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Abstract

functional, structural, and dynamic properties.

Disordered proteins have long been known to help mediate tolerance to different abiotic stresses including
freezing, osmotic stress, high temperatures, and desiccation in a diverse set of organisms. Recently, three novel
families of intrinsically disordered proteins were identified in tardigrades, microscopic animals capable of surviving a
battery of environmental extremes. These three families include the Cytoplasmic-, Secreted-, and Mitochondrial-
Abundant Heat Soluble (CAHS, SAHS, and MAHS) proteins, which are collectively termed Tardigrade Disordered
Proteins (TDPs). At the level of sequence conservation TDPs are unique to tardigrades, and beyond their high
degree of disorder the CAHS, SAHS, and MAHS families do not resemble one another. All three families are either
highly expressed constitutively, or significantly enriched in response to desiccation. In vivo, ex vivo, and in vitro
experiments indicate functional roles for members of each TDP family in mitigating cellular perturbations induced
by various abiotic stresses. What is currently lacking is a comprehensive and holistic understanding of the
fundamental mechanisms by which TDPs function, and the properties of TDPs that allow them to function via
those mechanisms. A quantitative and systematic approach is needed to identify precisely what cellular damage
TDPs work to prevent, what sequence features are important for these functions, and how those sequence features
contribute to the underlying mechanisms of protection. Such an approach will inform us not only about these
fascinating proteins, but will also provide insights into how the sequence of a disordered protein can dictate its
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Plain English summary

Tardigrades (AKA water bears) are a group of micro-
scopic animals capable of surviving a number of envir-
onmental extremes such as near complete desiccation,
freezing, high temperatures, ionizing radiation, osmotic
shock, and extremes in pressure as drastic as the vac-
uum of outer space. How these diminutive animals are
able to survive these stresses, which are typically thought
of as being incompatible with life, has remained rela-
tively mysterious since their discovery more than 250
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years ago. Recently three novel protein families, which
have not been found in other organisms, were discov-
ered in tardigrades. These three protein families are col-
lectively referred to as tardigrade disordered proteins
(TDPs). Unlike typical folded proteins, whose function is
dictated by their three-dimensional structure, TDPs do
not exist in static conformations in solution. Functional
experiments have shown that many tardigrade disor-
dered proteins are necessary and sufficient to mediate
both natural and induced tolerance to several forms of
environmental stress. How the sequence of these un-
structured proteins dictates their function(s) is not
understood, nor are the mechanism(s) by which these
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functions are mediated. Experiments addressing these
points will not only shed light on how diverse forms of
environmental stress are mediated in tardigrades, but
also help to understand how the sequences of disordered
proteins encode their functional, structural, and dynamic
properties under changing environments.

Background

More than 300 years ago the father of microscopy, Anto-
nie van Leeuwenhoek, added water to a dusty substance
he had gathered from a gutter and dried over the course
of a summer. In a letter he remarked, “I did not think that
any living creature would be present in such a dried-up
substance ... but I erred in this ... after about 1 hour I saw
at least a hundred animalcules sitting against the glass as
well as running along, and swimming [1].” van Leeuwen-
hoek had made the first recorded observation of animal
anhydrobiosis, a term from Greek meaning ‘life without
water.” Anhydrobiosis, or desiccation tolerance, had been
observed even before van Leeuwenhoek peered through
his microscope. Nearly every land plant is desiccation tol-
erant at one or more life stages; seeds, spores, and pollen,
to name a few. Today we know of organisms spanning
every kingdom of life that tolerate losing most of their
intra- and extracellular water [2]. Despite being wide-
spread, in some kingdoms of life anhydrobiosis is a rare
trait. The Kingdom Animalia for example, has only four
phyla in which anhydrobiosis has been observed: Arthro-
poda, Nematoda, Rotifera, and Tardigrada.

The phylum Tardigrada consists exclusively of small
segmented animals known as tardigrades, or more collo-
quially as water bears. Despite being some of the smallest
animals, ranging in size from 50 to 1000 pm, tardigrades
are renowned for their hardiness and resilience to envir-
onmental extremes [3]. Among other abiotic stresses,
many tardigrade species are capable of surviving: desicca-
tion, high temperature, freezing, osmotic shock, radiation,
and even the vacuum of outer space [3]. In some cases,
these extreme stress tolerances appear to be inter-
dependent. For example, to survive high temperatures or
the vacuum of outer space, tardigrades must first be in a
desiccated state [4]. The idea of desiccation as a means of
preserving or stabilizing biological material, sometimes re-
ferred to as xeroprotection, has been pursued in the bio-
medical field for decades [5—8]. However, the mechanisms
underlying anhydrobiosis remain one of the enduring
mysteries of physiology. Understanding how anhydrobio-
sis is naturally mediated promises to accelerate the devel-
opment of dry storage as a biotechnology. Dry storage as
an efficient means of xeroprotection would achieve a
long-sought alternative to cryopreservation, breaking
humanity’s reliance on refrigeration for medical products
ranging from vaccines to insulin and some chemothera-
peutics. Thus, understanding how desiccation tolerant
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organisms naturally survive near complete water-loss is of
immense intellectual interest and practical importance.

Works by Jim Clegg, John and Lois Crowe, and more
recently Hugo Tapia, Doug Koshland, Takashi Okuda,
Chihan Erkut, and Teymuras Kurzchalia as well as myr-
iad others, defined the disaccharide trehalose as a func-
tional mediator of desiccation tolerance [9-13].
Trehalose is both necessary and sufficient to protect a
variety of macromolecules, cells, and whole organisms
during drying and long-term anhydrobiosis. For a time,
it seemed that the mystery of how organisms survive
desiccation could be explained primarily through the ac-
cumulation of large quantities of trehalose or other di-
saccharides. However, some very good anhydrobiotes,
such as rotifers (small aquatic and highly stress-tolerant
animals) and tardigrades, are unlikely to accumulate
large quantities of, or even be capable of making, trehal-
ose [14-19]. Tunnacliffe and colleagues presented a
series of reports in the early 2000’s demonstrating that
Bdelloid rotifers, a group of animals with remarkable
stress tolerant abilities including anhydrobiosis, do not
accumulate or even possess the genes required to make
trehalose [14, 15]. Later, it was shown that some species
of tardigrades have low levels of trehalose, while in other
species this sugar could not be detected at all [17-19].
At least some tardigrade species appear to lack the ca-
nonical genes required to make trehalose, but do possess
the genes allowing them to break this sugar down. This
suggests that what little trehalose is found in some tardi-
grades could be derived from their food sources, rather
than being made de novo by the water bears themselves
[7, 20]. These observations and experiments do not
imply that trehalose is not a potent mediator of anhy-
drobiosis, but rather suggest that it is not the only mol-
ecule that can confer desiccation tolerance. Some
organisms, like tardigrades and rotifers, may rely on a
completely different or augmented set of protectants.

If remarkably stress tolerant animals such as tardi-
grades and rotifers are not using trehalose to survive
drying, what they might be using instead quickly became
a pressing question in the desiccation tolerance field.
While there are doubtless many molecules that contrib-
ute to anhydrobiosis, a paradigm that has emerged in
the field is that many desiccation tolerant organisms ac-
cumulate small, intrinsically disordered proteins (IDPs)
to immense levels when exposed to drying conditions
[6]. For example, while Bdelloid rotifers do not accumu-
late trehalose during drying, they do amass large quan-
tities of small, hydrophilic, intrinsically disordered
proteins called Late Embryogenesis Abundant (LEA)
proteins [15]. LEA proteins were first identified in cotton
seeds and accumulate to high levels at a time that corre-
lates with the embryo becoming desiccation tolerant
[21]. Since their discovery in cotton seeds, LEA and
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LEA-like proteins have been found in myriad anhydro-
biotic organisms including other plants, animals, fungi,
bacteria, archaea, and protists [6, 22]. While many LEA
proteins have known or suspected roles in anhydrobiosis,
it should be noted that because LEA proteins were named
for the time when they become abundant in seed develop-
ment (late embryogenesis) rather than for a particular
functional role, not all LEAs participate in desiccation tol-
erance. For more information on the many distinct groups
of LEA proteins and their various functions, we direct the
reader to the numerous reviews on the topic, such as Bat-
taglia et al. [22] or Hincha and Thalhammer [23].

Since tardigrades are unlikely to accumulate trehalose
to high levels, and Bdelloid rotifers appear to use LEA
proteins rather than trehalose to survive drying, the
quest to identify LEA genes in tardigrades began. While
tardigrades do possess bona fide LEA genes [24, 25], the
more exciting discovery was that tardigrades have sev-
eral unique families of disordered proteins [24, 25], col-
lectively known as tardigrade disordered proteins (TDPs)
[7]. This review focuses on the discovery and
characterization of TDPs, their properties, functions, and
potential mechanisms of desiccation protection.

Main text

The discovery of the first two families of TDPs, cytoplas-
mic- and secreted- abundant heat soluble (CAHS and
SAHS) proteins, was made in 2012 by Yamaguchi et al.
while performing heat-soluble proteomics in a search for
LEA and LEA-like proteins in the tardigrade Ramazzot-
tius varieornatus [25]. As highly disordered proteins,
many LEA proteins have the peculiar property that they
are heat-soluble, meaning that they can remain in solu-
tion even when boiled, while most other proteins de-
nature, aggregate, and precipitate out of solution. This
ability of disordered proteins to avoid precipitation when
exposed to changing, often extreme conditions, is not re-
stricted to high-temperatures, and has been used previ-
ously for the isolation and characterization of many
IDPs, for example with perchloric and tricholoracetic
acids [26]. IDPs generally do not aggregate and precipi-
tate when exposed to high-temperatures or when ex-
posed to extreme pHs since for highly disordered and
charged proteins such conditions do not promote large-
scale changes to structure [27]. Conversely, for well-
folded proteins, denaturing temperatures and extreme
pH induced change imbalances lead to myriad perturba-
tions ranging from disruption of disulfide bridges to dis-
sociation of protein subunits [28, 29]. A result of many
of these perturbations is the formation of a random-
coiled state, which for formerly well-folded proteins, un-
like IDPs, contain a high proportion of aggregation
prone hydrophobic residues that when exposed promote
aggregation and precipitation [30, 31]. Performing heat-
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soluble proteomics on extracts from the tardigrade R.
varieornatus revealed two abundantly expressed classes
of proteins; CAHS and SAHS. These new protein families
are distinct from LEA proteins at the level of sequence
and domain conservation, and share little or no similarity
at the sequence level to genes or proteins outside the
phylum Tardigrada. In a later publication by Tanaka et al.
[24], a third TDP family was described, the mitochondrial
abundant heat-soluble (MAHS) protein family.

TDPs appear to be unique to tardigrades, with most
possessing no sequence homology to non-tardigrade
genes, proteins, or conserved domains [7, 24, 25]. There
are a few exceptions, such as SAHS proteins which show
low sequence homology to the Fatty Acid Binding Protein
(FABP) family [32, 33]. The low homology to FABPs seen
for some SAHS proteins mirrors the lower predicted dis-
order for the SAHS family relative to other TDPs [7]. Fur-
thermore, within TDP families there is conservation of
disordered tendency and distribution, yet between TDP
families the tendency and distribution of disorder is not
conserved (Fig. 1) [7]. CAHS proteins are highly disor-
dered across their entire length. MAHS proteins are pre-
dicted to have more ordered N-terminal regions (~ 100
amino acids) while ~ 150 residues in their C-terminus ap-
pear highly disordered. SAHS proteins, as mentioned
above, lack strong predicted disorder. Despite these differ-
ences, all TDPs are heat-soluble [7].

While CAHS, SAHS, and MAHS proteins lack strong
homology to non-tardigrade proteins and domains, there
are conserved motifs that are distinct to each of these
TDP families (Fig. 1). MAHS proteins share common
features, such as an N-terminal mitochondrial signal
peptide and an 18-mer MAHS motif, which is character-
ized by a predominance of hydrophilic and hydrophobic
residues, and is predicted to form an amphipathic helix
(Fig. 1) [24]. SAHS proteins are united by a conserved
signal peptide in their N-terminus, followed by three
conserved domains SAHS-c1, SAHS-c2, and SAHS-c3
(Fig. 1) [25]. All CAHS proteins analyzed to date show
conservation within four regions: an N-terminal
HTD/E region, a conserved ASAARIS motif, and the
CAHS-c1 and CAHS-c2 regions. The CAHS-c2 region
can be further broken down into two 19-mer CAHS-
motifs, with each CAHS-motif being made up of two
octapeptides bridged by a three amino acid linker
(Fig. 1) [25]. It is of note that these conserved TDP
motifs sequences are distinct from those of LEA pro-
teins both in terms of primary sequence as well as
distribution of physiochemical properties [25]. Given
this, and the fact that tardigrades possess canonical
LEA proteins [24], one could speculate that TDPs are
not simply highly derived LEA proteins, and may pos-
sess novel functions and/or work through distinct
mechanisms.
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Fig. 1 Distribution of domains and predicted conformational disordered in the three tardigrade disordered protein families. For each of the three
TDP families, a scaled schematic diagram shows domains typifying proteins in the family. Below each schematic are predictions of disorder made
with three different predictors: IUPred [34], PONDR [35], and ESpritz, [36] showing the disordered tendency for a representative protein from

the family

While the CAHS, MAHS, and SAHS families have con-
served sequence and physiochemical properties that are
distinct from that of LEA proteins, there are some similar-
ities between TDPs and LEAs. For example, many TDP
and LEA proteins are bioinformatically predicted to form
helices upon dehydration [24, 25]. Furthermore, at least
one SAHS and one CAHS protein have been shown, using
circular dichroism spectroscopy, to form helices when ex-
posed to increasing levels of the desolvating agent trifluor-
oethanol (TFE) [25], indicating that upon desiccation
these TDPs may undergo structural shifts. It should be
noted that sufficient levels of TFE will induce most pro-
teins to form helices, and as discussed below LEA protein
secondary structure varies depending on the chemical en-
vironment and the type of biomaterial they are protecting.
Thus, the functional significance of CAHS and SAHS hel-
ical shifts still requires validation.

It is clear that much work is needed in order to resolve
the functions and mechanisms by which TDPs operate
during stress tolerance. Below we present possible roles
and mechanisms for MAHS, SAHS, and CAHS proteins.

The mitochondrial abundant heat soluble protein family
The MAHS family of TDPs is likely responsible for one
of the most critical jobs in desiccation tolerance, protect-
ing mitochondria from harm. Mitochondria and peroxi-
somes are responsible for creating as well as eliminating
reactive oxygen species (ROS) during normal cellular
metabolism. If unchecked ROS can cause harm through-
out the cell; by damaging membrane lipids, crosslinking
proteins and DNA, destroying RNA, and creating other
destructive chemical species [37—40]. Tardigrade MAHS
proteins are predicted to localize to mitochondria, a fact
confirmed by ex vivo expression of tagged MAHS pro-
teins in mammalian cells [24]. Constitutive expression of
individual MAHS family proteins in human cells pro-
tected these cells from a loss of metabolic activity when
shocked with hyperosmotic conditions, relative to cells
not expressing MAHS proteins [24]. This implies that
even in a different cellular context than their evolved
niche, MAHS proteins are capable of preserving mito-
chondrial function during osmotic stress.

A possible mechanism through which tardigrades
could mitigate damage induced by desiccation to mito-
chondria is through global changes to the mitochondrial
membrane system. Since the enzymes responsible for
generating ROS reside within either the mitochondrial
inner membrane or the inner membrane space [41], a

reduction in surface area and volume of these regions
would decrease the mitochondria’s capacity to produce
ROS when dried [42]. Richaud et al. [43], found that in
desiccated tardigrades, mitochondria are both smaller
and less membranous than in hydrated tardigrades, with
a clear loss of inner membrane cristae. The loss of mito-
chondrial cristae and decrease in membrane surface area
in dry animals relative to hydrated animals suggests that
these organelles are less metabolically active, and there-
fore may generate less ROS as they dry. While the
morphology of mitochondria is altered in dry tardi-
grades, there is no obvious loss of mitochondrial integ-
rity associated with desiccation. In fact, it was found that
the mitochondria of rehydrated animals are intact, and
larger than in the desiccated state [43]. Since MAHS
family proteins localize to mitochondria [24], they may
play a role in preparing the mitochondria for desiccation
through reducing the mitochondria’s ability to produce
harmful ROS. This could be accomplished through the
reorganizing and minimizing of mitochondrial cristae. In
addition, since mitochondria in rehydrated tardigrades
appear to be intact, MAHS proteins may play a role not
only in membrane structural remodeling, but also in
maintaining membrane integrity.

In order to understand the molecular details of maintain-
ing membrane integrity, it is important to address what
happens to a membrane as it dries. A critical aspect of
retaining membrane integrity in response to osmotic stress
is the ability to maintain or restore membrane fluidity.
Phospholipid membranes can exist in different phases, the
most relevant being the lamellar liquid crystal phase and
the lamellar gel phase [44]. The liquid crystal phase is char-
acterized by high membrane fluidity, decreased membrane
thickness and less packed head groups. The gel phase is the
opposite: membranes are less fluid, thicker, and have
densely packed phospholipid head groups [45, 46]. In the
case of desiccation, the volume change that occurs as water
is lost causes membrane lipids to become closely packed
into the gel phase (Fig. 2d and e), even if the membrane
composition is unchanged [47]. When a desiccated mem-
brane is rehydrated, the transition from the gel phase back
to the liquid crystal phase does not occur uniformly across
the membrane; some regions remain packed in the gel
phase while others spread out in the liquid crystal phase
(Fig. 2d and e) [48-50] . Because of this non-uniform phase
transition the membrane cannot expand to accommodate
increased water volume during rehydration, ultimately
causing transient holes to form in the membrane. In order
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Fig. 2 Proposed stabilization of membranes by MAHS helices. a Proposed helical wheel for RYMAHS and RVLEAM (adapted from [24]). b
Schematic representation of proposed RVMAHS helix. ¢ Figure legend for (d & e). d Cross sectional view of a phospholipid bilayer. Top panel
shows phospholipid bilayers without protection from MAHS proteins in a hydrated (crystalline), desiccated (gel), and rehydrated (mixed gel/
crystalline) states. Lower panel shows phospholipid bilayers with protection from MAHS proteins in a hydrated (crystalline), desiccated (crystalline),
and rehydrated (crystalline) states. e Top down view of a phospholipid bilayer. Top panel shows phospholipid bilayers without protection from
MAHS proteins in a hydrated (crystalline), desiccated (gel), and rehydrated (mixed gel/crystalline) states. Lower panel shows phospholipid bilayers
with protection from MAHS proteins in a hydrated (crystalline), desiccated (crystalline), and rehydrated (crystalline) states

to preserve membrane integrity, appropriate spacing be-
tween the polar head groups of membrane phospholipids
must be maintained. The precise thickness of a membrane
and spacing needed between phospholipid headgroups is a
function of the membrane’s composition, which may ex-
plain the presence of many putative membrane-protective
IDPs in the LEA and TDP families.

One mechanism through which MAHS family proteins
may protect membranes is through preventing the transi-
tion from the liquid crystal to the gel state by maintaining
proper phospholipid head group spacing (Fig. 2d and e).
Several LEA proteins suspected to mediate membrane
protection during desiccation are thought to maintain the
spacing between polar head groups, preventing the mem-
brane from transitioning into the gel phase [51-54]. For
example, group 3 LEA proteins that preserve membrane
integrity have been shown to undergo a structural transi-
tion upon desiccation to a-helices. These LEA helices
have a particular arrangement of charged and uncharged
residues in the helix [51-54], which is speculated to allow
them to intercalate between phospholipid head groups,
thus maintaining proper head group spacing and prevent-
ing gel formation (Fig. 2a, d and e). The mitochondrial
LEA protein PsSLEAM [54] folds in such a way that the a-
helix that is formed has negatively charged residues col-
lected in a longitudinal stripe along the bottom face of the
helix, with non-polar residues oriented in a stripe directly
opposite the negative charges along the top face of the
helix (Fig. 2a and b). Sandwiched between these stripes,
on both sides of the helix, are positively charged residues
(Fig. 2b). This configuration allows the non-polar resi-
dues of the protectant-helix to bury into the mem-
brane just past the phospholipid head groups,
protruding into the region of the membrane popu-
lated by lipid chains (Fig. 2d). The negatively charged
face of the helix is thus oriented into the cytoplasm,
while the positively charged stripes are positioned be-
tween the negatively charged phospholipid head
groups of adjacent membrane phospholipids (Fig. 2d
and e) [54]. MAHS family proteins show similar ar-
rangements of charged and uncharged residues [24]
(Fig. 2a), indicating they may follow a similar para-
digm of helical formation that could allow for crucial
membrane associations and stabilization of mem-
branes in a liquid crystalline state.

While adoption of helical structure is often ascribed to
LEA and other stress tolerant IDPs, the context and en-
vironment that a disordered protein is in must be taken
into account when considering its function. Due to their
increased surface area and malleable nature, disordered
proteins are much more sensitive to their environment
than their folded counterparts [55-58]. An example of
this is the peptide PvLEA-22, which is composed of two
repeats of the consensus sequence of the group 3 LEA
protein 11-mer motif found in the midge Polypedilum
vanderplanki. This peptide has an extended, unfolded
chain conformation when protecting proteins from ag-
gregation [59, 60], adopts pB-sheet structure in the pres-
ence of membranes [61], and an a-helical structure
when dried in isolation [62]. While these observations
demonstrate the malleability of IDPs and the influence of
the environment on their conformational ensemble, they
also serve to highlight the potential for a single stress-
tolerant IDP to mediate many protective functions in the
cell. While MAHS proteins are predicted to form helices,
how intracellular conditions and interaction with client
molecules influence this propensity remains to be seen. It
is possible that, like the PvLEA-22 peptide, MAHS pro-
teins may have different dynamic and functional proper-
ties depending on the environment in which they are
studied.

The secreted abundant heat soluble protein family
As outlined above, most of the speculation on the function
of MAHS proteins is based on secondary structural pre-
dictions, and the similarities of these predictions to better-
characterized LEA proteins. Unlike MAHS proteins,
SAHS proteins have regions of much lower predicted dis-
order, which makes these domains of SAHS proteins
amenable to crystallization [7, 25]. Crystallographic stud-
ies have allowed researchers to gain structure-based in-
sights into the possible functions of SAHS proteins that
are not possible for either the MAHS or CAHS proteins.
A series of crystallographic studies on the SAHS pro-
teins in Ramazzottius varieornatus have revealed the
similarity between some SAHS proteins and a versatile
class of proteins called fatty acid binding proteins
(FABPs). The structures of RvSAHS1 [33] and RvSAHS4
[32] are similar to other canonical FABPs, characterized
by an antiparallel B-barrel with an internal FA binding
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pocket, and a helix-turn-helix lid. In their 2017 study,
Fukuda et al. found that RvSAHS1 binds to small fatty
acids, but that bulky residues present in its two ligand
binding sites (LBS1 and LBS2) prevent this protein from
binding large membrane phospholipids. In their later
2018 study, Fukuda and Inoue found that both LBS of
RvSAHS4 are even more occluded than RvSAHSI.
RvSAHS4 was only able to accommodate a small mol-
ecule of PEG in its LBS2, while the LBS1 was completely
blocked by the lid of the -barrel.

In addition to the different sizes of LBS in the two
SAHS paralogs, there were also important differences in
the polarity of amino acids within the LBS of RvSAHS1
and RvSAHS4. While some polar amino acids are con-
served, other critical residues needed to bind to nega-
tively charged FAs are replaced by neutral side chains in
RvSAHS4. Moreover, sequence analysis of 13 SAHS pro-
teins from R. varieornatus and 6 SAHS proteins from H.
exemplaris show that while there is conservation of the
ligand binding site, the polarity of amino acids in posi-
tions relevant for ligand binding did differ in many of
the SAHS family homologs. These differences in LBS
size and charge imply diversity in binding capability and
specificity within the SAHS family of proteins. Given
that FABPs are capable of bindings a wide range of mol-
ecules beyond just fatty acids [63—-65], the search for
possible binding partners for a SAHS protein should not
be limited to fatty acids, as such a partner could be any
number of molecules present in the secretory pathway
or extracellular space.

In addition to considering the FABP-like homology of
SAHS proteins, the fact that SAHS proteins are secreted
and found mostly in the media when expressed in cul-
tured cells may hint at possible protective functions. A re-
cent whole-organism investigation of tardigrades by
Richaud et al. (2020), found an increase in the abundance
of secretory cells in dried tardigrades. Associated with
these dry secretory cells was a novel extracellular struc-
ture, located just outside the cell membranes, termed the
special extracellular structure (SES). In dried tardigrades,
SES form around secretory cells, producing an encom-
passing structure superficially reminiscent of a plant cell
wall. Partially rehydrated tardigrades had fewer secretory
cells and an intermediate level of SES, which were overall
less well-structured than those of dry tardigrades. Once
the animals were fully hydrated, no secretory cells were
found in the five animals examined, and SES were absent.
Since SAHS proteins are secreted [25], highly abundant
[7, 25], and known in some cases to be essential for robust
desiccation tolerance [7], it is tempting to speculate that
they may be produced by secretory cells and contribute to
the formation of the SES observed in dry tardigrades.

While a functional role for the SES in mediating desic-
cation tolerance has not been established, its appearance

(2020) 18:178

Page 8 of 15

only during drying implies some role(s) in preventing
damage induced by drying. The SES could protect tardi-
grades and their cells from a number of deleterious
desiccation-induced perturbations. The SES and its con-
stituents could serve as a means by which to stabilize
membranes and prevent gel-crystalline phase transitions
that result in leakage, as discussed for MAHS proteins.
This structure may serve to separate the plasma mem-
branes of adjacent cells, preventing their fusion. The SES
may also provide structural support to cells as the or-
ganism enters a desiccated state, preventing a complete
collapse and loss of macro-scale structure.

When considering whether SAHS could be involved in
the SES, it is important to remember that the crystal
structures of RvSAHS1 and RvSAHS4 were derived from
truncated SAHS proteins, which lacked their disordered
regions. The FABP-like regions of SAHS proteins might
interact with extracellular components of the plasma
membrane, while the disordered regions could interact
with one another and/or undergo a structural transition
when dried, similar to that seen in LEA proteins. These
restructured SAHS proteins might make quaternary con-
tacts, like the coiled-coil of a-helices described in model-
ing experiments by Nishimoto et al. [66]. Ultimately such
multi-protein structures could form the thick SES seen in
dried tardigrades. Even if there is not a structural transi-
tion in the dry state, simply including the disordered re-
gions of SAHS proteins could allow for some degree of
plasticity in structure and function. Perhaps the disor-
dered regions expand the client binding capabilities of
SAHS proteins by enlarging the binding surface, or allow-
ing for a structural shift to accommodate a client.

Cytoplasmic abundant heat soluble proteins

Functional experiments on CAHS proteins have demon-
strated the vital role of this family in desiccation toler-
ance. Many CAHS family proteins are expressed at high
levels, are upregulated in response to drying, or are re-
quired for tardigrades to robustly survive desiccation.
CAHS proteins have also been shown to prevent
desiccation-induced protein damage in vitro, and im-
prove desiccation tolerance in heterologous systems such
as yeast and bacteria [7]. Clearly these proteins are an
integral part of the tardigrade response to desiccation,
yet the mechanism(s) by which these proteins function
are not well defined. There are several theories in the
field of anhydrobiosis regarding how desiccation toler-
ance may be mechanistically mediated, through which
CAHS proteins may function: these are the vitrification,
water replacement, and preferential hydration hypoth-
eses. These theories, as well as the known and potential
links of CAHS proteins to them, are discussed below. It
should be noted that these hypotheses are not mutually
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exclusive, so there is the potential for CAHS proteins to
function through several, or all, of these mechanisms.

A longstanding theory in the field of desiccation toler-
ance is the vitrification hypothesis [67, 68]. The vitrifica-
tion hypothesis posits that as an organism dries, the
intracellular viscosity could be increased to such a de-
gree that the detrimental effects of desiccation, such as
protein denaturation and membrane fusion, would slow
to a rate at which they essentially stop [68]. A key aspect
of this theory is that the increase in viscosity be medi-
ated by an accumulation of molecules that form vitrified
or amorphous solids, rather than crystalline solids, when
dried. In a biological setting, crystals can induce a num-
ber of deleterious effects. Traditionally, the vitrification
hypothesis has been associated with the disaccharide tre-
halose [12, 68]. As detailed above, trehalose is a well-
established functional mediator of desiccation tolerance
that accumulates to high levels in many anhydrobiotic
systems, and is known to undergo vitrification upon
dying [12, 68]. While vitrification in many organisms
correlates with desiccation tolerance [7, 12, 63], it does
not appear to be sufficient to mediate anhydrobiosis in
all cases [62], suggesting that other essential mechanisms
likely exist.

In their seminal study, Hengherr et al. [69] used differ-
ential scanning calorimetry to establish that tardigrades
vitrify upon desiccation, and that their vitrified state corre-
lates with their survival, suggesting a link between vitrifi-
cation and viability [69]. As mentioned above, the role of
trehalose in mediating tardigrade desiccation tolerance is
unclear, with some species of tardigrade accumulating low
levels of the sugar, while other species have no detectable
trehalose [17-19]. Furthermore, genomic and transcrip-
tomic sequencing suggests that tardigrades may lack the
genes required to make trehalose [7, 20]. The low levels,
or complete lack, of trehalose in dry tardigrades suggests
that other mediators of desiccation tolerance may play a
role in the vitrification of these animals. Many tardigrade
species require relatively slow rates of initial drying to sur-
vive complete desiccation [7, 70], a phenomenon that
could be associated with the need to sense that they are
drying and produce sufficient levels of protectants to sur-
vive this insult [7]. It was recently found that slowly dried
tardigrades, which have time to accumulate protectants
and survive drying, are vitrified when dried [7, 69]. Con-
versely, tardigrades that are dried quickly and cannot ac-
cumulate protectants do not vitrify, and do not survive
desiccation [7]. CAHS proteins are obvious candidates for
mediating vitrification in tardigrades because they are
both disordered, implying that they cannot crystalize, and
are some of the most abundantly expressed proteins dur-
ing desiccation [7]. CRISPR, or other genome editing tech-
niques, have yet to be developed in tardigrades, making
direct tests of the vitrifying properties of CAHS proteins
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in these animals impossible. However, in vitro experi-
ments on purified CAHS proteins indicate that they do
vitrify when dried [7]. Furthermore, expression of CAHS
proteins in yeast result in the formation of a novel vitrified
material upon desiccation, with CAHS-expressing yeast
survival correlating with the maintenance of this vitrified
state [7]. Thus, given their ability to vitrify in vitro and in
heterologous systems, as well as their abundance in desic-
cating tardigrades, CAHS proteins may play a role in the
ability of tardigrades to vitrify upon desiccation.

The glass transition temperature (Tg), defined as the
temperature at which a vitrified solid transitions to a
rubbery solid, differs between dried whole tardigrades
(~100°C), purified CAHS proteins desiccated in vitro
(~60°C & ~135°C), and desiccated yeast expressing
CAHS proteins (~75°C) [7]. At first glance, this fact
may seem to imply that CAHS proteins are not mediat-
ing vitrification in these different settings, since the T,
varies between these different contexts. However, since
the environment in which a vitrified solid is formed has
a large influence on its physical properties [71, 72], it is
expected that in vitro CAHS proteins would have a dif-
ferent T, than CAHS proteins in a yeast cell or in a tar-
digrade. Furthermore, IDPs are more readily influenced
by their chemical environment than their folded counter
parts, due to their increased surface area and reduced
intraprotein interactions [55-58]. Along these lines, it
has been observed that the ambient humidity in which
dried CAHS proteins are stored modulates their Tg, with
increasing humidity weakening the vitrified state (Boot-
hby, Unpublished). Additionally, incubation of co-solutes
with CAHS and other IDPs results in mixtures that form
vitrified solids with dramatically different thermal proper-
ties (Boothby, Unpublished). Thus, while CAHS proteins
appear linked to vitrification in tardigrades, and tardigrade
vitrification correlates with survival in a dried state, it is
likely that other molecules and co-solutes modulate the
physical, thermal, and functional properties of vitrified
CAHS proteins.

It should be noted that in a desiccated state, tardigrades
and other anhydrobiotic organisms still retain some water,
but this water is likely insufficient to fully hydrate their full
proteome and other biomolecules [73-75]. The coordination
of water in a vitrified solid is crucial to the stability of the
solid state [76, 77], yet precisely how this water coordination
occurs is still debated. There are several prominent hypoth-
eses that address how desiccation protectants compensate
for changes in the hydrogen bonding network (HBN) be-
tween water and a solvated protein in a desiccated system.

The water replacement hypothesis posits that the pro-
tectant itself, for example trehalose or glycerol, directly re-
places the HBN between water and the protein [78-80],
thus the stabilizing hydrogen bonds usually made with
water are replaced by hydrogen bonding with the
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protectant. The ability to replace bonds typically made by
water is attributed to the polar nature of the protectant,
which gives it the ability to form an HBN directly with the
protein’s hydrophilic surface [68, 79, 81, 82].

An alternative model, the preferential hydration hy-
pothesis, states that a mediator of desiccation tolerance
might function by preserving a hydrating layer of water
on the hydrophilic surface of the protein. There have
been two proposed means through which preferential
hydration could occur, water entrapment or preferential
exclusion. Water entrapment involves trapping a layer of
water between the protectant and a desiccation-sensitive
protein. Preferential exclusion entails crowding water
molecules away from the protectant, thereby pushing
water to form more contacts with the protein surface.
Water entrapment seems to require a lack of intra-
molecular hydrogen bonding within the protectant
molecule [82, 83], while preferential exclusion in-
volves extensive intermolecular bonding on the part
of the protectant with other protectant molecules [77,
84]. One might expect such mechanisms to be mutu-
ally exclusive, yet there is experimental support for
trehalose using both of these mechanisms. This is
reminiscent of our discussion of the contextual de-
pendence of IDP conformations, as it implies that the
mechanisms through which trehalose provides desic-
cation protection may vary depending on the condi-
tions of the protein system being studied. Indeed, it
has been found that temperature, protein character, pro-
tein:sugar molar ratios, and the degree of dehydration, can
all impact how trehalose and water behave [77, 80] with
some studies suggesting that both mechanisms of prefer-
ential hydration could occur simultaneously within a par-
ticular system [77, 79].

Both the water replacement and preferential hydration
hypotheses require that a protectant be hydrophilic, with
the ability to order water, without an extensive internal
hydrogen bonding network [81, 83]. CAHS proteins have
the ability to protect desiccation-sensitive proteins [7, 8],
and members of this family fall in line with the charac-
teristics needed to conform to these two solvation-based
hypotheses [25]. CAHS proteins are larger than trehalose
and other disaccharides, and therefore capable of crowd-
ing water to the surface of the client protein. Another
important factor to consider when assessing the validity
of applying solvation-based mechanisms to CAHS family
members is the distribution of charged amino acids
within these proteins, and whether these proteins can
supplant the HBN of water or coordinate a hydration
layer. In order to achieve these hydrogen bonding re-
quirements, CAHS proteins should have a polyampholy-
tic character. Polyampholytes, as defined by Das et al.
[85], are proteins with roughly equivalent numbers
of positive and negative charges distributed evenly

(2020) 18:178

Page 10 of 15

through the sequence. The CAHS motif and the oc-
tapeptide motif, each found twice in CAHS family
protein sequences, have well distributed charges [25]
which would likely give the protein an overall poly-
ampholytic character.

Das et al. [85, 86] and Holehouse et al. [87] con-
structed a framework for understanding and predicting
the conformational dynamics of intrinsically disordered
proteins from primary sequence information. Das et al.
[85] show that the fraction of charged residues, and the
distribution pattern of those residues in the primary se-
quence, can dictate the conformational space of a poly-
ampholytic IDP. Construction of a Das plot for CAHS
proteins (Fig. 3) suggests that members of this protein fam-
ily exist as polyampholytes; proteins that are able to move
rapidly between elongated conformations of stochastically
formed coils and more collapsed forms [85, 87, 88]. It is im-
portant to note that the Das plot of CAHS proteins (Fig. 3)
shows a spectrum of putative characteristics. Some CAHS
proteins firmly occupy the “Janus” region of the plot, while
other members fall more towards the “Strong polyampho-
lyte” region, and still others towards the “Weak polyampho-
lyte” region. Those CAHS proteins trending towards strong
polyampholyte group are more likely to maintain their
elongated state, which would make those particular pro-
teins better able to coordinate water. CAHS D (UniProt:
POCU50), which was found by Boothby et al. [7] to
form vitrified solids and increase the survival of desic-
cated yeast and bacteria, is among the CAHS proteins
clustered towards the strong polyampholyte region of
the Das plot (Fig. 3). The elongated state of strong
polyampholytes, along with the hydrophilic nature of
the CAHS sequences and the alternation of positive,
negative and polar residues, provides the perfect sce-
nario for coordinating water. There is ample oppor-
tunity for hydrogen bonding between water and the
extended protein chain, and the lack of rigid second-
ary structure means that even backbone residues
could add to the hydrogen bonding network. There-
fore, from a structural standpoint, some CAHS pro-
teins have the potential to be potent coordinators of
water networks. The range of characteristics seen in
the Das plot of CAHS proteins implies that there is
diversity in function among the various CAHS family
members, and which could be uniquely tuned for
protecting biomolecules in different cellular contexts.
Overall the diverse nature of the CAHS family belies
an underlying theme for protective IDPs; that mul-
tiple functions and mechanisms of protection can be
performed by a single protein.

Future perspectives
Beyond fully defining the functional and mechanistic un-
derpinnings of TDP-mediated stress tolerance, many
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fascinating questions addressing the biology of these
proteins remain to be answered. One question of im-
mense interest is where TDPs originated. Are TDPs just
highly derived LEA proteins? If so, did their divergence
in sequence from LEA proteins result in novel functions,
or were existing sequence features and functions simply
fine-tuned to the specific biology of tardigrades?

In light of these questions, it is of interest that while tar-
digrades have evolved these three unique stress-related
TDP families, they also possess bona fide LEA genes [24].
It has sometimes been erroneously assumed that all LEA
proteins function similarly, though this is clearly not the
case, especially between different LEA families. It would
therefore be imprudent to assume that TDPs function
similarly to LEA proteins, or that all TDPs function simi-
larly to each other. Certainly, some similarities between
TDPs and LEAs appear to exist. For example, many LEA
proteins form a-helices when desiccated and many TDPs
are predicted to do the same [24, 25]. However, the func-
tional significance of adopting a-helical content has not
been demonstrated for TDPs, and with some LEA pro-
teins B-sheets are the predominant secondary structure
acquired when desiccated in the presence of the biological
materials that they protect [61].

Work by Kamilari et al,, compared gene families found
in species from both of the two main tardigrade lineages,
eu- and heterotardigrades [89]. Transcriptomic analysis
of heterotardigrades did not reveal the presence of any
canonical CAHS, SAHS, or MAHS proteins, while many
eutardigrade species possess these TDP families. This
suggests that TDPs likely arose during or after the eutar-
digrade/heterotardigrade  split  (Fig. 4). Further

investigation of EST libraries by Kamilari et al. [89],
failed to detect TDPs in an apochelan eutardigrade,
yet all members of the eutardigrade order Parachela,
assessed to date, possess TDPs. While genome-wide ana-
lysis of TDP content in additional species would bolster
these initial reports derived from transcriptomic and
EST datasets, they are nonetheless intriguing. Indeed,
these studies have provided striking evidence that differ-
ent tardigrade species likely use different means to cope
with environmental stresses, and while TDPs are import-
ant for some species, they may be dispensable or com-
pletely absent in others.

Several additional points of interest arise from the
Kamilari study. First, while TDPs were not identified
in heterotardigrade and apochelan species, LEA pro-
teins were identified in all tardigrade species (Fig. 4).
Whole transcriptome comparison of the heterotardi-
grade E. sigismundi with eutardigrade, animal, and
fungal species reveals a large divergence at the level
of sequence conservation between hetero- and eutar-
digrades. Since IDPs are known to diverge more
quickly than their structured counterparts [90, 91], it
is possible that TDPs could have arisen earlier in the
tardigrade lineage, and their signal was subsequently
lost due to rapid sequence evolution in different line-
ages. Finally, it is also interesting to note that the
three TDP families are either all present or all absent
in the different species investigated, and there have
been no species found with piecemeal assemblages of
these families. This implies that these distinct protein
families may work synergistically, or, in light of their
distinct subcellular localization, may replace the
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function of a different protectant that would typically
have a more widespread cellular distribution.

Another pressing question is how the environment in-
fluences the conformational and functional properties of
a TDP. Due to their increased surface area and relatively
low occurance of intramolecular bonds, IDPs are known
to be influenced by their environment to a larger degree
than globular proteins [55-58]. In some cases, changes
in the environment of an IDP could lead to it becoming
non-functional, but in other circumstances this respon-
siveness to the environment may provide an elegant way
for an IDP to gain or augment functionality. In this re-
gard, TDPs may provide an interesting evolutionary ex-
ample of cross-tolerance; when a mediator that has
evolved to cope with one stress confers protection to a
different stress. CAHS proteins, for example, have been
seen to function in vitro to protect proteins from both
desiccation and freeze/thaw induced perturbations [7, 8].
While freezing, like desiccation, removes solvating water,
transcriptome level responses to these two stresses are
highly divergent [7]. The complement of small molecules
and co-solutes that are enriched or depleted in these
two conditions are almost certainly profoundly different,
and thus the cellular environment in whichCAHS pro-
teins exist during these two different stresses would also
vary. What influence these different environments have
on CAHS proteins, and to what degree they influence
CAHS structure and function, is unknown. However,
there is precedence in the IDP stress tolerance field for

modulation of structural and functional dynamics. As
discussed previously, the 22-mer LEA4 motif of P. van-
derplanki adopts an o-helical conformation when dried
alone or in the presence of trehalose, but adopts -sheet
character when dried in the presence of membranes.
Given the breadth of environmental extremes that tardi-
grades can survive, the question of how the changing
cellular microenvironment influences TDP behavior
promises to provide insights into the mechanisms
underlying TDP-mediated cross tolerance.

One final question surrounding TDPs is not about
their fundamental biology, but whether they might be
useful in real world applications. One such applica-
tion includes using TDPs to engineer stress tolerant
crops, which would then be better able to cope with
the Earth’s changing and increasingly extreme climate.
Such technology or strategies might also be applied
to model organisms, such as zebra fish or Drosophila,
which currently lack time- and cost-efficient methods
for long-term storage. A final real-world application
that has been suggested is the use of TDPs as stabi-
lizers for biomedical material, such as vaccines and
other biologic pharmaceuticals, cells, or even tissues
such as whole blood. Xeroprotection has been a long-
standing goal of the anhydrobiosis community. Effi-
cient and effective xeroprotective technology would
relieve our dependence on the ‘cold-chain’; a series of
refrigerators and freezers needed to keep many bio-
medical materials in a constantly cold state during
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manufacturing, shipment, and storage. The cold-chain
represents an enormous logistical and economic hur-
dle for global public health, especially in remote and
developing parts of the world. Learning more about
the function and mechanism of TDPs may provide
avenues for developing and refining xeroprotection
technologies.

Conclusions
Tardigrade disordered proteins are a diverse group of
proteins that play a crucial role in anhydrobiosis, yet
their precise functions and mechanisms of action are
largely unknown. Like LEA proteins, the disordered na-
ture of TDPs could allow them to sense and respond to
extremely local intracellular conditions, allowing them
to modulate their structural and functional properties.
While the diversity of stress conditions that tardigrades
tolerate may seem dissimilar, on a cellular level they can
have surprising overlap. Freezing removes hydrating
water from proteins and membranes analogously to des-
iccation, while heat stress changes the energy dynamics
of a protein and destabilizes folding, akin to water loss.
Irradiation induces massive damage to the genome, simi-
larly to drying. The evolution of IDPs for stress tolerance
is both an elegant and intuitive solution to address these
similar-yet-different pressures. Proteins that are attuned
to, and functional in, adverse cellular environments
would not be ordered in normal physiological condi-
tions. Disorder gives TDPs a broader sensitivity to their
cellular environment, as they are constantly moving
through different conformations, exposing different resi-
dues to the cellular microenvironment. Using disorder
as a mechanism to develop stress tolerance may have
allowed tardigrades to build TDPs into protein-based
swiss-army knives; one protein, many functions.
Continued study of TDPs will not only help to reveal
how tardigrades and other organisms protect themselves
from abiotic stresses, but will also inform us more broadly
about the relationship between IDP sequence and func-
tion. Additionally, the specific mechanisms of anhydrobio-
sis can be studied in a systematic way through mutational
and physiochemical analysis of TDPs, which would pro-
vide an excellent model for studying how IDPs respond to
diverse and dynamic environments.
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