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Abstract

Tardigrades, also known as water bears, make up a phylum of small but extremely hardy 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 gel
formation of CAHS D is driven by intermolecular B-B interactions. We find that gel formation
corresponds with strong coordination of water and slowing of water diffusion. The degree of water
coordination correlates with the ability of CAHS D to protect lactate dehydrogenase from unfolding
when dried. This implies that the mechanism for unfolding protection can be attributed to a
combination of hydration and slowed molecular motion. Conversely, rapid diffusion leading to
efficient molecular shielding appears to be the predominant mechanism preventing protein
aggregation. Our study demonstrates that distinct mechanisms are required for holistic protection
during desiccation, and that protectants, such as CAHS D, can act as molecular ‘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 (Crowe and Clegg, 1973). Extreme drying can impart a number of stresses on
biological systems (Boothby, 2019; Boothby and Pielak, 2017; Hesgrove and Boothby, 2020),
with protein dysfunctions being a major set of common perturbations (Boothby, 2019; Boothby
and Pielak, 2017; Hesgrove and Boothby, 2020). The two prevalent, and non-mutually exclusive,
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forms of protein dysfunction during desiccation are protein unfolding and protein aggregation
(Hesgrove and Boothby, 2020).

Many desiccation-tolerant organisms protect their cells from drying induced damage by
accumulating non-reducing sugars, such as sucrose (Yathisha et al., 2020) or trehalose (Erkut
et al., 2011; Laskowska and Kuczynska-Wisnik, 2020; Mitsumasu et al., 2010; Tapia et al., 2015;
Tapia and Koshland, 2014). The enrichment of disaccharides was long thought to be a universal
feature of desiccation tolerance. However, several robustly anhydrobiotic organisms, such as
tardigrades and rotifers, do not accumulate high levels of sugars during drying (Boothby et al.,
2017; Hengherr et al., 2008; Lapinski and Tunnacliffe, 2003). Instead, these animals use a diverse
array of intrinsically disordered proteins (IDPs) to provide adaptive protection against desiccation
(Boothby et al., 2017; Boothby and Pielak, 2017; Denekamp et al., 2010; Hesgrove and Boothby,
2020; Piszkiewicz et al., 2019; Tripathi, 2012; Tripathi et al., 2012).

One example of stress tolerant IDPs are Cytoplasmic Abundant Heat Soluble (CAHS)
proteins, which are employed by tardigrades to survive desiccation (Boothby et al., 2017; Boothby
and Pielak, 2017; Hesgrove and Boothby, 2020; Piszkiewicz et al., 2019). A model CAHS protein,
CAHS D, is required for anhydrobiosis and provides desiccation protection when heterologously
expressed in yeast and bacteria (Boothby et al., 2017). In vitro, CAHS D can protect lactate
dehydrogenase (LDH) from denaturation when subjected to desiccation and rehydration (Boothby
et al.,, 2017; Boothby and Pielak, 2017). However, a holistic molecular understanding of how
CAHS proteins confer desiccation tolerance remains unknown.

A general mechanism proposed to explain desiccation tolerance is the vitrification
hypothesis (Crowe et al., 1998). This hypothesis hinges on slowed molecular motion reducing the
frequency and speed of damaging processes, such as protein unfolding. In the early stages of
drying, protection is proposed to occur through inducing high viscosity in the system, slowing
diffusion and molecular motion. Once in the vitrified solid state, molecular motion is slowed so
dramatically that biological processes are essentially stopped, preventing further degradation of
the system. While it has been shown that tardigrades and their CAHS proteins form vitrified solids,
vitrification is not mutually exclusive with other potential mechanisms of desiccation tolerance
(Boothby, 2021; Boothby et al., 2017; Boothby and Pielak, 2017; Hengherr et al., 2009; Hesgrove
and Boothby, 2020).

Here we set out to further understand the mechanism(s) that underlie desiccation
protection of client proteins by CAHS D. We present evidence that CAHS D can undergo a sol-
gel transition in a concentration- and temperature-reversible manner. To understand how gelation
impacts desiccation tolerance, we combined rational sequence design with a suite of
complementary structural and biophysical techniques. Unexpectedly, we found that the
mechanisms underlying protein stabilization do not correlate with the inhibition of protein
aggregation, revealing that protection against these two major forms of protein dysfunction are
mechanistically distinct. We also find that CAHS D’s interactions with water, as measured through
T, relaxation, 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 provides avenues for pursuing applications such as the engineering of stress
tolerant crops, and the stabilization of temperature sensitive therapeutics in a dry state.
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88 Results

89

90 CAHS D undergoes a sol-gel transition

91  CAHS D (Uniprot: POCU50) is a highly charged 227-residue protein that is predicted to be fully

92 disordered (Boothby et al., 2017; Hesgrove and Boothby, 2020; Yamaguchi et al., 2012). During

93 its expression and purification, it was observed that CAHS D undergoes a sol-gel phase transition,

94  transitioning from a liquid into a solid gel state (Figure 1a). CAHS D gelation is concentration

95 dependent: solutions below ~10 g/L (0.4 mM) remain diffuse, solutions 10 g/L - 15 g/L are

96 increasingly viscous, and above ~15 g/L (0.6 mM), form robust gels (Figure 1a).

97 Gelation is reversible through heating (Figure 1a) and dilution (Figure 1b). Reversibility

98  suggests that gelation is driven by non-covalent physical crosslinks, as opposed to chemical

99 crosslinks which would yield an irreversible gel (Almdal et al., 1993). The thermal dependence of
100 the sol-gel transition suggests that favorable enthalpy drives gelation, rather than the hydrophobic
101 effect, since hydrophobic interactions are stabilized by increasing temperature (Dignon et al.,
102  2019; Dill et al., 1989; van Dijk et al., 2015). This is reinforced by the reversibility seen through
103  resolvation (Figure 1b), which would not lead to dissolution of hydrophobic interactions. Thus,
104  gelation is driven by non-hydrophobic, non-covalent interactions such as hydrogen bonding, polar
105 interactions, or charge interactions (Dignon et al., 2019).
106 High-resolution imaging reveals that CAHS D gels form reticular networks (Figure 1c). A
107  fine meshwork of CAHS D fibers is interspersed with large pores (Figure 1c, Figure 1 — figure
108  supplement 1a bottom left). This topology is similar to gels formed by gelatin, (Figure 1c) and
109  morphologically distinct from crystalline solids formed by lysozyme (Figure 1c). The
110  macromolecular architecture of CAHS D gels is reminiscent of that formed by synthetic polymers,
111 in which relatively sparse physical crosslinks underlie the network connectivity (McComb et al.,
112 2019). This implies that specific regions of CAHS D may drive intermolecular interactions.
113 Further investigation of the reticular mesh of the gel formed by CAHS D was pursued with
114 small-angle X-ray scattering (SAXS) using a concentration gradient of the protein (Figure 1 - figure
115  supplement 1a). We observed the concentration-dependent emergence of a scattering peak,
116  indicative of a repeating structure approximately 9.5 nm in size (Figure 1 - figure supplement 1a
117  top panels). This feature size corresponds well with the ~10 nm fibers observed in our SEM
118  imaging (Figure 1 - figure supplement 1a top-left panel). SAXS also allowed us to determine the
119 mesh-size within the fibers, which shrunk in a concentration-dependent manner from ~26 A at low
120 CAHS D concentration, to ~20 A at higher concentrations, consistent with greater structural
121 integrity at higher concentrations (Figure 1 - figure supplement 1a bottom-right panel).

122  Gelation Slows Diffusion, Vitrification Inmobilizes Proteins

123  Slowed molecular motion through high viscosity and eventual vitrification is a cornerstone
124 hypothesis in desiccation tolerance (Buitink and Leprince, 2004; Crowe et al., 1998). To determine
125  how molecular motion is impacted in CAHS D gels, we assessed the diffusion of water in solutions
126  of varying CAHS D concentration using low-field time-domain nuclear magnetic resonance
127  spectroscopy (TD-NMR). This method is commonly used to determine the diffusion of water and
128  oils within liquid, gel, and even solid materials (Alacik Develioglu et al., 2020; Rondeau-Mouro et
129 al., 2019).

130 CAHS D dramatically slowed the diffusion of water, both below and above its gelation
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131 point (15 g/L, 0.6 mM) (Figure 1d). Gelatin, which forms gels through entwined triple helices,
132  slowed diffusion more than CAHS D. In contrast, lysozyme, a non-gelling protein, slowed diffusion
133  much less than both gelling proteins (Figure 1d).

134 To probe the degree to which hydration influences immobilization of the vitrified gel matrix,
135  we performed hydrogen deuterium exchange (HDX) on dried and rehydrated gels at low and high
136  relative humidities (RH=11% and RH=75%, respectively; Figure 1e). HDX experiments can
137  distinguish between a tightly packed, conformationally restricted matrix (slow exchange), and a
138 loosely packed pliable matrix (rapid exchange). At both relative humidities, the kinetics appear
139  biphasic (Figure 1e). The major phase occurs quickly for both samples, but much faster in
140 RH=75% (minutes) than RH=11% (tens of minutes) (Figure 1e bottom panel). The minor phase,
141  present in both samples, is much slower (days). The limited total exchange (37%) observed at
142 RH=11% is likely due to a substantial fraction of the CAHS amide groups in the matrix being
143  excluded from contact with the deuterated atmosphere. Such an exclusion indicates tight packing
144  of the CAHS protein within the matrix, and strong inhibition of conformational fluctuations
145  decreasing accessibility of peptide amide groups to the deuterated atmosphere. This is consistent
146  with the observation that, when incubated at RH=75%, the fraction of deuterated amide groups
147  (83%) is more than doubled. The higher hydration level of the matrix at RH=75% (see the
148  stretching D2O band in Figure 3 — figure supplement 1c) plasticizes the protein, increasing
149  conformational fluctuations and amide accessibility to atmosphere. When both samples are kept
150 at RH=100%, they both achieve the same level of HDX as a solubilized protein (Figure 1e, dashed
151 line), indicating that the total amides competent for exchange in each protein sample is equivalent
152  when fully hydrated. Therefore we conclude that increased HDX rates of CAHS D amides (Figure
153  1e) were strongly correlated with humidity, demonstrating dehydration-dependent immobilization
154  of the CAHS D vitrified matrix.

155 In summary, biochemical, imaging, and biophysical assessment of CAHS D demonstrate
156  that this protective protein undergoes a sol-gel transition, likely driven by assembly through non-
157  covalent, non-hydrophobic interactions, and that the dynamics of the gel and embedded client
158  proteins is dramatically influenced by the level of residual moisture in the system. The strong
159  responsiveness of CAHS D to hydration and its ability to slow water diffusion has implications for
160  the molecular mechanisms of client protein protection.

161  Dumbbell-like Ensemble of CAHS D

162  CAHS proteins are highly disordered (Boothby et al., 2017; Hesgrove and Boothby, 2020), so
163  standard structural studies are not feasible (Boothby et al., 2017; Hesgrove and Boothby, 2020).
164 Instead, we performed all-atom Monte Carlo simulations to assess the predicted ensemble-state
165  adopted by monomeric CAHS D proteins. Simulations revealed a dumbbell-like ensemble, with
166  the N- and C-termini of the protein forming relatively collapsed regions that are held apart from
167  one another by an extended and highly charged linker region (LR) (Figure 2a, Movie 1). Moreover,
168  meta-stable transient helices are observed throughout the linker region (LR), while transient 3
169  sheets are observed in the N- and C-terminal regions (Figure 2a, Figure 2 — figure supplement

170 1a&b).
171
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173 Figure 1: Gel properties of CAHS D. a) Reversible temperature and concentration dependent gelation of CAHS D.
174 CAHS D at 20°C (top panel) shows gelation beginning at 15 g/L (0.6 mM), while at 50°C gelation is not observed in any
175 concentration. Once cooled, gel formation recurs at 15 g/L. b) Dilution of 20 g/L (0.8 mM) CAHS D gel in 20mM Tris
176 buffer results in resolvation. ¢) SEM images of lysozyme (248X), gelatin (35,000X), and CAHS D (11,000X and
177 110,000X). Images show the reticular nature of CAHS D gel structure is similar to that of gelatin. All SEM imaging was
178 performed with proteins at 50 g/L. d) A Diffusion coefficients for lysozyme (pink), CAHS D (blue), and gelatin (gold).
179 Gelled proteins show more dramatic slowing of ADC than non-gelling lysozyme, in a concentration dependent manner.
180 Linear regressions for the full concentration range are shown as dotted lines, with R? presented for each fit. A minimum
181 of three measurements were used to calculate average diffusion values for all proteins at all concentrations. e) Kinetics
182  of amide HDX in CAHS D glassy matrices. Left panel: CAHS vitrified gels at uniform initial hydration level were exposed
183 to a D20 atmosphere at RH=11% (black symbols) or RH=75% (blue symbols). Subsequently both were transitioned to
184 pure D20 atmosphere (RH=100%), which demonstrated that both dried gels showed similar HDX when fully saturated
185 (supplemental text for more details). The dashed line represents the value of the amide II’ band area normalized to the
186 area of the amide I’ band area. Right panel is an expansion of the left panel, showing the initial phase of the HDX
187 kinetics. Source data for Figure 1 is available in files: Figure 1d - Source Data 1.xlsx and Figure 1e - Source Data

188  1.xisx.

189

190 To validate simulations, we performed SAXS on monomeric CAHS D. The radius of
191  gyration (Ry) — a measure of global protein dimensions — we obtained was 4.84 nm (simulation
192 Ry = 5.1 nm), and the aligned scattering profiles obtained from simulation and experiment show
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193  good agreement (Figure 2e, Figure 2 —figure supplement 1c). These dimensions are substantially
194  larger than those expected if a protein of this size was either folded (R, = 1.5 - 2.5 nm) or behaved
195 as a Gaussian chain (Ry = 3.8 nm), yet smaller than a self-avoiding random coil (Ry = 6.5 nm)
196  (Figure 2f).

197 The expanded nature of CAHS D derives from the LR, which contains a high density of
198  well-mixed oppositely charged residues (Figure 2b, Figure 2 — figure supplement 1d), preventing
199  its conformational collapse (Das and Pappu, 2013; Holehouse et al., 2017). The transient helices
200 formed in the LR have an amphipathic nature, (Figure 2a-c, Figure 2 — figure supplement 1a) and
201  are predicted to have a hydrophobic and a charged face (Hesgrove and Boothby, 2020) (Figure
202  2c). We note that the CAHS D linker is among the most well-mixed, high-charge sequences in
203 the entire tardigrade proteome (Figure 2 — figure supplement 2c); thus the extended nature of this
204  sequence likely represents a functional, evolutionarily selected trait.

205 Circular dichroism (CD) spectroscopy confirms the largely disordered nature of full-length
206 CAHS, with some propensity for a-helical and B-sheet formation (Figure 2d). CD spectroscopy
207  performed on truncation mutants containing only the LR or N-terminal region confirmed
208 substantial helical content in the LR (~50%), and B-sheet content in the N-terminal region (~20%)
209  (Figure 2d). We observed no residual structure by CD in the isolated C-terminal region, contrary
210 to the predicted B-sheet content. This could be caused by the loss of sequence context in the
211  truncated terminus, so we inserted three structurally disruptive prolines (Imai and Mitaku, 2005;
212  Williams et al., 2004) into the predicted C-terminal B-sheets of the full-length protein (Figure 3 —
213  figure supplement 1a). CD on FL-Proline showed a ~50% reduction in B-sheet content relative to
214  wildtype (Figure 2d; Figure 1 — figure supplement 1b), confirming the B-sheet nature of the C-
215  terminus.

216 Overall these data indicate that CAHS D exists in a dumbbell-like ensemble, which moves
217  through conformational states consisting largely of B-sheeted termini held apart by an extended
218  a-helical linker.

219

220  Gelation is Driven by Terminal Interactions

221 A dumbbell-like protein with beta-sheeted termini would be an ideal candidate for gelation via the
222  ‘stickers and spacers’ model (Choi et al., 2020; Li et al., 2012). In this model, discrete sites along
223  a protein that contribute attractive intermolecular interactions are designated as stickers while
224  non-interactive regions are spacers. Here, the N- and C-terminal regions of CAHS D can be
225  considered stickers, while the LR is a spacer. When the spacer has a large effective solvation
226  volume, like the expanded linker of CAHS D, phase separation is suppressed in favor of a sol-
227  gel transition (Harmon et al., 2017). Moreover, we predict that intra-protein terminal interactions,
228 which would suppress assembly through valence capping, are reduced by the separation
229  enforced through the extended LR (Figure 2c) (Sanders et al., 2020). Based on our biophysical
230 characterization of the monomeric protein, we hypothesized that gel formation of CAHS D occurs
231  through inter-protein B- interactions mediated between termini (Figure 2g).
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Figure 2. CAHS D gelation is driven by the stickers and spacers model. a) Biocinformatic predictions of secondary
structure characteristics (top) and representative conformational global ensemble model (bottom) of CAHS D showing
the extended central linker and sticky termini. b) Top panels illustrate the relationship between sequence expansion,
disorder, charge density, and net charge of CAHS D. Heat map (bottom) shows normalized distance between residues
as predicted in simulations. ¢) Helical wheel plot (HeliQuest, plothelix) shows the distribution of charged faces in a
predicted linker helix. Colors represent the amino acid type (yellow, hydrophobic; grey, non-polar; red, acidic; and blue,
basic). The arrow indicates the direction of the hydrophobic moment. d) The ratio of a helix, disorder, and B sheet
secondary structure propensity determined by CD spectroscopy for CAHS D, FL-Proline, C-terminus, Linker and N-
terminus. e) Raw SAXS data for monomeric CAHS D protein (left) and the Kratky transformation (right). Experimental
data (black circles) and the form factor calculated from simulations (green lines) were normalized to the zero-angle
scattering and overlaid. f) CAHS D (black) radius of gyration determined from simulations, compared radii of a self-
avoiding random coil (blue) and a gaussian chain (red), of equal linear size. g) Proposed mechanism of gelation for WT
CAHS D. As water is removed from the system, monomers assemble through B-B interactions in the termini. These
interactions are strengthened as drying progresses. Upon rehydration, CAHS D gel can easily disassemble as seen in
Figure 1c. Source data for Figure 2 is available in files: Figure 2d - Source Data 1.xIsx, Figure 2e — Source Data 1.zip
and on GitHub.
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253 To test this, we generated a range of CAHS D variants (Figure 3a) which disrupt the
254  dumbbell-like ensemble, and thus should not gel. Consistent with our hypothesis that (3-8
255 interactions drive gelation, all variants lacking at least one termini resulted in a loss of gelation (N,
256 LR, FL-Proline, NL1, CL1; Figure 3a, Figure 3 —figure supplements 3a&b). Unexpectedly, variants
257  that replaced one terminal region for another (NLN and CLC; Figure 3a) also did not form gels
258  under the conditions tested. These results show that heterotypic interactions between N- and C-
259 termini are crucial for strong gel formation, implicating molecular recognition and specificity
260 encoded by the termini. Interestingly, the 2X Linker variant, which maintained heterotypic termini
261  but doubled the length of the linker, gelled rapidly at 5 g/L (0.1 mM), well below the gelling point
262  of the wildtype protein at 15 g/L (0.6 mM) (Figure 3a). Thus, the length of the linker may tune the
263 gel point by determining the monomeric molecular volume, setting the overlap concentration,
264  which is a key determinant of the gel point (Colby, 2010; Sakumichi et al., 2021).

265

266  Optimal Hydration for 3-8 Stability

267  Using Fourier-transform infrared spectroscopy (FTIR) we observed that B-sheet interactions are
268 maximal in CAHS glasses at 95% relative humidity (RH), and lowest in fully hydrated gels and
269 glasses at 11% RH (Figure 3b). This raises the possibility that there is an optimal hydration level
270  for stabilizing B-B contacts, which may relate to the need for higher stability while the matrix is
271 undergoing drying or rehydration.

272 To confirm the role of B-B interactions in gelation, we assayed CAHS D solutions at ranging
273  concentrations with thioflavin T (ThT). ThT is used as a fluorescent indicator of amyloid fibrils
274  (Biancalana et al., 2009; Wu et al., 2009), and can report on 3-f interactions (Ge et al., 2018;
275 Namioka et al., 2020; Peccati et al., 2017). We observed increases in ThT fluorescence intensity
276  as a function of CAHS D concentration, with the most dramatic increase between 5 — 10 g/L (0.2
277 - 0.4 mM), suggesting nucleation & assembly of CAHS D monomers prior to gelation at 15 g/L
278 (0.6 mM) (Figure 3c). Gelatin did not show concentration dependent changes in ThT fluorescence
279  and was not significantly different from buffer controls (Figure 3c). ThT labeling of NLN and CLC
280 variants showed a concentration-dependent increase in fluorescence, with more interactions
281  shown in NLN than CLC (Figure 3c), consistent with the predicted degree of B-sheet content in
282  each (Figure 2a&d). FL-Proline B-B interactions were lesser than variants with two folded termini,
283 as expected. These data suggest that B-B interactions increase parallel to gelation and that
284  assembly events are occurring between monomers, prior to an observed system-wide sol-gel
285 transition.

286  Together, our SAXS data and bioinformatic analyses show that the extended nature of the protein
287  can be attributed to the LR, and that this extension helps to hold the termini of an individual protein
288 apart. CD, FTIR, and ThT labeling data show that CAHS D gelation is mediated by inter-protein
289  B-B contacts formed through the interaction of the termini, which are influenced by hydration.
290
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292  Figure 3: Gelation of CAHS D relies on its dumbbell-like ensemble, and intermolecular B-p interactions. a)
293 Schematic of the variant structure, the gel propensity of each listed concentration, and photos of the proteins in solution
294 at indicated concentrations. Only CAHS D and the 2X Linker variant showed gelation. Future depictions of these
295 constructs include a green “G” next to the cartoon to indicate their ability to form a gel. b) Relative secondary structure
296 content of CAHS D as determined by FTIR analysis of the amide I band in a glassy matrix at different hydration levels,
297 and in the hydrated gel state at a concentration of 16 g/L (0.6 mM). The Gaussian sub-bands centered in the
298 wavenumber interval (1644-1648 cm™') are attributed to unordered/helical regions, while the Gaussian components
299 peaking in the wavenumber intervals (1619-1628 cm™') and (1676-1688 cm™') are indicative of interprotein B-sheet
300  structures. c) Thioflavin T (ThT) fluorescence as a function of concentration for CAHS D, gelatin, NLN, CLC and FL-
301 Proline. Error bars represent standard deviation. Significance determined using a Welch's t-test. All experiments
302 presented used a minimum of 3 replicates. Asterisks represent significance relative to wild type CAHS D. *p<0.05,
303  **p<0.01, ***p<0.001, ****p<0.0001, NS is not significant. Source data for Figure 3 is available in files: Figure 3b -
304  Source Data 1.xIsx and Figure 3c - Source Data 1.xIsx.
305
306  Mechanistic Determinants of Protection
307  Protein gelation is uncommon in a biologically relevant context, and in these instances is often
308 functional (Boni et al., 2017; Kesimer et al., 2010). This led us to wonder if gelation of CAHS D is
309 linked to protection. The enzyme lactate dehydrogenase (LDH) unfolds and becomes irreversibly
310  non-functional (Boothby et al., 2017; Piszkiewicz et al., 2019; Rani, 2019), but does not aggregate
311 (Chakrabortee et al., 2012; Popova et al., 2015), during desiccation and an LDH activity assay is
312  commonly employed to measure protection against unfolding (Boothby et al., 2017; Piszkiewicz
313 etal, 2019; Popova et al., 2015).
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314 Figure 4: Gelation promotes protection against protein unfolding, but not aggregation, during desiccation.
315 Unfolding(a) and aggregation (b) PD50 values (shown left to right, in order from best to worst) of each variant.. Lower
316 PD50s correspond with better protective capability. Significance was determined for both (a) and (b) using a Welch's
317 t-test, of variant’s protection relative to that of wildtype. ¢) Ranking of variants in both the unfolding and aggregation
318 assays, with the lowest PD50 (best protectant) at the top and the highest PD50 (worst protectant) at the bottom.

319 Refer to (a) and (b) for information on relative protective ranking of each variant. Green G indicates that a variant is
320 gel forming. d) ADiffusion Coefficients for all variants at 1 mM, calculated from linear fits for each variant’s full

321 concentration range (1-20 mg/mL). Error bars represent the standard error for the full concentration range for each
322 variant. Significance was determined as a y? analysis of the equality of linear regression coefficients for the linear fit
323 of each variant, compared to that of CAHS D. All experiments used a minimum of 3 replicates. Asterisks represent
324  significance relative to the wildtype.*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, NS is not significant. Source data for
325 Figure 4 is available in files: Figure 4a - Source Data 1.xlsx, Figure 4b - Source Data 1.xIsx and Figure 4d - Source
326  Data 1.xlsx.

327

328

329 In contrast, citrate synthase (CS) forms non-functional aggregates after successive rounds
330 of dehydration and rehydration (Chakrabortee et al., 2012). We tested all gelling and non-gelling
331  variants (Figure 3a) using both assays, to determine how gelation influences CAHS D protective
332 capacity (Figure 4a&b, Figure 4 — figure supplement 1), and were surprised to see that while
333 gelling variants prevented unfolding best, they performed least well at preventing aggregation
334  (Figure 4a&b, Figure 4 — figure supplement 1), suggesting that different forms of protein
335 dysfunction are prevented through distinct mechanisms.
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336

337  Determinants of Aggregation Protection

338 The mechanism most often attributed to the prevention of desiccation-induced protein
339  aggregation is the molecular shielding hypothesis (Chakrabortee et al., 2012; Furuki et al., 2020;
340 Hatanaka et al., 2013). This posits that protein aggregation can be prevented by protectants that
341  act as disordered spacers, which impede interactions between aggregation prone molecules
342  (Chakrabortee et al., 2012; Furuki et al., 2020; Goyal et al., 2005; Hatanaka et al., 2013). Shielding
343  proteins generally have some means of interacting with client proteins, although the interactions
344  are weak (Chakrabortee et al., 2012; Furuki et al., 2020; Hatanaka et al., 2013; Ikeda et al., 2020).
345 Results from our CS aggregation assay are consistent with this mechanism; the presence
346  of extended LR with a single terminus emerged as the primary determinant of CS aggregation
347  prevention (Figure 4b). Meanwhile, the presence of two folded termini seemed antagonistic to
348  aggregation protection, suggesting that higher order assembly, made possible by two termini, is
349  detrimental to preventing aggregation.

350 To determine the role of diffusion in protection, we measured diffusion of water and
351 compared this with aggregation protection (Figure 4c,d). We found that neither aggregation
352  protection nor diffusion were dependent on molecular weight or gelation. For example, FL-Proline
353 (~25 kDa) is best at aggregation protection, does not form gels, and has much faster water
354  diffusion than CAHS D (~25 kDa). On the other hand, NLN (~31 kDa) slowed diffusion nearly
355 identically to CAHS D, yet did not form gels, and ranked 6th at protecting from aggregation (CAHS
356 D was ranked 7th) (Figure 4c,d).

357 We found that diffusion at 1mM normalized to the variant’'s molecular weight loosely
358 followed an inverse trend, where faster diffusion trended with lower aggregation PD50s (Figure
359  5d, Figure 5 — figure supplement 2d). In general, the higher linker content a variant contained, the
360 Dbetter it performed at aggregation protection, so long as the variant also had a single folded
361  terminus. Variants with a greater than 75% proportion of N-terminal content (NL1 and N-terminus),
362  were outliers to this trend, both by having a high PD50 with fast diffusion (N-terminus), and by
363  having a very low PD50 with slow diffusion (NL1). This is an interesting result that indicates that
364 the N-terminus may in some way impact the relationship between diffusion and aggregation
365  protection.

366 The negative relationship between diffusion and aggregation protection conflicts with key
367 aspects of the vitrification hypothesis. However, if we consider aggregation protection to be
368  primarily driven through molecular shielding, then this antagonism between anti-aggregation
369  activity and diffusion can be understood more clearly. Slowed diffusion would dampen dynamic
370 movement of protectants around clients, limiting client isolation, making the protectant a less
371  effective aggregation shield. This suggests that rapid diffusion may be a key part of molecular
372  shielding.

373

374  Determinants of Unfolding Protection

375  Gelation and diffusion also cannot fully explain protection against unfolding. For example, NLN
376  did not gel, had diffusion identical to that of CAHS D, and was more protective against unfolding
377  damage than CAHS D. Thus, neither diffusion nor gelation alone can predict unfolding protection.
378 A potential driver of unfolding protection is the amount of extended LR present in a variant.
379  This is true both in dual-termini variants, and in single-termini variants. An example is found by
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380 the higher protection afforded by CL1 (9.7 kDa Linker content) versus NL1 (2.9 kDa Linker
381  content). Monomer assembly, even if it does not ultimately lead to gelation, is critical for unfolding
382  protection. All variants with two folded termini were either better or equivalent to CAHS D unfolding
383  protection. This property, however, cannot predict protection displayed by variants with only one
384  folded terminus.

385 Taken together, our LDH and CS assays show that linker content is a driver of protection
386 in both forms of protein dysfunction. However, the context of the linker ultimately determines its
387  functionality. The properties that drive unfolding protection are distinct from those that dictate
388  aggregation protection (Figure 4c), again implying that the mechanisms underlying prevention of
389 these unique forms of protein dysfunction are distinct.

390

391 Water coordination predicts unfolding, but not aggregation, protection.
392  Since gelation, assembly, linker content, and diffusion do not fully account for the protective trends
393 observed in our unfolding assay, we looked to other mechanistic hypotheses regarding
394  desiccation protection to explain how this form of protection might be mediated.

395 The water entrapment hypothesis addresses how a protectant may compensate for the
396 loss of a stabilizing hydrogen bond network (HBN) experienced by a client protein during
397  desiccation stress. This hypothesis proposes that the protectant coordinates a layer of water
398 between itself and the client protein, to maintain the client's HBN (Belton and Gil, 1994).

399 To understand how CAHS D and its variants interact with water, TD-NMR was used to
400 measure T relaxation (Figure 5a). T» relaxation yields information regarding the coordination of
401  water molecules in a system (Ghi et al., 2002; Kaivarainen et al., 1984; Qiao et al., 2019; Wang
402 etal., 2018; Zheng et al., 2006). Strongly coordinated water molecules are structurally organized,
403 have reduced motion overall and less freedom of motion, and slower exchange within hydration
404 layers (Adhikari et al., 2020; Ahmed et al., 2014; Laage et al., 2017; Lerbret et al., 2012; Pattni et
405 al., 2017; Raschke, 2006). Therefore, faster T relaxation times correspond with coordinated or
406  structured water molecules, and slower relaxations indicate less coordinated water, such as is
407  found in bulk liquids (Figure 5 — figure supplement 1a).

408 Among our CAHS D variants, we observed a remarkable diversity of water coordinating
409 properties (Figure 5a, Figure 5 — figure supplement 1b). Concentration-dependent water
410 coordination was found, in order of strength, in 2X linker, CAHS D, CLC, NLN, and N-terminus
411 (Figure 5a). For a deeper understanding of the relationship between water coordination and
412  protection, we plotted the PD50 for our LDH and CS assays as a function of the major T» peak
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413

414 Figure 5: Slowed diffusion and coordination of water underlie CAHS D’s ability to promote protection against
415 protein unfolding. a) T2 distributions of variants WT CAHS D, 2X Linker, N-terminus, NLN, LR, and CLC. (All variants
416 not shown here can be found in Figure 5 — figure supplement 1b). 2X linker, CAHS D, and NLN show the most shifted
417 T2 peak midpoints as a function of concentration. b) Legend for plots in (c-e). ¢) Unfolding PD50 as a function of water
418 coordination per kilodalton for the 1 g/L. As shown by the linear trend of these plots, the water coordination per kilodalton
419 is a strong indicator of unfolding protection. The relationship is shown in further detail in (). d) Aggregation PD50 as
420 a function of water diffusion at 1 mM per kilodalton. As shown, there is not a strong correlation between these properties.
421 e) Single variable plots of Unfolding PD50, water coordination per kilodalton, Aggregation PD50, and ADC at 1mM.
422 The top three variants that protect best against unfolding also show the slowest diffusion, however the relationship
423 between ADC and unfolding protection breaks down after this point. Comparison of the Unfolding PD50 ranking and
424  the T2/kDa ranking shows a striking relationship. However, no such relationship is seen for aggregation protection
425 (Figure 5 — figure supplement 2a&d). Source data for Figure 5 is available in files: Figure 5a - Source Data 1.xlsx,
426 Figure 5¢ - Source Data 1.xIsx, Figure 5d - Source Data 1.xIsx, and Figure 5e - Source Data 1.xlsx.
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427  midpoints normalized to the variant's MW (To/MW) at 1 g/L for all variants (Figure 5b,c). This
428  represents what is essentially water-coordinating ability per kDa of protein, and gives insight into
429 the degree to which a protein can coordinate water when the overall size of each protein is taken
430 into account. We were surprised to find a strong correlation between To/kDa and unfolding
431  protection (Figure 5c¢) which was not replicated in aggregation protection data (Figure 5 — figure
432  supplement 2a).

433 This further reinforces the notion that CAHS D uses disparate mechanisms to protect from
434  different forms of protein damage; molecular shielding for aggregation protection and vitrification
435  and water coordination for protein unfolding. The relationship between T relaxation and unfolding
436  protection signals the relative importance of water coordinating capability in protecting a client
437  protein’s native fold, which in turn provides evidence for the importance of accounting for
438 hydration when considering the proposed mechanisms for desiccation protection.

439

440 Discussion

441 In this work we set out to understand the drivers of CAHS D desiccation protection. We show that
442  CAHS D forms reversible physical gels, an observation explained by a model in which attractive
443 interactions encoded by the N- and C-terminal regions facilitate intermolecular self-assembly. In
444  contrast, the large central linker region acts as an extended, highly charged spacer, reducing
445  intramolecular interactions and setting the gel-point based on the overall protein dimensions.
446  From a functional perspective, neither gelation nor diffusion correlate directly with prevention of
447  protein aggregation or unfolding. Protection from unfolding is influenced by structural features but
448 can be directly related to a variant’s ability to coordinate water. Aggregation protection, on the
449  other hand, seems to be favored in systems with more rapid diffusion that do not form higher
450  order assemblies.

451 Based on our results, we propose that water entrapment, wherein the protectant traps a
452  layer of hydrating water between itself and the client protein (Belton and Gil, 1994; Shimizu and
453  Smith, 2004), is the major mechanism driving CAHS D-mediated unfolding protection.
454  Conversely, molecular shielding provides the best explanation of the trends observed for
455  aggregation protection. We propose that CAHS D functions as a molecular Swiss Army Knife,
456  offering multiple protective capabilities though distinct mechanisms.

457
458  Dynamic Functionality for the Dynamic Process of Drying
459  Surviving desiccation is not about surviving a singular stress, but rather surviving a continuum of

460 inter-related stresses. During early drying, the need to prevent aggregation may outweigh the
461 need to maintain hydration of most cellular proteins. At this early stage, monomeric or low-
462  oligomeric CAHS D could be performing important shielding functionalities to mitigate a cascade
463  of aggregation. Such an aggregation cascade has been implicated in proteostatic dysregulation
464  (Klaips et al., 2018). Aggregation protection during early drying would help preserve functional
465  proteins during a critical window when the cell must adapt to water loss.

466 As drying progresses and further water is lost, CAHS D concentration increases(Boothby
467 etal., 2017) and its primary function may transition from aggregation prevention to protection
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468

469 Figure 6: Proposed mechanism of protection against desiccation induced protein aggregation and unfolding.
470 Schematics depict the proposed mechanisms occurring within the meshwork of CAHS D fibers. The left panels show
471 what occurs in the case of protein unfolding, while the right panels illustrate protein aggregation. Top panels display
472 the system without protectants, while the lower panel of each shows the system with wildtype CAHS D. As water is
473 lost, self-assembly begins in samples with CAHS D. Water is coordinated along the linker and to some degree the N-
474 terminus of CAHS D. As samples enter a vitrified state, some water remains coordinated by the linker, but most water
475 has been lost. Upon rehydration, the matrix readily disassembles and releases molecules from the gel structure.

476 Inferred behaviors of CAHS variants can be found in Figure 6 — figure supplement 1 and Figure 6 — figure supplement
477 2 for protein unfolding and aggregation, respectively.
478

479  against unfolding. As small oligomers of CAHS D grow and combine, clients could become
480 trapped between assembled CAHS D. This would enable CAHS D to hold coordinated water to
481  the surface of the entrapped clients, hydrating them and maintaining their hydrogen bonding
482  networks. These smaller assemblies would slow diffusion in the system more and more as they
483  condense to form the gel fibers observed in SEM (Figure 1c).

484 This fibrous network of gelled CAHS D could provide a bridge from the drying phase to
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485  the fully dried vitrified solid phase. Molecular motion in a CAHS D gel is slower than a liquid, but
486  faster than a vitrified solid, and residual water can be coordinated and held to the surface of client
487  proteins. This would mitigate the water loss experienced by client proteins, allowing them to retain
488 their native fold for as long as possible. By the time dehydration overwhelms CAHS D’s capacity
489 to hold water, a vitrified solid will have formed. At this point, even though the client’s native fold
490 may no longer be stabilized by a hydrogen bond network; full unfolding still would not occur
491  because of the degree to which molecular motion is reduced in the vitrified solid.

492 The final phase of surviving desiccation is to rehydrate and return to active biological
493 functions. CAHS D gels easily solubilize after gelation, indicating that they can rehydrate,
494  resolvate, and release entrapped, protected clients, likely an essential step in efficiently returning
495  the rehydrating organism to activity.

496 Our work provides empirical evidence that multiple mechanisms contribute to desiccation
497  tolerance, and that these mechanisms can be mediated by a single protectant molecule.

498
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516 Materials and Methods

517

518  Cloning

519  All variants and wild type CAHS D were cloned into the pET28b expression vector using Gibson
520 assembly methods. Primers were designed using the NEBuilder tool (New England Biolabs,
521 Ipswitch, MA), inserts were synthesized as gBlocks and purchased from Integrated DNA
522  Technologies (Integrated DNA Technologies, Coralville, 1A).

523

524  Protein Expression

525  Expression constructs were transformed in BL21 (DES3) E. coli (New England Biolabs) and plated
526  on LB agar plates containing 50 pg/mL Kanamycin. At least 3 single colonies were chosen for
527  each construct and tested for expression.

16


https://doi.org/10.1101/2021.08.16.456555
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.16.456555; this version posted November 15, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

528 Large-scale expression was performed in 1 L LB/Kanamycin cultures, shaken at 37°C
529  (Innova S44i, Eppendorf, Hamburg, Germany) until an ODeo of 0.6, at which point expression
530 was induced using 1 mM IPTG. Protein expression continued for four hours, after which cells
531  were collected at 4000 g at 4°C for 30 minutes. Cell pellets were resuspended in 10 mL of
532  resuspension buffer (20 mM tris, pH 7.5, 30 uL protease inhibitor [Sigma Aldrich, St. Louis, MO).
533 Pellets were stored at -80°C.

534

535  Protein Purification

536  Purification largely follows the methods in Piszkiewicz et al., 2019. Bacterial pellets were thawed
537 and heat lysis was performed. Pellets were boiled for five minutes and allowed to cool for 10
538 minutes. All insoluble components were removed via centrifugation at 5,000 g at 10°C for 30
539  minutes. The supernatant was sterile filtered with 0.45 um and 0.22 um syringe filters (Foxx Life
540  Sciences, Salem, NH). The filtered lysate was diluted 1:2 in purification buffer UA (8 M Urea, 50
541  mM sodium acetate [Acros Organics, Carlsbad, CA], pH 4). The protein was then purified using
542  a cation exchange HiPrep SP HP 16/10 (Cytiva, Marlborough, MA) on the AKTA Pure 25 L
543  (Cytiva), controlled using the UNICORN 7 Workstation pure-BP-exp (Cytiva). Variants were eluted
544  using a gradient of 0-50% UB (8 M Urea, 50 mM sodium acetate, and 1 M NaCl, pH 4), over 20
545  column volumes.

546

547 Fractions were assessed by SDS-PAGE and pooled for dialysis in 3.5 kDa MWCO dialysis
548  tubing (SpectraPor 3 Dialysis Membrane, Sigma Aldrich). For all variants except CLC, pooled
549 fractions were dialyzed at 25°C for four hours against 2 M urea, 20 mM sodium phosphate at pH
550 7.0, then transferred to 20 mM sodium phosphate at pH 7 overnight. This was followed by six
551  rounds of 4 hours each in Milli-Q water (18.2 MQcm). Dialyzed samples were quantified
552  fluorometrically (Qubit4 Fluorometer, Invitrogen, Waltham, MA), aliquoted in the quantity needed
553 for each assay, lyophilized (FreeZone 6, Labconco, Kansas City, MO) for 48 hours, then stored
554  at -20°C until use. CLC was dialyzed in 2 M urea, 20 mM Tris at pH 7 for four hours, followed by
555 6 rounds of 4 hours each in 20 mM Tris pH 7. CLC samples were quantified using Qubit4
556  fluorometer as described, concentrated using amicon spin-concentrators (Sigma-Aldrich) to the
557  desired concentration and used immediately.

558

559  Visual gelation and heat/dilution gel resolubilization assay

560 Quantitated and lyophilized protein samples were transferred as powder into NMR tubes (Wilmad
561 Lab Glass, Vineland, NJ)and resuspended in 500 uL of water to a final concentration of 5 g/L, 10
562 g/L, 15 ¢g/L, and 20 g/L. Samples were left at room temp for 5 minutes to solubilize. If solubilization
563  was not occurring (as determined visually), samples were moved to 55°C for intervals of 5 minutes
564  until solubilized. If solubilization was not progressing at 55°C after 10 minutes of heating (as
565 determined visually), then samples were transferred 95°C for 5-minute intervals until fully
566  solubilized.

567 Solubilized proteins were transferred from heat blocks to the bench and left at ambient
568 temperature for 1 hour. Tubes were then loaded horizontally into a clamp holder and
569  photographed. Gelation was visually assessed by the degree of solidification or flow of the sample
570 inthe NMR tube.
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571 After 1 hour at ambient temperature, proteins that had been found to form gels were
572  transferred to a 55°C heat block for 1 hour. After an hour, samples were returned to the
573  photographic clamp holder and imaged immediately to confirm that gelation had been disrupted.
574  Sample where placed upright on the bench at ambient temperature for 1 hour and allowed to
575  reform gels and then imaged again as above.

576 A duplicate sample of 20 g/L CAHS D was prepared as described and assayed for dilution
577  resolubility. Buffer (Tris, 20 mM pH 7) was added to the gel to bring the final concentration of
578 solvated CAHS D to 5 g/L, which is below the gelation point of the protein. Sample was
579  photographed immediately after addition of buffer, vortexed for 5 seconds, and left to resolubilize.
580  Sample completely dissolved within 30 minutes of buffer addition.

581

582  Helical Wheel Generation

583  Helical wheel plots were generated using the heliQuest sequence analysis module. CAHS D
584 linker sequence 126-144 was used, with the a-helix option chosen as the helix type to model.
585

586  Scanning electron microscopy and critical point drying

587  Protein samples were heated to 95°C for 5 minutes and 50 pl of each sample were transferred to
588  microscope coverslips. Samples were fixed in a 2.5% glutaraldehyde / 4% paraformaldehyde
589  solution for 10 minutes. Samples were then dehydrated in an ethanol series going from 25%,
590 50%, 75%, 3x 100% with each incubation time being 10 minutes. Dehydrated samples were
591 prepared for imaging using critical point drying (Tousimis Semidri PVT-3, SGC Equipment, Austin,
592 TX) and supporter coating (108 Auto, Cressington Scientific Instruments, Watford, United
593  Kingdom). Imaging was performed on a Hitachi S-47000 scanning electron microscope.

594

595  Amide hydrogen/deuterium exchange kinetics in a CAHS glassy matrix at different hydration
596 levels

597 Amide H/D exchange can be followed by using the amide |l band of proteins, a mode which
598 is essentially the combination of the NH in-plane bending and the CN stretching vibration.
599  Following H/D exchange the N-D bending no longer couples with the CN stretching vibration
600 converting the mode to a largely CN stretching vibration around 1450 cm™ (Barth, 2007). The
601  wavenumber of this mode (the so-called amide II’ band) is approximately 100 cm™' downshifted
602 compared to the amide Il mode detectable in H.O (around 1550 cm™). Thus, the two bands are
603 clearly separated in the spectrum.

604 In order to examine the extent and kinetics of the amide H/D exchange we prepared two
605 samples of lyophilized CAHS protein in H20O, then extensively dried the gel by equilibration within
606  gas-tight sample holders at RH=6% in the presence of NaOHH:>O. The attainment of a minimum,
607  steady hydration level was checked by monitoring (v2+vs) combination band of water around
608 5150 cm™ (Malferrari et al., 2011) over 3 days, using the amide | band as an internal standard.
609  After three days of equilibration, H/D exchange at RH=11% was begun by placing saturated LiCl
610 in D20 in one of the CAHS D sample holders to create an 11% D20 atmosphere. A series of FTIR
611  spectra was then recorded in sequence, at selected time intervals following the start of H/D
612  exchange. For each spectrum, 100 interferograms were averaged to allow a sufficiently rapid
613  acquisition (3 minutes) particularly at the beginning of the H/D exchange. This process was
614  performed in parallel on the second sample, where H/D exchange at RH=75% was begun by
615 placing a saturated solution of NaCl in D20 in the second sample holder.

616 Figure 3 — figure supplement 1e shows a series of spectra in the amide region (1350 — 1750
617 cm’) acquired in the latter experiment at selected time intervals from the time (t=0) when H/D
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618  exchange started, following incubation in the presence of the saturated NaCl solution in D-O. We
619  have previously shown (Malferrari et al., 2016; Malferrari et al., 2012) that such an isopiestic
620 approach for isotopic exchange is quite effective and rapid (hour time scale).

621 As expected for a progressive amide H/D exchange, an intense amide II’ band centered
622 around 1450 cm™ appears within minutes. The progressive appearance and increase of the amide
623 Il band is accompanied by a progressive absorbance decrease in the spectral region of the amide

624 |l band at 1550 cm™. This partially masks the appearance of a band peaking around 1575 cm™,
625  attributed to side chain vibrations, which is clearly detected in the fully deuterated glass (see
626  Figure 3 — figure supplement 1c). This band has been assigned to an overlap of vas(COO") from
627  Asp and Glu and of Arg vs(CNsHs*) (Barth, 2007; Goormaghtigh et al., 2016). We evaluated the
628  extent of amide H/D exchange from the area of the amide II’ band at 1450 cm™ after subtraction
629  of a straight baseline drawn between the minima on either side of the band (Goormaghtigh et al.,
630  1994). The contribution of the small background band present at t=0 was also subtracted, and the
631 resulting area was normalized to the area of the amide /I’ band.

632

633  Small-angle X-ray scattering

634  All SAXS measurements were performed at the BioCAT (beamline 18ID at the Advanced Photon
635  Source, Chicago, IL). SAXS measurements on monomeric CAHS were collected with in-line size
636  exclusion chromatography (SEC-SAXS) coupled to the X-ray sample chamber to ensure the
637 protein was monomeric. Concentrated protein samples were injected into a Superdex 200
638 increase column (Cytiva) pre-equilibrated in a buffer containing 20 mM Tris pH 7,2 mM DTT, and
639 50 mM NaCl. Scattering intensity was recorded using a Pilatus3 1 M (Dectris) detector placed 3.5
640 m from the sample, providing a g-range from 0.004-0.4 A'. One-second exposures were acquired
641  every two seconds during the elution. Data were reduced at the beamline using the BioXTAS
642 RAW 1.4.0 software (Hopkins et al., 2017). The contribution of the buffer to the X-ray scattering
643  curve was determined by averaging frames from the SEC eluent, which contained baseline levels
644  of integrated X-ray scattering, UV absorbance, and conductance. Baseline frames were collected
645 immediately pre- and post-elution and averaged. Buffer subtraction, subsequent Guinier fits, and
646  Kratky transformations were done using custom MATLAB (Mathworks, Portola Valley, CA) scripts.

647 CAHS samples were prepared for SAXS measurements by dissolving 5 mg/mL lyophilized
648 CAHS protein into a buffer containing 20 mM Tris pH 7 and 50 mM NaCl. Samples were incubated
649 at 60°C for 20 minutes to ensure the sample was completely dissolved. Samples were syringe
650 filtered to remove any remaining undissolved protein before injecting 1 mL onto the Superdex 200
651  column.

652 SAXS data for CAHS gels were obtained by manually centering capillaries containing
653 premade gels in the X-ray beam. Data was recorded as a series of thirty 0.2 second exposures,
654  but only the first exposure was analyzed to minimize artifacts from X-ray damage. The final
655 analyzed data was corrected for scattering from the empty capillary and a buffer containing
656  capillary. CAHS gel containing samples were made by dissolving 100 mg/mL lyophilized protein
657  inabuffer containing 20 mM Tris pH 7 and 50 mM NaCl. The sample was incubated for 20 minutes
658 at 60°C to ensure the protein was completely dissolved. Double open-ended quartz capillaries
659  with an internal diameter of 1.5 mm (Charles Supper) were used to make the samples. Dissolved
660 protein was directly drawn into the capillary via a syringe. Concentration gradients were generated
661 by layering the protein with buffer. Both ends of the capillary were then sealed with epoxy.
662  Samples were allowed to cool for 5 hours prior to measurement. Data were collected along the
663  concentration gradient by collecting data in 2 mm increments vertically along the capillary.

664 All data analysis was done using custom MATLAB (Mathworks) scripts. First, an effective
665  concentration was calculated by assuming the maximum concentration was 100 mg/mL and
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666  scaling the remaining samples by the integrated intensity of the form factor. It should be noted
667 that the actual concentration could be significantly less than 100 mg/mL in the maximum
668  concentration sample. Data was fit to an equation containing three elements to describe the
669 features apparent in the scattering data. The high-angle form factor was modeled using a
670 Lorentzian-like function to extract the correlation length and an effective fractal dimension.

Aq
671 I = —— (1)
(@ = 13e
672 The correlation length is given by & and is related to the mesh size inside the fiber bundles

673 seen in SEM images. The fractal dimension, d, is related to the density of the mesh. No clear
674  correlation length was observed in the smallest angle data, and thus a power law was used to
675  account for this component. The exponent d, is related to the nature of the interface inside and
676  outside of the bundles.

677 I(q) ~Ay+q™° @)

678 Finally, a Lorentzian peak was used to fit the diffraction peak that is apparent at higher
679  concentrations. The width of the peak, B, appeared constant and was thus fixed so that the
680 amplitude could be accurately extracted.

1+ 150

681 I(q) ~

682 In all fit components, Ay is a scale factor.

683  CD Spectroscopy

684  Lyophilized protein constructs were weighed and dissolved in a 20 mM Tris-HCI (Fisher
685  Bioreagents, Hampton, NH) buffer at pH 7.0. CD spectra were measured using a JASCO J-1500
686  CD spectrometer with 0.1 cm quartz cell (Starna Cells, Inc, Atascadero, CA) using a 0.1 nm step
687  size, a bandwidth of 1 nm, and a scan speed of 200 nm/min. Each spectrum was measured 7
688 times and averaged to increase signal to noise ratio. The buffer control spectrum was subtracted
689 from each protein spectrum. Each protein construct was measured at several concentrations to
690  ensure there is no concentration-dependent change in CD spectra (Figure 1 — figure supplement
691 1b, lower panels).

692 The resulting spectra were analyzed using the Isqg_linear function from the SciPy library.
693 To do this, base spectra for a-helix, -sheet, and random coil spectra (taken from [Perczel, Park,
694 and Fasman 1992] and available in Figure 1 — figure supplement 1b, upper right panel) were
695 linearly fit to match the experimental data set. The three fit coefficients were normalized to give
696  the relative contribution of each base spectrum to the experimental spectrum.

697  Thioflavin T Assay
698  Proteins were dissolved in phosphate buffered saline, pH 7.2 (Sigma-Aldrich) was prepared in
699  Dimethyl Sulfoxide (Sigma -Aldrich), and diluted to 20 uM in PBS for use in the assay. Thioflavin
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700 T was prepared fresh for each assay at a concentration of 400 uM in DMSO, then diluted to 20
701 uM in PBS. Twenty five microliters of protein and ThT in PBS were combined in a 96-well plate
702  (Costar, Fisher Scientific, Hampton, NH) and incubated for 15 minutes at room temperature in the
708 dark. Fluorescence was measured using a plate reader (Spark 10M, Tecan, Mannedorf,
704  Switzerland) with an excitation at 440 nm, emission was collected at 486 nm. CLC was suspended
705  in 20 mM Tris buffer pH 7.5, the Thioflavin T was diluted in this buffer as well when using CLC.
706  All proteins and controls were assayed in triplicate.

707

708 Lactate Dehydrogenase Protection Assay

709  LDH desiccation protection assays were performed in triplicate as described previously.(Boothby
710 et al., 2017) Briefly, protectants were resuspended in a concentration range from 20 g/L to 0.1
711 g/L in 100 pL resuspension buffer (25 mM Tris, pH 7.0). Rabbit Muscle L-LDH (Sigma-Aldrich)
712  was added to this at 0.1 g/L. Half each sample was stored at 4°C, and the other half was
718  desiccated for 17 hours without heating (OFP400, Thermo Fisher Scientific, Waltham, MA).
714 Following desiccation all samples were brought to a volume of 250 pL with water. The
715  enzyme/protectant mixture was added 1:10 to assay buffer (100 mM Sodium Phosphate, 2 mM
716 Sodium Pyruvate [Sigma-Aldrich], 1 mM NADH [Sigma-Aldrich], pH 6). Enzyme kinetics were
717  measured by NAD+ absorbance at 340 nm, on the NanodropOne (Thermo Fisher Scientific). The
718  protective capacity was calculated as a ratio of NAD+ absorbance in desiccated samples
719  normalized to non-desiccated controls.

720

721 Citrate Synthase Protection Assay

722  The Citrate Synthase Kit (Sigma-Aldrich) was adapted for use in this assay (Chakrabortee et al.,
723  2012; Goyal et al., 2005). All samples were prepared in triplicate, except desiccated negative
724 control samples, which were prepared in quadruplicate, so that the extra sample could be used
725 for assessment of desiccation efficiency. Concentration of gelatin (Sigma-Aldrich) was
726  determined based on an average mass of 150 kDa. Lyophilized variants were resuspended in
727  either purified water (samples to be desiccated) or 1X assay buffer (control samples) to a
728  concentration of 20 g/L and diluted as necessary for lower concentrations. Citrate synthase
729  (Sigma-Aldrich) was added at a ratio of 1:10 to resuspended protectants. Non-desiccated control
730 samples were measured as described in the assay kit immediately following resuspension.
731 Desiccated samples were subjected to 5-6 rounds of desiccation and rehydration (1-hour
732  speedvac desiccation [Thermo Fisher Scientific] followed by resuspension in water). Following
733 the 5™ round of desiccation, a negative control sample was resuspended and assayed to
734  determine if activity remained. If the negative control sample retained more than 10% activity, a
735 6" round of desiccation/rehydration was performed. After the final round of desiccation, samples
736  were resuspended in 10 pyL of cold 1X assay buffer. Samples were diluted 1:100 in the assay
737  reaction mixture supplied, and all subsequent steps followed the kit instructions. The colorimetric
738  reaction was measured for 90 seconds at 412 nm using the Spark 10M (Tecan).

739

740  TD-NMR sample preparation

741 Quantitated and lyophilized protein samples were transferred as powder into 10 mm TD-NMR
742  tubes (Wilmad Lab Glass) and resuspended in 500 pL of water to a final concentration of 1 g/L, 5
743  g/L, 10 g/L, 15¢/L, and 20 g/L. Samples were left at room temp for 5 minutes to solubilize. If
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744  solubilization was not occurring (as determined visually), samples were moved to 55°C for
745  intervals of 5 minutes until solubilized. If solubilization was not progressing at 55°C after 10
746  minutes of heating (as determined visually), then samples were transferred 95°C for 5 minutes
747  intervals until fully solubilized. Samples were allowed to return to room temperature before being
748  stored at 4°C. Measurements were taken within 72 hours following solubilization.

749

750  Measurement of T2 relaxation

751  Low field Time-Domain NMR (TD-NMR) measures frequencies in the 10° -10'2 range, which is
752  the frequency of H nuclei motion. Measurements in this frequency range allow for observation of
753  water dynamics. Spin-spin relaxation (T2) is the measurement of 'H spins in a plane transverse
754  to the magnetic field. T2 relaxation measured at low field strength is particularly useful for
755  applications measuring slower water dynamics and water caging in porous structures (Valori et
756  al., 2013; Zipp et al., 1976; Ectors et al., 2016; Emsley and Feeney, 1999) (Figure 5 — figure
757  supplement 1a).

758 T relaxation is dependent on the state of matter of the sample being measured, because
759  state of matter impacts the ability of molecules to interact with one another. Water molecules in
760 the bulk liquid state are free to interact with each other, and this interaction serves to hold the
761  spins aligned for a longer period of time than water that is coordinated or caged, where the motion
762  of water molecules is restricted (Figure 5 — figure supplement 1a). To better understand the impact
763  of state of matter on spin decay, consider the analogy of hydrogen nuclei as magnets; two
764  magnets that are free to interact will exert force on each other to maintain their magnetic
765 alignments, whereas two magnets that are not free to interact influence their respective
766  alignments less. Nuclei that are in the solid state or are heavily caged are essentially independent,
767  because of their conformational rigidity and distance between them, and therefore their T»
768 relaxation is rapid. Nuclei in the bulk liquid state, on the other hand, can interact freely with other
769  molecules in solution, and therefore their spin decay is slower.

770 These principles can also be applied to the ability of a protein to interact with water. For a
771  theoretical protein to which water is blind, no interactions would occur and thus water molecules
772  in this protein solution would behave as if it were a pure liquid, with a similar T relaxation profile.
773 A highly hydrophobic protein, on the other hand, would exclude water molecules from itself,
774  increasing the local density of water molecules and thus increasing their interactions, which would
775  further slow T, relaxation relative to bulk water. Hydrophilic proteins coordinate water molecules
776  through electrostatic interactions, causing an ordering of water molecules into hydration shell(s)
777  surrounding the protein. Being organized into hydration shells decreases the freedom of motion
778  and interactions between different molecules of water, which would speed up T2 relaxation. Thus,
779  Tarelaxation can inform us about the ability of a protein to coordinate or exclude water.

780 TD-NMR was performed using a Bruker mg20 minispec low-field nuclear magnetic
781  resonance spectrophotometer, with a resonance frequency of 19.65 MHz. Samples were kept at
782  25°C during measurements through the use of a chiller (F12-MA, Julabo USA Inc., Allentown, PA)
783  circulating a constant-temperature coolant. T» free induction decays were measured using a Carr-
784  Purcell-Meiboom-Girill (CPMG) pulse sequence with 8000 echoes, and an echo time of 1000 ps.
785  Pulse separation of 1.5 ms, recycle delay of 3 ms, and 32 scans were used for all samples. Gain
786  was determined for each sample individually and ranged from 53-56. Conversion of the free
787  induction decay to T. relaxation distribution was processed using the CONTIN ILT software
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788  provided by Bruker. Each variant was measured for the full concentration range, along with a
789  buffer control (water or 20 mM Tris pH 7) in a single day.

790

791 Measurement of Diffusion Coefficients

792  The diffusion coefficient was determined by the pulsed field gradient spin echo (PFGSE) method
793 using a gradient pulse of 0.5 ms, gradient pulse separation 7.51416 ms, 90°-180° pulse
794  separation 7.51081 ms and 90¢ first gradient pulse of 1 ms. Each variant was measured for the
795  full concentration range, along with a buffer control (water or 20 mM Tris pH 7) on the same day
796  that T relaxation data was collected.

797 In this work, diffusion coefficients of water molecules in protein solutions are represented
798 relative to the diffusion coefficient of the water molecules in bulk solution, to emphasize the
799  differences between proteins. This is calculated as: Buffer Diffusion minus Protein Diffusion, and
800 s referred to as A Diffusion Coefficient (ADC).

801

802  Analysis of Secondary Structures within CAHS D Glasses with Fourier Transform Infrared (FTIR)
803  Spectroscopy

804 The kinetics of amide (peptide NH) proton exchange can in principle provide information on the
805 flexibility of proteins. The slowing or inhibition of hydrogen/deuterium exchange can be attributed
806 to either the involvement of the amide hydrogen in hydrogen bonding through secondary structure
807 interactions, or to limited accessibility of the amide group to the deuterated solvent. It has been
808 shown that a hydrogen bonded amide proton is protected from exchange even when it is exposed
809 to solvent, slowing down exchange rates by more than six orders of magnitude (Barth, 2007). On
810 the other hand, solvent exclusion can retard the exchange by a similar extent. Specific amide
811  groups can be accessible to the solvent only in conformational substates that are rarely populated
812  in the time average structure. Hydrogen exchange can therefore be extremely sensitive to the
813  protein conformational dynamics. We previously assessed the impact of solvent accessibility
814  (Figure 1e, Figure 3 - supplement 1c-e), and here we use an isopiestic approach to determine
815  how hydrogen-bonding impacts the extent and the kinetics of hydrogen/deuterium exchange in
816  CAHS glassy matrices at different hydration levels.

817

818  Analysis of the amide I’ band in CAHS gels and glasses at increasing hydration

819  The amide | band centered around 1650 cm™' is sensitive to the structure of the protein backbone;
820 asaresult a particular secondary structure absorbs predominantly in a specific range of the amide
821 | region (Barth, 2007). However the various secondary-structure components overlap leading to
822  a rather broad and scarcely structured band and band-narrowing procedures are necessary to
823  resolve the component bands (Barth and Zscherp, 2002). The linewidth of the second and fourth
824  derivative of a band is smaller than that of the original band, therefore the minima and maxima of
825 these derivatives can be used to evaluate the number and positions of overlapping spectral
826  components (Butler, 1970). On this basis, information on the secondary structure of the protein
827  can be gleaned by fitting the amide | band to the sum of its component derivative bands. The
828 component bands are assigned to specific secondary structures, and the fractional area of each
829 component band is taken as the relative content of the corresponding secondary structures. We
830 have used this approach with the aim of assessing CAHS secondary structure and its possible
831  changes upon vitrification and dehydration.

832
833  FTIR Sample Preparation
834 All samples were prepared by dissolving the CAHS protein in DO to avoid the overlapping

835  of the spectral contribution due to the H.O bending mode (around 1640 cm™") (Maréchal, 2011)
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836  with amide | band of the CAHS protein centered at approximately 1650 cm™'. Deuteration causes
837  ablue shift of the water bending mode by more than 400 cm™', while inducing only a small shift of
838 the amide | band (amide I’ band). Gel samples were obtained by dissolving the lyophilized CAHS
839  protein at a concentration of 16 g/L in D20 heated at about 50 °C and gently stirred for 5 minutes.
840 A volume of 10 pL of the CAHS solution was deposited between two CaF. windows, separated
841 by a 50 um teflon spacer, and mounted into a Jasco MagCELL sample holder. When cooled at
842  room temperature (25°C) CAHS solution forms a gel.

843 Glassy samples were obtained by depositing a volume of 38 pL of the heated CAHS solution
844 (16 g/L) in D20 on a 50 mm diameter CaF2 window. Before gelling at room temperature, the drop
845  spreads out to form a layer of approximately 1 cm diameter. The sample was dried under N2 flow
846  for 5 minutes and subsequently the optical window on which the glass had formed was inserted
847  into a specifically designed sample holder equipped with a second CaF» window to form a gas-
848 tight cylindrical cavity (Malferrari et al., 2011). Different hydration levels of the CAHS glass were
849 obtained by an isopiestic method, i.e., by equilibrating the sample with saturated salt solutions
850 providing defined values of relative humidity, contained at the bottom of the gas-tight sample
851  holder cavity. The following saturated solutions in DO were employed to obtain the desired
852 relative humidity (Greenspan, 1977) at 297 K; KNOs (RH=95%), NaCl (RH=75%), K2COs3
853 (RH=43%), and LiCl (RH=11%).

854 FTIR absorption measurements were performed at room temperature with a Jasco Fourier
855 transform 6100 spectrometer equipped with a DLATGS detector. The spectra were acquired with
856 a resolution of 2 cm™ in the whole mid-IR range (7,000 - 1,000 cm™') using a standard high-
857 intensity ceramic source and a Ge/KBr beam splitter. All spectra were obtained by averaging 103
858 interferograms.

859
860 Amide I’ Band Analysis
861 Spectral analysis of the amide | bands recorded in gel samples was performed after

862  subtracting a normalized D20 spectrum. Because of the low residual D20 in glassy samples, this
863  procedure did not result in significant corrections in the amide band region.

864 When extracting the amide I’ band from the spectrum, the background was approximated
865 Dby a straight baseline drawn between the minima on either side of the band. Second and fourth
866  derivative spectra in the amide I’ region were calculated using the i-signal program (version 2.72)
867 included in the SPECTRUM suite (http://terpconnect.umd.edu/~toh/spectrum/iSignal.html) written
868 in MATLAB language. A Savitsky-Golay algorithm was employed to smooth the signals and
869 calculate the derivatives.

870 Smoothing width was manually determined for each sample by optimizing the signal to noise
871 ratio, by determining the impact of smoothing width on the calculated derivative spectra with the
872  requirement of highest S:N without loss of spectral information. For all the amide I’ bands
873 analyzed, in gel and glassy samples, both the second and fourth derivative spectra (not shown)
874  were consistently dominated by three minima and maxima, respectively, suggesting the presence
875  of three spectral components. This is supported by the finding that the positions of each peak
876  detected in the second and fourth derivative spectra for each amide I’ band analyzed were very
877  close (in most cases coincident within our spectral resolution).

878 The peak wavenumbers inferred from this analysis were found in the intervals 1619-1628
879 cm’, 1644-1648 cm™', and 1676-1688 cm™'. On this basis, amide I bands were decomposed into
880 three Gaussian components by using a locally developed least-squares minimization routine
881  (Malferrari et al., 2015) that applies a modified grid search algorithm (Bevington and Bevington,
882  1969). Confidence intervals for the best-fit parameters were evaluated numerically, as previously
883  detailed (Francia et al., 2009). In the fitting procedure, the peak wavenumbers of the three
884  Gaussian components were allowed to be varied over the intervals reported above, while the
885 areas and the widths were treated as free, unconstrained parameters.

886
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887  Measurement of conformational dynamics of photosynthetic reaction centers embedded in CAHS
888 glasses

889 The photosynthetic reaction center (RC) from the purple bacterium Rhodobacter (Rb.)
890 sphaeroides represents an ideal model system to probe matrix effects on conformational protein
891 dynamics. This membrane-spanning pigment-protein complex catalyzes the primary
892  photochemical events of bacterial photosynthesis. Following absorption of a photon, the primary
893  electron donor (P) of the reaction center, which is a bacteriochlorophyll dimer situated near the
894  periplasmic side of the protein, delivers an electron to the primary quinone acceptor, Qa, located
895 25 A away from P and closer to the cytoplasmic side of the RC. This electron transfer process,
896  occurring in about 200 ps, generates the primary charge separated state, P*Qa". In the absence
897  of the secondary quinone acceptor bound at the Qg site (or in the presence of inhibitors which
898  block electron transfer from Qa to Qg), the electron on Qa recombines with the hole on P+ by
899  direct electron tunneling (Feher et al., 1989).

900 The kinetics of P*Qa” recombination after a short (nanosecond) flash of light provides an
901  endogenous probe of the RC conformational dynamics. In fact, in room temperature solutions,
902 following light-induced P*Qa charge separation, the RC protein undergoes a dielectric relaxation
903 from a dark-adapted to a light-adapted conformation, which stabilizes thermodynamically the
904 P*Qa state (lifetime for charge recombination of about 100 ms). When this conformational
905 relaxation is inhibited (by freezing the RC to cryogenic temperature in the dark (McMahon et al.,
906 1998), or by dehydrating within trehalose glasses (Palazzo et al., 2002)) the recombination
907  kinetics are accelerated (lifetime of about 20 ms) and become strongly distributed, mirroring the
908 immobilization of the protein over a large ensemble of conformational substates. We describe the
909 charge recombination kinetics of confined RCs by using a continuous distribution p(k) of rate
910 constants k: (Palazzo et al., 2002)

911
o0 0_2 —<k>2%/0?
N(t) = f p(K)exp(—kt) dk = (1 + Y >t) [6))
912 0
913

914  where N(t) is the survival probability of the P*Qa state at time t after the photo-activating light
915  pulse, <k> is the average rate constant, and o is the width of the rate distribution. The latter two
916  parameters provide quantitative information on the conformational dynamics of the RC on the
917  time scale of milliseconds. An increase in either or both parameters (<k>, o) reflects a slowing of
918 RC relaxation from the dark- to the light-adapted conformation (<k>), or of the fluctuation between
919  conformational substates (o) (Malferrari et al., 2015; Palazzo et al., 2002).

920

921 Sample Preparation

922 Seventy eight microliters of RCs purified from Rb. sphaeroides R26 at 76 UM concentration
923  in assay buffer (10 mM Tris, 0.025% LDAO, pH 8.0) was mixed with 64 uL of 16 g/L CAHS protein
924  in water, and 8 pL of 200 mM o-phenanthroline in ethanol. O-phenanthroline is an inhibitor that
925 blocks Qa to Qs electron transfer, thus allowing the recombination kinetics of the P*Qa™ state to
926  be monitored. The lyophilized CAHS protein was dissolved in water and heated to 50°C for 5
927 minutes. The protein was allowed to cool to room temperature, and during this cooling it was
928  rapidly mixed with the RC suspension prior to gel formation. This mixture was immediately layered
929 on a 50 mm diameter CaF: optical window and dried under N2 flow for 5 minutes. The sample
930 was then inserted into the gas-tight holder and equilibrated at a RH=11% in the presence of LiCl.
931 The glassy matrix is characterized by a (CAHS/RC) molar ratio of approximately 6.6,
932  corresponding to a mass ratio of about 1.7. This ratio was chosen for comparison with previous
933 results of strongly inhibited RC conformational dynamics when embedded in glassy trehalose
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934  matrices (Malferrari et al., 2015).

935
936  Time resolved optical absorption spectroscopy
937 The kinetics of P*Qa” recombination was measured by time-resolved spectrophotometry, by

938 recording the absorbance change at 422 nm following a 200 mJ pulse at 532 nm (7 ns width)
939  provided by a frequency doubled Nd:YAG laser (Francia et al., 2008). In order to test the capability
940 of the CAHS glassy matrix to inhibit RC dynamics, we measured P*Qa recombination kinetics in
941  CAHS-RC glasses equilibrated at increasing RH using the isopiestic method described in “FTIR
942  Sample Preparation”. At each relative humidity the residual water content of the CAHS-RC
943 matrices was determined from the area of the (v2+v3) combination band of water at 5155 cm™,
944  using the absorption band of the RC at 802 as an internal standard (Malferrari et al., 2011;
945  Malferrari et al., 2015). To this end, optical measurements were extended to the NIR region
946  (15000-2200 cm™) using a halogen lamp source, replacing the Ge/KBr with a Si/CaF2 beam
947  splitter and the KRS-5 with a CaF exit interferometer window.

948 Since we do not know how the residual water is distributed between the different
949  components which form the glassy matrix, evaluation of the residual water content allows for a
950 physically meaningful comparison of the overall average hydration of the matrix between RCs
951 embedded in either CAHS D or trehalose glasses (Figure 1 — figure supplement 1d). The water
952  content, determined primarily as H-O:RC molar ratio, has been expressed as the ratio of mass
953  water:mass dry matrix. To determine the mass of the dry matrix, we included the CAHS protein,
954  the RC, and the detergent belt of the RC formed by 289 LDAO molecules’ plus 14 molecules of
955  free LDAO per RC.

956 The hydration isotherms obtained using this approach in CAHS-RC and trehalose-RC
957  glassy matrices indicate that the overall propensity for water adsorption is very similar in the
958 disaccharide-RC and in the CAHS-RC protein matrix when the relative humidity is varied over a
959 large range. Sorption data of the CAHS-RC matrix well fit the Hailwood and Horrobin equation
960 (Hailwood and Horrobin, 1946).

h=h0( e @)

1+K; r 1-K, r

961
962 where h represents the equilibrium water content of the matrix, ho and K; are constants

963  proportional to the number and activity of the hydration sites (respectively), and K is related to
964  the water activity of the water condensing at the surface of the absorbing components. Best fitting
965 toeq.2yields ho=5.59 102 g water/g dry matrix, Ki=3.44 for the strong binding sites, and K>=1.04
966  for the weak condensing sites.

967
968  Proteome-wide bioinformatics
969 The tardigrade proteome (tg.default.maker.proteins.fasta), taken from

970  https://github.com/sujaikumar/tardigrade was used. The proteome file was pre-processed using
971  protfasta (https://protfasta.readthedocs.io/), IDRs predicted with metapredict(Emenecker et al.,
972  2021) and IDR kappa values calculated using localCIDER (Das and Pappu, 2013; Holehouse et
973 al., 2017). Metapredict identified 35,511 discrete IDRs distributed across 39,532 proteins in the
974  tardigrade proteome.

975

976  Dimension estimates for LDH and CS

977  Radii of gyration for LDH and CS were calculated from the tetramer structure in PDB:1110 and for
978  the monomeric CS in PDB:3ENJ (Larson et al., 2009; Read et al., 2001).

979

980  All-atom simulations
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981  All-atom simulations were run using the ABSINTH implicit solvent model and CAMPARI Monte
982  Carlo simulation engine (https://campari.sourceforge.net/). ABSINTH simulations were performed
983  with the ion parameters derived by Mao et al., 2012. The combination of ABSINTH and CAMPARI
984  has been used to generate experimentally-validated ensembles for a wide range of IDRs (Martin
985 etal., 2020, 2016; Metskas and Rhoades, 2015).

986 Simulations were performed for the full-length CAHS D protein starting from a randomly
987  generated non-overlapping starting state. Monte Carlo simulations update the conformational
988  state of the protein using moves that perturb backbone dihedrals, and sidechain dihedrals, and
989 rigid-body coordinates of all components (including explicit ions).

990 Ten independent simulations were run for 150,000,000 steps each in a simulation droplet
991  with a radius of 284 A at 310 K. The combined ensemble generated consists of 69,500
992  conformations, with ensemble average properties computed across the entire ensemble where
993  reported.

994 Given the size of the protein, reliability with respect to residue-specific structural
995  propensities is likely to be limited, such that general trends should be taken as a qualitative
996 assessment, as opposed to a quantitative description. Simulations were analyzed using soursop
997  (https:/github.com/holehouse-lab/soursop) and MDTraj (McGibbon et al., 2015).

998
999 Supplemental Files

1000

1001 File supplement 1: File containing the protein and nucleotide sequence for each protein variant
1002  used in this study.

1003  Movie 1: Supplemental movie of CAHS D ensemble.

1004

1005 Figure supplement legends

1006

1007 Movie 1: CAHS D is predicted to exist in a dumbbell-like ensemble. Monte Carlo simulation
1008  of predicted ensemble states of CAHS D. Source data for simulations can be found on GitHub
1009 (see Source Data section).

1010

1011 Figure 1 — figure supplement 1: Properties of hydrated and desiccated CAHS D gels. a)
1012  Concentration gradient gel SAXS structure probing revealed an emergent structure of
1013  approximately 9.5 nm. Areas indicated in the SAXS plot correspond with structures shown in SEM
1014  images, with the 9.5nm feature corresponding to approximate fiber sizes, while larger features
1015  correspond with the void spaces between gel fibers. Top right panel shows the derivation of sizes
1016  for each region of the SAXS plot. Lower right panel shows a projected relationship of the size of
1017  fibers with increasing protein concentration. b) CD spectra for C-terminus, CAHS D, FI-Proline,
1018  Linker Region, and N-terminus. Top panels show the spectra for each variant listed at 20 or 25
1019 M (in green), overlayed with the resulting fit of the base spectra (dashed black line). Rightmost
1020 top panel shows the base spectra used to fit the experimental spectra (Perczel 1992). Lower
1021  panels show the concentration dependence of the spectra for each variant, at a range of
1022  concentrations. No structural changes are observed in the range tested. Premature rise at low
1023  wavelengths occuring at high concentrations in the CAHS D, FL-Proline, and Linker Region
1024  spectra are a result of reduced signal reaching the detector. Concentrations in uM are shown in
1025 the legend. c) Hydration dependent immobilization of biological material with the CAHS D glassy
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1026  matrix. Charge recombination kinetics after a laser pulse (fired at t=0) are shown for RC
1027  incorporated into CAHS D glasses equilibrated at different relative humidity. Continuous curves
1028  represent best fit to eq.1. Reaction centers in solution (black line) and embedded into the CAHS
1029 D glass held 11% RH (purple line) have decay kinetics characterized by an average rate constant
1030 <k>=8.8s" and <k> = 35.5 s’ respectively, and a rate constant distribution width of 0 = 3.6 s
1031  and o = 23.8 s, respectively. With increasing relative humidity (23%-53% RH) the RC becomes
1032  more mobile. d) (Top) Hydration isotherms at 298 K determined in CAHS-RC (red circles) and
1033 trehalose-RC (black circles) amorphous matrices. In the glasses the CAHS/RC and trehalose/RC
1034 mass ratios were equal to 1.7. Continuous curve representing a best fit to eq. 2 of the water
1035  sorption data obtained in the CAHS-RC matrix (see supplemental text for details). Middle & lower
1036 panels show dependence of recombination kinetics on the residual water content in CAHS-RC
1037  matrices (red circles), in trehalose-RC glasses characterized by trehalose/RC molar ratios of 5000
1038 and 500 (black squares and circles, respectively), and in a dehydrated RC film in the absence of
1039 any excipient (blue circles). Middle panel shows the average rate constant, <k>, bottom panel
1040  shows the rate constant distribution width, a. Vertical bars represent confidence intervals within
1041  two standard deviations. The dashed lines give the value of <k> and o obtained in solution. Dotted
1042 lines indicate the confidence intervals within two standard deviations. e) Tz relaxation of lysozyme,
1043  gelatin, and CAHS D. Concentration-dependent increase in relaxation kinetics is observed for
1044  CAHS D indicating strong water coordination, while gelatin shows a shift in T2 relaxation only after
1045  gelation occurs (20g/L). Lysozyme, a globular non-gelling protein, does not show strong water
1046  coordination. Source data for Figure 1 — figure supplement 1 is available in files: Figure 1 - figure
1047  supplement 1a - Source Data 1.zip, Figure 1 - figure supplement 1b - Source Data 1.zip, Figure
1048 1 - figure supplement 1c - Source Data 1.xlIsx, Figure 1 - figure supplement 1d - Source Data 1
1049  (upper panel).xlsx, Figure 1 - figure supplement 1d - Source Data 2 (middle panel).xlsx, Figure 1
1050 - figure supplement 1d - Source Data 3 (lower panel).xlsx and Figure 1 - figure supplement 1e -
1051  Source Data 1.xlIsx.

1052

1053 Figure 2 - figure supplement 1: Transient structural properties of CAHS D. a) Model of
1054  interconversion of disordered linker helix, gaining and losing transient a helices. b) Calculated
1055 fractional a-helix (left) and B-sheet (right) content of the wildtype CAHS D as determined from
1056  simulations. c) Curve-fitting of radius of gyration determined from simulations (red points) overlaid
1057  with SAXS experimental data (black line). d) Calculated kappa value (amino acid charge
1058  distribution) of all proteins in the tardigrade proteome. Kappa provides a metric to quantify the
1059  degree of charge patterning, such that sequences with a lower kappa value have a more even
1060  distribution of charged residues. As shown, CAHS D has some of the most evenly distributed
1061  charges of all proteins in the proteome. Source data for Figure 2 —figure supplement 1 is available
1062  on GitHub.

1063

1064  Figure 3 — figure supplement 1: a) Bioinformatic predictions of the secondary structure of WT
1065 CAHS D, with arrows indicating where prolines were inserted into the sequence to disrupt
1066  secondary structures. b) SEM images of CAHS D and FL-Proline, showing that FL-Proline does
1067  not form the reticular meshwork gel structure found in CAHS D. ¢) Hydration-dependent FTIR
1068  spectra for CAHS D glasses stored at different relative humidities. Spectra for all hydration levels
1069 are overlaid. d) Deconvolution of FTIR spectra shown in (c) for the 1725-1575 cm™' range. Top
1070  panel shows the deconvolution for 11% RH, and the bottom panel shows the same for 95% RH.
1071 Individual Gaussian components are shown in blue, orange and green; the red curve represents
1072  the corresponding best fit €) Evolution of the infrared spectrum between 1350 and 1750 cm™ of
1073  an extensively dehydrated CAHS glass as a function of the deuteration time. The CAHS glassy
1074  matrix, previously equilibrated at RH=6% in the presence of NaOH-H>O, was exposed at t=0 to
1075  the atmosphere of a saturated NaCl solution in DO, at RH=75%. Spectra are normalized to the
1076  amplitude of the amide I/I’ band. Source data for Figure 3 — figure supplement 1 is available in
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1077  files: Figure 3 - figure supplement 1c - Source Data 1.xlIsx, Figure 3 - figure supplement 1d -
1078  Source Data 1 (upper panel).xlsx, Figure 3 - figure supplement 1d - Source Data 2 (lower
1079  panel).xlsx, Figure 3 - figure supplement 1e - Source Data 1.xlsx.

1080

1081  Figure 4 — figure supplement 1: Sigmoidal curves representing the full range of protection for
1082  each variant using the LDH unfolding assay. b) Sigmoidal curves representing the full range of
1083  protection for each variant using the CS aggregation assay. Source data for Figure 4 — figure
1084  supplement 1 is available in files: Figure 4 - figure supplement 1a - Source Data 1.xIsx and Figure
1085 4 - figure supplement 1b - Source Data 1.xIsx.

1086

1087  Figure 5 — figure supplement 1: CAHS variant water coordination. a) Example TD-NMR data

1088 and explanation. 1H nuclei transverse spin magnetization Free Induction Decays (FID) are
1089  subjected to an inverse Laplace transformation, which provides a distribution of spin-spin decay
1090 times referred to as T2 relaxation. The leftward shift of T> peak midpoints indicates how water is
1091  ordered in the sample being measured. Bulk liquids (free water) have slower Tz relaxation than
1092 samples which display water coordination. This figure shows example T distributions, with
1093  representative illustrations of the water behavior in each sample. b) Tz relaxation distributions for
1094  all variants. c¢) Delta-diffusion coefficient versus concentration for all variants. Source data for
1095  Figure 5 — figure supplement 1 is available in files: Figure 5 - figure supplement 1b - Source Data
1096  1.xIsx and Figure 5 - figure supplement 1c - Source Data 1.xIsx.

1097

1098 Figure 5 — figure supplement 2: a) Aggregation PD50 plotted against T2/MW for all variants at
1099 1 g/L (top), 5 g/L (middle) and 20 g/L (bottom). No correlations are observed. b) Unfolding PD50
1100  plotted against T2 peak midpoint for all variants at 1 g/L (top), 5 g/L (middle) and 20 g/L (bottom).
1101 Only very weak correlations are seen between non-normalized T2 and unfolding PD50.. c)
1102  Diffusion at 1mM plotted against PD50 for unfolding (left) and aggregation (right). d) Diffusion at
1108  1mM normalized to MW, plotted against PD50 for unfolding (left) and aggregation (right). No
1104  strong correlations are found for diffusion and PD50. For parts (a)-(d) error bars represent
1105  standard deviation for PD50. Bars smaller than the size of the points are shown as white bars
1106  within points. Source data for Figure 5 — figure supplement 2 is available in files: Figure 5 - figure
1107  supplement 2a - Source data 1.xIsx, Figure 5 - figure supplement 2b - Source data 1.xlIsx, Figure
1108 5 - figure supplement 2c - Source data 1.xlsx and Figure 5 - figure supplement 2d - Source data
1109  1.xlsx.

1110  Figure 6 — figure supplement 1: Working models for CAHS D variant behavior and prevention
1111 of protein unfolding in the (re)hydrated, drying, and dry state. Schematics representation
1112  interpreted modes and degree of protection and gelation for each of our variants is presented.

1118  Figure 6 — figure supplement 2: Working models for CAHS D variant behavior and prevention
1114  of protein aggregation in the (re)hydrated, drying, and dry state. Schematics representation
1115  interpreted modes and degree of protection and gelation for each of our variants is presented.

1116

1117  Source Data

1118

1119  Figure 1d — Source Data 1.xIsx — Source data for CAHS, Gelatin, and Lysozyme delta diffusion
1120  coefficients.
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1121

1122  Figure 1e — Source Data 1.xIsx — Source data for hydrogen deuterium exchange kinetics.

1123

1124  Figure 2d — Source Data 1.xlsx — Source data for circular dichroism spectroscopy secondary
1125  structure determinations.

1126

1127  Figure 2e — Source Data 1.zip — Source data for SAXS experiments.

1128

1129  Figure 3b - Source Data 1.xIsx — Source data for FTIR experiments on dry CAHS D protein
1130

1131  Figure 3c - Source Data 1.xIsx — Source data for thioflavin T labeling.

1132

1133  Figure 4a - Source Data 1.xIsx — Source data for PD50 data for LDH unfolding assay.

1134

1135  Figure 4b - Source Data 1.xIsx — Source data for PD50 data for CS aggregation assay.

1136

1137  Figure 4d - Source data 1.xIsx — Source data for delta diffusion coefficient data at 1mM for all
1138  variants.

1139

1140  Figure 5a - Source data 1.xIsx — Source data for TD-NMR for CASH D, 2x Linker, NLN, N-
1141 terminus, FL-Proline, and CLC variants.

1142

1143  Figure 5c¢ - Source data 1.xlsx — Source data for unfolding assay PD50 vs T2/MW plot.

1144

1145  Figure 5d - Source data 1.xlsx — Source data for aggregation assay PD50 vs T2/MW plot.

1146

1147  Figure 5e - Source data 1.xlsx — Source data for single variable plots (LDH PD50, T2/MW, CS
1148  PDS50, and delta-DC).

1149

1150 Source data for Movie 1 and simulations can be found on GitHub at:
1151  https://github.com/holehouse-lab/supportingdata/tree/master/2021/hesgrove CAHS 2021

1152

1153  Figure 1 - figure supplement 1a - Source Data 1.zip

1154

1155  Figure 1 — figure supplement 1b — Source Data 1.zip: Source data for CD spectroscopy studies.
1156

1157  Figure 1 - figure supplement 1c - Source Data 1.xIsx: Source data for reaction center kinetics.
1158

1159  Figure 1 - figure supplement 1d - Source Data 1 (upper panel).xlsx: Source data for water content
1160  versus relative humidity.

1161

1162  Figure 1 - figure supplement 1d - Source Data 2 (middle panel).xIsx: Source data for RC kinetics
1163  versus water content.

1164
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1165  Figure 1 - figure supplement 1d - Source Data 3 (lower panel).xlsx: Source data for RC kinetics
1166  versus water content.

1167

1168  Figure 1 - figure supplement 1e - Source Data 1.xlsx: Source data for TD-NMR for CAHS D,
1169  lysozyme, and gelatin.

1170

1171 Figure 3 - figure supplement 1c - Source Data 1.xIsx: Source data for FTIR on CAHS D at various
1172 relative humidities.

1173

1174  Figure 3 - figure supplement 1d - Source Data 1 (upper panel).xlsx: Source data for CAHS D FTIR
1175  at 11% relative humidity.

1176

1177  Figure 3 - figure supplement 1d - Source Data 2 (lower panel).xlsx: Source data for CAHS D FTIR
1178  at 95% relative humidity.

1179

1180  Figure 3 - figure supplement 1e - Source Data 1.xlsx: Source data for time dependence on
1181  absorbance of CAHS D.

1182

1183  Figure 4 - figure supplement 1a - Source Data 1.xIsx: Source data for sigmoidal protection curves
1184  for LDH unfolding assay.

1185

1186  Figure 4 - figure supplement 1b - Source Data 1.xIsx: Source data for sigmoidal protection curves
1187  for CS aggregation assay.

1188

1189  Figure 5 - figure supplement 1b - Source Data 1.xIsx: Source data for TD-NMR for all variants.
1190

1191 Figure 5 - figure supplement 1c - Source Data 1.xlsx: Source data for delta-diffusion coefficients
1192  vs. concentration for all variants.

1193

1194  Figure 5 - figure supplement 2a - Source data 1.xIsx: Source data for aggregation vs T2 per kDA.
1195

1196  Figure 5 - figure supplement 2b - Source data 1.xIsx: Source data for unfolding vs T2 per kDA.
1197

1198  Figure 5 - figure supplement 2c - Source data 1.xIsx: Source data for unfolding and aggregation
1199  PDS50 vs diffusion at 1mM.

1200

1201 Figure 5 - figure supplement 2d - Source data 1.xIsx: Source data for Unfolding and aggregation
1202  PDS50 vs diffusion at 1mM/M
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