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Abstract

Extremotolerant organisms from all domains of life produce protective intrinsi-

cally disordered proteins (IDPs) in response to desiccation stress. In vitro,

many of these IDPs protect enzymes from dehydration stress better than

U.S. Food and Drug Administration-approved excipients. However, as with

most excipients, their protective mechanism is poorly understood. Here, we

apply thermogravimetric analysis, differential scanning calorimetry, and

liquid-observed vapor exchange (LOVE) NMR to study the protection of two

model globular proteins (the B1 domain of staphylococcal protein G [GB1] and

chymotrypsin inhibitor 2 [CI2]) by two desiccation-tolerance proteins (CAHS

D from tardigrades and PvLEA4 from an anhydrobiotic midge), as well as by

disordered and globular protein controls. We find that all protein samples

retain similar amounts of water and possess similar glass transition tempera-

tures, suggesting that neither enhanced water retention nor vitrification is

responsible for protection. LOVE NMR reveals that IDPs protect against

dehydration-induced unfolding better than the globular protein control, gener-

ally protect the same regions of GB1 and CI2, and protect GB1 better than CI2.

These observations suggest that electrostatic interactions, charge patterning,

and expanded conformations are key to protection. Further application of

LOVE NMR to additional client proteins and protectants will deepen our

understanding of dehydration protection, enabling the streamlined production

of dehydrated proteins for expanded use in the medical, biotechnology, and

chemical industries.
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1 | INTRODUCTION

Protein-based therapeutics (i.e., biologics) such as insu-
lin, vaccines, and antibodies are among the most precise
and effective drugs on the market. Yet, the relatively

short shelf-lives of proteins in aqueous solution, along
with the high costs of refrigerated transport and storage,
hinder their widespread use.1–3 To increase their stability
and mitigate challenges associated with the so-called
“cold chain,” many biologics and industrial enzymes are
dehydrated. However, given the key role of water in pro-
tein structure and function, many proteins cannotCandice J. Crilly and Julia A. Brom contributed equally to the study.
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withstand dehydration, irreversibly unfolding and aggre-
gating during the process.4–6

To protect proteins from dehydration-induced damage,
additives called excipients are added before drying.4,6–8

Yet, despite decades of research, our understanding of
the mechanisms of protein dehydration protection is
limited, in part because we were unable to study the
effects of dehydration on protein structure at high reso-
lution.9 A great deal of information on dry protein struc-
ture comes from mass spectrometry of proteins in the
gas phase. Such efforts show an increased importance of
hydrogen bonds and charge–charge interactions, which,
together with the missing hydrophobic effect, leave pro-
teins in an ensemble of collapsed, nonnative states.10

Nevertheless, although a valuable tool,11 mass spec-
trometry provides peptide level—rather than residue
level—information, leaving an incomplete picture of
dehydrated protein structure.

In practice, our inadequate understanding of how
dehydration impacts protein structure, and how excipi-
ents mitigate its effects, means that formulation must be
approached empirically for each protein, a time- and
resource-intensive process that often fails.4,6,8,12 Gaining
a deeper understanding of dehydration protection and
how it relates to client protein properties would enable
the prediction of effective excipient formulations for
dehydrated biologics, in turn, making these life-saving
drugs more affordable and accessible.13

To this end, we developed liquid-observed vapor
exchange (LOVE) NMR, a solution NMR technique
enabling the study of dehydrated protein structure and
protection at the residue level.14,15 Based on the well-
established principle that amide protons are less likely
to exchange with deuterons from the environment if
involved in intra- or intermolecular H-bonds,16–18 LOVE
NMR uses solution NMR to quantify the extent of
hydrogen–deuterium exchange between D2O vapor and
the amide protons of a dried protein. Following correc-
tion for solution back-exchange,15 the percent of amide-
proton signal remaining after vapor exchange reflects
the fraction of the dry protein population for which a
given residue is involved in an inter- or intramolecular
H-bond, that is, the “%Protected.”14 Thus, LOVE NMR
can determine where, and to what degree, excipients
interact with dehydrated proteins and/or prevent
dehydration-induced unfolding. Such information can
be used to elucidate mechanisms of protection and
explain why a given excipient will work for some client
proteins but not others.

Here, we apply LOVE NMR to study the dehydration
protection of two model proteins (Figure 1a)—the B1
domain of staphylococcal protein G (GB1) and

chymotrypsin inhibitor 2 (CI2)—by two classes of
desiccation-tolerance proteins—the cytosolic abundant
heat soluble (CAHS) proteins and late embryogenesis
abundant (LEA) proteins19,20—and two controls—bovine
serum albumin (BSA) and gelatin. CAHS proteins com-
prise a family of intrinsically disordered proteins (IDPs)
unique to tardigrades, microscopic animals well known
for their ability to survive extreme stresses in their
dehydrated “anhydrobiotic” form.20–22 CAHS proteins
are necessary for tardigrades to survive desiccation and
sufficient to protect heterologously expressing cells and
enzymes from desiccation damage.3,23 LEA proteins,
which are better studied, are IDPs implicated in the des-
iccation tolerance of many plants and animals and are
thought to protect against dehydration-induced aggrega-
tion by acting as “molecular shields.”24–28

Although CAHS and LEA proteins lack homology
(Figure S2), they share several properties, including a rel-
atively low molecular weight, a high degree of disorder,
and extensive charge patterning (represented by a near-
zero к value29 [Figure 1b]). Unlike LEA proteins, how-
ever, CAHS proteins are thought to form reversible,
concentration-dependent hydrogels.30 To investigate the
importance of disorder and gelation in dehydration pro-
tection by desiccation-tolerance proteins, we, therefore,
included the globular protein BSA and the disordered,
gelling protein mixture, gelatin, as controls.

FIGURE 1 Proteins used in this study. (a) Structures of client

proteins GB1 (left, PDB 2QMT) and CI2 (right, PDB 2CI2).

(b) Properties of protectant proteins. Net charge is calculated at pH

6.5. *к calculated for porcine collagen α-1 chain preprotein
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2 | RESULTS

2.1 | Water content and glass transition
temperature

To determine if differences in protection are related to
a cosolute's ability to retain water and/or form glasses,
we performed thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC) on GB1 sam-
ples lyophilized alone or in the presence of 5 g/L
CAHS D, PvLEA4, gelatin, or BSA (Figure 2). Immedi-
ately after 24 hr of drying, samples possess 7–8% water
by mass, which represents less than one layer of surface
water on GB1 (Table S1). The glass transition tempera-
tures (Tg) are also similar, ranging from 54�C to 56�C
(Figure 2b; Figure S3). After exposure to 75% relative
humidity for 24 hr at room temperature, all samples
absorb similar amounts of water, increasing the total
water content to ~14%,14,31 which still comprises less
than a single layer of water, and, thus, does not sub-
stantially affect Tg (Table S1 and Figure S3).32

As expected, the added water in the vapor-exposed sam-
ple decreases the denaturation temperature
(Figure S4).31,33

2.2 | Residue-level protection

To compare where and how well each protein protects
clients from dehydration-induced unfolding, we per-
formed LOVE NMR on GB1 and CI2 alone and in the
presence of CAHS D, PvLEA4, gelatin, or BSA. As with
the TGA and DSC experiments, LOVE NMR experiments
were performed on lyophilized samples that, before dry-
ing, comprised 500 μM (~3 g/L) client protein alone or
with 5 g/L protectant in a total volume of 650 μL.
%Protected values (Tables S2 and S3) of the proteins
dried in buffer alone15 were subtracted from those dried
in the presence of cosolute to give the change in protec-
tion (Δ%Protected).

Drying in the presence of 5 g/L CAHS D, PvLEA4, or
gelatin increases the average %Protected value of GB1 by
30 ± 20%, 20 ± 20%, and 20 ± 10%, respectively, where
the uncertainty is the standard deviation from the mean
(Figure 3a,b). By contrast, drying in 5 g/L BSA brings
minimal additional protection, increasing the average
%Protected by 2 ± 7% (Figure 3c). Testing the null hypoth-
esis using binomial analysis,35 the probability that the pro-
tection arises randomly is <10�5 for CAHS D, LEA, and
gelatin, but >0.05 for BSA (Table S4).

CAHS D, PvLEA4, and gelatin give similar profiles
for GB1 (Figure 3a,b), with those of PvLEA and CAHS D
appearing most similar. CAHS D consistently outper-
forms the other protein cosolutes at residues I6, V21,
A23, T44, Y45, and T51, all but two of which (V21 and
Y45) are, or immediately neighbor, global-unfolding resi-
dues.34 However, CAHS D is outperformed by PvLEA4 at
residues T25, K50, and T55.

CAHS D, PvLEA4, and gelatin also protect CI2
(Figure 4), but the average Δ%Protected values, 7 ± 7%,
3 ± 3%, and 6 ± 4%, respectively, are smaller than those
for GB1. Like GB1, CI2 is least protected by BSA, with a
2 ± 4% increase; unlike GB1, however, only gelatin
exhibits a probability <0.05 that the observed protection
trends arise from random data (Table S4). Although all
protein cosolutes offer a similar level of protection for
most regions of CI2, inspection of the protection profiles
suggests that with this client protein, CAHS D behaves
most like gelatin, especially in the α-helix and C-terminal
β-sheets (Figure 4b). This result contrasts with the protec-
tion profiles of GB1, which show that CAHS D protects
most like PvLEA4.

3 | DISCUSSION

The observation that CAHS D and PvLEA4 both protect
CI2 less well than GB1 shows that dehydration protection

FIGURE 2 Percent H2O by mass (a) and glass transition

temperature (Tg) (b) of lyophilized GB1 with indicated protectants.

Samples (650 μl) comprising 500 μM (~3 g/L) GB1 alone or with

5 g/L protectant were lyophilized for 24 hr, and immediately

analyzed. Uncertainties in %H2O are the standard deviation from

three independent measurements for GB1 with CAHS D, four

independent measurements for GB1 with PvLEA4, and the range of

two independent measurements for other data shown, including Tg
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is client protein-dependent. Moreover, the observation
that the disordered proteins generally protect the same
regions of GB1 suggests they operate via a similar
mechanism.

There are three main models of cosolute-mediated
dehydration protection, which, though distinct, are not
mutually exclusive: the vitrification, water replacement,
and molecular shield hypotheses. The vitrification
hypothesis poses that cosolutes protect by enveloping the
client protein in a glassy matrix, thereby inhibiting large
motions such as global unfolding. This idea is supported
by studies showing positive correlations between Tg and
long-term stability in the dehydrated state.36 The water-
replacement hypothesis posits that cosolutes protect pro-
teins from dehydration-induced unfolding by replacing
water-mediated H-bonds.12,37 This model is supported by
the observation that the protective ability of certain

sugars correlates with their ability to maintain the posi-
tion of the amide II band, which is sensitive to changes
in secondary structure and hydrogen bonding with
water.38 Finally, the molecular shield hypothesis envi-
sions protectants forming barriers between partially
unfolded client proteins, thus preventing irreversible
aggregation.27,39 Support for this mechanism arises from
the observation that an LEA protein inhibits aggregation
but fails to prevent intramolecular changes upon
drying.40

The observation that CAHS D generally performs bet-
ter than PvLEA4 despite having a lower protectant-to-
client mole ratio (~2:5 vs. 3:5) suggests that most interac-
tions between the desiccation-protective proteins and cli-
ent proteins are non-specific. It is unlikely, however, that
dehydration protection arises from enhanced water reten-
tion or the properties of the glassy matrix, because the

FIGURE 3 Change in GB1 dry-state protection due to freeze-drying in CAHS D versus (a) PvLEA4, (b) gelatin, and (c) BSA. Δ%
Protected = %Protected+cosolute � %Protected�cosolute. Primary structure of GB1 (PDB 2QMT) is shown at the top. Secondary structure is

shown atop each panel. Magenta circles indicate solution global-unfolding residues.34 Gray boxes indicate missing data from rapid back

exchange (open letters in primary structure). Error bars represent standard deviations from the mean propagated from triplicate analysis
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dried mixtures protect to different degrees yet possess
nearly the same water content and Tg (Figure 2). The lat-
ter observation suggests, in turn, that vitrification is not
the main source of protection.

The difference between the average Δ%Protected
experienced by GB1 and CI2 may provide a window into
the mechanism of dehydration-protective proteins.
Although both client proteins are similarly sized, are sim-
ilarly stable in solution,41,42 and possess a 4β + 1α archi-
tecture, GB1 possesses several-fold more net charge than
CI2 under the conditions used here (Figure 1a),
suggesting that electrostatic interactions are important
for protection. However, given that both client proteins
are negatively charged and that BSA has the most nega-
tive charge of all the protectants (Figure 1b), it is unlikely
that repulsive electrostatic interactions, which stabilize
proteins in solution,43 are responsible for protection. Per-
haps, electrostatic interactions enable client proteins to
be sequestered into the matrix of protectants, a

phenomenon observed with other dehydration-protective
proteins.44

Fascinatingly, the residue-level pattern of GB1 protec-
tion by CAHS D resembles that of GB1 chemical-shift
perturbations caused by the ionic liquid 1-butyl-
3-methylimidazolium bromide (Figure S5, p < .05), that
is, residues that see larger ionic-liquid-induced shifts in
solution tend to be more protected by CAHS D in the dry
state.45 This correlation suggests that proximal interac-
tions with alternating charges (e.g., intermolecular salt
bridges or charge-assisted H-bonds) may prevent
dehydration-induced unfolding—an idea consistent with
simulations and mass spectrometry experiments that sug-
gest salt bridges and ionic H-bonds stabilize proteins in
the gas phase.46,47 A pronounced role for intermolecular
charge–charge interactions in dehydration protection is
also consistent with the observation that most dehydra-
tion protective proteins are disordered,48–50 and that
many disordered proteins, including those used in this

FIGURE 4 Change in CI2 dry-state protection due to freeze-drying in CAHS D versus (a) PvLEA4, (b) gelatin, and (c) BSA.

Δ%Protected = %Protected+cosolute � %Protected�cosolute. Primary structure of CI2 (PDB 2CI2) is shown at the top. Secondary structure is

shown atop each panel. Magenta circles indicate solution global-unfolding residues. Gray boxes indicate missing data from rapid back

exchange (open letters in primary structure) and/or overlapping crosspeaks (gray letters in primary structure). Error bars represent standard

deviations from the mean propagated from triplicate analysis
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study, possess a high degree of charge patterning (low к
value, Figure 1b).29 The apparent importance of charge
patterning and non-specific intermolecular interactions
aligns well with both the water-replacement and molecu-
lar shield hypotheses.

Although all the disordered proteins protect better
than BSA, residue-level differences in their protection
profiles point to subtle differences in protective mecha-
nism. For instance, CAHS D prevents dehydration-
induced exposure of global-unfolding residues better than
PvLEA4,35,51 signifying that CAHS D is better at
preventing global unfolding. In addition, CAHS D
appears to behave most like gelatin in the protection of
CI2. Together, these observations suggest that gelation of
CAHS D supplements the dehydration protection
afforded by electrostatics to further prevent global
unfolding, perhaps by confining the client protein in a
gel matrix.52 Finally, the observation that PvLEA4 pro-
tects the polar and/or charged GB1 residues T25, K50,
and T55 better than CAHS D, yet generally performs
worse than CAHS D in protecting the more neutral client
protein CI2, suggests that electrostatic interactions are
more important to the protective mechanism of PvLEA4.

4 | CONCLUSIONS

Our residue-level study of dehydration protection of two
client proteins by two IDPs involved in animal desicca-
tion tolerance confirm that protection is client-protein
dependent and that desiccation-tolerance proteins gener-
ally protect better than those unrelated to dehydration
stress response. Comparing protection trends of CAHS D
and PvLEA4 to those of BSA and gelatin suggest that dis-
order and charge patterning are integral to dehydration
protection, supporting both the molecular shield and
water-replacement hypotheses. Application of LOVE
NMR to other client proteins and protectants will further
advance our understanding of dehydration protection,
knowledge that can, in turn, be used to streamline the
production, storage, and shipping of protein products,
making these valuable and lifesaving products less expen-
sive and more accessible.

5 | MATERIALS AND METHODS

5.1 | Materials

Ampicillin, kanamycin sulfate, bovine serum albumin
(Sigma Aldrich), trisodium citrate (Agros Organics), citric
acid monohydrate, and HEPES (Thermo Fisher) were
used without further purification. H2O with a resistivity

of >17 MΩ cm�1 was used to prepare buffers. Unflavored
porcine gelatin (Knox) was dialyzed against H2O to
remove small molecules (ThermoScientific Snakeskin™
dialysis tubing, 3,500 Da molecular weight cutoff), and
lyophilized before resuspension in 1.5 mM HEPES to a
final concentration of 5 g/L. pH values are direct read-
ings, uncorrected for the deuterium isotope effect.53 For
LOVE NMR experiments, the relative humidity is
75 ± 5% (Fisherbrand TraceableGO™ Bluetooth
datalogging digital hygrometer).14

5.2 | Expression and purification of
client proteins

The pET11a plasmid (Novagen) containing the gene for
the T2Q variant of the immunoglobulin G binding
domain of streptococcal G was provided by Leonard
D. Spicer's laboratory at Duke University (Durham,
North Carolina). This variant, which we call GB1, was
chosen, because the mutation prevents N-terminal
deamidation.54 The pET28a plasmid (Novagen) con-
taining the gene for truncated wild-type barley chymo-
trypsin inhibitor 2 from (CI2) was provided by
Dr. Andrew Lee's laboratory at UNC-Chapel Hill. The
first 19 residues of full length CI2 are excluded, because
they are disordered, and, therefore, exchange too quickly
for observation via NMR. Residue 20 of full-length CI2 is
referred as Residue 1.

15N-enriched GB1 and CI2 were expressed in Agilent
BL21 Gold (DE3) Escherichia coli in minimal media and
purified as described.55,56 The concentration of purified
protein was determined from the absorbance at 280 nm
(A280) (Nanodrop One, Thermo Fisher) using an extinc-
tion coefficient of 9,530 M�1 cm�1 for GB1 and
7,040 M�1 cm�1 for CI2.57 Purity was confirmed by
Q-TOF mass spectrometry (ThermoScientific, Q Exactive
HF-X) in the UNC Mass Spectrometry Chemical
Research and Teaching Core Laboratory. Purified protein
was exchanged into H2O by dialysis (ThermoScientific
Snakeskin™ dialysis tubing, 3,500 Da molecular weight
cutoff), and divided into aliquots, such that resuspension
in 650 μL gives a protein concentration of 500 μM. Ali-
quots were flash-frozen, lyophilized, and stored
at �20�C.

5.3 | Expression and purification of
protectant proteins

pET28b plasmids encoding the genes for CAHS D or
PvLEA4, both fused to a N-terminal hexahistadine (His-)
tag and a TEV protease cleavage site, were ordered from
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Gene Universal Inc. Vectors were transformed into
Agilent BL21 Gold (DE3) E. coli as described.23 A single
colony was used to inoculate 100 ml of Lennox Luria
broth (Fisher, 10 g/L tryptone, 5 g/L yeast extract, 5 g/L
NaCl) 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 incuba-
tor, 225 rpm); 10 ml of the overnight culture was used to
inoculate 1 L of kanamycin-supplemented LB; 1 L cul-
tures were shaken at 37�C until they reached an optical
density at 600 nm of 0.6–0.8, at which point protein
expression was induced by adding isopropyl β-D-
1-thiogalactopyranoside (1 mM final concentration); 3 hr
after induction, cells were harvested via centrifugation at
4,000g. The cell pellet from each culture was resuspended
in 10 ml of 20 mM Tris, pH 7.5, and stored at �20�C.

On the day of purification, frozen cell slurries from
3 L of culture were thawed at room temperature and
lysed via heat shock at 95�C for 15 min. Lysates were
clarified by centrifugation at 15,000g for 45 min, passed
through a 0.45 μm filter, and purified via affinity chroma-
tography on a Ni-NTA column (5 ml GE HisTrap HP)
using a GE AKTA Start FPLC.

To prevent proteins from gelling on the column, fil-
tered lysates were mixed with an equal volume of 3 M
urea containing 10 mM imidazole, 500 mM NaCl, and
20 mM sodium phosphate, pH 7.4 (HUA). To prevent
carbamylation by NH₄OCN,58 urea solutions were
deionized with 5 g/L Dowex® MB Mixed Ion Exchange
Resin (Sigma). The resin was removed with a 0.22 μm fil-
ter (Corning Inc. 431161, Corning, NY).

Affinity chromatography was performed at room tem-
perature in HUA. After sample loading, the Ni-NTA col-
umn was washed with three column volumes of HUA
followed by a 29-column-volume gradient of 10–150 mM
imidazole for CAHS D and 10–100 mM imidazole for
PvLEA4. SDS-PAGE (Bio-Rad 4–20% Criterion™ TGX™
Gels) was used to identify fractions containing purified,
His-tagged protein.

To remove the His-tag, the fractions were pooled, dia-
lyzed at room temperature against 50 mM Tris (pH 8.1)
containing 500 μM EDTA and 1 mM DTT for 4 hr
(ThermoScientific Snakeskin™ dialysis tubing, 3,500 Da
molecular weight cutoff), and then incubated with 1 mg
TEV protease at room temperature with gentle shaking
for 16–24 hr. After digestion, the His-tag and protease
were removed via incubation with loose Ni-NTA resin for
12–16 hr.

To remove the remaining buffer salts, the solution was
subjected to six additional rounds of dialysis (>4 hr each) at
room temperature against deionized H2O (ThermoScientific
Snakeskin™ dialysis tubing, 3,500 Da molecular weight cut-
off). Finally, the solution was heat-shocked to resolubilize

protein that precipitated during dialysis, passed through
a 0.45 μm filter, flash-frozen, lyophilized, and stored
at �20�C.

5.4 | Thermogravimetric analysis

Aliquots of purified, lyophilized, 15N-enriched GB1 were
resuspended in 650 μl of 1.5-mM HEPES pH 6.5 with or
without 5 g/L protectant to a final client protein concen-
tration of 500 μM, flash-frozen, and lyophilized
(LABCONCO FreeZone 1 Liter Benchtop Freeze Dry Sys-
tem) for 24 hr. T0 samples were analyzed immediately,
while T24 samples were analyzed after 24 hr in a chamber
with a controlled relative humidity of 75 ± 5% created as
described above. Samples weighing ~0.5–1.5 mg were
loaded into a TA Instruments model 550 ther-
mogravimetric analyzer on an open Pt pan and heated
from 25�C to 170�C at a rate of 5�C/min under a
N2(g) sample purge of 60 ml/min and a balance purge of
40 ml/min. The well-defined mass loss ending around
130�C was used to quantify the contents of H2O and D2O
(Figure S6).59,60 Thermograms were analyzed using Trios
V5.1.0.56403 software.

5.5 | Differential scanning calorimetry

Aliquots of purified, lyophilized, 15N-enriched GB1 were
resuspended in 650 μl of 1.5-mM HEPES pH 6.5 with or
without 5 g/L protectant to a final client protein concen-
tration of 500 μM, flash-frozen, and lyophilized as
described above. T0 samples were analyzed immediately,
while T24 samples were analyzed after 24 hr in a chamber
with a controlled relative humidity of 75 ± 5% created as
described above. Samples weighing ~1.0–2.5 mg were
sealed in Tzero Hermetic Aluminum pans and loaded
into a TA Instruments model 250 differential scanning
calorimeter equipped with a TA Instruments Refrigerated
Cooling System 90. An identical, empty pan was used as
a reference. The sample cell was under 50 ml/min
N2(g) purge. To eliminate differing thermal history effects
on the reversible glass transition, samples were heated at
7.5�C/min to ~5�C above their glass transition tempera-
ture, and then cooled to 10�C, where they remained for
1 min.61–64 Samples were again heated at 7.5�C/min to
about 15�C above their denaturation temperature, and
from this scan both glass transition temperature and
denaturation temperature were measured. Samples were
cooled to 10�C, and once more heated at 7.5�C/min to
confirm the irreversibility of denaturation, as expected in
protein samples with this water content.64 Thermograms
were analyzed using Trios V5.1.0.56403 software, with
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the midpoint of the endothermal shift in the baseline on
the thermogram reported as the glass transition tempera-
ture (Tg),

61–63,65 and the minimum of the denaturation
endothermic peak reported as the denaturation tempera-
ture (Tm) (Figure S6).

31,66,67

5.6 | NMR

Unless noted, experiments were performed in triplicate
on a Bruker Avance III HD spectrometer with a cryo-
genic QCI probe at a 1H Larmor frequency of 600 MHz.
For LOVE NMR, sensitivity-enhanced 15N–1H heter-
onuclear single-quantum coherence (HSQC) spectra were
acquired in ~10 min (128 increments in the 15N dimen-
sion, 4 scans per increment) with sweep widths of
3,041 Hz in the 15N dimension and 8,418 Hz in the 1H
dimension. Spectra were processed with NMRPipe.68

Crosspeaks were integrated using NMRViewJ.69 Back-
bone resonances of GB1 and CI2 at pH 4.5, 4�C were
assigned using isotopically enriched protein expressed in
minimal media containing 13C-enriched D-glucose and
15N-enriched NH4Cl (Cambridge Isotope Labs) as the sole
sources of carbon and nitrogen, respectively, and then
purified as described.55,56 HNCACB spectra were
acquired with 10% sampling in the indirect dimensions
using a Poisson gap scheduling scheme.70,71 Spectra were
processed using NMRpipe and reconstructed with the
SMILE algorithm.72 Assigned spectra are shown in
Figure S8.

5.7 | Liquid observed vapor
exchange NMR

For each experiment, two identical aliquots of purified,
lyophilized, 15N-enriched protein were resuspended in
650 μl of 1.5-mM HEPES pH 6.5 with or without 5 g/L
protectant to a final client protein concentration of
500 μM, flash-frozen, and lyophilized (LABCONCO
FreeZone 1 Liter Benchtop Freeze Dry System) for 24 hr.
Following lyophilization, one sample, designated T0, was
immediately resuspended in 650 μl of cold quench buffer
(100 mM citrate buffer, pH 4.5, 90% H2O/10% D2O) and
transferred to an NMR spectrometer for spectrum acqui-
sition at 4�C. The second sample, designated T24, was
placed, with the cap open, in a chamber with a controlled
relative humidity of ~75%, prepared as described.14 After
24 hr, the T24 sample was resuspended in 650 μl of cold
quench buffer and a spectrum obtained using the same
parameters that were used for the T0 sample. To enable
back-exchange correction, the T24 sample was left in the
spectrometer at 4�C for ~12 hr, during which time an

additional 10–12 spectra were acquired. The time
between resuspension and initiation of the first T24 spec-
trum acquisition was 10 min, ~8 min of which were spent
at 4�C. To ensure differences in cross peak volume arise
solely from vapor exchange and not from concentration
differences, after spectra were acquired, client protein
concentration of the T0 and T24 samples was determined
via A280, as described above, and used to normalize
crosspeak volumes as described below. Spectra were
processed with NMRPipe,68 crosspeaks were integrated
using the ellipse volume integration tool in NMRViewJ,69

and %Protected for each condition was determined as
described below.

5.8 | Identifying residues that back-
exchange completely before spectrum
acquisition

To differentiate residues that are highly protected from
back-exchange from those that back-exchange completely
before the first T24 spectrum was acquired, a sample of
15N-enriched protein was resuspended to 500 μM in
1.5 mM HEPES, lyophilized for 24 hr, resuspended in
cold D2O-based quench buffer (100 mM citrate, pH 4.5
>98% D2O), and immediately transferred to a spectrome-
ter at 4�C for acquisition of a 15N–1H HSQC spectrum
using the same acquisition parameters used for the T0

and T24 samples. Resonances present in H2O but not in
D2O are presumed to back-exchange completely before
the first T24 spectrum is acquired. Given that an exchange
rate cannot be estimated for these residues, we cannot
approximate the pre-back-exchange signal, and therefore,
these residues are omitted from the dataset (see figure
captions for lists). We call these resonances “quench
labeled.”

5.9 | Estimating VT24*, the peak volume
of T24 sample pre-back-exchange

For non-quench-labeled T24 resonances that exhibited a
≤5% increase in peak volume over ~12 hr, back-exchange
during the time between resuspension and full acquisi-
tion of an HSQC spectrum (20 min here) is assumed to
be negligible. Therefore, for these residues, VT24* is pre-
sumed to be equivalent to the peak volume obtained from
integrating the initial T24 spectrum, VT24.

For T24 resonances that exhibited a >5% increase in
peak volume over ~12 hr, peak volumes from the 10–12
spectra acquired serially for the T24 sample were plotted
as a function of time and fit, using the nonlinear least-
squares algorithm in Matlab, to the three-parameter
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equation V(t) = A(1 � e�Bt) + C, where t is the time
between protein resuspension and signal acquisition, V(t)
is the peak volume at time t, A is the maximum possible
change in peak volume, B is the observed rate constant,
and C is a constant equivalent to the initial peak volume
before back-exchange. For these residues, the fitted value
for C was used to estimate the pre-back-exchange peak
volume, VT24*.

The estimated deadtime was 20 min (based on the
10 min between resuspension and initiation of spectrum
acquisition plus 10 min for spectrum acquisition). In
practice, this estimation means timepoints are shifted by
20 min; for example, the first spectrum acquired for T24

corresponds to the 20-min timepoint.
Any small differences in GB1 concentration between

the T0 and T24 samples (due to, e.g., incomplete
resuspension) were determined post-experiment via the
absorbance at 280 nm, as described above. The A280

values were used to normalize the calculated VT24* to VT0

for all experiments except for those with BSA, because all
protectants besides BSA had negligible absorption at
280 nm. BSA samples were assumed to resuspend
completely.

5.10 | Calculating average %Protected
and Δ%Protected from vapor exchange

To determine the average percent of the dried protein
population for which a given amide proton is protected
from vapor exchange, the average, concentration-
normalized value of VT24* (obtained as described above)
was divided by the average peak volume of the
corresponding crosspeak in the non-vapor-exchanged
protein sample (T0) and multiplied by 100%, that is,

%Protected¼ 100%�VT24�
VT0

:

Average Δ%Protected, that is, the percent change in cli-
ent protein dry state protection due to drying in the pres-
ence of a protectant, was calculated as:

Δ%Protected¼%Protectedclientproteinwithprotectant

�%Protectedclientproteinalone:

Uncertainties were obtained using triplicate analysis and
standard propagation of error.
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