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ABSTRACT Lyophilization is promising for tackling degradation during the drying and storage of protein-based drugs. Tardi-
grade cytosolically abundant heat soluble (CAHS) proteins are necessary and sufficient for desiccation-tolerance in vivo and
protein protection in vitro. Hydrated CAHS proteins form coiled-coil-based fine-stranded, cold-setting hydrogels, but the dried
protein remains largely uncharacterized. Here, we show that dried CAHS D gels (i.e., aerogels) retain the structural units of their
hydrogels, but the details depend on prelyophilization CAHS concentrations. Low concentration samples (<10 g/L) form thin
(<0.2 mm) tangled fibrils lacking regular structure on the micron scale. Upon increasing the concentration, the fibers thicken
and form slabs comprising the walls of the aerogel pores. These changes in morphology are associated with a loss in disorder
and an increase in large b sheets and a decrease in a helices and random coils. This disorder-to-order transition is also seen in
hydrated gels as a function of concentration. These results suggest a mechanism for pore formation and indicate that using
CAHS proteins as excipients will require attention to initial conditions because the starting concentration impacts the lyophilized
product.
SIGNIFICANCE Tardigrade desiccation tolerance proteins are important both fundamentally and practically.
Fundamentally important because these strange, disordered, gel-forming proteins allow these amazing animals, often
called water bears, to survive decades of desiccation. Practically important because it might be possible to use these
proteins to preserve protein-based drugs, vaccines, and industrial enzymes without the need for a cold chain.
INTRODUCTION

The production, storage, and transport of protein-based
pharmaceutical drugs requires careful consideration of envi-
ronmental conditions because proteins are unstable (1).
Strategies to combat degradation focus on reducing the tem-
perature (2). This requirement for uninterrupted low temper-
ature, referred to as the cold chain, makes storage and
distribution both difficult and costly (3). The barrier to
degradation can be increased by lyophilization, but this pro-
cess is often damaging (4).

As defined by Gokarn et al. (5), ‘‘Excipients are additives
that are included in a formulation, because they either
impart or enhance the stability, delivery, and manufactur-
ability of a drug product.’’ Adding excipients can minimize
damage, but excipients are often client specific so new ones
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are always in demand. Cytosolically abundant heat soluble
(CAHS) proteins from tardigrades (6) are a potential source
of novel excipients (7–12). These proteins form phase-sepa-
rated droplets in vivo (13) and flexible fine-stranded fibrous
gels at concentrations of 20 g/L or greater in vitro (14). The
mechanism of the proteins’ ability to protect against desic-
cation damage requires understanding both its hydrated and
dried structures. The fibers in CAHS gels comprise coiled-
coils that form higher order gelation-competent oligomers
(14,15). Creation of terminal intermolecular b-sheets drives
gelation by forming junctions between fibers. The gel is
melted by heat, which destroys these secondary structures,
or by dilution, which mitigates intermolecular interac-
tions (15).

What is the structure of dry CAHS protein assemblies?
Air drying CAHS gels promotes fibrillation through a-he-
lix formation (compared to dilute solutions of the protein)
(13). Drying cells expressing CAHS protein increases
stiffness, suggesting maintenance of the gel matrix struc-
ture in the absence of water (16). In tardigrades, this
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FIGURE 1 Scanning electron micrographs of

lyophilized CAHS D made from liquid samples of

the indicated CAHS D concentrations. Blue and

red lines in the top left panel are estimated end-to-

end lengths of 5000 CAHS D proteins in collapsed

(blue) or highly denatured (red) forms (27,28). To

see this figure in color, go online.

A tardigrade desiccation-protein aerogel
structure becomes apparent through ultrastructural anal-
ysis of transmission electron microscopy images (17).

Here, we examine how the initial concentration of a wet
CAHS protein (CAHS D) (7–10,18) affects its structure af-
ter lyophilization (i.e., the aerogel) by using scanning elec-
tron microscopy (SEM) and attenuated total reflectance
FIGURE 2 Fitted distributions of CAHS D fiber diameters (bin size, 0.05

mm; kernel distribution). To see this figure in color, go online.
Fourier transform infrared spectroscopy (ATR-FTIR).
SEM allows direct observation of micrometer- and nano-
meter-scale features, providing context to the secondary
structure of CAHS D aerogels derived from FTIR spectra
of the amide I (1600–1700 cm�1) region.

Analysis of FTIR spectra benefits from dimensionality
reduction (19). Each spectrum includes a range of wavenum-
bers, yet a set of spectra related by, for instance, concentra-
tion, may describe only a handful of distinct states.
Principal component analysis (PCA) linearly projects high-
dimensional data into a low-dimensional space of principal
components. The relationship between spectral features
and a principal component is scored using a loading plot,
which generates a single value for each spectrum. The scores
provide discrimination of complex transitions, and loading
plots identify features relevant to the transitions (20).
MATERIALS AND METHODS

Sample preparation

Protein expression and purification were performed as described (15). Sam-

ples were prepared by dissolving purified CAHS D in buffer (13.7 mM

NaCl, 0.27 mMKCl, 0.8 mMNa2HPO4, 0.2 mMKH2PO4 [pH 7.4]). Disso-

lution was accomplished by sequential heating on a 42�C heat block with
Biophysical Journal 122, 2500–2505, June 20, 2023 2501



Eicher et al.
flicking and pulse centrifugation on a tabletop centrifuge. The concentra-

tion was determined using a Pierce Coomassie Plus assay with a bovine

serum albumin standard (Sigma Aldrich, St. Louis, MO, USA) in 96-well

plates (21). Aliquots were prepared such that samples contained 1 mg of

protein. Samples were then flash frozen in an ethanol-CO2 (s) bath for

10 min, followed by lyophilization (Labconco FreeZone 1 Liter Benchtop

Freeze Dry System, Kansas City, MO, USA).
ATR-FTIR

Absorbance spectra were recorded on a dry-air purged BioTools Prota-3S

spectrophotometer with an Hg Cd Te detector and a ZnSe-diamond ATR.

Spectra comprising 100 scans were acquired from 805 to 5500 cm�1

with 4 cm�1 resolution, as defined by the instrument. The dried protein

was placed on the stage and compressed to ensure flush contact with the

crystal. Background and vapor spectra were subtracted using Prota3s soft-

ware (BioTools, Jupiter, FL, USA). The spectra were processed with an Or-

ange Datamining workflow using a rubberband baseline and vector

normalization. Difference spectra were generated by subtracting the

average of spectra from 50 g/L samples. The second derivative spectra

were calculated with a Savitsky-Golay filter with a window size of 9 and

a second-order polynomial. The peaks were used to fit Voigt profiles using

nonlinear least-squares regression. Peak area was used to calculate the per-

centage of each secondary structure, excluding the aromatics and amide II

contributions. PCAwas performed on the amide I and II (1500–1700 cm�1)

regions of the processed spectra.
SEM

Images were acquired on a Hitachi S-4700 (Tokyo, Japan) field emission

microscope. Double-stick carbon tape was used to fix the protein to an Al

SEM sample holder. The samples were coated with a layer of 7.5 nm

Au-Pd alloy. Operating conditions comprised normal mode, 2 kV acceler-

ating voltage, 10 mA beam current, and a working distance near 12 mm. Di-

ameters were estimated using Fiji’s measurement tool (22).
RESULTS

CAHSDsamples have been studiedwith FTIR (13,15) but not
with SEM and not as function of concentration. Here, we use
ATR-FTIR and SEM to examine the effect of initial CAHS D
concentration on dry CAHSD structure.When prepared from
solutions of 10 g/L CAHSD or less, the dried samples are soft
and bunch into thin irregularly shaped straws. At intermediate
concentrations, 10–20 g/L, where the hydrated protein forms
gels (15), the aerogels are like cotton candy, filling about the
same volume as the hydrogels. Postgelation (>20 g/L), the
samples are similar to puffed rice.
FIGURE 3 Triplicated difference spectra of lyophilized CAHS D (ranges

are shaded). The averaged spectrum of the highest prelyophilized concen-

tration (50 g/L) is subtracted from each averaged spectrum. (A) Secondary

structure of lyophilized CAHS D with respect to prelyophilization concen-

tration, error bars are the standard deviation of the mean. (B) The lines are

aids to the eye and of no theoretical significance. Peak assignments: a helix,

16505 0.6 cm�1; b sheet, 16345 0.9 cm–1; turns, 16705 0.4 cm–1; large

b sheets, 16205 0.7 cm�1; b structures, 16865 0.4 cm�1 (25,26). To see

this figure in color, go online.
SEM

Comparing the macroscopic aerogels—straws, cotton
candy, puffed rice, which retain the dimensions of the hy-
drogel—with SEM images (Fig. 1) gives context to their
properties. CAHS D gels lyophilized at various concentra-
tions give rise to several morphologies, including nodules,
slabs, and fibers. Nodules are common at lower concentra-
tions, but their frequency drops at higher concentrations. Fi-
brils are present at all concentrations whereas knotted
2502 Biophysical Journal 122, 2500–2505, June 20, 2023
tangles appear at initial concentrations <1.0 g/L. Slabs
appear as early as 0.6 g/L, maturing to more regular struc-
tures with increasing initial CAHS D concentration.

Avariety of asymmetric nodule structures appear at lower
concentrations (Fig. 1). These nodules flocculate, forming
clusters that do not appear connected to a larger overall struc-
ture. As the initial CAHS D concentration increases, the fre-
quency of nodules decreases, with the first decrease
occurring at 1.0 g/L. At this concentration, nodules begin
to appear at strand ends, with nodule size proportional to
strand size. By 40 g/L there are no easily identifiable nodules.

A regular porous aerogel structure is apparent in samples
prepared from an initial concentration of 40 g/L. SEM re-
veals �8 mm pores, but more precise dimensions are diffi-
cult to determine because sample preparation flattens the
surface. Slabs are the prevalent feature in the 40 g/L sample,



FIGURE 4 Percent secondary structure in lyophi-

lized samples minus percent secondary structure in

the hydrogels from which the dry samples are

made (15). Positive values indicate a gain of struc-

ture in the lyophilized state. Uncertainties in the dif-

ferences are propagated from the standard deviations

(from triplicated spectra of independent samples) of

the values for the dry and wet samples. To see this

figure in color, go online.

A tardigrade desiccation-protein aerogel
like they are at 10 g/L, but at the higher initial concentra-
tions the slabs align and form the flat structures, many of
which are perpendicular to the plane (Fig. S1) making
them more challenging to see.

Fibril diameter is quantifiable even at the lowest initial
CAHS D concentration, 0.1 g/L (Fig. S2). These fibers
have a mean diameter of 0.17 mm. The diameter increases
with initial concentration, with fibers from the 10 g/L sam-
ple reaching a mean of 0.74 mm. However, at an initial
CAHS D concentration of 40 g/L, the mean fibril width
drops to 0.37 mm.

We studied the distribution of diameters (Fig. 2). Fibers
formed at the lowest initial CAHS D concentration give rise
to a single distribution at�0.1 mm.At 0.6 g/L there is onema-
jor peak at�0.3 mmand a shoulder at�0.6 mm.At 1.0 g/L the
trend is inverted with a major peak at�0.5 mm and a shoulder
at�0.3 mm.At 5.0 g/L, the average moves to larger diameters
and the distribution becomes complex. The 10 g/L sample fol-
lows the same pattern as the 5.0 g/L sample, shifting toward a
higher average diameter. The 40 g/L sample breaks this trend,
with two nearly identical major peaks at sizes reminiscent of
those from the 0.6 and 1.0 g/L samples.
ATR-FTIR spectroscopy

We acquired spectra of CAHS D samples dried from a vari-
ety of initial concentrations (Fig. S3). FTIR provides
ensemble averaged information about molecular oscillators.
Ensemble averaging is important because of the heterogene-
ity observed in the SEM images, especially those from sam-
ples prepared at low initial CAHS D concentrations (Fig. 1).

FTIR spectra ofwet CAHSD samples show that coiled-coil
fibrils gel via intermolecular interactions between terminal b-
sheets (15). Spectra of dried samples prepared at pregelation
concentrations (<10 g/L) to postgelation concentrations
(50 g/L) (15) show compensation between high- and low-
wavenumber features similar to those observed with
hydrogel melting, with a downshifted isosbestic point, from
�1655 cm�1 in wet samples (15) to�1640 cm�1 in dry sam-
ples (Fig. 3 A).
The fitted bands identify (Fig. 3 B) a variety of structures
in the dry samples, but a-helices predominate. There is little
change in secondary structure for samples prepared at con-
centrations <10 g/L (Fig. S4). As the initial CAHS D con-
centration increases past 10 g/L the helix and turn content
drops, with a compensatory increase in large b-sheets.
This change reflects an increase in the number of intermo-
lecular interactions (23), which coincides with slab forma-
tion in the SEM images (Fig. 1).

PCA reveals the highest variance in the amide I and II
bands (1500–1700 cm�1) (Fig. S5) (20). PC1 captures a
dependence on the concentration of CAHS D used to pre-
pare aerogels (Fig. S6). The positive feature at 1550 cm�1

in the loading plot (Fig. S7) indicates a positive correlation
between gelation/aerogel formation and a-helix (24,25).
The apparent decrease in fitted a-helix/random coil content
may arise from convolution with a random coil band that ap-
pears as a broad feature at 1645 cm�1 (24). An increase in
large b-sheets in the dry state with increasing initial concen-
tration is indicated by the strong 1620 cm�1 band (26).

CAHS D aerogels have a higher proportion of turns and
low-frequency b-structures compared with the hydrogels
fromwhich they form(Fig. 4).The low-frequencyb-structures
could correspond to the slabs in the SEM images (Fig. 1). This
transition from flexible strands to ordered slabs would match
the decrease in turns with increasing concentration as flexible
terminal domains (14) settle into intermolecular b-sheet junc-
tions (15). The convolution of the a-helical and random coil
band described above could then explain the relative reduction
in band area as a part of this disorder-to-order transition.
DISCUSSION

It is of interest to compare the features in the micrographs
(Fig. 1) to the dimensions of CAHS D assuming its hydro-
dynamic radius reflects a globular or fully extended protein
(27,28). The fibril diameter, at its smallest, comprises 10
globular or 20 extended CAHS D proteins (Fig. 1). As the
fibers thicken, that number reaches toward 50–100 proteins,
while the pores are thousands of CAHS D proteins wide.
Biophysical Journal 122, 2500–2505, June 20, 2023 2503



Eicher et al.
These scales show the huge number of proteins involved in
forming the hydrogels and aerogels.

The transition from thin, flexible, knotted fibers to or-
dered slabs that form the pore walls correlates (Fig. 1)
with gelation, which occurs above 10 g/L (15). The fibers
thicken (Fig. S2) up to the concentration of 10 g/L. The
diameter of the major species peaks at 0.6 mm at 1.0 g/L
(Fig. 2). Further increases in initial concentration give larger
diameters but a more diffuse number of species. At 40 g/L
the distribution settles back to something like the simpler
distributions of 0.6 and 1.0 g/L. The similarity between
the 0.6–1.0 and the 40 g/L samples suggests that, at postge-
lation concentrations, fibers >0.6 mm are less stable. In the
micrographs (Fig. 1), starting at 5.0 g/L there is a sharp rise
in slab formation, a feature uncommon at lower concentra-
tions. While the slabs are connected by fibers, they show lit-
tle of the organization of regular pore structure until 40 g/L.
The less-structured distribution and appearance of unor-
dered slabs likely result from the same mechanism, which
we propose involves stacking of fibers into slabs. At low
concentrations, the slabs are unable to bind one another
fully because of the greater distances in solution. Once a
full gel forms, fibers above the threshold of 0.6 mm are
more likely to interact with a nearby slab than with water,
explaining why mostly smaller fibers are present in the
40 g/L samples.

FTIR data show that as the initial CAHS D concentration
increases, random coil and turn content drops, with a
compensatory increase in large b-sheets (Figs. 3 and 4).
This change is interpreted as an increase in the number of
intermolecular interactions (23), which is manifested as
slab formation in SEM images (Fig. 1). As described by Lo-
mont et al. (29), the modest change in the 1634 cm�1 b-
sheet in the dried state indicates that the smaller 3–4 strand
sheets are not favored upon drying. This change in b-struc-
ture is in contrast to the hydrated samples, which lack a sig-
nificant 1620 cm�1 band, implying the hydrogel is formed
via these small b-sheets (15). At lower concentrations there
is no change in large b-sheet content indicating a lack of
importance in pregelling samples (Fig. S4). Aerogels retain
the same high- to low-frequency b-sheet transition as hydro-
gels upon increasing concentration (15), supplemented by
decreases in a-helices and turns (Fig. 4). This high-to-low
transition suggests that, upon drying, the disordered end re-
gions of CAHS D stabilize the pore structures through
zipper-like interactions forming large b-sheets.
CONCLUSIONS

The most important message is that the structure of dry
CAHS D depends on its initial concentration. That is, the
starting concentration of CAHS D, and probably other tardi-
grade desiccation-tolerance proteins, must be borne in mind
when assessing protection. The observation is important
because protein structure on the micrometer scale is not
2504 Biophysical Journal 122, 2500–2505, June 20, 2023
often linked to concentration when experiments are per-
formed in solution. Some structures from the hydrogels
are retained upon lyophilization, as inferred in vivo (16).
The transition from helix/random coil to b-sheets upon
increasing the initial concentration coincides with the tran-
sition from thin fibrils to thicker fibrils in the micrographs,
eventually resulting in ordered slabs (Figs. 1, 3, and 4).
The transition occurs independently of the fiber size
(Fig. 2), implying that fibers with diameters greater than
�0.6 mm become part of the walls of the aerogel pores at
higher concentrations. Upon drying, the pore structure is
stabilized by the formation of large b sheets on the edge
of the slabs via a disorder-to-order transition (Fig. 4). Our
observations describe the structural features of lyophilized
CAHS D and suggest that the pores are important for pro-
tecting macromolecules during drying, which may inform
the use of these proteins as excipients.
SUPPORTING MATERIAL
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