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Thermal shift assays measure the stability of macromolecules and macromolecular
assemblies as a function of temperature. The Particle Stability Thermal Release Assay
(PaSTRy) of picornaviruses is based on probes becoming strongly fluorescent upon
binding to hydrophobic patches of the protein capsid (e.g., SYPRO Orange) or to the
viral RNA genome (e.g., SYTO-82) that become exposed upon heating virus particles.
PaSTRy has been exploited for studying the stability of viral mutants, viral uncoating,
and the effect of capsid-stabilizing compounds. While the results were usually robust,
the thermal shift assay with SYPRO Orange is sensitive to surfactants and EDTA and
failed at least to correctly report the effect of excipients on an inactivated poliovirus
3 vaccine. Furthermore, interactions between the probe and capsid-binding antivirals
as well as mutual competition for binding sites cannot be excluded. To overcome
these caveats, we assessed differential scanning fluorimetry with a nanoDSF device
as a label-free alternative. NanoDSF monitors the changes in the intrinsic tryptophan
fluorescence (ITF) resulting from alterations of the 3D-structure of proteins as a function
of the temperature. Using rhinovirus A2 as a model, we demonstrate that nanoDFS
is well suited for recording the temperature-dependence of conformational changes
associated with viral uncoating with minute amounts of sample. We compare it with
orthogonal methods and correlate the increase in viral RNA exposure with PaSTRy
measurements. Importantly, nanoDSF correctly identified the thermal stabilization of RV-
A2 by pleconaril, a prototypic pocket-binding antiviral compound. NanoDFS is thus
a label-free, high throughput-customizable, attractive alternative for the discovery of
capsid-binding compounds impacting on viral stability.

Keywords: picornaviruses, rhinovirus, intrinsic tryptophan fluorescence, uncoating, pleconaril, capsid binders

INTRODUCTION

The genus Enterovirus comprises many small (∼30 nm) non-enveloped icosahedral viruses
belonging to the family Picornaviridae. It includes numerous human and animal pathogens such
as rhinoviruses, poliovirus, coxsackievirus, and enterovirus 71, causing mild to life-threatening
diseases like the common cold, dilated cardiomyopathy, and paralytic poliomyelitis. Their
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proteinaceous shell is formed from 60 copies of the four structural
proteins, VP1–VP4, protecting a ∼7,100–7,500 nucleotides long
(+)ssRNA genome (Jiang et al., 2014). Once bound to a
cognate receptor at the host cell surface, they are taken up
by endocytosis. In the endosome, the native virion expands by
about 4% converting it into the subviral A particle, preparing
the release of the RNA. The process is triggered by the acidic
pH and/or the receptor acting as a catalyst [reviewed in Tuthill
et al. (2010)]. The conformational change is preceded by the
expulsion of the pocket factor, a natural lipid residing in a
hydrophobic pocket in the capsid protein (Smyth and Martin,
2002) followed by the release of the internal myristoylated
protein VP4 (myrVP4), and the externalization of N-terminal
sequences of VP1. In the A particle, the hydrophobic pocket is
collapsed, and it has channels at the 2-fold axes of icosahedral
symmetry. Several medium- to high-resolution models of the
expanded state of enteroviruses are available. All indicate
altered contacts between the RNA and the inner surface of
the capsid (Liu et al., 2011; Pickl-Herk et al., 2013; Shingler
et al., 2013; Zhu et al., 2018). These changes likely facilitate
the exit of the viral genome through one of the openings at
the 2-fold axis, leaving behind an empty subviral B particle
(Bostina et al., 2011). The exposed amphipathic N-termini
of VP1, together with the extruded myrVP4, are thought to
create a channel in the endocytic vesicle for the transit of the
genome into the cytosol, where it initiates its replication. Native
(N), A and B particles are also termed 150S, 135S, and 80S
particles in the instance of rhinoviruses (Lonberg-Holm and
Yin, 1973), according to their sedimentation rates in sucrose
density gradients. Subviral particles and native virions also
exhibit differences in electromigration in low-percentage agarose
gels (Tsang et al., 2000).

Heating of enteroviral particles such as poliovirus, rhinovirus,
coxsackievirus B3, echovirus 1, and enterovirus 71 has been
frequently used to trigger uncoating in vitro, allowing for the
structural characterization of the resulting subviral particles.
Dependent on the temperature (37 to 60◦C), time of treatment
(minutes to hours), and buffer composition, this results in the
preferential generation of A particles, a mixture of A and B
particles, or almost pure B particles that are indistinguishable
from those observed in vivo (Lonberg-Holm and Noble-Harvey,
1973; McGeady and Crowell, 1981; Wetz and Kucinski, 1991;
Curry et al., 1996; Okun et al., 1999; Belnap et al., 2000; Shingler
et al., 2013; Subirats et al., 2013; Ruokolainen et al., 2019).
Adjusting the above parameters, it was also possible to isolate
an intermediate conformational state of poliovirus in the process
of RNA release (Bostina et al., 2011). Similar protocols have
been used to trigger uncoating in other picornaviruses such
as aphtho- and cardioviruses, whose capsids rather dissociate
upon heating, similarly as observed in vivo (Bachrach, 1964;
Mullapudi et al., 2016).

The above heat-induced conformational changes are also
exploited for assessment of the thermal stability of picornaviruses.
Due to its relative simplicity, the “Particle Stability Thermal
Release” (PaSTRy) assay (Walter et al., 2012) is most often
employed in the picornavirus field. In a variant of the plate-
based “Differential Scanning Fluorescence” (DSF) assay (Niesen

et al., 2007), a virus sample is slowly heated in a qPCR
machine. Alterations of the virion structure as a function of the
temperature are probed with fluorescent dyes; SYPRO Orange
or SYPRO Red, whose fluorescence is quenched when free in
solution, bind to hydrophobic patches normally buried inside the
capsid but becoming accessible by conformational changes (often
loosely termed unfolding) during temperature ramping, leading
to a ∼500-fold increase in their emission intensity. A melting
temperature Tm, determined at the transition midpoint of the
plotted data, serves as a virus-stability measure. Exposure of the
viral genome can be detected with nucleic acid intercalating dyes
such as Midori Green (Hankaniemi et al., 2019), SYBR Green
II, SYTO-9 (Walter et al., 2012), and SYTO-82 (Wald et al.,
2019). Here, the mid-point transition temperature TR (or ET50)
is interpreted as a measure for the viral RNA becoming accessible
for the probe as a consequence of capsid expansion (allowing the
dye to enter the particle and interact with the genome) or as 50%
of the RNA released from the particle (Walter et al., 2012; Schotte
et al., 2014). However, these two cannot be differentiated without
additional experiments.

The PaSTRy assay has been used to assess the impact of
pH, ions, antibodies, recombinant receptors, and mutations
on the thermal stability of picornaviral capsids (Walter et al.,
2012; Rayaprolu et al., 2013; Shakeel et al., 2015; Zhu et al.,
2018). PaSTRy was also employed for quantifying the effect
of novel capsid-binding anti-viral drug candidates [e.g., Wald
et al. (2019)]. However, SYPRO dyes can give rise to a high
fluorescence already at low temperatures as observed with certain
virus samples (Qi et al., 2014), which is also the case for
nucleic acid intercalating dyes when the native capsids are
already permeable (Tuthill et al., 2009). Furthermore, drug
candidates and certain excipients may potentially interact with
the fluorescent probes or compete for binding, complicating
interpretation of the results; EDTA associates with SYPRO
Orange at alkaline pH leading to artifacts (Kroeger et al.,
2017) and SYPRO dyes are incompatible with surfactants
(Ablinger et al., 2013).

In order to avoid the above shortcomings, the intrinsic
fluorescence of tryptophan (TRP) in biomolecules can be utilized
instead. Intrinsic tryptophan fluorescence (ITF) detects changes
in the protein microenvironment based on the solvatochromic
characteristics of the indole ring. Upon excitation, at 280 nm,
the TRP fluorescence emission maximum is at around 330 nm
when located in an apolar environment. In a polar environment,
the TRP emission intensity usually decreases due to static
and dynamic quenching by solvent molecules, and the peak
emission is red-shifted to about 350 nm (Duy and Fitter,
2006; Zahid et al., 2012). This is typically the case when
TRP residues hidden in the hydrophobic core of a protein
become exposed to water upon its denaturation/unfolding. Less
drastic allosteric changes may result in red- or blue-shifted
emission of the involved TRP residues dependent on the
resultant local environment. The temperature required for the
unfolding of 50% of a protein, or of a given domain, can be
precisely determined from the extent of red-shift (or occasionally
blue-shift) over the applied temperature gradient in a label-
free manner.
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Nanoscale differential scanning fluorimetry (nanoDSF) allows
for high-precision detection of dual-UV intrinsic fluorescence
changes resulting from thermal unfolding of proteins in low
volume capillaries (Alexander et al., 2014). By applying nanoDSF
measurements on RV-A2, one of the many common cold-
causing rhinoviruses (for a recent review see Basnet et al.,
2019) as an example, we demonstrate that ITF can provide
a detailed picture of the heat-induced in vitro uncoating of
an enterovirus in real-time. In addition, using pleconaril as
a capsid binding antiviral, we qualify nanoDSF as a tool
with the potential to high-throughput applications as an
alternative to PaSTRy, for the label-free thermostability analysis
of picornaviruses.

MATERIALS AND METHODS

Virus and Reagents
All experiments were carried out with RV-A2, initially acquired
from ATCC and propagated, purified, and polished via
monolithic chromatography as described previously (Allmaier
et al., 2018). The presence of natural empty particles was
evaluated by separating 10 µg of purified RV-A2 on a
15% SDS-polyacrylamide gel; no significant amount of VP0,
indicative of natural empties, was detected (Supplementary
Figure S2b). SYTO-82 was purchased from Thermo Fisher,
pleconaril from Merck.

Nanoscale Differential Scanning
Fluorometry (nanoDSF)
Real-time simultaneous monitoring of the ITF at 330 nm
and 350 nm during the conversion of native RV-A2 into
subviral A and B particles was carried out in a Prometheus
NT.48 instrument from NanoTemper Technologies with an
excitation wavelength of 280 nm (Magnusson et al., 2019).
Capillaries were filled with 10 µl of a suspension of RV-A2
(1 mg/ml in PBS), placed into the sample holder and the
temperature was increased from 25 to 95◦C at a ramp rate of
1◦C/min, with one fluorescence measurement per 0.044◦C. The
ratio of the recorded emission intensities (Em350nm/Em330nm),
which represents the change in TRP fluorescence intensity
as well as the shift of the emission maximum to higher
wavelengths (“red-shift”) or lower wavelengths (“blue-shift”)
was plotted as a function of the temperature. Since the
changes relevant to viral uncoating occurred between 40
and 65◦C, only this temperature range is depicted in the
corresponding figures. The fluorescence intensity ratio and
its first derivative were calculated with the manufacturer’s
software (PR.ThermControl, version 2.1.2). For assaying virus
particle stabilization, purified RV-A2 was mixed with a stock
solution of pleconaril in DMSO to give final concentrations
of 0.5 mg/ml, 1 mM, and 2%, respectively. In control1, the
pleconaril was omitted (=solvent control); in control2, the
pleconaril solution was replaced with water. Three independent
measurements were carried out for each condition, and their
mean is depicted.

Particle Stability Thermal Release Assay
(PaSTRy)
The PaSTRy was performed as in Walter et al. (2012) with minor
adaptations. Briefly, the temperature at which the viral RNA
became accessible for SYTO-82 was determined in a Bio-Rad
CFX Connect Real-Time PCR instrument. Purified RV-A2 at
0.5 mg/ml was supplemented with SYTO-82 to a concentration
of 5 µM in a final volume of 70 µl PBS. Each measurement
was carried out in triplicate with 20 µl aliquots. Samples were
transferred into wells of a thin-walled PCR plate, and the
temperature was ramped from 25 to 95◦C, 1.5◦C/min (Wald
et al., 2019). At each 0.5◦C step, the temperature was maintained
for 5 s, plus an additional 15 s for reading. The fluorescence
emission mean from three independent measurements at 560 nm
(excitation at 541 nm) was plotted as a function of the
temperature. Again, raw fluorescence and its normalized first
derivative are displayed only for the temperature range 40–65◦C.

Negative Stain Electron Microscopy
Virus samples were diluted to 0.5 mg/ml in PBS and heated at
1◦C/min to 52 or 55◦C, cooled to 4◦C, and 8 µl were applied
to glow discharged carbon-coated grids and left for 10 min.
The grids were washed with 2% sodium phosphotungstic acid
(PTA), pH 7.6, followed by 10 min incubation with PTA and
blotting with filter paper. The stained samples were imaged in a
FEI Morgagni electron microscope (80 kV, 110 k magnification).
Identification of (sub)viral particles was as in Kumar and Blaas
(2013); native virions appear as impermeable bright spheres.
A particles are permeable for the stain, making them appear as
bright rings with a grainy interior. Empty B particles present
as bright circles encasing a uniformly dark core stemming
from the negative stain accumulating in the void (Figure 2D -
white arrows). In total, ten distinct fields from two independent
treatments were evaluated (∼1000 particles per treatment), and
the mean and standard deviation calculated. Two-way ANOVA
with multiple correlation analysis reveals that the difference from
52 to 55◦C is a statistically significant change in the population of
all the subviral particles (p < 0.0001).

RESULTS

Number and Positions of Tryptophan
Residues in RV-A2
RV-A2 is built from 12 pentamers with each one made of 5
protomers. Each protomer consists of the viral proteins VP1,
VP2, VP3, and VP4. The 3D model of native RV-A2 (PDB 1FPN)
shows 15 TRPs per protomer, resulting in 900 TRPs per virion.
VP4, the smallest capsid protein (68 aa), ejected during the
conversion of the native virion into the A particle, and VPg (21
aa), covalently linked to the 5′-end of the encapsidated genomic
RNA, lack TRP. Visual inspection of an individual protomer
(Figure 1A), demonstrates that thirteen TRPs (red) are largely
buried and inaccessible to water. Of the remaining two TRPs,
TRP 2038 (the first digit denotes the viral protein, here VP2) is
at the inner surface of the capsid, stacking against one or two
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FIGURE 1 | Positions of RV-A2 tryptophan residues within a biological protomer and fluorescence spectra of RV-A2. (A) Left: 3D-structure surface-view (pdb:1FPN)

with one protomer highlighted with a dashed black line. The solvent accessible surface is rendered by using a rolling sphere of 1.4 Å radius in Chimera. Middle and
right: Surface of an isolated protomer viewed from within and from without the capsid. VP1, VP2, VP3, and VP4 are colored gray, blue, green, and rose, respectively.
Tryptophan residues are depicted in red; the locations of TRP2038 and TRP3027 are additionally highlighted in the boxed ribbon diagrams representing the
respective local tertiary structure. (B) Fluorescence spectra of RV-A2 in PBS. Normalized excitation (250–300 nm) and emission (300 – 400 nm) spectra were
recorded in 1 nm steps. The measurement was repeated eight times, and the mean is shown. A.U., arbitrary units.

bases of the viral RNA (Verdaguer et al., 2000). As seen in other
enterovirus 3D-structures, this interaction is strictly conserved
(Hadfield et al., 1997). The second one, TRP 2027, is located at
the interface with other protomers at the 5-fold axis (see also the
Amino Acid Information in http://viperdb.scripps.edu).

Intrinsic protein fluorescence is due to the aromatic amino
acids, mainly tryptophan (TRP), as phenylalanine (PHE) has
a very low quantum yield, and emission by tyrosine (TYR) is
often quenched. TRP fluorescence is furthermore most strongly
influenced by the polarity of its local microenvironment and is
thus the best sensor for detecting changes in its exposure to
solvent. The excitation spectrum of RV-A2 suggests that only
TRP residues contribute to the emission at 330 nm (dashed red
line in Figure 1B); the impact of other fluorescent amino acids,
specifically the 34 tyrosines (λem 303 nm) per protomer, to the

overall emission spectrum was insignificant, even though TRP
and TYR have an excitation maximum close to 280 nm. The
emission maximum at 335 nm (solid black line in Figure 1B)
indicated a rather apolar environment for most TRPs in the
native virus. This is consistent with their majority being located at
hydrophobic cores of the 8-stranded beta-barrels formed by each
of the structural proteins VP1, VP2, and VP3 (Figure 1A).

Viral Uncoating Examined by nanoDSF
and PaSTRy
Next, we analyzed the change in ITF of RV-A2 with increasing
temperature in a nanoDSF device. An alteration in the
microenvironment of TRP residues is typically revealed by a
change in the ratio of the emission fluorescence intensity at
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FIGURE 2 | RV-A2 nanoDSF and PaSTRy analysis and correlation with negative stain ultrastructure analysis. (A) RV-A2 in PBS (1 mg/ml) was analyzed by nanoDSF
by heating from 25 to 95◦C with a ramp rate of 1◦C/min. Samples were excited at 280 nm, and the intensity of the TRP emission at 330 and 350 nm was recorded
for every ∼0.02◦C temperature increase. In the PaSTRy assay, the virus preparation (0.5 mg/ml) was heated in a real-time PCR machine from 25 to 95◦C at a
1.5◦C/min ramp rate. Samples were excited at 541 nm, and the emission intensity was determined at 560 nm at each 0.5◦C temperature increase. The obtained
data were plotted against the temperature, with the left Y-axis indicating the TRP fluorescence emission ratio as the intensity at 350 nm/intensity at 330 nm (curve is
shown in orange) and the right Y-axis the normalized SYTO-82 emission intensity at 560 nm (curve is shown in green). (B) First derivatives calculated from the
experimental data shown in panel (A). All curves (in panels A,B) were normalized to their individual minimum and maximum values using GraphPad Prism 6.01 for
better comparison and represent the mean of 3 independent thermal scans; only the temperature range relevant for the heat-triggered virus uncoating is shown. TA

is the temperature where 50% of N into A particle conversion takes place, TB corresponds to 50% conversion of (full) A into empty B particles. (C) RV-A2 in PBS
was subject to the same thermal gradient as in the nanoDSF analysis, using a real-time PCR machine instead. The heating was terminated at 52 and 55◦C, and the
samples were quickly placed on ice followed by particle imaging via negative stain transmission electron microscopy. A, B and remaining N particles were counted
and identified based on their differential dye penetrability. The percentage of (sub)viral particles in each class is presented as a bar graph for each temperature,
normalized to the total number of native particles before heating. In total, ten distinct fields were evaluated, and the mean and standard deviation calculated.
(D) Representative micrographs at a magnification of 110 kx (B particles are indicated with white arrows). (E) Graphs of the 350 and 330 nm TRP emission of heated
RV-A2 as used for the ITF ratio calculation in panel (A). Dotted straight lines represent the pretransition baseline obtained by data fitting in each instance. The
temperature window encompassing the TRP red-shift as a consequence of the N into A particle conversion is highlighted in green. For both curves (blue, red) a

(Continued)
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FIGURE 2 | Continued
drastic sigmoid increase in TRP intensity is visible thereafter (from about 55 to 60◦C), which is not evident in a distinct red-shift and thus the Em350nm/Em330nm ratio.
Notably, the onset of the sigmoid part in both instances (E330 and E350) practically coincides with the peak of the SYTO-82 signal (55◦C) in panel (A). (F) Graphs of
the first derivative of the data in panel (E). TB, which is identical for both maxima, corresponds to the temperature where 50% of A particles transformed into B
particles. The N into A conversion identified by the increase in red-shift is not visible as a discrete maximum in this plot. (E) Purified RV-A2 was heated at 56◦C for
10 min resulting in the formation of mostly B particles, which were then analyzed by nanoDSF identically as outlined in panel (A) for the native virus. In the obtained
raw 350 and 330 nm emission curves, a slight sigmoidal transition is evident from 57 to 60◦C. As expected, the maximum at 60◦C coincides with the maximum for
the A into B particle conversion. Dotted straight lines represent the respective pretransition baselines obtained by data fitting.

350 and 330 nm; tyrosines minimally contribute to the signal.
The Em350nm/Em330nm ratio is also a direct measure of the
relative abundance of different molecular species present in the
sample (Kotov et al., 2019; Krakowiak et al., 2019). The ratio
of fluorescence at 350 and 330 nm modestly increased until
∼47◦C (Figure 2A, orange curve). This slight red-shift might
be attributed to augmented breathing of the protein shell, which
starts between 25 and 37◦C dependent on the type of the virus
(Li et al., 1994; Katpally et al., 2009). This capsid breathing
allows RNA binding dyes to enter the native virion through
transiently opening pores. However, even at 37◦C, substantial
labeling required several hours of incubation (Kremser et al.,
2004). Entry of SYTO-82 into native virus can thus be disregarded
at the much shorter time scale of the nanoDSF assay (∼1 h). This
is also indicated by the low normalized SYTO-82 fluorescence
recorded in the PaSTRy experiment carried out in parallel
(Figure 2A, green curve). At temperatures beyond 47◦C, the
ITF ratio (Figure 2A, orange curve) as well as the SYTO
82 signal (Figure 2A, green curve) suddenly increased. Such
sigmoidal curves are usually observed for a 2-state unfolding
mechanism (Consalvi et al., 2000). However, at temperatures
well below the denaturation of the many individual proteins
making up the virus, the signal must rather be due to a concerted
and prominent conformational change occurring within this
temperature window. Decrease of the SYTO 82 signal beyond
55◦C is probably due to dissociation of the dye from the nucleic
acid. The inflection points of the curves are remarkably similar
despite the two methods measuring ITF and RNA exposure,
respectively (Figure 2B).

In order to get quantitative insight into the population
distribution of the different (sub)viral particles present within
the temperature window of the cooperative transition shown in
Figure 2A, we heated native RV-A2 in a real-time PCR machine
at the identical ramp rate of 1◦C/min as used in nanoDSF.
Samples were collected at 52◦C (close to the midpoint of the
transition) and 55◦C (at the peak of the sigmoid part of the
graph). N, A, and B particles present at these temperatures were
then revealed by negative stain transmission electron microscopy
(TEM). As shown in Figures 2C,D, the slow heating of RV-A2
to 52◦C resulted in the appearance of ∼20% A and 3% empty
B particles, while the majority (77%) remained native. These
proportions dramatically changed at 55◦C, where most of the
heated virus had converted into subviral, mostly A particles (90%)
and just∼10% B particles, with less than 1% of “surviving” native
virions. From these data, we conclude that the sigmoid transition
observed in the plot of the TRP fluorescence ratio versus the
temperature corresponds predominantly to the conformational
conversion of native virus to A particles. This was supported

by the PaSTRy experiment (Figure 2A, green curve), which
showed an almost superimposable rise in the normalized SYTO-
82 emission intensity. The A particles, due to their porosity, allow
unrestricted binding of intercalating dyes to their genomic RNA
(Liu et al., 2018; Ruokolainen et al., 2019), which evidently occurs
at the same pace as new A particles are formed from the native
virus. Based on these results we define the midpoint temperature
of the Em350nm/Em330nm ratio (its value at the inflection point),
and precisely determined at the maximum of its first derivative
(Figure 2B, orange curve), as the temperature TA, where 50% of
native RV-A2 converted into subviral A particles. As expected,
this temperature was practically identical to the temperature TR,
where 50% of viral RNA genomes became accessible to SYTO-82.
It was determined from the maximum of the first derivative of
the Em560nm versus temperature graph (52.0◦C, green curve, vs.
52.2◦C, orange curve; Figure 2B).

The abrupt increase in the Em350nm/Em330nm ratio likely
indicates that the swelling of the shell during the N to A
particle conversion moved one or more TRP residues to a
more polar (aqueous) microenvironment. Inspection of the high-
resolution 3D structure of native RV-A2 (Verdaguer et al., 2000)
and the derived A particles (Pickl-Herk et al., 2013) suggests
TRP3027 as a key candidate for this bathochromic effect. It is
located at interprotomeric sites in the native virion. In the A
particle, TRP3027 becomes more exposed to water that penetrates
through the pores opening in the expanded capsid, while the
other TRP residues appear much less affected (Supplementary
Figures S1b vs. S1d).

We did not detect a distinct second transition in the plot
of the Em350nm/Em330nm as a function of temperature for the
conversion of A into empty B particles. This observation is
in line with the small differences in the structure of their
shells: a comparison of the X-ray models shows only a minor
displacement of the VP2 N-terminal region (residues 46–55) and
the VP3 F–G loop (residues 149–162), although the first 61 N-
terminal amino acid residues of VP1 (devoid of tryptophan)
might be retracted and disordered in the B particle (Garriga
et al., 2012; Pickl-Herk et al., 2013). Hence, all TRP residues in
the two structures including TRP3027 must be in a very similar
microenvironment (Supplementary Figures S1d,f), explaining
the lack of a distinct red-shift for the conversion of the A into
the B particle. Nevertheless, attempting to capture even subtle
conformational changes, we plotted the individual fluorescence
intensities recorded at Em330nm and Em350nm against the
temperature (Figure 2E). The graph obtained at 350 nm (red
curve) showed a lesser intensity decay than the one recorded at
330 nm (blue curve). This is in line with the TRP red-shift seen
for the temperature range of the cooperative conversion of N
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into A particles (region highlighted in green). Strikingly, upon
further raising the temperature, the intensity at both emission
wavelengths drastically increased, starting at 55◦C and peaking
at 60◦C. The inflection point of this sigmoidal transition, which
lacks a red-shift and is thus invisible in the Em350nm/Em330nm
ratio (Figure 2A), was at the same temperature (TB = 57.1◦C),
for both wavelengths, as determined from the maxima of the
respective first derivatives (Figure 2F).

The temperature of onset of the above transition corresponded
to the peak in the SYTO-82 signal (Figure 2A, green curve);
we thus surmised that the subsequent sigmoid part might relate
to the transformation of full (RNA containing) A into empty B
particles. Therefore, we performed a nanoDSF analysis using RV-
A2 heated for 10 min to 56◦C, yielding mostly B particles as
previously reported (Harutyunyan et al., 2013). The individual
Em330nm and Em350nm curves for this sample (Figure 2G)
showed a considerably lesser rise from 55 to 60◦C as compared
to the corresponding traces in Figure 2E. We thus believe that it
is related to some residual A particles present in this preparation.
However, the peak of the S-shaped part of the curves was at
the same temperature (i.e., 60◦C, Figures 2E,G), suggesting the
formation of a uniform population of empty particles.

That the conversion of A into empty B particles resulted in
a sharp intensity increase in the raw fluorescence data was, at
first sight, unexpected. Revisiting the structures of the A and
empty B particles with respect to their tryptophans revealed
one distinct difference for TRP2038, which is situated in the
N-terminal segment of VP2 facing the interior of the capsid.
Because of the corresponding high density of the averaged map
it is likely that each of the 60 VP2 copies in the native RV-A2
virion is engaged in a stacking interaction with the viral genome
(Verdaguer et al., 2000) and Supplementary Figure S1b; stacking
denoted with an asterisk. Stacking of TRP with nucleobases
has previously been shown to efficiently quench its emission
as a result of charge transfer from the indole ring to the
purine or pyrimidine rings (Helene et al., 1971; Brun et al.,
1975). Though slightly displaced, the TRP2038 base stacking
interaction is maintained in the cryo-EM and X-ray maps of
subviral A particles produced by incubation of RV-A2 in acidic
buffer (Supplementary Figure S1d; stacking denoted with an
asterisk). Furthermore, it has been shown that TRP stacking is
maintained until at least 50◦C (Toulme and Helene, 1977). Taken
together, it is thus tempting to speculate that the fluorescence
of TRP2038 is quenched in both N and A particles even at
temperatures above 37◦C. Upon ejection of the viral RNA from
the A particle this stacking is lost and would, consequently,
recover the TRP2038 fluorescence, conceivably explaining the
observed intensity increase without a marked red-shift, due to its
otherwise unchanged polar microenvironment.

Since the SYTO-82 fluorescence remained significantly above
background, the expelled viral RNA must still be partially
double-stranded as previously observed for similar temperatures
in melting experiments with UV absorbance recording of
picornaviral RNA in situ and in vitro (Bachrach, 1964; Frisby
et al., 1977). The progressive loss in the SYTO-82 signal intensity
on further temperature increase is hence most likely related to
dissociation of the dye from the released genomic RNA upon the

gradual denaturation of the remaining secondary structures in
concert with the continuous decrease due to thermal quenching
(Zaboikin et al., 2018).

The conformational switch of various members of the
Enterovirus genus from N to A and/or B particles is an
irreversible process and strictly under kinetic control (Tsang
et al., 2000; Harutyunyan et al., 2013). At neutral pH and in the
presence of stabilizing ions the conversions occur between 50 and
60◦C. Furthermore, for proper analysis of irreversible multistate
unfolding of proteins in thermal shift assays, a scan rate of
1◦C/min is frequently chosen (Strucksberg et al., 2007; Senisterra
et al., 2012). In order to assess a possible influence of the heating
speed on the onset of the conformational transformations, RV-A2
aliquots were ramped within 1 min from room temperature to
the temperatures given in Supplementary Figure S2a followed
by immediate cooling. The generated subviral particles were
then assessed by agarose gel electrophoresis. As shown in
Supplementary Figure S2a, this fast heating resulted in the
transition from N to A particles around 50◦C and from A to B
particles at a slightly higher temperature.

RV-A2 Capsid Stabilization by Pleconaril
Evaluated by nanoDSF
We then measured the effect of pleconaril on the thermostability
of RV-A2. This compound inserts with high affinity into the
hydrophobic pocket within the viral capsid protein VP1 of many
enteroviruses, including rhinovirus species A and B. The pocket
is beneath the floor of the canyon, a cleft surrounding the
5-fold axis (Rossmann et al., 1985; Smith et al., 1986). Such
capsid-binders stabilize the viral capsid, which in turn, blocks
uncoating (Lewis et al., 1998) and/or docking to the cellular
receptor (Dewindt et al., 1994). Compared to DMSO as solvent
control, which had no significant impact on the stability of RV-A2
(Figure 3A), pleconaril shifted the temperature TA, where 50%
of virus particles convert into A particles, from 51.5 to 56.5◦C as
determined from the maximum of the first derivative of the ITF
ratio of the fluorescence signals (Figure 3B). The native state of
RV-A2 is maintained by pleconaril up to higher temperatures as
clearly illustrated by a constant Em350nm/Em330nm ratio. Upon
expulsion of the pleconaril native virions become converted into
subviral A particles (Tsang et al., 2000). The steeper sigmoid slope
observed for the pleconaril-treated RV-A2, as compared to curves
for the controls (untreated and DMSO-treated virus) indicates
that the transition is faster when shifted to a higher temperature.
The subsequent conversion of A into empty B particles is again
only evident in the raw emission signals (compare Figure 3C with
Figure 2E). In accordance, the TA values in the absence/presence
of pleconaril were practically identical to the respective TR values
previously determined for RV-A2 by PaSTRy with SYTO-82,
measuring RNA exposure (Figure 2H in Wald et al., 2019).

DISCUSSION

We examined nanoDSF as a complementary technique for
the label-free monitoring of heat-induced virus uncoating
and assessed its potential suitability for the screening of
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FIGURE 3 | nanoDSF demonstrates the thermostabilization of RV-A2 by pleconaril. Purified RV-A2 was diluted in PBS (1 mg/ml) ± 1 mM pleconaril (Plec.) and
analyzed by nanoDSF. The heating rate was 1◦C/min and tryptophan fluorescence was recorded in steps of ∼0.02◦C. (A) Ratio Em350nm/Em330nm plotted against
the temperature. The steeper sigmoidal curve in the presence of pleconaril relates to the faster transition of native (N) to A particles at a higher temperature after the
drug has been thermally expelled from the pocket. Orange trace, untreated virus; brown trace, DMSO treated virus (solvent control “+DMSO”); purple trace,
pleconaril treated virus (“+Plec”). (B) The first derivative of the curves in panel (A). The temperature where 50% of the virus has converted into A particles is indicated,
which is shifted by ∼5◦C to the right in the presence of the capsid-stabilizing compound. The curves represent the mean of three independent measurements.
(C) Raw 350 and 330 nm emission curves of purified RV-A2 treated with pleconaril used for ITF Ratio calculation in panel (A). Dotted straight lines represent the
pretransition baseline obtained by data fitting. The overall profile is similar to Figure 2C, though the onset of A into B particle conversion (the left minimum of the
Em330nm and Em350nm curves) is shifted by about 5◦C to higher temperatures.

capsid-binding viral inhibitors. NanoDSF revealed, in real-
time, the conversion of native RV-A2 virions into full subviral
A particles and their subsequent transformation (at ∼5◦C
higher temperature) into empty B particles. This is particularly
interesting as A and B particles have an almost identical subviral
protein shell. Detection of both transitions was achieved by
applying two different options for ITF data analysis. Importantly,
the sequential conversion was confirmed by negative stain
TEM of the particle population collected after exposure to
different temperatures in the first sigmoidal transition interval
in combination with nanoDSF of enriched B particles. As
the same sequence of events is also observed for in vivo
uncoating, our ITF analysis lends further support to the
usefulness of controlled heating of enterovirus as appropriate
in vitro model for mimicking this process. To our surprise, we
found only four previous reports using ITF for the recording
of conformational changes in gradually heated enteroviruses,
though employing different instruments and all focusing on
poliovirus (a member of the C-type enteroviruses) (Grimmel
et al., 1983; Chen et al., 1997; Qi et al., 2014; Qi et al.,
2018). The outcome of these studies differs from ours by
the absence of a recognizable transition associated with B
particle formation, the end product of enterovirus uncoating.
Furthermore, in no instance was ultrastructure analysis used for
proper quantification of uncoating intermediates arising during
the temperature ramping.

Intrinsic tryptophan fluorescence has been used in the past
to study discrete changes in the capsid of the parvovirus
minute virus of mice subjected to a similar thermal gradient.
The authors found two clearly separated sigmoidal cooperative
transitions, one for externalization of the N-terminus of VP1
(akin to enteroviruses) at lower temperature and the second
being associated with dissociation of the virion and release of

its linear, ssDNA genome at a considerably higher temperature.
Both transitions were observed in the same fluorescence intensity
curve (Reguera et al., 2005). By contrast, determination of the
change in red-shift (expressed as Em350nm/Em330nm ratio), as
well as the change in the raw intrinsic fluorescence intensity,
was required to reveal the sigmoid N to A and A to B
particle transitions for RV-A2 by nanoDSF. Furthermore, these
cooperative transformations occurred in an almost overlapping
fashion even at slow temperature ramping and without marked
capsid dissociation as verified by TEM. The exit of viral RNA
hence most likely occurred via its transient unfolding promoted
at a higher temperature in order to pass through a small pore in
the subviral shell as previously described for isothermally heated
(56◦C) RV-A2 and PV1 (Levy et al., 2010; Harutyunyan et al.,
2013; Shingler et al., 2013).

RV-A2 possesses 900 TRPs in its icosahedral capsid. The static
intrinsic fluorescence emission spectrum reflects the average
molecular environment of the 15 tryptophan residues in each
protomer. Though reducing the complexity, contributions from
individual tryptophans are normally challenging to deconvolute.
However, an inspection of the high-resolution 3D structure
of native RV-A2 (Verdaguer et al., 2000), and the derived A
(Pickl-Herk et al., 2013) and B (Garriga et al., 2012) particles
provided important clues for the nanoDSF data evaluation. Of
all indole rings, the one of TRP3027 sitting at the edge of a
protomer becomes most exposed to the solvent on the expansion
of the capsid during the conversion of N (Supplementary
Figures S1a,b) into A particles (Supplementary Figures S1c,d),
likely explaining the accompanying sharp red-shift. The distinct
sigmoidal rise in the raw fluorescence plots with little red-
shift [due to their very similar shell interiors (Supplementary
Figures S1d,f)] characterizing the A to B particle transition
might conceivably result from dequenching of TRP2038 when
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its stacking interaction with the viral RNA is lost upon exit of
the latter from the capsid. An increase of emission intensity
without any red-shift due to removal of quenching was recently
described for TRP residues involved in conformational changes
of monomeric transthyretin (Jazaj et al., 2019). However, while
the TRP2038–RNA stacking interaction is highly conserved in
other enteroviruses (Hadfield et al., 1997), a similar sudden
increase of the intrinsic fluorescence intensity is not visible in
the respective graphs of four thermostability analyses previously
done by other researchers with PV1 or PV3 over a similar
temperature range as employed in our nanoDSF (Grimmel et al.,
1983; Chen et al., 1997; Qi et al., 2014, 2018). This finding is quite
puzzling, as the PV RNA also exited the capsid in these studies,
which should consequently result in an analogous destacking and
release of the equivalent TRP2038 from fluorescence quenching
by the nucleobase. A possible reason might be a perhaps
suboptimal stacking interaction of TRP2038 with the PV RNA,
resulting in an inefficient quenching in the full particles. In fact,
a previous study on a phage protein – RNA enhancer interaction
demonstrated that the fluorescence quenching of an intercalating
TRP depended critically on the type of the stacking base and
the internal RNA architecture (Su et al., 1997). Alternatively,
the increase in TRP fluorescence intensity during the A to B
particle transition of RV-A2 might originate from the removal of
quenching by a different event not obvious in the corresponding
3D models. NanoDSF of a broader range of enteroviruses,
including in vitro mutagenesis of TRP2038, should help to
clarify this point, although, in a preliminary study, such mutants
displayed severely reduced viability (Hadfield et al., 1997).

We note that a recent cryo-EM analysis indicated that A
particle formation by exposure of the acid-labile enterovirus EV-
D68 to a mildly acidic pH seems to proceed via an equally
expanded and fenestrated E1 particle intermediate, which has
not externalized the VP1 N-termini from the capsid interior
nor expelled VP4 (Liu et al., 2018). This novel intermediate
remains to be identified for RV-A2; if (transiently) formed
during temperature ramping, it is evidently not apparent as
a separate sigmoid transition in the TRP red-shift data nor
the emission intensity plot. Also, due to a similar porosity,
it cannot be distinguished from “classical” A particles in
negative stain TEM. Cryo-EM analysis of PV1 heated to
56◦C to promote B (80S) particle formation by the Hogle
lab, and our fluorescence correlation spectroscopy study on
equally heated RV-A2 furthermore indicated that RNA release
is gradual, likely proceeding via a series of expanded 80S-
like intermediates characterized by different degrees of RNA
exit (Levy et al., 2010; Harutyunyan et al., 2013). However,
in the nanoDSF fluorescence intensity data, the conversion
of full A into empty B particles appears as a simple
cooperative two-state transition. This does not automatically
imply that such intermediate structures are non-existent, but
rather that these states are not observable by the applied
experimental techniques (ITF, TEM) as is discussed in a broader
context in El-Baba et al. (2016).

For each sigmoid rise in the nanoDSF data (corresponding
to N into A and A into B particle conversion), due to
the high density of the acquired data points, we could very

precisely determine mid-point temperatures, TA and TB from
the slope of the respective first derivatives (Figures 2A,B,F).
The normalized curves for the Em350nm/Em330nm ratio and
the SYTO 82 emission intensity independently determined by
PaSTRy were furthermore practically superimposable, yielding
nearly identical mid-point transition temperatures for RNA
exposure (TR) and A particle formation (TA). The SYTO
82 signal reached a peak at a temperature where the A
into B particle conversion, and consequently expulsion of
the genomic RNA, has just commenced according to the
second transition only found in the raw TRP fluorescence
curves and our TEM analysis. Hence, at least under our
conditions, TR indicates 50% N to A particle transition and
not 50% RNA release, as occasionally claimed from the
50% fluorescence intensity increase of nucleic acid binding
dyes in similar thermal shift assays using other enteroviruses
[e.g., in Schotte et al. (2014)], despite lacking considerable
experimental support.

Taken together, compared to PaSTRy, intrinsic tryptophan
fluorescence (ITF) measurements can provide more in-depth
insight into the temperature-dependent conformational
transitions typical of enteroviruses, going beyond the rather
ill-characterized capsid unfolding event detected by SYPRO dyes.
The high sensitivity of nanoDSF for monitoring of ITF enables
analysis at low sample concentrations and thereby substantially
reduces the risk of unspecific heat-induced aggregation. This
is particularly important for those picornaviruses, which give
rise to hydrophobic A particle uncoating intermediates as is
the case for polio- and rhinoviruses due to the exposure of
amphipathic N-terminal extensions of VP1 (Lonberg-Holm
et al., 1976; Fricks and Hogle, 1990). We hence believe that
nanoDSF will substantially facilitate future investigations
addressing the role of capsid-RNA interactions in coordinated
uncoating of the viral genome as suggested from cryo-EM
analysis (Pickl-Herk et al., 2013), similarly as described
in Reguera et al. (2005).

Because of the low sample consumption, we regard nanoDSF
also suitable as a high throughput screening tool for rapid
identification and evaluation of capsid-binding antiviral
compounds as exemplified here with pleconaril. Treatment of
RV-A2 with this compound resulted in a highly reproducible
shift of the mid-point transition temperature TA to a 5◦C higher
value, very close to the one reported in a recently published
study obtained with SYTO 82 in a PaSTRy analysis (Wald et al.,
2019). The effect of pleconaril could be easily attributed to
thermal stabilization of the N particle (Figure 3), in concert
with its published mechanism of action [reviewed in Florea
et al. (2003)]. In a broader context, nanoDSF can also serve
as a potent alternative for rapid screening of the impact of
pH, ions, and excipients on the uncoating of virus particles
and/or their physical stability. Indeed, ITF has proved to be
superior to PaSTRy with SYPRO Orange for establishing the
thermal stability profile of an inactivated PV3 vaccine in a
recent preformulation study (Qi et al., 2014). The advantage of
nanoDSF compared with SYPRO Orange was also demonstrated
in a very recent thermostability analysis for discrimination of
adeno-associated virus serotypes, which are small, icosahedral
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ssDNA viruses belonging to the parvovirus family (Rieser et al.,
2020). This is also the only other study we are aware of having
used this technique for native virus analysis. Though not tested
here, thermal stability analysis with nanoDSF is not restricted
to enteroviruses but also an option with other picornaviruses.
ITF has been previously used for examining the effect of ions
on the thermal stability of hepatitis A virus (Volkin et al.,
1997) and in another report for assessing the impact of pressure
on the integrity of the capsid of foot-and mouth-disease virus
(Oliveira et al., 1999). Finally, another advantage of nanoDSF
over PaSTRy is the avoidance of potential interactions of test
compounds with the fluorescent dyes used in the latter method
and/or competition for the same binding sites; it further does
not prohibit adding surfactants to the assay. On the downside,
quenching of tryptophans or overlapping excitation/emission by
added substances cannot be excluded, which is usually not a
severe problem in PaSTRy. Ideally, usage of both methods in
parallel should be considered when planning to carry out a robust
high-throughput antiviral compound screen.
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