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Adipokinetic hormones (AKHSs) regulate important physiological processes in insects. AKHs are short peptides with
blocked termini and Trp in position 8. Often, proline occupies position 6. Few post-translational modifications have been
found, including hydroxyproline ([Hyp®]) and kynurenine (Kyn). Researchers' latest data suggest that the Hyp- and Kyn-
containing AKHs occur more often than originally thought and researchers investigated if they are natural or artifactual.
Experimental evidence indicated that Hyp occurs endogenously in insect corpora cardiaca.
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| 1. Introduction

In insects, neuropeptides regulate processes such as homeostasis, development, reproduction, and behavior 2, One of
the peptide hormone families, the so-called adipokinetic hormone (AKH)/red pigment-concentrating hormone (RPCH)
family, is involved in energy metabolism making stored metabolites available for use in the hemolymph of insects; more
than 100 members are known with conserved structural features B4, Mature AKHs are eight to ten amino acids long, with
blocked N- (pyroglutamate, pQ) and C- (carboxyamide) termini and specific amino acid residues in each position.
Tryptophan is always localized at position 8, and in more than half of all AKHs, a proline residue occupies position 6. A few
modifications of AKH peptides have been described, viz. phosphothreonine &, sulfothreonine [€], C-mannosylation at the
tryptophan residue @& proline isomerization (putative) [, as well as oxidative changes on the Trp and Pro residues, i.e.,
kynurenine (Kyn) 22 and hydroxyproline (Hyp) 212 (Figure 1).
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Figure 1. AKHs have conserved structural features such as blocked termini and specific amino acid residues in each
position. Few modifications have been described so far.



The finding of a Hyp form of an AKH in diverse insect orders such as Hemiptera and Diptera 21112 formed the basis of a
closer inspection for this peptide modification in subsequent corpora cardiaca (CC) samples. In many cockroach species
(order: Blattodea), Hyp-modifications were commonly detected but not verified for most of the [Pro®]-containing AKHs 31,

Trp oxidation of AKHs, on the other hand, is under-reported, but the phenomenon of Trp oxidation in other proteins and
peptides may be the result of in vivo processes—some of which may be detrimental to health, some may be neutral, and
some may act as a signal (for review, see 1415 However, Trp oxidation can also be an artifact from sample handling. It
is, therefore, imperative to establish whether an observed modification to a peptide/protein is a natural product or a result
of an artificially induced process. Critically, peptide oxidation may occur as an artifact of the ionization process during the
electrospray ionization high-resolution mass spectrometry (MS) experiment, and is then detected at the same retention
time as the unmodified species 878 Naturally, modified peptides (meaning, biologically endogenous as opposed to
those with an artificial origin from the MS procedure) will appear at slightly different retention times from those of the
unmodified (“parent”) peptide species in liquid chromatography (LC), which separates the analyte peptides before MS.

The biochemical factors behind the oxidative processes that give rise to Hyp and Kyn are supplied below for a better
understanding.

| 2. Hydroxyproline

Hyp is present in animals mainly as trans-4-hydroxy-I-proline and its minor analog trans-3-hydroxy-Il-proline in a ratio of
~100:1 28, Prolyl hydroxylation is the most common post-translational modification in humans and is known for the
stabilizing function of Hyp in the collagen triple helix 2%, The reaction is irreversible and catalyzed by prolyl 4-hydroxylase
(P4H), an enzyme that has been described not only in animals but also in plants and microbes (for a review on P4H, see
20y Hyp is found to a lesser extent in non-collagen proteins; it is of structural and physiological significance, e.g., for
scavenging reactive oxygen species (for more information on Hyp structure and function, see 22121)),

The minimum substrate required for enzyme recognition is described as XPG with the PPG sequence showing the highest
hydroxylation rates in some studies 22122 |n [AlaZ]-bradykinin, however, relative hydroxylation was almost three times
better for APG than for PPG, and some dependency in oxidation efficiency from N-terminal modifications of the short
peptide was observed 23, In mammalian and frog hypothalamus, [Hyp®]-luteinizing hormone-releasing hormone was
detected with the amino acid residue triplet R-Hyp-G 24 |n HelLa S3 cells, besides PPG, also SPG, SPA, TPN, SPE,
DPV, and APS sites were hydroxylated (22, [t thus seems that Gly in position 3 of the triplet is not a universal requirement.
This was also seen in the case of toxins of the marine gastropod mollusk genus Conus that are reported to contain T-Hyp-
Hyp-K, P-Hyp-K, T-Hyp-P, T-Hyp-Hyp-R, P-Hyp-R, K-Hyp-Q, R-Hyp-T, and D-Hyp-R [28]27]128]

Little is known about hydroxyprolination in insects. The first report of a hydroxyprolinated AKH ([Hyp®]-Panbo-RPCH,
code-named Nezvi-AKH) was in 2011 from the CC of the green stink bug Nezara viridula, with Panbo-RPCH
(PQLNFSPGW amide) as the “parent peptide” being modified 1. Eleven years later, this modification was shown for an
AKH in the horse fly Haematopota pluvialis: the hydroxyprolinated Tabat-AKH (pQLTFTP GW amide) was code-named
Haepl-AKH [12). Extensive experiments with Nezvi-AKH, including extraction in an oxygen-free atmosphere, were
performed to exclude artifactual Pro oxidation 11I: such checks were not carried out with Haepl-AKH.

There is, however, not much evidence in the literature that Hyp is easily formed at ambient conditions—in contrast to
spontaneous methionine oxidation during sample handling, which has been abundantly proven for peptides and proteins
(291 Apparently, the presence at least of oxidizing agents is required to modify Pro; this residue in human apolipoprotein B-
100 was highly reactive toward oxygen radicals in vitro for two different oxidation systems in the presence of low iron
concentrations B9, Radical attack (copper and H,0,) also modified Pro residues in a cell lysate of primary cultures of
chick embryo myotubes 1 but in these experiments, the involvement of enzymes could not be excluded.

Using the search term “prolyl hydroxylase”, researchers extracted 750 entries for this enzyme in insects from the Uniprot
protein database. Except for one result (Q917H9, Drosophila melanogaster), they were all unreviewed entries, which were
assigned to the enzyme class by sequence similarity to known proteins with little experimental backing. D. melanogaster
sudestadal (sud1), however, was identified as a gene that is needed for normal growth in the fly 2. Sud1 encodes a
prolyl-hydroxylase that catalyzes post-translational hydroxylation of a conserved residue in the small ribosomal subunit
protein RPS23; knockdown of Sud1 results in growth impairment and reduced RPS23 hydroxylation, which is associated
with activation of the unfolded protein response, induction of apoptosis, and increased autophagy 221,



| 3. Tryptophan Oxidation

Ten years ago, a Kyn-containing variant of an AKH formerly identified as a hypertrehalosemic hormone in the Indian stick
insect Carausius morosus (Carmo-HrTH £3) was detected as pQLTFTPN-Kyn-GT amide in the Vietnamese stick insect,
Baculum extradentatum 9. At the time, it was thought to be a post-translational modification, but mounting evidence and
the present study suggest that it is more likely to be a handling artifact. The indole ring in Trp is highly reactive (primarily
the pyrrole ring 34)) and this amino acid residue is susceptible to oxidation and degradation into multiple products during
sample preparation 2. Factors like reactive oxygen species (singlet oxygen, hydrogen peroxide, hydroxyl radicals), light
and photosensitizers, metals, and heat may contribute to these processes (for an introductory review, see B3). The
stability of Trp-containing products is a well-known problem in the food (e.g., milk proteins 837 and textile industries 28!
as well as for pharmacological preparations (e.g., monoclonal antibodies B2)). Kyn is a common oxidation product in

addition to singly, doubly, and triply oxidated forms (Figure 2), but even more Trp modifications have been described (5]
fa0],
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Figure 2. Structures of Trp and its major oxidation products. Modified areas are highlighted. The corresponding nominal
mass increase is given in brackets.

In an earlier investigation, difficulties arose when studying the actions of a-melanocyte stimulating hormone (aMSH) and
OMSH(1-12) (AcSYSMEHFRWGKPV amide) in cell culture, because the Trp residues of the hormone were oxidized to at
least five different products 44, Peptide oxidation was slowed by the addition of tris-(2-chloroethyl) phosphate, a very
effective reducing agent, but its use was limited by its cell toxicity at higher concentrations. Interestingly, no special
chemicals such as hydrogen peroxide or irradiation (as found in other studies: photooxidation “942[43] ozone (44148 gand
gel electrophoresis procedures [8]) were necessary to modify the Trp residue in experimentation with aMSH and aMSH(1-
12); it sufficed to keep the peptides at room temperature for some time 41, Thereby, Trp oxidation took longer than Met
oxidation and was not as dominant at higher peptide concentrations.

Trp oxidation has also been described in in vivo processes. For instance, exposure of Arabidopsis thaliana plants to light
stress resulted in an increased level of oxidized Trp in proteins of the photosystem Il reaction center and the oxygen-
evolving complex 4. Increased levels of oxidative stress are also believed to play a key role in the development of age-
related diseases through the oxidation of amino acid residues, and this was substantiated for Trp in a-skeletal actin and
troponin | using a rat model of acute oxidative stress induced by X-ray irradiation 8. Both of these studies, however,
used gel electrophoresis for protein separation before analysis, which was shown to oxidize Trp ¥ In other work,
modified Trp residues were detected with LC-MS in cyclic microcystin peptides prepared from cyanobacterium Microcystis
sp. CAWBG11 using precautions to avoid artificial oxidation 42,

Trp oxidation does not always require an enzyme to catalyze it, although such processes are also known from the Kyn
pathway. Tryptophan 2,3-dioxygenase (TDO) and indoleamine 2,3-dioxygenase are members of a small family of heme
enzymes that catalyze the aerobic metabolism of | -Trp to N-formylkynurenine in both eukaryotes and prokaryotes 39,
While these two enzymes have only been described to act on Trp or some of its small molecule derivatives, a peptide-
tryptophan 2,3-dioxygenase, also called pyrrolooxygenase (PO), has been reported from plant and animal sources, which
forms peptide formylkynurenine B52l For TDO in insects, several entries were found in Uniprot, such as P20351 for D.
melanogaster and Q17P71 for Aedes aegypti, but none for PO.

Thus, the aims of the related study (Konig, S. et al. B3l) were: (1) to validate the [Hyp®]-modified AKH sequences recently
observed in cockroaches 13 with the use of synthetic peptides and LC-MS, (2) to ascertain if these peptides retain
biological activity in a metabolic assay, and (3) to elucidate whether the prevalence of the modification is an artifact arising
from peptide handling, or whether the oxidated form is already present in the CC itself (and, thus, releasable ex vivo).



Furthermore, (4) the investigations to detect other oxidized AKHSs, specifically Trp oxidation, were extended to beetles

(Order: Coleoptera) through the availability of CC extracts from burying beetle species of the genus Nicrophorus.
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