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N
Abstract

Tardigrades have fascinated researchers for more than 300 years because of their amazing
capability to undergo anhydrobiosis. In extreme states of dehydration, anhydrobiotic
tardigrades undergo a metabolic dormancy, in which metabolism decreases to a non-
measurable level and life comes to a reversible standstill until activity is resumed under more
favourable conditions. In the anhydrobiotic (tun) state, tardigrades are extraordinary tolerant
to physical extremes including high and subzero temperatures, high pressure, and extreme
levels of ionizing radiation. Possessing the ability to enter this ametabolic state at any
developmental stage, tardigrades are capable of surviving for a very long time and extend
their lifespan significantly. Anhydrobiosis seems to be the result of dynamic processes and
appears to be mediated by protective systems that prevent lethal damage. However, the
survival mechanisms of tardigrades are still poorly understood. This is mainly caused by
notable absence of detailed analysis concerning the proteome and genome of these

organisms.

FUNCRYPTA (Functional Analysis of Dynamic Processes in Cryptobiotic Tardigrades)
project consisting of four research groups has been established to fill this gap by performing
a broad range of investigations and analyses. As Funcrypta’s cooperation partner
specialized in proteomics field we started with establishing optimal protocols for extraction of
proteins from tardigrades, performing high resolution gel electrophoresis and high throughput
protein identification and quantification. Since the presence of a comprehensive protein
database is a prerequisite for protein identification, a M. tardigradum sequencing project has
been initiated in parallel to our proteomic study by our genomic cooperation partner. The first
tardigrade protein database translated from expressed sequence tags (ESTs), that have
been generated by Sanger sequencing contained 3318 sequences. This protein database
allowed us to develop the first proteome map of tardigrades utilizing 2D gel electrophoresis.
The second protein database based on 454 sequencing with a high number of 24679 protein
sequences provided us the basis for protein identification and quantification in a large scale.
This resulted for the first time in a broad characterization of proteins expressed in
tardigrades. More than 3000 unique proteins of M. tardigradum in three different states (early
embryonic state and adults in active and anhydrobiotic states) have been identified with high
sequence coverage using 1D electrophoresis in combination with high sensitive nanoLC ESI-
MS/MS on a LTQ-Orbitrap mass spectrometer. Among the broad range of identified protein
families, proteins known to be associated with desiccation tolerance were identified. This
includes proteins with antioxidant activity, chaperones in particular heat shock proteins,
aquaporins and Late Embryogenesis Abundant (LEA) proteins. Furthermore the present

study provides a semi-quantitative analysis of proteins expressed in early embryonic state
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and adults in active and anhydrobiotic states using a label-free approach based on
Exponentially Modified Protein Abundance Index (emPAl). This method allowed the
classification of proteins present in one state in major and minor components and
furthermore a quantitative analysis of differentially expressed proteins in each state. The
semi-quantitative analysis delivered consequential results in comparing early embryonic
state and adults, which will be of importance in the field of developmental biology. Using this
approach we quantitatively analyzed the expressed heat shock proteins in active and tun
states. The success of the analysis could be confirmed, by the published gene expression
analysis of some heat shock proteins performed by our cooperation partner, which delivered
similar results. The semi-quantitative analysis of active versus tun state demonstrated up-
regulation of proteins in tun state that are mainly not annotated, since they are tardigrade
specific and the homology search delivered no result. The functional analysis of these
specific proteins in future investigations will be of major importance in regard to investigating
anhydrobiosis.

Analyzing the proteins that are only identified in tun state, leads to the assumption that not
only proteins such as chaperones play important roles in protection mechanisms during
anhydrobiosis, but also further processes and mechanisms are associated such as
phosphorylation and activation of intracellular signalling cascades. Therefore optimal
protocols for analyzing phosphoproteins in tardigrades have been developed and first
experiments in detecting phosphoproteins on 2D gels using fluorescent dye (ProQ Diamond)
have been performed.

This comprehensive study from the first step of developing optimized protocol for protein
extraction to the large scale protein identification and quantification builds the basis for future
investigations in the field of anhydrobiotic organisms in regard to isolation and functional
characterization of proteins, which are associated with protection mechanisms during
anhydrobiosis. Understanding the desiccation-tolerance in anhydrobiotic tardigrades will
probably enable us to develop new strategies for long-term stabilization and preservation of
biological macromolecules in the future, which will be immensely important in medical field as

well as in pharmaceutical industry.
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|
Zusammenfassung

Tardigraden haben seit mehr als 300 Jahren die Forscher durch ihre einzigartige Fahigkeit,
Anhydrobiose einzugehen, fasziniert. Anhydrobiose wird durch extreme Trocknung
ausgeldst. Dabei andern Tardigraden ihre Kérperform, ziehen sich zusammen und bilden ein
Tonnchen, in dem keinerlei Metabolismus mehr nachweisbar ist. Im anhydrobiotischen
(Ténnchen-) Stadium zeigen Tardigraden eine aufRergewohnliche Toleranz gegeniber
physikalischen Extremen wie hohem Druck, hohen oder niedrigen Temperaturen und
ionisierender Strahlung. Durch die Fahigkeit in jeder Entwicklungsphase Anhydrobiose
einzugehen, konnen Tardigraden ihre Lebensdauer deutlich verlangern. Die molekularen
Schutz- und Reparatur-Mechanismen wéahrend der Anhydrobiose sind aufgrund fehlender

fundamentalen Untersuchungen im genomischen und proteomischen Bereich noch unklar.

Die molekularen Prozesse wahrend der Anhydrobiose und die involvierten Mechanismen
kénnen nur dann geklart werden, wenn die Grundlagen erforscht sind und flr weitergehende
Experimente zur Verfigung stehen. Das FUNCRYPTA (Funktionelle Analyse Dynamischer
Prozesse in Anhydobiotischer Tardigraden) Projekt bestehend aus vier Forschungsgruppen
hat sich zum Ziel gesetzt, diese Grundlagen zu erforschen. Als Kooperationspartner
spezialisiert in Proteomiks haben wir in der folgenden Studie optimierte Protokolle fir
Proteinextraktion, Gelelektrophorese mit hoher Auflésung und Protein-identifikation und
-quantifizierung etabliert. Da eine der wichtigsten Vorraussetzungen fiir die Proteome-
Analyse die Existenz einer moglichst vollstdndigen Proteindatenbank ist, wurde zunachst von
unseren Kooperationspartnern eine spezifische Proteindatenbank aus EST-Sequenzen, die
durch Sanger-Sequenzierung erzeugt waren, entwickelt. Diese erste Proteindatenbank, die
3318 Proteinsequenzen enthielt, ermdglichte uns die Entwicklung der ersten Proteomkarte
vom M. tardigradum. Die zweite Proteindatenbank, die auf 454 Sequenzierung basiert und
24679 Proteinsequenzen beinhaltet, lieferte eine gute Basis flr umfangreiche ldentifizierung
und Quantifizierung der Proteine. Mehr als 3000 einzelne Proteine konnten durch 1D-
Elektrophorese in Kombination mit hoch sensitiven massenspektrometrischen Methoden in
drei verschiedenen Lebenszustdnden der Tardigraden (Embryonen im Frihstadium,
erwachsenen Tiere im Aktiv- und Tonnchen-Zustand) identifiziert werden. Diverse
Proteinfamilien involviert in ein breites Spektrum biologischer Prozesse sind in den
Ergebnissen erhalten. Es konnten vor allem einige Proteine, deren Assoziation mit
Anhydrobiose bereits in anderen Organismen untersucht worden sind, in Tardigraden
identifiziert werden. Dazu gehéren Proteine mit Antioxidant-Aktivitat, ,Chaperone“-Proteine
wie Hitzeschock-Proteine und weiterhin LEA (Late Embryogenesis Abundant) Proteine und

Aquaporine.
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Zusatzlich wurde in der folgenden Studie eine semi-quantitative Analyse der vorhandenen
Proteine in drei verschiedenen Lebensstadien (Embryonen, erwachsenen Tiere in Aktiv- und
Tonnchen-Zustand) durchgefiihrt. Der Vergleich und die Quantifizierung identifizierter
Proteine durch eine label-freien Methode lieferte aufschlussreiche Ergebnisse uber
exprimierten Proteine im Embyonen-Frihstadium und Hinweise tber mdgliche Proteine und
Mechanismen, die dem Prozess der Anhydrobiose assoziiert sind. Der Erfolg dieser
Quantifizierungsmethode fir ausgewahlte Hitzeschock-Proteine konnte durch publizierte
Gen-Expressionsdaten von unserem Kooperationspartner bestéatigt werden. Die semi-
guantitative Analyse der exprimierten Proteinen in Aktiv- versus Ténnchen-Zustand zeigte
die Hochregulation vieler Proteine, die durch Homologie-Suche nicht annotiert werden
konnten. Die funktionelle Analyse und Charakterisierung dieser Tardigraden spezifischen

Proteine ist der nachste wichtige Schritt in der Tardigraden-Forschung.

Die funktionelle Analyse der Proteine, die nur im Tonnchen-Zustand identifiziert wurden,
fuhrte zur Annahme, dass Prozesse wie Phosphorylierung und Aktivierung der intrazellularen
Kaskaden eine wichtige Rolle wahrend der Anhydrobiose spielen kénnen. Aus diesem Grund
wurde in ersten Experimenten die Phosphorylierung als posttranslationale Modifikation
untersucht. Dazu wurden Protokolle zur Detektion der Phosphoproteine in 2D-Gelen durch

den Fluoreszenz-Farbstoff ProQ Diamond optimiert.

Die proteomischen Ergebnisse zusammen mit erzielten genetischen und bioinformatischen
Untersuchungen und Auswertungen stellen nicht nur die fundamentalen Grundlagen der
Tardigraden-Forschung dar, sondern liefern viele neue Erkenntnisse auf dem Weg zur
Aufklarung der involvierten Schutz-Mechanismen bei der Anhydrobiose. Dies kann in Zukunft
zur Entwicklung neuer Methoden und Strategien fiir die Konservierung und Stabilisierung
biologischer Materialien fiihren, die einen wichtigen Beitrag im Bereich Medizin und Pharma

liefern.
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1 Introduction

1.1 Milnesium tardigradum, a model organism for investigating
anhydrobiosis

Many organisms are exposed to unfavourable, stressful environmental conditions, either
permanently or for just certain periods of their lives. To survive these extreme conditions, they
possess different mechanisms. One of amazing adaptation is anhydrobiosis (from the Greek for
"life without water"), which has puzzled scientists for more than 300 years. For the first time the
Dutch microscopist Anton van Leeuwenhoek (1702) gave a formal description of this
phenomenon. He reported the revival of "animalcules” from rehydrated moss samples. In
extreme states of dehydration, anhydrobiotic invertebrates undergo a metabolic dormancy, in
which metabolism decreases to a non-measurable level and life comes to a reversible standstill
until activity is resumed under more favourable conditions [1]. One of the best known
anhydrobiotic organisms are tardigrades. Tardigrades are small invertebrates with a body length
of 0.1-1.0 mm. Milnesium tardigradum Doyére (1840) belongs to the species of carnivorous
tardigrades and is analyzed already by different aspects of its life history [2, 3]. Almost all
reported tardigrade cultures consist only of females and the reproduction occurs by
parthenogenesis. Up to seven periods of moult could be detected in one life cycle. The species
grow into mature adults after the second moulting [2, 3] and the first period of egg laying
accompanies the third moulting process. The eggs are laid in the space between the old and
new cuticles and females remain within the old cuticle, along with the developing embryos, for
several hours after egg laying [3].

Tardigrades have been in focus in the last decades because of their amazing capability to
survive extreme environmental conditions. Anhydrobiosis is a form of cryptobiosis, which
appears by water lost and desiccation. There are two known strategies to cope with water
deficiency: “desiccation-avoidance strategy” and “desiccation-tolerance strategy” [4]. The term
“desiccation-avoidance strategy” describes physiological and morphological adaptations to
reduce water loss. To prevent the over-dehydration the African lungfish for example build a
waterproof cocoon [4]. Tardigrades remain in their active form when they are surrounded by at
least a film of water. By loosing most of their free and bound water (>95%) anhydrobiosis occurs
[5]. Tardigrades begin to contract their bodies and change their body structure into a so-called
tun state (Figure 1). In the dry state these organisms are highly resistant to environmental
challenges and they may remain dormant for a long period of time. “Desiccation-tolerance
strategy” is used for withstanding the dehydrated state. The best example for this strategy is the
anhydrobiosis, when the metabolic activity is reversibly at a standstill.

Based on their amazing capability to undergo anhydrobiosis, tardigrades colonise a diversity of

extreme habitats [6], and they are able to tolerate harsh environmental conditions in any
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developmental stage [7]. Possessing the ability to enter anhydrobiosis at any stage of life cycle,
tardigrades can extend their lifespan significantly [7, 8]. In the anhydrobiotic state, tardigrades
are extraordinary tolerant to physical extremes including high and subzero temperatures [9-11],
high pressure [9, 12], and extreme levels of ionizing radiation [13, 14]. Interestingly, tardigrades
are even able to survive space vacuum (imposing extreme desiccation) and some specimens
have even recovered after combined exposure to space vacuum and solar radiation [15].
Anhydrobiosis seems to be the result of dynamic processes and appears to be mediated by
protective systems that prevent lethal damage. However, the molecular mechanisms of these

processes are still poorly understood.

State Il, dehydrated

P

%,

State lll, tun

''''''
------

State IV, rehydrated

Figure 1: SEM images of M. tardigradum in active state (l), tun state (lll) and transition states (ll,
IV) between active and tun state. Tardigrades are in the active (I) form when they are surrounded by
at least a film of water. By loosing most of their free and bound water (>95%) anhydrobiosis occurs.
Tardigrades begin to contract their bodies (state Il) and change their body structure into a so-called tun.
Tardigrades in tun state (Ill) can be brought back to active state by rehydrating. SEM images have been
provided by the cooperation parter: Dr. Ralph Schill, Steffen Hengherr, Zoological Department,
University of Stuttgart.

1.2 FUNCRYPTA project and bioinspired products

Even though detailed aspects of the life cycle of tardigrades are described, there remains a
notable absence of detailed analysis concerning the proteome and genome, which build the
basics for further investigations including developmental analysis and also characterizing the
molecular mechanisms of the protections processes in tardigrades. FUNCRYPTA (Functional
Analysis of Dynamic Processes in Cryptobiotic Tardigrades) project consisting of four research

Comprehensive proteome analysis of M. tardigradum 2
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groups specialized in Zoology (Schill et al., Stuttgart), Genomics (Frohme et al., Wildau),
Proteomics (Schndélzer et al., Heidelberg), Bioinformatics (Dandekar et al., Wirzburg), and an
industry cooperation partner (Oncoscience AG, Wedel) was established to fill this gap by
performing a broad range of investigations and analyses.

Understanding the survival mechanisms in anhydrobiotic organisms will probably enable us to
develop new strategies for preservation of biological macromolecules in the future, which is
immensely important in medical field as well as in pharmaceutical industry. The need for
stabilization of biological material in dried or in frozen state is particularly essential in organ and
tissue preservation for transportation. Generally, expensive freezers are needed to transport
e. g. vaccines and human blood platelets. Keeping vaccines or blood cold is challenging in
particular in some parts of the world. Experts estimate that approximately half of all vaccinations
are wasted annually due to contamination or exposure to extreme temperatures [16]. Eliminating
the need for freezers by producing dry vaccines based on anhydrobiosis makes vaccines more
available throughout the developing world. In October 2004 Cambrige Biostability came up with
dry vaccines that reactivates once it is injected into the body [17]. The UK Department for
International Development has awarded the company a £950,000 grant to bring the new vaccine
to production. This technology involves embedding vaccine particles in sugar beads - known as
sugar glasses - that can be stored without the need for refrigeration. These beads dissolve in
the body to release the vaccine when injected. The accumulation of non-reducing disaccharide
trehalose is reported to be associated with anhydrobiosis (see chapter 1.3). However the
absence of trehalose in some organisms with excellent desiccation tolerance indicates the
presence and involvement of other important biomolecules in protection mechanisms during
anhydrobiosis. Their investigation and characterization could lead to revolutionary results in the
field of preservation of biological material. Although achieving this goal requires years of
research, we started the first steps of analyzing tardigrades that helped us to establish

comprehensive resources for future investigations.

1.3 Involvement of disaccharides and proteins in
anhydrobiosis

It is very well known that desiccation and freezing are the extremes which damage cellular
infrastructure leading to cell death. One of the most common osmoprotectants found in nature is
the non-reducing disaccharide trehalose. By interacting with cell membranes trehalose prevents
their disruption and furthermore proteins can also be protected from desiccation-induced
denaturation by replacing water molecules [18]. It has been shown that trehalose in animals and
sucrose in plants accumulate to high concentrations prior to dehydration in many anhydrobiotic

organisms [19-21]. However, trehalose alone is not sufficient to confer a state of anhydrobiosis.
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Particularly the absence of trehalose in organisms with excellent desiccation tolerance like

Bdelloid rotifers and Milnesium tardigradum supports this view [22-24].

Furthermore a group of proteins, which are highly hydrophilic and thermostable have been
reckoned to play an important role in anhydrobiotic animals. LEA (Late Embryogenesis
Abundant) proteins have been described first in plant seeds [25, 26] and later in humerous
organisms, including the nematodes Caenorhabititis elegans and Aphelenchus avenae [27], the
bdelloid rotifers and the crustacean Artemia franciscana [28]. LEAs have been classified in at
least six groups on the basis of their expression pattern and sequence [29]. Groupl, 2 and 3 are
the most common LEA proteins and have been found unfolded in their native states. The first
two groups could be detected only in plants, whereas group 3 is present in a variety of
organisms. Even the exact function of LEA proteins is still unknown; experiments have shown
that LEA proteins are involved in desiccation resistance in seeds, pollen, and anhydrobiotic
plants [30].

Another protein group family that have been in focus in relation to anhydrobiosis is the heat
shock protein (Hsp) family. Hsps are molecular chaperones that protect intracellular
macromolecules against unfolding and aggregation. The extraordinary stress resistance of
encysted Artemia embryos is described to depend on accumulation of small heat shock protein
(sHsp) p26 [31, 32] and the ferritin homologue artemin [33, 34]. Furthermore Hsp70 is

suggested to be involved in repair processes after desiccation in tardigrades [16].

Whereas LEAs and Hsps are associated with anhydrobiosis in particular because of their
chaperone activity, there are reports of regulation of proteins involved in “desiccation-avoidance
strategy” [4]. Aquaporins (AQPSs) are passive transport channels for water and permit water to
move in the direction of an osmotic gradient. Kikawada et al. analyzed two AQPs of Polypedilum
venderplanki, one of the largest anhydrobiotic animals [4]. The result shows that one AQP
controls the water homeostasis of fat bodies during normal conditions whereas the other one is

involved in the removal of water in the desiccation process en route to anhydrobiosis.

The absence of trehalose in M. tardigradum and the association of proteins such as LEAs with
anhydrobiosis lead to the urgent need for investigating the proteome of tardigrades in regard to
identifying and characterizing other proteins that probably have important roles in protection

mechanisms during anhydrobiosis.
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1.4 Analyzing the proteome of tardigrades using high
throughput proteomics technologies

1.4.1 Proteome profiling

Proteomics is a rapidly expanding field that is applied for protein profiling, analyzing the protein
functions, interactions and dynamics. The improvement of proteomics technologies for
answering complex biological questions led to the development of increasingly sensitive
gualitative and quantitative methods. Mass spectrometry is a versatile and indispensable tool in
proteomics. The mass-to-charge ratio (m/z) of peptides, which are generated by electrospray
ionization (ESI) or matrix-assisted laser desorption/ionization (MALDI) is determined by mass
spectrometry and tandem MS (MS/MS) enables the sequencing of peptides. The sensitivity and
accuracy of modern mass spectrometers allow the analysis of nanograms of individual proteins
and the proteolytically generated peptides thereof. The mass error is instrument dependent and

is often less than 10 ppm.

Proteomic approaches are used to systematically analyze the proteins expressed by cells or
tissues to generate comprehensive proteome reference maps as has been shown for different
organisms. First-generation large-scale proteome maps of microorganisms such as yeast or the

bacterium Deinococcus radiodurans are examples of such projects [35].

As proteomics partner of the FUNCRYPTA project we aimed to establish a comprehensive
proteome resource for M. tardigradum employing optimized protocols for protein extraction,
generation of high-resolution gels and high-throughput protein identification by electrospray
ionization tandem mass spectrometry (ESI-MS/MS). The classical method of protein
identification is based on homology search using a protein database. The major limitation of this
method is dependency to a protein database which should be ideally complete. Since at the
beginning of the project no specific protein database for tardigrades was available and only 12
proteins originating from M. tardigradum were recorded in the publicly available NCBInr
database our genomic cooperation partner initiated a sequencing project to develop a tardigrade
specific EST database, which was translated to a protein database. Although database search
using NCBInr delivered identification of highly conserved proteins like actin or some heat shock
proteins, the majority of spectral analyses yielded no positive characterization. By using the
tardigrade specific database in combination with high sensitive proteomics approaches it was
possible to analyze more than 3000 unique proteins and to develop the first proteome resource
of tardigrades that provides the basis for further studies utilizing sensitive quantification
techniques in order to understand important physiological processes such as anhydrobiosis and

stress resistance.
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1.4.2 Quantitative analysis of tardigrades in three different states

In addition to general profiling of the proteins present in a sample (in our case whole lysate of an
organism), information on the level of protein expression in different states is required to
understand specific molecular mechanisms. The development of accurate quantification
methods is currently one of the most challenging area of proteomics. The selection and design
of quantification experiments is dependent on multiple factors including the source and the
number of the samples, the type of available instrument and furthermore expense and time [36].
Two types of quantitative approaches are available: absolute and relative quantification.
Whereas absolute quantification determines the exact concentration of each protein present in
the sample, relative quantification determines the up- or down-regulation of a protein relative to
the control sample. The quantification methods can be a) labeling-based (isotope labeling and
fluorescent labeling) or b) label-free. Fluorescent labeling is mostly used for 2D gels (two-
dimensional fluorescence difference gel electrophoresis, 2D DIGE). DIGE technology is also
performed successfully in combination with blue-native (BN) gel system for analyzing membrane
proteins [37]. Isotope labeling methods are generally combined with 1D gels as a fractionation
alternative of complex samples. Isotope-Coded Affinity Tag (ICAT) [38], Stable Isotope Labeling
by Amino Acids in Cell Culture (SILAC) [39], ">N/**N metabolic labeling [40], **0/*®O enzymatic
labeling [41], Isotope Coded Protein Labeling (ICPL) [42], Isobaric Tags for Relative and
Absolute Quantification (iTRAQ) [43] belong to isotope labeling methods. Most labeling-based
guantification approaches have potential limitations [44]. Increased complexity of sample
preparation, incomplete labeling, high sample concentration and high cost of the reagents are
the most important aspects. Furthermore some technologies such as SILAC and N/*N
metabolic labeling rely on metabolic incorporation of the isotopes and are suitable for cell culture
and only in rare cases for whole organisms especially because the whole food chain of the
organism has to be considered for labeling. Therefore the interest for label-free techniques,

which allow faster and simpler quantification, has been increased.

Label-free approaches are generally based on measurements of ion intensity changes like
peptide peak areas and peak heights in chromatography, or counting the spectra of identified
proteins after MS/MS analysis [44]. Both methods are relative quantification approaches. In the
spectral counting method the number of identified MS/MS spectra from the same protein in each
individual LC-MS/MS dataset is calculated and used to show the changes in protein expression
by direct comparison. This can be explained by the fact that increase in protein abundance
results in an increase in the number of detected proteolytic peptides, which induces the increase
of number of identified unique peptides and protein sequence coverage [44, 45]. It has been
shown that only spectral count is in linear correlation with relative protein abundance [46], and

therefore is a simple and reliable index for relative protein quantification [47, 48]. However,
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normalization and statistical analysis is needed for accurate and reliable detection of changes in
protein expression for these two approaches [44, 49]. Another lable-free approach is based on
Protein Abundance Index (PAIl), defined as the number of identified peptides divided by the
number of theoretically observable peptides for each protein. This index was later converted to
exponentially modified PAI (emPAl, the exponential form of PAI minus one) [50]. The success of
using emPAIl was demonstrated by determining absolute abundance of 46 proteins in a mouse
whole-cell lysate, which had been measured using synthetic peptides. The emPAIl can be
directly used for reporting approximate protein abundance in a large-scale analysis as shown in
different studies [49, 51-54].

In the present study a semi-quantitative analysis of proteins expressed in different states was
performed by calculating emPAl. Using this method, we compared firstly the proteome of
tardigrades in early embryonic state versus adult tardigrades (in both active and tun state). This
analysis delivered knowledge about proteins associated with embryonic development, which is
of major importance in the field of developmental biology. Secondly, we performed semi-
guantitative analysis of differentially expressed proteins in active versus tun state, which
resulted in new aspects in investigating anhydrobiosis and protection mechanisms. For
guantitative analysis of proteins in active versus tun state we alternatively employed 2D DIGE
technology that allows reducing the complexity of analysis, since individual protein spots
showing up- or down-regulation on 2D gels can be selected and analyzed.
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2 Materials and methods

2.1 Materials

The chemicals have been ordered in p. a. quality from following companies:

Fluka (Steinheim), Carl Roth GmbH (Karlsruhe), GE Healthcare GmbH (Freiburg), Promochem
GmbH (Wesel), Sigma-Aldrich Chemie (Steinheim), Novagen (Gibbstown, USA), Mallinckrodt-
Baker (Deventer, Niederlande), Merck Biosciences (Darmstadt), Gerbu Biochemica GmbH
(Gaiberg), VWR (Darmstadt), Invitrogen GmbH (Karlsruhe), Promega GmbH (Mannheim), and

Thermo Fisher Scientific (Bonn).

Buffers have been prepared using ultrapure water (ddH,O) filtered by a Millipore Instrument
(Millipore GmbH, Schwalbach/Ts.) as described before [55, 56]. Buffers and solutions for
performing 2D DIGE electrophoresis were prepared as described in Ettan DIGE User Manual

(18-1164-40 Edition AA, GE Healthcare).

Instruments

Biofuge fresco

CapLC nanoHPLC System
Ettan DALTtwelve

Ettan IPGphor

Labofuge 400 "Function Line"
LTQ-Orbitrap XL
Microplate Reader EL 800
QTOF Ultima

Speed Vac

Thermomixer comfort
Typhoon 9410

Thermo Fisher Scientific, Bonn
Waters GmbH, Eschborn

GE Healthcare GmbH, Freiburg
GE Healthcare GmbH, Freiburg
Thermo Fisher Scientific, Bonn
Thermo Fisher Scientific, Dreieich
BioTek Instruments Inc., Winooski, USA
Waters GmbH, Eschborn

Thermo Fisher Scientific, Bonn
Eppendorf AG, Hamburg

GE Healthcare GmbH, Freiburg

Ultraflex | Bruker Daltonik GmbH, Bremen
Softwares
BioTools 3.0 Bruker Daltonik GmbH, Bremen
Blast2GO http://www.blast2go.org/

DeCyder 2D 6.5

EndNote 11 und 12
FlexAnalysis 2.4

FlexControl 2.4

ImageQuant Tool 5.2
KCjunior 1.1

Mascot 2.1 und 2.2
MassLynx 4.2

Office 2003 und 2007

Protein Lynx Global Server 2.2.5
Typhoon Scanner Control 5.0

GE Healthcare GmbH, Freiburg
Thomson Reuters, Carlsbad, USA
Bruker Daltonik GmbH, Bremen
Bruker Daltonik GmbH, Bremen
GE Healthcare GmbH, Freiburg
BioTek Instruments Inc., Winooski, USA
Matrix Science, London, UK
Waters GmbH, Eschborn
Microsoft, Redmond, USA

Waters GmbH, Eschborn

GE Healthcare GmbH, Freiburg
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2.2 Methods

2.2.1From tardigrade sampling to proteome analysis

The detailed information about following experimental methods used in the present study can be
found in both accepted publications [55, 56].

» Tardigrade culture and sampling
= Sample preparation
= 1D gel electrophoresis
= 2D gel electrophoresis
= Strip loading
= |soelectric focusing
= Second dimension (SDS PAGE)
= Gel staining
= Western blotting
» Protein identification
*= |n-gel digestion
= Peptide extraction
= ESI-MS/MS analysis and database search
» Generation of databases
= Classification of proteins
= Protein domain analysis
= Multiple alignments and secondary structure prediction

Other methods that are not included in the publications are presented in the following chapters.

2.2.2 Sampling of tardigrades in early embryonic state

Eggs in the early embryonic state (blastula state), according to Suzuki [3] were selected for the
analysis. During the egg deposition that is always accompanied by a moult process eggs are
laid inside the old cuticle. The average clutch contains about 7 eggs with a minimum of 3 and a
maximum of 12. The egg laying process usually takes less than two minutes from the first to the
last egg. Egg containing cuticles (780 eggs in total) were collected 24 h after egg deposition,
washed several times with Volvic™ water. All samples were frozen in liquid nitrogen and stored
at -80°C. Eggs (blastula, 780 eggs) were homogenized in 60 pl lysis buffer as described before
[56].
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2.2.3Sample preparation for phosphoprotein analysis

Animals (200 individuals each for active and tun state) and eggs (blastula, 780 eggs) were
homogenized as described before [56], with the slight modification of adding phosphatase
inhibitors to the lysis buffer. Briefly, collected animals/eggs were homogenized in 60 ul lysis
buffer containing 8M urea, 4% CHAPS, 30 mM Tris, Protease Inhibitor Mix (GE Healthcare),
Phosphatase inhibitor cocktail 1+2 (Sigma) and Orthovanadate (50mM), pH 8,5 by
ultrasonication (SONOPULS, HD3100, Bandelin Electronic) with 45% amplitude intensity and 1-
0.5 sec intervals at 4°C. Orthovanadate (50 mM) has been prepared as described by Thingholm
et al. [57]. 20 ul of each phosphatase inhibitor cocktail 1+2 and orthovanadate (50 mM) have
been added to 1 ml lysis buffer to inhibit phosphatase activity. After homogenization samples

were shock frozen and stored at -80°C.

2.2.4Two-dimensional
(2D DIGE)

fluorescence difference gel electrophoresis

Sample preparation and protein labeling with CyDye DIGE fluor

Whole protein lysate of tardigrades in active and tun state have been prepared as described
before [56]. To perform 2D DIGE we pooled the protein lysate of 1600 tardigrades in each active
and tun state. Protein concentration was determined using the BCA assay kit. The protein
lysates were labeled with Cy2, Cy3, and Cy5 following the protocols described in the Ettan DIGE
User Manual (18-1164-40 Edition AA, GE Healthcare). The DIGE experimental design is shown
in Table 1. Typically, 50 ug of lysates were labeled with 400 pmol of Cy3 or Cy5, while the same
amount of the pooled standard that contained equal quantities of all the samples was labeled
with Cy2. Labeling reactions were carried out in the dark for 30 min on ice before quenching with
1 mL of 10 mM lysine for 10 min on ice. These labeled samples were then combined for 2D

DIGE analysis. Samples for 6 technical replicates and one preparative gel have been prepared.

Table 1: Setup of DIGE experiment for relative quantification of proteins in active and tun state.

Labeling with

Number of gels Cy2 Cy3 Cy5

1. Gel Internal Standard  AS Replicate 1 TS Replicate 1
2. Gel Internal Standard TS Replicate 2 AS Replicate 2
3. Gel Internal Standard  AS Replicate 3 TS Replicate 3
4. Gel Internal Standard TS Replicate 4 AS Replicate 4
5. Gel Internal Standard  AS Replicate 5 TS Replicate 5
6. Gel Internal Standard TS Replicate 6 AS Replicate 6

Comprehensive proteome analysis of M. tardigradum
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2D gel electrophoresis and image acquisition

2D gel electrophoresis was performed as described earlier with the modification of performing all
steps in the dark and using low-fluorescent glass plates for the second dimension [56].

The Cy2, Cy3, and Cyb5-labeled images were acquired on a Typhoon 9410 scanner at the
excitation/emission wavelengths of 488/520, 532/580, 633/670 nm, respectively.

Image analysis

DeCyder v.6.5 was used to analyze the DIGE images as described in the Ettan DIGE User
Manual (GE Healthcare).

Intragel spot detection and quantification and intergel matching and quantification were
performed using differential in-gel analysis (DIA) and biological variation analysis (BVA)
modules, respectively. Briefly, in DIA, the Cy2, Cy3, and Cy5 images for each gel were merged,
spot boundaries were automatically detected, and normalized spot volumes (protein abundance)
were calculated. The resulting spot maps were exported to BVA. The best internal standard
image was assigned as the “Master”, which was used as a template. The protein spots on the
remaining internal standard images were all matched to the master gel to ensure that the same
protein spots were compared between gels. Matching of the protein spots across all gels was
performed after several rounds of extensive land marking and automatic matching. Finally the
match was checked manually to ascertain the accuracy of the match process. Dividing each Cy3
or Cy5 spot volume with the corresponding Cy2 (internal standard) spot volume within each gel
gave a standard abundance, thereby correcting intergel variations. Statistical analysis was
performed using Student’s T-test. We have selected a protein filter with the following parameter
to determine the protein spots of interest: Student’s T-test <0.05 and average ratio >1.25 or <-

1.25, appearance in more than 75% of gel images.

2.2.5Phosphoprotein detection

2D gel electrophoresis was performed as described before with slight differences. We loaded
50 ug protein and used 13 cm long IPG strips with non-linear gradients from pH 3—-11. For the
isoelectric focusing (IEF) in the first dimension the following running protocol was used: 9 h at
500 V, 1-h gradient up to 1000 V, 2.5-h gradient up to 8000 V and 10 min at 8000 V.

Gels were immersed in 250 ml ultrapure water for 10 min immediately after the electrophoresis.
All steps have been performed by gentle agitation using an orbital shaker (35 rpm) in the dark.
After a second wash step with ultrapure water, gels were incubated in fixation solution (50%

methanol, 10% acetic acid) at least twice for 30 min and overnight. The gels were then washed
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with 250 ml ultrapure water (three changes, 30 min per wash). The Pro-Q Diamond
phosphoprotein staining solution was prepared by diluting the stock solution three fold with
water. The gels were incubated with 150 ml staining solution for 2 h in the dark, and destained
with 250 mL of destaining solution in the dark (four changes, 30 min per wash). The gels were
washed twice with ultrapure water for 5 min each. The images were acquired on Typhoon 9410
with a 532 nm laser excitation and a 580 nm bandpass emission filter. Following the image
acquisition, gels were post-stained with SYPRO Ruby overnight as described in the staining
protocol (Molecular Probes).

Comprehensive proteome analysis of M. tardigradum 12



Results and discussion

.|
3 Results and discussion

3.1 Comprehensive proteome profiling of M. tardigradum

3.1.1 Developing a 2D proteome map

To establish and optimize a reliable and robust protocol for the extraction of proteins from whole
tardigrades we applied different workup protocols and evaluated them by one-dimensional (1D)
gel electrophoresis [56]. We could show that direct homogenization of tardigrades in lysis buffer
without any previous precipitation steps is most efficient and enables the generation of high
quality 2D gels. In particular the selected extraction protocol is suitable for 2D DIGE
experiments. Since nothing was known about the proteolytic activity in M. tardigradum special
precautions were taken to avoid any protein degradation or proteolysis throughout the whole
workup procedure. Integrity of proteins was analyzed by Western blot analysis of two
housekeeping proteins actin and tubulin [56]. Since these two proteins are highly conserved, the
sequence homology was assumed to be high enough to detect the proteins with commercially
available antibodies. The development of a robust workup protocol laid the basis for the

generation of a protein map from whole tardigrades in the active state.

Identification of proteins depends on the representation of the sequence or a close homologue
in the database. When we started our study of the tardigrade proteome very little was known
about tardigrades at the genome and gene expression level. Only 12 proteins were recorded in
the NCBInr database, which originate from M. tardigradum. For all of them only partial
sequences ranging from as few as 43 amino acids for beta actin up to 703 amino acids for
elongation factor-2 were available. Since the presence of a comprehensive protein database is a
prerequisite for protein identification, a M. tardigradum EST sequencing project has been
initiated in parallel to our proteomic study by our genomic cooperation partner (Frohme et al.).
Subsequently, two tardigrade specific protein databases have been established as shown in
Figure 2. The first protein database is based on Sanger sequences and contains 3318 protein
sequences, the second protein database is based on 454 sequences and contains 24679

protein sequences.
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Protein Identification Workflow
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Buffer
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Figure 2: The experimental workflow to analyze the proteome of M. tardigradum. The proteome
analysis of tardigrades was performed using two complementary proteomics platforms; one-dimensional
(1D) and two-dimensional (2D) gel electrophoresis. The results of 2D gel electrophoresis en route to
developing a proteome map are already published [56]. The current study (submitted to Proteomics) is
based on 1D gel analysis in combination with high sensitive nanoLC ESI-MS/MS on a LTQ-Orbitrap
mass spectrometer. Tardigrades were homogenized directly in lysis buffer. Total protein extracts of
tardigrades in early embryonic state and adult tardigrades in active and tun state were separated by 1D
gel electrophoresis. After Coomassie staining protein bands were sliced and in-gel digested with trypsin.
MS/MS data obtained by LC-ESI-MS/MS analysis were searched against the tardigrade specific
database. The database has been developed by translating EST sequences of M. tardigradum, which
were obtained by 454 sequencing. ldentified proteins with annotation were classified in different
functional groups using the Blast2GO program. Identified proteins without annotation were analyzed with
the DomainSweep program to search for specific protein domains. The current study serves as a
comprehensive protein resource of tardigrades and in addition demonstrates a comparative analysis of
proteins expressed in different states. The genomics and bioinformatics steps have been performed by
our cooperation partners; Prof. Frohme, Wildau and Prof. Dandekar, Wirzburg.

As the first step in the tardigrade’s project we began to develop a proteome map of tardigrades
in active state utilizing 2D gel electrophoresis and LC-MS/MS analysis [56], as shown in
experimental workflow in Figure 2. 2D gel electrophoresis allows the separation of complex

protein mixtures according to two completely independent physico-chemical parameters of
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proteins (pl in the first dimension and MW in the second dimension) and therefore offers high
resolution. Furthermore single spots, which contain only up to a few proteins can be analyzed by
mass spectrometry separately and this reduces the complexity of the protein analysis. In
particular the absence of a comprehensive database makes the reduction of complexity
necessary. The first protein database was prepared using Sanger sequences, which were
originated from a cDNA library of tardigrades in different states (active, inactive, transition
states). The cDNAs were sequenced as ESTs and clustered. Thereby, we obtained a nucleotide
database containing 818 contigs and 2500 singlets. The clustered EST database was translated
in a protein database by homology search against Uniprot protein database. Using this database
we analyzed 606 protein spots of a preparative 2D gel of whole protein lysate of adult
tardigrades in active state en route to developing the first proteome map of tardigrades. The
selected 606 spots from the 2D gel correspond to some highly expressed proteins, but mostly to
spots in the medium and low expression range. The MS/MS data generated by LC-MS/MS on a
QTOF instrument were searched against the tardigrade protein database as well as against
publicly available NCBInr database to show the advantage of the tardigrade protein database.
The comprehensive analysis of database searches is available in the publication Schokraie et
al. [56]. Briefly, 56 unique proteins were successfully identified by searching the NCBInr
database. It concerns proteins which are either highly conserved among different species e. g.
actin or protein entries from M. tardigradum which are already available in the NCBInr database
e.g. elongation factor 1-alpha. Further 73 unique proteins could be identified by searching the
tardigrade protein database and another 15 unique proteins were present in both databases.
Furthermore 150 spots were identified as proteins with yet unkown functions. In summary, 421
(69.5 %) out of 606 protein spots which were picked from the preparative 2D gel were identified.
271 spots yielded 144 unique proteins with distinct functions whereas 150 identified spots
correspond to 36 unique proteins without annotation. For these proteins of unknown function
more information could be obtained by applying protein domain annotation methods. We ran all
proteins through the DomainSweep pipeline which identifies the domain architecture within a
protein sequence and therefore aids in finding correct functional assignments for
uncharacterized protein sequences. It employs different database search methods to scan a
number of protein/domain family databases. 2 out of the 36 unique proteins gave a significant
hit, whereas 28 proteins were listed as putative and 6 proteins gave no hit at all. The result of

this analysis is included in Supplementary Table 3 of publication [56].

Since our tardigrade EST project provided us recently with a new protein database containing a
high number of 24679 protein sequences generated by 454 sequencing, we updated the result
of 2D gel analysis by performing the database search against this new database. A total number
of 502 (82.8%) protein spots had significant protein hits. The corresponding protein spots are

indicated by green circles in the 2D reference map shown in Figure 3. 332 unique proteins have
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been identified, from which 133 were identified by more than one significant peptide. The
remaining 199 proteins could be identified by one significant peptide. A total number of 81
unique proteins are without annotation and were analyzed by searching specific protein
domains. Detailed information about each of the identified proteins including spot number,
protein annotation, accession number (tardigrade specific accession number), total protein
score, number of matched peptides, and sequence coverage is listed in Supplementary Table 1.
Since the new database contains a high number (24679) of protein sequences we could identify
most of selected protein spots (82.8%). Proteins that could not be identified are mostly of low
expression range as it is shown in Figure 3. In particular tardigrade specific proteins which could
not be identified before are present now in the result; e. g. major egg antigen and protein
members of large lipid transfer protein superfamily like vitellogenins have been identified for the
first time in tardigrades.

The localization of spots on the 2D map delivers information about the MW, pl and
posttranslational modifications (PTM) for instance phosphorylation. Vitellogenin is a
phospholipo-glycoprotein which functions as a nutritional source for the development of embryos
[58]. During developing oocytes vitellogenin and vitellin are modified through cleavage and by
different PTMs like glycosylation and phosphorylation. Interestingly we could identify vitellogenin
in several spots on the 2D gel showing vertical (pl) shifts most probably caused by PTMs.
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Figure 3: Image of a preparative 2D gel with selected analyzed protein spots. Total protein extract of
400 tardigrades in the active state corresponding to 330 pg was separated by high resolution two-
dimensional gel electrophoresis. Proteins were visualised by silver staining. Two different categories are
shown: Identified proteins with functional annotation are indicated in green and not yet identified proteins
are indicated in red.

When we examined the protein hits obtained by the three databases in more detail we found
that in the NCBInr database approximately one half of the proteins were identified by only one
significant peptide hit. For about 25% of the proteins more than one significant peptide hit was
obtained (Figure 4). For the remaining 25% only the protein score which is the sum of two or
more individual peptide scores was above the significance threshold while none of the peptide
scores alone reached this value [56]. In contrast, proteins found in the Sanger tardigrade protein
database were predominantly identified by more than one significant peptide hit whereas a
smaller number was represented by only one peptide. These results are not surprising. Since
the NCBInr database contains very few sequences originating from M. tardigradum e.g.
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elongation factor l-alpha the identification relies predominantly on high homologies between
tardigrade sequences and sequences from other more or less related species of other taxa. The
chances for detecting more than one identical peptide is significantly higher when searching
MS/MS data against the tardigrade protein databases since these databases contain only
tardigrade specific sequences. Database search against 454 database delivered a high number
of proteins identified with more than one peptide, which is approximately 2fold higher comparing
to database search against Sanger database. However, the number of one-peptide
identifidations is also high, which is due to the short protein sequences present in the 454
database.
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Figure 4: Statistical analysis of significant peptides found in the three different databases which
were used to search the MS/MS data. The number of significant peptide hits is compared between the
different databases. When searching against the NCBInr database only a few proteins mostly with only
one significant peptide hit could be identified. The first tardigrade protein database contains 3318
proteins translated from ESTs generated by Sanger sequencing. Using this database most proteins
were represented by two or more significant peptides. The second tardigrade database is based on EST
sequences generated by 454 sequencing and contains a high number of protein sequences (24679).
Accordingly the identification rate was extremely increased.

3.1.2 Proteome analysis using 1D gel electrophoresis

The high number of EST sequences generated by 454 sequencing made it possible to consider
the 1D gel electrophoresis as a complementary platform to 2D gel electrophoresis to analyze the
proteome of tardigrades (Figure 5). 1D gel electrophoresis in combination with high sensitive

nanoLC ESI-MS/MS on a LTQ-Orbitrap mass spectrometer allows protein identification in a
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large scale. Using this approach we analyzed the proteome of M. tardigradum in three different
states: early embryonic state (EES), adults in active state (AS) and tun state (TS). The whole
protein lysate of early embryonic state and adult tardigrades in active and tun state were
separated on a 1D gel and were cut into 27 slices as shown in Figure 5. Peptides were obtained

by in-gel tryptic digestion and extraction of single slices separately.
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Figure 5: Separation of whole protein lysate of tardigrades in early embryonic state and adult
tardigrades in active and tun state on one-dimensional gel. Total protein extract of tardigrades in
early embryonic state and adult tardigrades in active and tun state have been separated on one-
dimensional polyacrylamide gel. A) Lane 1: Rainbow molecular weight marker. Lane 2: Protein extract of
whole tardigrades in early embryonic state. B) Lane 1: Rainbow molecular weight marker. Lane 2:
Protein extract of whole adult tardigrades in active state. Lane 3: Protein extract of whole adult
tardigrades in tun state. Corresponding SEM-images for tardigrades in each state is included (provided
by the cooperation parter: Dr. Ralph Schill, Steffen Hengherr, Zoological Department, University of
Stuttgart).

The analysis yielded 1982 unique proteins in EES, 2345 unique proteins in AS and 2281 unique
proteins in TS. Whereas in our first publication (using Sanger sequences) many proteins have
been identified with only one significant peptide, in this study all proteins are characterized by at
least two significant peptides and one peptide identifications are generally not considered for

further analysis. The result of database search and protein identification for each state is
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included in the manuscript submitted to Proteomics. In the Supplementary Table 2 identified
proteins with annotation are listed and their expression level in three different states is
compared using emPAl. By setting the search parameters as such that they refer to a match

probability of p<0.01, we minimized the false discovery rate (FDR) dramatically (below 5%).

This current study presents a comprehensive proteomic resource of M. tardigradum considering
different life states. We identified more than 3000 unique proteins of M. tardigradum with high
sequence coverage. Database search of MS/MS spectra resulted in proteins, which fall into two
groups: identified proteins with annotation and identified proteins without annotation. Identified
proteins with annotation (2460 unique proteins) were classified into different functional groups
defined by gene ontology using Blast2GO program. In addition, 658 tardigrade specific proteins
have been identified, which could not be annotated by homology search and therefore have
been analyzed by searching for specific protein domains. In summary, the proteome analysis
resulted in identification of proteins involved in a broad range of biological processes. In
particular chaperones (e.g. hsps), antioxidant proteins (e.g. GSTs and SODs), aquaporins, and
LEA proteins are of major interest since they have been reported to be regulated in other

anhydrobiotic organisms.

Key proteins related in anhydrobiosis and survival
Late embryogenesis abundant protein

Among the known proteins that are associated with anhydrobiosis we identified protein
members of LEA (Late Embryogenesis Abundant) family. Although the precise role of LEA
proteins has not yet been fully elucidated, different groups have reported on their association
with tolerance to water stress by desiccation [29], [59]. LEA protein of group 3 could already be
identified in nematodes C. elegans, Steinernema feltiae and Aphelenchus avenae, and the
prokaryotes Deinococcus radiodurans, Bacillus subtilis and Haemophilus influenzae [26], [27,
60]. The presence of LEA proteins in tardigrades has been shown by proteomic analyses of 2D
gels prepared from M. tardigradum whole lysate [56]. The identification of LEA protein was
previously performed by searching the MS/MS data against NCBInr database. In the present
study LEA is characterized for the first time by MS/MS sequencing from M. tardigradum
database. Contig00574:89:529:2 shows high similarity to the LEA protein from Alteromonas
macleodii. The predicted sequence from M. tardigradum was confirmed by peptides sequenced
by MS/MS covering 61.9% of the entire sequence. We analyzed six other contigs (probably
belonging to LEA protein family) by DomainSweep analysis to search for specific protein
domains as shown in Table 2. For 5 contigs (02113:1:319:2, 19683:1:923:2, 01844:1:445:1,
22151:1:238:2, 25946:1:607:2) Blast search delivered hits for LEA proteins, but we could not
consider the result as significant because of insufficient e-value. For one contig (23719:1:474:2)
we did not receive any Blast result at all. DomainSweep analysis delivered two contigs as

significant hits and 4 contigs as putative candidates for LEA proteins as shown in Table 2.
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Comparison of the emPAl of significantly annotated contig (00574:89:529:2) as LEA protein,
shows that LEA protein is up-regulated in tun state. However, this result has to be validated

using orthogonal quantitative methods.

Table 2: Identified proteins that are significant or putative candidates for LEA proteins.

Protein annotation emPAl Domain Sweep
EES AS TS analysis

contig00574:89:529:2| LEA protein [Alteromonas macleodii

ATCC 27126] (ZP_04714463.1)|Evalue: 4e-05 10.19 15.19 16.8
contig02113:1:319:2|No Annotation 15 5.47 2.4 significant
contig19683:1:923:2|No Annotation / / 0.1 significant
contig01844:1:445:1|No Annotation 4.15 4.36 3.84 putative
contig22151:1:238:2|No Annotation 9.13 11.15 7.37 putative
contig25946:1:607:2|No Annotation 0.32 1.02 1.43 putative
contig23719:1:474:2|No Annotation 0.63 1.72 1.05 putative
Chaperones

The major protein family with high importance among the proteins with chaperone function is
heat shock protein (Hsp) family. A comprehensive comparative proteomic study of Hsps in
tardigrades in active versus tun state has been reported earlier [55]. Protein members of
different heat shock protein families are present in our results: Hsp90, Hsp70, Hsp60, Hsp40
and Hsp20 families and furthermore GroES and GrpE families. We have found two protein
sequences, which have been annotated as major egg antigen that belongs to the small heat
shock protein (Hsp20) family. Major egg antigen (p40) is found in Schistosoma mansoni and is

described to be involved in response to heat.

In addition to the Hsps described earlier [55] we found three sHsps that are described for the
first time in M. tardigradum: the small heat shock protein C4 and 10kDa heat shock protein
(GroES chaperonin family) present only in EES and a sHsp (AGAP000941-PA, sHsp 20.6
isoform 3 (contig01971:138:399:3)) only in adults. Hsps are involved in catalyzing the refolding
of denatured proteins or folding of newly synthesized proteins and preventing protein
aggregation [61]. The relation of Hsps in particular low molecular weight Hsps in desiccation
tolerance and dormancy is reported in different studies [31, 62]. Using the label-free
guantification based on emPAl we have performed a semi-quantitative analysis of Hsps
expressed in tardigrades [55]. The comprehensive analysis and discussion included in
publication [55] can be found in the chapter 8.2. Briefly, in parallel to the gene expression
analysis of heat shock proteins in M. tardigradum [63] we found a member of Hsp90 family up-
regulated in the anhydrobiotic state. Furthermore the most abundant protein members of Hsp70
family are down-regulated in the anhydrobiotic state, which is in agreement with the
observations in R. coronifer. Since up-regulated Hsp70 proteins in the anhydrobiotic state are
generally low abundant, we conclude that they contribute only a small part of the Hsp70

contingent in the cell. The investigation of sHsp regulation in diapausing organisms indicates a
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broad range of functions. Gene expression studies of some selected heat shock proteins in M.
tardigradum showed the up-regulation of one sHsp by heat-shock treatment and the down-
regulation of another sHsp in the transition state from the anhydrobiotic to the active state [63].
However, the role of these two sHsps in anhydrobiosis is not yet clear. In our investigation the
most abundant heat shock protein in tardigrades in all three states and in particular in EES is the

small heat shock protein major egg antigen (p40).

Antioxidant proteins

Living organisms are permanently exposed to non-nutritional foreign chemical species
(xenobiotics). In addition, the presence of reactive oxygen species (ROS) such as superoxide,
hydrogen peroxide, hydroxyl radical, which are produced as toxic byproducts of normal cellular
metabolism (endobiotics), makes the existence of detoxification systems essential for surviving.
Superoxide dismutases (SODs) are one of the most important antioxidant enzymes in defense
against ROS and particularly superoxide anion radicals [64, 65]. Generally SOD is present in
two forms inside the eukaryotic cell, SOD (Cu-Zn) in the cytoplasm and outer mitochondrial
space, and SOD (Mn) in the inner mitochondrial space [66]. Both superoxide dismutases SOD
(Cu-Zn) (6 contigs) and SOD (Mn) (2 contigs) are identified in tardigrades (Table 3).

Glutathione transferases (GSTs) constitute a protein superfamily that is involved in cellular
detoxification [67]. Furthermore GSTs have cellular physiology roles such as regulators of
cellular pathways of stress response and housekeeping roles in the binding and transport of
specific ligands [68]. The consequence of this diversity in role is the expression of multiple forms
of GST in an organism as it is also the case in tardigrades. GSTs are divided into at least four
major groups, namely cytosolic GSTs, mitochondrial GSTs, microsomal GSTs and bacterial
fosfomycin-resistance proteins [69]. Mammalian cytosolic GSTs were classified into the Alpha,
Mu and Pi classes [70]. Whereas several enzymes were recognized as belonging to the Alphas
and Mu classes, Pi class contains only one protein. Different GST isoforms classified in diverse
classes such as sigma, zeta, beta have been found also in other species like fungals, plants,
helminthes and insects [70]. The wide taxanomic distribution leads to confirm the fundamental
role of GSTs in protection against xenobiotics and endobiotics. We have found 27 different

contigs that belong to sigma, mu and zeta protein families of GST superfamily.

Peroxiredoxins identified first in yeast [71] are conserved, abundant, thioredoxin peroxidase
enzymes containing one or two conserved cysteine residues that protect lipids, enzymes, and
DNA against reactive oxygen species. An important aspect of desiccation tolerance is protection
against free radicals [72, 73]. Notably, the expression of 1-cysteine (1-Cys) peroxiredoxin family
of antioxidants is reported in Arabidopsis thaliana and is shown to be related to dormancy [74].

Different isoforms of peroxiredoxins (8 contigs) are included in our result. Mainly Peroxiredoxins
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and diverse other proteins like catalase, peroxidasin, thioredoxin reductase and glutamate

cyteine ligase are described to be involved in response to oxidative stress (Table 3).

Table 3: Identified proteins with antioxidant activity in M. tardigradum.

Protein annotation emPAl

EES AS TS
GST superfamily
contig22559:1:111:1|similar to Glutathione S-transferase Mu 2 (Q9TSM4)|Evalue: 1e-05 10.36 20.7 12.73
contig21746:1:589:2|similar to Glutathione S-transferase 1 (P46436)|Evalue: 6e-32 6.63 19.22 21.28
contig11153:105:404:3|similar to Glutathione S-transferase 1 (P46436)|Evalue: 2e-22 0.68 16.9 9.43
contig28284:1:272:3|similar to Glutathione S-transferase (P30116)|Evalue: 2e-10 2.83 16.67 9.79
contig28262:1:137:2|similar to Glutathione S-transferase Mu 2 (P08010)|Evalue: 2e-04 2.45 15.71 23
contig26098:1:627:1|similar to Glutathione S-transferase omega-1 (P78417)|Evalue: 6e-39 6.53 9.78 11.18
contig27967:1:110:3|similar to Glutathione S-transferase Mu 2 (Q9TSM4)|Evalue: 1e-04 2.37 6.02 2.37
contig28200:1:335:1|similar to Glutathione S-transferase Mu 1 (QONOV4)|Evalue: 4e-19 3.67 5.42 2.22
contig23837:230:385:2|similar to Probable glutathione S-transferase 7 (P91253)|Evalue: 7e-08 0 2.71 3.6
contig11431:61:646:1|similar to Glutathione S-transferase omega-1 (P78417)|Evalue: 4e-24 0.32 2.7 1.02
contig27884:1:341:1|similar to Glutathione S-transferase Mu 2 (Q9TSM4)|Evalue: 1e-10 2.06 2.6 1.03
contig17497:1:693:1|similar to Glutathione peroxidase (Q00277)|Evalue: 5e-45 1.76 2.46 2.33
contig19542:93:722:3|similar to Glutathione S-transferase 1 (P46436)|Evalue: 1e-31 0.69 2.03 1.52
contig18624:208:876:1|similar to Glutathione S-transferase 1 (P46436)|Evalue: 2e-34 0 1.95 1.3
contig27010:1:263:3|similar to Glutathione S-transferase class-mu 26 kDa isozyme 7
(P31671)|Evalue: 2e-08 0 1.42 1.42
contig24978:1:466:2|similar to Glutathione S-transferase (018598)|Evalue: 4e-13 0 1.17 1.35
contig03609:1:822:1|similar to Glutathione S-transferase theta-1 (P20135)|Evalue: 2e-28 0.6 1.13 0.82
contig22893:435:602:3|similar to Glutathione S-transferase (P46428)|Evalue: 6e-07 0 1.08 1.08
contig05084:1:468:1|similar to Glutathione S-transferase (018598)|Evalue: 2e-11 0 0.97 0
contig25826:1:785:3|similar to Glutathione S-transferase omega-1 (Q9N1F5)|Evalue: 2e-29 0 0.88 0.52
contig19224:1:520:3|similar to Glutathione S-transferase 2 (P20136)|Evalue: 4e-30 0 0.83 0.57
contig18536:108:511:3|similar to Glutathione S-transferase 1 (P46436)|Evalue: 2e-25 0 0.79 1.65
contig04771:2479:3345:1|similar to Glutathione S-transferase (P46419)|Evalue: 1e-31 0.55 0.74 11
contig19966:1:524:3|similar to Microsomal glutathione S-transferase 2 (Q2KJG4)|Evalue: 2e-17 3.03 0.51 1
contig21268:161:805:2|similar to Glutathione S-transferase 1 (P46434)|Evalue: 1e-23 0 0.47 0.47
contig11340:1490:2110:2|similar to Glutathione S-transferase 1 (P46436)|Evalue: 1e-30 0 0.31 0.49
contig25262:1:948:1|similar to Glutathione S-transferase (P46428)|Evalue: 1e-19 0 0 0.18
Total emPAl 44.53 135.17 113.45
Peroxiredoxins
contig21646:1:212:3|similar to Peroxiredoxin-2 (Q8K3U7)|Evalue: 7e-29 3.63 7.06 3.92
contig00858:452:928:2|similar to Peroxiredoxin-6 (Q5ZJF4)|Evalue: 3e-45 2.26 6.96 7.82
contig24044:157:536:1|similar to Peroxiredoxin-2 (Q2PFZ3)|Evalue: 2e-33 4.02 3.19 4.62
contig23916:1:215:3|similar to Peroxiredoxin-2 (Q8K3U7)|Evalue: 7e-30 0 3.12 3.12
contig24578:1:638:1|similar to Peroxiredoxin-4 (O008807)|Evalue: 8e-51 2.32 2.82 2.25
contig20474:30:605:3|similar to Peroxiredoxin-5, mitochondrial (P30044)|Evalue: 2e-48 0.9 1.15 0.72
contig17026:72:905:3|similar to Peroxiredoxin-2 (Q2PFZ3)|Evalue: 5e-75 0.59 1.02 1.2
contig18110:116:595:2|similar to Peroxiredoxin-5, mitochondrial (Q9GLW9)|Evalue: 2e-44 0.42 0 0
Total emPAl 14.14 25.32 23.65
Superoxide dismutases
contigl7128:1:666:1|similar to Superoxide dismutase [Cu-Zn] (Q8HXQ3)|Evalue: 5e-52 10.94 7.3 5.72
contig06938:1:111:1|similar to Superoxide dismutase [Cu-Zn] (O46412)|Evalue: 2e-08 24.66 7.12 5.3
contig10844:1:307:2|similar to Superoxide dismutase [Cu-Zn] (O73872)|Evalue: 7e-25 29.04 6.87 15.04
contig21632:1:563:1|similar to Superoxide dismutase [Mn], mitochondrial (P09671)|Evalue: 3e-44 3.68 4.95 7.48
contig00081:1:487:2|similar to Superoxide dismutase [Cu-Zn] (O73872)|Evalue: 1e-42 3.68 4.38 3.88
contig24565:1:222:1|similar to Superoxide dismutase [Mn], mitochondrial (P09671)|Evalue: 3e-21 0 0.8 0
contig07268:293:706:2|similar to Superoxide dismutase [Cu-Zn] (Q8HXQ2)|Evalue: 2e-07 3.15 0.44 0.44
contig27339:102:582:3|similar to Superoxide dismutase [Cu-Zn], chloroplastic (P07505)|Evalue: 4e-22 0 0 0.83
Total emPAI 75.15 31.86 38.69
Others
contig01298:1:2065:3|similar to Catalase HPIl (P21179)|Evalue: 0.0 7.24 13.23 11.24
contig28039:246:1925:3|similar to Thioredoxin reductase 1, cytoplasmic (Q16881)|Evalue: 1e-165 0.34 1.08 0.73
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The comparison of the total emPAl of protein families with antioxidant activity listed in Table 3
shows that peroxiredoxins and in particular GSTs are highly regulated in adults compared to
EES, which is probably due to the exposition to higher amounts of endobiotics and xenobiotics.
Eggs are laid inside the old cuticle and remain there during the embryonic development.
Therefore embryos are not directly attacked by xenobiotics. In contrast SODs are up-regulated
in EES compared to adults. The studies on development of mouse embryos in vitro have shown
that thioredoxin and SODs promote the in-vitro development of mouse embryos fertilized in vitro
[75]. This suggests that protection of embryos from oxidative stress is a prerequisite for their
development in vitro. We assume that the up-regulation of SODs in EES is related to their
important roles in development. Comparing active to tun state we observed up-regulation of
GSTs and peroxiredoxins in active state and in contrast up-regulation of SODs in tun state.

Aguaporins

The result of protein analysis includes 350 transmembrane proteins, from which 65 are involved
in transmembrane transport. 17 proteins are identified with channel transporter activity, most of
which belong to ligand-gated ionic channel family (acetylcholine receptors proteins). One group
of channel proteins that plays an important role in “desiccation-avoidance strategy” is the
aquaporin (AQP) protein family. AQPs are passive transport channels for water, which means
they permit water to move in the direction of an osmotic gradient. Kikawada et al. [74] analyzed
two AQPs of Polypedilum venderplanki, one of the largest anhydrobiotic animals. The result
shows that one AQP controls the water homeostasis of fat body during normal conditions
whereas the other one is involved in the removal of water in the desiccation process en route to
anhydrobiosis. Different aquaporin (AQP) proteins are identified in tardigrades: AQP 3, AQP 4,
AQP 9 (2 contigs), AQP 10 (2 contigs), AQP Z2 (Table 4). The question whether identified AQPs
are involved in anhydrobiosis by M. tardigradum needs to be answered using functional

analysis.

Table 4: Identified aquaporins in M. tardigradum. Aquaporins identified in different states are listed and
the expression level is compared using emPAIl. One peptide identifications are indicated with asterisk.

Protein annotation emPAl

EES AS TS
contig03339:1:248:3|similar to Aquaporin-9 (043315)|Evalue: le-12* 0.39 / /
contig23372:1:697:3|similar to Aquaporin Z 2 (Q8UJW4)|Evalue: 7e-06* / / 0.13
contig17421:247:1275:1|similar to Aquaporin-4 (Q514F9)|Evalue: 2e-36 15.82 5.52 6.56
contig04424:252:1300:3|similar to Aquaporin-10 (Q96PS8)|Evalue: 4e-56 1.8 4.67 4.1
contig24282:1:693:1|similar to Aquaporin-10 (Q96PS8)|Evalue: 3e-39 / 0.26 0.13
contig26144:1190:2191:2|similar to Aquaporin-9 (043315)|Evalue: 8e-43 / 0.18 /
contig01013:1:991:2|similar to Aquaporin-3 (QO8DEG6)|Evalue: 1e-39* / 0.09 0.18
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3.1.3Comparative analysis of identified proteins in different states

The proteome analysis yielded 1982 unique proteins in early embryonic state (EES), 2345
unique proteins in adult tardigrades in active state (AS) and 2281 unigue proteins in tun state
(TS). A total of 1301 proteins are found in all three states as shown in the Venn diagram in
Figure 6. 472 unique proteins are only identified in EES, 199 only in TS and 256 only in AS. To
compare and demonstrate the main GO categories of biological process of proteins in single
regions (Figure 6, Venn diagram, a-c) Blast2GO program was used. The highest abundant

biological processes for each region are shown in Figure 6a-c.

Proteins identified only in one state

A total of 472 unique proteins were identified only in EES, from which 122 are without
annotation. Among annotated proteins ribosomal proteins involved in translation represent the
majority as shown in Figure 6a. Although ribosomal proteins are found in all states, there are
diverse ribosomal proteins (32 unique proteins) that are only identified in EES. Comparison of
calculated total emPAl of ribosomal proteins indicates their up-regulation in EES (Figure 7). The
high regulation of ribosomal proteins in this state is due to the high need of protein synthesis
with diverse functions including development en route to a mature organism. In contrast proteins
contributing to the structural integrity of cytoskeletal, muscle and vitelline membrane are weakly
expressed at this state. Since viteline membrane is a portion of egg shell, we expect the
expression of proteins in its formation only in mature animals, which is also reflected in semi-
guantitative analysis (Figure 7). The second main protein category present in EES contains

proteins involved in embryonic development, which is expected (Figure 6a).
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Figure 6: Comparative proteome analysis of identified proteins in different states. The Venn
diagram illustrates the number of protein identifications in EES, AS and TS. A total of 1301 unique
proteins are found in all three states. Whereas 472 (a) unique proteins are found only in EES, we
identified 680 (f) unique proteins only in adult tardigrades. Proteins of single (a, b, ¢) regions are
analyzed using Blast2GO program to demonstrate the involved biological processes.

Specific proteins like protein members of piwi family are identified only in the EES. Piwi like
proteins are developmental proteins that play a central role during gametogenesis. Proteins
involved in iron homeostasis like soma ferritin are found in EES. In general four contigs
annotated as proteins belonging to ferritin family are found (Supplementary Table 2), two of
which are identified in all three states, one in EES and TS and another one only in EES. These
proteins in particular the soma ferritin protein that is found only in EES are significantly up-
regulated in EES as it is shown by comparing the emPAl. As described before two members of
heat shock protein family are identified only in EES: the small heat shock protein C4 involved in
stress response and 10 kDa heat shock protein belonging to the GroES chaperonin family
involved in protein folding. In addition the small heat shock protein major egg antigen (p40) is
included in the results, which is extremely up-regulated in EES. Similarly studies on the
crustacean Artemia fransciscana, which forms cysts in response to adverse conditions, show
the presence of large amounts of artemin (a ferritin homologue) and a small heat shock protein
(Hsp26) in the cyst [31, 34]. In studies on artemia it has been shown that the small heat shock
protein and artemin are associated with anhydrobiosis. Since we found p40 and soma ferritin
both up-regulated in EES and not in anhydrobiotic state, we assume that these proteins are
involved in development and hence are specific markers for the EES. However, the role of p40

and ferritin in anhydrobiotic tardigrades has to be investigated.
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Figure 7: Analyzing the expression of selected proteins with structural molecule activity (defined
by Gene Ontology). Semi-quantitative analysis of proteins contributing to the structural integrity of
ribosome, cytoskeletal, muscle and vitelline membrane structure shows the extreme up-regulation of
ribosomal proteins in EES. In contrast proteins involved in cytoskeletal-, muscle- and vitellin membrane
structure are not highly expressed at this state comparing to adults.

A total of 256 unique proteins are found only in AS, from which 71 proteins are without
annotation. The two most abundant proteins (contig10378:1406:1499:2, contig26294:112:325:1)
are without annotation and DomainSweep analysis delivered no specific protein domains. Dixin,
a developmental protein involved in Wnt signalling pathway is the third highest abundant protein.
Wnts are a large family of cysteine-rich secreted glycoproteins that controls development in
organisms ranging from nematodes to mammals. The Blast2GO analysis of annotated proteins
(Figure 6b) delivered metabolic process, oxidation reduction and proteolysis as first main

categories, which are the main important processes for a living organism.

We identified 199 unique proteins in TS, from which 58 are without annotation. Two proteins
without annotation (contig00440:1:127:2, contig24440:1:106:2) followed by myosin heavy chain
(contig27485:90:265:3) are the most abundant proteins found only in TS. The result of Blast2GO
analysis of annotated proteins is shown in Figure 6c¢. The first ten biological process categories
include three categories involved in response to stimulus such as heat, oxidative stress and

xenobiotic stimulus (Figure 6c¢). Only the last one is also present in AS (Figure 6b). This is due
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to the permanent exposition to non-nutritional foreign chemical species (xenobiotics) in AS as
well as in TS. Although activation of stress response was expected in TS, it seems there are
other processes which are associated with anhydrobiosis. Proteins involved in intracellular
signaling cascade and phosphorylation are present. Although protein amino acid
phosphorylation as a biological process category is also present in the Blast2GO result of
proteins identified only in AS (Figure 6b), the involved proteins are different compared to TS.
Dual specifity = mitogen-activated protein  kinase  (contig05524:314:1363:2), RAC
serine/threonine-protein kinase (contig11071:1:467:3) and cell division cycle 2-like protein
kinase 6 (contig17945:1:686:1), which are involved in phosphorylation have been identified only
in TS. Also of major interest are proteins involved in intracellular signaling cascade: calcium-
regulated heat stable protein 1 (contig02037:183:689:3), RAC serine/threonine-protein kinase
(contig11071:1:467:3) and Drebrin-like protein (contigl6604:102:1247:3). However, the role of
these proteins in relation to desiccation tolerance has to be investigated. There are reports of
observed changes in protein phosphorylation in plants which were exposed to water deficit,
suggesting reversible phosphorylation as a regulator [76]. In particular mitogen-activated protein
kinases (MAPKs) and other kinases belonging to the MAPK cascade have been identified in
plants in response to dehydration, suggesting that the MAPK cascade is involved in stress
signaling [77, 78]. In addition proteins like lipid storage droplets surface-binding protein, which is
involved in lipid transport and is reported to be required for normal deposition of neutral lipids in
the oocytes [79, 80], are identified only in TS. Lipids represent probably the only nutrient
sources during anhydrobiosis and thus are essential for surviving. Heat shock protein 81-2
(Hsp90 family), hypoxia up-regulated protein 1 (Hsp70 family), and two members of Dnal

protein family as chaperones involved in stress response are identified only in tun state.

Proteins involved in metabolic processes are present in TS but reduced to half compared to AS,
which is in accordance to the expectation since during anhydrobiosis (TS) a metabolic dormancy
is described [16, 81]. Furthermore in contrast to proteins found only in AS translation is one of

ten abundant processes in TS.
Proteins overlapping in two states

Whereas 680 proteins were identified only in adult tardigrades (active and tun), the number of
proteins which are overlapping in EES and adults are significantly lower (108 between EES and
AS and 101 between EES and TS) as expected (Venn diagram in Figure 6). Whereas cellular
component organisation and transport are main processes in both EES and AS translation,
development and biological regulation are abundant categories found in both EES and TS (data
not shown). Proteins found only in AS and TS are mainly involved in cellular process, oxidation

reduction, proteolysis and biological regulation.
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3.2 Quantitative analysis of proteins in tardigrades in
different states

Not only the general profiling but also quantitative analyses of proteins that are differentially
expressed between different states are of major interest. In particular this allows identifying
proteins that play an important role in anhydrobiosis and helps better understanding of
molecular processes. The quantitative analysis of tardigrades in different states was performed
using two different methods: a) 2D DIGE (two-dimensional fluorescence difference gel
electrophoresis), b) label-free technique based on emPAl to achieve a simple and fast

guantification.

3.2.1Two-dimensional fluorescence difference gel electrophoresis
(2D DIGE)

To generate the protein expression profile of tardigrades in active state versus tun state, we
performed two-dimensional fluorescence difference gel electrophoresis (2D DIGE). 2D DIGE is
a quantitative method based on fluorescence labeling of proteins in different samples. Gel-to-gel
variation is minimized by allowing the separation of two different samples which are labeled with
different fluorescent dyes (Cy3, Cy5 respectively) on the same gel. In particular the minimal
labeling approach allows using an internal standard (a pool of two different samples), which
offers many advantages. The most important one is accurate quantification and spot statistics
between the gels. Since the protein amount of one individual tardigrade is too low, we had to
pool 1600 individuals for each state to include technical replications in our experiment. We
pooled 1600 active tardigrades (pool 1) and 1600 anhydrobiotic tardigrades (pool 2). A total of
six technical replicates and one preparative gel were prepared. Protein extracts of active and
anhydrobiotic tardigrades were labeled alternately with Cy3 and Cy5 as shown in the
experimental workflow in Figure 8. The internal standard was a pool that included an equal
volume aliquot of both samples, which was labeled with Cy2 and separated on each of the gels.
These three different labeled protein extracts were mixed in a ratio of 1:1:1 and separated by

their isoelectric point in the first dimension and by molecular weight in the second dimension.

For image acquisition we used Typhoon Variable Mode Imager. We analyzed images with
Decyder Differential Analysis Software, which allows differential in-gel analysis (DIA) and
biological variation analysis (BVA). In total, up to 8000 different spots were detected on the gels
as determined by the DeCyder Differential Analysis Software in DIA tool, from which 5000 were
filtered out. Intergel matching was performed in BVA tool through the inclusion of the internal
standard on each gel. Those protein spots that are localized at the same position in different

gels were matched together and a total of 1470 protein spots were matched across all six gels.
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To select the proteins of interest we set the parameter for protein filter as follows: Student’s T-
test <0,05 and average ratio >1,25 or <-1,25. Furthermore the selected protein spots had to be
present in 75% of gel images, which means in 14 spot maps. In Figure 8C spot no 10 is shown
in BVA module. The 3D diagram of spot 10 on two images corresponding to active and tun state
is shown. The up-regulation of this protein in tun state is demonstrated by the height of the peak

and furthermore by the graph view that shows the regulation of this protein among all replicates.

The experimental design using an internal standard and 6 technical replicates resulted in a
reliable and accurate statistical analysis. However, we could not detect regulations above or
below 1.6fold. Positive average ratios indicate up-regulation in tun state and negative average
ratios down-regulation as listed in Supplementary Table 3. A total of 57 spots passed the
selected protein filter as shown in Figure 8B. All selected protein spots in the BVA tool except
spot 2 and 4 could be localized on the preparative gel and picked for MS/MS analysis by
electrospray ionization tandem mass spectrometry (ESI-MS/MS). We performed database
search against the 454 tardigrade protein database. 42 protein spots could be identified, from
which 23 protein spots contain more than one identified protein as listed in Supplementary Table
3. The highest up-regulated protein in tun state is identified as chaperone protein dnak that
belong to the hsp70 family. Major egg antigen belonging to small heat shock proteins is also up-
regulated in tun state and has been identified in two different spots as single hit (spots 3 and 6).

The result of identified proteins from analyzed spots was difficult to interpret. One of the
potential limitations of DIGE technology is that most spots on a given 2D gel contain more than
one protein, making quantification difficult since it is not apparent which protein in the spot is
regulated. Separation of the protein lysate by using a medium-pH-range IPG strip would help to
reduce this problem. Since our biological material was limited, we had to choose the broad-pH-
range IPG strips to screen nearly all proteins expressed in tardigrades. In addition, detecting
and picking spots, which show high regulation but are present in low concentration is mostly not
possible as shown for spot 2 and 4. Furthermore DIGE technology is subject to the restrictions
imposed by the gel method. This includes the limited dynamic range, difficulty to separate
hydrophobic proteins or proteins with high MW or pl on 2D gel. Therefore selecting and
performing an alternative quantification method, which is suitable for our biological system was

the next important step.
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Figure 8: Experimental workflow of DIGE experiment. Samples were prepared and labeled with
CyDye DIGE Fluor minimal dyes. The presence of an internal standard, a pool of tardigrade lysate in
active and tun state in a ratio of 1:1, led to an accurate and reliable statistical result. Lysates of different
states were labeled alternately with Cy5 or Cy3. All labeled extracts were mixed and separated
performing 2D gel electrophoresis. The images were acquired with a Typhoon scanner. Analysis of
protein spots using Decyder Differential Analysis Software resulted in localization of regulated proteins
(B, indicated in green), which were picked from a preparative 2D gel and analyzed by LC-ESI-MS/MS.
C) 3D diagram and graph view of spot 10 achieved in Decyder Software (BVA tool).

3.2.2 Semi-quantitative analysis using a label-free approach based on
Exponentially Modified Protein Abundance Index (emPAI)

In the present work a semi-quantitative analysis of proteins differentially expressed in different
states was performed using label-free technique based on emPAIl to achieve a simple and fast
guantification. The emPAI can be directly used for reporting approximate protein abundance in a
large-scale analysis as shown in different studies [49, 51-54]. In our study the emPAIl was used
to obtain an approximate estimate of relative protein concentration by grouping the proteins into
minor and major components and furthermore for semi-quantitative analysis of single proteins,
which are differentially expressed in different states. This method employs normalization by
interpreting signals of molecules that do not change concentration from sample to sample.

Determination of major components in early embryonic state comparing to adult

animals in active and tun state

To analyze the major components in each different state we selected protein hits which show an
emPAl of >30.

Early embryonic state (EES)

By selecting a cut-off of emPAI of >30, we found 38 proteins as major components, from which
20 are without annotation (Figure 9). Among annotated proteins we found 10 protein members
of large lipid transporter (LLTP) family such as apolipophorins and vitellogenins. Lipid transport
in animals is mediated by members of the LLTP superfamily, which are grouped into three major
families: the apoB-like LLTPs, the vitellogenin-like LLTPs and the microsomal triglyceride
transfer protein (MTP)-like LLTPs or MTPs [82]. In addition to lipid transport they have also been
reported to play an important role in animal development [83], reproduction [84] and immunity
[85] as well as aging and lifespan regulation [86]. Whereas apoB is present in vertebrates,
apolipophorin-1l/1 (apoLp-ll/l) are known as insect apolipoproteins. ApoB-like LLTPs are
represented in our results by following protein members: 3 contigs which show high homology

to apolipoprotein B, apolipoprotein O and apolipophorin (Table 5).
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Major protein components in early embryonic state

contig07785:1:816:1|No Annotation
contig26339:1:396:1|No Annctation
contig02694:1:571:2|No Annotation*
contig18941:155:934:2|No Annotation
contig03062:1:281:2|No Annotation
contig13522:1:269:3|No Annotation
contig28231:1:508:3|No Annotation
contig02022:1:119:3|No Annotation
contig24360:1:563:3|No Annotation
contig08235:1:820:2|No Annotation#*
contig21262:473:652:1|No Annotation
contig19498:1:162:1|No Annctation

contig13035:1:170:1|No Annctation
contig26443:1:303:1|No Annotation
contig24531:1:590:3|No Annctation
contig08235:860:1596:2|No Annctation
contig10105:1:309:3|No Annotation
contig08625:1:110:2|No Annotation
contig18438:8:349:2|No Annotation®
contig18794:1:101:3|No Annotation”
contig07915:1:1267:2|similar to Heat shock cognate 71 kDa protein (Q90473)
contig18673:1:499:2|similar to Major egg antigen (P12812)
contig22711:32:1325:2|similar to Elongation factor 1-alpha (P41752)
contig17982:1:724:2|similar to Actin-5C (P10987)
contig20910:105:416:3|similar to Histone H4 (P62799)
contig08851:1:613:2|similar to 60S ribosomal protein L7 (001802)
contig21510:1907:2014: 1|similar to 40S ribosomal protein S30 (P62861)
contig23734:1:153:2similar to Transketolase-like protein 2
contig24586:1:771:2|similar to Vitellogenin-6 (P18948)
contig02294:1:661:1|similar to Vitellogenin-4 (P18947)
contig02295:455:757:2 |hypothetical protein BRAFLDRAFT_69973 [Branchiostoma floridae] ..
contig26295:1:531:2|similar to Vitellogenin-6 (P18948)
contig24202:107:1017:2|similar to Apolipoprotein B-100 (P04114)
contig06373:1:1480: 1|similar to Vitellogenin-4 (P18947)
contig18537:1:1312:2| PREDICTED: similar to apolipoprotein B [Strangylocentrotus purpuratus]..
contig0B6595:1:952:2|similar to Vitellogenin-1 (P87498)
contig02293:1:648:1|similar to Vitellogenin-6 (P18948)
contig04531:1:1454:1|similar to Apolipophorins (Q9U943)
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Figure 9: Major components in early embryonic state. To classify proteins as major components we
selected a cut-off of emPAI >30. We found 38 proteins, from which 10 belong to large lipid transporter
superfamily. Members of heat shock protein family, structural constituent of ribosome and cytoskeleton
are also present. In addition, 20 proteins are without annotation. The contig description is indicated with
asterisk, in case we found putative candidates by DomainSweep analysis. For one contig DomainSweep
analysis delivered a significant candidate (indicated with #). Proteins are ordered by their biological
function.

Accumulation of the glycolipophosphoprotein vitellogenin (VTG) in oocytes is described to be
one of the key processes in ovarian maturation. VTG is the major precursor of the egg-yolk
proteins, vitellins (Vn), which provide sources of nutrients during embryonic development in
oviparous organisms [84, 87]. It has been reported that lower vertebrates possess multiple VTG
genes and proteins [87] as has been shown for Danio rerio [88], Xenopus laevis [89],
Caenorhabditis elegans [90], salmonoid fishes [91]. Similarly multiple VTG proteins are found in
M. tardigradum (Table 5): VTG-1, VTG-2, VTG-4 (2 contigs) and VTG-6 (3 contigs).
Contig02295:455:757:2 annotated as hypothetical protein BRAFLDRAFT_69973 contains one
conserved vitellogenin-N domain and therefore belongs probably to large lipid transfer
superfamily. Whereas apoB-like LLTPs and vitellogenin-like LLTPs are present in high
abundance in our samples MTP-like LLTPs are underrepresented and are found only in adult
tardigrades.

We found only one protein belonging to structural constituent of cytoskeleton (actin-5C) as major
protein component in EES (Figure 9). Cytoskeleton proteins seem to be not highly expressed at

this stage as have been shown also earlier (Figure 7) by calculating the total emPAl.
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Table 5: Identified proteins associated with lipid transport, metabolism and storage.

GO term
(category, level)  Protein annotation emPAl
EES AS TS

Lipid transport

(BP, 4) Large lipid transporter protein superfamily
contig04531:1:1454:1|similar to Apolipophorins (Q9U943)|Evalue: 7e-11 434.48 148.6  131.78
contig24202:107:1017:2|similar to Apolipoprotein B-100 (P04114)|Evalue: 3e-18 106.16 47.92 45.38
contig18537:1:1312:2| PREDICTED: similar to apolipoprotein B [Strongylocentrotus
purpuratus] (XP_800206.2)|Evalue: 1e-07 141.61 65.75 55.45
contig24531:1:590:3|PREDICTED: apolipoprotein B [Danio rerio] (XP_694827.3)|Evalue: 2e-5 162.83 38.74 55.8
contig26593:129:609:3|uncharacterized conserved protein [Glossina morsitans morsitans]
(ADD18598.1)|Evalue: 1e-12 1.08 1.76 0.98
contig06595:1:952:2|similar to Vitellogenin-1 (P87498)|Evalue: 3e-07 206.56 107.89 97.94
contig26360:1:1109:3|similar to Vitellogenin-2 (P05690)|Evalue: 2e-12 25.45 33.27 30.89
contig06373:1:1480:1|similar to Vitellogenin-4 (P18947)|Evalue: 9e-11 107.82 60.6 56.55
contig02294:1:661:1|similar to Vitellogenin-4 (P18947)|Evalue: 5e-11 65.94 95.06 73.72
contig26295:1:531:2|similar to Vitellogenin-6 (P18948)|Evalue: 4e-16 76.29 37.64 40.05
contig24586:1:771:2|similar to Vitellogenin-6 (P18948)|Evalue: 5e-10 34.26 55.07 60.25
contig02293:1:648:1|similar to Vitellogenin-6 (P18948)|Evalue: 5e-14 219.67  134.37 113.52
contig02295:455:757:2|hypothetical protein BRAFLDRAFT_69973 [Branchiostoma floridae]
(XP_002591410.1)|Evalue: 8e-04 72.73 58.29 47.7
contig26982:1:1617:2|similar to Microsomal triglyceride transfer protein large subunit
(P55158)|Evalue: 4e-31 / 1.88 1.93
LDLR family (LDL binding proteins)
contig23325:1:1472:3|similar to Very low-density lipoprotein receptor (P35953)|Evalue: 4e-24 1.15 0.12 0.12
contig19083:167:1503:2|similar to Low-density lipoprotein receptor (P35951)|Evalue: 7e-05 0.36 1.67 1.52
contig04458:347:1819:2|similar to Low-density lipoprotein receptor-related protein 5
(075197)|Evalue: 1e-20 / 0.12 0.12
contig25676:1:412:3|similar to Very low-density lipoprotein receptor (P98155)|Evalue: 9e-21 / 0.42 0.63
contig25250:813:1145:3|similar to Low-density lipoprotein receptor-related protein 2
(A2ARV4)|Evalue: 2e-10 0.56 2.56 2.38
HDL binding proteins
contig20907:1:1151:1|similar to Vigilin (Q8VDJ3)|Evalue: 2e-73 0.72 2.75 2.05
contig23870:1:1221:3|similar to Vigilin (Q8VDJ3)|Evalue: 1e-76 0.49 1.85 1.38
perilipin family
contig18066:109:664:1|similar to Lipid storage droplets surface-binding protein 2
(Q9VXY7)|Evalue: 2e-08 / / 1.46
contig23310:1:1017:1|similar to Perilipin-2 (Q9TUM6)|Evalue: 8e-15 1.52 0.29 0.29
Others
contig18095:1:491:3|similar to Aspartate aminotransferase, mitochondrial (P08907)|Evalue:
6e-64 1.54 3.36 2.77
contig05263:1:701:3|similar to  Phosphatidylinositol ~ transfer protein alpha isoform
(P48738)|Evalue: 6e-71 0.77 2.56 0.98
contig22720:1:938:3|similar to Glycolipid transfer protein domain-containing protein 1
(Q6DBQ8)|Evalue: 7e-27 / 0.43 0.31
contig18709:206:705:2|similar to Epididymal secretory protein E1 (P61918)|Evalue: 2e-16 0.4 0.4 0.4
Total emPAI 1662.39 903.37 826.35

Two ribosomal proteins 60S ribosomal protein L7 and 40S ribosomal proteins S30 belong to the

category of major protein components (Figure 9) and are involved in translation and in particular

60S ribosomal protein L7 is known to be involved in reproduction and embryonic development

ending in birth or egg hatching.

Two heat shock proteins, hcs71 and the small heat shock protein major egg antigen are present

also in the major protein components category of EES. Comparing to hcs71 major egg antigen

Comprehensive proteome analysis of M. tardigradum

35




Results and discussion

is significantly up-regulated. Proteins without annotation are indicated with asterisk, in case we
found putative candidates in DomainSweep results. For one contig (08235:1:820:2)
DomainSweep analysis delivered a significant candidate (indicated with #), namely whey acidic
protein (WAP) 4-disulfide core. This protein has a peptidase inhibitor activity. The highest
abundant protein among proteins without annotation (contig18794:1:101:3) seems to belong to
structural constituent of ribosome. Blast search against NCBInr delivered ribosomal protein L4
(Danio rerio) however with an insufficient e-value. DomainSweep analysis of this protein
resulted in ribosomal protein L4/L1e as putative candidate. Contig18438:8:349:2 is the second
highest abundant protein among not annotated proteins. The result of Blast search against
NCBInr is not significant, but we could find a VWF (von Willebrand factor) conserved protein
domain, which was confirmed by DomainSweep analysis as putative candidate. Protein
members belonging to the apoB-like LLTPs and the vitellogenin-like LLTPs have two conserved
protein domains: vitellogenin domain and vVWF. Since we do not have any further information
and only the presence of VWF domain is not specific for vitellogenin- and apoB-like LLTPs, we

can not annotate this contig significantly.

Adult tardigrades in active state (AS) and tun state (TS)

By selecting a cut-off of emPAl >30, we found 53 proteins as major components in adult
tardigrades in AS and 49 in TS (Figure 10). Comparing the annotated proteins in AS and TS we
found the same two major functional groups, protein members of structural constituent of
cytoskeleton/muscle and protein members of large lipid transporter family. The same protein
members of large lipid transporter superfamily are present in AS as well as in TS. The following
vitellogenin proteins are included: VTG-1, VTG-2, VTG-4 (2 different contig), VTG-6 (3 different
contigs). The early embryonic state contains all these vitellogenins except for vitellogenin-2.
Interestingly, vitellogenin-2 is described to be involved in biological process of determination of
adult lifespan, which means the control of viability and duration in the adult phase of the life-
cycle. Actin 5-C (2 contigs), cytoplasmic actin, filamin-A belong to the structural constituent of
cytoskeleton. Myosin heavy chain, paramyosin, myosin-7, myosin-3, troponin | are muscle
proteins and except troponin | have all motor activity function. We found one isoform of myosin
heavy chain, troponin I, two protein members of heat shock protein family (Hsc 71 and
AGAP000941-PA) and 40S ribosomal protein S3 as major components in AS, and annexin Al1,
transketolase-like protein 2 and 60S acidic ribosomal protein PO as member of major component
group in TS. Contig01971:138:399:3 is annotated as AGAP000941-PA from Anopheles
gambiae, which shows high homology to small heat shock proteins. Among proteins without
annotation, there are 18 proteins present in both AS and TS. In particular contig18438:8:349:2
(contains VWF conserved domain), which is the second highest abundant protein in EES (see

previous chapter) is highly expressed in TS compared to AS.
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Protein annotation

Major protein components in adult tardigrades

contig22232:1:250:2|No Annotation

contig19607:1:514:2|No Annotation

contig18052:1:207:1|No Annotation

contig13522:1:269:3|No Annotation

contig25609:1:118:2|No Annotation

contig24531:1:590:3|No Annotation

contig02694:1:571:2|No Annotation™

contig02022:1:119:3|No Annotation

contig07785:1:816:1|No Annotation

contig04802:115:695:1|No Annotation

contig10105:1:309:3|No Annotation

contig26443:1:303:1|No Annotation

contig26339:1:396:1|No Annotation

contig13035:1:170:1|No Annotation

contig24360:1:563:3|No Annotation

contig08235:860:1596:2|No Annotation

contig18794:1:101:3|No Annotation®

contig06212:1:430:3|No Annotation*

contig18438:8:349:2|No Annotation”

contig08625:1:110:2|No Annotation -

contig00947:1:818:3|similar to Annexin A11 (P33477)

contig23734:1:153:2|similar to Transketolase-like protein 2 (Q9D4D4) -

contig04301:1:1559:3|similar to ATP synthase subunit beta (Q39Q56)

contig26565:106:1698:1|similar to Protein disulfide-isomerase 2 (Q17770)

contig20019:1:1092:1|similar to Arginine kinase (Q95V58)

contig22711:32:1325:2|similar to Elongation factor 1-alpha (P41752)

contig20321:1:864:1|similar to 60S acidic ribosomal protein PO (Q9U3U0)

contig01191:1:298:2|similar to 40S ribosomal protein S3 (Q90YS2)

contig01971:138:399:3| AGAP000941-PA [Anopheles gambiae str (XP_560153.3)

contig07915:1:1267:2|similar to Heat shock cognate 71 kDa protein (Q90473)

contig18673:1:499:2|similar to Major egg antigen (P12812)

contig26256:1:544:1|similar to Myosin heavy chain, muscle (P05661)

contig00571:1:108:2|similar to Myosin-3 (P12844) -
contig23852:3162:3608:1|similar to Troponin | (P36188)
contig00641:1:549:1|similar to Myosin heavy chain, striated muscle (P24733)
contig10543:1:889:2|similar to Filamin-A (Q8BTMS8)
contig01345:1:144:1|similar to Myosin heavy chain, muscle (P05661)
contig02107:1:417:1|similar to Myosin heavy chain, muscle (P05661)
contig13127:1:930:1|similar to Myosin-7 (Q91Z83)
contig05208:1:597:1|similar to Myosin heavy chain, muscle (P05661)
contig24758:1:1673:3|similar to Paramyosin (QB6RN8)
contig14962:1:769:2|similar to Myosin heavy chain, muscle (P05661)
contig00982:1:961:2|similar to Actin-5C (P10987)
contig22876:95:450:2(similar to Actin, cytoplasmic 1 (P68142)
contig17982:1:724:2|similar to Actin-5C (P10987)
contig26360:1:1109:3|similar to Vitellogenin-2 (P05690)
contig26295:1:531:2|similar to Vitellogenin-6 (P18948)
contig24202:107:1017:2|similar to Apolipoprotein B-100 (P04114)
contig24586:1:771:2|similar to Vitellogenin-6 (P18948)

contig02295:455:757:2|hypothetical protein BRAFLDRAFT_69973 ..
contig06373:1:1480:1|similar to Vitellogenin-4 (P18947)

contig18537:1:1312:2|PREDICTED: similar to apolipoprotein B..
contig02294:1:661:1|similar to Vitellogenin-4 (P18947)
contig06595:1:952:2|similar to Vitellogenin-1 (P87498)
contig02293:1:648:1|similar to Vitellogenin-6 (P18948)
contig04531:1:1454:1|similar to Apoclipophorins (Q8U943)
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Figure 10: Major components in adult tardigrades in active and tun state. To classify proteins as
major components we selected a cut-off of emPAIl >30. We found 53 proteins as major components in
adult tardigrades in AS and 49 in TS. Comparing the annotated proteins in AS and TS we found the
same two major functional groups, protein members of structural constituent of cytoskeleton/muscle and
protein members of large lipid transporter family. The contig description is indicated with asterisk, in
case we found putative candidates in DomainSweep result. Proteins are ordered by their biological
function.
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Semi-quantitative analysis of identified proteins in different states

In addition to grouping proteins in major and minor components the semi-quantitative analysis
based on emPAIl can be used for the relative quantification of single proteins. The semi-
guantitative analysis between two different states was performed by calculating differences
between emPAl for single proteins in each state. We have defined a cut-off of >10 and <-10 for
AemPAl. Proteins which show differences in AemPAI over the cut-off are defined as differentially
regulated in different states. The selected label-free method employs normalization by
interpreting signals of molecules that do not change concentration from sample to sample.
Whereas 98.87% of proteins identified in active and tun states are similar in regulation, we found
up to 96% of proteins in EES and adults similar in regulation, which is according to our

expectation.
Active state versus tun state

The comparison of active versus tun state yielded 2614 contigs (98.87%) which are similar in
regulation (Figure 11A). 30 contigs (1.13%) delivered differences in AemPAI, which indicate
differential regulation in proteins. These proteins are listed in Table 6 with the corresponding
AemPAl that allows a direct comparison of differentially regulated proteins in both states. 17
proteins are up-regulated in active state, from which 4 contigs could not be annotated
significantly. Among the proteins with annotation we found proteins that belong to cytoskeleton
(actin-5C), muscle protein family (paramyosin, myosin-7, troponin |), large lipid transfer
superfamily (vitellogenin-4, vitellogenin-6, apolipophorins, apolipoprotein B, hypothetical protein
BRAFLDRAFT_69973) and heat shock protein family (two sHsps and Hsc71). There are 13 up-
regulated proteins in tun state, from which 8 contigs are without significant annotation. We found
contig18438:8:349:2 (contains VWF conserved domain) as extremely high regulated in tun state,
which was described in earlier chapters (determination of major components). Blast search
against NCBInr for the second highly expressed protein (contig06212:1:430:3) in tun state
delivered hypothetical protein Phum_PHUM355660 however with an insufficient e-value.
DomainSweep analysis delivered one putative hit (IPR007282 NOT2/NOT3/NOT5), which is
described to be involved in regulation of transcription. Among annotated proteins myosin-3,
transketolase—-like protein, apolipoprotein B, cytoplasmic actin and 40S ribosomal protein S3 are
the other up-regulated proteins in tun state. Validation of the present result using other
guantification methods is one of our future steps. Furthermore proteins that could not be
annotated by homology search are of major interest and have to be functionally analyzed in

regard to their association with anhydrobiosis.
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AemPAl:
emPAl (TS) - emPAl (EES)

Figure 11: Determination of differentially expressed proteins by calculating AemPAIl. The semi-
quantitative analysis between two different states was performed by calculating the differences between
emPAl for single proteins in each state. We have defined a cut-off of >10 and <-10 for AemPAI to assign
proteins as regulated. A) The comparison of active versus tun state yielded 2614 contigs (98.87%)
which are similar in regulation. B) The comparison of active state versus early embryonic state yielded
2807 contigs (96.23%) which are similar in regulation. C) The comparison of tun state versus early
embryonic state yielded 2759 contigs (96.40%) which are similar in regulation.
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Table 6: Semi-quantitative analysis of differentially expressed proteins in AS and TS. Proteins without annotation are indicated with asterisk, in case we
found putative candidates by DomainSweep analysis. The protein domain with IPR number is included in brackets. Under selected cut-off of >10 and <-10 for
AemPAl a total of 17 proteins are found to be up-regulated in AS. Cytoskeleton and muscle proteins (4 proteins), large lipid transporter superfamily (5 proteins)
and heat shock proteins (3 proteins) are the major groups. 13 proteins are up-regulated in TS, from which 7 proteins could not be annotated by homology search.

‘.DO)\I(DU'I-&OONHS

<
N W NP O

-
(4]

16

17
18
19
20
21
22
23
24
25
26
27
28
29
30

State/Slice no.

A13,11-15, 17-19
Al12,12-19
A7,5-19

A7, 4-19
Al7,14-18
Al4

A5, 2-20
Al1,5,7,9-25
A7, 4-19

A13, 11-16
A7,2-18

All, 4-19

A9, 8-18

A16, 14-20

A7, 4-19

A5, 2-19

A16, 16-18

Al17, 16-20

A16, 4, 5, 14-17, 20
A13, 4-8, 10-20
All, 6-20

A5, 3-19

Al17, 16-19

A9, 8-16, 18, 19
A7, 4-18

A7, 4-20

Al2, 4, 6, 10, 14, 15
Al7, 18

Al15

A6, 4-19

Accesion no./Protein description

contig17982:1:724:2|similar to Actin-5C (P10987)|Evalue: 1e-138
contig18794:1:101:3|No Annotation*[IPR002136 Ribosomal protein L4/L1e]
contig02294:1:661:1|similar to Vitellogenin-4 (P18947)|Evalue: 5e-11
contig02293:1:648:1|similar to Vitellogenin-6 (P18948)|Evalue: 5e-14
contig26339:1:396:1|No Annotation

contig18068:1:139:2|No Annotation

contig04531:1:1454:1|similar to Apolipophorins (Q9U943)|Evalue: 7e-11
contig04802:115:695:1|No Annotation

contig24758:1:1673:3|similar to Paramyosin (Q86RN8)|Evalue: 2e-126

contig01971:138:399:3| AGAP000941-PA [Anopheles gambiae str. PEST] (XP_560153.3)|Evalue: 8e-05

contig13127:1:930:1|similar to Myosin-7 (Q91Z83)|Evalue: 1e-116

contig18673:1:499:2|similar to Major egg antigen (P12812)|Evalue: 2e-05
contig07915:1:1267:2|similar to Heat shock cognate 71 kDa protein (Q90473)|Evalue: 0.0
contig23852:3162:3608:1|similar to Troponin | (P36188)|Evalue: 2e-23
contig02295:455:757:2|hypothetical protein BRAFLDRAFT_69973 [Branchiostoma floridae]
(XP_002591410.1)|Evalue: 8e-04

contig18537:1:1312:2| PREDICTED: similar to apolipoprotein B [Strongylocentrotus purpuratus]
(XP_800206.2)|Evalue: 1e-07

contig26452:1:179:2|similar to Elongation factor 1-beta~ (P29522)|Evalue: 2e-21

contig07695:1:240:1|No Annotation

contig26860:133:289:1|similar to 40S ribosomal protein S3 (Q90YS2)|Evalue: 3e-13
contig22876:95:450:2|similar to Actin, cytoplasmic 1 (P68142)|Evalue: 3e-67
contig02694:1:571:2|No Annotation*[IPR002181 Fibrinogen, IPR000463 Cytosolic fatty-acid binding]
contig24531:1:590:3| PREDICTED: apolipoprotein B [Danio rerio] (XP_694827.3)|Evalue: 2e-05
contig22232:1:250:2|No Annotation

contig23734:1:153:2|similar to Transketolase-like protein 2 (Q9D4D4)|Evalue: 6e-16
contig13522:1:269:3|No Annotation

contig08625:1:110:2|No Annotation

contig00571:1:108:2|similar to Myosin-3 (P12844)|Evalue: 4e-08

contig27733:1:294:1|No Annotation

contig06212:1:430:3|No Annotation*[IPR007282 NOT2/NOT3/NOT5]

contig18438:8:349:2|No Annotation*[IPR001846 von Willebrand factor, type D]
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1143
192
774
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(unique peptides)
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49 (7)
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Protein
coverage

76.2
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514
83.2
64.4
68.6
73.1
62.4
58.6
64.5
75.3
64.2
43.2

52.5

515

84.7
65
57.7
74.6
72
77.6
79.5
78
50.6
69.4
71.4
71.4
93
61.1

emPAl
(AS)

192.6
70.62
95.06
134.37
55.04
24.53
148.6
49.23
62.28
30.05
46.57
108.34
32.48
32.94

58.29

65.75

27.26
16.38
9.77
75.63
40.57
38.74
33.65
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35.97
175.51
3151
29.46
85.41
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emPAl
(TS)
101.14
29.55
73.72
113.52
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131.78
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97.24
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47.7

55.45

17.24
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89.85
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55.8
61.15
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emPAl
(AS-TS)
91.46
41.07
21.34
20.85
18.62
16.86
16.82
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10.3
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Adults versus tardigrades in early embryonic state

The comparison of active state versus early embryonic state yielded 2807 contigs (96.23%)
which are similar in regulation (Figure 11B). 110 contigs (3.77 %) delivered differences in
AemPAl, which indicate differential regulation in proteins (Table 7). 62 proteins are up-regulated
in active state, from which 15 contigs are without annotation. The major protein groups, which
are highly expressed in active state, belong to structural constituent of cytoskeleton and muscle
(21 proteins), antioxidant proteins (5 proteins), transmembrane transporters (4 proteins). Actin is

the first up-regulated proteins in active state.

We found 48 proteins up-regulated in early embryonic state, from which 17 are without
annotation. As expected members of large lipid transporter superfamily (8 proteins) are highly
regulated in early embryonic state. Other protein families such as ribosomal proteins (7
proteins), antioxidant proteins (2 proteins) are present. Comparing the up-regualted antioxidant
proteins we found that GSTs are up-regulated in active state while SODs are up-regulated in
early embryonic state (see also chapter 3.1.2). The first two up-regulated proteins in early
embryonic state are proteins without annotation. Especially contig18794:1:101:3, which is highly
expressed in early embryonic state, seems to belong to structural constituent of ribosome (as
described before). Contig18438:8:349:2 contains a VWF conserved domain, but it could not be
annotated significantly. Among up-regulated proteins in EES we found furthermore soma ferritin
and major egg antigen, which were discussed earlier (chapter 3.1.3) and developmental proteins

such as muscle LIM protein 1.

The comparison of tun state versus early embryonic state yielded 2759 contigs (96.40%) which
are similar in regulation (Figure 11C). 103 contigs (3.60 %) delivered differences in AemPAl,
which indicate differential regulation in proteins (result not included). We found 54 proteins
(including 13 proteins without annotation) up-regulated in tun state and 49 proteins (including 19
proteins without annotation) up-regulated in early embryonic state. We found here the same
regulated functional protein groups as described in the last section comparing active state and
early embryonic state. The first high abundant protein in tun state is contig06212:1:430:3, which
was also up-regulated in active state (second high abundant protein). In early embryonic state
we found again contig18794:1:101:3 and contig18438:8:349:2 as highly abundant proteins, with
the difference in their priorities; contig18794:1:101:3 is the highest abundant protein and
contig18438:8:349:2 is in the 9. position. In particular contig18438:8:349:2 behaves similarly in

its regulation in the early embryonic state and tun state compared to active state.
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Table 7: Semi-quantitative analysis of differentially expressed proteins in EES and AS. Proteins without annotation are indicated with asterisk, in case we
found putative candidates by DomainSweep analysis. The protein domain with IPR number is included in brackets. Under selected cut-off of >10 and <-10 for
AemPAl a total of 62 proteins are found to be up-regulated in AS from which 21 proteins are cytoskeleton and muscle proteins. Among proteins that are up-
regulated in EES (48 proteins) protein members of large lipid transporter superfamily (9 proteins) and ribosomal proteins (7 proteins) build the majority.

no. Accesion no./Protein description Eégtrim Ziﬁggz ?eagfi?:) cP(r)(\)/teerlerl‘ge ?ES?AI ?g:;s'?l ?,;nSF-)QIIES)
1 contig17982:1:724:2|similar to Actin-5C (P10987)|Evalue: 1e-138 1143 182 (16) 76.2 192.6 36.13 156.47
2 contig06212:1:430:3|No Annotation*[IPR007282 NOT2/NOT3/NOT5] 618 49 (7) 93 85.41 3.97 81.44
3 contig24758:1:1673:3|similar to Paramyosin (Q86RN8)|Evalue: 2e-126 2744 111 (42) 62.4 62.28 2.07 60.21
4 contig14962:1:769:2|similar to Myosin heavy chain, muscle (P05661)|Evalue: 6e-58 1261 35 (21) 64.7 62.42 3.7 58.72
5 contig22876:95:450:2|similar to Actin, cytoplasmic 1 (P68142)|Evalue: 3e-67 461 87 (7) 74.6 75.63 25.87 49.76
6 contig05208:1:597:1|similar to Myosin heavy chain, muscle (P05661)|Evalue: 3e-50 810 21 (12) 62.3 48.82 1.07 47.75
7 contig02107:1:417:1|similar to Myosin heavy chain, muscle (P05661)|Evalue: 4e-35 526 16 (9) 57.6 45.53 0.42 45.11
8 contig01345:1:144:1|similar to Myosin heavy chain, muscle (P05661)|Evalue: 2e-08 233 4 54.2 43.96 43.96
9 contig00982:1:961:2|similar to Actin-5C (P10987)|Evalue: 3e-137 1153 183 (16) 57.4 62.7 18.86 43.84
10 contig13127:1:930:1|similar to Myosin-7 (Q91Z83)|Evalue: 1e-116 1071 33 (16) 64.5 46.57 3.24 43.33
11 contig10543:1:889:2|similar to Filamin-A (Q8BTM8)|Evalue: 1e-72 1124 48 (18) 73.2 36.73 1.35 35.38
12 contig20019:1:1092:1|similar to Arginine kinase (Q95V58)|Evalue: 1e-145 1592 85 (26) 73.3 37.1 1.76 35.34
13 contig25609:1:118:2|No Annotation 251 11 (4) 97.4 37.44 2.37 35.07
14 contig18052:1:207:1|No Annotation 380 14 (6) 82.6 35.33 0.86 34.47
15 contig00641:1:549:1|similar to Myosin heavy chain, striated muscle (P24733)|Evalue: 3e-50 553 15 (10) 53 34.33 34.33
16 contig00571:1:108:2|similar to Myosin-3 (P12844)|Evalue: 4e-08 144 5(4) 71.4 3151 31.51
17 contig26256:1:544:1|similar to Myosin heavy chain, muscle (P05661)|Evalue: 4e-37 619 13 (7) 43.1 30.15 0.88 29.27
18 contig02294:1:661:1|similar to Vitellogenin-4 (P18947)|Evalue: 5e-11 774 59 (12) 73.2 95.06 65.94 29.12
19 contig23852:3162:3608:1|similar to Troponin | (P36188)|Evalue: 2e-23 595 35(9) 43.2 32.94 4.97 27.97
20 contig00947:1:818:3|similar to Annexin A1l (P33477)|Evalue: 6e-48 1301 52 (22) 78.6 29.14 1.44 27.7
21 contig04802:115:695:1|No Annotation 709 86 (14) 73.1 49.23 21.54 27.69
22 contig01971:138:399:3| AGAP000941-PA [Anopheles gambiae str. PEST] (XP_560153.3)|Evalue: 8e-05 425 17 (7) 58.6 30.05 2.37 27.68
23 contig15494:1:257:1|similar to Myosin heavy chain, muscle (P05661)|Evalue: 8e-18 331 8 (4) 42.4 29.04 1.94 27.1
24 contig22232:1:250:2|No Annotation 427 18 (6) 79.5 33.65 7.68 25.97
25 contig02794:61:444:1|similar to Paramyosin (Q86RN8)|Evalue: 3e-32 721 20 (9) 56.2 25.71 0.88 24.83
26 contig27733:1:294:1|No Annotation 464 20 (8) 71.4 29.46 5.72 23.74
27 contig18068:1:139:2|No Annotation 152 9(4) 64.4 24.53 2.66 21.87
28 contig26565:106:1698:1|similar to Protein disulfide-isomerase 2 (Q17770)|Evalue: 6e-144 2450 138 (40) 70.4 36.48 14.61 21.87
29 contig04301:1:1559:3|similar to ATP synthase subunit beta (Q39Q56)|Evalue: 0.0 1992 120 (26) 75.1 34.93 13.17 21.76
30 contig26128:1:2657:2|similar to Myosin-3 (P12844)|Evalue: 0.0 2180 67 (36) 49.3 22.39 0.72 21.67
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no.

31
32
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35
36
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38
39
40
41
42
43
44
45
46
47
48
49
50
51
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57
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59
60
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62
63
64
65
66
67

D REEREES EE CE AE CE
contig26339:1:396:1|No Annotation 621 43 (10) 83.2 55.04 33.54 21.5
contig24586:1:771:2|similar to Vitellogenin-6 (P18948)|Evalue: 5e-10 725 60 (12) 55.5 55.07 34.26 20.81
contig01191:1:298:2|similar to 40S ribosomal protein S3 (Q90YS2)|Evalue: 2e-32 343 20 (6) 81.6 31.11 11.11 20
contig22479:1:399:3|similar to Tropomyosin (Q95VA8)|Evalue: 1e-38 560 20 (11) 58.3 19.98 1.04 18.94
contig07785:1:816:1|No Annotation 831 43 (15) 79.4 48.7 31.07 17.63
contig25519:1:245:2|similar to Fructose-bisphosphate aldolase, muscle type (P53445)|Evalue: 3e-36 267 13 (5) 815 19.21 2.52 16.69
contig22765:1:560:3|similar to CD109 antigen (Q6YHK3)|Evalue: 3e-16 422 12 (8) 40 17.92 1.54 16.38
contig11153:105:404:3|similar to Glutathione S-transferase 1 (P46436)|Evalue: 2e-22 443 17 (9) 76 16.9 0.68 16.22
contig24401:1:658:2|similar to Malate dehydrogenase, mitochondrial (Q5NVR2)|Evalue: 6e-85 995 36 (14) 79.8 25.04 9.1 15.94
contig03818:1:573:2|similar to Alpha-actinin, sarcomeric (P18091)|Evalue: 9e-103 824 20 (12) 74.2 15.07 15.07
contig01462:37:1185:1|similar to Vitelline membrane outer layer protein 1 homolog (Q7Z5L0)|Evalue: 3e-23 1080 48 (17) 58.4 14.7 0.57 14.13
contig11420:186:337:3|similar to Actin (Q9UVX4)|Evalue: 1e-25 99 10 (2) 54 19.32 5.26 14.06
contig28284:1:272:3|similar to Glutathione S-transferase (P30116)|Evalue: 2e-10 361 15 (8) 76.4 16.67 2.83 13.84
contig28262:1:137:2|similar to Glutathione S-transferase Mu 2 (P08010)|Evalue: 2e-04 120 9(2) 71.1 15.71 2.45 13.26
contig13125:303:769:3|similar to Myosin heavy chain, muscle (P05661)|Evalue: 2e-52 295 7 (6) 52.3 13.56 0.38 13.18
contig26155:1:131:3|similar to Voltage-dependent anion-selective channel protein 1 (Q60932)|Evalue: 4e-09 115 8(1) 42.9 20.41 7.25 13.16
contig05470:1:464:3|similar to Fructose-bisphosphate aldolase A (P05065)|Evalue: 6e-54 528 17 (10) 68 16.75 3.69 13.06
contig21746:1:589:2|similar to Glutathione S-transferase 1 (P46436)|Evalue: 6e-32 716 42 (11) 60 19.22 6.63 12.59
contig26452:1:179:2|similar to Elongation factor 1-beta~ (P29522)|Evalue: 2e-21 315 9 (5) 84.7 27.26 14.85 12.41
contig18362:1:1784:3|similar to Glutamate dehydrogenase 1, mitochondrial (P00367)|Evalue: 0.0 1738 70 (28) 58.5 17.19 4.85 12.34
contig25313:1:118:2|No Annotation 144 4 (3) 57.9 12.33 12.33
contig09723:1:288:1|No Annotation 229 15 (2) 46.9 16.77 4.5 12.27
contig04440:420:1643:3|No Annotation 891 21 (16) 48.6 11.92 11.92
contig27035:1:393:1|similar to Carboxylesterase 2 (O00748)|Evalue: 6e-26 486 18 (8) 77.1 12.41 0.51 11.9
contig28264:1:1252:2|similar to Glyceraldehyde-3-phosphate dehydrogenase (P17244)|Evalue: 8e-134 1520 96 (23) 62.5 23.08 11.27 11.81
contig23401:118:845:1|similar to Voltage-dependent anion-selective channel protein 2 (P81004)|Evalue: 2e-41 892 43 (16) 76.9 22.08 10.78 11.3
contig19230:752:868:2|No Annotation 149 6 (3) 61.5 10.76 10.76
contig26921:1:94:2|No Annotation 84 2(1) 33.3 16.76 6.2 10.56
contig20024:1:210:1|similar to Heterochromatin-associated protein MENT (O73790)|Evalue: 3e-07 164 8 (4) 58 10.73 0.22 10.51
contig00520:1:1212:1|No Annotation*[IPR006575 RWD] 1284 50 (24) 54.8 11.91 151 10.4
contig22559:1:111:1|similar to Glutathione S-transferase Mu 2 (Q9TSM4)|Evalue: 1e-05 194 12 (4) 81.1 20.7 10.36 10.34
contig23461:107:1792:2|similar to ATP synthase subunit alpha (AOLDAZ2)|Evalue: 0.0 1774 76 (29) 51.5 16.86 6.84 10.02
contigl7421:247:1275:1|similar to Aquaporin-4 (Q514F9)|Evalue: 2e-36 271 11 (5) 15.2 5.52 15.82 -10.3
contig22152:1:228:1|similar to 60S ribosomal protein L23 (P48159)|Evalue: 7e-35 50 1 10.7 0.84 11.15 -10.31
contig08967:1747:2187:3|No Annotation 270 6 52.1 7.35 18.25 -10.9
contig19869:105:422:3|similar to Muscle LIM protein 1 (P53777)|Evalue: 8e-22 159 3 49.5 1.83 13 -11.17
contig22223:90:578:3| GG13930 [Drosophila erecta] (XP_001979164.1)|Evalue:2e-14 337 11 (4) 36.4 11.43 -11.43
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no. Accesion no./Protein description Eégtrim Zﬁﬁgg: ?eagfi?;z) E;?,t;';ge ?XgAI ?IgI]EPS?I ZL"\nSF-)éIIES)
68 contig06849:1:534:1|similar to Soma ferritin (P42577)|Evalue: 2e-55 561 20 (9) 58.2 11.7 -11.7

69 contig24148:1:277:2|similar to 40S ribosomal protein S25 (Q8ISN9)|Evalue: 7e-24 71 3(2) 28.6 1.38 135 -12.12
70 contig17326:97:498:1|similar to Histone H2B (P17271)|Evalue: 2e-44 96 3(2) 18 0.53 12.67 -12.14
71 contig03062:1:281:2|No Annotation 166 16 (3) 39.8 25.06 37.22 -12.16
72 contig17480:2216:2605:3|similar to Profilin (P25843)|Evalue: 2e-25 59 1 7.8 0.5 12.81 -12.31
73 contig16808:174:557:3|similar to 60S ribosomal protein L30 (P58374)|Evalue: 7e-50 74 1 12.6 0.48 13.14 -12.66
74 contig24216:1:620:3|similar to Peptidyl-prolyl cis-trans isomerase (P25007)|Evalue: 1e-75 373 12 (7) 415 3.18 16.32 -13.14
75 contig23887:1:845:2|No Annotation 799 53 (15) 51.2 13.39 -13.39
76 contig26856:74:535:2|similar to Nucleoside diphosphate kinase B (Q5RFH3)|Evalue: 2e-64 203 4 314 2.54 16.55 -14.01
77 E:)c()gt_l%%gégi:fgI)?gvalr&)ép%tgeotfal protein BRAFLDRAFT_69973 [Branchiostoma floridae] 200 32 (5) 505 58.29 7273 14.44
78 contig24583:1:349:2|similar to Histone H2A.x (P16104)|Evalue: 8e-24 322 12 (5) 60.9 4.48 20.44 -15.96
79 contig22223:927:1238:3|No Annotation 275 11 (4) 39.8 16.59 -16.59
80 contig06938:1:111:1|similar to Superoxide dismutase [Cu-Zn] (O46412)|Evalue: 2e-08 74 2 70.3 7.12 24.66 -17.54
81 contig18814:70:537:1|similar to 40S ribosomal protein S18 (Q8ISPO)|Evalue: 4e-53 264 8 (6) 36.1 4.45 24.19 -19.74
82 contig04326:1:434:3|No Annotation 435 36 (9) 55.2 19.85 -19.85
83 contig28231:1:506:3|No Annotation*[IPR002252 Glycoside hydrolase, family 36] 343 10 (4) 36.9 20.21 40.43 -20.22
84 contig05681:124:251:1|similar to 60S ribosomal protein L26 (P61256)|Evalue: 7e-12 102 4(3) 64.3 6.21 26.47 -20.26
85 contig10844:1:307:2|similar to Superoxide dismutase [Cu-Zn] (O73872)|Evalue: 7e-25 203 4 65.3 6.87 29.04 -22.17
86 contig26127:1:557:3|similar to Fatty acid-binding protein, adipocyte (O97788)|Evalue: 7e-21 234 5(4) 26.1 2.01 24.47 -22.46
87 contig18941:155:934:2|No Annotation*[IPR013248 Shr3 amino acid permease chaperone] 717 57 (11) 56 11.41 35.41 -24

88 contig08851:1:613:2|similar to 60S ribosomal protein L7 (001802)|Evalue: 4e-82 577 21 (14) 62.6 13.27 39.62 -26.35
89 contig13035:1:170:1|No Annotation 168 10 (2) 57.1 58.2 90.14 -31.94
90  contig20910:105:416:3|similar to Histone H4 (P62799)|Evalue: 9e-40 87 2 175 3.27 37.24 -33.97
91 contig23734:1:153:2|similar to Transketolase-like protein 2 (Q9D4D4)|Evalue: 6e-16 246 9(4) 78 29.43 66.59 -37.16
92 contig26295:1:531:2|similar to Vitellogenin-6 (P18948)|Evalue: 4e-16 338 26 (5) 64.2 37.64 76.29 -38.65
93 contig08235:1:820:2|No Annotation#[IPR008197 Whey acidic protein, 4-disulphide core] 719 23 (10) 45.6 15.66 57.82 -42.16
94 contig21510:1907:2014:1|similar to 40S ribosomal protein S30 (P62861)|Evalue: 3e-05 226 74 77.1 43.57 -43.57
95 contig06373:1:1480:1|similar to Vitellogenin-4 (P18947)|Evalue: 9e-11 1689 126 (24) 67.5 60.6 107.82 -47.22
96 contig21262:473:652:1|No Annotation*[IPR000187 Corticotropin-releasing factor, CRF] 102 3 52.5 6.02 60.53 -54.51
97 contig24202:107:1017:2|similar to Apolipoprotein B-100 (P04114)|Evalue: 3e-18 914 47 (15) 62 47.92 106.16 -58.24
98 contig19498:1:162:1|No Annotation 202 4(3) 58.5 6.02 69.57 -63.55
99 contig26443:1:303:1|No Annotation 437 84 (5) 44.6 54.39 126.67 -72.28
100 contig18537:1:1312:2|similar to apolipoprotein B [Strongylocentrotus purpuratus] (XP_800206.2)|Evalue: 1e-07 1373 99 (21) 51.5 65.75 141.61 -75.86
101 contig02293:1:648:1|similar to Vitellogenin-6 (P18948)|Evalue: 5e-14 810 72 (10) 51.4 134.37 219.67 -85.3

102 contig06595:1:952:2|similar to Vitellogenin-1 (P87498)|Evalue: 3e-07 1321 128 (20) 76.3 107.89 206.56 -98.67
103 contig08625:1:110:2|No Annotation 264 17 (3) 69.4 175.51 275.13 -99.62

Comprehensive proteome analysis of M. tardigradum 44




Results and discussion

no. Accesion no./Protein description Eégtrim Zﬂ:ggz ?eagfiZZZ) E;?,t;';g e ?ES';AI ?é?;s'?l ?,&nSFjQIIES)
104 contig18673:1:499:2|similar to Major egg antigen (P12812)|Evalue: 2e-05 793 52 (12) 75.3 108.34 227.19 -118.85
105 contig24531:1:590:3| PREDICTED: apolipoprotein B [Danio rerio] (XP_694827.3)|Evalue:2e-05 888 30 (11) 77.6 38.74 162.83 -124.09
106 contig08235:860:1596:2|No Annotation 937 51 (14) 56.7 68.46 197.64 -129.18
107  contig10105:1:309:3|No Annotation 421 16 (5) 63.7 49.63 258.84 -209.21
108 contig04531:1:1454:1|similar to Apolipophorins (Q9U943)|Evalue: 7e-11 2337 168 (33) 68.6 148.6 434.48 -285.88
109 contig18438:8:349:2|No Annotation*[IPR001846 von Willebrand factor, type D] 484 42 (6) 61.1 164.93 535.33 -370.4
110 contig18794:1:101:3|No Annotation*[IPR002136 Ribosomal protein L4/L1e] 192 6 (5) 97 70.62 874.69 -804.07
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3.3 Detection of phosphoproteins on 2D gels

Protein phosphorylation is an important reversible event of biological processes in all cells that
typically leads to changes of the conformation, activity and interactions of a protein within a very
short time frame [57]. However, nothing is known about the role of posttranslational
modifications such as phosphorylation in anhydrobiotic tardigrades. As has been shown in
chapter 3.1.3 the comparative analysis of proteins identified only in tun state led to the
assumption that phosphorylation could play an important role in anhydrobiosis. Therefore we
performed first analyses for detecting and characterizing the phosphoproteins in active versus
tun state. We developed optimized protocols for detecting phosphoproteins of tardigrades on a
2D gel using fluorescence staining (ProQ Diamond). ProQ Diamond is a commercially available
dye used for phosphoprotein detection in particular on 2D gels. Detection of 1ng of multiply

phosphorylated protein and 10 ng of a singly phosphorylated protein in gel is reported [92].

To compare the phosphoprotein profile of tardigrades in active versus tun state, we separated
the protein extract from active and anhydrobiotic tardigrades on a 2D gel and performed ProQ
Diamond staining (Figure 12A and C). As positive control we loaded PeppermintStick™
phosphoprotein molecular weight standard, which separated into two phosphorylated and four
nonphosphorylated protein bands. To localize the detected phosphoproteins the gels were
poststained with SYPRO Ruby (Figure 12B and D). Comparing ProQ Diamond images of
phosphoprotein in active versus tun states, we could detect more protein spots in tun state,
which corresponds to the higher level of phosphorylation. Interestingly, we detected a chain of
protein spots (spots 1-6 in active state and spots 15-19 in tun state), which differ in their degree
of phosphorylation in active versus tun state. It was surprising to see that these high
phosphorylated proteins are weakly to detect (almost not detectable) by SYPRO Ruby staining.

However, the same results were obtained analyzing another tardigrade species, Ramazzottius

varieornatus (Dr. Kunieda Takekazu, personal communication).

A total of 25 spots in tun state and 13 spots in active state were selected and subsequently
analyzed by ESI mass spectrometry on a LTQ-Orbitrap instrument. Since the level of protein
phosphorylation at distinct amino acid residues is expected to be low, consequently several
strategies are developed to enrich phosphopeptides. Immobilized metal ion affinity
chromatography (IMAC) and titanium dioxide (TiO2) chromatography are two examples. To
perform enrichment methods high amount of peptides is recommended, which demonstrates the
major disadvantage of enrichment steps when the biological material is limited. In particular
testing enrichment methods to select the optimal one for certain biological material needs high
amount of protein extracts. In the present analysis we analyzed peptides without any enrichment

steps, which resulted in identification of a few phosphopeptides. We could significantly detect
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one phosphorylated peptide from each of following proteins: Gelsolin (contig03263:1:1127:3,
spot T13 RQLSADAAFEK), Cathepsin L (contigl7318:1:1144:2, T14, KLEPVLPEAVTSDEE)
and one protein without annotation (contig08235:860:1596:2, A7, FGASSDEESDSFR).
However, among identified proteins we found many proteins that have been reported to be
phosphorylated such as vitellogenin, but we could not identify the corresponding
phosphopeptides. The complementary approach using 1D gel electrophoresis in combination
with high sensitive LC ESI-MS/MS is in progress and will probably deliver more information on

phosphoproteins.

|7 ProQ Diamond staining —|
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Figure 12: Detection of phosphoproteins on 2D gels using ProQ Diamond staining. Whole protein
lysate of tardigrades in active (A) and tun (B) state were separated by pl in the first dimension using
13 cm long IPG strips with non-linear gradients from pH 3-11 and by MW in the second dimension. Gels
were stained with ProQ Diamond for detecting phosphoproteins and poststained with SYPRO Ruby for
detecting all proteins on the gels.
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1
4 Conclusion

The present study demonstrates to the best of our knowledge the first comprehensive proteome
analysis of tardigrades. Although tardigrades have been known for more than 300 years, there
was almost no genomic and proteomic data available at the beginning of the project. Therefore
we had to set up the basic protocols such as developing an optimal protein extraction method,
which had to be compatible with all technologies used in this work like DIGE system. A
complementary approach incorporating genomics and proteomics experiments has resulted in a
broad coverage of proteins expressed in tardigrades. Since the availability of comprehensive, in
ideal case species specific protein database is a prerequisite for protein identification, our
genomic cooperation partner initiated the sequencing pipeline of tardigrades. The first protein
database with 3318 protein sequences generated by Sanger sequencing allowed us developing
the first proteome map of tardigrades [56]. The second protein database contained a high
number of 24679 protein sequences and therefore represented a good starting point to
undertake the comprehensive proteome profiling and quantification of proteins that are
differentially expressed in different states. Using 1D gel electrophoresis in combination with
high-throughput, high-sensitive nanoLC ESI-MS/MS on a LTQ-Orbitrap mass spectrometer we
have identified more than 3000 unique proteins of M. tardigradum with high sequence coverage.
A total of 1980 unique proteins has been identified in early embryonic state, 2245 unique
proteins in active state, and 2118 unique proteins in anhydrobiotic state. Proteins known to be
related to desiccation tolerance in other organisms were identified. These include proteins with
antioxidant activity, chaperones in particular heat shock proteins, aquaporins and Late
Embryogenesis Abundant (LEA) proteins.

The comparative proteome analysis of proteins expressed in adult tardigrades versus early
embryonic state delivered knowledge about developmental proteins, which can be of importance
in the field of developmental biology. In addition comparison of identified proteins only in active
or tun states led to the assumption that processes such as phosphorylation and activation of
intracellular signalling cascades are probably associated with anhydrobiosis. This is in
accordance to the reports of observed changes in protein phosphorylation in plants which were
exposed to water deficit, suggesting reversible phosphorylation as a regulator. In addition
mitogen-activated protein kinases (MAPKs) and other kinases belonging to the MAPK cascade

have been identified in plants in response to dehydration.

In the present study we performed two quantification approaches with regard to further in-depth
guantitative analysis. Performing 2D DIGE technology we detected 57 spots, which were
differentially regulated in active comparing to tun state. Although performing six technical
replicates led to accurate and reliable statistical analysis, we faced the major limitation of DIGE
technology, which is multiple protein identification in one spot. Therefore we had to include

another quantification approach. For selecting the suitable quantification technology there were
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some limitations, which had to be considered. Technologies such as SILAC and *N/*N
metabolic labeling rely on metabolic incorporation of the isotopes and are suitable for cell culture
and only in rare cases for whole organism because the whole food chain of the organism has to
be considered for labeling. Furthermore the number of tardigrades cultivated in the laboratory is
limited and only the homogenization of a high number of individuals results in enough protein
amounts to perform experiments with biological replicates. This represents the major limitation in
investigating tardigrades performing quantification approaches. Label-free technique using
emPAl was used in the present study to achieve a simple and fast quantification. This semi-
guantitative analysis was predominantly used for estimation of relative protein concentration to
grouping the proteins into minor and major components. This method was approved by
delivering consequential results in comparing early embryonic state versus adults. We could
observe the up-regulation of specific protein families such as large lipid transfer (LLTP)
superfamily and ribosomal proteins in early embryonic state. Vitellogenins, protein members of
LLTP superfamily, are the major yolk proteins and serve as nutrition sources and therefore play
important roles in embryogenesis. The high expression of ribosomal proteins in this state is due
to the need of synthesis of diverse proteins needed for developing the mature organism. In
addition we found proteins that are highly expressed in early embryonic state like small heat
shock protein major egg antigen (p40) and soma ferritin, which probably represent potential

markers for early embryonic state.

Since a majority of 1981 unique proteins overlap with both active and tun states, the detection of
differences in abundance of single proteins are of major importance. Using emPAI we performed
a semi-quantitative analysis of heat shock proteins in the active versus the anhydrobiotic state.
The analysis delivered results that could be confirmed by the parallel gene expression analysis
[55]. For analyzing the whole large scale data manually we selected a high cut-off of >10 and <-
10 for AemPAI. Under the selected conditions we observed proteins that show high differential
regulation. Other probably important proteins, which show lower differential regulation, were not
considered. The quantification of proteins can be performed automatically using diverse
available softwares, which quantify proteins based on spectral counting. Scaffold Proteome
Software is a robust program for lable-free quantification that enables also the statistical
analysis in case biological replicates are present. The MS/MS analysis of a replicate of each

three states for analysis by Scaffold program is ongoing.

The proteome analysis of tardigrades from the first step of developing optimal extraction
protocols to quantitative analysis of differentially expressed proteins established the basis for
future investigations in the field of anhydrobiotic organisms en route to understanding survival
mechanisms and eventually developing new methods for preservation of biological materials. In
particular the role of up-regulated proteins in tun state, which could not be annotated by

homology search, has to be investigated by analyzing their molecular function.
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Abstract

Background: Tardigrades are small, multicellular invertebrates which are able to survive times of unfavourable
environmental conditions using their well-known capability to undergo cryptobiosis at any stage of their life cycle.
Milnesium tardigradum has become a powerful model system for the analysis of cryptobiosis. While some genetic
information is already available for Milnesium tardigradum the proteome is still to be discovered.

Principal Findings: Here we present to the best of our knowledge the first comprehensive study of Milnesium tardigradum
on the protein level. To establish a proteome reference map we developed optimized protocols for protein extraction from
tardigrades in the active state and for separation of proteins by high resolution two-dimensional gel electrophoresis. Since
only limited sequence information of M. tardigradum on the genome and gene expression level is available to date in public
databases we initiated in parallel a tardigrade EST sequencing project to allow for protein identification by electrospray
ionization tandem mass spectrometry. 271 out of 606 analyzed protein spots could be identified by searching against the
publicly available NCBInr database as well as our newly established tardigrade protein database corresponding to 144
unique proteins. Another 150 spots could be identified in the tardigrade clustered EST database corresponding to 36 unique
contigs and ESTs. Proteins with annotated function were further categorized in more detail by their molecular function,
biological process and cellular component. For the proteins of unknown function more information could be obtained by
performing a protein domain annotation analysis. Our results include proteins like protein member of different heat shock
protein families and LEA group 3, which might play important roles in surviving extreme conditions.

Conclusions: The proteome reference map of Milnesium tardigradum provides the basis for further studies in order to
identify and characterize the biochemical mechanisms of tolerance to extreme desiccation. The optimized proteomics
workflow will enable application of sensitive quantification techniques to detect differences in protein expression, which are
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Introduction

Many organisms are exposed to unfavourable, stressful environ-
mental conditions, either permanently or for just certain periods of
their lives. To survive these extreme conditions, they possess
different mechanisms. One of amazing adaptation is anhydrobiosis
(from the Greek for “life without water”), which has puzzled
scientists for more than 300 years. For the first time the Dutch
microscopist Anton van Leeuwenhoek (1702) gave a formal
description of this phenomenon. He reported the revival of
“animalcules” from rehydrated moss samples. In extreme states of
dehydration, anhydrobiotic invertebrates undergo a metabolic
dormancy, in which metabolism decreases to a non-measurable
level and life comes to a reversible standstill undl activity is resumed
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under more favourable conditions [1]. One of the best known
anhydrobiotic organisms are tardigrades. Tardigrades remain in
their active form when they are surrounded by at least a film of
water. By loosing most of their free and bound water (>95%)
anhydrobiosis occurs [2]. Tardigrades begin to contract their bodies
and change their body structure into a so-called tun state (Figure 1).
In the dry state these organisms are highly resistant to environ-
mental r*}lzlﬂr"rlgr- and Ihr‘-y may remain dormant for a hmg pr"ri('}d of
time. Based on their amazing capability to undergo anhydrobiosis,
mrfﬁgmdr-s colonise a diversit Y of extreme habitats [3] N and Ihr‘-y are
able to tolerate harsh environmental conditions in any (1&\-’&1('}})*
mental state [4]. Possessing the ability to enter anhydrobiosis at any
stage of life cycle, tardigrades can extend their lifespan significantly
[4,5]. Additonally, in the anhydrobiotic state, tardigrades are
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Figure 1. SEM images of M. tardigradum in the active and tun
state. Tardigrades are in the active form when they are surounded by
at least a film of water. By loosing most of their free and bound water
(=>95%) anhydrobiosis occurs. Tardigrades begin to contract their
bodies and change their body structure into a so-called tun.
doi:10.1371/journal.pone.0009502.g001

extraordinary tolerant to physical extremes including high and
subzero temperatures [6,7,8], high pressure [6.,9], and extreme
levels of ionizing radiation [10,11]. Interestingly, tardigrades are
even able to survive space vacuum (imposing extreme desiccation)
and some specimens have even recovered after combined exposure
to space vacuum and solar radiation [12].

Anhydrobiosis seems to be the result of dynamic processes and
appears to be mediated by protective systems that prevent lethal
damage and repair systems. However, the molecular mechanisms
of these processes are stll poorly understood. Up to now
mvestigations of mechanisms of desiccation tolerance have focused
mainly on sugar metabolisms, stress proteins and a family of
hydrophilic proteins called LEA (late embryogenesis abundant).
The presence of non-reducing trehalose and its expression during
anhydrobiosis has been reported for different anhydrobiotic
species [13,14], which indicates the important role of trehalose
in anhydrobiosis. However, the existence of anhydrobiotic animals
that exhibit excellent desiccation tolerance without having
disaccharides in their system [15,16] shows that sugars alone do
not sufficiently explain these phenomena.

Milnesium tardigradum Dovyére (1840) is a very well known species
of carnivorous tardigrade. Different aspects of the life history of
this species have been already described [17]. While some genetic
studies of M. tardigradum exist [18] almost nothing is known about
the proteome. Partial sequences of three heat shock protein (hsp70
family) genes and the housekeeping gene beta-actin have been
described [18] and the relation of hsp70 expression to desiccation
tolerance could be shown by real time PCR [18] and by de novo
protein synthesis [6]. Since no trehalose could be detected in M.
tardigradum  [19], investigating proteins and posttranslational
modifications is of particular importance to clarify surviving
mechanisms during desiccation.

To gain insight ito the unique adaptation capabilities of
tardigrades on the protein level we aimed to establish a
comprehensive proteome reference map of active M. tardigradum
employing optimized protocols for protein extraction, generation
of high-resolution 2D gels and high-throughput protein identifi-
cation by electrospray ionization tandem mass spectrometry (ESI-
MS/MS). The proteome reference map of M. tardigradum provides
the basis for further studies in order to understand important
physiological processes such as anhydrobiosis and stress resis-
tance. The optimized proteomics workflow will enable applica-
tion of sensitive quantification techniques to detect differences in
protein expression, which are characteristic of active and
anhydrobiotic states. Thus, our proteomic approach together
with in-depth bioinformatic analysis will certainly provide
valuable information to solve the over 300 years existing puzzle
of anhydrobiosis.
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Results

Preparation of Protein Extracts from Active Tardigrades

To establish and optimize a reliable and robust protocol for the
extraction of proteins from tardigrades in the active state we
applied different workup protocols and evaluated them by one-
dimensional (1D) gel electrophoresis. Figure 2 shows the
separation of protein extracts from whole tardigrades without
any precipitation step (lane 2), after trichloroacetic acid/acetone
precipitation (lane 3), after chloroform/methanol precipitation
(lane 4) and after using a commercially available clean-up kit (lane
5). When using trichloroacetic acid/acetone precipitation we lost
many proteins especially in the low molecular weight range.
Chloroform/methanaol precipitation and application of clean-up
kit delivered satisfying results but also using the whole protein
lysate directly without any further purification resulted in high
yields across the entire molecular weight range. This workup
protocol was therefore used throughout our proteome study. To
evaluate the quality of our protocol especially with respect to
proteolysis we performed Western blot analysis to detect any
protein degradation. Since no proteins have been identified so far,
we have chosen two polyclonal antibodies directed against the
highly conserved proteins actin and alpha-tubulin. As shown in
Figure 3A and 3B both proteins could be detected at their
expected molecular weight at approx. 40 and 50 kDa, respectively,
which is in agreement with the protein bands of the control lysate
of Hela cells. Importantly, no protein degradation could be
observed during our sample preparation.

Two Dimensional Gel Electrophoresis (2-DE)

The establishment of an optimized workup protocol was a
prerequisite for high quality 2D gels from tardigrades in the active
state. The proteomics workflow is depicted in Figure 4. One
important step in the workflow is the collection and preparation of
the samples. To avoid contamination with food-organisms,
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Figure 2. Comparison of different workup protocols for M.
tardigradum. Total protein extract of tardigrades in the active state was
separated on a one-dimensional polyacrylamide gel. Lane 1: Rainbow
molecular weight marker. Lane 2: Protein extract of whole tardigrades
without any precipitation step. Lane 3: Protein extract after TCA
precipitation. Lane 4: Protein extract after chloroform/methanol
precipitation. Lane 5: Protein extract using clean-up kit.
doi:10.1371/journal pone.0009502.9002
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Figure 3. Analysis of protein degradation in total protein
extracts of tardigrades by Western blot analysis. Actin (A) and
alpha tubulin (B) were used as marker proteins for the detection of
proteolysis. Lane 1A and 1B: DualVue Western blotting marker. Lane 2A
and 2B: Total protein extract of HeLa cells as control. Lane 3A and 3B:
Total protein extract of M. tardigradum. Notably, no protein degrada-
tion was observed during the workup procedure.
doi:10.1371/journal.pone.0009502.9003

tardigrades were washed several times and starved over 3 days.
Direct homogenization and sonication of deep-frozen tardigrades
in ice cold lysis buffer without any previous precipitation step
yielded protein extracts which were separated by high resolution
2D gel electrophoresis. For maximal resolution of protein spots
and high loading capacity (330 pg proteins) we used pl 3-11 NL
strips (24 cm) for the first dimension. Thus, high resolution
separation could be achieved in the acidic as well as in the basic
pH range as shown in the image of the silver stained preparative
gel of whole protein extract (Figure 5).

Approximately 1000 protein spots were automatically detected
on the 2D gel image using the Proteomweaver image software. A
total of 606 protein spots were picked from the silver stained gel.
These spots were digested with trypsin and afier extraction of the
tryptic peptides from the gel plugs peptide mixtures were analyzed
by nanoLC-ESI-MS/MS.

Protein Identification

Identification of proteins depends on the representation of the
sequence or a close homologue in the database. Since almost no
genome or EST sequences of M. tardigradum are available to date in
public databases we initiated the tardigrade EST sequencing
project as outlined in figure 4 (Mali et al, submitted data). A cDNA
library was prepared from tardigrades in different states (active,
inactive, transition states). The ¢cDNAs were sequenced as EST's
and clustered. Thereby, we obtained a nucleotide database
containing 818 contigs and 2500 singlets. cDNA sequencing and
generation of ESTs are still ongoing, thus the sequence coverage of
M. tardigradum in the database is incomplete.

For protein identification we used the following databases: the
database of M. tardigradium containing the clustered ESTs as
outlined above, the tardigrade protein database, which was
translated from the clustered EST database and thus represents
a subdatabase containing only annotated proteins with known
function and the publicly available NCBInr database. The selected

. ‘.
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Figure 4. The experimental workflow to developing the
proteome map. Tardigrades were sonicated directly in lysis buffer.
Total protein extracts were separated by two-dimensional gel
electrophoresis. After silver staining protein spots were picked and in-
gel digested with trypsin. M5/MS data obtained by LC-ESI-MS/MS
analysis were searched against the NCBInr database, the clustered
tardigrade EST database and the tardigrade protein database. Identified
proteins with annotation were classified in different functional groups
using the Blast2GO program. Identified proteins without annotation
were analysed with the DomainSweep program to annotate protein
domains.

doi:10.1371/journal pone.0009502.g004

606 spots from the 2D gel correspond to some highly expressed
proteins, but mostly to spots in the medium and low expression
range. A total of 271 spots could be identified from the tardigrade
protein and the NCBInr databases. Figure 6 demonstrates how
identified proteins are distributed among these two databases. 56
unique proteins were successfully identified by searching the
NCBInr database. It concerns proteins which are either highly
conserved among different species e. g. actin or protein entries
from M. tardigradum which are already available in the NCBInr
database e.g. elongation factor l-alpha. Further 73 unique
proteins could be identified by searching the tardigrade protein
database and another 15 unique proteins were present in both
databases. Identical proteins that were identified from several spots
were included only once in the statistics to avoid bias. Thus, the
combination of the two databases was sulflicient for the
identification of 144 unique proteins. The corresponding protein
spots are indicated by green circles in the 2D reference map shown
in Figure 5. Table 1 shows an overview of identified proteins with
annotation in different functional groups. In addition, detailed
information about each of the identified 144 proteins including
spot number, protein annotation, accession number (NCBInr and
Tardigrade specific accession number), total protein score, number
of matched peptides, peptide sequence and sequence coverage is
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Figure 5. Image of a preparative 2D-gel with selected analysed protein spots. Total protein extract of 400 tardigrades in the active state
corresponding to 330 pg was separated by high resolution two-dimensional gel electrophoresis. Proteins were visualised by silver staining. Three
different categories are shown: Identified proteins with functional annotation are indicated in green, identified proteins without annotation are

indicated in blue and not yet identified proteins are indicated in red.
doi:10.1371/journal.pone.0009502.g005

listed in Table 2. The individual ion score is included in brackets at
the end of every peptide sequence. Following ion scores indicate a
significant hit (p<<0.05): >53 for NCBInr searches, >14 for
searches in the tardigrade protein database and >27 by searching
the EST clustered database. Identical proteins identified in
different spots are listed only once in Table 2. In these cases the
spot with the highest protein score (in bold) is ranked at the top
whereas the other spots are listed below. All further information
such as accession numbers, peptide sequences and sequence
coverage refer to the top-ranked spot.

The 15 proteins which were identified in both databases are
indicated with asterisk (e.g. spot A30%) and both accession
numbers are listed. In these cases the listed peptide sequences
belong to the hit with the highest score. Protein spots below the
bold one are marked with °, when only found in the NCBInr

@ PL0S ONE | www.plosone.org

database or marked with #, when only found in the tardigrade
protein database.

Furthermore we were able to identify additional 150 protein
spots by searching MS/MS data in the clustered EST database of
M. tardigradum. These 150 proteins correspond to 36 unique contigs
and ESTs. The protein information is listed in Table 3 and the
protein spots are indicated by blue circles in the 2D reference map
(Figure 5). Unfortunately, it was not possible to annotate them
when performing a BLAST search. For these proteins of unknown
function more information could be obtained by applying protein
domain annotation methods. We ran all proteins through the
DomainSweep pipeline which identifies the domain architecture
within a protein sequence and therefore aids in finding correct
functional assignments for uncharacterized protein sequences. It
employs different database search methods to scan a number of
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Figure 6. Comparison of database performance for protein
identification. Protein spots were analysed by nanoLC-ESI-M5/MS and
searched against the NCBInr database and the tardigrade protein
database. The diagram illustrates the number of positive identifications
in the respective database and the overlap between the two databases.
doi:10.1371/journal.pone.0009502.9g006

protein/domain family databases. 2 out of the 36 unique proteins
gave a significant hit, whereas 28 proteins were listed as putative
and 6 proteins gave no hit at all.

In addition, we analyzed further 185 protein spots, which are
indicated with red colour in Figure 5. Despite high quality MS/
MS spectra, it was not possible to identify these protein spots in
either of the databases used in our study.

In summary, we identified 421 (69.5%) out of 606 protein spots
which were picked from the preparative 2D gel. 271 spots yielded
144 unique proteins with distinct functions whereas 150 spots were
identified as proteins with yet unknown functions.

Functional Assignment of Proteins

The 144 unique proteins with annotation were further analysed
using the Blast2GO program, which provides analysis of sequences
and annotation of each protein with GO number to categorize the
proteins in molecular function, biological process and cellular
component. By analysing the proteins on the GO level 2 in the
category molecular function we received a total of 9 subgroups as
shown in Figure 7, upper middle chart. The majority of the
identified proteins exhibit either binding (45%) or catalytic activity
(35%). A more detailed analysis (GO level 3) revealed that 39% of
the proteins with catalytic activity are involved in hydrolase
activity (Figure 7, upper right chart) and 38% of binding proteins
bind to other proteins (Figure 7, upper left chart).

Identified proteins are involved in diverse biological processes.
A total of 16 subgroups of biological processes are represented
(Figure 7, lower middle chart). 23% are involved in cellular
processes and 18% in metabolic processes. Within the cellular
processes a majority of 20% of tardigrade proteins are involved in
cellular component organization and biogenesis. Within the
metabolic processes 28% ol proteins are involved in cellular
metabolic processes, 26% in primary metabolic processes and 21 %
in macromolecule metabolic processes (Figure 7, lower right
chart). A detailed GO description of all identified and annotated
tardigrade proteins is included in Table S1.

Identified Proteins and Protein Families

In our proteomic study several heat shock proteins have been
identified, namely hsp-1 (spot F27), hsp-3 (spot F21), hsp60 (spot
F57), hsp70 (spot B146, B173, C131, C133), hsp82 (spot F13), hsp86
(spot F24, F25), hsp90 alpha (spot E64), hsp90 beta (spot '24) and
hsp108 (spot F12). Hsp70 is already described in M. tardigradum as a
molecular chaperone which could play a role in desiccation
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tolerance [18]. Hsp60 could be identified in spot F57 when
searching the corresponding MS/MS data against the NCBInr
database. No hit was obtained in the tardigrade EST or protein
database which is surprising, because hsp60 is an abundant protein.

Several protein spots have been identified as cytoskeletal
proteins, including actin as most abundant protein spot (£48) on
the 2D gel and tubulin. Actin and tubulin are highly conserved
proteins and were used to control proteolytic degradation during
our workup procedure by Western blotting. Four different actin
proteins are found by MS/MS analysis, which play important
roles in muscle contraction, cell motility, cytoskeletal structure and
cell division. Tubulin is a key component of the cytoskeletal
microtubules. Both alpha- and beta-tubulin could be identified on
the 2D gel in spot D107, D110 and F6. Further proteins involved
in motor activity and muscle contraction were found, namely
tropomyosin (e.g. spot F35), myosin (e.g. spot F81), annexin A6
(e.g. spot D90) and myophilin {e.g. spot A128), which is a smooth-
muscle protein and was described in the tapeworm FEehinococeus
granulosus [20].

In addition, several proteins have been identified which are
known to have important roles in embryonic or larval develop-
ment. Mitochondrial malate dehydrogenase precursor (e.g. spot
B109), vitellogenin 1 and 2 (e.g. spot D62 and B88), GDP-
mannose dehydratase (spot C87), protein disulfide isomerase 2
(e.g. spot F'3), hsp-3 (spot F21), hsp-1 (spot F27), tropomyosin (spot
F35) and troponin C (spot F87) belong to this group of proteins.
Vitellogenin, a major lipoprotein in many oviparous animals, is
known as the precursor of major yolk protein vitellin [21].
Vitellogenin is a phospholipo-glycoprotein which functions as a
nutritional source for the development of embryos [22]. During
developing oocytes vitellogenin and vitellin are modified through
cleavage and by different posttranslational modifications (PTMs)
like glycosylation, lipidation and phosphorylation. Interestingly we
could identify vitellogenin in several spots on the 2D gel showing
vertical (pl) shifts most probably caused by P'I'Ms.

Peroxiredoxins identified first in yeast [23] are conserved,
abundant, thioredoxin peroxidase enzymes containing one or two
conserved cysteine residues that protect lipids, enzymes, and DNA
against reactive oxygen species. Different isoforms of peroxiredox-
ins could be identified on the 2D gel: peroxiredoxin-4 (spot C132),
peroxiredoxin-5 (spot B183) and peroxiredoxin-6 (spot D159). An
important aspect of desiccation tolerance is protection against free
radicals |24,25]. Notably, the expression of l-cysteine (1-Cys)
peroxiredoxin family of antoxidants is reported in Arabidopsis
thaliana and is shown to be related to dormancy [26]. Our results
show the presence of important antioxidant systems, including
superoxide dismutase (SOD) and peroxidases. Additionally
different forms of glutathione S-transferases (spot A122, B153,
B166, B169, D166, and D159) could be identified. Glutathione
transferases  (GSTs) constitute a  superfamily of detoxifying
enzymes involved in phase II metabolism. Detoxification occurs
by either glutathione conjugation, peroxidase activity or passive
binding [27]. Furthermore GSTs have cellular physiology roles
such as regulators of cellular pathways of stress response and
housekeeping roles in the binding and transport of specific ligands
[28]. The consequence of this diversity in role is the expression of
multiple forms of GST in an organism. It has been shown that the
expression of the different isoenzymes is highly tissue-specific [29],
and this heterogeneity of GSTs may be further complicated by
posttranslational modifications such as glycosylation [30].

Some protein spots were identified as calreticulin (e.g. spot F14)
which is a Ca®™-binding protein and molecular chaperone.
Calreticulin is also involved in the folding of synthesized proteins
and glycoproteins [31].
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Table 1. Overview of identified proteins classified in different functional groups.
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Cytoskeleton elements and modulators

Enzymes

Proteases and protease inhibitors

Alpha-lll tubulin

Beta-tubulin class-IV
Beta-tubulin class-1

Actin

Actin-5C

Beta actin

Alpha actin

Actin, muscle-type (A2)

muscle actin

Similar to alpha actinin CG4376-PB
Myophilin

Tropomyosin-1, isoforms 9A/A/B
Tropomyosin

Myosin regulatory light polypeptide 9

Myosin, essential light chain

Heat shock proteins

Heat Shock Protein family member (hsp-3)
Heat Shock Protein family member (hsp-1)
Hsp 60

Hsp 70
Heat shock cognate 70

Heat shock cognate 70 protein isoform 2
Heat shock 70 kDa protein Il (HSP70 II)
Hsp 90-beta

Hsp90-alpha

Hspg0

Hsp 82

Hsp 83

Hsp108

Protein lethal(2)essential for life (member of
Hsp20 family)

Embryonic/larval development
Vitellogenin-1

Vitellogenin-2

Protein disulfide-isomerase 2

Heat Shock Protein family member (hsp-3)
Heat Shock Protein family member (hsp-1)
Troponin C

Putative LEA Ill protein isoform 2
GDP-Mannose Dehydratase

Tropomyosin

Dormancy related protein

Putative LEA Ill protein isoform 2

Glucan endo-1,3-beta-glucosidase
Prostatic acid phosphatase
Adenylate kinase isoenzyme 1
Peptidyl-prolyl cis-trans isomerase
Glutamate dehydrogenase
Lysosomal acid phosphatase
Mitochondrial malate dehydrogenase
Arginine kinase

Aconitase, mitochondrial
Transaldolase

Aldolase A protein

Protein disulfide isomerase-3
Matrix metalloproteinase-17

Mitochondrial long-chain enoyl-CoA hydratase/3-
hydroxycyl-Coh

Dehydrogenase alpha-subunit

Peroxidase

Methylmalonate-semialdehyde dehydrogenase
Thioredoxin reductase 1

Succinyl-CoA ligase [GDP-forming] subunit beta,
Mitochondrial E

GTP-specific succinyl-CoA synthetase beta subunit

Glycosyl transferase

DEAD-box family (SNF2-like) helicase

Cysteine conjugate beta-lyase

265 proteasome non-ATPase regulatory subunit 13
GH19645

Glycolysis

Glyceraldehyde-3-phosphate dehydrogenase
Triosephosphate isomerase

Enolase

Phosphoglycerate kinase

Transporters

H(+)-transporting ATP synthase

ATP synthase subunit d, mitochondrial
ATP synthase beta subunit
Mitochondrial ATP synthase alpha subunit precursor
Annexin A6

Antioxidant proteins

Thiol-specific antioxidant protein
Superoxide dismutase [Cu-Zn]
Peroxiredoxin-5, mitochondria
Peroxiredoxin-4

Glutathione S-transferase

Peroxiredoxin-6

Cathepsin K

Cathepsin Z

Cathepsin L1

Neprilysin-2

Peptidase M17 precursor
Actinidain

Plasminogen

Aspartic protease inhibitor 8
AFG3-like protein 2

265 proteasome non-ATPase regulatory subunit 8
Rab GDP dissociation inhibitor beta
Gamma-glutamyltranspeptidase
Response to stress or heat

NADP-dependent isocitrate dehydrogenase

Heat shock 70 kDa protein Il

similar to heat shock cognate 70 protein isoform 2
Short-chain dehydrogenase/reductase SDR YhdF
Aspartic protease inhibitor 8

UspA

Rubber elongation factor protein (REF) (Allergen Hev b 1)

Small rubber particle protein (SRPP) (22 kDa rubber particle
protein)

Heat shock protein 90-beta

Heat shock protein 83

Heat shock protein 60

Other Proteins

Translationally-controlled tumor protein homolog
Elongation factor 1-alpha

Elongation factor 1 gamma

Elongation factor 2

Angiopoietin-related protein 1

Spaghetti CG13570-PA

Prohibitin

Proteasome subunit alpha type-4

40S ribosomal protein 512

Periostin

Acetylcholine receptor subunit alpha-L1
Nucleosome remodelling factor - 38kD CG4634-PA
Coiled-coil domain-containing protein 25
Calreticulin

Lipoprotein-related protein

14-3-3 protein beta/alpha-2 (Protein 14-3-3B2)
60S ribosomal protein L26-1

Histone H4

Histone H2B.2

Identified proteins with annotation are listed in 8 different groups with majority in protein enzymes. We also identified many heat shock proteins and proteins, which
are involved in embryonic development, response to stress/heat and dormancy.

doi:10.1371/journal.pone.0009502.t001
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Table 3. Identified proteins without annotation.
No. of unique/
Accession Total protein  significant MS/MS peptide sequence Sequence
Spot no. no. score peptides (Indv. lon score) coverage DomainSweep analysis
A1l GH986700 52 1 -.VIAVSLPR.N(52) 3% No hits
A82, A88, B33, B41, B43,
C50,
D99, D105, E72, F87
A11 GH986755 32 1 -.LSISHNATLR.V(32) 4% Putative
IPRO06210EGF
A94 GH986643 39 1 R.VDRSIPR.L(39) 3% Putative
A91, A95, Al10, IPR004077 Interleukin-1
A123, A140, receptor, type Il
B49, B64, B83, B9O,
B98, B105,
B155, B165, B173,
B176, B185,
B186, B187, B188,
B189, B190,
B191, B192, B193,
B194, B195,
C51, €128, C141, €153, D45,
D46, D56, D57,
D74, D123
A100 EZ048767 229 4 K.YDLIYK.G(15) 20% Putative
K.FLGFDTAGK.T (61) IPRO17956 AT hook,
DNA-binding,
K.IISFDVCNK.N (54) conserved site
K. TDSGVSCDVTD- IPRO06689 ARF/
KCDPIVEK.A(39) SAR superfamily
K.AVVDIEDPNN- IPRO05464
SAGDSIDYGK.Y (60) Psychosine receptor
A112 GH986667 317 5 R.EQFTQGCTVGR.N (61) 22% Putative
Al114 K.LEAAPNQCPEYK.K (89) IPRO01749 GPCR,
family 2, gastric
K.KLEAAPNQCPEYK .K(64) inhibitory
polypeptide receptor
K.IMEVCNEPNTYENVNR.F + IPRO00372
Oxidation (M) (44) Leucine-rich repeat,
cysteine-
K. IQSLCTPADLO- rich flanking region,
FFQSTHDR. I(60) N-terminal
IPR004825 Insulin/
IGF/relaxin
A112 EZ048821 98 2 K.NADPLTILK.E (37) 14% Putative
K. IQSLCTPADLO- IPRO08355
FFQSTHDR. I(60) Interferon-gamma
receptor
alpha subunit
A114 EZ048817 49 1 R.IGTETTSFDYLR.E(49) 3% Putative
IPR004354 Meiotic
recombination protein
rec114
A123 EZ048785 221 4 K.FLDFTR.G(28) 17% Putative
R.AADLDTLTK.L(57) IPRO00762 PTN/MK
heparin-binding
R.YLDMDQYDW- protein
DTR. S + Oxidation (M) (54)
R.GTFDTAHIQG-
LTALTTLR.L({60)

. .4
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Table 3. Cont.
No. of unique/
Accession Total protein significant MS/MS peptide sequence Sequence
Spot no. no. score peptides (Indv. lon score) coverage DomainSweep analysis
R. IMSVDLTDINS-
APGMFDARK.T + 2 —
Oxidation (M) (23)
A136 EZ048814 55 1 R.IPAQFQSK.I(55) 5% Putative
IPR015874 4-disulphide
core
B4as EZ048766 273 5 K.QVNAETFQK.A (36) 24% Putative
A157, A158, B49, B65 K. YSETVHYEGGK.Q (39) IPRO00507 Adrenergic
receptor, beta 1
R.VDYVYSYHTK.M(4) IPRO00463 Cytosolic
fatty-acid binding
R.GDFWSTDKPHR .Y (32) IPR0O04825 Insulin/IGF/
relaxin
K.YDIALDTVEATLK.S(70)
R.LIPDELLGTYEFSGK. Q(93)
B61 GH986621 231 6 R.VLNNGVLR.V(39) 13% Putative
B60, B62, B64, R.VITVPEGIK.V (49) IPR0O01610 PAC motif
B65, B79, B84, (peptide matched in
B93, B112, B143 R.SLLGEIPITK.G (38) frame 4)
R.RVITVPEGIK.V(46) IPR007758 Nucleoporin,
Nsp1-like, C-
R.VITVPEGIKVESFK.S (26) terminal (peptide
matched in frame 6)
K.GSLTAGSSSNTSGST-
GSSSYSSGTTGSSGTSGGK. T(34)
B62 EZ048776 230 ] R.VLNNGVLR.V(39) 18% Putative
A138, B48, B60, R.VITVPEGIK.V (49) IPR0O07758 Nucleoporin,
B61, B64, B6S, Nsp1-like, C-
B84, B112, B138, R.SLLGEIPITK.G(38) terminal
B142, B143,
B144, B161, B173 R.RVITVPEGIK.V(46)
R.VEAPIQVDQLTADQQOR.S (93)
R.VLNNGVLRVEAPIQ-
VDQLTADQQR.S (69)
B79, GH986933 38 1 K.NGDVSIPR.(Q(38) 6% No hits
D67, D109
B91 GH986939 54 1 R.EALSAVTGGR.R(62) 9% No hits
B43, B78-B80,
B82, B83, B86,
B87, BoO, B92, B93, B97,
B191,
B193, C12, C51, €71, C112,
C114, C123, C129,
D2-D5, D8,
D10, D21-D24, D27, D28,
D31,
D44, D47, D105, D118,
D123,
D124
B102 EZ048815 403 6 K.QVNAETFNK.A (40) 26% Putative
A23, A24, A26, K.GGPAWPKDEK.F(17) IPR0O00507 Adrenergic
A112, A127, receptor, beta 1
B99, B103, B105, K. ILFRPTLSAR.A(36) IPRO06080 Mammalian
B107, B108, defensin
. .‘
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No. of unique/
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Oxidation (M)

Accession Total protein significant MS/MS peptide sequence Sequence
Spot no. no. score peptides (Indv. lon score) coverage DomainSweep analysis
B110, B111, B144 R.AQGLWEATTEGK.N(68) IPR002181 Fibrinogen,
alpha/beta/gamma
R.LIPDELLGTFEFSGK.Q(92) chain, C-terminal
globular
R.RLIPDELLGTFEFSGK.Q (36) IPRO00463 Cytosolic
fatty-acid binding
K.DYEFKEDGNMQMTAK. F +
Oxidation (M) (20)
K.EVEYTSNYDMALDTVK .A (51)
R.MGLGVWESTSEQ
ENMLEYLK.A(22)
R.GDKPGLAAFGDNI IEYSFTA-
DSEGETGVLHGK. F(21)
B103 EZ048768 40 1 R.VTTVSIPR.I(40) 3% No hits
B185, C150, C151, C153
B150 GH986581 108 3 R.VFVEEQLK.A(33) 14% Putative
B151, B173 R.FNFLVFLGSTR.E (46) IPRO009290 Innexin
R.GHTYEIMDPEK.V +
Oxidation (M) (29)
B152 EZ048775 42 1 R.KLEFILXFIF. - (42) 5% Putative
IPRO03061 Colicin E1
(microcin) immunity
Protein
IPRO00048 1Q
calmodulin-binding
region
B179 GH986603 53 1 R.AFEVPASECGK.S (53) 5% Putative
PR015880 Zinc finger,
C2H2-like
IPR0O08264 Beta-
glucanase
B191 EZ048789 26 1 K.GSIGAPDVPK.N(26) 4% Putative
IPRO01955 Pancreatic
hormone
B186 GH986708 468 6 R.AFEVPASECGK.S (46) 25% Putative
A140 R.AFEVPASECGKSPK.R (B82) IPRO15880 Zinc finger,
C2H2-like
R.YRAFEVPASECGK.S(36) IPRO00436 Sushi/SCR/
CCP
K. IVSKDVCGSSPKPR.K (90) IPR0O08264 Beta-
glucanase
R.SESGALWSEEQECTAK .F (62) IPRO00008 C2 calcium-
dependent
R. SESGALWSEEQ membrane targeting
ECTAKFHFR.D (137)
R. VQVMDKDVGSSDDLVEQ-
FECLTGPLVSSR. S+Oxidation
(15)
ci8 EZ048777 46 1 R.NLADQAMSMGDGPLNFAK .A+ 2 8% Putative

IPR003569 Cytochrome
c-type biogenesis

Protein CcbS

IPR0O02282 Platelet-
activating factor
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Table 3. Cont.
No. of unique/
Accession Total protein significant MS/MS peptide sequence Sequence
Spot no. no. score peptides (Indv. lon score) coverage DomainSweep analysis
receptor
c78 GH986847 32 1 K.SEVFPRIR. S(32) 3% Putative
B188, B173, C141 IPRO03916 NADH-
ubiquinone
oxidoreductase, chain 5
c86 GH986916 196 4 K.NPYLELTDPK. - (38) 12% Putative
K.TPEESEAPQAIR.R(68) IPRO00863
Sulfotransferase
K.TPEESEAPQAIRR .K(58) IPR0O03504 Glial cell line-
derived
K.VEKTPEESEAPQAIR.R(32) neurotrophic factor
receptor alpha 2
Ccas5 GH986921 35 1 -.VIAVSLPR.N(30) 2% No hits
B18, B19, B47, B49, B138,
51,
€62, C65, D107
Cc9s5 GH986692 31 1 K.TALITGASTGIGR.A(31) 5% Significant
IPR002347 Glucose/
ribitol dehydrogenase
IPR002198 Short-chain
dehydrogenase/
reductase SDR
Putative
IPR003560 2,3-dihydro-2,3-
dihydroxybenzoate
dehydrogenase
IPR002225 3-beta
hydroxysteroid
dehydrogenase/
isomerase
c110 GH986711 31 1 K.ERSPLANK.I(31) 4% Putative
IPRO06210 EGF
c118 EZ048824 45 0 K.DSVAIGFFK.D (24) 7% Putative
K.ADEAGFTDAIK.A(21) IPRO03535 Intimin
bacterial adhesion
mediator protein
c141 EZ048801 395 6 R.NQVYQSMER .H (34) 22% Putative
€117, C145 R.QNIDAIEIPR.L(78) IPR0O02546 Myogenic
basic muscle-
K.DFLSAVVNSIQR.R(58) specific protein
R.LSQLAVDSVEIRK.D(74) IPRO00795 Protein
synthesis factor, GTP-
R.MTISEPFESAEALK.D + binding
Oxidation (M) (72)
R.LEDVDDVIMSAFGMLK .A + 2
Oxidation (M) (26)
R.MTISEPFESAEALKDMIVR.L + 2
Oxidation (M) (15)
R.LOSSPTLSSL
VDQDTFELIR.Q(37)
C141 GH986597 27 1 -.TAVEAVVR.T(27) 4% Putative
IPRO03065 Invasion
protein B
C156 EZ048804 277 5 K.QFPFPISAK .H(43) 27% Putative
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Three different cathepsin proteins could be identified: cathepsin
K (spot A84), cathepsin Z (spot E80) and cathepsin LI (spot F81).
Cathepsin L is a ubiquitous cysteine protease in eukaryotes and
has been reported as an essential protein for development in
Xenopus laevis [32], Caenovhabditis elegans [33] and Artemia_franciscana
[34].

Several protein spots are associated with ATP generation and
consumption and may have important roles in the early

development as described for Artemia, because many important
metabolic processes require ATP [35,36]. ATP synthase (spot

B152) regenerates ATP from ADP and Pi [37]. It consists of two
parts: a hydrophobic membrane-bound part (CF0) and a soluble

. ‘,
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Table 3. Cont.
No. of unique/
Accession Total protein  significant MS/MS peptide sequence Sequence
Spot no. no. score peptides (Indv. lon score) coverage DomainSweep analysis
R.NELGAQYNFK. I (44) IPR001610 PAC motif
R.VIQAATEILPGK. - (73) IPR001713 Proteinase
inhibitor
K.LGHFQQYDVR. L(60) IPRO00010 Proteinase
inhibitor 125,
K.DRNELGAQYNFK. I(52) cystatin
K.HTGGSDFLI IPRO01878 Zinc finger,
ADPEAQGVADAVR.S (4) CCHC-type
D87 GH986563 35 1 K.DNVPLFVGR.V(35) 4% Putative
IPR000215 Protease
inhibitor 14, serpin
D110 EZ048786 46 1 R.FATPLILTGSK.D (3) 6% Putative
R.DVSPHPAACLTHSGR.V(43) IPR002353 Type Il
antifreeze protein
IPR0O02371 Flagellar
hook-associated
protein
IPR0O00204 Orexin
receptor
E9 GH986691 257 7 K.YANPQELR.Q(51) 31% Putative
D2-D5, D8, D18, D10, D13, K.SINVPQVEK.E (32) IPRO00980 SH2 motif
D14, D15, D19-D23, D27, K.QYWPYVDEKPR .M (46) IPR000463 Cytosolic
D28, fatty-acid binding
D31, D40, D47, E3, E4, E6, E7, K. KQYWPYVDEKPR.M(30)
E8, E10, E11, E12, E14, E15, R.DEDSFLYETPEA
QNPIVQK.K(28)
E16, E18, E19, E60, E61, E63, K.RDEDSFLY
ETPEAQNPIVQK.K(37)
E64, F31, Fo4, F95 K.GLESETEDTAATTILIADMVHY-
LK.Y (33)
F6, GH986624 35 1 R.ESLDFFR.V(35) 3% No hits
F48
F63 GH986878 38 1 K.AEETVPVLLTAEEK.L (38) 7% Significant
IPR0O07327 Tumor
protein D52
Putative
IPR004077 Interleukin-1
receptor, type Il
Generated MS/MS data were searched against the tardigrade clustered database. Spot number, protein annotation, accession number, total protein score, number of
matched peptides, peptide sequence and sequence coverage are listed. Identical proteins identified in different spots are listed only once and the spot with the highest
protein score (in bold) is ranked at the top. The significant or putative candidates found in Domain Sweep are also listed in the Table.
doi:10.1371/journal.pone.0009502.t003

part (CF1) which consists of five different subunits, alpha, beta
(spot E89), gamma, delta (spot C139) and epsilon. Arginine
kinase (spot B167) is an ATP/guanidine phosphotransferase that
provides ATP by catalyzing the conversion of ADP and
phosphorylarginine to ATP and arginine [38]. The presence of
arginine kinase has been shown in tissues with high energy
demand [39].

Interestingly, we could identify the translationally controlled
tumor protein (TCTP) (spot F'75) on the 2D gel. TCTP is an
important component of TOR (target of rapamycin) signalling
pathway, which is the major regulator of cell growth in animals

and fungi [40].
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