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Methods

M-1. Preparation of SARS-CoV-2 variants for Raman analysis

SARS-CoV-2 virus experiments were conducted in a biosafety level 3 (BSL-3) bio-
containment facility using BSL-3 work practices.

SARS-CoV-2 viral stocks of the original Japanese isolate (JPN/TY/WK-521) and of
two British variants (betacoronavirus type B.1.1.7 lineage) found at airport quarantine
station in Japan (hCoV-19/Japan/QK002/2020 and hCoV-19/Japan/QHNO001/2020;
henceforth referred to as QK002 and QHNOOL, respectively) were obtained from the
Japanese National Institute of Infectious Diseases after detailed genomic characteri-
zations on a series of biological replicates as also reported in Section S-2 of the Sup-
plementary Information. Further details are, as follows:

Materials

Viruses: SARS-CoV-2 strain QK002 and strain QK002 supplied by National Institute
of Infectious Diseases (Japan).

Cells: VeroE6/TMPRSS2 purchased from JCRB Cell Bank (\VeroE6 cells expressing
the transmembrane serine protease TMPRSS2).

Growth medium, GM: Dulbecco’s modified Eagle’s minimum essential medium
(DMEM) (NACALAI TESQUE, INC., Kyoto, Japan) supplemented with G 418 di-
sulfate aqueous solution (1 mg/ml), penicillin (100 units/ml), streptomycin (100
Ig/ml) and 5% fetal bovine serum.

Maintenance solution, MS: Phenol red free Dulbecco’s modified Eagle’s minimum
essential medium (DMEM) supplemented with penicillin, streptomycin and 0.5% fe-
tal bovine serum.

Glass bottom microwell dish: MatTek Corporation, Ashland, MA, USA.

Procedures

VeroE6/TMPRSS2 cells were grown in GM and maintained at 37 °C in an atmos-
phere of 5 % CO..

Viruses were infected at Multiplicity of infection (MOI) of 0.01 and propagated in the
VeroE6/TMPRSS2 cells at 37 °C for 2 days. Each 90 ml of the culture supernatants
were harvested and centrifuged at 4800 rpm for 20 min. The clarified supernatants
were assayed viral infectivity titers using TCID50 (Median Tissue Culture Infectious
Dose method).

Titer

JPN/TY/WK-521: 3.4 x 107 TCIDso/ml

QKO002: 3.4 x 107 TCIDso/ml



QHNOO01: 4.8 x 10" TCIDso/ml

The supernatants were concentrated 1/15 using ultrafiltration membrane, Amicon Ul-
tra-15 Centrifugal Filter Unit (Merck, Darmstadt, Germany).

The concentrates were suspended in PBS (-) and ultracentrifuged at 24000 rpm, 3 h at
4 °C. After removing the supernatants, the pellets were resuspended in 50 ul of PBS
(-), put on glass bottom dishes, and air-dried. After fixation with 4% paraformalde-
hyde for 20 min at R.T. and washing with distilled water twice, the pellets were
air-dried again. They were kept in dry environment at 4 °C until Raman analysis was
performed.

The following concentrations of virus titers were on the glass bottom at the time of
Raman measurement:

JPN/TY/WK-521: 3.4 x 10" x 90 = 3.1 x 10° TCIDsy

QKO002: 3.4 x 107 x 90 = 3.1 x 10° TCIDs

QHNO001: 4.8 x 10" x 90 = 4.3 x 10° TCIDsg

The area of the glass bottom (7 mm in diameter) was 38.5 mm?.

M-2. Raman spectroscopy

A Raman spectrometer (LabRAM HR800, Horiba/Jobin-Yvon, Kyoto, Japan) was
used for in situ spectral analysis of different viral strains. The spectroscope, which
was set in confocal mode, used a holographic notch filter to concurrently provide
high-efficiency and high-resolution spectral acquisitions. Two different wavelengths
were used for the incoming light: 532 nm and 785 nm solid-state laser source operat-
ing in both cases at 10 mW. The spectrum of a sample only consisting of paraformal-
dehyde was preliminary recorded under both green and red lights using exactly the
same spectroscopic measurement conditions. Under red light, the paraformaldehyde
used for fixation only appeared as a broad background, which could easily be elimi-
nated according to a standardized procedure, as explained later in this section. Spec-
tra with the above two different wavelengths were collected and compared. A spectral
resolution of ~1 cm™ was achieved upon analyzing the Raman scattered light by a
double monochromator connected with an air-cooled charge-coupled device (CCD)
detector (Andor DV420-OE322; 1024 x 256 pixels); the grating used in the spec-
trometer had the high resolution of 1800 gr/mm. The acquisition time of a single
spectrum was typically 10 s. However, several consecutive acquisitions were made at
the same spot to minimize noise. The laser spot was ~2 pum as focused on the sample
through a 50x optical lens. In collecting average spectra, tens of spectra were col-



lected at different locations over areas of ~2 mm? for each type of sample and aver-
aged. A schematic draft explaining the sample setup and the sample/probe interaction
Is given in the figure below.
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Fig. M-1: Schematic of the sample setup and sample/probe interaction.

As seen in the above draft, agglomerations of virions were spotted into
semi-ellipsoidal pools (enclaves) of paraformaldehyde typically 50~100 um in diam-
eter. Under the microscope, the agglomerated virions appeared as black/grey “dust”
with variable focal positions. Accordingly, the micrometric laser spot was focused at
selected locations of strong signal to collect the Raman spectrum. A preliminary
z-scan was needed to focus the laser exactly on the virions and to maximize their
spectrum with respect to the formaldehyde broad background. Spectra were collected
on different enclaves and averaged for each sample.

In pre-treating the collected Raman spectra, baseline subtraction was preliminary op-
timized and standardized according to a comparison between three different methods:
polynomial fitting,! asymmetric least square method,? and penalized spline smoothing
based on vector transformation.® In background removal by polynomial fitting,! the
background was fitted to a low-order polynomial by iteratively determining the pol-
ynomial parameters that minimize a least-square criterion. This method is



time-consuming but is conceptually the simplest one, being quite widely used in Ra-
man spectroscopy. Other options exist when baseline drifts in Raman spectra mainly
arise from a fluorescence noise, generating a broad background that overlaps with the
Raman spectrum. This was indeed the case here, due to the presence of the overlap-
ping broad but otherwise featureless spectrum of paraformaldehyde. However, base-
line shifts differed at different locations or even at the same location when different
wavenumber intervals were selected. Baselines were either slightly or severely drift-
ing, and the spectral preprocessing was optimized to be insensitive to the noise mor-
phology. In the present Raman experiments, algorithms built to reproduce those pro-
posed in Refs. 2 and 3 appeared both suitable and reliable for Raman analyses.

The collected Raman spectra were treated with a baseline subtraction procedure and
automatically deconvoluted into series of Voigtian sub-bands using commercial soft-
ware (LabSpec 4.02, Horiba/Jobin-Yvon, Kyoto, Japan). In deconvolutive spectral
analyses, we applied a machine-learning approach using an in-house built automatic
solver, Sa(v), exploiting a linear polynomial expression of Voigtian functions, V(Av,
o, V), where v, Av, o, and y represent the Raman frequency, the shift in frequency
from each sub-band’s maximum (vo), the standard deviation of each Voigtian compo-
nent, and the full-width at half-maximum of the Lorentzian component, respectively.
An algorithm searching for the minimum value of the difference between the experi-
mental and the fitted spectrum was then set, as follows:

Sav(\/) - 2ia; Zj ﬁijVij(Vo, AV, o, 'y) =0 (m-l)

where the index i locates each compound in a series of n compounds contributing to
the overall spectrum, and the index j locates each \Voigtian sub-band of a series of m
compounds in the Raman spectrum of each compound of an n series. A computer
program was set to optimize the above algorithm after choosing a series of Voigtian
sub-bands from the deconvoluted spectra of pre-selected compounds included in a
database of key biomolecules in aqueous solution and in solid state according to the
chemical and structural peculiarities of virions. A pre-selection was made according
to the literature, from spectra collected in aqueous solution. After picking up spectral
sub-bands of elementary compounds from the library, the algorithm pinpointed the
closest matches to the experimental spectra according to the following criteria: (i)
preserving relative intensities (5;), (ii) assigning spectral positions (vo), and full-width



at half-maximum (o and vy) values for specific sub-bands from each elementary com-
pound within £3 cm™ (i.e., to include the possibility of alterations of the molecular
structure in the virion structure). The conditions imposed on band positions, relative
intensity, and bandwidths provided the required mathematical constraints to univo-
cally deconvolute the experimental spectra. The computational work produced two
outcomes: (i) spectra could be screened automatically and an appropriate deconvolu-
tion be suggested by finding the closest match with the experimental spectrum
through Eqg. (m-1), while additionally identifying the primary sub-band contributing
molecules; and, (ii) sub-bands having primarily single-reference-molecule sourced
signal intensity (>90%) could be isolated. A number of reference spectra from basic
molecules used in the above-described machine-learning algorithm could be found in
Ref. 39 of the main text.
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Supplementary Information

S-1. Labeling of the Raman spectra of viral strains and sub-band assignments

The deconvoluted Raman spectra collected on different viral strain were labeled by
numbering their Voigtian sub-bands as shown in Figs. S-1 for JPN/TY/WK-521,
hCoV-19/Japan/QK002/2020, and hCoV-19/Japan/QHN001/2020 isolates. Frequen-
cies at maximum, tentative assignments of the vibrational origins of the deconvoluted
sub-bands, and related references are listed in Tables S-1(a)~(c) for the frequency in-
tervals 600~750 cm™ (Zone 1), 750~900 cm™ (Zone I1), 900~1200 cm* (Zone I11),
and 1600~1750 cm? (Zone 1V), respectively. Vibrational assignments were given
according to literature references as shown in the Tables.
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Fig. S-1: Deconvoluted and labeled Raman spectra of different viral strains in differ-
ent spectral zones. Labels correspond to those in Tables S-1(a)~(d).



Table S-1(a): Frequencies at maximum, vibrational origins, and literature references
for sub-bands deconvoluted in Zone I.

Table S-1(b): Frequencies at maximum, vibrational origins, and literature references
for sub-bands deconvoluted in Zone II.




Table S-1(c): Frequencies at maximum, vibrational origins, and literature references
for sub-bands deconvoluted in Zone I11.

Table S-1(d): Frequencies at maximum, vibrational origins, and literature references
for sub-bands deconvoluted in Zone IV.




S-2. Comparison with genome data

A comparison between fractions of purine and pyrimidine bases computed from the
Raman spectrum and from genome analysis [15] is shown in Table S-11.

TY-WK-521 QHO002 QHN002
R G R G R G

Table S-11: Comparison between fractions of purine and pyrimidine fractions com-
puted from Raman (R) and genome (G) analyses in different isolates.

S-3. Statistical analysis of Raman spectra according to the Pearson s correlation co-
efficient

The so-called Pearson’s correlation coefficient (PC), r, also referred to as spectral
similarity coefficient, can be calculated according to following equation [16]:

L BLes-h(YleXls)
JEne- ye) [Eus- 1z ]

(s-1)

where Q represents an average spectrum from a given variant/sub-type in the data-
base, s is the spectrum to be assessed, and n is the total number of CCD pixels in each
of the two spectra. Note that the wavenumber interval to be compared and the pixel
intervals should be exactly the same. A perfect matching or a complete mismatching
between the database average spectrum Q and the spectrum under assessment s
give r =1 and r = 0, respectively. PC values and related standard deviations, as calcu-
lated according to the above Eq. (s-1) are listed in Table S-111I.



JPN/TY/WK-521 QHNO01 QKO002
JPN/TY/WK-521 0.925 + 0.065 0.386 + 0.120 0.366 + 0.043
QHNO01 0.485 + 0.140 0.985 + 0.027 0.983 + 0.246
QKO002 0.416 + 0.084 0.976 + 0.214 0.996 + 0.001

Table S-111: Cross comparison of r values among variants and sub-types confirming
almost identical patterns (r > 0.920) only when comparing spectra collected on sam-
ples of the same variant/sub-type (cf. values along the table diagonal), while a low
PC score (r <0.420) is found by comparing spectra from different variants/sub-types.

S-4. Comparison of Raman spectra collected at different locations

Comparisons between average Raman spectra and spectra collected at individual lo-
cations on the same variant/sub-type are shown hereafter (Fig. S-2 ~ Fig. S-11). The
figures include sub-band-deconvolution analyses for fractions of sulfur-containing
amino acid rotamers, tyrosine phenol ring, apparent fractions of RNA purines and py-
rimidines, and protein secondary structures. Individual spectra collected at different
locations generally showed agreement with the corresponding average one in agree-
ment with Pearson’s statistical assessments (in Table S-111). However, some interest-
ing variations in local spectra could be found. Although lacking statistical signifi-
cance, such anomalous spectra, could unveil additional structural features.

Looking, for example, at the morphology of the tyrosine doublet in average spectra,
namely, the lgs4/lgos ratio as a sensor of hydrophobic/hydrophilic balance at the virion
surface, the QK002 sub-type of the British variant experienced in average a high
lgsa/lgos ratio (~1.8; cf. Figs. 3 and S-9(a)). This is a label for a hydrophilic tyrosine
configuration and reveals an acidic environment at the virion surface experienced by
the majority of the virions belonging to this species (cf. Figs. S-9(a) and (c)). How-
ever, some anomalous locations in the QK002 sample showed the opposite trend (cf.
Fig. S-9(c)), which indeed proves the presence of some inhomogeneity in the virions’
population. Interestingly, the anomalous QK002 locations with an lgs4/lgs ratio <1
also presented a different distribution of protein secondary structures, with a clearly
larger relative fraction of random coil configuration (cf. sub-band displaying at ~1676
cm? in Fig. S-11(c)), as compared to a-helix. A similar trend could be observed for
the original Japanese isolate JPN/TY/WK-521 (cf. Figs. S-4(c) and S-6(c)). However,
a peculiar anomaly in the spectrum of the original isolate consisted in the presence of
a tyrosinate band at 836~840 cm™. This anomaly was never found in any of the two



British variant’s sub-types. The anionic form of tyrosine is expected at high values of
interfacial pH with tyrosine ratio, namely, only in spectra with tyrosine ratios >1.
However, this was not always the case (cf. Figs. S-4(b) and (c)). The presence of the
~840 cm™ tyrosinate sub-band in anomalous spectra with tyrosine ratios <1 indeed
represents a confirmation of the higher heterogeneity of the original Japanese isolate,
since it can only be explained by the concurrent presence of different virion popula-
tions in the same sample.
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Fig. S-2: Average Raman spectrum of the original Japanese isolate JPN/TY/WK-521
as collected at different locations in the spectral zone 600~1800 cm™ (a) is compared
with individual spectra collected in the same spectral interval at three different loca-
tions on the same sample ((b), (c), and (d) for Locations 1, 2 and 3, respectively).
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Fig. S-3: Deconvoluted and labeled Raman spectra from the original Japanese isolate
JPN/TY/WK-521 as collected at different locations in the spectral zone 600~750
cm: (a) Average spectrum as given in Fig. 2(a) of the paper; (b), (c), and (d) spectra
collected at three different locations; and, (e), (f), and (g) difference in Raman inten-
sity between the average spectrum and spectra in (b), (c), and (d), respectively. In the
labels, the wavenumbers of individual sub-bands are given in cm™. The abbreviations
Met and Cys refer to methionine and cysteine, respectively; (t) and (g) refer to trans

and gauche rotamers.

" Average —Location 2 ()

vorage Locaion T ()

|

600 1650 700 750
Wavenumber (cm-t)



JPN/TY/WK-521

Average 854
756" D ()

1.00 1

o

)

=)
Il

0.60-
0.40-
0.201
0.00-

"800 850 900
Wavenumber (cm?)

Normalized Raman intensity

750

Location 1 g50 (b 0.80- Average —Location 1 (e
760 836 T (b) ST (€)
Tyrosinate ’ E
822
Tyr

0.801 - Avérage —Location 2 (f)

Location 2 (C)
100{ 758 840
Tyrosinate 859
Lyr
828 ’
Tr

080 | ‘Ié‘lve‘zrc‘lg.‘e ‘—Loc"afio‘n ‘3‘ (g)

Normalized Raman intensity

Difference in normalized Raman intensity

o

o

o
[

750 | 800 | | 850 | 900 750 7800 "850 900
Wavenumber (cm-1) Wavenumber (cm-1)

Fig. S-4: Deconvoluted and labeled Raman spectra from the original Japanese isolate
JPN/TY/WK-521 as collected at different locations in the spectral zone 750~900
cm: (a) Average spectrum as given in Fig. 3(a) of the paper; (b), (c), and (d) spectra
collected at three different locations; and, (e), (f), and (g) difference in Raman inten-
sity between the average spectrum and spectra in (b), (c), and (d), respectively. In the
labels, the wavenumbers of individual sub-bands are given in cm™. The abbreviations
Trp and Tyr refer to tryptophan and tyrosine, respectively; tyrosinate is the anionic
form of tyrosine.
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Fig. S-5: Deconvoluted and labeled Raman spectra from the original Japanese isolate
JPN/TY/WK-521 as collected at different locations in the spectral zone 900~1200
cm: (a) Average spectrum as given in Fig. 4(a) of the paper; (b), (c), and (d) spectra
collected at three different locations; and, (e), (), and (g) difference in Raman inten-
sity between the average spectrum and spectra in (b), (c), and (d), respectively. In the
labels, the wavenumbers of individual sub-bands are given in cm™. The abbreviations
G, Phe, C, U, pl and A refer to guanine, phenylalanine, cytosine, uracil, phos-
phodiester linkages, and adenine, respectively.
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Fig. S-9: Deconvoluted and labeled Raman spectra from the sub-type QK002 of the
British variant as collected at different locations in the spectral zone 750~900 cm™™:
(a) Average spectrum as given in Fig. 3(b) of the paper; (b), (c), and (d) spectra col-
lected at three different locations; and, (e), (f), and (g) difference in Raman intensity
between the average spectrum and spectra in (b), (c), and (d), respectively. In the la-
bels, the wavenumbers of individual sub-bands are given in cm™. The abbreviations
Trp and Tyr refer to tryptophan and tyrosine, respectively; tyrosinate is the anionic
form of tyrosine.
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Fig. S-10: Deconvoluted and labeled Raman spectra from the sub-type QK002 of the
British variant as collected at different locations in the spectral zone 900~1200 cm™™:
(a) Average spectrum as given in Fig. 4(b) of the paper; (b), (c), and (d) spectra col-
lected at three different locations; and, (), (f), and (g) difference in Raman intensity
between the average spectrum and spectra in (b), (c), and (d), respectively. In the la-
bels, the wavenumbers of individual sub-bands are given in cm™. The abbreviations
G, Phe, C, U, pl and A refer to guanine, phenylalanine, cytosine, uracil, phos-
phodiester linkages, and adenine, respectively.
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Fig. S-11: Deconvoluted and labeled Raman spectra from the sub-type QK002 of the
British variant as collected at different locations in the spectral zone 1600~1750 cm™:
(a) Average spectrum as given in Fig. 5(b) of the paper; (b), (c), and (d) spectra col-
lected at three different locations; and, (), (f), and (g) difference in Raman intensity
between the average spectrum and spectra in (b), (c), and (d), respectively. In the la-

Wavenumber (cm?)

bels, the wavenumbers of individual sub-bands are given in cm™.
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