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ARTICLE INFO ABSTRACT

Keywords: Resilin is an extremely efficient elastic protein found in the moving parts of insects. Despite many years of resilin
IHSf!'ft cuticle research, we are still only just starting to understand its diversity, native structures, and functions. Understanding
Chitin ) differences in resilin structure and diversity could lead to the development of bioinspired elastic polymers, with
E;’;Z’:;;Z};:“de broad applications in materials science. Here, to better understand resilin structure, we offer a novel method-

ology for identifying resilin-rich regions of the insect cuticle using non-invasive Raman spectroscopy in a model
species, the desert locust (Schistocerca gregaria). The Raman spectrum of the resilin-rich semilunar process of the
hind leg was compared with that of nearby low-resilin cuticle, and reference spectra and peaks assigned for these
two regions. The main peaks of resilin include two bands associated with tyrosine at 955-962 and 1141-1203
cm™! and a strong peak at 1615 cm™?, attributed to the a-Amide I group associated with dityrosine. We also
found the chitin skeletal modes at ~485-567 cm ™ to be significant contributors to spectra variance between the
groups. Raman spectra were also compared to results obtained by fluorescence spectroscopy, as a control
technique. Principal component analysis of these resulting spectra revealed differences in the light-scattering
properties of resilin-rich and resilin-poor cuticular regions, which may relate to differences in native protein

Elastic proteins

structure and relative abundance.

1. Introduction

Resilin, first described in the wing joints of flying insects [1] is the
most efficient elastic protein in nature [2]. Its mature structure consists
of coiled peptide chains held in an isotropic 3D network by tyrosine
(Tyr) and dityrosine (di-Tyr) cross-linking [3-5]. In its natural state,
mature resilin is intercalated with the structural polysaccharide chitin
(the tough exoskeletal material of insects), a derivative of glucose, to
form a lattice with both high elasticity and high structural integrity. All
moving parts of the insect exoskeleton, including wing hinges, legs, and
antennal joints, apodemes (tendons), and intersegmental articulations,
contain resilin-chitin composites of varying proportions.

Peptide chains resulting from the cross-linking of dityrosine and
tyrosine are highly autofluorescent under UV excitation, and thus fluo-
rescence emission is classically used to identify resilin in insect struc-
tures [5]. However, this technique does not provide quantitative or
chemical information on the relative compositions of chitin and resilin
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in the insect organs, or the native resilin sequence. Identifying chemical
functional groups in different resilin samples, or differences in local
resilin structure, is beyond the scope of traditional fluorescence tech-
niques, but could help us to infer material properties such as elasticity,
and to determine whether the folding of the resilin protein differs across
species and expression sites. Such knowledge would be crucial to the
rapidly advancing field of biophysical entomology, particularly in
advancing theoretical and numerical modelling.

In this work, we present a non-invasive characterization of resilin
and chitin in insect tissues using Raman spectroscopy, to improve pre-
vious invasive measurements of insect chitin [6] and create a Raman
spectrum library for future studies of insect resilins. Raman spectros-
copy, which is being increasingly used in biological studies [7], is a light
scattering technique that allows for the building of a fingerprint of a
molecule of interest, through unique scattering of UV, visible, or NIR
light [8]. The unique scattering depends on the vibrational modes of the
molecules, and thus can be used to infer compositions and native
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structures of samples of interest.

Raman has been proven to be an effective tool for the characteriza-
tion of in situ insect tissues and we here demonstrate that, in a com-
plimentary manner to traditional fluorescence methods, resilin-rich
tissues and cuticle can be identified based on differences in their Raman
spectra. Furthermore, these signatures can be neatly differentiated from
the collected spectra using principal component analysis (PCA). Raman
shifts are identified for resilin and chitin based on non-invasive mea-
surements in the desert locust (Schistocerca gregaria), and the benefits
and challenges of Raman imaging of insect tissues is discussed.

2. Methodology
2.1. Samples and sample preparation

A well-studied resilin-containing structure is the locust semilunar
process (SLP), a bow-like region of highly sclerotized cuticle situated on
the hind femur at its joint with the tibia (Fig. 1A). The SLP is formed
from a lattice of resilin and chitin, which together give the combination
of rigidity and elastic recovery needed for energy storage prior to
powerful jumping [5]. We therefore used the SLP as a structure rich in
resilin. For a control region of the insect with relatively little resilin, we
used the middle of the hind femur. Thus, to prepare samples, 15 hind
legs were removed from euthanized desert locusts (Schistocerca gregaria)
at colonies held at the University of Lincoln, UK. To validate the use of
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Raman spectroscopy as a non-invasive method, no further sample
preparation was performed, and the legs simply placed on a microscope
slide to manipulate under the Raman microscope. Resilin and chitin
both consist of Raman active cyclic monomers which differ in their
functional groups (Fig. 1B), making them amenable to non-invasive
Raman techniques. A synthetic L,L-dityrosine (Bioquote Ltd., York,
UK) and powdered chitin purified from shrimp shells (Sigma-Aldrich,
Inc., St. Louis, United States) were also obtained, to repeat the experi-
ments on native compounds free from other interfering molecules.

2.2. Raman analysis

Raman analysis was performed with a Horiba Jobin Yvon Labram
(HORIBA, Kyoto, Japan) coupled to an Olympus BX41 confocal micro-
scope (Olympus Corporation, Shinjuku, Tokyo, Japan) with a laser
operating at a wavelength of 532 nm. The video confocal microscope
integrated into the machine permitted visualization of samples and
placement of the laser beam to an appropriate position and focal depth
on the sample. As the samples are not well described using Raman prior
to this analysis, spectra were initially collected between wavenumbers
3500 and 200 cm ™! (Rayleigh scattering). To obtain optimal settings for
spectrum acquisition, samples were subjected to different acquisition
times and laser intensities. Exposure times during these tests ranged
from 1 s to 20 s. All spectra were averaged a minimum of 10 times during
the acquisition process. The settings to obtain optimal spectra varied

Fig. 1. (A) The desert locust, Schistocerca gregaria. Inset image shows a magnified view of the resilin-rich semi-lunar process of the femorotibial joint, indicated by the
arrow. (B) Chemical structures of (i) chitin and (ii) dityrosine, the amino acid dimer responsible for the autofluorescence of resilin.
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considerably between samples, but as suggested by previous authors
investigating Raman in insect tissues, low intensities and long acquisi-
tion times provided better spectra [6]. Thus, acquisition settings of 25 %
laser intensity, 12 second exposure, and 10x averaging were conse-
quently chosen as a starting point for each sample. The slit area
remained between 100 and 400 nm. Due to differences in sample
orientation and data acquisition settings, Raman spectra can vary
slightly between samples, however the relative intensities of peaks
within the spectra will remain constant. In addition, the experiments
described in the present work were performed using a confocal Raman
system, allowing for a detailed description of tissue layers of different
focal planes at a micrometer level [9]. Therefore, we can use ratios of
different peaks to further compare samples, irrespective of acquisition
protocols, as long as the user is confident in the laser position in the
confocal plane. To demonstrate the utility of this technique for insect
samples, a cuticle sample from the specimen of interest was placed on
top of a sample of naphthalene, which has a well-characterized Raman
spectrum. As shown in Supplemental Fig. 1, we could not only identify
the Raman spectrum from the outer cuticle, but also penetrate deeper
through the sample to identify the characteristic spectrum of naphtha-
lene. This is evidence of the ability of Raman to investigate Raman active
biomolecules inside the insect body. With this in mind, once the insect
resilin spectra were collected and peaks identified, a principal compo-
nent analysis (PCA) was performed using the wavenumbers and relative
intensities of peaks which were present in both of the sample types, to
discern whether there are significant differences between the two
spectra. The 1st and 2nd principal components resulting from the PCA
were then tested for statistical differences between the resilin-rich and
low-resilin samples. This was computed using a One-way PERMANOVA
with 9999 permutations in Past 4.03 [10].

2.3. Fluorescence microscopy

Although well detailed from existing studies, we used fluorescence
microscopy to confirm the presence of resilin in the samples of interest.
This was done using an Olympus BX51W1 compound microscope [11]
fitted with a DAPI-5060B Brightline UV filter set (Semrock, Rochester,
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NY, USA; excitation 350-407 nm, emission 413-483 nm). Under this
filter set, resilin-rich structures display a strong blue autofluorescence.
Images were taken for the locust semilunar process, the middle of the
hind femur, hind leg tendon, and synthetic dityrosine. Additional amino
acids (in powdered form) were imaged to compare fluorescence emis-
sion to that of dityrosine.

3. Results
3.1. Raman spectroscopy

As has been suggested previously for insect tissues [6], successful
spectra were collected most frequently during low laser intensities
(0.1-25 %) coupled with long exposure times (12-20 s) with moderate
averaging (10x).

Standard examples of the Raman spectra obtained from the control
region of the locust hind femur and semilunar process are shown in
Fig. 2, with their peak assignments summarized in Table 1. At first
observation, it is clear that there are differences in the spectra obtained
from the different regions of the hind leg. At ~484 and ~567 cm ™, we
observe vibrations of the basic chitin skeletal mode [12,13]. These are
clear in the hind femur, but less often observed in the semilunar process
(Fig. 2). From here, there are few regularly occurring peaks in either
sample type, until ~850 cm ™! where a small peak is observed, often as a
shoulder to the well-defined peak at ~955 cm™'; which we assign to the
amino acid tyrosine [12,14]. The peak at ~850 cm ! could represent the
well-known tyrosine doublet [15], but discrimination of the doublet
beyond this interpretation is challenging in the assessed samples. Peaks
at ~1003, 1040, and 1106 cm™! are assigned to either C—C or C—N
stretching modes, and are more often observed in the hind femur sam-
ples [6,16]. Between ~1141 and 1203 cm_l, there are 2 prominent
peaks which are substantial in the semilunar process. These peaks are
attributed to C(2)-OH groups characterized by tyrosine [6,13,14,17]. At
~1327 and 1419 cm ™! there are several small peaks associated to strong
CH deformation. These have been attributed to chitin in other studies of
insect tissues [12]. In the region of 1450 crn’l, the hind femur samples
show small peaks we assign to CHy or CHs deformation [12,16,17]. At

semilunar process

Fig. 2. Representative Raman spectra, location of collected spectra, and fluorescence microscopy for control hind leg cuticle (A) and resilin-rich semilunar process
(B). Labelled peaks represent wavenumbers used in PCA for discrimination between resilin and chitin.
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Table 1
Library of wavenumbers and their assignments identified in this study. Assign-
ments confirmed by supporting studies cited.

Wavenumber Assignment and notes References

(em™)

2800-3100 C-H stretching [6,16]

1665 Amide I (B-sheet), potential contributions from [6,16-18]
multiple secondary structures

1615" Amide I, resilin, diTyr, comparable to synthetic [6,14,17,18]
proresilin AN16

1525 Amide 11 [13]

1450 CH,/CHj3 deformation [12,16,17]

1419 Chitin [12]

1377 CH deformation, chitin [12]

1327 Chitin [12]

1265 Amine III (B-sheet) [6,16]

1203" Resilin, Tyr [14,17]

1151°% C(2)-OH, resilin, Tyr [6,13,17]

1106 C-C stretching [6]

1040 C-C and C—N stretching modes or Phe [6,16]

1003 CC-stretch (B-sheet) or Phe [16,17]

955" Resilin, Tyr [12,14]

830-850 Tyr, Fermi resonance doublet [15]

567" Chitin skeletal mode [12,13]

484" Chitin skeletal mode [12,13]

? Indicates a wavenumber of interest for differentiating resilin and chitin in
insect tissues.

~1615 cm ™! is the largest peak in the semilunar process samples, an
Amide 1 mode attributed to tyrosine/dityrosine [6,14,17,18]. At ~1665
cm ™! signals are recorded which can be attributed to amide I (p-sheet),
with potential contributions from multiple secondary structures
[6,16-18]. Finally, from ~2800-3100 cm™l, are a prominent series of
peaks, often represented as a series of shoulders to a main peak at
~2940 cm~! which correspond to C—H stretching [6,16].

3.2. Principal component analysis (PCA)

To assist interpretation of the spectra between the semilunar process
and hind femur samples, principal component analysis (PCA) was per-
formed using the wavenumbers and relative intensities of 6 peaks which
were present in both of the sample types (Fig. 3). The 6 peaks chosen for
PCA are labelled in Fig. 2 and indicated in Table 1 with an *. The PCA
reveals that the two sample types cluster differently and can thus be
distinguished based on these 6 peaks alone. Variations in the PC scores
for individual samples are down to small variations in relative intensities
of the peaks. PC scores for the two-dimensional axes account for 95.62 %
(X =59.77 %, Y = 35.85 %) of variation between the datapoints.

PCA revealed that the first two principal components explained a

lz‘ Semilunar proces (resilin-rich)

lzl Hind femur cuticle (chitinous)

0.25
£ 000
o\
o
w
o)
J -0.25
a

-0.4 -0.2 0.0 0.2
PC1 (59.77%)

Fig. 3. Principal component analysis of the Raman spectra from the locust

semilunar process and hind femur control cuticle. Raman wavenumbers used to
conduct PCA labelled in Fig. 2.
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total of 95.59 % of the variation in Raman spectra between the two
sample types (Fig. 3). The One-way PERMANOVA revealed that this
difference was statistically significant between the resilin-rich and
chitinous samples (F = 27.39, Bonferroni-corrected P < 0.001).

Assessing the PC variance reveals that peaks at 485-567 cm ™!,
955-962 cm’l, 1141-1203 cm’l, and 1615 cm explain most of the
differences between the semilunar process and the hind femur control
region (Fig. 3). The clustering can be explained not only by the presence
of resilin-rich areas but also by vibration changes in the structure of the
biomolecule due to binding to different biological structures, such as
chitin.

4. Discussion

Our study demonstrates that Raman spectroscopy is a potentially
powerful tool for assessing the relative abundance, composition, and
distribution of resilin in insect cuticles. The main peaks we identified
which likely correspond to the components of resilin include two bands
associated with tyrosine at 955-962 and 1141-1203 em ! [1 4,171, and
a strong peak at 1615 cm ™! which is attributed to the amide I group
associated with dityrosine. The latter offers particularly strong confi-
dence in the presented methodology due to the similarities of its scat-
tering wavenumber with that observed in the synthetic proresilin AN16
[14,17,18]. Although the insect cuticle is rich with other tyrosine-based
proteins, the signal associated with tyrosine at 1141-1203 cm ™! was
much smaller than in the semilunar process (Fig. 2). This may indicate
that this peak is better attributed to dityrosine, which is abundant in the
semilunar process [3-5]. The intensity of different peaks will depend on
the relative abundance of different proteins within the sample, and our
efforts to obtain spectra for the highly fluorescent dityrosine may reduce
our ability to discern co-occurring smaller peaks with high resolution.

Our assessments of the structure of insect cuticle match the spectra
observed in early studies of the locust cuticle using microtomy and
Raman [6]. Although invasive, this early study demonstrated the spatial
resolution that can be achieved in insect tissues using Raman, and here
we support the findings can be repeated in situ. An important point to
highlight is the fact that the Raman signal changes with high level of
dehydration of the sample as it is well-known that protein structure
changes with differences in solvation and modification of its chemical
environment. As Raman is an excellent tool for structural characteriza-
tion, this highlights the importance of in situ non-invasive analysis to
achieve realistic observations of these elastic proteins in their native
biological environment and explains the ability of this technique to
identify binding to different biological structures, as demonstrated by
our experiments.

PC analysis revealed that the aforementioned peaks associated with
tyrosine and dityrosine, as well as the chitin skeletal modes at 485-567
cm ™}, explain most of the variation between the spectra of the two re-
gions of the leg, and should be important for developing this method into
the future. We recommend long exposure times at low laser intensities as
a main method to reduce fluorescence.

Despite multiple attempts, collection of Raman spectra for the syn-
thetic L,L-dityrosine was not possible using the presented method, with
spectra becoming saturated by a high degree of autofluorescence, which
is detrimental to Raman analysis. While methods such as surface-
enhanced Raman spectroscopy (SERS) could be used to reduce or
completely eliminate fluorescence [19], this would result in shifts to the
peaks within the spectra and their ratios, and require invasive nano-
particle delivery, defeating the objective of advancing Raman into non-
invasive studies of insect tissues, although a future description of this
synthetic dityrosine could be beneficial for generally understanding the
mechanism behind dityrosine fluorescence. Dityrosine had significantly
greater autofluorescence across all available filter sets, suggesting a
broadband autofluorescence (Supplemental Fig. 2). This synthetic
dityrosine was also highly instable, changing in response to the tem-
perature of the experimental area (Supplemental Fig. 3), making further
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manipulations challenging. This behavior of the isolated dimer, and the
fact resilin presents a good in situ Raman signal, highlights the impor-
tance of maintaining the native chemical environment in the analysis of
proteins in order to understand biological function and maintain struc-
tural integrity, as achieved by our Raman observations.

Despite challenges collecting spectra on the highly fluorescent
samples, Raman offers a powerful and complimentary method to
traditional resilin imaging. While fluorescence can be used to identify
resilin-rich tissues [5], Raman can be utilized for in situ descriptions of
the native structure. Where resilin and its binding to other tissues vary,
the spectra obtained through this methodology will change.

From here, it would be beneficial to investigate the potential for
using Raman in a semi-quantitative manner to measure the abundance
of resilin/dityrosine in different insect tissues. A sensible model for such
an investigation would be the locust wing hinge, which is known to
contain about 25 % of its tyrosine in the form of the dimer dityrosine
[2,20]. Furthermore, well studied resilin-rich structures such as the
pleural arches of froghoppers [21], wing tendons of the dragonfly
[2,22], and the metathorax of the flea [23-25], will be useful for
advancing such studies in a comparative framework, and could aid in
describing the different ways in which resilin is deposited in insect tis-
sues during development. Across species, the method could also be used
to address the question of whether resilins utilized for different functions
(e.g. flying, jumping) show different structural compositions. In insects
where the exterior cuticle is sufficiently transparent or translucent, this
method could be tailored to allow us to record protein compositions and
structures in live insects thanks to its confocal nature (Supplemental
Fig. 1), with uses such as non-invasive dietary analysis, and measure-
ments of internal tissues and hearing organs [26]. Dynamic measure-
ments using Raman could also provide tracking of insect proteins such as
resilin through rapid in situ data acquisition to track secondary and
tertiary conformational changes to protein structures during function.
This could be particularly beneficial in understanding the higher-level
vibrational modes of resilin, and differential folding of resilins across
different parts of the insect body. Future efforts should seek to develop
this methodology alongside traditional methods to build a library of
resilin structures across insect structures and taxa, to better understand
the diversity of resilin and its native forms.

5. Conclusions

Through the use of non-invasive Raman spectroscopy, we confirm
that differentiation of integrated insect proteins is possible with a high
resolution. We describe, for the first time, the structural differences in
resilin-rich and resilin-poor insect tissues using confocal Raman,
demonstrating reliable assignment of peaks within the spectra, and offer
a library of such peaks for future research. The main peaks of resilin
include two bands associated with tyrosine at 955-962 and 1141-1203
cm ! and a strong peak at 1615 cm ™}, attributed to the a-Amide I group
associated with dityrosine. We also found the chitin skeletal modes at
~485-567 cm ™! to be significant contributors to spectra variance be-
tween the groups. We suggest Raman to be a complimentary non-
invasive method to traditional fluorescence imaging to confirm the
presence of resilin in insect tissues without losing structural integrity
and its ability to establish binding to different biological structures.
Another benefit of Raman is that it can be utilized for in situ descriptions
of the native structure without altering the original structure, as dehy-
dration of the protein will imply change in conformation. This is espe-
cially useful when observing live specimens. The confocal nature of
Raman helps identifying layers of protein, which is not possible with
fluorescence. On the negative side, the analysis of resilin using Raman
presents a high degree of autofluorescence, which is detrimental. This
was partially solved using PCA to identify different resilin regions within
the anatomy of the insect.
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Statement of significance

We believe this study will be of interest to your readers as it describes
the first report of the use of Raman spectroscopy for the identification of
the elastic protein resilin inside insect structures in a non-invasive way.
Resilin is a very interesting biopolymer and an elastic protein with a
high elastic coefficient. It has attracted interest from several companies
aiming to the exploit its elastic properties.

The work developed here is an example of the use of Raman spec-
troscopy in the study of biomolecules and biomaterials for non-invasive,
in situ analysis in insects. It also opens the door to understanding their
biological function by potentially following conformational changes of
proteins in living organisms using Raman spectroscopy.
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