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1 | INTRODUCTION

Protein-based drugs are prone to irreversible inactivation
if not produced, transported, and stored at low tempera-
ture (Lagassé et al., 2017). Proteins dried with an excipi-
ent can be stable at higher temperatures, offering an
alternative to the cold chain (Piszkiewicz & Pielak, 2019;
Merivaara et al., 2021). To this end, cosolvents mimicking
dehydration are used for probing protein protection. One
such cosolvent, 2,2,2-trifluoroethanol (TFE), desolvates
the polypeptide backbone by making water less
hydrogen-bond competent, elevating the entropic cost of
hydration (Kentsis & Sosnick, 1998; Anderson
et al., 2010; Anderson & Webb, 2012). Although well-
known for stimulating o-helix formation at higher per-
cent volume/volume concentrations (%TFE), the
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The cosolvent 2,2,2-trifluoroethanol (TFE) is often used to mimic protein des-
iccation. We assessed the effects of TFE on cytosolic abundant heat soluble
protein D (CAHS D) from tardigrades. CAHS D is a member of a unique pro-
tein class that is necessary and sufficient for tardigrades to survive desiccation.
We find that the response of CAHS D to TFE depends on the concentration of
both species. Dilute CAHS D remains soluble and, like most proteins exposed
to TFE, gains a-helix. More concentrated solutions of CAHS D in TFE accumu-
late p-sheet, driving both gel formation and aggregation. At even higher TFE
and CAHS D concentrations, samples phase separate without aggregation or
increases in helix. Our observations show the importance of considering pro-
tein concentration when using TFE.

aggregation, desiccation tolerance, disorder, infrared spectroscopy, phase separation,
tardigrades, trifluoroethanol

cosolvent can induce fp-sheet-driven aggregation at low-
to-medium %TFE (Wei et al, 2006). TFE's possible
dehydration-mimicking properties could thus be useful
for understanding the mechanism of desiccation-
tolerance proteins (Boothby & Pielak, 2017) and testing
their potential as excipients. Studies of late embryogene-
sis abundant (LEA) proteins, which are desiccation-
tolerance proteins found in plants and animals, report
a-helix formation with increasing %TFE, without aggre-
gation (Tolleter et al., 2007; Boswell et al., 2014; Hand &
Menze, 2015).

Tardigrades, a phylum of microscopic animals that
survive extreme environmental stresses, produce proteins
that protect against desiccation stress (Yamaguchi
et al, 2012; Boothby et al., 2017). These tardigrade-
specific intrinsically disordered proteins (TDPs) form
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helices in TFE, suggesting a hypothesis that helix forma-
tion leads to protection (Yamaguchi et al., 2012). How-
ever, the fact that TFE induces a-helix formation in most
proteins lessens the veracity of this hypothesis and TFE's
ability to mimic dehydration.

Here, we test this hypothesis by treating a potential
biocompatible excipient, cytosolic abundant heat-soluble
(CAHS) D, from tardigrades (Yamaguchi et al., 2012;
Boothby et al., 2017; Piszkiewicz et al., 2019; Esterly
et al., 2020; Crilly et al., 2022; Eicher et al., 2022) with
TFE. We measured structural and phase changes by
using circular dichroism spectropolarimetry (CD),
ultraviolet-visible (UV-Vis) light scattering and attenu-
ated total reflectance (ATR) Fourier transform infrared
(FTIR)-spectroscopies. FTIR is useful because absor-
bances in the amide I region (1600-1700 cm™ ') can be
related to secondary structure via analysis of spectra from
known protein structures and the fitting of Voigt profiles
(Barth, 2007).

CAHS D forms a thermo-reversible gel in vitro (Malki
et al., 2021), which turns into an aerogel upon drying and
these forms may serve as a shield to protect proteins from
dehydration damage (Crilly et al, 2022; Eicher
et al., 2023). Thus, investigating the physical and struc-
tural response of CAHS D to TFE may not only clarify
TFE's role in mimicking desiccation but it may also pro-
vide clues about the protective mechanism used by the
tardigrade protein.
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2 | RESULTS

2.1 | «-Helix at low cytosolic abundant
heat soluble protein D concentration in
2,2,2-trifluoroethanol

We acquired solution CD spectra (Figure 1a, b) as a func-
tion of CAHS D and TFE concentrations. At low CAHS D
concentration (0.2 g/L), in the absence of TFE, the pro-
tein exhibits a single negative Cotton effect around
200 nm, indicative of disorder (Figure 1a) (Chemes
et al., 2012). The amount of a-helix, as indicated by the
appearance of minima at 206 and 220 nm, increases with
%TFE. Similar results are observed for other desiccation-
tolerance proteins (Yamaguchi et al., 2012). Quantifica-
tion of the spectra corroborates these observations and
shows the formation of parallel p-sheets at low %TFE
(Figure 1c). Sheets never predominate and decrease
greatly above 30% TFE.

Increasing the CAHS D concentration to 0.4 g/L
(Figure 1b) alters the response. Characteristic a-helical
features are still observed at 50% and 70% TFE, consistent
with the expectation that TFE induces helices. But unlike
what is observed at low CAHS D concentrations, the heli-
ces do not arise directly from random coils. Instead, the
protein loses its coil-like spectrum and gains p-character
at both 10% and 25% TFE, as indicated by the negative
Cotton effect near 230 nm, similar to the spectrum of the
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FIGURE 1 TFE effects at low cytosolic abundant heat soluble protein D (CAHS D) concentration. Solution CD spectra with increasing
%TFE at 0.2 g/L (a) and 0.4 g/L CAHS D (b). Secondary structure at 0.2 g/L (c) and 0.4 g/L (d) CAHS D. Bars are presented as the mean with

the standard deviation from three independent samples.
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all B-protein, concanavalin A (Sen et al., 2009). Quantita-
tive analysis supports this conclusion (Figure 1d). Thus,
increasing the CAHS concentration, which increases the
potential for intermolecular interactions causes TFE to
first promote fB-sheet formation, which then converts to
a-helix at higher TFE concentrations.

We observed that at even higher CAHS D concentra-
tions (0.5-1.4 g/L) CAHS D samples become viscous gels
in 10% TFE, show aggregates at 25% TFE, and return to a
single-phase liquid at 50% TFE. Due to the high protein
concentration, the secondary structure could not be
assessed by CD because of the unacceptably large far-Uv
absorbance even in our shortest pathlength cuvette.
Aggregation was quantified by measuring scattered light
at 405 nm at 0.2, 0.4, and 1.4 g/L CAHS D in TFE. Maxi-
mum scattering occurs at 25% TFE at the highest CAHS
concentration but decreases sharply at 50% v/v TFE
(Figure 2).

2.2 | p-Sheet, not a-helix, contributes to
2,2,2-trifluoroethanol-induced gelation

Phase separation is observed with increasing %TFE at
higher CAHS D concentrations of 5.0-20 g/L (Figure 3).
At 20g/L, increasing the TFE concentration causes
CAHS D samples to progress from a gel phase through a
gel-plus-aggregate phase to liquid-gel phase separation.
As the concentration of CAHS D increases, the amount
of TFE required for the phase separation decreases.

The secondary structure of CAHS D in the phase tran-
sition was quantified by fitting the amide I region of
FTIR spectra. Reliable spectra could only be obtained at
20 g/L CAHS D because the signal to noise ratio was too
low at 5 and 10 g/L. The proportion of a-helices is
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FIGURE 2 Optically monitored aggregation of cytosolic
abundant heat soluble protein D (CAHS D) in TFE. TFE increases
aggregation up to a concentration of 25%. Data are presented as the
mean and standard deviation from three independent samples.
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independent of TFE, ranging from 40% to 50%
(Figure S1), and the change is insignificant compared to
data for other desiccation-tolerance proteins, which gain
much more helix (Tolleter et al., 2007).

To investigate the nature of the TFE-induced gel,
melting points (T, values, Figure 4) were measured using
FTIR by acquiring spectra from 303 to 318 K (Figure S2).
At 30 g/L CAHS D, Ty, increases from 303.3 + 0.9 K at
0% TFE to 310.2 + 0.3 K at 5% TFE, which is similar to
the T, observed for 50 g/L. CAHS D at 0% TFE (310
+ 2 K). At 303.5K, there is an insignificant change in

Gel
5-10 %

Phase separation

Solution
| &

'3 }c—) Liquid
i

30-70 %

FIGURE 3 Behavior of 20 g/L cytosolic abundant heat soluble
protein D (CAHS D) in 2,2,2-trifluoroethanol (TFE). The properties
were similar for CAHS D from 5 to 20 g/L.
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FIGURE 4 TFE effects on Ty, and % secondary structure
(303.5 K) at high (30 g/L) cytosolic abundant heat soluble protein D
(CAHS D) concentration. Low frequency p-sheet increases with Ty,
(from the Gibbs-Helmholtz equation). Data reported as mean

+ standard deviation from three independent samples. Tukey's
range test shows a significant difference (p < 0.002) in T;,, between
30 g/L CAHS/0% TFE and the other values and shows a highly
significant difference (p < 0.0007) in B-sheet content between

30 g/L CAHS/0% TFE and other values. Other differences are not
significant.
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a-helix with increasing TFE, but the amount of low fre-
quency f-sheet increases slightly with TFE and CAHS D
concentration (Figure 4). Thus, TFE increases the
strength of the gel, probably by increasing the amount of
intermolecular p-sheet.

2.3 | Cytosolic abundant heat soluble
protein D gels do not form aggregates at
high %TFE

FTIR was used to characterize liquid-gel phase separation
in 20 g/L CAHS D at high %TFE. Compared to gel spec-
tra, which generally show high absorbance in the amide I
and II regions (1500-1800 cm '), spectra of the liquid
phase exhibit lower absorbances without an amide II
peak (Figure S3a). Thus, CAHS D accumulates in the gel
phase. Meanwhile, the liquid phase has a larger absor-
bance in the region characteristic of TFE (1000-
1400 cm ) than does the gel phase (Figure S3b). In sum-
mary, the protein-rich gel phase is TFE poor, and the pro-
tein poor liquid phase is TFE rich.

To estimate %TFE in the protein-rich phase (%TFE,),
the ratio of TFE peak area in the protein-rich phase (A,)
to the area in buffer (Ap) is multiplied by the value from
buffer samples of standardized %TFE (%TFEp).

%4TFE, — %TFEg (ﬁ’) (1)

B

In the presence of phase separation, no matter how
much TFE is used to prepare the sample, the protein-rich
phase contains 26.8% + 0.9% TFE, which is approxi-
mately the %TFE at the transition from gel plus aggre-
gates to liquid-gel phase separation (Figure 5).

3 | DISCUSSION

We investigated the effects of the desolvating agent TFE
on CAHS D. At 0.2 and 0.4 g/L. CAHS D neither gelation
nor aggregation is observed on adding TFE. At both pro-
tein concentrations, CD data indicate a shift to «-helix
from random coil with increasing %TFE (Figure 1). At
0.4 g/L, CAHS D shows a more significant increase in
parallel B-sheets between 10% and 30% TFE than it does
at 0.2 g/L, indicating the potential of TFE to induce
B-sheets.

Other reports on disordered desiccation-tolerance
proteins in TFE report only helix formation. Those
results, which were acquired at low protein concentration
were interpreted as showing a relationship between
a-helix formation and dehydration (Tolleter et al., 2007;
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FIGURE 5 %TFE in a 20 g/L sample of cytosolic abundant

heat soluble protein D (CAHS D) with and without phase
separation. Below 30% TFE there is no separation. At >30% a
protein poor and a protein rich phase are observed. %TFE in the
rich phase is 26.8 + 0.9% regardless of the amount of TFE used to
prepare the sample. Data reported as mean =+ standard deviation
from three independent samples.

Boswell et al.,, 2014; Hand & Menze, 2015; Yamaguchi
et al., 2012). However, TFE stabilizes helical structures in
most proteins, whether folded or disordered (Anderson
et al., 2010; Anderson & Webb, 2012; Wei et al., 2006;
Ataei & Hosseinkhani, 2015; Srisailam et al., 2002). We
therefore sought additional information by using higher
CAHS D concentrations.

CAHS D forms a hydrogel, which has been related to
its desiccation tolerance (Malki et al., 2021). In the
absence of TFE, gelation becomes evident at concentra-
tions >20 g/L. However, at 1.4 g/L CAHS D and moder-
ate TFE concentrations, both gel and aggregate are
present, as indicated by the light scattering data and the
mechanical properties of the samples (Figures 2 and 3).

Upon increasing %TFE, the gel is replaced by aggre-
gates, which then disappear at yet higher %TFE. At lower
CAHS D concentrations (0.2 and 0.4 g/L), aggregates are
absent, and only small amounts of parallel p-sheets
(Figure 1c, d) are observed. These findings are consistent
with studies of aggregates related to Alzheimer's and
prion diseases where aggregation increases with increas-
ing parallel p-sheet content (Benzinger et al., 1998; Chan
et al., 2005). Studies of proteins unrelated to desiccation
tolerance also report aggregation at low-to-medium %
TFE, suggesting that aggregation arises from the forma-
tion of non-native, fibrillar intermolecular p-sheets in
these proteins (Anderson et al., 2010; Anderson &
Webb, 2012; Srisailam et al., 2002) We are unable to
quantify the secondary structure of 1.4 g/ CAHS D
because the concentration is too low for FTIR but too
high for CD in this combination of gel and aggregates.
We suggest, however, that the structure comprises inter-
molecular parallel p-sheets, whose content increases with
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increasing protein concentration. Other studies of
desiccation-tolerance proteins do not report gelation or
aggregation, probably because the protein concentration
was low, leading to sparse intermolecular interactions.
We suggest that the disappearance of aggregates at higher
%TFE corresponds to the weakening of p-sheets and the
strengthening of a-helices (Eicher et al., 2022).

Further increases in CAHS D concentration (5-20 g/
L) result in more significant gel and aggregate formation
at low-to-medium %TFE (Figure 3). Quantification of sec-
ondary structure does not show a shift towards a-helix
with increasing %TFE, suggesting TFE-induced gelation
and aggregation are not directly linked to helix formation
(Figure S1). Melting curves show that Ty, increases with
increasing %TFE (Figure S2). Knowing that T, is also
positively correlated with protein concentration (Eicher
et al., 2022), we suggest that increasing CAHS D concen-
tration contributes to the formation of intermolecular
B-sheets, leading to stronger gels. FTIR data support this
hypothesis, showing a significant increase in low fre-
quency f-sheets in TFE (Figure 4). Low frequency
[B-sheets are more ordered and tend to form intermolecu-
lar interactions (Lomont et al., 2017; Baird et al., 2020).
Thus, at low-to-medium %TFE, increasing TFE concen-
tration is likely to strengthen the interactions between
intermolecular p-sheets, turning CAHS D from liquid to
gel to aggregates.

More concentrated CAHS D (5-20 g/L) phase sepa-
rates at 30%-70 %TFE (Figure 3). Phase separation has

B oos-WiLey Lo

been reported for other desiccation tolerance (Tanaka
et al,, 2022) and other proteins (Hattori et al., 2018;
Dyksterhuis et al., 2007) and when TFE is used to extract
and purify membrane proteins (Koolivand et al., 2018;
Deshusses et al., 2003). Analysis of the two phases reveals
a protein-rich TFE-poor gel phase and a protein-poor
TFE-rich liquid phase (Figure S3). Quantification
(Figure 5) shows that above 30% TFE, instead of further
aggregation or a shift to helices, CAHS D gels maintain
an average of 26.8% + 0.9% TFE, forcing any additional
TFE into the protein-poor phase. This observation sug-
gests that CAHS D hydrogels are capable of partitioning
small molecules based on bulk properties, for example,
hydrophobicity.

In summary, TFE-induced changes in CAHS D
depend on protein concentration (Figure 6). In dilute
CAHS D (<5 g/L), the protein forms weak intermolecular
B-sheet interactions. Thus, although parallel p-sheets are
induced at low-to-medium %TFE at CAHS D concentra-
tions as low as 0.2 g/L, gelation and aggregation are not
observed until the protein concentration exceeds 1.4 g/L.
At >30% TFE, preferential TFE-protein solvation favors
helices rather than intermolecular B-sheets, leading to
the disappearance of aggregation, in contrast to the
lyophilized samples (Eicher et al., 2023).

Aggregation or helix formation is not unique to
desiccation-tolerance proteins but TFE-induced gelation,
as is observed for CAHS D, may be key to the role of this
protein in desiccation protection. Replacement of the gel

Dilute CAHS D
S§ SN
T TFE 282 TFE
‘\;.\ »? :
Dehydration
Liquid Liquid
Concentrated CAHS D
— == TFE
\ s s - Dehydration
TFE
Liquid Gel Gel + aggregate Gel

FIGURE 6 Dilute and concentrated CAHS
D structure and phase behavior with increasing

]

%TFE (Created with Biorender).

% TFE
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by aggregates and helices suggests that TFE might be a
poor mimic of dehydration, at least for dilute CAHS
D. When CAHS D concentration is too low to form inter-
molecular sheets, there is no gelation, and TFE shifts
CAHS D to a-helix, as TFE does for most proteins.

When CAHS D is more concentrated, TFE-induced
intermolecular interactions between ordered low fre-
quency f-sheets drive gelation (Figure 6) (Eicher
et al., 2022). As %TFE increases, (-sheets interactions
grow stronger, leading to aggregation. At high %TFE
(>30%), the CAHS D samples spontaneously phase sepa-
rate, forming a gel that rejects further aggregation or
structural rearrangement.

We can also compare the secondary structure in TFE
to the secondary structure of lyophilized CAHS D. At low
concentrations (0.1-10 g/L) there is little change upon
drying (Eicher et al., 2023), which contrasts with what
happens in TFE solution as assessed by using CD
(Figure 1). In addition, the secondary structure as assessed
by FTIR (Figure 4) is not comparable to the secondary
structure of lyophilized samples (Eicher et al., 2023) and
drying CAHS D from higher concentration solutions
result in less, not more, a-helix (Eicher et al., 2023).

In summary, at low protein concentration TFE
enhances the helix content for almost all proteins, includ-
ing CAHS D. At intermediate CAHS D concentrations,
the desolvating properties of TFE favor p-sheet but fur-
ther increases in TFE force o-helix formation, which
inhibits gelation. Further increases in CAHS concentra-
tion lead to formation of intermolecular p-sheets (Eicher
et al., 2022) and the desolvating properties of TFE stabi-
lize the sheets resulting in protein aggregation and the
formation of stronger gels. At the highest concentrations
of CAHS D, TFE causes separation into two phases—a
protein-poor, TFE-rich phase and a gel-like protein-rich,
TFE-poor phase. Thus, it too simple to consider TFE a
mimic of dehydration.

4 | MATERIALS AND METHODS

41 | Cytosolic abundant heat soluble
protein D

CAHS D was prepared as described (Esterly et al., 2020).
Briefly, a pET28-b plasmid containing the his-tagged
structural gene for CAHS D was transformed into BL21
(DE3) E. coli cells. The cells were grown in Lennox broth,
and protein expression was induced with isopropyl p-D-
1-thiogalactopyranoside. The cells were harvested lysed
by heat shock, and the lysate cleared by centrifugation.
The supernatant was diluted with an equal volume of
urea-containing buffer, loaded onto a His-Trap HP col-
umn (Thermo Fisher, Waltham, MA) and eluted with a

gradient of imidazole-urea buffer. Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
was used to identify fractions containing CAHS D. The
his tag was removed with tobacco etch virus protease.
Fractions containing only CAHS D were combined,
lyophilized, and resuspended in physiologically buffered
saline (PBS, 140 mM NacCl, 2.7 mM KCIl, 8 mM Na,HPO,
pH 7.4). CAHS D concentration was quantified with a
Pierce Coomassie Plus assay (Bradford, 1976) using
bovine serum albumin (Thermo Fisher) as the standard.
For studying the effects of drying, lyophilized samples
were resuspended in water, the concentration quantified
as described above, and the sample diluted to the appro-
priate target concentration before lyophilization.

42 | UV-Vis

Aggregation of CAHS D was quantified with a UV-Vis
SmartSpec Plus spectrophotometer (BioRad, Hercules,
CA) by measuring the absorbance at 405 nm in a 1-cm
quartz cuvette (Hellma, Plainville, NY). TFE was mixed
with PBS before addition. The incubation time was
30 min. Aggregation was estimated by subtracting the
absorbance of the buffer (PBS) blank (Ataei &
Hosseinkhani, 2015; Srisailam et al., 2002).

43 | CD

Spectra were obtained at CAHS D concentrations of
<2 g/L from 280 to 185 nm using a Chirascan™-Plus
(Applied Photophysics, Leatherland, UK) spectropolari-
meter at 30°C. Phosphate buffer (10 mM, 6.1 mM
Na,HPO,, 3.9 mM NaH,PO4, pH 7.4) was used instead of
PBS to minimize interference from Cl™. TFE was mixed
with buffer before adding it to the sample. The samples
were incubated for 30 min and spectra acquired in a
1-mm quartz cuvette (Hellma). The results are reported
in molar ellipticity, [0]=2+4 in units of degree
cm?/dmol, where c is the concentration of protein in g/L,
L is the cuvette pathlength in cm, and M is the mean resi-
due weight of the protein (112.27 g/mol) (Purdie, 1996).
Secondary structure was estimated using Beta Structure
Selection (BEStSel) software (Micsonai et al., 2015).

431 | FTIR

Spectra (400 scans) were acquired at concentrations
>5 g/L CAHS D using a Prota-3S FT-IR Spectrophotometer
(BioTools, Jupiter FL) at 30°C, with a resolution of 4 cm ™.
TFE was either added last or mixed with PBS before dilu-
tion, followed by a 30 min incubation. Background-,
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buffer-, and sample- spectra were preprocessed using Pro-
ta3s (BioTools) software. Background spectra were sub-
tracted from both buffer- and sample spectra. Buffer
spectra were then subtracted from sample spectra in the
same proportion in each sample. Optimal subtraction was
accomplished by ensuring that the final spectra are non-
negative near 3750 cm ' and flat between 1800 and
2000 cm ™. Processed spectra were loaded onto the Orange
Data Mining platform (DemsSar et al., 2013), smoothed
with a Savitsky-Golay filter (window of 5) and denoised via
principal component analysis (PCA) (4 components).
Smoothed bands were processed with a positive rubber
band baseline-correction, vector normalized, and fitted
with Voigt profiles using non-linear least-squares regres-
sion. Secondary structures were assigned as described
(Demsar et al., 2013). We used the ATR crystal to take
100 scans of lyophilized samples, subtracting an appropri-
ate background followed by the processing steps described
above. For the temperature studies (30-50°C), the scan
number was 100. PCA was applied to the smoothed spec-
tra. Melting curves were obtained by plotting the first com-
ponent, which explains the largest variation, against
temperature. Data were fitted to the two-state Gibbs-
Helmholtz equation using Matlab to obtain the midpoint
temperature, T, (Cohen & Pielak, 1994). The integrated
areas under the TFE absorbances were used to
obtain %TFE.
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