
insects

Article

Diversity and Regulation of S-Adenosylmethionine
Dependent Methyltransferases in the
Anhydrobiotic Midge

Ruslan Deviatiiarov 1,*, Rustam Ayupov 2 , Alexander Laikov 1 , Elena Shagimardanova 1,
Takahiro Kikawada 3 and Oleg Gusev 1,4

1 Institute of Fundamental Medicine and Biology, Kazan Federal University, Kazan, Tatarstan 420008, Russia;
alexander.laikov@yandex.ru (A.L.); rjuka@mail.ru (E.S.); gaijin.ru@gmail.com (O.G.)

2 Department of Cell Biology, SUNY Downstate Health Sciences University, Brooklyn, NY 11203, USA;
aurusta@mail.ru

3 Anhydrobiosis Research Group, Molecular Biomimetics Research Unit, Institute of Agrobiological Sciences,
National Institute of Agriculture and Food Research Organization (NARO), Tsukuba 305-0851, Japan;
kikawada@affrc.go.jp

4 RIKEN-KFU Translational Genomics Unit, RIKEN Cluster for Science, Technology and Innovation Hub,
RIKEN, Yokohama 230-0045, Japan

* Correspondence: ruselusalbus@gmail.com; Tel.: +7-919-6948678

Received: 29 July 2020; Accepted: 14 September 2020; Published: 16 September 2020
����������
�������

Simple Summary: Adaptation to anhydrobiotic conditions of Polypedilum vanderplanki at the larval
stage is accompanied by specific genome features and related regulatory mechanisms. The unusual
diversity of paralogous genes located in gene clusters with a strong dehydration specific response is
thought to underlie the desiccation tolerance of the insect. One of the most representative clusters
consists of the gene coding protein, L-isoaspartate O-methyltransferases (PIMT), but it remains
poorly characterized. In our work, by applying the transcriptomic RNA-seq approach on
desiccated-rehydrated larvae, we showed that these genes have significant dissimilarities in their
transcriptional activity within the group, but also in comparison with the expression profiles of other
defined types of S-adenosylmethionine dependent methyltransferases active in the larvae. We also
showed the standard methylation activity of two PIMTs, while the rest of the 12 tested proteins
lacked an enzymatic function in normal physiological conditions. These results, together with in
silico modelling, determine the heterogeneity of the group in terms of its role in the adaptation
to anhydrobiosis.

Abstract: Multiple co-localized paralogs of genes in Polypedilum vanderplanki’s genome have strong
transcriptional response to dehydration and considered to be a part of adaptation machinery at the
larvae stage. One group of such genes represented by L-isoaspartate O-methyltransferases (PIMT).
In order to highlight specific role of PIMT paralogization in desiccation tolerance of the larvae we
annotated and compared S-adenosylmethionine (SAM) dependent methyltransferases of four insect
species. From another side we applied co-expression analysis in desiccation/rehydration time course
and showed that PIMT coding genes could be separated into five clusters by expression profile.
We found that among Polypedilum vanderplanki’s PIMTs only PIMT1 and PIMT2 have enzymatic
activity in normal physiological conditions. From in silico analysis of the protein structures we found
two highly variable regions outside of the active center, but also amino acid substitutions which may
affect SAM stabilization. Overall, in this study we demonstrated features of Polypedilum vanderplanki’s
PIMT coding paralogs related to different roles in desiccation tolerance of the larvae. Our results
also suggest a role of different SAM-methyltransferases in the adaptation, including GSMT, JHAMT,
and candidates from other classes, which could be considered in future studies.
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1. Introduction

The larvae of the sleeping chironomid, Polypedilum vanderplanki (Pv), have adapted to survive
severe dehydration by entering an anhydrobiosis state [1], a kind of cryptobiosis [2]. According to
previous studies, during desiccation, the larvae accumulates trehalose and late embryogenesis abundant
proteins (LEA), which form a glassy structure instead of a water pool. Together with heat shock and
redox proteins, this structure provides conditions for the safe preservation of cellular components [3].
After sequencing and genome assembly, a new set of key genes involved in the anhydrobiosis and
its regulation were uncovered [4]. In comparison with the genomes of other animals, including
the closely related species Polypedilum nubifer, P. vanderplanki’s genome contains a large group of
paralogous L-isoaspartate O-methyltransferases (PIMT)-like genes [4]. Such PIMTs belong to group of
S-adenosylmethionine (SAM) dependent methyltransferases (MT), responsible for transferring the
methyl group to the L-isoaspartate/D-aspartyl residues in the amino acid sequences of numerous
cell proteins, for example, from S-adenosyl-l-methionine (SAM) to either the a-COOH group of
an l-isoaspartyl residue (isoAsp) or the b-COOH group of a d-aspartyl residue [5]. This reaction
is linked to the consequences of the spontaneously occurring degradation reaction of L-Aspartyl
(L-Asp) and L-asparaginyl (L-Asn), resulting in the generation of atypical D-Asp and D,L-isoAsp
residues, resulting in protein aging, inactivation, and aggregation, even under normal conditions,
which could be boosted by desiccation and other abiotic stresses [6–8]. The generated isoL-Asp is
partially reversed back to L-Asp, because of the activity of the methyltransferases, showing the vital
role of the PIMT-mediated enzymatic reaction.

In general, PIMT-coding genes are widespread and are represented by a single copy in prokaryotes,
plants, and animals’ genomes [9–11]. Surprisingly, the genome of anhydrobiotic midge contains an extra
14 paralogs of Pimt arranged in compact gene clusters, called anhydrobiosis-related gene islands
(ARIds) [4]. Such ARIds are considered to be a distinctive feature of anhydrobiosis adaptation, and point
to the specific trait of the evolution of the larvae’s adaptation mechanisms. Genomic sequencing of
a closely related species, P. nubifer, which is sensitive to water loss, revealed no ARId-like regions and
only a single Pimt gene [4].

In this work, we conducted a whole-genome comparative survey of all accessible SAM-dependent
methyltransferases in order to specify role of PIMTs and to define the previously unaccounted
anhydrobiosis-related genes. The number of paralogs within dipteran species and expression response
to desiccation stress were used as markers of the relations to the adaptation. Finally, computational
and biochemical approaches revealed differences in functional specialization among PvPimt genes,
and a significant role in desiccation tolerance among SAM MTases.

2. Materials and Methods

2.1. Identification of SAM-Dependent Methyltransferases

SAM-dependent methyltransferases coding genes in the fruit fly, Drosophila melanogaster, and in two
chironomids, P. vanderplanki and P. nubifer, were identified by generating a GO Slim using OBO-Edit2
program (http://oboedit.org/?page=index), using GO:0008757 (S-adenosylmethionine-dependent
methyltransferase activity) as a parent class (Table S1). For the identification of the non-annotated MT
genes in the chironomids, we applied tblastx (search translated nucleotide databases using a translated
nucleotide query). The genes from D. melanogaster were used as the query for the tblastx search. Selected
gene sequences were translated to proteins and were submitted to protein BLAST to verify whether the
nearest homolog was known as putative methyltransferase. Gene sequences from D. melanogaster in GFF

http://oboedit.org/?page=index


Insects 2020, 11, 0634 3 of 11

format were downloaded from FlyBase (http://flybase.org/static_pages/downloads/bulkdata7.html).
For the chironomids P. vanderplanki and P. nubifer, sequences were acquired from MidgeBase
(http://bertone.nises-f.affrc.go.jp/midgebase/). For the Antarctic chironomid, Belgica antarctica,
sequences were obtained from the NCBI database (http://www.ncbi.nlm.nih.gov/Traces/wgs/?&val=
GAAK01.1&size=50&display=contigs&page=1#list).

2.2. Differential Expression Analysis and Clustering

The transcriptomics data were obtained from NCBI SRP070984 [12], mapped with TopHat to show
the current genome assembly of P. vanderplanki, and counted with HTSeq-count (nonunique none).
For the differential expression analysis, edgeR package for R was used. The level of gene expression
was compared at different hours after slow desiccation inception (0, 1, 8, 12, 16, 24, 32, 36, 40, and 48 h)
and further rehydration (0, 1, 3, 6, 12, 24, and 48 h). All of the time experimental points were duplicated
or triplicated, except for 32 and 36 h of desiccation and 1, 6, 12, and 48 h of rehydration. In order to
compare the methyltransferase gene response to water loss, we compared the neighbor experimental
points (Table S2) and everything else against the control D00 (Table S3). The trends of expressions were
defined using the self-organizing maps (SOM) package for R. Co-expressed clusters of genes were
defined though the WGCNA package (soft threshold 5). For the SOM and WGCNA analyses, we used
all of the expressed genes (n = 16,400).

2.3. Modelling of PIMTs and SAM Interactions

Fourteen models of PIMT proteins were constructed using Phyre2 (http://www.sbg.bio.ic.ac.uk/

phyre2/html/page.cgi?id=index) and Robetta (http://robetta.bakerlab.org/) programs. The nearest
homologous protein with known crystal structure for P. vanderplanki’s PIMTs was 1R18 from
D. melanogaster (http://doi.org/10.2210/pdb1R18/pdb). Molecular docking between the SAM molecule
and the predicted models of the PIMT proteins was performed. The initial position of the molecule was
taken from 1R18. Docking was carried out in the program AutoDock, using its application vina.exe
(http://autodock.scripps.edu/).

2.4. Recombinant Protein Purification

The pPAL7 vector system (Bio-Rad Laboratories, Hercules, CA, USA) was used for the induction
of recombinant PIMTs in E. coli BL21(DE3). Vectors with PvPimt genes were artificially synthesized
by GenScript Biotech (Piscataway, NJ, USA). The cells were lysed using the “BugBuster” protein
extraction reagent (Merck Millipore, Burlington, MA, USA), centrifuged at 16,000× g for 20 min at 4 ◦C,
and 1 or 5 mL of supernatant were used for fast protein liquid chromatography (FPLC) on NGC™
Medium-Pressure Chromatography Systems (Bio-Rad) with 1 or 5 mL of eXact column (Bio-Rad).
The purified proteins were stored at −20 ◦C in a phosphate buffer with 10% glycerol until use. SDS
PAGE was used for electrophoretic separation using a “sample buffer” with a composition of ×2 0.1 M
Tris HCl, pH 6.8, 4% SDS, 12% β-mercaptoethanol, 20% glycerol, ≈0.0001% BPB, and a “running
buffer”, with a composition of 12% Tris, 13.3% aspartic acid, 1% SDS, pH 6.0, in polyacrylamide gel
with a composition of 0.3M Tris HCl, pH 7.2, 9% acrylamide, 0.1% SDS, 0.1% APS, and 0.1% TEMED,
with a protein amount of 1 µg.

2.5. Protein Identification

Purified PIMT recombinant proteins were digested with trypsin and used in LC–MS.
The chromatography properties were as follows: column AcclaimPepMap RSLC, ø 75 µm, length
15 cm, C18, 2 µm particle sizes, and 100 Å pore sizes (Thermo Fisher Scientific, Waltham, MA, USA).
The precolumn properties were as follows: AcclaimPepMap 100, ø 75 µm, length 2 cm, C18, 3 µm
particle sizes, and 100 Å pore sizes. The separation temperature was 40 ◦C. Solution A consisted of the
following: 94.9% H2O, 5% acetonitrile, and 0.1% formic acid. Solution B consisted of the following:
94.9% acetonitrile, 5% H2O, and 0.1% formic acid. Chromatography was done for 5 min with 2% B
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(application and desalination in the precolumn at a flow rate of 5 µL/min), 15 min for gradient B from
2% to 50%, 1 min from 50% to 90% for B, 7 min for 90% B, 2 min from 90% to 2% B, and 5 min for 2% B.
The flow rate in the column was 0.3 µL/min. The injection volume was 10 µL. The autosampler was
taken at 10 ◦C. The chromatography system used was UltiMate 3000 UHPLC system (Thermo Fisher
Scientific, Waltham, MA, USA).

Mass spectrometry properties were the detection of positive charged ions, voltage across the
capillary of 1400 V, frequency of 2 Hz, ionization source CaptiveSpray (gas flow 3 L/min, 150 ◦C),
applicable mass range 50–2200 m/z, and autoMS/MS mode. The MS system was maXis Impact, Bruker
(Billerica, MA, USA).

Mass spectrum analysis was performed by DataAnalysis 4.1 software (Bruker). The final protein
identification was made in Mascot 2.4.0 (database of proteins based on transcriptomics data;
http://www.matrixscience.com/).

2.6. Enzymatic Activity Assay

The HPLC for the activity assay was performed as proposed by Furuchi et al. [13]. NBD-DSIP
peptide (≈95% purity) was purchased from Biotest Systems, Moscow, Russia. The activity assay was
conducted using UltiMate 3000 UHPLC system equipped with Reaction Column Acclaim 120 C18
(Thermo Fisher Scientific, Waltham, MA, USA).

3. Results

3.1. The Variety and Differential Expression of SAM-Dependent Methyltransferases in Dipteran Insects

We performed a genome-wide search of all SAM-dependent MTases in four species, including
three chironomids, namely, P. vanderplanki, P. nubifer, and B. antarctica, and the fruit fly, D. melanogaster.

For the fruit fly, we found 85 methyltransferases genes with known SAM-dependent activity.
We divided them into several groups, depending on the type of reaction or the acceptor type of
the methyl residue (Table 1 and Table S1 for details). In the chironomids, we discovered 102, 88,
and 65 MTases for P. vanderplanki, P. nubifer, and B. antarctica, respectively. Among all P. vanderplanki
genes, the group of PvPimt was of high interest because of the unusually high number of paralogs
(n = 15), while only one Pimt ortholog was present in all of the other insects. We also found an increased
number (n = 13) of genes for ubiquinone biosynthesis O-methyltransferases and juvenile hormone
acid methyltransferases (n = 4) in the Polypedilum species, in comparison with the fruit fly or Antarctic
midge. Finally, P. vanderplanki has an additional gene of Glycine/Sarcosine methyltransferase and
variable numbers of DNA/RNA/histone MTases (Table 1).

To generalize the MTases’ response to dehydration stress, we applied SOM clustering based
on expression profiles during the desiccation–rehydration steps and separated the genes into three
groups (Figure 1a): upregulation trend (blue), stable (red), and downregulation trend (turquoise).
From these data, we can conclude that most of expressed genes are sensitive to desiccation (≈13.5K)
and have positive or negative regulation. According to DE analysis, 8706 genes in total responded to
desiccation at some timepoint (FDR < 0.05). Among the MTases, there were 67 genes with statistically
significant response; interestingly, three of them changed expression within the first hour of larval
dehydration. The most drastically regulated gene was DNA adenine-specific methyltransferase
PvDNA-MT3, which presented a 124-fold decrease in its expression in comparison to the normal state
(Tables S2 and S3). Another inactivated gene was Glycine/Sarcosine N-methyltransferase PvGsmt2
with −3.4 FC (Figure 1b). Only one gene, Ubiquinone biosynthesis O-methyltransferase PvUbmt12,
showed positive regulation with 4.4-fold increased expression (Tables S2 and S3). Some other MTases
with reasonable expression levels are also noted in Figure 1b.

http://www.matrixscience.com/
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Table 1. Discovered S-adenosyl-l-methionine (SAM) dependent MTases in D. melanogaster (D. mel) and
chironomid species: P. vanderplanki (P. van), P. nubifer (P. nub), and B. antarctica (B. ant).

Insect Species D. mel P. van P. nub B. ant

Homocysteine S-methyltransferase EC 2.1.1.10 (Hmt) 2 2 1 1
Histone-arginine N-methyltransferase EC 2.1.1.125 (HMT) 10 6 8 5

DNA adenine-specific MTases EC 2.1.1.72 7 5 7 6
RNA MTases 31 24 26 18

Histone-lysine methyltransferase EC 2.1.1.43 (HMT) 18 21 18 19
PIMT EC 2.1.1.77 1 15 1 1

Diphthamide methyltransferase EC 2.1.1.98 (Dph) 1 1 1 1
Ubiquinone biosynthesis O-methyltransferases (Ubmt) 4 13 13 2

Protein-S-isoprenylcysteine O-methyltransferase EC 2.1.1.100 (Icmt) 1 1 1 1
Glycine/Sarcosine N-methyltransferase EC 2.1.1.156 (Gsmt) 1 2 1 1

Diphthamide methyltransferase EC 2.1.1.98 (Dph) 1 1 1 1
DNA (cytosine-C5) MTase EC 2.1.1.37 1 1 1 1

Juvenile hormone acid methyltransferase EC 2.1.1.325 (Jhamt) 1 4 4 2
Protein N-terminal methyltransferase EC 2.1.1.244 (NMT) 1 1 1 1
Spermidine/spermine synthases family EC 2.5.1.22 (Sps) 1 1 1 1

DNA (cytosine-C5) MTase EC 2.1.1.37 1 1 1 1
Leucine carboxyl methyltransferase EC 2.1.1.233 (Lcmt) 1 1 1 1

Methylene-fatty-acyl-phospholipid synthase EC 2.1.1.16 (Mfap) - 1 1 1
Methyltransferase type 11 (Mt11) 3 2 2 2

Unchr_MeTrfase_Williams-Beuren Family (WBS_methylT) 1 1 1 1
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Figure 1. Expression profiling for defined SAM-dependent methyltransferases in desiccation
(yellow)-rehydration (blue) experiments on P. vanderplanki larvae: (a) self-organizing maps (SOM)
clustering of P. vanderplanki MTases into three groups, namely: upregulation (blue), stable (red),
and downregulation trends (turquoise); n represents the number of genes/number of MTases in the
group. (b,c) A view on the expression of different MTases by type. (d) Expression of PvPimt genes
in comparison to other genes from defined clusters. D00—control, D01–D48—desiccation for 1–48 h
(yellow bar), R00–R48—rehydration samples for 0–48 h (blue bar).
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Almost all PvPimt genes found to be activated within dehydration (except PvPimt1, see Tables S2–S4)
had the highest expression rate among the studied methyltransferases at all desiccation–rehydration
stages (Figure 1d), and despite a high sequence similarity, tended to have different expression profiles
(Figure 1c). Other MTases groups were also regulated in a specific manner, for example, among PvUbmt
genes, only PvUbmt5 and PvUbmt13 were classified as upregulated, but had an early and late desiccation
stages response. In the case of the RNA-MTases group, the most highly expressed genes, PvRNA-MT10
and PvRNA-MT6, showed a late desiccation and early rehydration related response, respectively
(Figure 1b). Among the histone methyltransferases classified as upregulated PvHMT-8, PvHMT-15,
PvHMT-19, and PvHMT-20 changed expression level with statistical significance (FDR < 0.05), and if
PvHMT-15 was activated at 8 h, the of the rest genes had a 40–48 h specific activation.

For the accurate classification of MTases in Pv, we applied co-expression analysis using the
WGCNA package on the entire transcriptomic data accessed from Mazin et al., 2018. The heatmap
in Figure 2a represents the topological overlap scores (TOM-based) and reveals two relatively large
co-expressed clusters of MTases #1 and #4 (see Table S4 for related genes). Notably, the clustered
genes in these cases belong to variable classes, including Pimt, Ubmt, HMT, RNA-, and DNA-MTases.
Regarding the PIMT coding genes, they were separated by co-expression analysis into five different
clusters (Figure 2b,c and Table S4). PvPimt5 and PvPimt14 were found to have an early desiccation
specific expression profile, while the rest of the genes, except PvPimt1, had a late (#1) or common
(#2, #4) desiccation related response (Figure 2c).
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expression profiles by WGCNA cluster. D00—control, D01–D48—desiccation for 1–48 h (yellow bar),
R00–R48—rehydration samples for 0–48 h (blue bar).
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3.2. The Structure Prediction of Anhydrobiosis Specific PIMTs

Based on similarity, 15 PvPimt gene products of P. vanderplanki were assigned to the same class
EC 2.1.1.77 of protein-L-isoaspartate (D-aspartate) O-methyltransferases; however, some structural
differences were observed. Multiple alignments gave an identity range of 31–74% (Figure S1).
Modeling analysis showed that P. vanderplanki’s PIMTs overlap the 1R18 methyltransferase of
D. melanogaster, almost through the whole length, except two regions—from 103 to 113—and a second
small region—from 41 to 46 (Figure 3a).
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SAM similar to 1R18 in PIMT 1, 2, 5, 11, 12, and 14; (c) positions of SAM in PIMT 3, 6, 9, and 10;
(d) different orientations of SAM in PIMT 4, 7, 8, and 13.

These regions are not related to the active site, suggesting that they are not involved in the catalytic
activity. We also obtained the docking energy of the SAM affinity to the protein (Table 2) and the new
coordinates of the SAM molecule for each PIMT protein (Figure 3). Figure 3b shows the positions of
the SAM molecule in six PIMT structures, which are similar to the SAM position in 1R18. The positions
of SAM in other predicted structures were different (Figure 3c,d). Multiple amino acid sequence
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alignments of these proteins revealed that in PIMT7 and PIMT10, the position of 60(61) is occupied by
Pro, and for PIMT 3, 4, 9, and 13 by Ala. In other proteins, this position was occupied by Ser, as in
reference 1R18 (Figure S1). His118 was related to the heterocycle stabilization of SAM in reference
1R18—a highly variable position among PIMTs (seven different amino acids).

Table 2. The affinity energy of SAM and paralogous PIMT interactions.

PIMT 1 2 3 4 5 6 7 8 9 10 11 12 13 14 1R18

Energy,
kcal/mol −7.6 −8.9 −7.1 −7.8 −7.9 −7.7 −6.8 −7.1 −8.3 −7.0 −8.3 −8.3 −7.4 −8.1 −8.4

3.3. Mass Spectrometry and Enzymatic Activity of Recombinant PIMTs

All PIMT proteins were collected and purified up to 87–99% (Figure S2) through the NGC fast
protein liquid chromatography system, except for PIMT8 and PIMT6.2 (skipped due to a relatively low
gene expression). Mass spectrometric analysis confirmed the similarity between recombinant proteins
and the expected gene products (p-value < 0.05; Table S5). Surprisingly, most of PIMTs were inactive
against a common substrate—NBD-DSIP peptide with isoAsp residue in the middle—except for PIMT1
and another PIMT2 with Km for peptide, which were 360.18 and 1041, respectively (Figure S3).

4. Discussion

SAM-dependent methyltransferases include numerous enzymes that use SAM as a methyl donor
for DNA, RNA, small molecules, histones, and numerous cell protein methylations [14]. They play
essential roles in the metabolism, such as the regulation of the gene expression, in the stabilization
and protection of the cell components, and are involved in numerous biosynthesis pathways [14,15].
We compared the number of SAM MTases paralogs between insect species with tolerance to severe
environmental conditions (P. vanderplanki and B. antarctica) and control species without such adaptations
(P. nubifer and D. melanogaster) in order to check for duplication events. Some genes have obvious
Polypedilum genus-related extensions, like PvUbmt and PvJhamt, while PvPimt paralogs is a specific
trait of anhydrobiotic midge. In addition, no such duplication events were found for B. antarctica.

From bacteria up to plant and animal species, there are one or two PIMT coding genes expressed
under environmental or hormonal regulation [10,16]. In our current study, the detailed dehydration
time course confirms that all ARId related PvPimt genes have desiccation specific expression profiles,
except for the PvPimt1 gene which has an inactivation trend (Figure 2c, and Tables S2 and S3 for
details). Interestingly, genes coding the LEA proteins, which are also known to be involved in seed
resistance to dehydration, have a different temporal expression in the larvae of P. vanderplanki [17],
and showed an early or stable desiccation-specific response in the same way to PvPimt. For example,
PvLea5, PvLea9, PvLea12, PvLea15, and PvLea26 are co-expressed with cluster #1 MTases, which tend to
be active during the whole dehydration period, while PvLea2, PvLea4, PvLea6, and PvLea11 upregulated
at the beginning, together with PvPimt5 and PvPimt14 (data not shown). It is possible that PvPimt
genes with similar expression profiles may have a different tissue specificity, as it was shown for mice
brain and testes [18], plants tissues and seeds [16], or to have a different cellular localization in the
cytosol or nucleus [19].

The studied PIMTs have a Rossman fold (Figure 3a) and SAM binding motif (Figure S1), but also
show significant changes in the SAM binding orientation (Figure 3c,d) and substitutions of catalysis
related amino acids like His118 or Ser60 [11]. In the PIMTs, 5–8 substitution of Ser60 to Ala60 show
a lack of catalytic activity. The enzymatic activity assay confirmed the loss of enzymatic functions
of most Pv PIMTs in normal physiological conditions, while only PIMT1 and PIMT2 were able to
methylate the isoAsp residue. All of the PIMT proteins were not able to methylate peptides with
D-aspartate or D-isoaspartate, which are usually unrepairable [6,20]. According to a recent study,
the larvae accumulates citrate during desiccation [21], therefore the enzymatic activity of PIMTs might
also be affected by pH. An alternative hypothesis proposes PIMTs to be a part of the stress specific
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signal/metabolic pathways, even without any methyltransferase activity [22–24]. There is a similar
conclusion, that PIMT may have specific functions in different plant tissues, despite its enzymatic
activity [25].

We found that the genes of other methyltransferases, like glycine/sarcosine N-methyltransferase
(PvGsmt2), histone-lysine N-methyltransferases, ubiquinone biosynthesis O-methyltransferases
(PvUbmt), RNA-MT, and juvenile hormone acid methyltransferase (PvJhamt), are involved in
anhydrobiosis adaptation. One Gsmt gene of P. vanderplanki drastically changed its activity and
is comparable to the PvPimt gene’s expression rate (Figure 2b). GSMT catalyzes glycine methylation
and is involved in the osmotic stress resistance of plants and bacteria species [26]. In D. melanogaster,
this enzyme is a key regulator of SAM levels, and its overexpression could increase the lifespan of
the fruit fly through SAM catabolism [27]. A strong transcriptional response to the desiccation of the
Jhamt gene supposes the maintenance of the physiological state through juvenile hormone related
pathways [28].

Epigenetic transcriptional regulation is a part of anhydrobiosis related events occurring in the
larvae after various HMTs are activated. Another gene that is highly expressed in dehydration
experiments is RNA cap guanine-N2 methyltransferase (PvRNA-MT10). Such an MT is a part of
capping enzyme complex, playing a role in the transcription regulation [29].

5. Conclusions

Our work proposes new insights into the molecular mechanisms of anhydrobiosis adaptation
through the transcriptional regulation of SAM-binding MTases. At this moment, we assume that
new PvPimt genes are required for dehydration tolerance and have different roles in this process in
Pv larvae. The demonstrated case of multiple paralogs is a good model for further PIMT research in
order to uncover new functional roles of this protein. In addition, we showed examples of other SAM
MTases genes with expression profiles comparable to that of PvPimt, and they should therefore be
considered in further anhydrobiosis-related studies.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-4450/11/9/0634/s1:
Figure S1: Protein sequences alignment for PIMTs. Figure S2: SDS-PAGE for PIMTs. Figure S3: Michaelis–Menten
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methyltransferases. Table S2: Differential expression calculated between neighbor time points. Table S3:
Differential expression calculated against the control (D00). Table S4: Accession numbers and co-expression
clusters for P. vanderplanki and P. nubifer methyltransferases. Table S5: Mascot search results.

Author Contributions: Conceptualization, O.G. and T.K.; data curation, R.D.; investigation, R.D. and R.A.;
methodology, A.L. and T.K.; software, R.A.; supervision, E.S., O.G., and T.K.; visualization, R.D. and R.A.;
writing—original draft, R.D. All authors have read and agreed to the published version of the manuscript.

Funding: The study was partially supported (biochemical experiments) by Russian Science Foundation grant
20-44-07002, by the Japan Society for the Promotion of Science KAKENHI (https://www.jsps.go.jp/english/index.
html) Grant JP18H02217 and by Strategic International Collaborative Research project promoted by the Ministry
of Agriculture, Forestry and Fisheries, Tokyo, Japan (JPJ008837).

Acknowledgments: We thank the Laboratory of Biomolecular Science from Kitasato University and Hiroshi
Homma for their introduction and help with the PIMT activity measurement method.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Watanabe, M.; Kikawada, T.; Okuda, T. Increase of internal ion concentration triggers trehalose synthesis
associated with cryptobiosis in larvae of Polypedilum vanderplanki. J. Exp. Biol. 2003, 206, 2281–2286.
[CrossRef]

2. Clegg, J.S. Cryptobiosis—A peculiar state of biological organization. Comp. Biochem. Physiol. Part B 2001,
128, 613–624. [CrossRef]

3. Cornette, R.; Kikawada, T. The induction of anhydrobiosis in the sleeping chironomid: Current status of our
knowledge. IUBMB Life 2011, 63, 419–429. [CrossRef] [PubMed]

http://www.mdpi.com/2075-4450/11/9/0634/s1
https://www.jsps.go.jp/english/index.html
https://www.jsps.go.jp/english/index.html
http://dx.doi.org/10.1242/jeb.00418
http://dx.doi.org/10.1016/S1096-4959(01)00300-1
http://dx.doi.org/10.1002/iub.463
http://www.ncbi.nlm.nih.gov/pubmed/21547992


Insects 2020, 11, 0634 10 of 11

4. Gusev, O.; Suetsugu, Y.; Cornette, R.; Kawashima, T.; Logacheva, M.D.; Kondrashov, A.S.; Penin, A.A.;
Hatanaka, R.; Kikuta, S.; Shimura, S.; et al. Comparative genome sequencing reveals genomic signature of
extreme desiccation tolerance in the anhydrobiotic midge. Nat. Commun. 2014, 5, 4784. [CrossRef] [PubMed]

5. Furuchi, T.; Sakurako, K.; Katane, M.; Sekine, M.; Homma, H. The role of protein L-isoaspartyl/D-aspartyl
O-methyltransferase (PIMT) in intracellular signal transduction. Chem. Biodivers. 2010, 7, 1337–1348.
[CrossRef] [PubMed]

6. Clarke, S. Aging as war between chemical and biochemical processes: Protein methylation and the recognition
of age-damaged proteins for repair. Ageing Res. Rev. 2003, 2, 263–285. [CrossRef]

7. Shimizu, T.; Matsuoka, Y.; Shirasawa, T. Biological significance of isoaspartate and its repair system.
Biol. Pharm. Bull. 2005, 28, 1590–1596. [CrossRef]

8. Wakankar, A.A.; Borchardt, R.T. Formulation considerations for proteins susceptible to asparagine
deamidation and aspartate isomerization. J. Pharm. Sci. 2006, 95, 2321–2336. [CrossRef]

9. Kagan, R.M.; McFadden, H.J.; McFadden, P.N.; O’Connor, C.; Clarke, S. Molecular phylogenetics of a protein
repair methyltransferase. Comp. Biochem. Physiol. B Biochem. Mol. Biol. 1997, 117, 379–385. [CrossRef]

10. Mudgett, M.B.; Lowenson, J.D.; Clarke, S. Protein repair L-isoaspartyl methyltransferase in plants
(Phylogenetic distribution and the accumulation of substrate proteins in aged barley seeds). Plant Physiol.
1997, 115, 1481–1489. [CrossRef]

11. Bennett, E.J.; Bjerregaard, J.; Knapp, J.E.; Chavous, D.A.; Friedman, A.M.; Royer, W.E., Jr.; O’Connor, C.M.
Catalytic implications from the Drosophila protein L-isoaspartyl methyltransferase structure and site-directed
mutagenesis. Biochemistry 2003, 42, 12844–12853. [CrossRef] [PubMed]

12. Mazin, P.V.; Shagimardanova, E.; Kozlova, O.; Cherkasov, A.; Sutormin, R.; Stepanova, V.V.; Stupnikov, A.;
Logacheva, M.; Penin, A.; Sogame, Y.; et al. Cooption of heat shock regulatory system for anhydrobiosis
in the sleeping chironomid Polypedilum vanderplanki. Proc. Natl. Acad. Sci. USA 2018, 115, E2477–E2486.
[CrossRef] [PubMed]

13. Furuchi, T.; Kosugi, S.; Ohno, K.; Egawa, T.; Sekine, M.; Katane, M.; Homma, H. High-performance liquid
chromatographic method to measure protein L-isoaspartyl/D-aspartyl O-methyltransferase activity in cell
lysates. Anal. Biochem. 2009, 384, 207–212. [CrossRef]

14. Schubert, H.L.; Blumenthal, R.M.; Cheng, X. Many paths to methyltransfer: A chronicle of convergence.
Trends Biochem. Sci. 2003, 28, 329–335. [CrossRef]

15. Martin, J.L.; McMillan, F.M. SAM (dependent) I AM: The S-adenosylmethionine-dependent methyltransferase
fold. Curr. Opin. Struct. Biol. 2002, 12, 783–793. [CrossRef]

16. Ogé, L.; Bourdais, G.; Bove, J.; Collet, B.; Godin, B.; Granier, F.; Boutin, J.P.; Job, D.; Jullien, M.; Grappin, P.
Protein repair L-isoaspartyl methyltransferasel is involved in both seed longevity and germination vigor in
Arabidopsis. Plant Cell 2008, 20, 3022–3037. [CrossRef]

17. Hatanaka, R.; Gusev, O.; Cornette, R.; Shimura, S.; Kikuta, S.; Okada, J.; Okuda, T.; Kikawada, T. Diversity of
the expression profiles of late embryogenesis abundant (LEA) protein encoding genes in the anhydrobiotic
midge Polypedilum vanderplanki. Planta 2015, 242, 451–459. [CrossRef]

18. Mizobuchi, M.; Murao, K.; Takeda, R.; Kakimoto, Y. Tissue-specific expression of isoaspartyl protein carboxyl
methyltransferase gene in rat brain and testis. J. Neurochem. 1994, 62, 322–328. [CrossRef]

19. Verma, P.; Kaur, H.; Petla, B.P.; Rao, V.; Saxena, S.C.; Majee, M. Protein L-isoaspartyl-O-methyltransferase2 is
differentially expressed in chickpea and enhances seed vigor and longevity by reducing abnormal isoaspartyl
accumulation predominantly in seed nuclear proteins. Plant Physiol. 2013, 161, 1141–1157. [CrossRef]

20. Desrosiers, R.R.; Fanélus, I. Damaged proteins bearing L-isoaspartyl residues and aging: A dynamic
equilibrium between generation of isomerized forms and repair by PIMT. Curr. Aging Sci. 2011, 4, 8–18.
[CrossRef]

21. Ryabova, A.; Cornette, R.; Cherkasov, A.; Watanabe, M.; Okuda, T.; Shagimardanova, E.; Kikawada, T.;
Gusev, O. Combined metabolome and transcriptome analysis reveals key components of complete desiccation
tolerance in an anhydrobiotic insect. Proc. Natl. Acad. Sci. USA 2020, 117, 19209–19220. [CrossRef] [PubMed]

22. Gomez, T.A.; Banfield, K.L.; Clarke, S.G. The protein L-isoaspartyl-O-methyltransferase functions in the
Caenorhabditis elegans stress response. Mech. Ageing Dev. 2008, 129, 752–758. [CrossRef] [PubMed]

23. Kindrachukt, J.; Parent, J.; Davies, G.F.; Dinsmore, M.; Attah-Poku, S.; Napper, S. Overexpression of
L-isoaspartate O-methyltransferase in Escherichia coli increases heat shock survival by a mechanism
independent of methyltransferase activity. J. Biol. Chem. 2003, 278, 50880–50886. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/ncomms5784
http://www.ncbi.nlm.nih.gov/pubmed/25216354
http://dx.doi.org/10.1002/cbdv.200900273
http://www.ncbi.nlm.nih.gov/pubmed/20564550
http://dx.doi.org/10.1016/S1568-1637(03)00011-4
http://dx.doi.org/10.1248/bpb.28.1590
http://dx.doi.org/10.1002/jps.20740
http://dx.doi.org/10.1016/S0305-0491(96)00333-1
http://dx.doi.org/10.1104/pp.115.4.1481
http://dx.doi.org/10.1021/bi034891+
http://www.ncbi.nlm.nih.gov/pubmed/14596598
http://dx.doi.org/10.1073/pnas.1719493115
http://www.ncbi.nlm.nih.gov/pubmed/29463761
http://dx.doi.org/10.1016/j.ab.2008.09.043
http://dx.doi.org/10.1016/S0968-0004(03)00090-2
http://dx.doi.org/10.1016/S0959-440X(02)00391-3
http://dx.doi.org/10.1105/tpc.108.058479
http://dx.doi.org/10.1007/s00425-015-2284-6
http://dx.doi.org/10.1046/j.1471-4159.1994.62010322.x
http://dx.doi.org/10.1104/pp.112.206243
http://dx.doi.org/10.2174/1874609811104010008
http://dx.doi.org/10.1073/pnas.2003650117
http://www.ncbi.nlm.nih.gov/pubmed/32723826
http://dx.doi.org/10.1016/j.mad.2008.09.019
http://www.ncbi.nlm.nih.gov/pubmed/18977240
http://dx.doi.org/10.1074/jbc.M308423200
http://www.ncbi.nlm.nih.gov/pubmed/14527954


Insects 2020, 11, 0634 11 of 11

24. Zhu, Y.; Qi, C.; Cao, W.Q.; Yeldandi, A.V.; Rao, M.S.; Reddy, J.K. Cloning and characterization of PIMT,
a protein with a methyltransferase domain, which interacts with and enhances nuclear receptor coactivator
PRIP function. Proc. Natl. Acad. Sci. USA 2001, 98, 10380–10385. [CrossRef] [PubMed]

25. Thapar, N.; Kim, A.K.; Clarke, S. Distinct patterns of expression but similar biochemical properties of protein
L-isoaspartyl methyltransferase in higher plants. Plant Physiol. 2001, 125, 1023–1035. [CrossRef]

26. Nyyssölä, A.; Reinikainen, T.; Leisola, M. Characterization of glycine sarcosine N-methyltransferase and
sarcosine dimethylglycine N-methyltransferase. Appl. Environ. Microbiol. 2001, 67, 2044–2050. [CrossRef]

27. Obata, F.; Miura, M. Enhancing S-adenosyl-methionine catabolism extends Drosophila lifespan. Nat. Commun.
2015, 18, 8332. [CrossRef]

28. Shinoda, T.; Itoyama, K. Juvenile hormone acid methyltransferase: A key regulatory enzyme for insect
metamorphosis. Proc. Natl. Acad. Sci. USA 2003, 100, 11986–11991. [CrossRef]

29. Mandal, S.S.; Chu, C.; Wada, T.; Handa, H.; Shatkin, A.J.; Reinberg, D. Functional interactions of RNA-capping
enzyme with factors that positively and negatively regulate promoter escape by RNA polymerase II.
Proc. Natl. Acad. Sci. USA 2004, 101, 7572–7577. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1073/pnas.181347498
http://www.ncbi.nlm.nih.gov/pubmed/11517327
http://dx.doi.org/10.1104/pp.125.2.1023
http://dx.doi.org/10.1128/AEM.67.5.2044-2050.2001
http://dx.doi.org/10.1038/ncomms9332
http://dx.doi.org/10.1073/pnas.2134232100
http://dx.doi.org/10.1073/pnas.0401493101
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Identification of SAM-Dependent Methyltransferases 
	Differential Expression Analysis and Clustering 
	Modelling of PIMTs and SAM Interactions 
	Recombinant Protein Purification 
	Protein Identification 
	Enzymatic Activity Assay 

	Results 
	The Variety and Differential Expression of SAM-Dependent Methyltransferases in Dipteran Insects 
	The Structure Prediction of Anhydrobiosis Specific PIMTs 
	Mass Spectrometry and Enzymatic Activity of Recombinant PIMTs 

	Discussion 
	Conclusions 
	References

