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Abstract: Protein-based biological drugs andmany industrial enzymes are unstable,making themprohibi-
tively expensive. Some can be stabilized by formulationwith excipients, butmost still require low tempera-
ture storage. In search of new,more robust excipients, we turned to the tardigrade, amicroscopic animal
that synthesizes cytosolic abundant heat soluble (CAHS) proteins to protect its cellular components during
desiccation.We find that CAHSproteins protect the test enzymes lactate dehydrogenase and lipoprotein
lipase against desiccation-, freezing-, and lyophilization-induced deactivation. Our data also show that a
variety of globular and disordered protein controls, with no known link to desiccation tolerance, protect our
test enzymes. Protection of lactate dehydrogenase correlates, albeit imperfectly, with the charge density
of the protein additive, suggesting an approach to tune protection bymodifying charge. Our results support
the potential use of CAHSproteins as stabilizing excipients in formulations and suggest that other proteins
may have similar potential.
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ordered proteins; tardigrades

Abbreviations: BSA, bovine serum albumin; CAHS, cytosolic abundant heat soluble protein; dextran 20, 20 kDa dextran; Ficoll 70,
70 kDa Ficoll®; Hphob, Kyte and Doolittle hydrophobicity; IDP, intrinsically disordered protein; LB, Lennox broth; LDH, lactate
dehydrogenase; LEA, late embryogenesis abundant; LPL, lipoprotein lipase; NAD+, oxidized nicotinamide adenine dinucleotide;
NADH, reduced nicotinamide adenine dinucleotide; PBS, phosphate buffered saline; PEG 3350, 3.35 kDa polyethylene glycol;
pI, isoelectric point; SH3, the T22G variant of the N-terminal SH3 domain of Drosophila signal transduction protein drk.
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Impact statement: Protein-based drugs called biologics are among the most effective therapeutic treatments in the market. However,
these drugs are unstable and require refrigerated storage, which makes them expensive. Manufacturers increase the shelf-life of bio-
logics by adding excipients (molecules that protect active ingredients) but most still require refrigeration. Discovering better excipients
wouldmake these productsmore affordable and accessible, particularly for poor and remote populationswithout access to refrigeration.
Furthermore, some potential biologics may never reach the market because of instability. Better methods to protect and stabilize bio-
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Introduction
Biologics, protein-based drugs derived from living
organisms, are among the most effective therapeutic
treatments in the market. However, they are unstable,
have short half-lives, and require low temperature stor-
age, which makes them expensive. Environmentally
friendly industrial enzymes often confront similar chal-
lenges. Manufacturers increase the half-life of biologics
and enzymes by adding excipients,molecules that stabi-
lize the active ingredient.1

Trehalose is a common excipient and osmolyte that
is synthesized bymany desiccation tolerant organisms.2–5

This nonreducing disaccharide can increase themid-point
denaturation temperature of a protein by as much as
18�C and its modified standard-state Gibbs free energy of
denaturation by almost 5 kcal/mol at physiologically rele-
vant temperatures.6 However, trehalose also enhances
autophagy,7,8 and can interfere with drug efficacy in
treatments to repress autophagy in autoimmune diseases
like lupus.9 Albumedix produces a protein-based excipi-
ent, recombinant human serum albumin, which is FDA
approved infive biologics including theM-M-R®

II vaccine,
the type II diabetes drug Tanzeum®, and the hemophilia
treatment Idelvion®. Nevertheless, biologics still require
storage at temperatures as low as −80�C, even after for-
mulation.10 Discovery of better excipients would make
these productsmore affordable and accessible.

We turned to tardigrades as a potential source of
novel excipients. These microscopic animals survive
conditions ranging from −274�C to 151�C, from vacuum
to 6000 atm, 1000-times more radiation than the aver-
age organism, 10 days exposed to outer space, 30 years
frozen, and up to 10 years of desiccation.11–15 Genomic
and transcriptomic data suggest that, unlike many des-
iccation tolerant organisms, some species of tardigrades
lack trehalose phosphatase,16–21 and therefore cannot
synthesize this sugar. Nevertheless, tardigrades pro-
duce several families of intrinsically disordered proteins
(IDPs), including the cytosolic abundant heat soluble
(CAHS) family.22 IDPs have many functions and are
thought to play a role in stress tolerance across all king-
doms of life,23–27 and in vitro the intrinsically disordered
late embryogenesis abundant (LEA) proteins protect
enzymes against environmental stress.23,24,28–30 These
observations led us to investigate whether CAHS pro-
teins could perform a similar function. We showed that
CAHS proteins allow tardigrades to survive desiccation
and have been detected only in these organisms.16 Fur-
thermore, recombinant expression of CAHS proteins in
yeast and bacteria enhances the desiccation tolerance of
both organisms by over 100-fold.16

We studied the protection of two enzymes by CAHS
proteins. Lactate dehydrogenase (LDH, Scheme 1), is a
150 kDa tetramer with an isoelectric point (pI) of 6.0
that is frequently studied in stress tolerance of in vitro
samples.16,24,28–34 Here, we expand our initial results16

by quantifying the protective properties of osmolytes,

sugars, synthetic polymers, globular proteins, disor-
dered proteins, and CAHS proteins at room tempera-
ture and 95�C. We also studied protection of the
unstable enzyme lipoprotein lipase (LPL, Scheme 2), a
110 kDa dimer with a pI of 8.5 that possesses therapeu-
tic potential for treating hypertriglyceridemia.35–37

Results

Protecting LDH against desiccation induced
inactivation
LDH is commercially available and sensitive to H2O loss
fromvacuum-drying.16,30,32,38 The enzymewas desiccated
in the presence of osmolytes, sugars, synthetic polymers,
globular proteins, disordered proteins, and CAHS pro-
teins (Fig. 1), with some occupying multiple categories
(Fig. 2), using aGenevac®EZ-2Personal Evaporator. Pro-
tection was quantified as the percent activity of the desic-
cated samples compared to unstressed controls (Fig. 3).

Trehalose, a nonreducing glucose disaccharide, is
the most protective sugar, most protective osmolyte,
and most protective small molecule tested [Fig. 3(a)].
Ficoll 70, a branched 70kDa sucrose polymer containing
nonreducing linkages, and dextran 20, a 20 kDa com-
plex branched glucose polymer containing reducing
linkages, are also protective. Sucrose, the nonreducing
disaccharide and the monomer of Ficoll, protects only
up to 70% of activity (Supporting Information Fig. S1).
Maltose, the reducing glucose disaccharide comprising
dextran, protects up to 30% of activity at concentrations
between 10 g/L and 50 g/L, but is not effective at higher
concentrations. The sugar alcohol and osmolyte manni-
tol protects no more than 10% of LDH activity. The
monosaccharide glucose, the osmolytes glycine and
betaine, and the polymer polyethylene glycol (PEG)
3350 are ineffective (data not shown).

All proteins tested outperform trehalose [Fig. 3(a,b)].
Bovine serum albumin (BSA), a homolog of the excipient
human serumalbumin, is the least protective protein and
ubiquitin the most protective on a g/L basis. The disor-
dered protein flgM39 and the stabilized SH3 domain, SH3
T22G (SH3),40 are less protective than ubiquitin butmore
protective than BSA. Lysozyme protects LDH activity at
low concentrations, but at high concentrations it inacti-
vates LDH in the unstressed controls (data not shown).
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Scheme 1. LDH reaction. A hydride from NADH and a proton
are transferred to pyruvate, forming the reduced product,
lactate, and the oxidized cofactor NAD+.
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The g/L-concentration and mole ratio of additive
required for 50% protection (Fig. 4) were then calculated.
The CAHS homologs tested fall between SH3 and BSA
[Figs. 3(c) and 4(a)] on a g/L basis. When these data
are converted from g/L to mole ratio, CAHS G is the
most protective with a confidence interval of at least 67%
[Fig. 4(b)].

Protecting desiccated LDH against heat
inactivation
Next, we tested the ability of trehalose, BSA, flgM,
ubiquitin, CAHS D, and CAHS G to protect the desic-
cated enzyme at 95�C (Fig. 5). We chose a common addi-
tive concentration of 20 g/L because all additives tested
protect LDH at this concentration (Fig. 3). Trehalose
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Scheme 2. LPL reaction. Triglycerides are hydrolyzed to fatty acids and glycerol.

Figure 1. Additives tested as potential protectants.
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has no protective ability above 80�C and at 95�C almost
all activity is lost in 5 min (Fig. S2). All proteins show
some ability to protect the desiccated enzyme at 95�C
(Fig. 5). BSA is the least protective with activity dis-
appearing in about 4 h. Ubiquitin is themost protective,
preserving activity for 2 h at 95�C before a decline. The
potency of CAHS D and G fall between flgM and BSA,
similar to their behavior at room temperature (Fig. 3).

Protecting LPL against lyophilization-induced
inactivation and long-term storage
We also investigated the ability of a limited selection of
additives to protect bovine LPL, an enzyme that nor-
mally requires storage at−80�C (Fig. 6). LPLwas frozen
or lyophilized in solutions of trehalose, BSA, and CAHS
D. Protection was measured as percent activity com-
pared to unstressed controls. Trehalose does not protect
the enzyme against inactivation by either freeze/thaw
stress or lyophilization. BSA and CAHS D protect
slightly better against freeze/thaw-inactivation than
lyophilization induced-inactivation, but CAHS D is
more protective against both processes.

LPL was then lyophilized from solutions of treha-
lose, BSA, or CAHS D and its activity monitored at 4�C
as a function of time (Fig. 7). Consistentwith the observa-
tions described earlier, trehalose is not protective at 4�C
whether the samples are lyophilized or in solution. In
solution, BSA and CAHSDwere both slightly protective,
but activity diminished over a week. BSA and CAHS D
provided longer-term stabilization for lyophilized LPL
stored at 4�C, with activity gradually declining over
2months. In both cases, CAHSDoutperformsBSA.

Discussion

Trehalose outperforms other sugars, polymers,
and osmolytes as a protectant of LDH
The nonreducing sugars trehalose and the sucrose poly-
merFicoll 70 protect LDHbetter than the reducing sugars
maltose, glucose, and the glucose polymer dextran 20.
Nonreducing sugars may be more effective protectants

because they lack the reactive carbonyl group of reducing
sugars. However, this idea does not explain why the
reducing sugar dextran 20 is more protective than the
nonreducing sugar sucrose. Additionally, sugar size does
not have a consistent effect. Both sugar polymers out-
perform the disaccharides sucrose and maltose but not
the disaccharide trehalose. These observations may
explainwhy trehalose is one of themostwidelyused excip-
ients. The sugar alcohol and osmolyte mannitol protects
poorly against desiccation-induced LDH inactivation.

Excipients

Osmolytes Proteins

Sugars Polymers

Trehalose

SucroseBetaine

Glycine*
Mannitol

Glucose

Maltose

Ficoll

Dextran

PEG

BSA

Ubiquitin

FlgM CAHS

Lysozyme SH3

Figure 2. Venn diagram of additives tested as potential
protectants and their categorization. Most additives fall into
multiple categories. *Glycine is an amino acid and osmolyte.

0

20

40

60

80

100

LDH control

Trehalose
Ficoll 70
Dextran 20

0

20

40

60

80

100

0.01 0.1 1 10 100

Additive, g/L

BSA

CAHS D
CAHS G

SH3
FlgM
Ubiquitin

Sugar controls

Protein controls

CAHS proteins

0

20

40

60

80

100

L
D

H
 a

c
ti

v
it

y,
 %

(a)

(b)

(c)

Figure 3. Protection of LDH activity against desiccation-
induced inactivation. Buffered LDH (0.10 g/L) was desiccated
and rehydrated by itself and with additives. Percent activity
was determined by comparison to a sample of the same
solution stored at 4�C. Uncertainties are the standard
deviations of the mean from triplicate measurements. Data for
the less effective additives sucrose, maltose, and mannitol are
given in Supporting Information Figure S1. “LDH control”
represents the activity in the absence of additive or in the
presence of glucose, glycine, betaine or PEG 3350 (i.e., these
additives are ineffective). Sigmoidal curves were added as a
visual guide and used to calculate the concentration of
additive required for 50% protection (Fig. 4). Data for trehalose
and BSA have been published.16 Data for CAHS D and G are
slightly different from our previous report16 because, as
described in the Materials and Methods section, we improved
the purification protocol.
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The nonsugar osmolyte betaine, despite its ability to stabi-
lize proteins in vitro and in cells,41–43 does not protect LDH
against desiccation-induced inactivation. The same is true
for the amino acid and osmolyte glycine.42 Similarly,
despite its use as an excipient and its ability to protect
LDH against freeze/thaw and freeze/dry stress,31 the syn-
thetic polymer PEG 3350 does not protect LDH against
desiccation-induced inactivation.With the exception of glu-
cose, all sugars have some ability to protect LDH against
desiccation-induced inactivation, butwefindno other clear
patterns among sugars, polymers, and osmolytes.

Proteins outperform trehalose
We chose the proteins ubiquitin, flgM, SH3, and BSA
because they are easy to produce and store, and they rep-
resent two protein classes: globular and disordered.
These proteins protect LDH against desiccation-induced

inactivation at room temperature and 95�C more effec-
tively than trehalose and other sugars, polymers, and
osmolytes (Figs. 3–5). BSA also protects LPL against
freeze/thaw and lyophilization-induced inactivation
(Figs. 6 and 7). By contrast, trehalose does not protect
LDH from these stresses.

Protein protection and physical properties
We sought to explain the protective properties of proteins
(Table I).With the exception of SH3, their protective abil-
ity, measured in g/L, directly correlates to the total
charge at pH 7 divided by the number of amino acid resi-
dues, which we call the sequence charge density [Fig. 8
(a)]. With two exceptions (discussed later), themore posi-
tive its sequence charge density, the better the protein
protects negatively charged LDH (pI 5 to 6, depending on
the isozyme).

Figure 4. Additive concentrations affording 50% LDH protection from desiccation-induced inactivation as determined from the
sigmoidal fits of the data in Figure 3. (a) g/L concentrations. Uncertainties are the standard deviations of the mean from triplicate
measurements. (b) Mole ratios of additive to LDH. The upper and lower uncertainties for trehalose are 55,000 and 49,000.
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Figure 5. Protecting dried LDH from heat-inactivation.
Buffered LDH (0.10 g/L) was desiccated in the presence of
20 g/L protectant before exposure to 95�C. After rehydration,
the percent activity was determined by comparison to a
control comprising the same solution stored at 4�C.
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triplicate measurements. Curves were added as a visual guide
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SH3 deviates from this pattern, possibly because of
its small size or its large surface hydrophobicity (Table I).
Lysozyme is the other exception. Its protective ability can-
not be quantified because it inactivates LDH even in
unstressed control solutions, consistent with its generally
destabilizing effect.48–51 In solution, test proteins are sta-
bilized by crowders of the same charge and destabilized
by crowders of the opposite charge.41,48–58 If negatively
charged CAHS proteins function by protecting more posi-
tively charged proteins against desiccation, then it is
likely that the mechanism of desiccation tolerance differs
from the mechanism that stabilizes test proteins under
crowded conditions in solution.

We suggest that CAHS proteins (pI ~6) are best at
protecting proteins with isoelectric points greater than 6.
This idea holds for LDH and LPL, and perhaps tardi-
grades. In the species Hypsibius exemplaris, from which
CAHS D and G are derived, 80% of proteins in predicted
open reading frames have a higher pI than CAHS pro-
teins [Fig. 8(b)], consistent with our suggestion. This
trend is also true for LEA proteins (pI ~5), an intrinsi-
cally disordered protein family required for desiccation
tolerance in Caenorhabditis elegans,62,63 which also pro-
tects enzymes against environmental stress.24,28,30,64,65

Ninety-one percent of proteins in predicted open reading
frames of C. elegans have a higher isoelectric point than
LEAproteins [Fig. 8(c)].

CAHS proteins protect against multiple stresses
CAHSD and G protect LDH against desiccation-induced
inactivation and heat-induced inactivation of the desic-
cated enzyme but do not outperform the control proteins
ubiquitin, flgM, and SH3 on a g/L basis. CAHS proteins
and BSA also protect LPL against freeze/thaw. Most
noticeably, CAHSproteins outperformBSA in stabilizing
LPL after lyophilization and storage at 4�C. Tardigrades
require CAHS proteins to survive desiccation, but not
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Figure 7. Protecting LPL against lyophilization-induced
inactivation. Buffered LPL (0.28 mg/L) was formulated with
0.026 g/L additive. Samples were stored at either 4�C or flash
frozen and lyophilized before storage at 4�C. Normalized
activity was determined by comparison to a control
comprising the same solution stored at −80�C. Curves were
added as a visual guide but have no theoretical significance.
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freeze/thaw stress,16 suggesting redundant strategies to
protect their cellular components against freeze/thaw
stress. CAHS proteins may arrest formation of ice crys-
tals, or they may protect enzyme activity orthogonally to
antifreeze proteins.66 Either way, CAHS proteinsmay be
valuable for organ preservation.67–70 Other proteins with
no known link to freeze/thaw or desiccation tolerance
may also have these protective properties.

Conclusions
Intrinsically disordered CAHS proteins from tardigrades
can protect test enzymes against desiccation-, freezing-,
and lyophilization-induced deactivation, consistent with

the idea that protection of enzymes and other globular
proteins is part of their native function. Our data also
show that a variety of globular and disordered protein
controls with no known link to desiccation tolerance can
protect test enzymes. LDH protection correlates, albeit
imperfectly, with the sequence charge density of the pro-
tein additive, suggesting a method to tune the protective
ability of CAHS proteins or other protective proteins by
modifying their charge.

CAHS proteins may also be optimized in other ways
to confer desiccation tolerance. For instance, theymay be
more effective at long-term protection against tempera-
ture fluctuations, as would be experienced with the
changing of seasons. CAHS proteins may protect mem-
branes in addition to proteins. CAHS proteins could also
be inert to essential biochemical pathways compared to
other proteins. Additionally, their intrinsic disorder and
the disorder of other proteins linked to desiccation
tolerance may facilitate degradation after rehydration.
Additional studies are needed to explore these possibili-
ties. Nonetheless our results support the potential use
of CAHS proteins as a stabilizing excipient in biologic
formulations.

Materials and Methods

Commercial additives
Betaine and Ficoll 70 were purchased from Sigma Life
Science, St. Louis,MO,USA. PEG3350 and sucrosewere
purchased from Sigma Chemical, St. Louis, MO, USA.
Bovine serum albumin and lysozyme were purchased
from Sigma, St. Louis, MO, USA. D-Glucose was pur-
chased from MP Biomedicals, Santa Ana, CA, USA.
D-Maltose was purchased from Fluka Biochemika,
Morris Plains, NJ,USA.D-Mannitol was purchased from
Acros Organics, Geel, Belgium. D-Trehalose was pur-
chased from Aldrich Chemical, St. Louis, MO, USA and
AcrosOrganics, Geel, Belgium.Dextran 20was purchased
from Alfa Aesar, Heysham, Lancashire, UK. Glycine
was purchased from Fisher Chemical, Fairlawn, NJ,
USA. H2O with a conductivity of 17 MΩcm−1 was used
for protein purification and LDH assays.

CAHS D purification
Plasmids for CAHS D, also known as CAHS 94063, were
engineered and transformed into BL21star(DE3) cells as
described.16 A single colony was used to inoculate 10 mL
of Lennox broth (LB, 10 g/L tryptone, 5 g/L yeast extract,
5 g/LNaCl) supplemented with the antibiotic kanamycin
to a final concentration of 60 μg/mL. The culture was
shaken at 37�C overnight (New Brunswick Scientific I26
incubator, 225 rpm). This 10 mL culture was used to
inoculate 1 L of kanamycin supplementedLB.

One-L cultures were shaken at 37�C until the optical
density at 600 nm was greater than 0.4 but less than 0.8
(BioRad SmartSpec Plus spectrophotometer). Isopropyl
β-D-1-thiogalactopyranoisde (1 mM final concentration)
was added to induce expression. After 4 h, cells were
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Figure 8. (a) Charge at pH 7 divided by the number of residues
in each protein plotted against the concentration for 50%
protection of LDH activity. (b) Histogram of pI values at 0.1
intervals for predicted open reading frames in the genome of
Hypsibius exemplaris.44,45 (c) Histogram of pI values at 0.1
intervals for predicted open reading frames in the genome of
Caenorhabditis elegans.46,47
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pelleted at 1000 g at 10�C for 30min (Sorvall Instruments
RC-3B,Fairlawn,NJ,USA). Pelletswere stored at−20�C.

Three cell pellets were resuspended in 15 mL of
25 mM Tris/HCl (pH 7.0) supplemented with 50 μL
protease inhibitors (Sigma-Aldrich P2714 containing
40 mM AEBSF, 6 μM aprotinin, 2.3 mM bestatin,
280 μM E-64, 20 μM leupeptin, and 20 mM EDTA)
per cell pellet and then heat shocked at 95�C for
15 min. The heat-insoluble fraction was removed by
centrifugation at 20,000 g for 30 min (Du Pont RC-5B)
at room temperature. The supernatant was mixed with
two volumes of 8 M urea containing 50 mM sodium
acetate (pH 4.0), which had been passed through a
0.45 μm filter (Millipore SLGVM33RS, Burlington, MA,
USA). This and all other urea solutions were deionized
with 5 g/L Dowex® MB Mixed Ion Exchange Resin
(Sigma) before filtering out the resin with a 0.22 μm
filter (Corning Inc. 431161, Corning, NY, USA) and
adding buffer salts.

Cation exchange chromatography was performed
at room temperature (GE AKTA Start, 5 mL GE
HiTrap SPHP) in 8M urea, 50mM sodium acetate (pH
4.0) with a 28-column-volume gradient of 0% to 50%
1 M NaCl. SDS-PAGE (Bio-Rad 4–20% Criterion™
TGX™ Gels) was used to identify fractions containing
pure CAHS D. The fractions were pooled, filtered
(0.45 μm), and transferred to 10,000 MWCO dialysis
tubing (Fisher 68100). Samples were dialyzed against
2 M urea, 20 mM Tris/HCl (pH 7.5) for a minimum of
3 h followed by four changes of 20 mM Tris/HCl
(pH 7.5) and one change of H2O for at least 3 h each.
The samples were flash frozen in a CO2(s)/ethanol bath
and lyophilized for 48 h (Labconco FreeZone) before
storage at room temperature.

The purity of CAHS D was confirmed using a
ThermoScientific Q Exactive HF-X mass spectrometer.
Lyophilized CAHSDwas resuspended at a concentration
of ~1 g/L protein in autoclavedH2O and filtered (0.20 μm,
Millipore SLHVM33RS). The solution was diluted 1:1
with acetonitrile before injection.

CAHS G purification
CAHSG, also known asCAHS89226,16 was expressed in
BL21star(DE3) cells as described earlier. Two cell pellets
were resuspended in 20 mL of 25 mM Tris/HCl (pH 7.0)
supplemented with protease inhibitors and heat shocked
as described earlier. The supernatant was mixed with
two volumes of 3 M urea, 20 mM Tris/HCl (pH 9.0) that
had been passed through a 0.45 μmfilter.

Anion exchange chromatography was performed at
room temperature on the AKTA Start (5 mL GE HiTrap
SP Q) in 3 M urea, 20 mM Tris/HCl (pH 9.0) with a
24-column-volume gradient of 0% to 100% 150 mM
NaCl. SDS-PAGE was used to identify the fractions con-
taining pure CAHS G. These fractions were pooled, fil-
tered (0.45 μm), and transferred to 10,000 MWCO
dialysis tubing. Samples were dialyzed against 20 mM
Tris/HCl (pH 7.5) for a minimum of 4 h followed by five

changes of H2O for at least 3 h each. The samples were
flash frozen, lyophilized, and stored as described for
CAHS D. Purity was determined only by SDS PAGE
because CAHS G is insoluble under the conditions used
formass spectrometry.

FlgM
A plasmid harboring the FlgM gene71 was used to
express the protein in Escherichia coli BL21star(DE3)
cells using the protocol earlier, except that antibiotic
ampicillin was used for selection (100 μg/mL final con-
centration). Three pellets were resuspended in 15 mL of
50 mM Tris/HCl (pH 7.5) supplemented with protease
inhibitors. The heat-soluble fraction was collected as
described earlier.

Anion exchange chromatography was performed at
4�C (GEHealthcare, Chicago, IL, USA, AKTAFPLC, GE
QSepharose column, 1.6 cm × 10 cm) in 50 mMTris/HCl
(pH 7.5) using a gradient of 2.5% to 50% 2MNaCl. FlgM
does not bind. The flgM in the flow through was further
purified by size-exclusion chromatography (GESuperdex
75 column, 1.6 cm x 600 cm eluted with 50 mM
Na2HPO4, 20 mM KH2PO4, 9 mM NaCl, pH 7.4). Puri-
fied protein was dialyzed against H2O for 4 h at room
temperature or overnight at 4�C. Dialyzed samples were
flash frozen in aCO2(s)/ethanol bath and lyophilized.

SH3
The stabilized T22G mutant40 was produced by site-
directed mutagenesis of the pET11d plasmid containing
the drkN SH3 gene using the Agilent QuikChange kit
(Santa Clara, CA, USA) and the following primers: for-
ward 5’ GAC GAC GAG CTG AGT TTT CGC AAA GGT
CAG ATT CTA AAG ATA TTA AAT ATG G 30 and
reverse 5’ C CAT ATT TAA TAT CTT TAG AAT CTG
ACC TTT GCG AAA ACT CAG CTC GTC GTC 30. The
plasmid was used to express the protein in E. coli
BL21star(DE3) cells using the protocol for CAHS
expression except that ampicillin was used for selection
(100 μg/mL final concentration). Six pellets were com-
bined in 10mL of 50 mMTris/HCl (pH 7.5) supplemented
with protease inhibitors and lysed by sonication (10%
amplitude, 4 s on, 2 s off for 15 min). Anion exchange was
performed as described for flgM. SH3 does bind to anion
exchange resin. SH3 containing fractions identified by
SDS PAGE were further purified by size exclusion chro-
matography as described for flgM. Purified protein was
dialyzed and lyophilized a described forflgM.

Ubiquitin
A plasmid harboring the gene encoding histidine-tagged
ubiquitin58,61 was used to express the protein in E. coli
BL21star(DE3) cells using the protocol described for the
CAHS proteins except ampicillin (100 μg/mL final con-
centration) was used for selection. Three pellets were
resuspended in 15 mL of 50 mM Na2HPO4, 500 mM
NaCl, 15 mM imidazole (pH 7.6) supplemented with pro-
tease inhibitors and purified as described.58
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Lactate dehydrogenase assays
The assay is based on published protocols.16,30 L-LDH from
rabbit muscle (Roche, Basel, Switzerland) was diluted to
0.1 g/L in 100 μL of 25 mM Tris/HCl (pH 7.0) containing
various concentrations of CAHS D, CAHS G, ubiquitin,
SH3, flgM, or other additives. Concentrations of CAHS D,
CAHS G, ubiquitin, and SH3 were determined using the
Bradford assay.72 Before addition to LDH, CAHS proteins
were resuspended at high concentration by heating at
95�C.FlgMdoesnot react in a linear fashionwith theBrad-
ford reagent, so we determined the concentration spectro-
photometrically73 (ε280 = 1,490 M−1 cm−1) despite its lack of
tryptophans. BSA concentration was also quantified spec-
trophotometrically (ε280 = 43,824 M−1 cm−1 according to
supplier). Concentrations of lysozymewerebased onmass.

Half of each samplewas stored at 4�C.The other half
was dehydrated in aGenevac®EZ-2PersonalEvaporator
using the aqueous setting (time to final stage: 16 h; final
stage: 0 h) without added heat.

Protection assay samples were immediately rehy-
drated with 250 μL of H2O. Heat tolerance assay sam-
ples containing protein additives were exposed to 95�C
(Fisherbrand™ Isotemp™ heat block, Pittsburgh, PA,
USA) for various times, cooled on ice, and rehydrated with
250 μL of H2O. Heat tolerance assay samples containing
trehalose were exposed to a fixed temperature for 5 min
before cooling to 4�C (Eppendorf® Mastercycler Personal,
Hambrug, Germany) and resuspension in 250 μL of
H2O.Control sampleswere dilutedwith 200 μLof H2O.

If necessary for resuspension, samples were shaken
(NewBrunswick Scientific, Edison, NJ, USA, I26 incuba-
tor, 225 rpm) at 37�C for 10 min. Otherwise, samples
were kept on ice until assayed. Enzyme activity was
determined as described.16 Experiments were performed
in triplicate.

Lipoprotein lipase assays
Lipoprotein lipase was purified from fresh, unpa-
steurized cow’s milk as described.74 Samples containing
27.5 ng of LPL (100 μL of 2.5 nM LPL) were mixed with
additive. Excipients were resuspended in phosphate-
buffered saline (PBS, 137 mM NaCl, 2.7 mM KCl,
10 mM Na2HPO4, and 1.8 mM KH2PO4, pH 7.4) and
mixedwithLPLprior toflash freezing and lyophilization.
Samples were brought to equal volumes with PBS, flash
frozen, and lyophilized in a Savant SpeedVac attached to
a lyophilizer. Positive controls were flash frozen but not
lyophilized and stored at −80�C until lyophilization was
complete. Following lyophilization, positive controlswere
adjusted to the same condition as their lyophilized
counterpart.

Samples were resuspended in 100 μL LPL assay
buffer, which has a final concentration of 20 mM Tris–
HCl pH 8.0, 150 mM NaCl, 0.2% fatty-acid free BSA
(Sigma), and 1 mM sodium deoxycholate (Sigma). Imme-
diately prior to measuring activity, 10 μM of the fluores-
cent substrate 1,2-di-O-lauryl-rac-glycero-3-(glutaric acid

6-methylresofurin ester) (DGGR, Sigma) in 0.01% Anzer-
gent 3–16 (Anatrace,Maumee,OH,USA)was added.

Activity was measured as described.35 Assays were
conducted at 37�C in triplicate. The activities were
corrected by subtracting a buffer control comprising
DGGRand the appropriate concentration of CAHS, BSA,
or trehalose, but without LPL. Data were normalized to
unstressedLPL.

Histograms of pI values for predicted open
reading frames
TheC. elegans (UP000001940)proteomewasobtained from
Uniprot.org. The H. exemplaris (formerly H. dujardini)
proteome (Hypsibius_dujardini_nHd.3.1.5.proteins.fa)
was obtained from tardigrades.org. Isoelectric points
were calculated using ipc-1.0.75
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