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Abstract 

Tardigrades, also known as water bears, make up a phylum of small but extremely robust animals 

renowned for their ability to survive extreme stresses including desiccation. How tardigrades 

survive desiccation is one of the enduring mysteries of animal physiology. Here we show that 

CAHS D, an intrinsically disordered protein belonging to a unique family of proteins possessed 

only by tardigrades, undergoes a liquid-to-gel phase transition in a concentration dependent 

manner. Unlike other gelling proteins such as gelatin, our data support a mechanism in which 

gelation of CAHS D is driven by intermolecular beta-beta interactions. We find that gelation of 

CAHS D promotes the slowing of diffusion, and coordination of residual water. Slowed diffusion 

and increased water coordination correlate with the ability of CAHS D to provide robust 

stabilization of an enzyme, lactate dehydrogenase, which otherwise unfolds when dried. 

Conversely, slowed diffusion and water coordination do not promote the prevention of protein 

aggregation during drying. Our study demonstrates that distinct mechanisms are required for 

holistic protection during desiccation, and that protectants, such as CAHS D, can act as ‘molecular 
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swiss army knives’ capable of providing protection through several different mechanisms 

simultaneously.

Introduction 

Anhydrobiosis, the ability to survive near 

complete water loss, is an intriguing trait 

found in all kingdoms of life.1 Anhydrobiosis 

can be a normal stage of life, as in the case 

of plant seeds2,3, or it can be a response to 

an environmental loss of water. 4–7 In many 

organisms capable of anhydrobiosis, non-

reducing sugars such as sucrose in plants8 

or trehalose in many organisms 9–13 are 

accumulated intracellularly during the 

process of desiccation. The acquisition of 

simple polysaccharides was long thought to 

be an essential feature in desiccation 

tolerance. However, many animals with 

robust anhydrobiotic responses, such as 

tardigrades and rotifers, appear to either not 

accumulate or accumulate very low levels of 

these sugars in response to drying.5,14,15 

Intriguingly, these animals utilize diverse 

array of intrinsically disordered proteins to 

provide adaptive protection against 

desiccation.5,16–21  

The tardigrade H. exemplaris (formerly H. 

dujardini) employs a suite of intrinsically 

disordered proteins termed Tardigrade 

Disordered Proteins (TDPs) in their 

desiccation survival strategy.5,19–21 

Homologs of the H. exemplaris TDP families 

have also been found in several other 

eutardigrades species5, but were not 

detected in transcriptomes of the 

heterotardigrade Echiniscoides cf. 

sigismundi, suggesting that these proteins 

are unique to desiccation-tolerant 

lineages.5,22 

The TDP family that is most enriched during 

desiccation in H. exemplaris is the 

Cytoplasmic Abundant Heat Soluble (CAHS) 

family.5,19 Previous work has established that 

the model CAHS protein CAHS D is both 

required for H. exemplaris anhydrobiosis and 

provides desiccation protection when 

heterologously expressed in yeast and 

bacteria.5 In vitro, CAHS D can protect 

lactate dehydrogenase (LDH) from 

denaturation when the enzyme is subjected 

to desiccation and rehydration. 5,21 Despite 

its ability to function heterologously in vivo 

and provide protection in vitro, the molecular 

basis for how CAHS proteins confer 

desiccation tolerance remains unknown.  

One general mechanism proposed to explain 

desiccation tolerance is the vitrification 

hypothesis23. This hypothesis hinges on 

slowed molecular motion reducing the 

frequency and speed of damaging 

processes. In the early stages of drying this 

is proposed to occur through high viscosity in 

the system, slowing diffusion and molecular 

motion. After a material is dried this is 

achieved through a vitrified solid. Once in the 

solid state, molecular motion is slowed so 

dramatically that biological processes are 

essentially stopped, preventing further 

degradation of the system. Indeed, while it 

has been proposed that tardigrades and their 

CAHS proteins undergo vitrification upon 

desiccation, vitrification is not mutually 

exclusive with other potential mechanisms of 

desiccation tolerance (discussed 

later).5,19,21,24,25 

Here we set out to understand the molecular 

mechanism that underlies how CAHS D 

protects client proteins from desiccation-

induced protein damage. We discovered that 

CAHS D can undergo a sol-gel transition in a 

concentration and temperature-reversible 

manner. To understand the role gelation 
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plays on desiccation tolerance we combined 

rational sequence design with a series of 

complementary techniques to probe the 

structural and biophysical properties of 

CAHS D. Unexpectedly, we found that the 

mechanisms underlying protein stabilization 

do not correlate with the inhibition of protein 

aggregation, revealing that protection 

against the two major forms of protein 

dysfunction are mechanistically distinct. We 

were also surprised to find that CAHS D’s 

interactions with water, as measured through 

TD-NMR, was a strong predictor of unfolding 

protection. Our findings shed light not only on 

the fundamental biology underlying 

tardigrade anhydrobiosis and the function of 

IDPs during desiccation, but also provide 

avenues for pursuing applications such as 

the engineering of stress tolerant crops and 

the stabilization of temperature sensitive 

biologics, such as vaccines, in a dry state. 

Results 

Tardigrade CAHS D undergoes a phase 

transition to form a gel.  

CAHS D is a 227-residue highly charged 

protein that is predicted to be fully disordered 

(Fig. 2b). In the course of its expression and 

purification, it was observed that CAHS D 

undergoes a sol-gel phase transition, 

transitioning from a liquid into a solid gel-like 

state (Fig. 1a). CAHS D gelation is 

concentration dependent, with solutions of 

the protein below ~10 g/L remaining diffuse, 

while solutions between 10 g/L − 15 g/L 

showing increasing viscosity, and solutions 

above ~15 g/L forming robust gels (Fig. 1a). 

Moreover, re-solvation from the gel state is 

possible upon the addition of buffer, as long 

as the final concentration after buffer addition 

is below the gel point (Fig 1c). Taken 

together, these observations suggest 

gelation is driven by non-covalent physical 

crosslinks, as opposed to chemical 

crosslinks which would yield an irreversible 

gel 26.  

Gelation is also thermo-reversible; heating a 

gel formed at room temperature to 50 ℃ 

melts the gel, and this heated solution re-

solidifies and gels upon cooling (Fig. 1a). The 

observed temperature dependence implies a 

dominating enthalpic contribution to the 

molecular basis for gel formation, as 

opposed to one driven by the hydrophobic 

effect. 

High-resolution imaging revealed that CAHS 

D gels form reticular (web-like) networks 

(Fig. 1c), with larger pores between the fine 

meshwork of the gel (Fig. S1a). This topology 

is characteristic of other proteinaceous gels 

such as those formed by gelatin (Fig. 1c). 

These web-like gel structures are distinct 

from the crystalline solids formed by non-

gelling proteins, such as lysozyme (Fig. 1c). 

The molecular architecture is reminiscent of 

that formed by synthetic polymers such as 

borax-crosslinked poly(vinyl alcohol), 

implicating relatively sparse physical 

crosslinks that underlie the network 

connectivity27. This in turn implies that 

specific regions of CAHS D may drive 

intermolecular interactions. 

To gain further insight into the nanoscopic 

details of CAHS D gelation we turned to 

small-angle X-ray scattering (SAXS). SAXS 

is a solution scattering technique that 

provides information on length-scales 

ranging from Angstroms to hundreds of 

nanometers. 28 SAXS was performed on a 

concentration gradient of CAHS D gels 

(Fig.1d, S1a). We observed the 

concentration-dependent emergence of a 

scattering peak, indicative of a repeating 

structure approximately 9.5 nm in size 
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Fig. 1: CAHS D forms a reversible gel with hydration-dependent physical properties and a reticular meshwork 

of fibers. a) Reversible, temperature and concentration dependent gelation of CAHS D. CAHS D at 20˚C (top panel) 

shows gelation beginning at 15g/L, while at 50 ˚C gelation is not observed in any concentration. Once cooled, gel 

formation recurs at 15 g/L. b) SEM images of lysozyme, gelatin, and CAHS D at 11,000X and 110,000X. Images show 

the reticular nature of CAHS D gel structure is similar to that of gelatin. All SEM imaging was done with proteins at 50 

g/L. c) Dilution of 20g/L CAHS D gel results in resolvation. d) Concentration gradient gel SAXS structure probing 

revealed an emergent structure of approximately 9.5 nm. e) Δ Diffusion coefficients for lysozyme, CAHS D, and gelatin. 

Gelled proteins show more dramatic slowing of ΔDC than non-gelling lysozyme, in a concentration dependent manner. 

f) Kinetics of amide HDX in CAHS glassy matrices as studied by an isopiestic approach. Left panel: Extensively 

dehydrated CAHS glasses, equilibrated at RH=6%, were exposed to a D2O atmosphere at RH=11% (black symbols) 

or RH=75% (blue symbols). Subsequently both glasses were incubated in the presence of pure D2O (RH=100%). See 

supplemental text for details. The dashed line represents the value of the amide II’ band area (normalized to the area 

of the amide I’ band) measured in a fully deuterated CAHS glass, prepared by dissolving the lyophilized CAHS protein 

in D2O at a temperature of about 50°C. Right panel is an expansion of the left panel, showing the initial phase of the 

HDX kinetics.

(Fig. 1d, S1a). This feature size corresponds 

well with the ~10 nm fibers observed in our 

SEM imaging (Fig. 1b). SAXS also allowed 

us to determine the mesh-size of the fibers, 

which shrunk in a concentration-dependent 

manner from ~26 Å at low CAHS D 

concentration, to ~20 Å at higher 

concentrations, consistent with greater 

structural integrity at higher concentrations 

(Fig. S1a, bottom panel).  

While gelation of proteins is not rare per se, 

it is usually achieved through heating, acidic 

or basic treatment, or some other 

perturbation to a protein.29–31 On the other 

hand, protein gelation in a biologically 

relevant context 32,33 is less commonly found 

in proteomes, and in these proteins gelation 

is often functional.32,33 This led us to wonder 

if gelation of CAHS D could account for some 

of the protective capacity of this protein 

during extreme desiccation.  

CAHS D gelation slows diffusion in a 

hydrated state and immobilizes biological 

material in a vitrified state.  

To further assess the properties of CAHS D 

gels, the concentration-dependent diffusion 

of water in CAHS D gels was assessed using 

time-domain nuclear magnetic resonance 

spectroscopy (TD-NMR). TD-NMR is a 

technique used commonly in food science 

and hydrogel research to determine the 

diffusion of water and oils in liquid, gel, and 

even solid states.34,35 In this work, diffusion 

coefficients of water molecules in protein 

solutions are represented relative to the 

diffusion coefficient of the water molecules in 

bulk solution of the buffer used in each 

experiment (water alone or 20 mM Tris), in 

order to emphasize the differences between 

proteins. This is calculated as (Buffer 

Diffusion − Protein Diffusion) and is referred 

to as Δ Diffusion Coefficient (ΔDC). TD-NMR 

shows that CAHS D dramatically slowed the 

diffusion of water, similar to the strongly 

gelling protein, gelatin, as a function of its 

concentration (Fig. 1e). In contrast, 

lysozyme, a non-gelling protein, slowed 

diffusion much less than the gelling proteins, 

gelatin and CAHS D (Fig. 1e).  

We used hydrogen-deuterium exchange 

(HDX) assays on vitrified CAHS D gels 

(vitrified solids), assaying exchange in both 

fully dried and semi-hydrated samples, to 

determine the degree of immobilization that 

occurs within the dried matrix of the vitrified 

gel. HDX is measured by dissolving CAHS D 

protein in D2O, then vacuum-drying this to 

create a vitrified solid. The vitrified solid is 

then incubated in environments with differing 
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relative humidity to determine water 

exchange with the environment (Fig. 1f; Fig. 

S1g). The degree to which exchange occurs 

is an indicator of how strongly the desiccated 

gel matrix is bound to the water molecules 

that reside within it. A solid matrix with a 

weak hold on its internal water will exchange 

more with the surrounding air than a matrix 

with strong internal water interactions. 

HDX was measured for vitrified solids kept in 

low (11%) and high (75%) relative humidity 

(RH), as well as at 100% relative humidity. 

Hydrogen exchange rates were strongly 

correlated with humidity (Fig. 1f), 

demonstrating that greater hydrogen 

protection occurs when the matrix is fully 

dried. This is indicative of hydration-

dependent immobilization and condensation 

of the CAHS D gel during vitrification. We 

also studied the kinetics of biological material 

embedded in a vitrified CAHS D gel, and 

found the client was also immobilized in a 

hydration-dependent fashion; clients within 

gels that were kept at high RH showed more 

mobility than those stored at low RH. For 

further detail on this, see supplemental figure 

1 and supplemental text. These data indicate 

that the strength of the matrix formed by a 

dried CAHS D gel, and its ability to 

immobilize molecules within it (water or a 

client), are dependent on the hydration state 

of the solid. 

Simulations & structural measurements 

support a dumbbell-like conformational 

ensemble for CAHS D. 

CAHS proteins are highly disordered,5,19 so 

standard structural studies to understand the 

structural biases of monomeric protein are 

not possible.5,19 Thus, we performed all-atom 

Monte Carlo simulations to assess the 

predicted ensemble-state adopted by 

monomeric CAHS D proteins. Simulations 

revealed a dumbbell-like ensemble; with the 

N- and C-termini of the protein forming 

relatively collapsed regions that are held 

apart from one another by an extended and 

highly charged linker region (LR) (Fig. 2a, 

Mov. S1). Moreover, meta-stable transient 

helices are observed throughout the linker 

region, while transient beta sheets are 

observed in the N- and C-terminal regions 

(Fig.2a, S2a,b). To validate our simulations, 

we performed SAXS of a monomeric CAHS 

D. The radius of gyration (Rg) – a measure of 

global protein dimensions – was 4.84 nm 

(simulation Rg = 5.1 nm), and the aligned 

scattering profiles obtained from simulation 

and experiment show good agreement (Fig. 

2e, S2c). These dimensions are substantially 

larger than those expected if a protein of this 

size was either folded (Rg = 1.5 - 2.5 nm) or 

behaved as a Gaussian chain (Rg = 3.8 nm), 

yet smaller than a self-avoiding random coil 

(Rg = 6.5 nm) (Fig. 2f).  

The extended nature of the LR is likely due 

to a high density of well-mixed negatively and 

positively charged residues (Fig. 2b, S2c). 

Consistent with simulation and SAXS results, 

bioinformatic analysis predicts that the LR 

can form transient alpha-helices, leading to 

an amphipathic helical structure. Similar to 

other helical desiccation protectants, the 

transient helices that form in the linker are 

predicted to have a hydrophobic face and a 

charged face19 (Fig 2c). The N- and C-termini 

are predicted to form beta-sheeted 

interactions (Fig. 2a,g). Circular dichroism 

(CD) spectroscopy confirms the largely 

disordered nature of full-length CAHS, with 

some propensity for alpha helical and beta-

sheet formation (Fig. 2d). CD spectroscopy 

performed on the LR, N-, and C-terminal 

regions in isolation
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 Fig 2. CAHS D gelation is likely driven by polymerization akin to the stickers and spacers model. a) Bioinformatic 

predictions of secondary structure characteristics and representative conformational global ensemble model of wildtype 

CAHS D. The representative ensemble structure shows the extended nature of the central linker, as well as the two 

terminal sticky ends. b) Top panel illustrates the relationship between sequence expansion, disorder, charge density, 

and net charge of CAHS D. Heat map (middle) shows normalized distance between residues as predicted in 

simulations. Blue indicates expansion while orange indicates compaction. The local expansion of the sequence is 

related to the distribution of charged residues shown in the top panel. Higher charge density correlates with a more 

expanded structure, as seen in the modeling. c) Helical wheel plot (HeliQuest, plothelix) demonstrating the distribution 

of charged faces in the linker helix. Yellow residues are hydrophobic, grey residues are non-polar, red residues are 

acidic and blue residues are basic. The central arrow indicates the direction of the hydrophobic moment. d) The ratio 

of alpha helix, disorder, and beta sheet secondary structure propensity determined by CD spectroscopy for CAHS D, 

FL-Proline, C-terminus, Linker and N-terminus. Highest beta sheet content is found in the N-terminus. FL-Proline shows 

reduced beta-sheet content relative to wildtype, indicating that proline disruptions in the C-terminus reduced beta-sheet 

propensity. e) Raw SAXS data for monomeric CAHS D protein (left) and the Kratky transformation (right). Experimental 

data (blue circles) and the form factor calculated from simulations (red lines) were normalized to the zero-angle 

scattering and overlaid. f) CAHS D (black line) radius of gyration determined from simulations, compared radii of a self-

avoiding random coil (blue line) and a gaussian chain (red line), all of equal linear size. g) Proposed mechanism of 

gelation for WT CAHS D. As water is removed from the system, monomers polymerize through beta-beta interactions 

in the termini. These interactions are strengthened as drying progresses. Upon rehydration, CAHS D gel can easily 

depolymerize.

 confirmed substantial helical content in the 

LR (~50%), and beta-sheet content in N-

terminal helical region (~20%) (Fig 2d). 

Contrary to our expectations, we observed 

no residual structure by CD in the C-terminal 

region. We sought to test if the lack of beta 

sheet character seen in CD of the C-terminus 

in isolation could be due to the loss of local 

context provided by the full-length protein. 

We therefore generated a construct with 

three prolines, potent breakers of beta-sheet 

content 36,37, inserted into regions of the C-

terminus bioinformatically predicted to form 

beta-sheets (Fig S3a). CD on this construct 

(FL-Pro) resulted in a full length protein with 

~50% reduced beta-sheet content (Fig. 2d; 

Fig. S3c). Overall these data support the 

predictions that CAHS D exists in a 

dumbbell-like ensemble consisting of ‘sticky’ 

beta-sheet containing termini held apart by 

an extended alpha-helical linker. 36,37  

CAHS gels form through inter-protein 

interactions of beta-sheeted termini.  

A protein with the properties described 

above would be an ideal candidate for 

gelation via the ‘stickers and spacers’ model 

of polymerization38. In this model, discrete 

sites along a protein are designated as 

stickers (regions that contribute attractive 

intermolecular interactions) or spacers 

(regions that do not). In the context of CAHS 

D, the N- and C-terminal regions can be 

considered stickers, while the LR is 

considered a spacer. Moreover, the spacer 

has a large effective solvation volume, 

suppressing phase separation and 

promoting a sol-gel transition, in line with 

prior work.39 Based on our biophysical 

characterization of the monomeric protein, 

we hypothesize that gel formation of CAHS 

D occurs through inter-protein beta-beta 

interactions mediated between termini (Fig. 

2g). Moreover, we predict that intra-protein 

terminal interactions, which would suppress 

self-assembly through valence capping, are 

reduced due to the extended nature of the LR 

(Fig. 2c)40.  

 

If this model of gelation is correct, then 

disrupting the dumbbell-like ensemble of 

CAHS D should lead to a loss of 

polymerization. To test whether gelation of 

CAHS D relies on its dumbbell-like ensemble 
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we generated a range of CAHS D variants 

(Fig. 3a). Consistent with our hypothesis, all 

variants that are predicted to disrupt the 

dumbbell-like ensemble resulted in a loss of 

gelling potential (N, LR, C, NL1, CL1; Fig. 

3a). Unexpectedly, variants that replaced 

one terminal region for another (NLN and 

CLC; Fig. 3a) did not form strong gels at the 

concentrations tested. The diffusion of water 

for all variants was tested from 1-20 mg/mL, 

and linear regressions were determined for 

the full concentration range of each variant. 

When compared at a uniform molar 

concentration of 1mM, the ΔDC linear trends 

for all variants except NLN were significantly 

different from that of CAHS D (Fig. 3d). 

Despite the lack of observed gelation in NLN 

and CLC, these variants still reduced 

diffusion of water dramatically. In fact, the 

ΔDC of NLN was not statistically different 

from CAHS D, yet NLN did not gel (Fig. 3a,d). 

This result implies heterotypic interactions 

between N- and C-termini may be crucial for 

strong gel formation, implicating molecular 

recognition and specificity encoded by the 

termini.  

Interestingly, the 2X Linker variant, which 

maintained the wildtype heterotypic termini, 

but doubled the length of the linker gelled 

rapidly at concentrations below the gelling 

point of the wildtype protein (5 g/L and 15 

g/L, respectively). We believe the length of 

the linker may tune the gel point by 

determining the monomeric molecular 

volume, and consequently setting the 

overlap concentration, a key determinant of 

the gel point.  

Finally, we tested the gelation of our full-

length C-terminal proline mutant (FL-Proline; 

described above; Fig. S3). As mentioned 

above, prolines are potent breakers of beta-

sheet secondary structure and introduction 

of these three prolines results in an ~50% 

loss of beta-sheet content, as seen by CD 

spectroscopy. Consistent with our 

hypothesis that beta-beta interactions 

mediate gelation, our FL-proline variant did 

not gel at any concentrations tested (Fig. 3a).  

Fourier Transform Infrared (FTIR) 

spectroscopy is a powerful tool to study 

secondary structure compositions in a liquid, 

gel, and even dried state. We employed FTIR 

to determine the impact of hydration levels 

on a hydrated CAHS D gel, and desiccated 

CAHS D glasses. We examined desiccated 

CAHS D glasses stored different ambient 

RH, and hydrated gels that were never dried 

(Fig. 3b; Fig. S1a-c). The amide I’ band 

(measured at 1600-1800 cm-1) can be 

decomposed into Gaussian sub-bands, 

which are ascribed to different secondary 

structure contributions. This revealed that 

beta-sheet interactions (green and blue bars) 

were maximal at 95% humidity (Fig. 3b). In 

hydrated gels, gels at 100% RH, and low RH, 

beta-beta interactions accounted for less of 

the total amide band area. For fully hydrated 

gels, lower beta-beta contacts could indicate 

that water can reduce the strength of induced 

folding between the transient beta sheets of 

the termini. The observation that a similar 

loss in beta contacts occurs at very low RH 

raises the possibility that a level of optimal 

hydration exists for stabilizing beta-beta 

contacts within the matrix. 
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Fig. 3: Gelation of CAHS D relies on its dumbbell-like ensemble, and intermolecular beta-beta interactions. a) 

Schematic of the variant structure, the gel propensity of each listed concentration, and photos of the proteins in solution 

at indicated concentrations. Only CAHS D and the 2X Linker variant showed gelation. Future depictions of these 

constructs will include a green “G” next to the cartoon to indicate their ability to form a gel. b) Relative secondary 

structure content of CAHS D as determined by FTIR analysis of the amide I’ band in a glassy matrix at different hydration 

levels, and in the hydrated gel state at a concentration of 16 g/L. The Gaussian sub-bands centered in the wavenumber 

interval (1644-1648 cm-1) are attributed to unordered/helical regions, while the Gaussian components peaking in the 

wavenumber intervals (1619-1628 cm-1) and (1676-1688 cm-1) are indicative of interprotein beta-sheet structures. c) 

ThT fluorescence as a function of concentration for CAHS D, gelatin, NLN, CLC and FL-Proline. CAHS D shows 

concentration dependent increase in beta sheet structure. Gelatin fluorescence is no higher than background, indicating 

no beta-sheet structure. This emphasizes the relationship between beta-sheet stabilization and gelation in CAHS D. 

Once gelation is achieved, beta-sheets become more stable, reinforcing the stickers and spacers model of 

polymerization. NLN and CLC Tht fluorescence indicates that homotypic N-terminal interactions result in significantly 

higher beta sheet content than homotypic C-terminal interactions. Low ThT fluorescence in the FL-Proline construct is 

consistent with the disrupted nature of the C-terminus in this construct, which would reduce the potential for beta-beta 

interaction between molecules. Error bars represent standard deviation.  Significance was determined using a Welch's 

t-test. d) ΔDiffusion Coefficients for all variants at 1 mM, calculated from linear fits for each concentration range (1-20 

mg/mL). Gelling variants 2X Linker and CAHS D have the most slowed diffusion of all variants tested. Error bars 

represent the standard error for the full concentration range for each variant. Significance was determined as a 𝝌2 

analysis of the equality of linear regression coefficients for the full concentration range of each variant, compared to 

that of CAHS D.  

All experiments presented used a minimum of 3 replicates. Asterisks represent significance relative to the wildtype level 

of protection. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, NS is not significant.
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This may relate to the need for higher 

stability while the matrix is undergoing 

drying, and when being rehydrated.  

To further investigate the role in beta-beta 

interactions mediating polymerization of 

CAHS D, we assayed CAHS D solutions at 

ranging concentrations with thioflavin T 

(ThT), which is a commonly used fluorescent 

indicator of amyloid fibrils 41,42 and can report 

on beta-beta interactions. We observed 

increases in ThT fluorescence intensity as a 

function of CAHS D concentration, with the 

most dramatic increase taking place 

between 5 g/L and 10 g/L, suggesting 

nanoscale polymerization of CAHS D 

monomers prior to macroscale gelation (Fig. 

3c). This is in contrast to ThT labeling of 

gelatin, which did not show concentration 

dependent changes in Tht fluorescence and 

was not significantly different from control 

samples (Fig. 3c). ThT labeling performed on 

NLN and CLC variants showed a 

concentration dependent increase of beta-

beta interactions for both constructs, similar 

to CAHS D (Fig 3c). FL-Proline also showed 

beta-beta interactions, which were, as 

expected, at a lesser extent than variants 

with two folded termini. ThT fluorescence 

observed in the variants suggest that 

nanoscale polymerization events are 

occurring between monomers, even with a 

lack of observed sol-gel transition. The 

finding that ThT fluorescence is significantly 

higher in NLN than in CLC samples is 

consistent with bioinformatic predictions (Fig. 

2a) and CD experiments (Fig. 2d), showing 

that the N-terminus contains a higher 

proportion of residues that can form beta-

sheets. 

Holistically, our CD, FTIR, and ThT labeling 

data show that CAHS D gelation is mediated 

by inter-protein beta-beta contacts formed 

through the interaction of the termini, 

consistent with the ‘stickers and spacers’ 

model of polymerization. Our SAXS data and 

bioinformatic analyses show that the 

extended nature of the protein can be 

attributed to the LR, and that this extension 

helps to hold the termini of an individual 

protein apart. This is important for ensuring 

that inter-protein interactions, and not intra-

protein interactions, dominate. 

Polymerization of CAHS D correlates with 

better protection against protein 

unfolding, but not aggregation, during 

desiccation.  

With a molecular understanding of how to 

induce or prevent gelation of CAHS D, we set 

out to determine how CAHS D gelation 

influences robust protection of biological 

material during desiccation. Extreme drying 

can impart a number of stresses on biological 

systems,19,21,43 with protein dysfunctions 

being a major set of common 

perturbations.19,21,43 The two prevalent, and 

non-mutually exclusive, forms of protein 

dysfunction during desiccation are protein 

unfolding and protein aggregation.19 To 

assess protection against protein unfolding 

during drying, an enzymatic lactate 

dehydrogenase (LDH) activity assay is 

commonly employed.5,20,44 LDH is a 140 kDa 

tetrameric enzyme that unfolds and becomes 

irreversibly non-functional during 

desiccation.5,20,45 Furthermore, no detectable 

levels of aggregation of LDH have been 

associated with its non-functional, 

desiccated, state.44,46 In contrast to LDH, the 

enzyme citrate synthase (CS) is known to 

undergo aggregation, and become non-

functional as a result, after successive 

rounds of dehydration and rehydration.46 We 

used our gelling and non-gelling variants of 

CAHS D (Fig. 3a) along with LDH and CS 

assays to determine the extent to which 
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Fig. 4: Gelation promotes protection against protein unfolding, but not aggregation, during desiccation.          a) 

PD50 values (shown left to right, in order from best to worst) of each variant tested in the unfolding assay. Lower PD50s 

correspond with better protective capability. b) PD50 values (shown left to right, in order from best to worst) of each 

variant tested in the aggregation assay. c) Ranking of variants in both the unfolding and aggregation assays, with the 

lowest PD50 (best protectant) at the top and the highest PD50 (worst protectant) at the bottom. All activity assays used 

3 replicates. Significance was determined using a Welch's t-test, of variants protection relative to that of wildtype. 

Asterisks represent significance relative to the wildtype level of protection.*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, 

NS is not significant.

gelation is required for robust protection 

against protein unfolding and aggregation, 

respectively. 

Sigmoidal curves display the percent of LDH 

or CS enzymatic activity that was protected 

as a function of concentration of each 

individual CAHS D variant (Fig. S4). Using 

these sigmoidal curves, a protective dose 

50% (PD50) value was calculated for each 

variant (Fig. 4a,b). Lower PD50 values 

indicate that less protectant is needed to 

preserve 50% of an enzyme’s activity, and 

thus lower values on our PD50 plots indicate 

better protective capacity (Fig. 4a,b).  

The protection data from our LDH assay are 

largely consistent with the idea that gelation 

promotes protection against protein 

unfolding. In this assay, wild type CAHS D 
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and its variants that gel, or may form 

nanopolymers (Fig 3c), out-performed all 

other variants (Fig. 4a). Molecule for 

molecule, the variant that prevented LDH 

unfolding best was the 2x Linker, which was 

more protective and gels at a lower 

concentration than the wildtype CAHS D 

protein (Fig. 4a). Consistent with the idea 

that gelation and polymerization contribute to 

prevent protein unfolding, variants that do 

not gel performed the least well. Variants 

with little-to-no linker content (NL1 and N) 

performed worst at protecting from unfolding. 

These results suggest that the extended LR 

may be the protective unit of CAHS D in 

regards to unfolding, but that gelation, which 

requires terminal regions, also helps to 

promote stabilization of LDH during drying. 

In contrast to our LDH unfolding assay, 

variants of CAHS D tested in our CS 

aggregation assay showed markedly 

different protective capacities. Surprisingly, 

gel formation seemed antagonistic to the 

ability to protect against aggregation, and 

instead the presence of un-gelled/ 

unpolymerized LR emerged as the primary 

determinant of CS aggregation (Fig. 4b). To 

our surprise the 2x linker variant — which is 

most prone to gelation, prevented LDH 

unfolding the best, and contains the most LR 

residues — performed worst out of all 

variants that contain a portion of the LR (Fig. 

4b).  

Given that both assays highlight the 

importance of the LR for protection, we draw 

from these results that gel formation 

sequesters CAHS D, impeding its ability to 

prevent aggregation when aggregate 

dimensions exceed the mesh-size of the gel. 

In contrast, the smaller LDH protein can be 

embedded within the gel, stabilizing it. Taken 

together, our LDH and CS assays show that 

the sequence features of CAHS D that 

optimally provide protection against 

unfolding are distinct from those that prevent 

aggregation (Fig. 4c), which suggests that 

the mechanisms underlying the prevention of 

these unique forms of protein dysfunction are 

distinct.  

The mechanism most often attributed to the 

prevention of desiccation-induced protein 

aggregation is the molecular shielding 

hypothesis.46 This hypothesis posits that 

protein aggregation during desiccation could 

be prevented by protectants that act as 

disordered spacers, either in solution or 

through direct interaction with client proteins 

(or both). These disordered spacers would 

impede molecular interactions between 

aggregation prone molecules. Shielding 

proteins also perform better when they have 

some means of interacting with their client 

proteins. Results from our CS aggregation 

assays are consistent with this mechanism; 

long, non-gel forming variants that include 

protein interaction regions are best at 

preventing aggregation, while conversely 

variants with the lower capacity for 

aggregation protection have the highest 

propensity for gel formation. 

Water coordination is a good predictor of 

protection from protein unfolding, but not 

aggregation.  

Various hypotheses surrounding the 

molecular basis for biological protection 

during desiccation have emerged over the 

last four decades. Among them, the 

vitrification hypothesis states that a 

protectant molecule functions by slowing the 

molecular motion in a system as water is lost, 

leading to the eventual formation of a vitrified 

solid (i.e., a glass). Although tardigrades and 

CAHS proteins form vitrified solids when 

dried, 5,24,25 the effect of water loss and 

gelation of a CAHS D system on diffusion 

has not been assessed.5,24,25 To examine 
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this, TD-NMR experiments were performed 

for CAHS D variants over a range of 

concentrations to measure the diffusion of 

water in the system (Fig. 5a). CAHS D 

variants that showed the greatest ability to 

slow the diffusion of water (2X Linker, NLN, 

and WT CAHS D) also prevented protein 

unfolding best in our LDH assay (Fig. 5d). 

Conversely, those same variants under-

performed in our CS aggregation assay (Fig. 

5d). Aside from the top-performing variants, 

diffusion is not a good predictor of unfolding 

protection, and does not correlate at all with 

protection from aggregation.  

Since slowed diffusion could not fully 

account for the protective trends we 

observed in either our unfolding or 

aggregation protection assays, we looked to 

other hypotheses regarding how a protectant 

may mitigate desiccation damage. The water 

replacement, water entrapment, and 

preferential exclusion are three major 

hypotheses addressing how a protectant 

may compensate for the loss of a stabilizing 

hydrogen bond network (HBN) experienced 

by a client protein during desiccation stress. 

These propose, respectively, that a 

protectant either replace the HBN 

themselves47, preserve a layer of water 

between a client and protectant to maintain 

the HBN48, or exclude water from the 

protectant to crowd the client and maintain 

their HBN49,50. It should be noted that a priori 

these hypotheses regarding HBN 

stabilization are not mutually exclusive with 

the vitrification or molecular shielding 

hypotheses discussed earlier. For example, 

a protectant might help slow molecular 

motion through increasing intracellular 

viscosity and help coordinate residual water 

molecules to hydrate proteins, and form a 

vitrified solid when fully desiccated.  

In an attempt to understand the protection 

trends we see in our unfolding and 

aggregation assays, we used TD-NMR to 

measure T2 relaxation of CAHS D and its 

variants (Fig. 5b) to gain insight into how 

these protectants interact with water. Beyond 

diffusion, TD-NMR can also yield information 

regarding the coordination of water 

molecules in a system.51–55,56 Water 

coordination occurs in phenomena like 

hydration shells, where intermolecular forces 

between a protein and its environment cause 

an organization of water molecules around 

the protein. More dramatic water 

coordination is generally termed 

structuralization, which is characterized by 

strongly organized water, in which the 

freedom of motion of a water molecule is 

restricted, molecular motion is reduced, and 

exchange of individual water molecules of 

the hydration layer are reduced or slowed.57–

62 T2 (also known as spin-spin or transverse) 

relaxation (see supplemental  text for further 

details) reflects the rate at which transversely 

magnetized nuclei decay to equilibrium, or 

lose coherence with one another, during the 

measurement period (increased relaxation 

kinetics; Fig. S5a). T2 is represented as a 

distribution of the decay rate over time, with 

shorter (faster) relaxation times 

corresponding with strongly coordinated or 

structured water molecules, and longer 

(slower) relaxation indicating less 

coordinated water found in bulk liquids (Fig. 

S5b). 

Among our CAHS D variants, we observed a 

remarkable diversity of water coordinating 

properties (Fig. 5b, S5c). The 2X Linker 

variant, which performed best in protecting 
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Fig. 5: Slowed diffusion and coordination of water underlie CAHS D’s ability to promote protection against 
protein unfolding. a) ΔDC for all variants. b) T2 distributions of variants WT CAHS D, 2X Linker, N-terminus, NLN, LR, 
and CLC. (All variants not shown here can be found in Fig. S5c). 2X linker, CAHS D, and NLN show the most shifted 
T2 peak midpoints as a function of concentration. N-terminus also shows a concentration dependent peak shifting, 
however the degree to which T2 is shifted at high concentration is not as dramatic as for the variants just described. c) 
Unfolding PD50 as a function of water coordination per kilodalton for the 1 g/L, 5 g/L and 20 g/L samples. As shown by 
the linear trend of these plots, the water coordination per kilodalton is a strong indicator of unfolding protection. The 
relationship is shown in further detail in (d). d) Ranked table of Unfolding and Aggregation PD50, ΔDC at 1mM, and 
water coordination per kilodalton. The top three variants that protect best against unfolding also show the slowest 
diffusion, however the relationship between ΔDC and unfolding protection breaks down after this point. Comparison of 
the Unfolding PD50 ranking and the water coordination/kilodalton ranking shows a striking relationship. Water 
coordination per kilodalton is a good predictor of unfolding protection. However, no such relationship is seen for 
aggregation protection.

LDH from unfolding and very poorly at 

preventing CS from aggregating, has the 

most dramatically shifted T2 distribution at 20 

g/L, indicating that water molecules are 

highly structured and caged within a dense 

matrix (Fig. 5b). CAHS D also showed 

concentration dependent water coordination, 

albeit to a lesser degree that the 2X Linker 

variant (Fig. 5b). Concentration-dependent 

water coordination was demonstrated to 

some degree by the variants CLC, NLN, and, 

surprisingly, N terminus (Fig. 5b). 

Interestingly, our FL-Proline variant had T2 

values that shifted to the right with increasing 

concentration (Fig.5b), suggesting that 

disrupting of the C-terminus may lead to mild 

water exclusion, possibly through the 

exposure of hydrophobic residues in its 

disrupted C-terminus, which comprise 

27.78% of that region.  

To assess the relationship between water 

coordination and protection, we plotted the 

PD50 for our LDH and CS assays as a 

function of T2 peak midpoints normalized to 

the variant’s MW (T2/MW) at 1, 5, and 20 g/L 

for all variants (Fig. 5c). This represents what 

is essentially water-coordinating ability per 

kDa of protein, and gives insight into the 

degree to which a protein can coordinate 

water when the overall size of each protein is 

taken into account. Normalizing the T2 peak 

midpoint by molecular weight results in a 

strong correlation with prevention of protein 

unfolding, but shows no correlation with 

prevention of aggregation (Fig. 5d; Fig. S5d). 

We were surprised to find that the ability of a 

CAHS D variant to prevent protein unfolding 

during desiccation is directly predicted by the 

amount of water it can coordinate per 

kilodalton.  

Discussion 

In this work we set out to understand the 

mechanism of CAHS D desiccation 

protection. We discovered that CAHS D 

forms thermo-reversible physical gels, an 

observation explained by a model in which 

attractive interactions encoded by the N- and 

C-terminal subregions facilitate 

intermolecular polymerization. In contrast, 

the large central linker region acts as an 

extended highly charged spacer, reducing 

intramolecular interactions and setting the 

gel-point based on the overall protein 

dimensions. Variants that do not gel show 

the best capacity to prevent protein 

aggregation, while, surprisingly, those that 

gel protect poorly against aggregation. 

Conversely, gelling variants promote 

protection against protein unfolding, while 

those variants that do not gel provide the 

least protection from denaturation during 

drying. Taken together, we propose that 

CAHS functions as a Swiss-army knife, 

offering multiple protective capabilities 
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though distinct modes of homotypic and 

heterotypic interactions. 

How does CAHS D form a gel? 

Our results provide direct molecular insight 

into the structural and non-structural 

determinants of gel formation. To our 

surprise, the majority of the CAHS D variants 

tested were unable to form a gel, implying 

gelation is not a generic property of CAHS D-

like proteins, and instead supporting a model 

in which regions of the heterotypic termini 

allow for a degree of specificity which may 

help tune the gelation of the system.  

A possible mechanism for gelation is one in 

which coiled-coils form via the transiently 

helical linker-region, analogous to 

centrosomal assemblies 63,64. Given the 

linker-only variant fails to gel (Fig. 3A), this 

appears an unlikely mode of assembly. An 

alternative model is one in which - like gelatin 

- non-specific hydrophobic helical 

interactions drive assembly 65,66. However, 

differences in network structure, ThT 

sensitivity, and T2 relaxation rates for water 

all implicate a CAHS-based mode of 

assembly distinct from gelatin. 

Bioinformatic predictions, all-atom 

simulations, SAXS, FTIR and CD 

spectroscopy, and ThT fluorescence assay 

all support a model in which the CAHS 

termini transiently flicker into and out of beta-

sheeted conformations. Moreover, this beta 

sheet content increases upon gelation. In 

conjunction with the dumbbell-like 

conformational ensemble from all-atom 

simulations, we interpret this data in terms of 

a stickers and spacers model, whereby 

termini can be considered stickers while the 

linker is a single, well-solvated spacer.38 The 

presence of a well-solvated spacer matches 

predictions that propose spacer solvation 

state can tune the balance between phase 

separation with gelation vs. sol-gel 

transitions without phase separation. As 

such, we propose CAHS D has evolved to 

undergo sol-gel transitions while 

simultaneously suppressing liquid-liquid 

phase separation.  

Since only WT CAHS D and the 2x linker 

variant showed discernible gelation under 

the concentration ranges we tested, we 

conclude that strong gelation is driven by 

heterotypic interaction between the N- and 

C-termini. Surprisingly, variants in which the 

N-terminal domain is replaced by the C-

terminal domain (CLC) or vice versa (NLN) 

failed to undergo gelation under the 

conditions tested. This observation hints at 

sequence-specific molecular interactions 

that may prevent unwanted CAHS D 

interaction with other cellular clients. Finally, 

the extended state of the highly charged 

linker supports a model in which it impedes 

intramolecular interaction. We note that 

given the CAHS D linker is among the most 

well-mixed high charge sequences in the 

tardigrade proteome, this may represent a 

specific evolutionarily selected trait. 

Taken together, our data support a model in 

which CAHS D forms a novel molecular 

topology that encodes a mode of 

intramolecular interactions tuned to 

extended, networked gels.  

Is gelation important for desiccation 

tolerance? 

Our CAHS D variants, in conjunction with 

unfolding and aggregation assays, provide 

disparate results regarding the importance of 

gelation in terms of providing desiccation 

protection to proteins. Variants that do not 

gel show the best capacity to prevent protein 

aggregation, while those that gel protect 

poorly against aggregation. Conversely, 

gelling variants promote protection against 
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protein unfolding, while those variants that 

do not gel provide the least protection from 

denaturation during drying.  

Protein aggregation and unfolding are not 

the only perturbations induced by 

desiccation in biological systems. With this in 

mind, CAHS gelation may serve to prevent 

other types of damage. For example, 

gelation may help to maintain spatial 

organization of the cytoplasm and/or provide 

spacing between membranes of organelles 

that would otherwise collapse and fuse with 

one another during drying. It is also possible 

that other TDPs may work in concert with 

CAHS D, to modulate its activity in a 

tardigrade experiencing drying, or other 

environmental stresses.  

What promotes protection against 

aggregation? 

Our data shows that protection from 

aggregation is likely to be mechanistically 

distinct from protection from unfolding. No 

trends observed for unfolding matched 

trends seen in aggregation assays. In fact, 

ΔDC at 1 mM protectant (Fig 3d) was almost 

perfectly anti-correlated with aggregation 

protection, seeming to indicate that slower 

diffusion inhibits aggregation protection. This 

would seem to rule out the classic vitrification 

hypothesis from participating in CAHS D-

mediated aggregation protection.  

By contrast, the molecular shielding 

hypothesis describes protectants as entropic 

springs, which physically separate clients 

from one another. If we envision a molecular 

shield as primarily functioning through 

aggregation protection, rather than 

maintaining folding, then a mechanism 

involving slow diffusion may not be 

advantageous. In order to function well, a 

shielding protein may need only to take up 

space. If we consider this in relation to 

gelation, we might initially expect that the gel 

structure would serve this purpose well. 

However, gel formation would also inhibit the 

dynamic movement of protectants around 

clients, which would limit a protectant’s ability 

to isolate clients from one another. 

Additionally, it is possible that aggregation 

prone proteins could become trapped 

together within the space of the gel fiber, with 

no mobile protectant molecules available to 

keep the clients separate. This is consistent 

with our observations that gelling protectants 

perform poorly at preventing aggregation. 

We believe this may be related to the size of 

the mesh in which clients are embedded, as 

well as the size of the client itself. LDH is a 

large tetramer of approximately 140 kDa (Rg 

= 3.1 nm) , while CS is smaller, at roughly 85 

kDa (Rg = 2.3 nm). It is possible that the gel 

meshwork formed by wild type CAHS D and 

its gelling variants accommodate too many 

CS molecules, allowing for buildup of 

aggregates over several cycles of 

drying/rehydration.  

What promotes protection against protein 

unfolding during desiccation?  

Perhaps surprisingly, protection from 

unfolding is not limited to variants that can 

gel. In all variants, water coordination per 

kilodalton was most correlated with unfolding 

protection. For example, the NLN variant did 

not form gels in the concentration range we 

tested, and its ΔDC was nearly identical to 

WT CAHS D, yet it had a significantly lower 

PD50 for unfolding protection. FL-Proline 

and CLC also closely matched in water 

coordination per kDa, and their protective 

capability as gauged by LDH PD50 were 

within 0.01 mM.  

Taken together, this data signals the relative 

importance of water coordinating capability 

in protecting a client protein’s native fold, 

which in turn provides evidence for the 
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importance of accounting for hydration when 

considering the proposed mechanisms for 

desiccation protection. Based on our work, 

we propose that water entrapment, wherein 

the protectant traps a layer of hydrating water 

between itself and the client protein,48,50 is 

the major mechanism driving protection from 

unfolding in CAHS D. This may occur within 

the larger framework of either vitrification or 

molecular shielding.  

Different protective mechanisms for 
different phases of drying. 
Surviving desiccation is not about surviving a 

singular stress, but rather surviving a 

continuum of inter-related stresses that can 

be broken down into ‘drying,’ ‘dry,’ and 

‘rehydrating’ phases.  

During drying, the need to prevent 

aggregation may be more pressing than the 

need to maintain hydration around client 

proteins, in order to mitigate a cascade of 

aggregation, where sensitive proteins that 

may destabilize early lead to increasing 

damage throughout the cell by aggregating 

with functional or partially destabilized 

proteins. The formation of protein 

assemblies from cellular aggregates has 

been implicated in many examples of 

proteostatic dysregulation.67 Monomeric 

CAHS D could be performing important 

shielding functionalities, sequestering 

denatured proteins from the rest of the cell’s 

proteins. This would help preserve functional 

proteins during the critical early stages of 

drying, when a cell is adapting to water loss, 

by preventing the formation of large, 

damaging protein aggregates within the cell.  

As further water is lost and protectant 

concentration increases, CAHS D function 

transitions from a primarily shielding 

mechanism to primarily hydrating and 

slowing mechanism of desiccation 

protection, through gelation. Small, micro-

scale polymers of CAHS D would form, 

slowing down molecular motions. As 

polymers grow and combine into a network, 

clients become locked into the meshwork of 

the gel. This polymer network could provide 

a bridge to the vitrified solid or ‘dry’ state; it 

has slowed motion more than a liquid, but not 

as much as is expected in a vitrified solid, 

and it serves to coordinate any remaining 

water to the surface of client proteins. This 

mitigates the water loss experienced by the 

clients, allowing them to retain their native 

fold for as long as possible. By the time 

dehydration overwhelms the protectant’s 

capacity to hold water, a vitrified solid has 

formed. At this point, even though the client’s 

native fold may no longer be stabilized by a 

hydrogen bond network, unfolding still does 

not occur because of the degree to which 

molecular motion has been reduced.  

The final phase of surviving desiccation is to 

rehydrate and return to active biological 

functions. The role of CAHS proteins during 

rehydration, if any, has yet to be elucidated, 

but the ability of these proteins to quickly 
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Fig. 6: Proposed mechanism for CAHS D mediated protection against desiccation induced protein aggregation 

and unfolding. The left hand panels show what occurs in the unfolding assay, while the right hand panels show the 

aggregation assay Unfolded proteins are displayed as squiggly lines, while aggregated proteins are displayed as 

orange clumps. Top panels of each display the system without protectants, while the lower panel of each shows the 

system with wildtype CAHS D. As water is lost, polymerization begins in samples with CAHS D. Water is coordinated 

along the linker and to some degree the N-terminus of CAHS D. In the unfolding assay, only a single LDH molecule 

can fit within the pores formed during polymerization, while multiple CS molecules can be present in the same pore. 

This is due to the relative sizes of the client proteins in each assay. As samples become fully dry and enter a vitrified 

solid state, some water remains coordinated by the linker, but most water has been lost. Upon rehydration, the matrix 

readily depolymerizes and releases molecules from the gel structure.
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resolvate from a dried state is likely an 

essential step in efficiently returning the 

rehydrating system to activity. The 

mechanisms underlying this rapid re-

solvation are intriguing, as many amyloids 

seen in pathologies are not easily resolved. 

Our FTIR data, showing that beta-sheet 

structure in vitrified CAHS D glass is optimal 

at low levels of hydration, and decreases as 

hydration of the glass increases, indicates 

that quick resolvation of CAHS D could be 

due to a hydration dependent disruption of 

beta-beta interactions. Though the 

mechanism underlying CAHS D re-solvation 

remains to be determined, the ability of this 

protein to break-down its glassy matrix and 

release the protected, functional biological 

material embedded within it, is likely 

essential for robust anhydrobiosis in 

tardigrades. Schematic representations of 

our model for how CAHS D and its variants 

behave during the drying, dry, and 

(re)hydrated phases of anhydrobiosis are 

shown in Fig. 6 and Fig. S6. 

Multiple mechanisms likely combine to 

promote desiccation tolerance 

Since Antonie van Leeuwenhoek first found 

that he could reanimate ‘animicules’ by 

hydrating dry dust with sterile water, the 

question of how life can persist in the 

absence of nearly all water has been one of 

the enduring mysteries of organismal 

physiology. As reviewed above, several 

compelling hypotheses (molecular shielding, 

vitrification, water replacement, water 

entrapment, and preferential exclusion) have 

been put forward to explain the potential 

mechanism underlying anhydrobiosis. Often, 

these hypotheses are considered in 

isolation, but many of these hypotheses are 

not mutually exclusive, meaning that 

different mediators of desiccation tolerance, 

or even a single mediator, could work 

through multiple mechanisms to promote 

survival during drying. Previously it has been 

reported that tardigrades and their CAHS 

proteins vitrify5,24,25 and consistent with this 

we see that during gelation of CAHS D 

viscosity increases and diffusion is slowed. 

Simultaneously, we observe that CAHS D 

gelation leads to strong coordination of 

water. Both these properties: slowed 

diffusion and water coordination, correlate 

with the ability of CAHS D to prevent protein 

unfolding - suggesting that this phenomenon 

is mediated through mechanisms related to 

both the vitrification and water coordination 

hypotheses. Furthermore the ability of the 

FL-Proline variant, which is locked into a 

monomeric state, to very effectively prevent 

aggregation of citrate synthase implies that 

WT CAHS D may work as a molecular shield 

when the concentration is lower than its 

gelation point.  

Thus, our work provides empirical evidence 

of not only multiple mechanisms likely 

contributing to desiccation tolerance, but 

also that these mechanisms may be 

mediated by a single molecule. 

CAHS proteins function in multiple forms 

of stress tolerance 

Interestingly, CAHS proteins not only 

promote desiccation tolerance, but are also 

known to provide protection against other 

forms of abiotic stress, such as freezing. 

While freezing and drying share some 

overlap in terms of stresses induced, for 

example loss of liquid water, there are also 

clear differences. Not only are the 

perturbations induced by these stresses 

generally distinct, but the global 

transcriptomic responses to freezing and 

drying in tardigrades are highly divergent5. 

This is important because owing to their lack 

of intramolecular bonds and relatively high 
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surface area, IDP ensembles are in general 

highly influenced by their environment. Given 

that freezing and drying result in changes to 

the intracellular environment both in terms of 

abiotic (e.g., temperature) and biochemical 

(e.g., small molecules) there is good reason 

to think that the ensemble state and 

functional properties of CAHS proteins would 

differ between these conditions. Given the 

ability of CAHS D to act through multiple 

mechanisms during desiccation, it will be 

interesting to see what similarities and 

differences there are in terms of how this 

‘molecular Swiss army knife’ promotes 

different forms of abiotic stress tolerance. 
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Methods 

Cloning 

All variants and wildtype CAHS D were 

cloned into the pET28b expression vector 

using Gibson assembly methods. Primers 

were designed using the NEBuilder tool 

(nebuilder.neb.com), inserts were 

synthesized as gBlocks and purchased from 

Integrated DNA Technologies (idtdna.com). 

 

Protein Expression 

Expression constructs were transformed in 

BL21 (DE3) E. coli (New England 

Biosciences, Cat. #C2527H), and plated on 

LB agar plates containing 50 µg/mL 

Kanamycin. At least 3 single colonies were 

chosen for each construct and tested for 

expression. 

Large-scale expression was performed in 1 

L LB/Kanamycin cultures, shaken at 37⁰C 

(Eppendorf Innova S44i) until an OD600 of 

0.6, at which point expression was induced 

using 1 mM IPTG. Protein expression 

continued for four hours, after which cells 

were collected at 4000 g at 4°C for 30 

minutes. Cell pellets were resuspended in 10 

mL of resuspension buffer (20 mM tris, pH 

7.5, 30 µL protease inhibitor [Sigma Aldrich, 

Cat. P2714]). Pellets were stored at -80⁰C. 

 

Protein Purification 

Bacterial pellets were thawed and heat lysis 

was performed. Pellets were boiled for five 

minutes and allowed to cool for 10 minutes. 

All insoluble components were removed via 

centrifugation at 5,000 g at 10°C for 30 

minutes. The supernatant was sterile filtered 

with 0.45 µm and 0.22 µm syringe filters 

(EZFlow Syringe Filter, Cat. 388-3416-

OEM). The filtered lysate was diluted 1:2 in 

purification buffer UA (8 M Urea [Acros 

Organics, CAS No. 57-13-6], 50 mM sodium 

acetate [Tocris CAS No. 127-09-3], pH 4). 

The protein was then purified using a cation 

exchange HiPrep SP HP 16/10 (Cytiva, Cat. 

29018183) on the AKTA Pure 25 L (Cytiva, 

Cat. #29018224), controlled using the 

UNICORN 7 Workstation pure-BP-exp 

(Cytiva, Cat. #29128116). Variants were 

eluted using a gradient of 0-50% UB (8 M 

Urea, 50 mM sodium acetate, and 1 M NaCl, 

pH 4), over 20 column volumes. 

 

Fractions were assessed by SDS-PAGE and 

pooled for dialysis in 3.5 kDa MWCO dialysis 

tubing (SpectraPor 3 Dialysis Membrane, 

Part No. 132724). For all variants except 
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CLC, pooled fractions were dialyzed at 25°C 

for four hours against 2 M urea, 20 mM 

sodium phosphate at pH 7.0, then 

transferred to 20 mM sodium phosphate at 

pH 7 overnight. This was followed by six 

rounds of 4 hours each in Milli-Q water (18.2 

MΩcm). Dialyzed samples were quantified 

fluorometrically (Invitrogen Qubit 4 

Fluorometer, REF Q33226), aliquoted in the 

quantity needed for each assay, lyophilized 

(Labconco FreeZone 6, Cat. 7752021) for 48 

hours, then stored at -20°C until use. CLC 

was dialyzed in 2M urea, 20 mM Tris at pH 7 

for four hours, followed by 6 rounds of 4 

hours each in 20 mM Tris pH 7. CLC samples 

were quantified using Qubit4 fluorometer as 

described, concentrated using Amicon spin-

concentrators (Millipore-Sigma) to the 

desired concentration and used immediately. 

 

Visual gelation and heat/dilution gel 

resolubilization assay 

Quantitated and lyophilized protein samples 

were transferred as powder into NMR tubes 

(Wilmad Lab Glass, WD-4001-7) and 

resuspended in 500 µL of water to a final 

concentration of 5 g/L, 10 g/L, 15 g/L, and 20 

g/L. Samples were left at room temp for 5 

minutes to solubilize. If solubilization was not 

occurring (as determined visually), samples 

were moved to 55°C for intervals of 5 

minutes until solubilized. If solubilization was 

not progressing at 55°C after 10 minutes of 

heating (as determined visually), then 

samples were transferred 95°C for 5 minute 

intervals until fully solubilized. 

 

Solubilized proteins were transferred from 

heat blocks to the bench and left at ambient 

temperature for 1 hour. Tubes were then 

loaded horizontally into a clamp holder and 

photographed. Gelation was visually 

assessed by the degree of solidification or 

flow of the sample in the NMR tube. 

 

After 1 hour at ambient temperature, proteins 

that had been found to form gels were 

transferred to a 55°C heat block for 1 hour. 

After an hour samples were returned to the 

photographic clamp holder and imaged 

immediately to confirm that gelation had 

been disrupted. Sample where placed 

upright on the bench at ambient temperature 

for 1 hour and allowed to reform gels and 

then imaged again as above. 

 

A duplicate sample of 20 g/L CAHS D was 

prepared as described, and assayed for 

dilution resolubility. Buffer (Tris, 20 mM pH 7) 

was added to the gel to bring the final 

concentration of solvated CAHS D to 5 g/L, 

which is below the gelation point of the 

protein. Sample was photographed 

immediately after addition of buffer, and left 

to resolubilize. Sample completely dissolved 

within 30 minutes of buffer addition.  

 

Helical Wheel Generation 

Helical wheel plots were generated using 

the HeliQuest sequence analysis module. 

CAHS D linker was used as the base 

template, with the ⍺-helix option chosen as 

the helix type to model. A window size of 36 

amino acids was used.  

 

Scanning electron microscopy and critical 

point drying 

Protein samples were heated to 95°C for 5 

minutes and 50 µl of each sample were 

transferred to microscope coverslips. 

Samples were fixed in a 2.5% glutaraldehyde 

/ 4% paraformaldehyde solution for 10 

minutes. Samples were then dehydrated in 

an ethanol series going from 25%, 50%, 

75%, 3x 100% with each incubation time 

being 10 minutes. Dehydrated samples were 

prepared for imaging using critical point 

drying (Tousimis Semidri PVT-3) and 
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supporter coating (Cressington 108 Auto). 

Imaging was performed on a Hitachi S-

47000 scanning electron microscope. 

  

 

SAXS  

All SAXS measurements were performed at 

the BioCAT (beamline 18ID at the Advanced 

Photon Source, Chicago). SAXS 

measurements on monomeric CAHS were 

collected with in-line size exclusion 

chromatography (SEC-SAXS) coupled to the 

X-ray sample chamber to ensure the protein 

was monomeric. Concentrated protein 

samples were injected into a Superdex 200 

increase column (GE Lifesciences) pre-

equilibrated in a buffer containing 20 mM Tris 

pH 7, 2 mM DTT, and 50 mM NaCl. 

Scattering intensity was recorded using a 

Pilatus3 1M (Dectris) detector placed 3.5 m 

from the sample, providing a q-range from 

0.004-0.4 Å-1. One-second exposures were 

acquired every two seconds during the 

elution. Data were reduced at the beamline 

using the BioXTAS RAW 1.4.0 software.68 

The contribution of the buffer to the X-ray 

scattering curve was determined by 

averaging frames from the SEC eluent, 

which contained baseline levels of integrated 

X-ray scattering, UV absorbance, and 

conductance. Baseline frames were 

collected immediately pre- and post-elution 

and averaged. Buffer subtraction, 

subsequent Guinier fits, and Kratky 

transformations were done using custom 

MATLAB (Mathworks) scripts. 

CAHS samples were prepared for SAXS 

measurements by dissolving 5 mg/mL 

lyophilized CAHS protein into a buffer 

containing 20 mM Tris pH 7 and 50 mM 

NaCl. Samples were incubated at 60°C for 

20 minutes to ensure the sample was 

completely dissolved. Samples were syringe 

filtered to remove any remaining undissolved 

protein before injecting 1 mL onto the 

Superdex 200 column. 

SAXS data for CAHS gels were obtained by 

manually centering capillaries containing 

premade gels in the X-ray beam. Data was 

recorded as a series of thirty 0.2 second 

exposures, but only the first exposure was 

analyzed to minimize artifacts from X-ray 

damage. The final analyzed data was 

corrected for scattering from the empty 

capillary and a buffer containing capillary. 

CAHS gel containing samples were made by 

dissolving 100 mg/mL lyophilized protein in a 

buffer containing 20 mM Tris pH 7 and 50 

mM NaCl. The sample was incubated for 20 

minutes at 60°C to ensure the protein was 

completely dissolved. Double open-ended 

quartz capillaries with an internal diameter of 

1.5 mm (Charles Supper) were used to make 

the samples. Dissolved protein was directly 

drawn into the capillary via a syringe. 

Concentration gradients were generated by 

layering the protein with buffer. Both ends of 

the capillary were then sealed with epoxy. 

Samples were allowed to cool for 5 hours 

prior to measurement. Data were collected 

along the concentration gradient by 

collecting data in 2 mm increments vertically 

along the capillary. 

All data analysis was done using custom 

MATLAB (Mathworks) scripts. First, an 

effective concentration was calculated by 

assuming the maximum concentration was 

100 mg/mL and scaling the remaining 

samples by the integrated intensity of the 

form factor. It should be noted that the actual 

concentration could be significantly less than 

100 mg/mL in the maximum concentration 

sample. Data was fit to an equation 

containing three elements to describe the 

features apparent in the scattering data. The 

high-angle form factor was modeled using a 
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Lorentzian-like function to extract the 

correlation length and an effective fractal 

dimension. 

𝐼(𝑞)  =  
𝐴1

1 +(𝑞𝜉)𝑑         (1) 

 

The correlation length is given by 𝜉 and is 

related to the mesh size inside the fiber 

bundles seen in SEM images. The fractal 

dimension, 𝑑, is related to the density of the 

mesh. 

No clear correlation length was observed in 

the smallest angle data, and thus a power 

law was used to account for this component. 

The exponent 𝑑, is related to the nature of 

the interface inside and outside of the 

bundles. 

𝐼(𝑞)  ∼ 𝐴2 ∗ 𝑞−𝑑              (2) 

Finally, a Lorentzian peak was used to fit the 

diffraction peak that is apparent at higher 

concentrations. The width of the peak, B, 

appeared constant and was thus fixed so 

that the amplitude could be accurately 

extracted. 

𝐼(𝑞)  ∼
𝐴3

1 + |
𝑞−𝑞0

𝐵
|
2     (3) 

 

In all fit components, Ax is a scale factor. 

Thioflavin T Assay 

Proteins were dissolved in phosphate 

buffered saline, pH 7.2 (Sigma Aldrich, Cat# 

P4244). A solution of 400 µM Thioflavin T 

(Sigma Life Science, Cat# T3516) was 

prepared in Dimethyl Sulfoxide (Sigma 

Aldrich, D-8779), and diluted to 20 µM in 

PBS for use in the assay. 25 µl of each 

solution were combined into a 96-well plate 

(Costar, Ref. 3596) and incubated for 15 

minutes at room temperature in the dark. 

Fluorescence was measured using a plate 

reader (Tecan, Spark 10M) with an excitation 

at 440 nm, emission was collected at 486 

nm. CLC was suspended in 20 mM tris buffer 

pH 7.5, the Thioflavin T was diluted in this 

buffer as well when using CLC.  

  

Lactate Dehydrogenase Protection Assay 

LDH desiccation protection assays were 

performed in triplicate as described 

previously.5 Briefly, protectants were 

resuspended in a concentration range from 

20 g/L to 0.1 g/L in 100 µL resuspension 

buffer (25 mM Tris, pH 7.0). Rabbit Muscle 

L-LDH (Sigma-Aldrich, Cat 10127230001) 

was added to this at 0.1 g/L. Half each 

sample was stored at 4°C, and the other half 

was desiccated for 17 hours without heating 

(SAVANT Speed Vac Concentrator 

###vacuum pump). Following desiccation all 

samples were brought to a volume of 250 µL 

with water. The enzyme/protectant mixture 

was added 1:10 to assay buffer (100 mM 

Sodium Phosphate, 2 mM Sodium Pyruvate 

[Sigma-Aldrich P0582], 1 mM NADH [Sigma-

Aldrich 10128023001], pH 6). Enzyme 

kinetics were measured by NAD+ 

absorbance at 340 nm, on the NanodropOne 

(Thermo Scientific). The protective capacity 

was calculated as a ratio of NAD+ 

absorbance in desiccated samples relative to 

non-desiccated controls. 

  

Citrate Synthase Protection Assay 

The Citrate Synthase Kit (Sigma-Aldrich Cat. 

CS0720) was adapted for use in this assay. 

All samples were prepared in triplicate, 

except desiccated negative control samples, 

which were prepared in quadruplicate, so 
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that the extra sample could be used for 

assessment of desiccation efficiency. 

Concentration of gelatin (Sigma, Gelatin 

from Porcine Skin; G2500, Bloom 300) was 

determined based on an average mass of 

150 kDa. Lyophilized variants were 

resuspended in either purified water 

(samples to be desiccated) or 1X assay 

buffer (control samples) to a concentration of 

20 g/L, and diluted as necessary for lower 

concentrations. Citrate synthase (Sigma-

Aldrich Cat. C3260) was added at a ratio of 

1:10 to resuspended protectants. Non-

desiccated control samples were measured 

as described in the assay kit immediately 

following resuspension. Desiccated samples 

were subjected to 5-6 rounds of desiccation 

and rehydration (1 hour speedvac 

desiccation [SAVANT, SpeedVac SC110] 

followed by resuspension in water). 

Following the 5th round of desiccation, a 

negative control sample was resuspended 

and assayed to determine if activity 

remained. If the negative control sample 

retained more than 10% activity, a 6th round 

of desiccation/rehydration was performed. 

After the final round of desiccation, samples 

were resuspended in 10 μL of cold 1X assay 

buffer. Samples were diluted 1:100 in the 

assay reaction mixture supplied, and all 

subsequent steps followed the kit 

instructions. The colorimetric reaction was 

measured for 90 seconds at 412 nm using 

the Spark 10M (Tecan). 

 

TD-NMR sample preparation 

Quantitated and lyophilized protein samples 

were transferred as powder into 10 mm TD-

NMR tubes (Wilmad Lab Glass, WD-4001-7) 

and resuspended in 500 µL of water to a final 

concentration of 1 g/L, 5 g/L, 10 g/L, 15g/L, 

and 20 g/L. Samples were left at room temp 

for 5 minutes to solubilize. If solubilization 

was not occurring (as determined visually), 

samples were moved to 55˚C for intervals of 

5 minutes until solubilized. If solubilization 

was not progressing at 55˚C after 10 minutes 

of heating (as determined visually), then 

samples were transferred 95˚C for 5 minutes 

intervals until fully solubilized. Samples were 

allowed to return to room temperature before 

being stored at 4˚C. Measurements were 

taken within 72 hours following solubilization.  

  

Measurement of T2 relaxation 

NMR was performed using a Bruker mq20 

minispec low-field spectrophotometer, with a 

resonance frequency of 19.65 MHz. 

Samples were kept at 25 ˚C during 

measurements through the use of a chiller 

(F12-MA, Julabo USA Inc.) circulating a 

constant-temperature coolant. T2 relaxations 

were measured using a Carr-Purcell-

Meiboom-Grill (CPMG) pulse sequence with 

8000 echoes, and an echo time of 1000 µs. 

Pulse separation of 1.5 ms, recycle delay of 

3 ms, 32 scans was used for all samples. 

Gain was determined for each sample 

individually, and ranged from 53-56. 

Conversion of the free induction decay to T2 

relaxation distribution was processed using 

the CONTIN software provided by Bruker. 

Each variant was measured for the full 

concentration range, along with a buffer only 

sample (water or 20 mM Tris pH 7) in a single 

day. 

 

Measurement of Diffusion Coefficients 

The diffusion coefficient was determined by 

the pulsed field gradient spin echo (PFGSE) 

method using a gradient pulse of 0.5 ms, 

gradient pulse separation 7.51416 ms, 90°–

180° pulse separation 7.51081 ms and 90° 

first gradient pulse of 1 ms. Each variant was 

measured for the full concentration range, 

along with a buffer only (water or 20 mM Tris 

pH 7) on the same day that T2 data was 

collected. 
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Fourier Transform Infrared (FTIR) 

Measurements 

FTIR absorption measurements of CAHS D 

gels, dehydrated glasses, and CAHS D 

glasses embedding RC were performed at 

room temperature using a Jasco Fourier 

transform 6100 spectrometer, equipped with 

a DLATGS detector. Spectra in the mid-IR 

range (7000–1000 cm-1) were acquired using 

a standard high-intensity ceramic source. To 

determine the relative content in secondary 

structure of CAHS D, second and fourth 

derivative spectra in the amide I’ region were 

calculated using the i-signal program 

(version 2.72) included in the SPECTRUM 

suite 

(http://terpconnect.umd.edu/~toh/spectrum/i

Signal.html) written in MATLAB language. 

Amide I’ bands were decomposed into 

Gaussian components by using a locally 

developed least-squares minimization 

routine69; the peak wavenumber of Gaussian 

sub-bands were allowed to be varied over 

narrow intervals centered at the values 

indicated by the peaks detected in the 

second and fourth derivative spectra, while 

the areas and the widths were treated as 

unconstrained parameters. 

 

The kinetics of the amide H/D exchange 

(HDX) in CAHS D glassy matrices has been 

followed by recording the onset of the amide 

II’ band around 1450 cm-1, approximately 

100 cm-1 downshifted compared to the amide 

II mode in H2O70, during incubation with 

saturated D2O solutions of LiCl or NaCl, 

providing a relative humidity of 11% or 75% 

respectively. 

 

The residual water content of CAHS D-RC 

and trehalose-RC glassy matrices, 

equilibrated at different relative humidity 

values, was determined by FTIR 

spectroscopy from the area of the (ν2+ν3) 

combination band of water at 5155 cm-1, 

using the absorption band of the RC at 802 

nm as an internal standard.71 To this end, 

optical measurements were extended to the 

NIR region (15000-2200 cm-1) using a 

halogen lamp source, replacing the Ge/KBr 

with a Si/CaF2 beam splitter and the KRS-5 

with a CaF2 exit interferometer window. The 

water content, determined primarily as 

(H2O/RC) molar ratio, has been expressed 

as the ratio (mass water/mass dry matrix). 

When evaluating the mass of dry matrix, we 

included the CAHS protein, the RC and the 

detergent belt of the RC formed by 289 

LDAO molecules71 plus 14 molecules of free 

LDAO per RC. 

  

Time resolved optical absorption 

spectroscopy 

The RCs were isolated and purified from the 

photosynthetic bacterium Rb. sphaeroides 

R-26.72 The kinetics of charge recombination 

between the primary photo oxidized electron 

donor (P+) and the primary photo reduced 

acceptor (QA
-) were measured by time-

resolved optical absorption spectroscopy, by 

recording the absorbance change at 422 nm 

following a 200 mJ light pulse (7 ns width) 

provided by a frequency doubled Nd:YAG 

laser, essentially as described.73  

 

Proteome-wide bioinformatics 

The full tardigrade proteome 

(tg.default.maker.proteins.fasta) was taken 

from 

https://github.com/sujaikumar/tardigrade as 

assembled previously.74 The proteome file 

was pre-processed using protfasta 

(https://protfasta.readthedocs.io/), IDRs 

predicted with metapredict75 and IDR kappa 

values calculated using localCIDER.76,77  

Metapredict identified 35,511 discrete IDRs 
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distributed across 39,532 proteins in the 

tardigrade proteome.  

 

Kappa provides a metric to quantify the 

degree of charge patterning, such that 

sequences with a lower kappa value have a 

more even distribution of charged residues.  

 

Dimension estimates for LDH and CP 

Radii of gyration for LDH and CP were 

calculated from the tetramer structure in 

PDB:1I10 and for the monomeric CP in 

PDB:3ENJ.78,79 

 

All-atom simulations 

All-atom simulations were run using the 

ABSINTH implicit solvent model and 

CAMPARI Monte Carlo simulation engine 

(https://campari.sourceforge.net/). ABSINTH 

simulations were performed with the ion 

parameters derived by Mao et al.80 The 

combination of ABSINTH and CAMPARI has 

been used to generate experimentally-

validated ensembles for a wide range of 

IDRs 81–83.  

 

Simulations were performed for the full-

length CAHS D protein starting from a 

randomly generated non-overlapping 

starting state. Monte Carlo simulations 

update the conformational state of the 

protein using moves that perturb backbone 

dihedrals, and sidechain dihedrals, and rigid-

body coordinates of all components 

(including explicit ions). 

 

Ten independent simulations were run for 

150,000,000 steps each in a simulation 

droplet with a radius of 284 Å at 310 K. The 

combined ensemble generated consists of 

69,500 conformations, with ensemble 

average properties computed across the 

entire ensemble where reported.  

 

Given the size of the protein, reliability with 

respect to residue-specific structural 

propensities is likely to be limited, such that 

general trends should be taken as a 

qualitative assessment, as opposed to a 

quantitative description. Simulations were 

analyzed using soursop 

(https://github.com/holehouse-lab/soursop) 

and MDTraj 84. 
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