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Abstract

NMR is a valuable tool for studying insects. Solid-state NMR has been used to obtain the
chemical composition and gain insight into the sclerotization process of exoskeletons. There

is typically little difficulty in obtaining sufficient sample quantity for exoskeletons. However,
obtaining enough sample of other insect components for solid-state NMR experiments can be
problematic while isotopically enriching them is near impossible. This is especially the case

for insect wing membranes which is of interest to us. Issues with obtaining sufficient sample

are the thickness of wing membranes is on the order of microns, each membrane region is
surrounded by veins and occupies a small area, and the membranes are separated from the wing by
physical dissection. Accordingly, NMR signal enhancement methods are needed. MAS-DNP has
a track record of providing significant signal enhancements for a wide variety of materials. Here
we demonstrate that MAS-DNP is useful for providing high quality one-dimensional and two-
dimensional solid-state NMR spectra on cicada wing membrane at natural isotopic abundance.
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Introduction

Insects are the most diverse group of animals, accounting for over 80% of all species

and with a total population of approximately one million trillion [1-4]. Several reasons

are attributed to why insects have become so successful, and the most important reason
appears to be their ability to fly. Insects were the first animals to fly. Flight provides insects
significant advantages in avoiding predators, finding food, finding mates, and populating
new areas.

Insect wings are an outgrowth of the exoskeleton [1]. The wing itself is made of a network
of veins and thin membranes and must be flexible enough to allow sufficient bending and
twisting that is necessary for flight but strong enough to withstand the forces from the
repeated flapping motion. The wing is attached to the exoskeleton, and muscles located
where the wing and the exoskeleton join are responsible for the active motion of the wing.
However, unlike birds and bats, the insect wing has no muscles. Birds and bats use muscles
found throughout the wing to control complex flight paths. Since insect wings contain

no muscles, the observed flight paths of insects rely partly on passive wing deformations
allowed by the wing’s flexibility [4, 5].
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The insect exoskeleton is hard and rigid and serves to support and protect the insect, whereas
the wing membrane is tough and flexible. Accordingly, substantial differences between the
chemical composition and molecular organization likely exist between the exoskeleton and
the wing membrane. Extensive solid-state NMR studies have been performed on insect
exoskeletons, with particular focus on sclerotization [6-14]. Only recently has solid-state
NMR been used to characterize the wing membrane [15, 16]. The primary difficulty in using
NMR to study wing membranes is collecting enough sample. The membrane must be cut
from the wing using a knife and magnifying lens, and care must be taken to exclude any
material from the veins. Membranes are typically only a few microns thick, so a typical

cut over a few square millimeters contains little sample by mass. As an example, dissection
of 5000 honeybees yielded only 50 milligrams of membrane sample in a recent study

and was a very time-consuming task. 1H-13C CPMAS NMR has been used compare the
chemical composition of cicada, honeybee, ladybug, and butterfly wing membranes. The
one-dimensional NMR experiments show that the membranes from these insects contain
mostly protein and chitin, but not in similar ratios. For example, cicada membrane is protein
rich and chitin poor whereas honeybee membrane is chitin rich and protein poor, relatively
speaking. Maybe the differences in the ratio of protein to chitin between the insects serves
the respective insect’s flight requirements.

Acquiring enough sample is the challenge to performing solid-state NMR (ssSNMR) on
wing membranes, and this is especially true for multi-dimensional NMR experiments.
Isotopic enrichment would overcome the sensitivity problem, but isotopic enrichment is
near impossible for most insects and cost prohibitive. An alternative is to take advantage of
significant signal enhancements using dynamic nuclear polarization combined with magic
angle spinning (MAS-DNP) [17-25]. MAS-DNP has demonstrated its incredible usefulness
with samples at natural abundance [26—-30]. To our knowledge MAS-DNP has not been
applied insect samples. A notable concern is how effective MAS-DNP would be for a
micron-thick composite system such as insect wing membrane for which the composition
can lead to fast relaxing protons, notably due to the presence of methyl groups that can
relax quickly. The other issue is how efficient and how homogenous is the nuclear spin
hyperpolarization within the wings.

We show that MAS-DNP has the potential to provide significant structural information on
insect wings. 13C NMR spectra of the membranes of cicada are presented. The purpose

of this paper is to illustrate the potential of MAS-DNP as a good tool for complex, sample-
limited insect samples that are not amenable to isotopic labeling. Detailed interpretation of
the spectra is reserved for a latter publication.

Experimental

Deceased cicadas (Magicicada cassini) were collected in Morgantown, West Virginia during
the periodic 17-year emergence that occurred in 2016. No chemical treatments were applied
to the insect wing membranes used in this study. Membrane material was extracted from

the forewings of the cicada using a knife. Care was taken by obtaining the cuttings with the

aid of magnifying glasses to prevent any vein material from contaminating the samples, and
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final quality control was performed by inspecting the cut membranes under a microscope
and discarding any materials that showed any evidence of vein contamination.

Chitin was obtained from cicada sloughs using a modified extraction method described
previously [31]. Cicada sloughs were obtained in Knoxville, Tennessee during the
seventeen-year 2021 emergence of Brood X. The heads and legs of the cicada sloughs

were separated from the bodies of the sloughs and discarded, and only the body (thorax and
abdomen) sections were used. The cicada slough bodies were ground in a coffee grinder and
then transferred to a 1liter beaker with 750 mL of 2N HCI and stirred for 40 minutes at 100
°C. The beaker was removed from the hot plate to cool, and then the solution and resulting
suspended powder were transferred to a Buchner funnel for vacuum filtration. The recovered
powder was rinsed thoroughly with ultrapure water. The wet powder was placed in a 500 mL
three-neck round-bottom flask. The round-bottom flask was filled with 250 mL, 2N NaOH
solution. A condenser was connected to one of the three necks of the flask, a thermometer
was inserted in the second neck, and the third was capped off. The 2N NaOH solution

was heated at 80 °C for 72 hours. After 72 hours the flask was allowed to cool to room
temperature, and the solution and suspended powder, which is chitin, was filtered using
vacuum filtration with a Buchner funnel. The recovered chitin was rinsed with ultrapure
water and dried in a vacuum oven.

The cross-polarization magic-angle spinning (CPMAS) NMR spectra shown in Figures 1
and 2 were obtained on a custom-built spectrometer using a Tecmag Redstone console and a
3.55 T magnet (proton frequency of 151.395 MHz). The NMR probe is a transmission-line
design. It incorporates a Chemagnetics 7.5 mm pencil rotor spinning assembly with a
14-mm long, 8.65-mm inner diameter, 6-turn coil made of 14-gauge copper wire. Radio—
frequency (rf) field strengths were 50 kHz for the 13C channel. The 1H rf field strength

was 50 kHz for 1H-13C cross-polarization (CP) and 115 kHz for continuous-wave proton
decoupling. The rf field strengths for the 1H and 13C channels were determined by
measuring the time for a 2r rotation. The *H and 13C power amplifiers were under active
control using a custom-built rf controller. Sample spinning speeds were set to 3600 Hz, and
the spinning speeds were actively controlled to within 0.2 Hz of the set point. All NMR
spectra were obtained using a spin-echo pulse sequence, with the time between the end of
the CP pulse and the refocusing rt pulse equal to one rotor cycle. CP contact times were 1
ms and recycle times were 2 seconds for the spectra shown in Figure 1, and each spectrum
was acquired in 23 hours. The spectra in Figure 2 were obtained with a 1 ms CP contact time
and with recycle delays of 1 second for the cicada sample and 5 seconds for the ladybug and
honeybee samples. Preliminary results showed no difference between spectra obtained on
cicada with 1 second and 5 second recycle delays. Approximately 50 mg of each membrane
sample was used to obtain the spectra. The cicada, ladybug, and honeybee spectra shown in
Figure 2 were obtained in 167 hours, 140 hours, and 140 hours, respectively.

The MAS-DNP spectra shown in Figures 3 and 4 were obtained on approximately 10 mg
of cicada wing membrane on a system built with a 14.1 T magnet at the National High
Magnetic Field Laboratory in Tallahassee, Florida. The cicada wing membrane sample was
impregnated with a 30 mM solution of cAsymPol-POK in 10% d6-DMSO/H,0 (1/9 vol %)
[32]. The sample was progressively packed into a 3.2 mm sapphire rotor, and the biradical
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containing solution was added on top at each step of packing. The radical concentration
was chosen to reach optimal enhancements in fully protonated media, based on previous
work [32]. Each of the MAS-DNP spectra shown in Figure 3 (bottom) were acquired in 128
seconds, and the MAS-DNP DQ/SQ spectrum shown in Figure 4 was acquired in 72 hours.

The sample was first spun at room temperature in a home build benchtop spinner and

then an EPR spectrum at room temperature was collected on an EMX Nano benchtop

EPR spectrometer to check the biradical’s mobility. Then the sample was inserted in the
MAS-DNP probe cold (~100 K) and spun at 10.5 kHz. The microwave beam was controlled
by a quasi-optic setup and the beam polarization was optimized using a Martin-Puplett
interferometer [33, 34]. The sample was irradiated with ~12 W of (uw) power measured at
the probe base, which was determined to be optimal. For 1H — 13C CP, a 20% ramp CP
pulse of duration 600 ps and centered at 50 kHz nutation was applied on the H channel and
a 39.5 kHz pulse was applied on the 13C channel. All other pulses on the 1H channel were
100 kHz and decoupling was carried out using SPINAL64 [35]. For SPC-5 [36], identical
conditions were used except that a CW decoupling of 105 kHz was applied during the
recoupling. The excitation duration of the DQ recoupling was set to 570 s to favor the
detection of directly bonded 13C-13C spin pairs.

Results and Discussion

Low Field Results for Insect Wing Membranes and Cicada Exuviae

While our focus is the characterization of insect wing membranes, it is useful to review the
13C CPMAS spectra of the insect exoskeleton as a point of reference. Figure 1 (bottom)
shows the 13C CPMAS spectrum of cicada exuviae, and it is similar to the 13C spectra
obtained on previously studied insect exoskeletons [6—14] and butterfly chrysalis [37].

The assignments of 13C resonances for insect exoskeletons are provided in Table 1. The
dominant components of the cicada exoskeleton are chitin and protein. Additionally, there
is significant contribution from catechols, which play a central role in sclerotization, and
the 13C resonance associated with catechols at 144 ppm is distinct. The 13C resonances
associated with chitin are intense in the spectrum for the exuviae. The 13C CPMAS spectrum
of chitin isolated from cicada exuviae is shown in Figure 1 (top). Comparing the spectra in
Figure 1 show the 13C resonances for the C1, C3, C4, and C5 carbons of chitin are well
resolved from all other resonances, and the 13C resonances for the C2, C4, carbonyl, and
methyl resonances of chitin overlap with contributions from protein.

Our prior NMR experiments [15] showed expected resonances from protein and lipid
components in the cicada wing membrane, but resonances identifiable to chitin were also
observed in the experiments. The finding of chitin in the cicada wing membrane contrasts
with the textbook model of the membrane being made of dorsal and ventral epicuticle
chitin-free layers [1]. Because of this unexpected result with cicada, we examined the
chemical composition of wing membranes for three other insects [16]. We have obtained
low-field solid-state NMR results for the wing membrane of cicada (Magicicada cassini),
honeybee (Apis mellifera ligustica), ladybug (Hippodamia convergens), and amber phantom
butterfly (Haetera piera;, Peru). Chitin was found in the wing membranes of all four insects,
but the relative contribution of chitin to protein varied between insects. The wing membrane

Solid State Nucl Magn Reson. Author manuscript; available in PMC 2023 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mentink-Vigier et al.

Page 6

of honeybee was the most chitin rich, and the wing membrane of cicada was the most
protein rich. Previously described 13C CPMAS spectra taken at low field are shown for the
cicada, ladybug, and honeybee wing membrane samples in Figure 2. The 13C resonances for
the C1, C3, C4, and C5 carbons of chitin are well resolved from all other resonances in the
wing membrane samples. The honeybee wing sample shows evidence for catechols (peak at
144 ppm), but the cicada and ladybug do not show a definite 13C resonance associated with
catechols.

Cicada Wing Membrane MAS-DNP Results

The low-field 1H-13C CPMAS NMR experiments on the wing membranes were time
consuming, primarily because of the difficulty in obtaining suitable amounts of sample.
MAS-DNP has the potential to overcome the problem of limitations in sample quantity for
composite insect components for CPMAS experiments and to extend spectroscopic methods
to multi-dimensional experiments.

Figure 3 shows 1H-13C CPMAS spectra of the cicada wing membrane obtained on the DNP-
equipped spectrometer. The bottom spectrum was obtained with microwaves on, and the top
spectrum was obtained without. Each spectrum was obtained with 128 scans. The DNP-off
spectrum is scaled by a factor of 5. The enhancement provided by DNP is approximately
€onoff ~ 22 for the 13C resonances and the enhancement appears to be similar for the

chitin contributions and the protein contributions. Cicada membranes are approximately 4.7
microns in thickness, and the similarities between the two spectra in Figure 3 shows the
MAS-DNP enhancement either captures the bulk of the sample and/or the membrane surface
chemistry is like the bulk chemistry. However, the saturation-recovery curves could be fitted
by a mono-exponential curve with a build-up time of 1.5 s, thereby indicating that the
sample can be homogeneously polarized.

A concern with the low field 13C CPMAS cicada wing membrane results was the absence
of a resonance around 145 ppm, attributed to cross-linking catechols. The excellent signal-
to-noise ratio provided by the MAS-DNP experiment with CP conditions given in the
Experimental section appears to confirm that catechols are either not present or are at a
very low level compared to the honeybee sample. In addition, the 144 ppm resonance did
not appear even when the CP contact time was varied from 100 to 1500 ps, and it did not
appear during a multi-CP experiment using seven 100 ps CP pulses with delays of 2 sec
[38]. The resolution of the solid-state NMR spectrum under DNP conditions is remarkable.
The intrinsic rigidity of the sample may explain why the resolution is maintained under
MAS-DNP conditions, as this was observed for instance with amyloids and carbohydrate
samples [39, 40]. The excellent signal-to-noise ratio provided by MAS-DNP, with so few
scans, suggests that 13C-13C multi-dimensional NMR experiments are possible.

Figure 4 shows the two-dimensional natural abundance 13C-13C double-quantum, single-
quantum MAS-DNP NMR spectrum obtained on the 10-mg cicada membrane sample. The
signal-to-noise ratio is good. Some of the readily apparent cross-peaks are indicated by the
solid lines, and 13C resonances associated with chitin that overlap with protein contributions
at 55 and 60 ppm in the 1-D spectrum are now resolved. Assignments and connectivity
between all carbons for chitin are easily determined in the spectrum and are labeled

Solid State Nucl Magn Reson. Author manuscript; available in PMC 2023 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mentink-Vigier et al.

Page 7

according to the numbering scheme shown in Table 1. In addition, there is evidence that
glycine makes a significant contribution to the protein as evidenced by the C,-CO cross-
peak of glycine. The additional, unlabeled lines for carbon-carbon cross peaks in the figure
serve to further emphasize the high resolution that is attainable for the wing membrane
sample under 2-D MAS-DNP conditions. Unfortunately, contributions in the single-quantum
spectral region 110-160 ppm are not observed in the DQ/SQ spectrum using SPC-5. The
difficulty in observing resonances in the aromatic region for DQ/SQ experiments is common
and is not unique to cicada membranes. Other MAS-DNP DQ/SQ experiments that have
been previously developed [41-44] may enhance the signal contribution in the aromatic
region for this type of sample and are being considered for future work.

Conclusions

The study of insect wings comes with great challenges. The life cycle of the insects, 17 years
for the cicada, or the amount of sample available combined with the wings dissection, makes
the study of these materials extremely challenging. While some species could potentially

be isotopically labelled at significant cost, the vast majority cannot. Here we explored the
relevance of MAS-DNP in this context.

We demonstrated that MAS-DNP can produce a high-quality 13C CPMAS spectrum and

a 13C-13C DQ/SQ correlation spectrum with only a 10 mg cicada wing membrane. 1-D
CPMAS spectra can be obtained in just a few minutes. The 2-D correlation spectrum can
be obtained in a reasonable amount of time and provides the resolution to resolve chitin
resonances that overlap with resonances from protein. The observation of chitin in the
cicada wing membrane contrasts with the chitin-free model of the insect wing membrane.
The resolution of the SS-NMR spectra under DNP conditions is remarkable and we expect
these promising results to be applicable to a wide variety of insect wings as well as other
insect components, especially in cases where even a few milligrams of sample is difficult to
acquire.
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Highlights
. Insect wing membranes are composite materials made of chitin and protein
. Macromolecular components of the insect wing membrane are identified by
NMR
. MAS-DNP provides signal enhancement and resolution to characterize insect
wing membranes
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13C CPMAS spectra of cicada exuviae (bottom) and chitin obtained from cicada
exuviae (top). The spectra were obtained at room temperature on the 151 MHz (proton)
spectrometer. The resonances shown in the chitin spectrum are labeled according to the
chitin carbon positions for the structure shown in Table 1. The resonance labeled I in the

exuviae spectrum arises from catechols.
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Figure 2.
13C CPMAS spectra of wing membranes for cicada, ladybug, and honeybee. The spectra

were obtained at room temperature on the 151 MHz (proton) spectrometer.
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Figure 3.
13C CPMAS spectra of cicada wing membrane with DNP on (bottom) and DNP off (top).

The spectra were obtained on the 600 MHz (proton) MAS-DNP spectrometer collected with
a sample spinning speed of 10.5 kHz.
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Figure 4.
13¢-13¢ double-quantum/single-quantum spectrum for cicada wing membrane. The

spectrum was obtained on the 600 MHz (proton) MAS-DNP spectrometer.
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13C isotropic chemical shifts for components common to insect cuticle. The original values for cuticle

Table 1.

Page 15

components from the Schaefer et a/. paper appear in the table [7]. A similar table was published by Peter et al.

[6]. The repeat unit for chitin, along with carbon position labels, is shown for reference.

13C resonance position (ppm)

Assignment

172 Carbonyl carbons of chitin, protein, lipid, and catechol acyl groups

170 Carbonyl carbons of oxalate

155 Phenoxy carbon of tyrosine, guanidino carbons in arginine

144 Phenoxy carbons of catechols

129 Aromatic carbons

116 Tyrosine carbons 3 and 5, imidazole carbon 4, catechol carbons 2 and 5
104 Chitin carbon 1

82 Chitin carbon 4

75 Chitin carbon 5

72 Chitin carbon 3

60 Chitin carbon 6, amino acid a-carbons

55 Chitin carbon 2, amino acid a-carbons

44 Aliphatic carbons of amino acids, catechols, and lipids

33 Aliphatic carbons of amino acids, catechols, and lipids

30 Aliphatic carbons of lipids

23 Methyl carbons of chitin, protein, lipid, and catechol acyl groups; amino acid methyne carbons
19 Methyl carbons of amino acids and lipids
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