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Snake venoms are complex mixtures of different substances, proteins being their predominant
components. To study the composition of venoms, methods based on chromatographic separation and
mass spectrometric analysis are currently used, requiring the application of a number of sophisticated
instruments. To assess the composition of snake venoms, we propose an alternative method based on
Raman spectroscopy, which is an express method to study the structural features of different
substances, including proteins. The method does not require preliminary preparation of the samples,
which are used in small quantities; this makes Raman spectroscopy extremely attractive for venom
research. In this work, we have carried out Raman spectroscopic studies on a number of dry venoms
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from various venomous snakes. Based on the obtained Raman spectra, with the help of mathematical
methods of dimensionality reduction and clustering, differentiation of venoms reflecting their
composition and the assignment of the venom producing snake to the corresponding family or even
genus were performed. The proposed method can be used to analyze both the composition of and
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Introduction

Among the several thousand known snake species, not all are
venomous; those that are venomous mainly belong to the
families Viperidae and Elapidae. The venom of these snakes
is of the greatest medical importance, as their bites are danger-
ous to humans and often lead to disability and/or death. On the
other hand, some components of venom have potential
as pharmaceuticals.>’® The venoms are mixtures of various
compounds, such as proteins (peptides), lipids, nucleotides,
some inorganic salts, etc. Compounds of a protein nature
prevail in the composition of snake venom, and their content
is about 90%." Among venom proteins, usually called toxins,
the following main families are distinguished: secreted phos-
pholipases A2 (PLA2), three-finger toxins (3FTx), snake venom
metalloproteinases (SVMP), snake venom serine proteases
(SVSP), r-amino acid oxidases (LAAO), cysteine-rich secretory
protein (CRiSP), etc. Homologues of Kunitz-type serine protease
inhibitors (Kuln), which predominate in the venom of some
mambas, should also be mentioned.
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variations in venoms of different snake species, including rare and endangered ones.

The venoms of different snake species have different ratios
of these proteins. Thus, as a rule, 3FTx and PLA2 prevail in the
venom of Elapidae, while SVMP, PLA2, and SVSP prevail in
the venom of Viperidae.* This explains different effects of
venoms on the victim organism: in general, Elapidae bites
cause neurotoxic syndrome (with systemic toxicity) with mini-
mal local tissue damage, while Viperidae bites are accompanied
by deep local tissue damage and hemotoxic syndrome.” The
composition of venom depends on the species of snake, as well
as on other factors, such as the habitat (particularly in relation
to diet®) and age.” It is known that even among snakes of the
same species, but living in different geographical locations,
the composition of venom can differ significantly.*® Thus, the
venom of Bungarus fasciatus (BuFa) from Thailand contains
about 65% PLA2 and 20% Kuln, that from Indonesia contains
30% PLA2, 15% 3FTx and 50% Kuln, and venom of BuFa from
China is dominated by PLA2 (more than 90%).

Determination of both interspecific and intraspecific variability
of venoms, as well as the dependence of their composition on the
geographic origin of the snake, is an important task. From a
therapeutic point of view, knowledge of such variability will allow
the treatment of bite victims more effectively, and in particular, it
may help in the selection (especially when only monospecific
antivenoms are available®) and production of a suitable antivenom
(bites by conspecific populations may differ in symptomatology
and require different treatments®). The knowledge of snake venom
composition is also important for studying the evolution of
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venomous snakes and phylogenetic characterization of snakes at
the level of species and subspecies.® Differences in the properties
and composition of venoms can be used to identify subspecies of
snakes, as well as distinguish between morphologically similar
species. It is also interesting to discover differences in the compo-
sition of the venoms of snakes of the same species living in
different locations or over a vast territory. There is also an inverse
problem of determining the type of snake or its habitat (place of
capture) by analyzing its venom, for example, because of illegal
transport and trade of venoms.

Raman spectroscopy is a rapid and versatile method for
studying different materials, which allows exploration of their
characteristics, e.g., of proteins, with micrograms of samples
available. The Raman spectrum of a protein contains unique
information about its structure.’® In addition to data on the
primary structure, the Raman spectrum provides information
on the secondary structure and some other features of protein
folding. The low consumption of material makes the method
extremely attractive for the study of those venoms which are
difficult to obtain in significant quantities. The reduction in the
dimension of spectral data and their presentation in a visual
form using principal component analysis (PCA)"" and cluster-
ing methods allow quick classification of samples of protein
nature."?

In this work, we used Raman spectroscopy to classify the
venoms of several species of snakes from the families Elapidae
and Viperidae, based on the spectra recorded from micrograms
of dry venoms.

Experimental
Materials and methods

Venom samples. The snake species whose venoms have
been studied in this work and their geographical origin are
listed in Table 1.

The Bungarus fasciatus and B. multicinctus krait venoms were
obtained from the authorized, licensed farm for snake breeding

Table 1 The snake species and their geographical origin
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and venom production located in Vinh Shon (Vinh Tuong,
Vinh Phuc province, Vietnam). The certificate of the farm has
been registered in accordance with the Government’s Decree
No. 82/2006/ND-CP of 10 August 2006 by the Department of
Agriculture and Rural Development of the Socialist Republic of
Vietnam. These venoms were collected and pooled from several
tens of snake specimens. Venoms of Crotalus adamanteus, were
kind gift from Professor T. Morita (Meiji Pharmaceutical Uni-
versity, Tokyo, Japan), venom of Dendroaspis angusticeps was a
kind gift from Doctor E. Karlsson (Uppsala University, Uppsala,
Sweden) and venoms of Macrovipera lebetina obtusa were a kind
gift from Professor N. Aivazyan (Orbeli Institute of Physiology,
Yerevan, Armenia). The numbers of snakes from which these
venoms were obtained are not known. Cobra (Naja kaouthia,
N. ngja, N. oxiana and Walterinnesia aegyptia), viper (Vipera
ammodytes, V. nikolskii, V. ursinii, Echis carinatusand E. multi-
squamatus) and pit viper (Agkistrodon contortrix and Gloydius
saxatilis) venoms were obtained by milking the snakes kept in
captivity. The venoms of cobras Nagja kaouthia, N. naja and
N. oxiana were collected and pooled from not less than 5 snake
specimens. The venom of cobra Walterinnesia aegyptia was
collected after milking several times from 2 specimens. The
venoms of vipers were collected and pooled from not less than
10 snake specimens. The venoms of pit vipers were collected
after milking several times from 3 snake specimens. Venoms
obtained were dried over anhydrous CacCl, and stored at —20 °C
until use. All procedures with snakes were approved by the
commission for the maintenance and use of laboratory animals
of the Shemyakin-Ovchinnikov Institute of Bioorganic
Chemistry of the Russian Academy of Sciences. (protocol no.
324/2021 of June 23, 2021.)

Data collection. Raman spectra measurements were per-
formed using a Bruker Senterra II Raman microscope. The
exciting laser radiation wavelength was 532 nm. The spectral
resolution was 4 cm™'. Dry samples were placed on a brass
plate and irradiated with the light focused by a 50x objective
lens with a numerical aperture of 0.65. Under these conditions,
the laser spot on the sample was about 2.5 um in diameter.

Abbreviation Species Origin Family
AgCo Agkistrodon contortrix Not known Viperidae (V)
GlSsa Gloydius saxatilis Primorsky Territory, Russia v

BuFa Bungarus fasciatus Vietnam Elapidae (E)
BuMu Bungarus multicinctus Vietnam E

CrAd Crotalus adamanteus Southeast USA \Y

DeAn Dendroaspis angusticeps Kenya E

EcCa Echis carinatus Turkmenistan v

EcMu Echis multisquamatus Not known v

MaLeO Macrovipera lebetina obtusa Armenia \%

NaNa Naja naja Sri Lanka E

NaKa Naja kaouthia Not known E

ViNi Vipera nikolskii Krasivaya Mecha, Russia \%

ViRa Montivipera raddei Armenia A

WaAe Walterinnesia aegyptia Iran E

NaOx Naja oxiana Turkmenistan E

ViAm Vipera ammodytes Bulgaria A

ViUr Vipera ursinii Krasnodar Territory, Russia A%
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Laser power was 12 mW. During the recording of each spectrum,
the integration time was 2 s and averaging over 200 spectra was
applied. For reliability, each sample was measured at least at three
points.

Spectral data processing. Spectra processing included the
following steps: (1) baseline correction (concave rubber band
correction), (2) curve smoothing and (3) scaling (minimum to 0
and maximum to 1). 1st and 2nd steps were executed in OPUS
8.2.28 (Bruker Optik GmbH, Ettlingen, Germany) and the 3rd
step was executed in PyChem 3.0.5 g Beta (open source)." Since
the amide I band had the maximum intensity in each venom
spectrum, scaling was performed by normalizing to the amide I
peak for all spectra. Further PCA and principal component
discriminant function analysis (PC-DFA) were performed also
in PyChem. The number of principal components (PC) = 3,
a percentage of explained variance for 1, 2 and 3 PC was 50.5%,
18.9% and 7.8% respectively. To train the PC-DFA algorithm,
7 (3 and 4 samples of Elapidae and Viperidae venoms,
respectively) out of 17 samples were selected.

K-means clustering of PCA scores was performed in Python
3.9 using the “Scikit-learn” library. The number of clusters was
determined by the elbow method'* (elbow criteria, sometimes
the name “knee” is used) with the help of package “kneed”.

Spectral deconvolution. Curve-fitting was carried out in the
Origin program (version 2018. OriginLab Corporation, North-
ampton, MA, USA) using Lorentzian. Curves, representing
o-, nonregular and B-structures, were centered near 1654 cm™ ',
1662 cm " and 1670 cm ™" respectively. We used residual after
the first derivative method to find peaks. The contribution (%) of
various secondary structures was determined by dividing the
area under the corresponding peak by the sum of the area under
all fitted peaks (cumulative fit peak).

Results

The Raman spectra were recorded from dry venom samples.
The processed spectra of the samples are shown in Fig. 1.

Intensity, rel.units

T T T T T T T
400 600 800 1000 1200 1400 1600
Raman shift, cm™!

Fig. 1 The processed Raman spectra of all venom samples.
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Fig. 2 PCA score plot where a percentage of explained variance for each
PC is indicated in brackets. Four clusters (obtained by k-means clustering)
differ in color. The dashed line shows the division of the samples into
Elapidae (under the line) and Viperidae (above the line) venoms.

These processed spectra were subjected to PCA. The resulting
PCA score plot is shown in Fig. 2 where, for clarity, 2 principal
components (PCs) out of 3 used are presented. Loadings for PC1
and PC2 are shown in Fig. S2 (ESIt).

Furthermore, in order to identify groups of venom samples,
we clustered our samples using the k-means method. Since
k-means clustering requires a priori specification of the number
of clusters, we used the elbow method, which, according to the
dynamics of the sum of the squared error (SSE) (Fig. S1, ESIY),
allowed us to determine the number of clusters (that is, their
optimal number, with an additional increase of which SSE
reduction is already negligible). As a result, the samples were
divided into four clusters, which are shown in different colors
in Fig. 2.

From the plot in Fig. 2 it can be seen that the samples can be
divided into 2 large groups corresponding to Elapidae and
Viperidae venoms; the dashed line crossing the figure illus-
trates this division. It is possible to achieve a more stringent
separation by applying the discriminant function analysis
(DFA) method (namely, principal component DFA (PC-DFA))
and it was applied in this study.

About 40% of the samples named train were used to train
the PC-DFA algorithm (Table 2), that is, we indicated in advance
which family (Elapidae (E) or Viperidae (V)) they belonged to.
To ensure the diversity of the training set, 3 and 4 training
samples were selected respectively from the venoms of Elapidae
and Viperidae families. After that, based on the already trained
model, the other samples named test were automatically
assigned to one of the two families. The obtained results are
shown in Fig. 3 (note that in this plot, only the vertical distance
between the samples is significant; the distance along the
horizontal axis is not important: the samples are separated by
horizontal distances to avoid overlapping).

J. Mater. Chem. B, 2023, 11, 6435-6442 | 6437
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Table 2 The assignment of samples to training and test groups (E-
Elapidae and V-Viperidae)

View Article Online

Journal of Materials Chemistry B

0.4+ lﬁsg‘-qm-l
0.2 :
= .
%ﬂ 0.0 ANA /\;.\/WV A M[\ } /\/\{\Uﬂv j\ l
Sl.‘i) 't';m'l e
-0.2 4 1670 cm
-0.4 +
T T T T T T T 1
400 600 800 1000 1200 1400 1600 1800

Raman shift, cm™!

Sample Family Set

AgCo Test

GlSa Test
BuFa E Train

BuMu Test
CrAd A% Train

DeAn Test
EcCa v Train

EcMu Test

MaLeO Test
NaNa E Train

NaNk Test
ViNi \Y% Train

MoViRa Test
WaAe E Train

NaOx Test
ViAm \% Train

ViUur Test

g

(=]

47 eCrAd oViAm g

oAgCo oVilr i

w2

2 )

oGISa ®MaLeO .Vi;:\/IoViRa S

3 ®EcMu g

;6 0 ®EcCa é

3] oWahAe E]

E ®BuFa %

=) =

SR g

= eNaNk 2

eBuMu oNaNa §

-4 ®NaOx %

2

-6 @®DeAn g

R

Fig. 3 PC-DFA score plot. The horizontal line at a PC-DFA score equal to
zero indicates separation of the samples into the families. Horizontally, the
samples are separated by distances to avoid overlapping. Blue and pink
colors indicate the venoms of E and V families, respectively. The direction
of the increasing beta sheet/alpha-helix ratio and/or of disulfide bond (S—
S) amount is indicated.

It can be seen that all test samples were correctly assigned to
one of the two groups (which correspond to families): Elapidae
venoms have a negative value on the PC-DFA score scale, and
Viperidae venoms have a positive value. We were interested to
see which spectral regions are responsible for such a separa-
tion. This information can be obtained from an analysis of the
PC-DFA loadings, which show the effect of different Raman
spectrum frequencies on the DFA scores (Fig. 4). It can be seen
that the frequencies responsible for assigning the venom to the
Elapidae family, that is, having a negative weight, correspond to
peaks around 510 and 1670 cm .

We also performed a direct analysis of those regions of the
Raman spectra that were identified as responsible for the
division of samples into groups E and V through PC-DFA
(Fig. 5). Conclusions about the secondary structure can be

6438 | J Mater. Chem. B, 2023, 11, 6435-6442

Fig. 4 The PC-DFA loading spectrum. The disulfide bond band and amide
| band are marked. The frequencies responsible for assigning the venom to
the Elapidae family (510 cm™! corresponds to the main conformation of
C-C-S$-S-C~C and 1670 cm™~* characteristic to p-sheets) and frequency
characteristic to a-helixes (1655 cm™Y) are signed.
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Fig. 5 (a) Amide | band of sample spectra; and (b) S-S band of sample
spectra (the horizontal line, intensity = 0.18 rel. units, separates venoms E
and V).

drawn from the data on the position of the peak maximum in
the amide I band (Fig. 5(a) and Table 3). For the S-S region
(Fig. 5(b)) we even managed to determine the boundary inten-
sity of the peak maximum (~ 0.18 rel. units, horizontal straight
line in Fig. 5(b) and Table 3), above which are the maxima of
the spectra of E venoms, while below it are the maxima of the
spectra of V venoms.

To evaluate the contribution of each secondary structural
component to the overall structure of samples, we additionally
performed curve-fitting analysis of the amide I band for each
sample. Initially, the number of features (peaks) for each amide
I band was chosen to be 3 according to the following possible
structures: a-helix, nonregular and B-sheet structure. In some
cases, the method detected a smaller number of hidden peaks
and the fitting was not possible with 3 functions. Then their
number was reduced to 2 or 1. The graphical results of the
analysis are shown in Fig. S3 (ESIf). For each sample the
frequencies of the maxima of all functions used to fit each

This journal is © The Royal Society of Chemistry 2023
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Table 3 The peak maximum position in the amide | band Table 4 Curve-fitting data
Snake Amide I maximum, The S-S band Number of Structure Frequency Area
Sample family cm™ intensity, rel. units  Sample fitting functions type (em™! (%)
AgCo \% 1654.5 0.04 AgCo 3 a-Helix 1652 63
GlSa A 1664.5 0.11 Nonregular 1663 21
BuFa E 1654.5 0.19 B-Sheet 1673 16
BuMu E 1669.5 0.28 GlSa 3 a-Helix 1656 56
CrAd \Y% 1663.5 0.05 Nonregular 1666 4
DeAn E 1669.5 0.21 B-Sheet 1675 40
EcCa \% 1654.5 0.07 BuFa 3 a-Helix 1654 79
EcMu A% 1654.5 0.02 Nonregular 1664 2
MaLeO \% 1660.5 0.09 B-Sheet 1674 19
NaNa E 1669.5 0.22 BuMu 3 o-Helix 1652 26
NaNk E 1669.5 0.22 Nonregular 1664 19
ViNi \% 1656 0.12 B-Sheet 1674 55
ViRa A% 1656 0.11 CrAd 3 a-Helix 1654 66
WaAe E 1656 0.26 Nonregular 1663 5
NaOx E 1669.5 0.21 B-Sheet 1672 29
ViAm \% 1656 0.14 DeAn 3 a-Helix 1654 30
Viur v 1660.5 0.18 Nonregular 1664 22
B-Sheet 1674 48
EcCa 3 a-Helix 1654 86
amide I band, as well as the areas under these curves in Nonregular 1663 2
. . B-Sheet 1671 12
percentages that correspond to a particular structure are given .y 3 w-Helix 1652 9
in Table 4. The types of secondary structures that are charac- Nonregular 1663 2
teristic of the corresponding frequencies and number of fitting B-Sheet 1670 6
functi Iso indicated MaLeO 3 a-Helix 1656 59
unctions are also indicated. Nonregular 1664 15
B-Sheet 1674 26
D . . NaNa 1 B-Sheet 1669 100
ISCUSSION NaNk 1 B-Sheet 1669 100
ViNi 2 a-Helix 1655 76
In general, Raman spectroscopy was proposed as a method to B-Sheet 1673 24
study the structural characteristics of different matter includ- MoViRa 2 E?}iz igg‘ll Sl’g
ing biological materials.' Still playing an important role in the WaAe 3 o-Helix 1655 79
structural characterization of substances, this method has Nonregular 1662 4
significantly expanded the scope of application. Nowadays, it L E'EEZEE 1222 igo
. . . . X i
is used for early detection of cancer,'® bacteria detection,"”” to  yiam 5 w-Helix 1656 81
study the pathophysiology of brain diseases,"® to determine the B-Sheet 1676 19
biochemical composition of plant,'® etc. It also demonstrates VU~ 2 o-Helix 1657 73
B-Sheet 1675 27

the possibility of working with complex samples (multicompo-
nent mixtures), for example, a study reported the classification
of blood samples obtained from 11 animal classes and human
subjects by statistical analysis of their Raman spectra.”® So, this
is a very versatile method, and in this work we applied it for the
classification of snake venoms. It should be mentioned
that earlier Raman spectroscopy was used for the analysis of
individual venom components. For example, the presence of
B-structure was shown for neurotoxins of Pelamis platurus® and
for cobramine B, a small basic protein from cobra venom.*

PCA serves primarily as a dimensionality reduction tool. The
spectral data simplified in this way can then be analyzed by
other methods, in particular, by classification methods, for the
application of which, as a rule, it is necessary that the number
of samples exceeds the number of variable parameters (char-
acteristics in which the samples differ). Also, PCA makes it
possible to visualize relationships (similarities and differences)
between samples in this new reduced dimensional space (using
the distance between samples as a measure of their difference).
In addition to the obvious simplification of data, PCA allows
small spectral noise to be ignored, while retaining important
information.

This journal is © The Royal Society of Chemistry 2023

Previously, using Raman spectroscopy and PCA we had
classified protein toxins including those from snake venoms
in accordance with their structural features; moreover, using
this approach it was possible to distinguish the disulfide
isomers of the peptide toxin.? In the present work, we have
carried out Raman spectroscopic studies on a number of dry
venoms from various venomous snakes supplemented with
data analysis by PCA. The resulting PCA score plot (Fig. 2)
shows the differentiation of all studied venoms into several
clusters. Cluster 1 (red) includes the venoms of representatives
of the Vipera, Agkistrodon and Gloydius genus and Levantine
viper. Cluster 2 (yellow) includes samples from the Echis genus,
Montivipera genus, and the eastern diamondback rattlesnake
(CrAd). All venoms in cluster 2 are united by the predominance
of a component called SYMP.* The CrAd venom sample is quite
distinct from other samples of this group, which can be
explained by the fact that the CrAd species is USA endemic
and its venom has specific features. Cluster 3 (blue) combines
the venoms of kraits (Bungarus genus) and the venom of the
desert cobra (WaAe). Interestingly, in contrast to the venom of

J. Mater. Chem. B, 2023, 11, 6435-6442 | 6439


https://doi.org/10.1039/d3tb00829k

Published on 31 Mei 2023. Downloaded on 12/06/2026 11:17:12 PG.

Paper

most Elapidae, the venom of some representatives of the
Bungarus genus is dominated by PLA2. Probably, this feature
distinguishes venom samples of the 3rd and 4th clusters.
Cluster 4 (light blue) consists of true cobra venoms and DeAn
venom, the main components of which are 3FTx. Within this
cluster, cobra venoms are quite clearly distinguished as a
separate subgroup, while the venom of mamba DeAn is fairly
different from them.

This PC-DFA method®® allows us to build a boundary
between known classes of training objects. And if up to this
point the entire analysis of the spectra (clustering) was carried
out without any a priori information about the venoms (in
particular about the producing snakes), the DFA requires
training on certain samples (training set), for which one has
information about whether its samples belong to one or
another of two groups (classes). A sample inclusion in one of
the two groups is determined by whether its discriminant score
is positive or negative, which is calculated during DFA for each
sample. We used a modification of the DFA method - PC-DFA.
In this case, only the new variables (principal components) are
subjected to DFA since we are applying this analysis to the data
obtained after PCA.

As mentioned in the introduction, proteins are the pre-
dominant components of venom and therefore, they make
the main contribution to the spectra of the studied samples
(resonance effects that significantly enhance the spectrum
of some other components of the venom were not found).
Therefore, the sample spectrum can be interpreted as super-
position of the spectra of various proteins that make up venom.
It is known that the spectral region of 490-550 cm ™" represents
the disulfide bond band, and the oscillation at a frequency of
around 510 cm ™! corresponds to the main (gauche-gauche-gauche)
conformation of C-C-S-S-C-C linkage.>***> Accordingly, the
presence of a peak at this frequency in the Raman spectrum
indicates the presence of disulfide bonds in the sample
(protein), and the intensity of the peak reflects their number.
The 1600-1690 cm ™' region, the so-called the amide I band,
contains information about the secondary structure of proteins
and vibrations at a frequency of about 1670 cm ™" are charac-
teristic to B-sheets in their structure.'® Vibrations at a frequency
of about 1655 em™ " are characteristic to o-helical structural
elements of the protein, and, as can be seen from PC-DFA
loadings (Fig. 4), the presence of a-helices increases the “prob-
ability”” of assigning the sample to the Viperidae family.

Since no other sufficiently intense ‘“negative peaks” were
observed except for peaks around 510 and 1670 cm ™" (Fig. 4), it
can be assumed that the main criteria for assigning a venom to
the E or V family are the number of disulfide bonds and the
amount of B-sheets. The more of these structural elements are
present in the venom, the greater is the negative contribution to
the value of its PC-DFA score and the more likely it is to be
assigned to the E family. It can also be assumed that the lower
the venom sample is located in the plot of Fig. 3, the greater is
the relative amount of disulfide bonds and/or B-sheets in the
proteins that make it up (the corresponding direction is
marked in Fig. 3 with an arrow).

6440 | J Mater. Chem. B, 2023, 11, 6435-6442
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These results may be interpreted in terms of the quantitative
content of specific proteins in venoms. Since the content of
3FTx usually dominates in Elapidae venoms,*?® the greater
amount of B-structural elements in their samples can be
attributed precisely to 3FTx: it is known>>?” that the structure
of most of these toxins is dominated by B-sheets that form
loops. At the same time, a feature of some venoms from snakes
of the genus Bungarus from the Elapidae family is a relatively
low content of 3FTx with a predominance of PLA2." In parti-
cular, the main components of BuFa venom from Vietnam are
as follows:* 67% PLA2 and 7% LAAO. Since a-helixes predomi-
nate in the PLA2 structure,?® we can attribute the increase in
the amount of o-helixes to these proteins. This is reflected in
the plot in Fig. 3: the BuFa sample from the Elapidae family is
close to the border with Viperidae. From the data in this figure,
it can also be concluded that the ratio of B/a structures is also
reduced in WaAe venom, compared with other samples of the
Elapidae family. The opposite situation is observed for DeAn, which
is indeed characterized by an extremely high content of 3FTx.*

The shift of the amide I band maximum towards higher
(>1665 cm ™) frequencies (Fig. 5(a) and Table 3) is typical for
all E venoms, except for BuFa and WaAe, which we discussed
above. In the case of the S-S region (Fig. 5(b) and Table 3), we
see that indeed, as mentioned above, E venoms have a more
intense peak here (at ~510 cm™ "), that is, a greater number of
disulfide bonds.

Thus, it can be argued that the number of disulfide bonds
in the venom can determine which family its source-snake
belongs to, which is not a priori obvious: the amount of
disulfide may be a characteristic of different venoms.

It should be mentioned that the two PCA with k-means
clustering and PC-DFA methods used provide grouping of
venoms (Fig. 2 and 3) based on the analysis of the entire
spectra and, thus, take into account many more features of
the sample spectra than are detected by direct analysis of
specific parts of the spectra (Fig. 5), and the plots obtained as
a result of clustering combine all the features of the sample
spectra in a convenient visual format.

When interpreting the fitting results (Table 4 and Fig. S3,
ESIt), we assumed that o-helix structure peaks centered around
1652-1656 cm ' and B-sheet structure peaks were around
1669-1675 cm . Peaks below 1666 cm ' but higher than
1662 cm ™' were associated with the presence of disordered
structures."***?°

From the data presented in Table 4, it can be seen that,
as was concluded from the analysis of the maximum position
of the entire amide I band (Table 3 and Fig. 5(a)), a-helical
structural elements dominate in the samples belonging to the
Viperidae family and B-sheets dominate in the samples belong-
ing to the Elapidae family. The exceptions are also BuFa and
WaAe. An interesting result is that venoms of snakes belonging
to Vipera and Montivipera genus have a minimum number of
nonregular structures (the corresponding peak was not found)
and in the venoms of true cobras, the predominant structural
component is B-sheets (a single peak corresponding to this
structure was found).

This journal is © The Royal Society of Chemistry 2023
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We were able to find only two papers describing the crude
venom study by Raman spectroscopy. Thus, Raman spectro-
scopy was used to characterize biochemical alterations in the
mouse gastrocnemius that was injected with Bothrops jarara-
cussu venom, as well as, this venom was detected by Raman
spectroscopy in the mouse muscle tissue.*® In another paper,*"
surface-enhanced Raman spectroscopy (SERS) was used to
compare and analyze two venoms: Trimeresurus stejnegeri from
the Elapidae family and Bungarus multicinctus from the Viper-
idae family. The SERS fingerprints were different and enough to
distinguish the two venoms studied. In SERS, nanoparticles
(usually gold or silver) are used to amplify the signal. We
believe that conventional Raman spectroscopy is more prefer-
able to this method, primarily because it has a much greater
reproducibility of results (spectra), even if they are obtained in
different laboratories. In turn, SERS spectra depend signifi-
cantly on the properties of nanoparticles (geometry, surface
chemistry, and others). In addition, since the signal from the
regions of molecules located near the surface of the nanopar-
ticle is mainly amplified, the spectra obtained characterize not
so much the whole venom sample itself but the nature of the
interaction of its individual proteins with nanoparticles. At the
same time, conventional Raman spectra contain information
about the complete amino acid sequence®* and the 3D structure
of all venom proteins. It should be noted, that protein classifica-
tion by Raman spectroscopy is not affected by sample drying.*

The method proposed here facilitates fast analysis by com-
paring a large number of dry venoms that do not require a
special sample preparation and are needed in minimal quan-
tities (~10 pg). Thus, the venom obtained from one specimen
(individual) of the snake is quite sufficient. This fact, along with
the speed of analysis, is an advantage of this method.

Currently, one of the main methods for assessing the
composition of crude venom (‘“direct” approach) is liquid
chromatography with tandem mass spectrometry (LC/MS/MS),
which makes it possible to determine what protein families are
present in the venom.>*?* This method is not without draw-
backs: many proteins required de novo MS sequence analysis
with homology searches to place protein in a particular venom
toxin family; venom gland transcriptome data, although of
great utility in MS identification of venom proteins do not
necessarily reflect the proteome of the venom.** Techniques
such as chromatography and gel electrophoresis are used to
separate venom proteins and typically require following mass
spectrometric analysis for protein identification.*®

Our method based on Raman spectroscopy can be consi-
dered as an alternative way to analyze particular venom by
establishing its similarity with other characterized venoms and
thus assessing its composition. The method can be considered
as the first step in the development of new methods for
determining the type of venom using a swab from the bite site,
for the correct selection of antivenom for the victim. Snakebite
envenoming is an important cause of preventable death. The
World Health Organization (WHO) set a goal to halve snakebite
mortality by 2030. In 2019, 63,400 people died globally from
snakebites.’” An estimated 5.4 million people are bitten each

This journal is © The Royal Society of Chemistry 2023
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year with up to 2.7 million envenoming (https://www.who.int/).
South Asia had the greatest burden. Since compact Raman
spectrometers are available,®® it is possible to carry out analysis
outside the laboratory, which is important for work in devel-
oping countries where mortality from snake bites is quite
high.’

Conclusions

In this work, for the first time, a Raman spectroscopic study of
crude venoms from various snake species of different genera
and families was carried out. The study showed the applicabil-
ity of this spectroscopic technique for investigation of such
complex protein mixtures as venoms and the usefulness of
dimensionality reduction and clustering methods for interpre-
tation of complex spectral data. Based on the obtained spectral
data, the venom samples were divided into two groups corres-
ponding to the Viperidae and Elapidae families, which venom-
producing snakes belong to. A more detailed classification into
four groups, reflecting the composition of venoms, was also
carried out.

Thus, we have proposed an extremely economical express
method, which made it possible to quickly analyze a large
number of venoms, and the low consumption of materials
made it possible to work with small quantities of samples,
which is important when studying the venoms of unproductive
(low yielding) snakes, as well as rare and endangered species of
snakes. Our approach provided a way to evaluate the composi-
tions of venoms by comparison with those already characterized.
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