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ABSTRACT The RNA genome of human immunodeficiency virus type 1 (HIV-1) is
enclosed in a cone-shaped capsid shell that disassembles following cell entry via a
process known as uncoating. During HIV-1 infection, the capsid is important for re-
verse transcription and entry of the virus into the target cell nucleus. The small mol-
ecule PF74 inhibits HIV-1 infection at early stages by binding to the capsid and per-
turbing uncoating. However, the mechanism by which PF74 alters capsid stability
and reduces viral infection is presently unknown. Here, we show, using atomic force
microscopy (AFM), that binding of PF74 to recombinant capsid-like assemblies and
to HIV-1 isolated cores stabilizes the capsid in a concentration-dependent manner.
At a PF74 concentration of 10 uM, the mechanical stability of the core is increased
to a level similar to that of the intrinsically hyperstable capsid mutant E45A. PF74
also prevented the complete disassembly of HIV-1 cores normally observed during
24 h of reverse transcription. Specifically, cores treated with PF74 only partially disas-
sembled: the main body of the capsid remained intact and stiff, and a cap-like struc-
ture dissociated from the narrow end of the core. Moreover, the internal coiled
structure that was observed to form during reverse transcription in vitro persisted
throughout the duration of the measurement (~24 h). Our results provide direct evi-
dence that PF74 directly stabilizes the HIV-1 capsid lattice, thereby permitting re-
verse transcription while interfering with a late step in uncoating.

IMPORTANCE The capsid-binding small molecule PF74 inhibits HIV-1 infection at
early stages and perturbs uncoating. However, the mechanism by which PF74 alters
capsid stability and reduces viral infection is presently unknown. We recently intro-
duced time-lapse atomic force microscopy to study the morphology and physical
properties of HIV-1 cores during the course of reverse transcription. Here, we apply
this AFM methodology to show that PF74 prevented the complete disassembly of
HIV-1 cores normally observed during 24 h of reverse transcription. Specifically,
cores with PF74 only partially disassembled: the main body of the capsid remained
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studies have shown that uncoating is correlated with the stability of the capsid (3, 6-9),
which in turn affects reverse transcription (10-15) and viral infectivity (15-17). More-
over, there is an optimal capsid stability required for proper capsid disassembly (18) and
successful infection (10). All of the above make the HIV-1 capsid an attractive target for
antiviral drugs. One of these drugs is PF-3450074 (PF74), which was shown to dramat-
ically decrease HIV-1 infectivity (19). PF74 binds directly to the core’s capsid shell and
preferentially interacts with the hexamer rather than the pentamer form of CA (20-23).
The binding of PF74 impacts both intra- and inter-CA- hexamer interactions to alter the
stability of the capsid (21).

According to several studies, PF74 is proposed to attenuate HIV-1 infection via a
concentration-dependent bimodal mechanism (20, 22, 24, 25). At concentrations of 2
1M and lower, PF74 directly competes with binding of cleavage and polyadenylation
specific factor 6 (CPSF6) and nucleoporin 153 (NUP153) (5, 22, 24, 25). Both factors were
shown to play a role in HIV-1 infection (5, 26-29). At higher concentrations (~10 uM),
PF74 accelerates uncoating and blocks reverse transcription as well as virus assembly
(19-23, 25). The above effects of PF74 at higher concentrations were initially proposed
to be the outcome of capsid destabilization (23). However, a more recent study showed
that in infected cells, high concentrations of PF74 do not alter the integrity of the capsid
during infection (30). Thus, the mechanism underlying the interplay between PF74
binding, capsid stability, and HIV-1 infection is currently unclear.

The study of HIV-1 cores using commonly available imaging techniques is challeng-
ing owing to the relatively small size of the HIV-1 core (~80 nm) (31). Atomic force
microscopy (AFM) provides a unique means to analyze isolated viral cores under
physiological conditions. In a previous study, we applied AFM to characterize the
physical properties of assembled capsids, both wild-type (WT) and hyperstable CA
mutants, in vitro (32). More recently, using time-lapse AFM, we analyzed the morphol-
ogy and physical properties of isolated cores during the course of reverse transcription
(18). We found that during reverse transcription the pressure inside the capsid increases
until the internal stress exceeds the strength of the capsid structure, resulting in capsid
rupture near the narrow end of the conical structure.

In the present study, we applied similar AFM technologies to characterize the effect
of PF74 on the stiffness of in vitro-assembled capsid and HIV-1 isolated cores. In
addition, using time-lapse AFM, we analyzed the morphology and physical properties
of isolated HIV-1 cores treated with PF74 during the course of reverse transcription
in vitro. We find that binding of PF74 to capsids assembled from CA proteins in vitro
and to HIV-1 isolated cores increases the stability of the capsid in a concentration-
dependent manner. At a PF74 concentration of 10 uM, the mechanical stability of the
core was elevated to a level similar to that of the hyperstable capsid mutant E45A.
However, during reverse transcription, the core underwent only partial disassembly:
specifically, the main body of the capsid remained intact and stiff, and a cap-like
structure dissociated from the narrow end of the core. Moreover, the internal coiled
structure that forms during reverse transcription persisted throughout the duration of
the measurement (~24 h) instead of disappearing. Our results provide direct evidence
that PF74 can directly stabilize the HIV-1 capsid lattice, resulting in perturbation of
uncoating steps that follow reverse transcription.

RESULTS

To study the effect of PF74 binding on the stability of capsid-like CA assemblies and
native HIV-1 cores, we quantified their point stiffness at several PF74 concentrations,
using AFM that was operated in the nano-indentation mode. The measured point
stiffness values of recombinant CA protein assemblies and of isolated cores are sum-
marized in Fig. 1A and B, respectively. Uncertainty values represent the standard error
of the mean. All measurements were carried out in buffer: capsid assembly buffer (CAB)
for capsid assemblies and 3-(N-morpholino)propanesulfonic acid (MOPS) for HIV-1
cores.

CA assemblies without PF74 treatment had the lowest averaged stiffness values
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FIG 1 PF74 binding increases the stiffness of recombinant CA assemblies (A) and isolated WT and 5Mut HIV-1 cores
(B). Each value was calculated as the average of ~100 or ~400 force-distance curves obtained from individual
capsids or cores, respectively. The average stiffness values derived from all of the measurements were plotted. Error
bars represent the standard errors of the means. The number in each bar indicates the number of capsid particles
analyzed. (C) Representative averaged force-distance curves for isolated cores at five different PF74 concentrations
are shown (black lines). The cantilever deflection curves (gray line) were obtained by acquiring force-distance
curves of the glass substrate. All stiffness analyses were calculated at a maximal loading force that corresponds to
~4-nm indentation depths. Stiffness values were calculated by fitting a linear function to the force curve region
bounded by 3- and 4-nm indentation depths. The corresponding line fit is plotted in red.

of 0.048 = 0.002 N/m (n = 21). This value is similar to our previously reported
stiffness of CA assemblies (32). As the PF74 concentration increased, the stiffness
values of the capsids gradually rose (the increase in stiffness was confirmed to be
statistically significant using a Mann-Whitney U test for a P value of <0.05), until
they reached a maximal value of 0.208 = 0.012 N/m (n = 13) at a PF74 concen-
tration of 20 uM (Fig. 1A). At this concentration, the capsid stiffness values
plateaued such that capsid stiffness remained unchanged at higher PF74 levels
(changes in stiffness were not statistically significant according to a Mann-Whitney
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FIG 2 Measured stiffness values of HIV-1 cores treated with 10 uM PF74 as a function of the progress of
reverse transcription. Cores were adhered to HMDS-coated glass slides and kept in MOPS buffer. The
reaction was initiated by the addition of dNTPs and MgCl, to the cores, and their stiffness values were
measured using AFM. The initial average stiffness values of cores prior to reverse transcription are
represented as time zero. At each time point, stiffness of 3 to 5 cores was measured without stopping
the reaction, and average core stiffness was calculated. The reverse transcription experiment was
repeated at least three times. WT data (taken from reference 18) is presented as a gray line for
comparison. The error bars represent the standard errors of the means, and the number of cores analyzed
is indicated beside each data point.

U test for a P value of <0.05). In agreement with our previously reported findings
(18, 32), isolated cores were stiffer than CA assemblies, with an averaged stiffness
value of 0.148 = 0.002 N/m (n = 12) (Fig. 1B).

Similarly to its effects on CA assemblies, the binding of PF74 to isolated HIV-1 cores
increased their stiffness in a concentration-dependent manner. However, the stability of
cores reached a similar maximal averaged stiffness value of 0.235 = 0.034 N/m (n = 10)
at a PF74 concentration of 1 uM (confirmed to be statistically significant using a
Mann-Whitney U test for P value of <0.05) and remained unchanged at higher PF74
concentrations (Fig. 1B). To confirm that the observed increased stability is the conse-
quence of PF74 binding to the capsid shell, we measured cores isolated from the
PF74-resistant mutant HIV-1 virus 5Mut (33) (Fig. 1B). 5Mut particles contain a stable
core (23) which exhibited an averaged stiffness value of 0.205 = 0.028 N/m (n = 14).
Importantly, however, increasing the concentration of PF74 had no statistically signif-
icant effect on the averaged stiffness values of 5Mut cores according to a Mann-
Whitney U test for a P value of <0.05, thus demonstrating that their stability is
independent of PF74.

To study the effect of PF74 on morphological and mechanical changes in the HIV-1
core occurring during reverse transcription, we prepared samples for AFM analysis
using a previously described method (18). All measurements were carried out in MOPS
buffer containing 10 uM PF74. Initially, we analyzed the average stiffness of cores
during the time course of reverse transcription (Fig. 2), where the average stiffness
value prior to reverse transcription (0.261 = 0.038 N/m; n = 11) was positioned at time
zero. We then initiated reverse transcription by adding reverse transcription buffer (to
achieve a final total concentration of 100 uM deoxyribonucleoside triphosphates
[dNTPs] and T mM MgCl,) (34) to 10 uM PF74 and monitored core stiffness values as
a function of time. Measurements were performed in real time without stopping the
reaction. At each time point, stiffness values of 3 to 5 cores were measured, and
average core stiffness was calculated. Overall, the reverse transcription experiment was
repeated at least three times. The average core stiffness increased to a maximum of
0.371 = 0.069 N/m (n = 8) at 5 h, which was almost 1.5-fold higher than the initial
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FIG 3 Topographic AFM images of the morphological changes that HIV-1 cores treated with 10 uM PF74
undergo during reverse transcription. Cores were adhered to HMDS-coated glass slides and kept in MOPS
buffer. Transcription was initiated by adding dNTPs and MgCl, to the cores. Images were acquired using
the QI mode. (A and B) Typical cone-shaped cores observed prior to reverse transcription (out of a total
of 18 cores that were imaged). (C to F) Deformed and opened cores visualized after 9 to 24 h of reverse
transcription. For clarity, openings in the cores are shown within a dashed yellow rectangle. Scale bar, 50
nm. A total of 49 cores were visualized during reverse transcription.

stiffness. The maximum stiffness value was reached earlier than that for cores without PF74
(5 h compared to 7 h) (18). Of the total of eight cores examined at this time point, three
failed to exhibit a significant increase in their measured stiffness values. Subsequently, core
stiffness dropped back to its initial value (0.249 = 0.026 N/m; n = 10) and remained
unchanged over the duration of the reaction, which was terminated after 24 h.

In parallel with the mechanical analysis, we characterized the morphology of cores
incubated with 10 uM PF74 during the course of reverse transcription by AFM operated in
the quantitative imaging (Ql) mode. Prior to reverse transcription, cores had a well-defined
conical structure. Two representative cores (out of a total of 18 cores that were imaged) are
shown in Fig. 3A and B. After 9 h, a relatively small opening in the capsid appeared (Fig.
30). As the reaction proceeded, the size of the opening grew (Fig. 3D and E). Similarly
to our previous findings (18), the opening was localized exclusively at or near the
narrow end of the core (in all of the 32 cores visualized during reverse transcription). In
contrast to HIV-1 cores, which underwent complete disassembly after 24 h of reverse
transcription (18), about half of the PF74-reinforced cores (8 of the 17 cores imaged)
remained intact. The other 9 cores underwent partial disassembly, with the main body
of the capsid remaining intact and with dissociation of a cap-like structure from the
narrow end of the core (Fig. 3F). The reduction in the length of the cores at 24 h into
reverse transcription (average length of 160 = 6 nm compared with 195 * 6 nm prior
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FIG 4 High-resolution spatial mechanical mapping of an HIV-1 core surface treated with 10 wM PF74 during
reverse transcription. Cores were adhered to HMDS-coated glass slides and kept in MOPS buffer. Reactions
were initiated by adding dNTPs and MgCl, to the cores. Images were acquired using the QI mode. (A) The
mechanical map of a core before the beginning of reverse transcription. (B to F) Mechanical maps of cores
after 2, 5, 7, 21, and 24 h of reverse transcription, respectively. Scale bar, 50 nm.

to reverse transcription) provides further support to their observed partial disassembly.
It should be noted that the length of the core appears to be larger than expected due
to convolution between the AFM tip and the core.

Finally, we acquired high-lateral-resolution mechanical maps of the core surface (Ql
mode; JPK Instruments) (Fig. 4). In contrast to the more typical AFM topographic
images, which provide a height distribution map of the image, mechanical maps
provide a qualitative view of the lateral distribution of core stiffness. In these images,
a darker color represents a higher stiffness value. Prior to reverse transcription, the core
surfaces appeared to be mechanically homogenous without any defined pattern in the
surface distribution of stiffness measurements (Fig. 4A). A similar uniform stiffness
distribution was observed on the surface of cores following 2 h of reverse transcription
(Fig. 4B). Such a smooth pattern was observed on all cores that were imaged at these
two time points (n = 21 cores). Remarkably, 5 h into reverse transcription, a clear
pattern appeared beneath the capsid (Fig. 4C). As we proposed elsewhere (18), this
pattern may represent the existence of a stiff coiled filament located in the inner
periphery underneath the core surface. Comparable striations in the capsid’s mechan-
ical maps were observed in 6 of 13 analyzed cores. We previously reported that during
reverse transcription in the absence of PF74, the pattern begins to disappear (18).
Strikingly, in cores treated with PF74, the pattern persisted (in 15 of 26 analyzed cores)
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during the course of the experiment (Fig. 4D to F). At the end of the experiment (24 h
of reverse transcription), a spiral pattern in the core surface was observed in 11 of 17
analyzed cores. We conclude that during reverse transcription in the presence of PF74,
the coiled structure that is formed persists during the reaction course, and the capsid
remains mostly intact.

DISCUSSION

In this study, we examined the effect of the CA-targeting inhibitor PF74 on the
mechanical stability of HIV-1 capsid and consequently on capsid disassembly. Previous
studies reported conflicting effects of PF74. Addition of PF74 to HIV-1 cores reduced
their stability in vitro, resulting in accelerated capsid disassembly (19, 20, 23). However,
Hulme et al. observed no effect of PF74 on the integrity of the capsid in infected cells
(30). Conversely, PF74 was shown to increase the stability of HIV-1 CA assemblies in vitro
(20, 24).

Here, we employed AFM to evaluate the effect of PF74 binding on the mechanical
stability of in vitro CA assemblies and isolated HIV-1 cores by measuring their stiffness. We
observed that binding of PF74 to capsids assembled from CA protein in vitro and to purified
HIV-1 cores increased the stiffness of the capsid in a concentration-dependent manner. As
we previously showed (32), the stiffness value of the in vitro-assembled capsids is signif-
icantly lower than that of the isolated viral core. Similarly, the maximal averaged
stiffness, observed upon PF74 binding, of in vitro-assembled capsids was slightly lower
than that of isolated cores. Interestingly, a 50% increase in the core stiffness is obtained
at a PF74 concentration (~0.4 uM; interpolated from data shown in Fig. 1B) that is
similar to the antiviral 50% inhibitory concentration (ICs,) for the inhibitor (23). The
quantitative concordance between the effects of PF74 on capsid stiffness and infectivity
supports the suggestion that stiffening the capsid inhibits viral infectivity. When PF74
was added to cores isolated from the 5Mut CA mutant, which is resistant to PF74 (33),
the averaged stiffness remained roughly unchanged. However, the 5Mut cores exhib-
ited elevated stiffness in the absence of the inhibitor, suggesting that stiffness is only
one factor affecting HIV-1 capsid function. We conclude that the observed reinforce-
ment in WT capsids is the result of PF74 binding to the capsid shell.

Recently, we monitored the morphological and mechanical changes in isolated
HIV-1 cores during the course of reverse transcription (18). We found that the core
stiffness increased during reverse transcription, reaching a maximum after 7 h, followed
by complete disassembly of the capsid. Interestingly, the rupture of the capsid occurred
exclusively near the narrow end of the cone. Further, we showed that in the hyperstable
CA mutant, E45A, the peak stiffness appeared sooner, after 4 h of transcription, but did
not result in capsid disassembly. We proposed that the kinetic difference is related to
the observation that E45A cores appear to be more permeable to small molecules than
WT cores (33), which enables enhanced dNTP influx, potentially resulting in accelerated
reverse transcription. In the current study, we observed that at a PF74 concentration of
10 uM, the stiffness of the core rose to a level similar to that of the E45A mutant. We
observed that the pressure inside the capsid with PF74 increased during reverse
transcription, with a peak appearing earlier (after 5 h of transcription) than with the WT.
In parallel to the stiffness elevation, high-resolution stiffness distribution maps of cores
reveal the formation of a stiff coiled filamentous structure beneath the capsid surface.
However, in contrast to results with WT cores, when PF74 is added, the coiled structure
remains detectable during the entire length of the measurement (24 h). This observa-
tion suggests that the transcription complex remained associated with the hexamer
lattice. Recent data suggest that nucleotides are transported into the core through
electrostatic channels that were found in CA hexamers (35). These channels were
shown to have an open and a closed state. Binding of PF74 to CA hexamers may
stabilize the open conformation, which increases the permeability of the capsid shell to
dNTP molecules, resulting in more rapid reverse transcription.

The stiffness profile of WT cores treated with PF74 during reverse transcription is
similar to that of the E4A5A mutant observed in the absence of the inhibitor. The cores’
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initial, maximal, and final stiffness values were nearly identical. It is therefore surprising
that an analysis of the core morphology during reverse transcription reveals striking
differences between WT cores and E45A cores treated with PF74. In contrast to E45A
cores with PF74, which remained fully intact during the entire length of the measure-
ment (24 h), WT cores treated with PF74 undergo partial disassembly. We find that after
24 h of reverse transcription, the main body of the capsid remains fully intact and stiff
(with a value similar to the initial stiffness value). However, at this time point, a cap-like
structure appears to dissociate from the narrow end of the core. In a previous study, we
observed that WT cores broke open in the proximity of the core’s narrow end (18),
where the local density of CA pentamers is highest (1-3, 36). A structural study
conducted using high-resolution electron microscopy showed that CA hexamers and
pentamers expose different regions of the CA protein surface, resulting in different
interactions with cellular factors or capsid-targeting inhibitors such as PF74 (36).
Indeed, PF74 was found to bind CA hexamers with higher affinity than unassembled CA
(20-23). Based on the above, we propose that PF74 binding increases the stability of CA
hexamers and of the intersubunit contacts within hexamers. As a result, the overall
stiffness of the capsid shell is increased, but near the narrow end of the core, local weak
regions exist. We propose that the increased stiffness, induced by reverse transcription,
imposes mechanical stress on the capsid lattice. The failure of the core structure is
expected to begin at the least stable region of the capsid (the narrow end). However,
the main body of the capsid, which is primarily composed of CA hexamers, is mechan-
ically reinforced, which prevents further disassembly of the core. This consequent
impairment of uncoating enables PF74 to reduce HIV-1 infectivity. PF74's antiviral
activity is also modulated by capsid-binding host factors, including cyclophilin A and
NUP153. Thus, PF74’s antiviral activity profile depends on the interplay of its effects on
multiple HIV-1 capsid functions.

MATERIALS AND METHODS

Capsid assembly. Lyophilized purified recombinant WT HIV-1 capsid proteins were resuspended in
storage buffer (20 mM Tris-HCl at pH 8.0, 40 mM NaCl, 60 mM B-mercaptoethanol) to a final concen-
tration of 160 wM. Resuspended CA proteins were self-assembled using a previously described method
(3). Briefly, CA suspension was placed in dialysis minicups (Slyde-A-Lyzer Mini; Thermo Scientific) and
dialyzed overnight against CAB (100 mM Tris-HCl at pH 8.0, 200 mM NaCl) at 4°C. CA assemblies were
then characterized by AFM.

Isolation of HIV-1 cores. HIV-1 pseudovirions were used for isolation of HIV-1 cores. Pseudovirus
particles were produced by a previously described protocol (18). Briefly, approximately 106 human
embryonic kidney (HEK) 293T cells were transfected with 2.5 ug of AEnv IN~ HIV-1 plasmid (DHIV3-GFP-
D116G) (37) or the PF74-resistant proviral clone ROAE-5Mut using 10 ug of polyethylenimine (PEI)
(branched, molecular weight [MW] of ~25,000; Sigma-Aldrich). The Env-defective, PF74-resistant close
was constructed by transferring an Sall-BamHI fragment from R9AE (38) into the corresponding region
of R9.5Mut (23). After 20 h, the medium was replaced with fresh medium (Dulbecco’s modified Eagle
medium supplemented with 10% heat-inactivated bovine serum, 1% penicillin-streptomycin, and 1%
glutamine), and the cells were incubated at 37°C in 5% CO,. After 6 h, the supernatant was harvested,
centrifuged at 1,000 rpm for 10 min, and filtered through a 0.45-um-pore-size filter. The virus-containing
supernatant was concentrated by ultracentrifugation in an SW-28 rotor (25,000 rpm, 2 h, 4°C) using
OptiPrep density gradient medium (Sigma-Aldrich). Part of the supernatant containing pelleted viruses
was collected, mixed with 10 ml of TNE buffer (50 mM Tris-HCI, 100 mM NaCl, 0.1 mM EDTA [pH 7.4]),
and added to the 100,000-molecular-weight-cutoff [MWCO] Vivaspin 20 centrifugal concentrators (Sar-
torius AG, Germany). The mixture was centrifuged twice at 2,500 X g for 25 to 30 min at 4°C until the
supernatant level in the concentrators reached 200 to 300 pul.

From concentrated virus-containing supernatant, viral cores were isolated using a previously de-
scribed protocol (31), with modifications. Briefly, ~40 ul of purified HIV-1 pseudovirus particles was
mixed with an equal amount of 1% Triton-X diluted in 100 mM 3-(N-morpholino)propanesulfonic acid
(MOPS) buffer (pH 7.0) and incubated for 2 min at 4°C. The mixture was centrifuged at 13,800 X g for
8 min at 4°C. After the supernatant was removed, the pellet was washed twice by the addition of ~80
ul of MOPS buffer and centrifugation at 13,800 X g for 8 min at 4°C. The pellet was resuspended in 10
wul of MOPS buffer.

AFM measurements and analysis. AFM measurements and analysis were performed as previously
described (18). Briefly, 10 ul of assembled CA in CAB buffer or of isolated HIV-1 cores resuspended in
MOPS buffer solution was incubated for 30 min at room temperature on hexamethyldisilazane (HMDS)-
coated microscope glass slides. Measurements were carried out in CAB buffer for capsid assemblies or
in MOPS buffer for cores, without sample fixation. Every experiment was repeated at least three times,
each time with independently purified HIV-1 cores. PF-3450074 (PF74) (19) was synthesized by the
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FIG 5 Measuring the point stiffness of the capsid or core by indentation-type experiment. (A) Histogram
and Gaussian-fitted curves of the individual measured point stiffness values derived from the consecutive
force-distance curves of a single core attached to a microscope’s glass slide. (B) The individual measured
point stiffness values obtained for the experiment shown in panel A against the experiment number
(count) during a single experiment. (C) Typical force-distance curves of cantilever deflection (dotted line)
and isolated core attached to an HMDS-pretreated glass slide (solid line). The corresponding line fit used
to calculate sample stiffness is plotted in red. Such plots together with an analysis of the narrow
distribution of the individual measured spring constants demonstrate that the core did not undergo a
significant irreversible deformation during the indentation measurements.

Vanderbilt Institute of Chemical Biology Synthesis Core, Vanderbilt University, Nashville, TN. Measure-
ments were carried out with a JPK Nanowizard Ultra-Speed atomic force microscope (JPK Instruments,
Berlin, Germany) mounted on an inverted optical microscope (Axio Observer; Carl Zeiss, Heidelberg,
Germany). Silicon nitride probes (mean cantilever spring constant, k..., of 0.12 N/m [DNP, Bruker]) were
used. Height topographic and mechanical map images were acquired in quantitative imaging (Ql) mode
at a rate of 0.5 lines/s and a loading force of 300 pN.

Capsid or core stiffness was obtained by the nanoindentation method, as previously described (18,
39-41). Briefly, the stiffness value of each capsid was determined by acquiring ~100 force-distance (F-D)
curves. To determine the stiffness value of cores, 20 F-D curves were acquired at a rate of 20 Hz at each
of 24 different points on the core surface. To confirm that the capsid or the core remained stable during
the entire indentation experiment, we analyzed each experiment by plotting the individual measured
point stiffness as a histogram (Fig. 5A) and as a function of the measurement count (Fig. 5B). Samples
whose point stiffness values decreased consistently during experimentation were discarded since they
underwent irreversible deformation.

The maximum indentation of the sample was 4 nm, which corresponds to a maximum loading
force of 0.2 to 1.5 nN. Prior to analysis, each curve was shifted to set the deflection in the noncontact
section to zero. The set of force-distance curves was then averaged (Fig. 5C). From the slope of the
averaged F-D curve, measured stiffness was derived mathematically. The stiffness of the capsid was
computed using Hooke’s law on the assumption that the experimental system may be modeled as
two springs (the capsid and the cantilever) arranged in series. The spring constant of the cantilever
was determined during experiment by measuring thermal fluctuation (42). To reduce the error in the
calculated point stiffness, we chose cantilevers such that the measured point stiffness was <70% of
the cantilever spring constant. Data analysis was carried out using MATLAB software (The Math
Works, Natick, MA).
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