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1 | INTRODUCTION
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Abstract

Protein-based pharmaceuticals are increasingly important, but their inher-
ent instability necessitates a “cold chain” requiring costly refrigeration dur-
ing production, shipment, and storage. Drying can overcome this problem,
but most proteins need the addition of stabilizers, and some cannot be suc-
cessfully formulated. Thus, there is a need for new, more effective protective
molecules. Cytosolically, abundant heat-soluble proteins from tardigrades
are both fundamentally interesting and a promising source of inspiration;
these disordered, monodisperse polymers form hydrogels whose structure
may protect client proteins during drying. We used attenuated total reflec-
tance Fourier transform infrared spectroscopy, differential scanning calo-
rimetry, and small-amplitude oscillatory shear rheometry to characterize
gelation. A 5% (wt/vol) gel has a strength comparable with human skin, and
melts cooperatively and reversibly near body temperature with an enthalpy
comparable with globular proteins. We suggest that the dilute protein forms
a-helical coiled coils and increasing their concentration drives gelation via

intermolecular $-sheet formation.
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stresses,® sparked interest in new methods for stabilizing
proteins.”'° Here, we analyze the structure and physical

Proteins are only marginally stable.' The advent of
protein-based pharmaceuticals, diagnostics, and indus-
trial enzymes has brought this problem to the fore. Anhy-
drobiosis, the ability to survive desiccation, is found in
every Kingdom of life.>* This state is achieved via several
mechanisms, but primarily by preventing the loss of
function upon rehydration.* Similarly, the chemical and
pharmaceutical industries exploit a variety of compounds
from trehalose to bovine serum albumin to stabilize dried
proteins. The discovery of desiccation-tolerance proteins
in tardigrades,” amazing animals that survive a variety of

properties of a particular tardigrade desiccation-tolerance
protein as a function of temperature and concentration to
devise a hypothesis about its ability to form gels and pro-
tect dry client proteins."

The low sequence similarity of tardigrade cytosolic
abundant heat soluble (CAHS) proteins to other proteins>’
hints at novel mechanisms to expand the toolbox of pro-
tective molecules.”! CAHS proteins are intrinsically
disordered,™’ confer desiccation tolerance to other organ-
isms, stabilize enzymes,*'*'® and are biocompatible,'* sug-
gesting a potential avenue for eliminating the cold chain.
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FIGURE 1
repeats.” CAHS, cytosolic abundant heat soluble protein

The protein used here, CAHS D, phase separates and
fibrillates when expressed in higher eukaryotic cells and
can form gels in buffer.'*® Predictions based on primary
structure reveal three regions, N-terminal and C-terminal
domains (residues 1-90 and 196-227) and a large linker
(91-195; Figure 1). The linker is predicted to comprise
amphiphilic a-helices;>"> nuclear magnetic resonance
spectroscopy (NMR) data show their locations.'® The ter-
minal domains are more disordered but have p-sheet pro-
pensity (Figure 1)."®

We used rheology (from the Greek for flow) to study
the physical properties of soft matter. More specifically,
the technique provides information about how a sub-
stance responds to an applied force in terms of its storage
modulus and the loss modulus. The storage modulus
reveals how energy is stored, which in hydrogels is
related to crosslink density.'® The loss modulus reveals
how energy is dispersed. If the storage modulus exceeds
the loss modulus, the sample behaves more like a solid, if
the loss modulus is higher the sample behaves like a lig-
uid. These factors and their response to the frequency of
the applied force and to temperatures provide data on the
samples microstructure.*

The secondary structure of a gel can be inferred
through attenuated total reflectance Fourier transform
infrared (ATR-FTIR) spectroscopy, which is one of the
few techniques that works on dry, gelled, and solution
samples, The amide 1 region (1,600-1,700 cm ™) corre-
sponds to the amide-carboxyl hydrogen bond strength
throughout a protein’s mainchain. The angle with which
the amide and carboxyl bond has a large effect on the

227

Primary structure analysis of CAHS D;'”'® Helix from NMR data;'> CAHS1 and 2 motifs from analysis of conserved

bond strength. Different secondary structures have
canonical bond angles, which affect FTIR, in terms of the
frequency and linewidth of peaks within the Amide
1 region. The presence of multiple secondary structures
with similar dihedral angles necessitates spectral decon-
volution and requires careful analysis to attribute-specific
subpeaks to appropriate structures.

2 | RESULTS AND DISCUSSION

2.1 | Bulk properties

CAHS D gels are clear (Figure 2a), solidify rapidly below
the gelation point and are 95%-97% water by mass. Gela-
tion is reversible; repeated heating and cooling do not
affect the properties of the gel if evaporation is prevented
(Figure S1). The gels are self-healing; small amounts of
heat or sustained pressure are sufficient to restore the
integrity of a torn gel.

Phase separation does not occur under our conditions
(Figure S2) yet the primary structure criteria suggest that
CAHS D is a random coil, and the number of aromatic-,
positive, negative, polar, and nonpolar residues falls within
the bounds of a homotypic weakly phase-separating pro-
tein.>’ However, the formidable linker length (104 resi-
dues) and low valence increase the probability of gelation
without phase separation,”” an observation supported by
SAXS data indicating a sharp transition between gel and
liquid phases.'” Phase separation inside cells suggests a
requirement for macromolecular crowding.****
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FIGURE 2 (a)Image of 50 g/L CAHS D gel on a needle.

(b) Heating-induced dissociation was monitored by measuring
storage-moduli (blue) and loss-moduli (orange), which are shown
with their SDs of the mean (shaded regions). The lower
concentration gels (30 g/L) have lower liquification points;
therefore, data collection began at a lower temperature. Conditions:
30-50 g/L CAHS D gel, 13.7 mM NaCl, 0.27 mM KCl, 0.8 mM
Na,HPO,, 0.2 mM KH,PO,, and pH 7.4. CAHS, cytosolic abundant
heat soluble protein

We used small-amplitude oscillatory shear rheometry
to characterize the stiffness, strength, and other proper-
ties*° of CAHS D gels as a function of concentration
and temperature (Figure 2b, Table 1). At lower tempera-
tures, the storage modulus, G, a measure of stiffness,
rises steeply from 10~* to 107> MPa between 30 and
40 g/L protein with a more modest increase between
40 and 50 g/L. G' is independent of frequency from 0.1 to

B oos-WiLey Lo

100 Hz, while the dynamic viscosity decreases linearly
(Figure S3). This independence indicates a strong gel,*
meaning it retains the shape of its container (Figure 2a).

We then studied the heat-induced transition. The
onset of liquification is the temperature where the stor-
age modulus begins to decrease.”’ For our gels, the stor-
age modulus always exceeds the loss modulus. This
observation indicates the persistence of gel structure even
after liquification,” but at concentrations <20 g/L the gel
is too weak to give reliable data (<0.5 x 107> MPa;
Figure S4). In summary, the protein retains at least some
structure at all temperatures examined. To put the rheol-
ogy data into perspective, the stiffness of a 50 g/L (5%
wt/vol) CAHS D gel near room temperature is compara-
ble with that of a 4.5% wt/vol collagen gel, which is about
twice the collagen concentration in a serving of Jell-O
brand gelatin. However, the tardigrade protein gel has a
higher liquification point.?**°

Like globular proteins, physical protein gels can be
stabilized by both hydrogen bonds and hydrophobic
interactions. Trifluoroethanol strengthens the gel indicat-
ing melting in our samples occurs by the breaking (disso-
ciation) of intramolecular and intermolecular hydrogen
bonds,'®*® and is corroborated by the enthalpy change
(~120 kcal/mol) from the differential scanning calorime-
try (DSC)-measured endotherm (Table 1) which is similar
to the enthalpy change for an average globular protein of
similar melting temperature and size.>’ The observation
of a single feature in the thermogram (Figure S5) with a
mid-point temperature matching the FTIR data
(Figure 3e) indicates that the structural rearrangement
and melting are coupled, cooperative, and consistent with
a two-state reaction.'

FTIR spectra were acquired at several temperatures
and protein concentrations to understand changes in
structure associated with melting. The amide 1-regions
and amide 2-regions (1,500-1,700 cm_l) were processed,
and their components of maximal variance calculated.*
The wavelength dependence of the first principal compo-
nent (PC1) is consistent with the difference spectra
acquired between 303 and 318 K. PC1 embodies the main
eigenvector, which explains 65% of the variance
(Figure S6). The isosbestic point at 1,655 cm ! is consis-
tent with two-state melting (Figure 3a,b). The midpoint
temperatures (Ty,) from fitting PC1 scores and intensities
at specific wavenumbers to a two-state reaction with lin-
ear pretransition and posttransition baselines® are
within uncertainty of one another (Figure 3c). The Ty,
values were also derived from fitting secondary structure
transitions (Figure 3d). The values are within the uncer-
tainty of those from the PC1 scores (Figure 3c). The Ty, is
like that from both DSC (Figure S6) and the liquification
temperature from rheology (Figure 3c, Table 1). The
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TABLE 1 Properties of CAHS D gels (13.7 mM NacCl, 0.27 M KCl, 0.8 mM Na,HPO,, 0.2 mM KH,PO,, and pH 7.4)

CAHS D (g/L) Transition temperature, T, (K) AH ;’n’ (kcal/Mol) G'(MPa)
FTIRpc, DSC Rheology DSC Rheology

30 300 + 100 ND* 303.3 + 0.9 ND* 20+05x 10"

40 308.3 +0.3 308.2 + 0.1 309.4 + 0.2 150 + 10 1.49 + 0.06 x 1073

50 310+ 2 309.91 + 0.06 309.86 + 0.07 130 + 10 20+06x 103

Note: FTIR data are from fitting a two-state reaction using the integrated Gibbs-Helmholtz equation with ACp"' set to zero. Uncertainties from FTIR are 95%
confidence intervals. Uncertainties from DSC and rheology are the SDs of the mean from triplicate analysis.

Abbreviations: CAHS, cytosolic abundant heat soluble; DSC, differential scanning calorimetry; FTIR, Fourier transform infrared.

#ND, Sample did not provide usable data.
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estimated standard-state enthalpy of liquification, AHY,, CAHS D forms clear, strong, reversible, self-healing

from FTIR and rheology data is positive, and consistent  gels that set on cooling, but unlike gelatin and sodium
with DSC (Table 1), despite the paucity of points in the alginate, CAHS D gels set without heat or cosolute-
transition. induced denaturation.>® From these characteristics, we

A ‘T1 “TTOT X96869+1

:sdny woiy

QSULOI'T suOWO)) dANEar)) dqeardde o) Aq paUISA0S o1e SO[ONIE V() 95N JO SA[NI I0J AIRIQIT SUIUQ AJ[IA\ UO (SUONIPUOI-PUR-SULIO)/WO0Y" KA[IM ATRIQIUI[U0//:SANY) SUONIPUO)) pue SWIA L, A 998 “[£707/€0/91] U0 Areiqry aurjuQ A[ip “[I1H [odey) e eurjore)) yuoN jo Aisioatun) £q Setb 01d/z001°01/10p/wod Ao[Im”



EICHER ET AL.

B oos-WiLey Lo

suggest that CAHS D forms a flexible fine-stranded
hydrogel.*®> The 10-fold increase in G’ from 30 to 40 g/L
(Figure 1b) follows from the rearrangement in structure
seen in the FTIR data. This increase is mirrored in the
increased Ty, where large changes are seen between
20 and 40 g/L and plateauing near body temperature at
50 g/L (Table 1).

2.2 | Structural properties

Secondary structure was assessed by fitting Voigt pro-
files** to the amide 1 region for spectra acquired from
303 to 318 K at a variety of concentrations (Figure S7).
The centers of the fits were identified from maxima in
second derivative spectra (Figure S7). We fitted four dis-
tinct peaks at 1,630, 1,650, 1,666, and 1,680 cm ™', which
can be assigned based on context. The 1,630 and
1,680 cm ! are classic p-sheets while the 1,666 cm " fea-
ture is assigned to turns. The large line width of the
~1,650 cm ™' peak suggests overlap of random coil and
a-helix features (Figure S8).>’

As temperature increases, the content of low-frequency
features (~1,630 and ~1,650 cm™ ") decreases and the con-
tent of high frequency features (~1,680 and ~1,666 cm ")
increases (Figure 3). The temperature loading plot for PC1
suggests that at low temperatures the 1,650 cm ' feature
is dominated by a-helix content, as the amide 2 region dis-
plays a sharp peak at 1,550 cm ' (Figure $9).°*** The
1,550-1,600 cm ™+ region is associated with the random
coil component and is negative, indicating that coil con-
tent increases with increasing temperature, despite the net
decrease in area, which means that as temperature
increases there is a shift from a-helix to random coils inde-
pendent of the decrease in area.

The combination of features that increase on cooling-
induced gelation, 1,650 and 1,630 cm™ !, are associated
with coiled coils.*® The decreasing 1,666 and 1,680 cm ™!
features are associated with turns and antiparallel
p-sheets, respectively.”® The high temperature baseline
for the 1,666 cm ™ is positive (Figure 3d), suggesting that
as the temperature increases past melting other features
transition into turns.

The concentration dependence of the FTIR data
acquired below Ty, provides complementary information
about structure changes in the gel (Figure S8). Increasing
the CAHS D concentration from 20 to 50 g/L decreases
the high-frequency (1,680 cm ') and increases the low-
frequency (1,630 cm ™ *) features (Figure S10). The central
features (1,650 and 1,666 cm ') are nearly unchanged
(Figure S10). The 1,630 cm™ ' peak suggests a 3-to-4
strand f-sheet,*” and the 1,650 cm ™' feature is assigned
to a-helix.*” Thus, coil-like features are temperature-, but

not concentration- dependent, while f-sheets content
depends on both concentration and temperature.

Taken together, the NMR, rheological, and FTIR data
suggest that upon cooling at high CAHS D concentrations,
random coils change to coiled coils, forming the backbone
of the gel. The concentration dependence of coiled coil for-
mation is consistent with NMR observations."”> Primary
structure analysis'® suggests the termini'® have a propensity
to form f-strands (Figure 1). The low temperature, concen-
tration dependent FTIR data suggest that gel formation
involves intermolecular p-sheet formation, probably via the
termini. These data suggest that the o-helical coiled coils
comprise the backbone of a gelation-competent oligomer
with low-valency sticky ends (Figure 3e).

3 | CONCLUSION

Gelation is driven by the transition from sticky intramo-
lecular pB-structures, identified as the high-frequency
FTIR features at the termini, to intermolecular (-sheets.
These low-frequency spectral features are broad,” sug-
gesting a distribution of nonspecific interactions between
terminal p-sheets, which allow formation of junctions in
a variety of geometries.

We speculate that the surrounding gel protects client
proteins from irreversible denaturation by forming a
“molecular shield,”** which persists and is enhanced by
drying.'® The gel's stability up to body temperature,
strength near that of human skin,* self-healing proper-
ties, biocompatibility,’* and ability to protect enzyme
activity® make CAHS D a promising candidate for a tun-
able delivery system for stabilizing protein-based drugs.

4 | MATERIALS AND METHODS

4.1 | Purification and sample
preparation

The Escherichia coli codon-optimized structural gene for
CAHS D with an N-terminal histidine tag was synthe-
sized (Integrated DNA Technologies) and cloned into a
pET28b expression vector and the resulting vector trans-
formed into BL21star (DE3) E. coli cells. A single bacte-
rial colony was used to inoculate 150 ml of Lennox broth
(10 g/L tryptone, 5 g/L yeast extract, 5 g/L NaCl) supple-
mented with 60 g/L kanamycin. The culture was shaken
at 37°C overnight (New Brunswick Scientific Innova 126,
225 rpm). Flasks (1 L) of Lennox Broth were inoculated
with 15 ml of overnight culture and shaken at 37°C until
the optical density at 600 nm reached 0.6. IPTG (1 mM
final concentration) was added to induce expression.
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After 3 h, the cells were pelleted at 1,000 gfor 30 min
at 10°C. The pellets were resuspended in 10 ml of a solu-
tion comprising 20 mM Tris, 50 mM NaCl, pH 7.4, then
stored overnight at 20°C. Cells were thawed in a 37°C
water bath and then lysed via heat shock by boiling in a
beaker of water for 15 min. Lysates were cooled and the
cell debris pelleted by centrifugation at 20,000 gfor
30 min at 10°C. The lysate was mixed 1:1 with HUa
buffer (3 M urea, 20 mM Na,HPO,, 500 mM NaCl,
10 mM imidazole, and pH 7.4) and filtered (45 pm).

CAHS D was purified using a HisTrap HP column
(Cytiva) by gradient elution from 0% to 30% HUb (3 M
urea, 20 mM Na,HPO,, 500 mM NaCl, 150 mM imidaz-
ole, and pH 7.4) over 30 column volumes using an AKTA
Start (Cytiva) FPLC. Fractions were visualized on a
Criterion™ TGX™ Precast gel (Bio-Rad, Hercules, CA)
with Coomassie blue staining. Fractions showing one
band indicative of CAHS D were loaded into
SnakeSkin™ Dialysis Tubing 10 k MWCO (Thermo
Fisher, Waltham, MA) and dialyzed against TEV buffer
(5 mM Tris and 0.5 mM ethylenediaminetetraacetic acid),
until the concentration of urea was <2 M. Dithiothreitol
was added to a final concentration of 1 mM immediately
prior to adding 1 mg of TEV protease. The samples were
then placed on an orbital shaker for 16 h. The samples
were then diluted 1:1 with HUa and filtered (0.45 pm)
before being loaded on a HisTrap column to remove the
protease and remaining tagged protein. The flowthrough
was collected and dialyzed twice against phosphate buffer
(13.7 mM NacCl, 0.27 KCl, 0.8 mM Na,HPO,, 0.2 mM
KH,PO,, and pH 7.4), and then against distilled and deio-
nized water (17.4 Q) until the calculated concentration of
all non-protein components was <1 nM. Purified CAHS
D was flash frozen in an ethanol-dry ice bath and
lyophilized.

Samples were prepared by dissolving lyophilized
CAHS D in buffer and alternating heat treatment in a
42°C heat block and brief treatment at 100°C before vor-
texing and pulse centrifugation on a tabletop centrifuge
to pellet undissolved protein. Samples were then melted
and aliquoted with a positive displacement pipette. CAHS
D concentration was quantified with the Pierce Coomas-
sie Plus assay using a bovine serum albumin standard
(Thermo Fisher) in 96-well plates.** Aliquots were then
diluted to the desired concentrations.

4.2 | Attenuated total reflectance
Fourier transform infrared

FTIR spectra were recorded on a dry-air purged BioTools
Prota-3 S spectrophotometer equipped with a HgCdTe
detector and a ZnSe-diamond attenuated ATR crystal.

Spectra were acquired from 805 to 5,500 cm ' at 4 cm

resolution, using 100 scans. Background, buffer (13.7 mM
NacCl, 0.27 KCl, 0.8 mM Na,HPO,, 0.2 mM KH,PO,, and
pH 7.4), and vapor spectra were acquired at the appropri-
ate temperatures using a Peltier temperature control-
ler (Pike).

Empty, path-, buffer-, and sample- spectra were
acquired and preprocessed for each sample using Prota3s
(BioTools) software. The background spectrum was sub-
tracted from both the buffer- and sample- spectra to pro-
duce absorbance spectra. The buffer absorbance
spectrum was then subtracted from the sample absor-
bance spectrum in the same proportion for all samples.
To ensure complete buffer subtraction, the procedure
was performed such that the region at 3,750 cm ™' is non-
negative and the region from 2,000 to 1,800 cm ™" is flat.

Spectra were processed using an Orange Datamining
workflow and smoothed using a Savitsky—Golay filter
with a window of 5 to remove fine noise and
4-component principal component analysis denois-
ing.*>** Smoothed bands were processed using a positive
rubber band baseline-correction and vector-normaliza-
tion. Difference spectra were generated by subtracting
the smoothed highest temperature spectrum from the
remaining spectra for a given concentration. The
smoothed spectra were fit with Voigt profiles using non-
linear least-squares regression.’® Peaks were assigned to
secondary structures and their areas normalized against
the total peak area (excluding contribution from aro-
matics and amide 2) and multiplied by 100 to obtain the
percent of each type (Figure S8).

Second derivative spectra were calculated using a
Savitsky-Golay filter with a window size of 11 points and
a second-order polynomial.*” The principal components
of the smoothed spectra were calculated and the loading
plots generated to assess the wavelength dependence of
maximal variance. The PCA scoring at each temperature
was then fit to a two-state transition, derived from
Equations (6) to (9) in reference 33 using MATLAB to
estimate the melting temperature, T, and van't Hoff
enthalpy of melting, AH?,'.

4.3 | Rheology

Small angle oscillatory shear rheological data were
acquired using a TA Instruments strain-controlled ARES-
G2 rheometer with a 25-mm parallel plate geometry. Sam-
ples were warmed in a 60°C oven for 5 min and the stage
heated to 45°C. Samples (450 pl) were applied as the stage
slowly rotated to ensure even application, without bubbles.
The shear gap was set to ensure a flat edge and excess
sample removed. A layer of silicon oil (10 MPa-sec, Sigma
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146153) was placed around the edge to prevent evapora-
tion.** A strain sweep was conducted to identify the best
strain for our experiments, 0.1%. The sample was cured for
2 h below the gel point to find the plateau modulus. The
temperature was then ramped at 0.5°C/min, with fre-
quency scans from 1 to 100 Hz at 30°C and in the region
where tan(5) reached a maximum.

4.4 | Differential scanning calorimetry

CAHS D gels were prepared as described above. Samples
(20 pl) weighing ~19 mg were sealed in Tzero Hermetic
Aluminum pans and loaded into a TA Instruments DSC
250 equipped with a TA Instruments Refrigerated Cool-
ing System 90. An identical pan containing 18 pl of buffer
was used as a reference. The sample cell was subject to a
N,(g) (50 ml/min) purge. To eliminate differing thermal
histories, samples were heated at 10°C/min to 50°C, then
cooled at 10°C/min to 10°C, and held there for
10 min.*>** Samples were then heated at 1.5°C/min to
50°C and kept there for 2 min. Thermograms were ana-
lyzed using Trios V5.1.0.56403 software, with the mini-
mum of the denaturation endothermic peak reported as
the transition (melting) temperature (T,,) and the modi-
fied standard-state enthalpy of melting AH,,° as the area
of the endotherm.**>' Samples were then cooled at 10°C/
min to 10°C and heated at 1.5°C/min to ~10°C above
their melting temperature to assess reversibility. The
resulting Ty, values were within 0.5°C and AH,,” values
were within 5% of those measured from the first scan.

4.5 | Fluorescence assay

A 500 pL sample of CAHS D (10 g/L) was prepared as
described in Section 4.1. Atto 488 NHS ester (1 pL of
10 mM) was added and allowed to react for 30 min at
room temperature. Samples were aliquoted into each well
of a glass-bottomed plate and diluted to a final volume of
100 pL. Fluorescence was assessed on a Nikon Ti-E stand
equipped with a Yokogawa CSU-W1 spinning disc confo-
cal unit, a Plan-Apochromat 100x/1.49 NA oil immersion
objective, a Zyla sCMOS camera (Andor), and Nikon
NIS-Elements software version 4.60, and a 488 nm laser.
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