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Raman Spectroscopic Signatures of Echovirus 1 Uncoating

Paivi Ruokola, Elina Dadu, Artur Kazmertsuk, Heikki Hakkanen, Varpu Marjomaki, Janne A. lhalainen

Nanoscience Center, Department of Biological and Environmental Science, University of Jyvaskyld, Jyvaskyld, Finland

ABSTRACT

In recent decades, Raman spectroscopy has entered the biological and medical fields. It enables nondestructive analysis of struc-
tural details at the molecular level and has been used to study viruses and their constituents. Here, we used Raman spectroscopy
to study echovirus 1 (EV1), a small, nonenveloped human pathogen, in two different uncoating states induced by heat treat-
ments. Raman signals of capsid proteins and RNA genome were observed from the intact virus, the uncoating intermediate, and
disrupted virions. Transmission electron microscopy data revealed general structural changes between the studied particles.
Compared to spectral characteristics of proteins in the intact virion, those of the proteins of the heat-treated particles indicated
reduced a-helix content with respect to 3-sheets and coil structures. Changes observed in tryptophan and tyrosine signals sug-
gest an increasingly hydrophilic environment around these residues. RNA signals revealed a change in the environment of the
genome and in its conformation. The ionized-carbonyl vibrations showed small changes between the intact virion and the un-
coating intermediate, which points to cleavage of salt bridges in the protein structure during the uncoating process. In conclu-
sion, our data reveal distinguishable Raman signatures of the intact, intermediate, and disrupted EV1 particles. These changes
indicate structural, chemical, and solute-solvent alterations in the genome and in the capsid proteins and lay the essential
groundwork for investigating the uncoating of EV1 and related viruses in real time.

IMPORTANCE

In order to combat virus infection, we need to know the details of virus uncoating. We present here the novel Raman signatures
for opened and intact echovirus 1. This gives hope that the signatures may be used in the near future to evaluate the ambient
conditions in endosomes leading to virus uncoating using, e.g., coherent anti-Stokes Raman spectroscopy (CARS) imaging.
These studies will complement structural studies on virus uncoating. In addition, Raman/CARS imaging offers the possibility of
making dynamic live measurements in vitro and in cells which are impossible to measure by, for example, cryo-electron tomog-
raphy. Furthermore, as viral Raman spectra can be overwhelmed with various contaminants, our study is highly relevant in dem-

onstrating the importance of sample preparation for Raman spectroscopy in the field of virology.

Picornaviruses are small, nonenveloped human pathogens able
to cause a wide range of illnesses (1). The subgroup enterovi-
ruses include clinically important echoviruses, coxsackieviruses,
and poliovirus. These viruses cause a variety of diseases varying
from mild infections to aseptic meningitis, heart muscle damage,
and paralysis. Enteroviruses have also recently been associated
with chronic diseases such as type 1 diabetes, cardiomyopathies,
and atherosclerosis (2, 3). Structural details of these viruses have
been obtained by means of X-ray crystallography or at a lower
resolution by cryo-electron microscopy (4). Various imaging
techniques together with biochemical analysis have revealed im-
portant information about their entry into cells and the subse-
quent events leading to uncoating and virus replication (5, 6).
However, information on the physicochemical details of genome
release events of enteroviral particles is sparse. The uncoating pro-
cess has been extensively studied by initiating the genome release
using heat treatments where intact virions are irreversibly con-
verted to subviral particles that resemble naturally occurring un-
coating intermediates (7, 8, 9). Recently, by using such tempera-
ture-manipulated particles, a long-standing paradigm of the
genome release model from the 5-fold axis was revised (10, 11).
However, at present, information on the biochemical events lead-
ing to the genome release as well as the initiating environmental
trigger of uncoating is lacking (1). Further studies are thus impor-
tant for addressing one of the events in the enteroviral life cycle,
the genome release, and also for the possibility of spotting new
potential antiviral targets in related enteroviruses.
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Echovirus 1 (EV1) is a picornavirus belonging to a structurally
related group of enteroviruses. Common to all picornaviruses,
EV1 is an icosahedron-shaped (T=1) assembly of 60 copies of
identical protomers comprised of four viral proteins (VP1, VP2,
VP3, and VP4), which encapsulate a positive-sense single-
stranded RNA genome of approximately 7,500 nucleotides. A 14-
carbon saturated fatty acid, myristate, is covalently attached to the
N terminus of each picornavirus VP4 capsid protein (12), and it is
thought to exit the capsid simultaneously with VP4 during the
uncoating process (13). Additionally, studies on poliovirus have
shown that the N terminus of VP1 is externalized to the virion
surface during the uncoating process, increasing the overall hy-
drophobicity of the particle (14). Also, the release of the stability-
mediating pocket factor, characterized as palmitic acid and lo-
cated in the core of VP1, is thought to be a prerequisite in the
uncoating process, as was shown for bovine enterovirus (15, 16).

Raman spectroscopy provides specific signatures of proteins,
nucleic acids, and lipids. It can reveal vast amount of information
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about changes taking place in the chemical content of the parti-
cles, in the protein secondary structure, and in the physical envi-
ronment of the particles, which undergo biologically important
transformations (17). Raman spectroscopy is a noninvasive char-
acterization technique which uses visible-light laser beams and
thus enables microscopic mode with the same resolution as fluo-
rescence microscopy. As the acquisition can be fast, processes in
real time can be studied. As Raman spectra are only slightly dis-
turbed by a water environment, information about molecules
in their natural habitat or under a wide range of conditions can
be obtained. This makes it an ideal probe to study detailed
structural alterations and viral protein assembly, interactions,
and dynamics, without any labels or other invasive sample
preparation methods.

Raman spectroscopic studies on viruses such as turnip yellow
mosaic virus (TYMV) (18), bean pod mottle virus (BPMV) (19,
20), and belladonna mottle virus (BDMV) (21) and bacterio-
phages such as filamentous bacteriophage Ff (22, 23), PRD1 virus
(24), and P22 (25-27) have been reported. However, these viruses
differ substantially from enteroviruses in several respects. In the
plant viruses TYMV, BPMV, and BDMYV, the genome is bound to
the protein capsid in static form, whereas in the enteroviruses, the
interior of the virion is spatially disordered with respect to the
symmetric protein shell (28). In addition, the subunit packing is
somewhat different between these bromoviruses and enterovi-
ruses (28). The bacteriophage PRD1 is icosahedral but has a lipid
envelope. Phage P22 is a nonenveloped, head-tail structured virus,
with 6 prominent tail spikes. All such properties influence the
Raman spectroscopic character of these viruses.

Detailed Raman spectroscopic signatures from the virus un-
coating process of enteroviruses, both in vivo and in vitro, are
missing. For such studies, linear Raman experiments of the initial
and final states are a prerequisite. Here, we characterized vibra-
tional spectroscopic properties of intact EV1 virions and investi-
gated the spectral differences arising in the uncoating process of
EV1 particles in vitro. First, we elucidated the Raman spectro-
scopic basis of recognition between the intact virion and the dis-
rupted EV1 particle. Further, we determined the Raman signature
of the uncoating intermediate, which is obtained by heating the
intact, infectious particles at 50°C. Previous studies utilizing heat
treatments in order to produce and to investigate uncoating inter-
mediates of enteroviruses have produced a wealth of information.
Heating enterovirus particles at 50 to 60°C for various amounts of
time has been shown to be able to produce uncoating intermedi-
ates (135S) and result in genome ejecting, as well as producing
empty (80S) particles indistinguishable from those observed in
vivo (7, 10, 11). The Raman spectra of the particles that were heat
treated at 50°C represent a state where the genome is partially
ejected from the capsid, as confirmed by transmission electron
microscopy (TEM) and thermal stability assays (29). We conclude
that there are clear Raman markers which address the uncoating
stage of the virion. The experiments reported here provide a
framework for monitoring the sequence of chemical and confor-
mational changes occurring during enterovirus uncoating in a
time-resolved manner.

MATERIALS AND METHODS

Cell culture and virus purification. Echovirus 1 (Farouk strain, obtained
from the ATCC) was propagated in a monolayer of GMK cells and puri-
fied using an overall scheme similar to that described previously (30). To
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summarize, overnight (24-h)-infected cells were collected and repeatedly
freeze-thawed (3 cycles) to lyse cellular structures. Bulk cell debris was
removed by centrifugation (4,500 X g for 15 min). To precipitate protein,
8% (wt/vol) polyethylene glycol 6000 (PEG 6000) (Sigma-Aldrich) and
2.2% (wt/vol) NaCl were added to the supernatant and stirred overnight
(24 h) at 4°C. Precipitated material was collected by centrifugation (8,000 X
g for 40 min) and suspended in R buffer (10 mM Tris-HCI [pH 7.5], 200
mM NaCl, 50 mM MgCl,, 10% [wt/vol] glycerol). To disrupt membra-
nous structures, 0.3% (wt/vol) sodium deoxycholate (Sigma-Aldrich) and
0.6% (vol/vol) Nonidet P-40 substitute (Sigma-Aldrich) were added to
the suspension and incubated for 30 min at 4°C. The resulting mixture
was clarified by centrifugation (3,500 X g for 15 min) and divided equally
(<1.5 ml/gradient) on top of 10-ml linear density gradients of 10 to 40%
(wt/vol) sucrose in R buffer. The gradients were subsequently ultracentri-
fuged (86,000 X g for 3 h at 4°C) and fractioned from the top into 500-pl
aliquots. Based on optical density measurement at 260 nm (NanoDrop
1000; Thermo Scientific), three virion-containing fractions (fractions 11,
12, and 13) were pooled and diluted to 10 ml in phosphate-buffered saline
(PBS) supplemented with 2 mM MgCl,. The diluted fractions were dia-
lyzed three times against 1 liter of PBS supplemented with 2 mM MgCl,
using 50,000-molecular-mass-cutoft Spectra/Por Float-A-Lyzer cellulose
ester membranes (Spectrum Laboratories). Finally, dialyzed virions were
pelleted by ultracentrifugation (93,000 X g for 2 h at 4°C) and suspended
in a small volume of PBS supplemented with 2 mM MgCl,. All measured
samples were dissolved in the aforementioned PBS buffer. Virions were
stored at —80°C.

Infectivity of the purified EV1 virions. Infectivity of the purified virus
batch was assayed using the endpoint titration method to determine the
50% tissue culture infective dose (TCIDs,). The TCID;, was calculated as
described previously (31), positioning the TCID;, between the last in-
fected and first noninfected well. Briefly, a monolayer of GMK cells seeded
at5 X 10" ml™" on a 96-well plate were infected with serially diluted virus
stock (starting from a 10~ dilution). The progression of the infection was
followed daily by light microscopy. After 72 h of incubation, the cells were
stained using crystal violet supplemented with 10% formalin (for 10 min
at room temperature [RT]). The detached cells were washed off with
water, and remaining attached cells were counted as viable and nonin-
fected. For the EV1 batches used in the experiments, the TCID;, was
found to be 6.1 X 10! to 1.5 X 10"? virus particles/ml.

Protein content and composition of purified EV1. The protein con-
tent of purified EV1 was determined using a method described by Porter-
field and Zlotnick (32), where an average value of molecular mass (23.5
kDa) and an average molar absorptivity value (€,50, 34,440 M ' cm ') for
VP1 to -4 were used for the calculations. Protein concentrations of the
batches were 0.9 to 3.8 mg ml ™" after subtraction of the scattering com-
ponent (6.9% of the baseline subtracted absorption signal at 260 nm). The
A, g0l Asgo ratio was 1.65. The absorption spectrum was recorded with a
PerkinElmer Lambda 850 spectrophotometer using a 10.0-mm optical
path quartz cuvette (Hellma Analytics). The protein composition of pu-
rified EV1 was analyzed using 12% SDS-PAGE. The sample lane was
loaded with 5 pg of EV1, and PageRuler Plus (Thermo Scientific) was used
as a molecular weight marker.

Thermal stability. The thermal stability of the purified EV1 particles
was assayed using the method described by Walter et al. (29). The fluo-
rescence signal was recorded using a Bio-Rad C1000 thermal cycler, and
the final sample mixture contained 1 wg of EV1 and a 10X concentration
of SYBR green II (Invitrogen). All samples were equilibrated at 20°C for 10
min before thermal stability measurements were started. For the full tem-
perature range scan, the fluorescence signal was recorded at 10-s intervals
with 0.5°C increments. In additional measurements, the designated tem-
perature was kept constant for 3 min (50°C) or 10 min (60°C), and after
heat treatment, the sample was cooled back to 20°C, at which point the
fluorescence reading was taken or the sample was loaded to an EM grid.

Transmission electron microscopy. The morphology of the heated
and nonheated virions was visualized by negative staining with 1% (wt/
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vol) phosphotungstic acid (Sigma-Aldrich). The Formvar-coated EM
grids were glow discharged (EMS/SC7620 mini-sputter coater), and sam-
ples were deposited on the grids for 15 s, after which the excess sample was
blotted away (Whatman 3MM). Next, negative stain was added for 1 min
and removed as before. Samples dried at least overnight were imaged with
a JEM-1400 (JEOL) transmission electron microscope with a magnifica-
tion of X50,000 (80 kV).

Raman spectroscopy. For all Raman viral experiments, aliquots of 6
to 10 wl with a sample concentration of 0.9 mg ml ™" for dried samples and
3.8 mgml ™~ for aqueous samples were either deposited on a CaF, window
or sealed in a glass capillary (SMI capillaries, P5070-902; American Dade).
Heating of the aqueous samples was performed in a water bath, either at
50°C for 3 min or at 60°C for 10 min. The dried sample was allowed to dry
for 15 min at ambient temperature. The Raman spectra were measured
with a home-built Raman setup in a backscattering geometry. In this
setup, a laser beam of solid-state laser (CNI) with an excitation wave-
length of 532 nm was focused onto the sample with a spot diameter of 3
pm using a microscope objective (Plan Neofluar 10X/0.30; Zeiss). Raman
scattering was recorded using a charge-coupled device (CCD) camera
(Newton DU940P-BV; Andor) attached to an imaging spectrograph (Ac-
ton Spectra Pro 2500i) with an entrance slit of 50 pm and a grating of 600
grooves/mm. Raman spectra were accumulated using 30 10-s exposures.
Laser powers of 45 mW for dried and 200 mW for aqueous samples were
used. From each scan, a dark spectrum was subtracted. The reference
spectra of water, buffer solution, empty capillary, and CaF, window were
detected with the same settings and subtracted from the sample spectra.
The fluorescence background was defined by fitting a polynomial curve to
the measured spectrum from the points where no Raman signal is ex-
pected to be present and subtracted from the data. After this procedure,
no spectral signatures other than those of viral constituents were ob-
tained.

Spectra of the aqueous samples at a concentration of 3.8 mg ml ™'
represent means of measurements from three different EV1 batches nor-
malized to the Phe peak at 1,003 cm ™! with a floating average with a span
of three data points (2.7 cm™'). In addition, the differences between room
temperature and heated samples were analyzed in four separated spectral
sections, 610 to 945 cm ™", 945 to 1,145 cm ™, 1,145 to 1,520 cm™ ', and
1,520 to 1,800 cm ™~ !, which were normalized to the mean signals of each
section and smoothed with a floating average with a span of seven data
points (10 cm ™).

Radial distribution and positioning of salt bridges in EV1. The atom
coordinates were gathered from the EV1 protomer (PDB entry 1EV1)
using UCSF Chimera (33) Build 1.8. Salt bridges were identified manually,
scoring only arginine and lysine as salt bridge-forming residues with car-
boxylic oxygen of Glu and Asp. In the case of many possible connections
(<3.5 &), the closest was chosen, resulting in one connection per residue.

RESULTS

Sample purity and heat-induced uncoating of EV1. The Raman
analysis of viral particles imposes a demand for highly homoge-
nous and pure samples. The sucrose gradient purification scheme
used here resulted in a single, clearly visible band. The fractioned
gradient showed a local absorbance maximum at 260 nm in frac-
tion 12, while five top fractions also showed high optical density;
no visible banding was observed (Fig. 1A). After dialysis, the col-
lected fractions (fractions 11 to 13) were analyzed for protein
composition using 12% SDS-PAGE. Figure 1C shows that the pu-
rified EV1 was contaminant-free in the molecular mass range of
250 to 10 kDa, while the prominent capsid proteins, VP1 to -3,
banded next to 35- to 25-kDa markers, as expected. To quantify
the protein concentration of a virus sample, a UV-visible (UV-
Vis) spectroscopic method introduced by Porterfield and Zlotnick
(32) was used. In our hands, the above-mentioned spectroscopic
approach has been found to be in reasonable agreement with the
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FIG 1 The scheme used to purify EV1 produces a homogenous population of
intact virions. (A) A sucrose gradient fractioned from the top shows clear
separation in optical density (OD,,) between bulk, low-density material and
EV1 virions. Fractions 11, 12, and 13 were collected for further purification.
(B) Absorption spectrum of dialyzed EV1 (dashed line) and light scattering-
corrected spectrum (solid line) normalized at 260 nm for better comparison
between the two. The scattering component was calculated to be 6.9% of the
total signal, and the A,4,/A,4, ratio was 1.65. (C) SDS-PAGE analysis of the
purified EVI samples shows no protein contaminants in the range of 250 to 10
kDa, while bands of the prominent viral proteins VP1 to -3 appear between the
35-kDaand 25-kDa markers. (D) EV1 particles contrasted by negative staining
and visualized by TEM show homogenous population of intact virions ap-
proximately 25 nm in diameter. Scale bar, 100 nm.

more traditional Bradford assay (data not shown). The method
incorporates scattering correction into the resulting absorption
spectrum, with 6.9% of the total signal. This subsequently affects
the A,40/A,g, ratio, which was 1.65 for dialyzed particles (Fig. 1B).
In literature, the reported A,¢,/A,q, ratios for enteroviruses vary
considerably (34-36), partially due to differences in genome con-
tents but also resulting from uncorrected spectra. However, as the
genome-to-protein ratio (i.e., the A,4y/A,q, ratio) does not reflect
virion integrity, EV1 was visualized by TEM and was found to
consist of a highly homogenous population of intact particles ap-
proximately 25 nm in diameter (Fig. 1D).

Since the EV1 capsid proved to be nonpermeable to the SYBR
green II dye (Fig. 2A), thermal stability assay was used along with
TEM to evaluate the extent of genome egress from intact EV1
particles. Figure 2A indicates that the melting temperature (7,,)
for intact EV1 particles is 51°C. Noting that SYBR green II signal
begins to increase around 40°C and accumulates over approxi-
mately 3 min of effective heating time prior to the 51°C T,, mark,
3 min of heating at 50°C was used to produce the so-called un-
coating intermediate particles (Fig. 2B). The population of these
genome-releasing virions was visualized by TEM (Fig. 3). After 3
min of heating at 50°C, the great majority of the visualized parti-
cles were connected to an electron-dense protrusion (Fig. 3B).
Additionally, Fig. 3A and B show that both the intact (20°C) viri-
ons and partially disrupted virions (50°C) are structurally orga-
nized and symmetrical. Similar particles were obtained earlier us-
ing polioviruses (11). Heating the intact EV1 virions at 60°C
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FIG 2 Thermal stability analysis of intact EV1 virions. (A) Fluorescence traces
of SYBR green II in the presence of EV1 show a steep increase starting from
around 40°C and a midpoint at 51°C (solid line). SYBR green II by itself shows
no fluorescence increase as a function of temperature (dashed line). The fluo-
rescence is normalized with respect to the initial fluorescence. (B) EV1 was
incubated with SYBR green II at 50°C and 60°C for 3 and 10 min, respectively,
and cooled back to 20°C for fluorescence measurement. At 20°C EV1 is not
permeable to the dye, whereas temperature-induced genome egress is detected
as an increase in fluorescence. The white bars represent the behavior of SYBR
green II alone when subjected to the described treatment.

resulted in a complete particle disruption (Fig. 3C). Overall, ho-
mogenously genome-deprived but structurally intact EV1 parti-
cles were challenging to produce by heat treatment alone (data not
shown). The heat-induced chemical and structural alterations in
the particles treated at 20°C, 50°C, and 60°C were then further
probed by Raman spectroscopy.

Raman analysis of viral particles. The Raman spectrum of the
intact virion (Fig. 4) shows a large number of vibrations that can
be assigned reasonably well using values in the literature, as ex-
pressed in Tables 1 and 2 for proteins and RNA, respectively (17,
24, 37, 38, 39). The most prominent vibrational region at 2,900
cm ! originates from aliphatic C-H vibrations. Here, however, we
concentrated on the fingerprint region from 600 to 1,800 cm ™,
where most previous biological applications of Raman spectros-
copy have been performed, as it has higher sensitivity to the struc-
tural and chemical nature of particles (for examples, see references
18 and 23). The best-known spectral features found at typical
positions (17) in the Raman spectra of the virus are the amide I
(Am I) and Am ITI bands at around 1,670 cm ™' and in the region
between 1,230 and 1,300 cm ™', respectively. The anti-symmetric
C-C stretching modes of aromatic amino acids (Phe, Tyr, and
Trp) locate in the region of 1,580 to 1,615 cm™' and the ring
breathing modes of aromatic amino acids at around 1,000 cm L
Other side chain vibrations emerge at around 600 to 900 cm
and the methyl/methylene vibration bands are located at around
1,350 and 1,450 cm ™ '. Many RNA vibrations partially overlap the
protein bands, although a large number of vibrations can still be
specified. The ring breathing modes of RNA bases appear in the
region below 800 cm ™!, ribose and phosphate signals between 800
and 1,100 cm™ !, and the stretching vibrations of the bases at
higher wave numbers (1,200 to 1,600 cm™") (39, 40).

Raman spectra of viral particles in the buffer environment
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FIG 3 TEM images of negative stained EV1. (A) Intact EV1 virion. (B) EV1
heated at 50°C for 3 min shows an electron-dense protrusion from an other-
wise structured particle. (C) Heating for 10 min at 60°C results in complete
particle disruption. Scale bars, 25 nm and 100 nm (left and right images,
respectively).

show clear similarities with spectra of the dried particles (Fig. 4B),
and basically all spectral features can be observed from the solu-
tion with a concentration as low as 0.9 mg ml~!. However, the
details of the spectra were more clearly distinguished from the
noise level of our experiment at a virus concentration of 3.8 mg
ml ™", which was therefore used in the characterization of the heat-
induced changes of the viral particles.

By detecting Raman spectra of the particles treated with differ-
ent temperatures, we aimed to detect chemical and structural
changes between the intact virus particle and an uncoating inter-
mediate virion particle, as well as with an endpoint structure
where the virion particle was disrupted by heat treatment (mor-
phology of particles obtained with TEM [see above; Fig. 3]). As
shown in Fig. 5, the Raman spectra of the particles that had been
heat treated at 50°C and 60°C deviate clearly from that of the intact
virion. As the heat treatment changes the form (Fig. 3) and possi-
bly also the solvent shell of the particles, the scattering and fluo-
rescence properties of the particles differ. This creates challenges
in baseline determination and normalization of the spectra, and
therefore, the Raman spectra were dissected in four individual
spectral regions from 610 to 1,800 cm ™. Figure 5A to D show the
differences between the particles. In most cases, a gradual change
of Raman spectra from intact to 50°C-treated and then to 60°C-
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FIG 4 Comparison of the Raman spectra of dried and aqueous EV1 particles.
(A) Full Raman spectra of dried intact EV1 virions. The most prominent vi-
brational region originates from the aliphatic C-H stretching vibrations shown
ataround 2,900 cm ™', which, however, has a low information content regard-
ing the structural details of the virion particles. The fingerprint region is lo-
cated between 700 and 1,800 cm ™ '. The sharp band at 2,331 cm ™' originates
from N,. (B) Fingerprint regions of dried EV1 virion (top line) and of aqueous
EV1at0.9mgml 'and 3.8 mgml ' (middle and bottom lines, respectively).
Laser excitation at 532 nm and laser powers of 45 mW for dried and 200 mW
for the aqueous viral samples were used with 30 exposures of 10 s in each
measurement. The spectra were normalized to that of the Phe vibration at
1,003 cm ™!, and the baseline was shifted for better comparison of the spectra.
All spectra were measured at ambient temperature.

treated particles was observed. This effect can be expected accord-
ing to the TEM analysis as well (Fig. 3), which shows basically a full
disruption of the particles after 60°C heat treatment.

The largest changes in the spectra were observed in signals
assigned to the amide bands, the methyl/methylene signal at 1,446
cm ™', and RNA signals at 750 to 800 cm™', although many
changes are located in regions where multiple factors affect the
spectra. Interestingly, the 1,446 cm” ! band, reflecting C-H vibra-
tions from the proteins, is more affected than the corresponding
band for RNA molecules at 1,478 cm ™. Thus, the ratio between
1,446 and 1,478 cm ™' conveniently indicates changes of signals
between proteins and genome, respectively, in the viral particles.
The Am I and Am III regions, shown in Fig. 5, reveal information
on the changes in the secondary structure of the coat proteins in
the heat-treated particles. The differences between the spectra are
the most pronounced at 1,630 to 1,650 cm ™' and 1,670 cm ™" (Fig.
5D). Broadening of the Am I peak is greatest in the spectrum of the
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TABLE 1 Obtained frequencies of the vibrations of proteins found in
this study

Frequency (cm™")

Assignment” Dried sample Aqueous sample Heat-induced effect

Phe 623 620 +

Tyr 644 642

C-S 670 668

Trp 758 756 +

Tyr 826, 855 829, 854 — (829)/+ (854)

Trp 887 873-883 — (60°C)

AmlIII 960-978 952-977

Phe 1,003 1,003

Phe 1,031 1,031

CC,CH 1,071-1,096 1,073-1,098 +

Nonaromatic side chains 1,127 1,122-1,128 + (1,120)/—
(1,130)

CH, 1,156-1,176 1,160-1,178

Phe, Tyr 1,208 1,205-1,210

Am III 1,230-1,300 1,230-1,300 + (1,240)/—
(1,300)

Trp, CH3 1,318-1,378 1,322-1,383

Asp, Glu-COO™ 1,390-1,404 1,390-1,402 + (60°C)

CH, 1,446-1,458 1,446-1,458 -

Trp 1,555, 1573 1,549, 1,572 +

Phe 1,588-1,594 -

Phe, Trp 1,605 1,603

Tyr, Trp 1,613, 1,618 1,612, 1,616

Am 1 1,669 1,668 +

Asp, Glu-COOH 1,710 + (50°C)

“ The assignment is based on previous studies (17, 24, 37, 38). Am, amide.

intact virus. On the lower-energy side of the Am I vibration, the
1,572 cm™ ' band, which originates from ring breathing modes,
both from Trp as well as from adenine and guanine of RNA (39,
41), shows higher intensity in the heated particles, especially in the
spectra of the particles treated at 60°C.

Most of the heat-induced changes grow gradually as the heat
treatment becomes more intense. Some of the changes, however,
are evident only after heat treatment at 50°C, namely, the decrease
of signals at 990 and 1,650 cm ™. At around 990 cm ™, there are
RNA vibrations from ribose phosphate (39) and protein-derived
signals from proline, arginine, and tyrosine residues, as well as the
nearby phenyl alanine signal at 1,003 cm ™" (37). At 1,650 cm ™,
the signal originates from the amide bonds of proteins (17).

TABLE 2 Obtained frequencies assigned to the RNA molecule from the
intact virus particles

Frequency (cm™")

Dried Aqueous  Heat-induced
Assignment” sample sample effect
A ring stretching (726) 726 722-727
C/U breathing/stretching (787) 783 783
O-P-O symmetric stretching (813) 811 811 + (60°C)
Ribose-phosphate, C-O stretching (919) 914-921 -
Ribose-phosphate, C-O stretching (977) 969-980 -
P-O stretch, sugar phosphate; C-O 1,044 1,044sh” +
stretching (1,047)
PO, symmetric stretch (1,097) 1,091-1,100 1,090-1,100
U/C ring stretching (1,253) 1,252 1,250
C/A ring stretching (1,300) 1,300 1,300 —
A, G, U (1,336) 1,336 1,335 +
U/C ring stretching (1,460) 1,460 1,458 —
A/G ring stretching (1,485) 1,480 1,478 +
A/G ring stretching (1,578) 1,576 1,578 +

@ The assignment is based on the study by Hobro et al. (39).
b sh, shoulder.
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FIG 5 Raman spectra of aqueous EV1 particles at room temperature. The top lines show the Raman spectra of intact EV1 (RT, black line), intermediate particles
(50°C, blue line), and disrupted particles (60°C, red line). Below are the 2-fold-magnified difference spectra corresponding to the temperature intervals between
60°C and RT (red) and between 50°C and RT (blue). The spectra were divided into individual sections and normalized to the mean signals of each section, and
the baselines were shifted for better visualization. (A) 610 to 945 cm™; (B) 945 to 1,245 cm™'; (C) 1,245 to 1,520 cm ™ '; (D) 1,520 to 1,800 cm™'. Marked
vibrations from lower to higher frequency are as follows: 726 cm ™', RNA; 783 cm ™!, RNA; 811 cm ™!, RNA phosphate symmetric stretching, an A-form RNA
helix marker; 1,003 cm ™', Phe; 1,096 cm ™', a complex region of CC and CH vibrations of lipid, RNA, and protein capsid; 1,127 cm ™', nonaromatic amino acids
and lipids; 1,240 cm ™', Am I1I; 1,335 cm ™', RNA bases; 1,446 cm ™', C-H vibrations from the proteins; 1,478 cm ™', RNA bases; 1,572 cm ™', Trp/RNA; 1,668
cm™ ', Am], revealing information about the secondary structure of the proteins. Data acquisition was performed as described for Fig. 4, and the spectra represent
mean signals of measurements from three different EV1 batches, all with a concentration of about 3.8 mg ml™".

Apart from major differences in the Raman signals, subtle sig-
nal variations along the spectra can reveal information from im-
portant details of the EV1 uncoating process. These changes along
with the assignments are indicated in Tables 1 and 2. For example,
aslight change in the signal at around 1,710 cm ™ in the spectra of
the particles treated at 50°C can be observed (Fig. 5D). This signal
increase could imply protonation changes of carboxylic groups of
Glu residues (42). In ideal case, such increase of signal of the
protonated forms of Glu should lead to a decrease in the signals of
the COO™ population, found in the region between 1,390 cm ™'
and 1,410 cm ™", which, however, is hard to detect in Fig. 5C from
the spectra of viruses that were heat treated at 50°C. Another small
change, a shift to lower wave numbers, or a decrease in the signal
at the higher-frequency side of the band, is seen in the peak at
1,122 to 1,128 cm ™' (Fig. 5B). This peak represents nonaromatic
amino acid residues, but it might also include some fatty acid
vibrations. There are two kinds of fatty acids in the EV1 capsid,
myristate and palmitic acids, the first being covalently attached to
VP4 and the second being buried in a VP1-formed pocket. No
obvious fatty acid peaks can be detected from the spectra, but
there are small decreases in signals of heat-treated viruses at the
fatty acid signal sites at 1,063 cm ™', 1,129 cm ™', and 1,296 cm ™!
(37) that could be consistent with heat-induced changes in the
local environment of the fatty acid molecules or reduction of fatty
acid molecule amounts at the measured spot of the sample.

The Fermi doublets of the aromatic amino acids Trp and Tyr
are often used as indicators of indole environment hydrophobic-
ity and phenolic hydrogen bonding. Neither of these doublets
stands out very clearly from the spectra, but they can be assigned
to specific signals nonetheless. Small changes are seen in signals
assigned to the Tyr Fermi doublet at 829 and 854 cm ™' (Fig. 5A),
where heat treatments reduce the Raman signal ratio Ig,o/Igss,
indicative of a greater hydrogen bond acceptor role, or exposure
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to the solvent, of the average phenoxyl group after heat treatments
(43). The Trp Fermi doublet at 1,340 and 1,360 cm ™' shows a
small increase in the signal at 1,340 cm ™' after heat treatment (Fig.
5C), indicating an increasingly hydrophilic environment of Trp
residues (44, 45), although the overlapping RNA signal assigned to
the larger peak at 1,335 cm ™' might affect this as well. A Trp band
ataround 880 cm ™' has been considered a marker for Trp hydro-
gen bonding, with signals at 882 to 883 cm ™" indicating Trp resi-
dues with no hydrogen bonding and a signal at 871 cm ™" indicat-
ing residues with strong hydrogen bonding (44). In intact viruses,
this Trp signal is a single peak centered at 877 cm ™', and after heat
treatments, the signal divides to two peaks at 873 and 881 cm
indicating changes in Trp hydrogen bonding status. The fre-
quency of the Trp signal near 1,550 cm ™" has been reported to be
indicative of changes in side chain conformation (46-48), and
there are heat-induced changes in this region in our data (Fig. 5D).
Particularly, in the spectrum of the intact virus, this signal over-
laps with the peak at 1,572 cm Y, and after heat treatment, a new
peak slightly under 1,550 cm ™' appears, suggesting a considerable
change in conformation of some of the Trp residues. A similar
change has been noticed for bovine enterovirus uncoating with
resonance Raman spectroscopy (46). However, the RNA signal
also appears relatively close at around 1,578 cm™'. Yet another
Trp peak, at 756 cm ™~ ', also shows apparent heat-induced changes,
supporting the interpretation that Trp residues undergo signifi-
cant changes upon virus uncoating.

Partially overlapping the Trp 756 cm ™ ' signal is an RNA signal
at 783 cm™ !, coming from the C/U ring breathing modes (Fig.
5A). This signal has been reported to change in intensity due to
changes in the environment, particularly in nonhelical regions of
RNA (39, 49). In our experiment, there were heat-induced
changes around this peak. A small increase is also seen in the

symmetric phosphate stretching vibration signal at 811 cm™,
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considered a marker for the A-form RNA helix, suggesting a
change in RNA backbone conformation. Most of the RNA signals
somewhat overlap protein signals; however, RNA can be consid-
ered the main source of the peaks at 1,335 and 1,478 cm L. More
detailed assignments of signals to RNA vibrations are presented in
Table 2 (39). Most RNA-assigned signals above 1,200 cm™'
slightly increase in intensity after heat treatments, with one excep-
tion. The decrease at 1,300 cm ™' could come from changes in
cytosine or adenine ring stretching vibrations, although it could
also be due to fatty acids or changes in protein secondary struc-
tures. A signal just below 1,050 cm ™' that can be assigned to RNA
P-O and sugar phosphate C-O stretching appears only after heat
treatments.

DISCUSSION

Virus particles of various species or in different assembling or
uncoating states deviate from each other in terms of structure and
chemical content. In this study, EV1 viral particles, in three differ-
ent states, were characterized in terms of both structural and
chemical information. The intact virion, the uncoating interme-
diate produced after heating the virion at 50°C for 3 min, and the
disrupted viral particle treated at 60°C for 10 min, all showed
different types of structures obtained by TEM analysis. Also, the
Raman spectroscopy of different states produced unique spectral
features.

The Raman spectrum of a complex biological sample is a mix-
ture of spectral contributions from all Raman active molecular
groups contained in the sample, and therefore it enables simulta-
neous studying of all sections taking part in the biological pro-
cesses and ultimately determining the sequence of the changes
taking place in the molecule. As a result, the Raman spectrum of a
virus consists of numerous, overlapping bands and peak shoul-
ders. The most prominent spectral features, seen in the spectra of
large polypeptides, are Am I, originating from the polypeptide
chain C-O stretching, and Am III, mainly resulting from the cou-
pled C-N and N-H bending motions. These are widely used as
indicators of the secondary structure of proteins (17). Other in-
formative Raman marker bands originate from the aromatic
amino acids. Although Raman spectra of biological material are
usually interpreted mainly as indicators of secondary structure
conformation, other factors in the local environment strongly in-
fluence the position, size, and shape of the Raman signal. Local
electric fields, polarity, and protonation state of the vibrators (50)
play an important role, which means that Raman signals are sen-
sitive to ions, charged amino acids, and even charged phosphates
in the protein or in the genome. As shown in this and other studies
(18-20, 22-27), Raman spectroscopy can provide a vast amount
of information about the character and status of virion particles.
In many cases, however, it is difficult to distill all information from
asingle set of data. Below, we condense the essential features of the
Raman fingerprint of EV1 and discuss some of the crucial factors
that must be considered when one attempts to determine the gen-
uine Raman spectra from viral samples in an aqueous environ-
ment.

As Raman signals are relatively weak, in comparison with, for
example, fluorescence signals of fluorophores, relatively high
sample concentrations are needed. Typically, the reported Raman
spectra of viral particles are measured with concentrations up to
100 mg ml~"' (18-27). Low sample concentrations are preferable
when the viral particles in nonaggregated form are being mea-
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sured. On many occasions, the scattering intensity of viruses is
small, and the changes at low concentrations are hidden inside the
overruling background spectra. This leads to challenges in detect-
ing the Raman signal of the sample and accurately subtracting the
solvent and other background from the weak viral spectra (41). It
is also important to keep in mind that some buffers include groups
that have vibrations similar to those of many biological samples
or, at worst, are quite reactive (51) and therefore can, if not ob-
scure the spectra, at least skew the interpretation. Other informa-
tive vibrations may be overwhelmed in a heterogeneous sample
containing leftovers, such as sugars, from the purification proce-
dure. The material besides the sample may then result in the big-
gest changes in the Raman spectra, overlapping the small changes
taking place in the actual sample. Alternatively, they may influ-
ence the behavior of the sample; for example, sucrose is known to
stabilize protein structure (52). In our measurements, the viral
particles were clearly dominated by sucrose contamination even
after dialysis with a molecular weight cutoff of 2,000 (data not
shown) and were properly purified only with a higher-molecular-
weight cutoff of 50,000. Also, in a recently published article on
virus-like particles, there are clear and identified sucrose leftovers
in the Raman spectra (53). It is important to note that because
Raman spectroscopy “sees everything,” the purity and homogene-
ity of the samples are crucial. Even smallest changes in the purifi-
cation method used can cause additions to and interference with
the spectra, which can lead to erroneous interpretations. This
means that critical attention must be paid to the purification pro-
cedure, and as a result, better-quality spectra containing more
information are achieved. Further, once a spectrum of a pure viral
sample has been obtained, Raman spectroscopy could be used as a
very sensitive probe for impurity studies for analytical purposes.
To the best of our knowledge, there are no previous Raman
studies on EV1 and its close relatives. Bovine enterovirus and rhi-
novirus have been studied by means of surface enhanced Raman
scattering (SERS) and UV resonance Raman spectroscopy (46,
54). It is notable that, in the case of SERS, the choice of the sub-
strate material and, in the case of resonance Raman studies, the
choice of the laser wavelength contribute to the intensity of each
Raman transition. Our spectra of EV1 are especially similar to
those obtained for the BPMV virion (20), which shares consider-
able structural similarity with picornaviruses (55). Li et al. also
observed differences in the Raman spectra between crystalline and
liquid BPMYV viral particles and concluded that changes mainly
originate from packed RNA molecules that have different electro-
static environments in the samples (56). It should be recognized,
though, that one particular difference with most of the previously
reported linear Raman data is that our Raman spectra were mea-
sured with much lower protein concentrations, i.e., less than 4 mg
ml™ " in our study versus 80 mg ml ™' or more in other studies (for
example, see references 19, 20, and 24). The amount of aggrega-
tion and interaction between viral particles at such concentrations
could diminish the differences compared to the crystalline state.
In our EVI samples there are differences between spectra mea-
sured in solvated and dried states, for example, a broadening or a
shift in the Am I band to higher wave numbers, indicating a larger
amount of disordered secondary structures in the dried sample.
On the other hand, the width of some bands originating from
individual amino acids, like the Phe band at 1,003 cm ™%, is similar
to the width in spectra of dried and solvated samples. Drying re-
moves the stabilizing hydration shell (57) and can influence sta-
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bility, cause aggregation, and hamper at least certain parts of cap-
sid structures. This also implies that the SERS technique (54),
where viral particles are attached to metallic surfaces or nanopar-
ticles, can reveal somewhat different vibrational spectroscopic in-
formation than measurement of viral particles normally diffusing
freely in a buffer solution.

Care was taken to remove the contribution of the wagging
mode of water molecules from the Raman data of the diluted
samples, which has been determined to be essential for a proper
analysis of the Am I modes (41). The Raman Am I band centered
at 1,668 cm ™' indicates B-sheets as the predominant secondary
structure of the capsid, which is consistent with the known struc-
ture of the major capsid proteins, VP1, VP2, and VP3,in EV1 (58).
However, temperature-induced alterations around 1,653 cm ™"
reveal a decrease in a-helical secondary structure due to the partial
unfolding of the shell subunits, especially at the intermediate state.
The decreasing signal in the Am IIT area at around 1,300 cm ™'
could also be due to reduced a-helical content of proteins. This
indicates that the heat-induced uncoating is dominating in the
a-helical regions of the protein. The signals assigned to 3-sheets
and coiled structures in Am I and III regions, at 1,668 and 1,240
cm™ !, respectively, increase in magnitude at the same time, sug-
gesting that some of the a-helix structures are converted to
B-sheets or coils. Flexible loops between structured domains are
known to make protein dynamics less constrained and play a crit-
ical role in the uncoating process. For example, these mechanically
uncoupled structures could enable the capsid expansion, which is
clearly visible from the TEM image of the uncoated EV1 particle
(Fig. 3C).

Signals of aromatic amino acids reveal information on hydro-
gen bonding, hydrophobicity, and side chain conformation of
these residues (43—48). Many of these informative signals of EV1
change with heat treatments. Small changes are seen in the Fermi
doublets of Tyr and Trp that change with hydrogen bonding of
Tyr and hydrophobicity of Trp environment. Changes in the 877
cm™ ! signal indicate variations in Trp hydrogen bonding status,
and the appearance of a new Trp signal at around 1,550 cm™'
indicates changes in side chain conformations. All these signals
point in the same direction as the changes seen in secondary struc-
tures of viral proteins and TEM-images, i.e., loosening of the cap-
sid structure and subsequent exposure of these residues to water.

Obtaining Glu vibrations of protonated carboxyl group sug-
gests that protonation processes take place in the heat-induced
uncoating of EV1. In the unprotonated state, the negatively
charged Glu may interact with positively charged residues (e.g.,
Lys and Arg) to form salt bridges, which have been shown to be
important stabilizers of HIV, influenza virus, filamentous viruses,
and bacteriophage hk97 (59-62). These salt bridges may be in-
volved in a constrained network of interactions within one sub-
unit or between two neighboring units, clamping the domainsina
considerably more stable capsid structure. Our data suggest that
salt bridges may be involved in fine-tuning the metastable capsid
structure of EV1. By studying the EV1 structure, the distribution
of possible salt bridges in the EV1 structure was shown to be in the
interior of the capsid or buried within the capsid structure (Fig. 6A
and B). Interestingly, the enterovirus uncoating intermediates re-
ported were shown to have lost the internal protein VP4 (13),
which mediates two interprotomer and one inter-VP salt bridge
connection (Fig. 6C). It is thus tempting to speculate that the
extraction of VP4 from the capsid particle might be controlled, at
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FIG 6 Radial distribution of salt bridge donors in EV1 protomer. (A) Single-
protomer (colored) positioning with respect to the whole capsid (a half capsid
is displayed). (B) The radial distribution of all atoms in EV1 protomer (PDB
entry 1EV1) are depicted in the gray histogram to illustrate the density of the
capsid shell. Colors indicate VP1 (blue), VP2 (red), VP3 (green), and VP4
(yellow), and the positioning of the salt bridge-forming amino acids (Lys and
Arg) in a single protomer is shown, followed by their sequential positioning
within these structural proteins. (C) The distribution of the salt bridge donors
shows various degrees of connectivity within and between protomers. Inter-
estingly, the inner protein VP4 forms connections mainly between protomers
and one inner VP-VP connection.

least partially, by salt bridges. In comparison to the native virion,
the heat-induced uncoating intermediate of EV1 showed a small
increase in protonated carboxylic acid stretching. Also, a small
decrease in signals that could be assigned to fatty acids was de-
tected. The disconnected salt bridges, together with the expelled
fatty acid chains, are expected to shift the capsid dynamics into a
more flexible motion as these constraints are removed.

In addition to the changes in the capsid proteins, several heat-
induced changes in the RNA signals were observed. In general, the
changes are difficult to interpret as particular structural changes
but are more like a general change of the solute-solvent interac-
tions of the RNA molecule. In particular, the signal variation at
783 cm ™' suggests that there are changes in the RNA solvation
shell (39, 49). Both the ejection of genome and an increased per-
meability of the capsid structure could explain these changes in
the signal sensitive to the environment of RNA. Still, a small in-
crease in the A-form helix marker band at 811 cm ™" (39, 40) after
heat treatment at 60°C also suggests that RNA is no longer bound
by the intact capsid structure and refolds to the A-form double-
helical structure.

In conclusion, we were able to acquire signature Raman spec-
tra that distinguish between intact and uncoated EV1 diluted in
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buffer at relatively low concentrations. Very few vibrational spec-
troscopic data on the conformational changes during viral un-
coating are available as yet. The observed Raman signatures are in
good agreement with the present knowledge of enteroviral un-
coating. For example, a UV resonance Raman study comparing
intact and empty bovine enterovirus particles (46) revealed in-
creasing hydrophobicity of the virus, or moving of Trp residues to
increasingly hydrophilic environment during the viral opening
process, consistent with our measurements. However, the de-
tected differences between the intact virion in dried phase and in
the liquid state indicate that the natural environment is essential
in order to retain all the information from the uncoating process.
Most biological macromolecules are physiologically active in
aqueous solutions, and water molecules are thought to play a cru-
cial role in the function and structure of biomolecules.

The Raman signatures of EV1 virion particles consist of nu-
merous signals, with the most pronounced features being the fol-
lowing. The first is amide bands. The Am I became less broad after
the uncoating process and revealed a decrease of a-helical struc-
tures and an increase of irregular structures or (3-sheets. The sec-
ond such feature is aromatic amino acids. The vibration modes of
tryptophan and tyrosine residues suggest loosening of the capsid
structure with increasing hydrophilicity around these residues.
Third is chemical changes in the virion particles. The carbonyl
vibrations showed small changes between the native virion and
the heated particles, which indicates at least partial disruption of
salt bridges. The fourth feature is genome signals. RNA signatures
indicate both changes in the environment of the genome and a
change in RNA conformation.

The observed differences in the Raman spectra between the
intact and uncoated virions give novel insight into the structural
changes occurring during virus opening. Most probably, findings
would be similar for the enteroviruses that are close relatives of
EV1. The prominent Raman marker bands of the intact virion,
intermediate uncoating state of the virion, and disrupted virion
particles presented here also enable in vivo studies of factors lead-
ing to viral uncoating in cellular structures with Raman mapping
and coherent anti-Stokes Raman scattering microscopy.
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