parts: first, an individual pixel (or indentation); second,

a single image with M = 128 x 128 pixels (this corresponds
to the experimental resolution); and third, a number “n” of
images for the escape event to occur. We derive the
probability of losing a penton over each of these steps, to
finally obtain P(n) in Eq. (5).

To begin, one needs to consider the spatial details of a
single indentation, which has two possible outcomes: (i) The
indentation touches an area that “stimulates” a penton, or
(ii) it touches a region that disturbs the penton. In the first
case, we consider that a certain work W is applied to the
penton, while in the latter case, W = 0. The small inden-
tation area, about (5 nm)? (SM), permits us to assume that
indentation has a local effect; i.e., we consider W = 0 if the
tip touches a region of the capsid where the penton has
already been lost. Therefore, the case W = 0 includes two
subgroups: indentations outside the capsid (on the substrate)
and indentations in aregion of the capsid that has already lost
its penton. By inspecting many experimental images, we
calculate the average fraction of the image covered by the
capsid, which is noted as the parameter v. Within the capsid
domain, the fraction of the image that corresponds to the
“region of influence” of an exposed penton is noted as p;v,
where p; is the fraction of the remaining exposed pentons.
Since there are three pentons exposed to the AFM tip
[Fig. 2(a), this parameter will take the values p; = 1 when
no penton has been lost, p, = 2/3 when one penton has left
the virus, and, finally, p3 = 1/3 when only one penton
remains. Let P°" be the probability of losing a penton if the
indentation does not “touch” the penton (W = 0), and P
the probability of losing a penton after “touching” it with the
AFM tip (W > 0). The total probability of losing the “ith”
penton after resolving one pixel is then

By = (1= 0)P™ 4 u(piP" + (1—p)P™).  (AD)

We now deduce the form of P°* and P™™ and integrate over
pixels and images to derive Eq. (5), i.e., the probability of
losing the ith penton after a number n of images, P(n). This
value is precisely the quantity amenable for comparison with
experiments.

We start by considering a single indentation. Equation (4)
is the master equation for the probability P,(¢) of pentons
being in the “free” (unbonded) state at time t. This equation
is equivalent to a first-order kinetic reaction and requires one
to evaluate the transition rate a(z). To this end, we need to
consider the location of the indentation. The case “inden-
tation out” corresponds to the AFM tip not perturbing the
penton (either because the AFM tip touches the substrate or
avoids it in the capsid without some penton). In such a case
(W = 0), we set a(t) = ap, which is the spontaneous escape
rate, related to the free energy barrier AG by the Kramer
relation given in Eq. (2),

a(t) = ag = wyexp|—AG/kgT] (indentation “out”).

Integrating the master equation, Eq. (4), leads to the
probability of escaping after a single indentation that is
“outside” the penton domain,
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P =1 —exp(—agT), (A2)
where T denotes the time required for one indentation
(10 ms).

Second, if the indentation stimulates the penton domain
(we denote this case as “in”), the tip introduces some
mechanical work, which increases the escape rate as
described in Eq. (3),

a(t) = woexp[—(AG — W(t))/kgT]

= qpexp(W(r)/kgT] (indentation “in”).  (A3)
The “in” scenario requires a more detailed analysis.
Integration of the master equation, Eq. (4), using Eq. (A3)

leads to

PR(1) = 1—exp<— Ata(t)dt’>
=1—exp (ao Atexp(W(I’)/kBT)dt’). (A4)

To proceed with the integration of the exponent, we first
examine the profile of the indentation force as a function of
time, fapm(?). This profile, measured experimentally, has
the form of a top-hat function with five different steps. In
the initial step (fyp <t <t;, where 1, =0), the tip
approaches the sample and the applied force is zero; this
“free-force” step has a duration #; = ¢z. Upon contact
(t; <t <), the force increases linearly in time until it
reaches the maximum (set point) force F. The elapsed time
during this “ramp” step is f3. For t, < t < t3, the force F is
held fixed over a “contact” time t-, and the rest of the
process follows similarly in inverse order: force ramp
back to zero (#; < t < t4) and tip moving away from the
sample (¢4, < t < t5). The total time needed for a single
indentation is thus T = t5 = 2ty + 215 + tc, with | = 1,
thy=1 +1tg, t3 =1, +tc, ty =13+ tp. As a function of
time, the applied force fapwv(f) is a piecewise function
(Fig.  S5): famm(t)=0 for ty<t<t;; fapm(t)=
F(t—1tp)/tg for t; <t<ty; fapm(t) = F for t, <t < t3;
fapm(t) =—F(t—tp—2tg—tc)/tg for 13 <t <ty; and
fapm(t) =0 for 7, <t < ts. The duration of each step
depends, in turn, on the maximum force F and can be
determined experimentally,

tr = 0.00588 — 0.00000078F
tg = 0.00000088 — 0.00000041F

tc = 0.00076 — 0.000000077F (AS)

The next piece of information requires some relation
between the applied work and the force. The first model is
based on W = —Fr (where r = x,; in the main text is a
constant effective “indentation length”). We first perform
the integrals /; appearing in the exponents of Eq. (A4) for

each one of the five time intervals 7,_; <t < t; of the
indentation process (we define f = 1/kgT),

3|
Ii(to, ty) = Is(to, ty) :/ exp(0)dt = (1, — o)
)

g r—t
I(tg, 1)) = / exp( - FﬂFr) dt
)

I5(ty. 1) = (t, — ty) exp(BFr)
t t—2tpr —2tp —t
Li(ty, 1)) = / 1 exp<— E R CﬁFr)dt
Iy

g

Ir ) — 2ty —2g — tc
=__R —BF
pFr <exp { 4 ’( " ﬂ

—exp [—,HFr (to — 2ty — 215 — tc)} ) (A6)

Ig

Using these integrals, the probability of encountering a
free penton over time results in another piecewise function,
such that Pm(T> =1 —CXp[—ao(Il(to, tl) + I2(t1, t2)+
I3(ty, 13) + I5(t3, t4) + I5(24,T))], where we recall that
T = 2t + 2tz + t- corresponds to the total time lapse
of a single indentation cycle (T = 10ms). After some
algebra, this yields the probability of losing a penton in
a single indentation performed “in” a pentamer domain,

P" = P"(T)=1—exp {—ao <exp (ﬁF r> te

+ (555) (o () = D220 )] a0

In the second model, the work is expressed as
W(1) = (3)F?/k, and a similar procedure leads to

2k

2nk . (PF?
4 ﬂ?erfl <2—k> tR 4 2tF>:| .

Following Eq. (Al), collecting the spatial details
of the indentation (AFM tip either “in” or “out”) leads
to the total probability for penton unbinding during a single
indentation,

P = Pn(T) =1 —exp [—ao (exp (ﬂ—Fz> tc

(A8)

B, = (1= )P 4 u(p, P + (1— ) Po"),

where p; = (4-i)/3 is the fraction of remaining
pentons in the capsid area facing the AFM, with i =1
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(intact capsid), i = 2 (one penton is lost), and i = 3 (two
pentons are lost).

We can follow a similar procedure to model the image
acquisition process. In this case, we face a discrete case
since we are interested in the escape probability as a
function of the number of pixels we are indenting (unlike
the previous case, in which we were interested in the
evolution of the probability as a function of time along a
single indentation). In this case, we introduce the stochastic
transition matrix of the process,

1-B B
T= .
0 1
The evolution of the discrete process can be written in
terms of the transition matrix as

1-B B
[Pg(;iled P?r;]]:[Pgonded P?ree]( 0 1)»

i.e., according to a Markovian process, the state after the
p + 1 indentation only depends on the state at the previous
pixelation p. If the initial state is [P .i» PY..]=[1.0], the
probability after performing m indentations is thus obtained
by the recursive application of the transition matrix,
resulting in (P}, P}) = (P), P9)T™. One can compute
the m power of the stochastic matrix, T™, as

(163 ?)m _ ((1—03)'" 1—(10—3)"1)

so the probability of losing a penton after m indentations is
p(m) =P} =1—(1—B)". In deriving this expression,
we assume that the pixels are taken at random locations,
which is not strictly true because during a single image, the
pixelation follows a well-defined order. However, this point
is not crucial because we are interested in the probability of
losing a penton after passing all the M pixels of the image.
The large number of pixels per image (M = 128 x 128)
indicates that the above expression is appropriate. Taking
everything into account, we obtain the probability of losing
a penton after taking one image (i.e., M pixels),

C=pM)=1—(1-B)M.

Moreover, M is a large number, so this expression can be
approximated by C:=1—(1—B)M ~1 —exp(—BM),
which is easier to work with. In conclusion, the probability
of releasing the ith pentamer after a single image is

C;:=1—exp(—B;M) (A9)
where B; is given in Eq. (A1) and involves Eq. (A4), (A7),
or (A8).

The last step is to compute P;(n;), the release probability
after a number n; of images (where we recall n; starts to be
counted since the previous penton “i-1” is lost). We can
compare this information with experiments. The situation is
formally analogous to the previous case, and following a
similar approach, we arrive at Eq. (5) (main text). Note that
C; is given in Eq. (A9), and P;(n;) is compared with
experimental results in Fig. 3.
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