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クモ糸遺伝子のデザイン原理を定量的に理解する

クマムシの生命活動の可逆的な停止を定量的に理解する
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Nature Communications (2016)

Mol. Ecol. Res. (2016)
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乾眠を可能にするタンパクの探索

クマムシ固有の新規 
タンパクファミリーを発見

細胞質局在：CAHS
分泌性：SAHS

ミトコンドリア局在：
MAHS/RvLEAM

核局在：S261, Dsup

manual inspection. These findings suggested that the MAHS protein forms a novel heat-
soluble protein family targeted to the mitochondria, which is unique to and conserved in tardi-
grades. Sequence comparison among putative tardigrade MAHS proteins revealed a conserved
region in the middle of the protein (S4 Fig.), and this region was partially predicted to form an
alpha-helix by PORTER predication software (Fig. 4c-d), potentially with an amphipathic
property (Fig. 4e), implying that MAHS proteins have a role similar to that of LEA proteins
in anhydrobiosis.

RvLEAM and MAHS proteins improved osmotic tolerance of human
cells
LEA proteins are thought to play an important role in protecting macromolecules from desic-
cation stress in anhydrobiotic animals [9 ]. Introduction of LEA proteins to non-anhydrobiotic
animal cells, like human cells, improved cellular viability and cellular integrity in water-defi-
cient conditions such as dehydration or hyperosmotic treatment [16–18 ]. In these assays, the

Fig 4. Subcellular localization of a novel mitochondrial heat-soluble MAHS protein. (a) Subcellular localization of MAHS-GFP fusion protein in human
HEp-2 cells. (b) Heat-solubility of MAHS protein using bacterial lysate (left) or purified protein (right). Starting samples before heat treatment (S), soluble
fraction after heat treatment (HS), and insoluble precipitate (HP) are shown. Red arrows indicate MAHS protein. (c) MAHS protein structure with hydrophathy
plot. Mitochondria Targeting Peptide and conserved MAHSmotif are indicated by the pink box and red box, respectively. Yellow and blue bars in the
hydropathy plot indicate predicted helix regions (H1–5) and strand regions (S1–7), respectively. (d) Sequence alignment of conservedMAHSmotifs among
three tardigrade species, R. varieornatus, H. dujardini (Hd), andM. tardigradum (Mt). Pink and yellow indicate hydrophilic and hydrophobic residues,
respectively (d) Amphipathic nature of predicted helix in MAHSmotif. Amino acids are coloured as described in Fig. 1c.

doi:10.1371/journal.pone.0118272.g004

Tardigrade Mitochondrial Proteins Confer Osmotolerance
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chose SAHS1, CAHS1 and CAHS3 as representative members of
three differently predicted locations, and expressed their GFP-
fusion proteins in cultured cells. CAHS1-GFP was distributed
mostly in the cytoplasm and weakly in the nucleus (Fig. 3A–D),
whereas CAHS3-GFP localized only in the cytoplasm and no
signals were observed in the nucleus or mitochondria (Fig. 3E–H).
Thus, CAHS proteins localize mainly in the cytoplasm and certain
members can also distribute in the nucleus. In contrast, SAHS1-
GFP fusion proteins were detected in the culture medium rather
than the cell bodies by immunoblot analysis (Fig. 3I), suggesting
that SAHS1 is a secretory protein. Fluorescent signals for SAHS1-
GFP were hardly detected, but in a small population of cells, weak
intracellular signals were observed (Fig. 3J–L), possibly due to
proteins remaining in secretory pathway such as the endoplasmic
reticulum or Golgi apparatus. SAHS might contribute to protect
these secretory organelles.

a-Helices induced by water-deficient conditions
As all SAHS and CAHS proteins were predicted to be

intrinsically unstructured similar to LEA proteins by the FoldIndex
program [29] (Fig. S2), we examined their secondary structures
using CD spectroscopy. In hydrated conditions, SAHS1 had a
minimum at 215 nm, which is the typical CD spectrum of b-
structures (Fig. 4A). FABP is rich in b-structures [30]. Thus,
SAHS1 and FABP probably share similar secondary structures
rather than the predicted unstructured conformation. In contrast,

the CD spectrum of CAHS1 had a single deep minimum around
200 nm, similar to that of hydrated LEA proteins [31], suggesting
that these proteins are unstructured in hydrated conditions
(Fig. 4B). When water-deficient conditions were mimicked by
increasing the desolvating agent of trifluoroethanol (TFE), the
spectra of both SAHS1 and CAHS1 dynamically changed to the
typical spectra of a-structures with minima at 206 nm and 221 nm
(Fig. 4A, 4B) [31]. In contrast to SAHS1 which had robust b-
structure and more than 50% TFE was required for the transition
to a-helices, the CD spectrum of CAHS1 was drastically affected
by the addition of only 10% of TFE, suggesting that CAHS1 is
more sensitive to water availability. When amino acids of the 19-
mer CAHS motif are aligned to a-helical structures, they are
expected to form amphiphilic helices, with one hydrophobic stripe
and a wider hydrophilic stripe, which can be further divided to
four differently charged regions (Fig. 4C). The typical LEA motif is
also expected to form amphiphilic helices, but its hydrophilic stripe
is divided into three regions rather than four, and the charge
distribution patterns were different between CAHS and LEA
motifs (Fig. 4C, 4D).

Discussion

In this study, we identified five novel abundant heat-soluble
proteins forming two novel protein families from an anhydrobiotic
tardigrade, R. varieornatus. Although there are several genes

representations of CAHS proteins and multiple alignments among CAHS homologs; 3 proteins from R. varieornatus and 5 homologs each from H.
dujardini (Hd_CAHSs) and M. tardigradum (Mt_CAHSs). There are 4 conserved regions. Two repeats of 19 mer CAHS-motifs were conserved in the
CAHS-c2 region. (C) Multiple alignments of 6 CAHS-motif sequences from R. varieornatus. Two octapeptides (octa1, octa2) were repeated with a
tripeptide linker.
doi:10.1371/journal.pone.0044209.g002

Figure 3. Distinct subcellular localization of CAHS and SAHS proteins. Pseudo-color fluorescent images of 293T cells expressing AcGFP
fusion proteins of CAHS1 (A–D), CAHS3 (E–H) and SAHS1 (J–L). (A, E, J) AcGFP fusion proteins. (B, F) DNA. (C, G) mitochondria. (D, H, K, L) merged
images. Bars indicate 5 mm. (I) Immunoblot analyses using anti-GFP and anti-b-tubulin antibody to examine whether SAHS1-GFP was secreted into
the culture medium (medium) or retained inside the cells (cell).
doi:10.1371/journal.pone.0044209.g003

Novel Heat-Soluble Proteins in Tardigrades
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confirming the specific staining of RvLEAM and ATP5A in Fig. 2 . This is the first immunohis-
tochemical evidence for organelle-selective localization of identified LEA proteins in tardi-
grades. These findings are consistent with the RvLEAM-GFP localization in human cells
(Fig. 1d) and validate the subcellular localization analysis using GFP-fusion protein in mam-
malian cells for tardigrade proteins. Tardigrades likely share at least a partially common mech-
anism with human cells to deliver proteins to the mitochondria.

Heat-solubility of RvLEAM protein
LEA proteins are highly hydrophilic and maintain their solubility even after heat treatment. To
determine whether RvLEAM has biochemical properties similar to those of other LEA proteins,

Fig 1. Protein structure andmitochondria-targeting potential of RvLEAM. (a) Schematic representation of RvLEAM protein structure with hydropathy
plot. Pink box indicates Mitochondria Targeting Peptide (MTP) at the N-terminus and the nine green boxes indicate LEAmotifs found in RvLEAM protein. The
six yellow bars in the hydropathy plot indicate predicted helix regions (H1–6) (b) Alignment of LEAmotif sequences of RvLEAMwith consensus. Greek
characters in the consensus sequence indicate the following:Ψ, basic residue;Ω, acidic or amide residue;Φ, aliphatic residue; X, non-conserved residue.
Residues consistent with the consensus are highlighted in deep green, and amino acids at non-conserved positions are shown in light green. Sequence logo
created from nine LEA motifs of RvLEAM is shown below the alignment. (c) Amphipathic distribution of amino acids in predicted helical region of repeating
LEAmotifs 3 and 4. Amino acids are indicated as hydrophilic (pink), negatively-charged (red), positively-charged (blue), and hydrophobic (yellow) residues.
(d) Subcellular localization of RvLEAM-GFP fusion protein (top) and GFP alone (bottom) in human HEp-2 cells. GFP signals (left). Mitochondria stained with
Mito-Tracker (centre). Merged images (right).

doi:10.1371/journal.pone.0118272.g001
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Yamaguchi et al. (2012) PLoS One
Tanaka et al. (2015) PLoS One

Hashimoto et al. (2016) Nature Comm.
Arakawa (2016) PNAS

Yoshida et al. (2017) PLoS Biol.

クマムシの高精度なゲノムを決定

ヨコヅナクマムシの大量飼育系を開発

高可溶タンパクのプロテオーム

乾眠前後のメタボローム

急速乾眠 速乾眠 低速乾眠

複数種の比較トランスクリプトーム解析



Macrobiotus shonaicus ショウナイチョウメイムシの発見
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Vollrath et al. (2006) Soft Matter

クモは複数の種類の糸を使い分けている

これらはもともと１つの遺伝子から進化してきた。

http://spiber.se


Blackledge et al. (2012) Sci. Rep.

Garb et al. (2010) BMC Evol. Biol. 

クモ糸 遺伝子の 進化と発現される超高機能物性を紐付け

望みの物性を持つ超高機能タンパク素材のデザインを可能に
応
力

ひずみ

物性発現

天然高機能タンパク質遺伝子の網羅的解析 慶應義塾大学先端生命科学研究所  

1,000
species

world-wide

ロボティクス・バイオインフォマティクスによる徹底した自動化

1分子・超微量 解析技術の応用により実現

マルチオミクス解析により解明

短期間に超大量の解析が必要

クモ糸のリピートは解析が困難

クモ糸を構成する要素が未知

次世代シーケンサー による網羅的解析1,626
/1000

サンプル解析終了クモ 73科399属

> 100,000 遺伝子
> 5,000 構造タンパク遺伝子

※ 参考：日本産クモ類は約1500種64科

世界最大の構造タンパク遺伝子データベース

✔ ７種類のクモ糸タンパク

✔ 天然ゴムを上回る伸縮性のレジリン
✔ 天然セラミック・ピラルク鱗のコラーゲン

✔ ミノムシの糸フィブロイン クモ糸 
プロテオーム 
メタボローム

新規構成成分を発見！ 
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色素のメタボローム解析

ultra filteration
 (3kDa)

100µM	Standard

金色の色素は
キサンツレン酸

弱い抗菌効果を持つ

4成分はHall	(1988)より

+XA

+XA

controlcontrol

pH	8.0

pH	8.0

M9	medium Spitz.	medium

Fujiwara et al. submitted
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