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ABSTRACT: Extremotolerant organisms and industry exploit sugars
as desiccation protectants, with trehalose being widely used by both.
How sugars, in general, and the hydrolytically stable sugar trehalose, in
particular, protect proteins is poorly understood, which hinders the
rational design of new excipients and implementation of novel
formulations for preserving lifesaving protein drugs and industrial
enzymes. We employed liquid-observed vapor exchange nuclear
magnetic resonance (LOVE NMR), differential scanning calorimetry
(DSC), and thermal gravimetric analysis (TGA) to show how
trehalose and other sugars protect two model proteins: the B1 domain
of streptococcal protein G (GB1) and truncated barley chymotrypsin
inhibitor 2 (CI2). Residues with intramolecular H-bonds are most
protected. The LOVE NMR and DSC data indicate that vitrification
may be protective. Combining LOVE NMR and TGA data shows that water retention is not important. Our data suggest that sugars
protect protein structure as they dry by strengthening intraprotein H-bonds and water replacement and that trehalose is the stress-
tolerance sugar of choice because of its covalent stability.

■ INTRODUCTION
Protein-based drugs are among the most precise and powerful
therapeutics, yet their instability in solution and the high cost
of transport and storage hinder their availability.1−5 Drying
extends shelf lives and permits storage at ambient temperature,
but most proteins do not survive desiccation, so protective
molecules called excipients are added to protect proteins from
desiccation stress.6−9 Excipients may be other proteins,
polymers, osmolytes, or sugars.9,10 Among sugar excipients,
trehalose is notable because it is widely used as a desiccation
protectant by both biology and industry.11−15 Trehalose
protects proteins both in solution16 and in the dry state.17,18

The mechanism of trehalose protection, and sugar
protection in general, is unknown, but there are several
ideas: water replacement, water retention, and vitrifica-
tion.5,19,20 In water replacement, sugars substitute stabilizing
hydrogen bonds that water provides to the protein in solution.
This idea is supported by Fourier transform infrared
spectroscopy data on dry proteins in sugars.5,21,22 For water
retention, sugars trap a protective layer of water on the surface
of dry proteins. A solution-based neutron diffraction study on
N-methyl acetamide with trehalose supports this view.23

Vitrification posits that the glassy, amorphous sugar matrix
formed upon drying immobilizes proteins below the glass-
transition temperature (Tg) of the matrix, preventing unfolding
and degradation by limiting mobility.5 Protection of alkaline
phosphatase activity is Tg-dependent near Tg, supporting this
idea.24

We developed liquid-observed vapor exchange (LOVE)
NMR to discriminate hypotheses and bring new mechanisms
to light. LOVE NMR provides unique, residue-level insight
into dry protein structure and protection.17,25,26 The technique
uses solution NMR to quantify the extent of hydrogen−
deuterium exchange between D2O vapor and amide protons of
a dried protein. Since amide protons are less likely to exchange
with deuterons if occluded or involved in intra- or
intermolecular H-bonds,27−29 the amide−proton signal
remaining after vapor exchange is proportional to the fraction
of the dry protein population for which a given residue is
protected against exchange.17 Maintenance of native structure
upon dehydration correlates with functional recovery after
rehydration, so this measurement is relevant to overall
protection.21 In summary, LOVE NMR reveals excipient
effects on dry protein structure at the residue level.
Here, we use LOVE NMR, differential scanning calorimetry

(DSC), and thermal gravimetric analysis (TGA) to understand
how sugars protect two model proteins, the B1 domain of
streptococcal protein G (GB1) and truncated barley
chymotrypsin inhibitor 2 (CI2). GB1 is a 56-residue protein
with 11 residues that are only available for hydrogen−
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deuterium exchange when the protein is completely unfolded
(“global-unfolding residues”);30 CI2 is a 64-residue protein
with eight global unfolders.31 To uncover what makes the
nonreducing glucose disaccharide trehalose remarkable, we
compared it to glucose, a reducing monosaccharide; sucrose, a
nonreducing disaccharide of glucose and fructose; and maltose,
a reducing glucose disaccharide (Figure S1). To understand
the chemistry of protection, we also examined the effects of
two deoxy sugars and two sugar alcohols (Figure S1).

■ EXPERIMENTAL DETAILS
Materials. Ampicillin, trehalose dihydrate, citric acid

monohydrate, fucose, rhamnose, 1,2,3-hexanetriol, L-galactose,
citric acid trisodium salt, K2CO3 (Sigma-Aldrich), maltose
monohydrate (Alfa Aesar), glucose (MP Biomedicals, LLC),
sucrose (Acros Organics), sorbitol, and HEPES (Fisher
Bioreagents) were used without further purification. H2O
with a resistivity >17 MΩ cm−1 was used to prepare buffers.
pH values are direct readings, uncorrected for the deuterium
isotope effect.32 15N-enriched GB1 (UniProt P19909) and
truncated CI2 (UniProt P01053) were expressed in Agilent
BL21 Gold (DE3) Escherichia coli in minimal media and
purified, characterized, and stored as described.17,33

Liquid-Observed Vapor Exchange (LOVE) NMR. The
LOVE NMR procedure26 was slightly modified. Samples
previously written as “T0” and “T24” are now referred to as “t0”
and “t24” to avoid confusion with temperature. Aliquots were
resuspended with or without sugar in 1.5 mM HEPES pH 6.5
and flash-frozen for 3 min in a CO2(s)/ethanol bath before
lyophilization for 24 h. Following lyophilization, the t0 sample
was left sealed at room temperature for 24 h, and a saturated
solution of K2CO3 in D2O was used to maintain 43% relative
humidity34,35 in the chamber where the t24 sample was kept for
24 h. Both samples were then resuspended in 100 mM citrate
buffer, pH 4.5, for data acquisition. For back-exchange
correction, the t24 sample was left in the spectrometer for ∼6
h, during which time an additional 9−11 spectra were
acquired. All NMR spectra were acquired as described.26

Thermogravimetric Analysis (TGA). The GB1 t0 and t24
samples alone and in sugars or sugar alcohols were prepared as
described above. Samples, ∼0.5 to 2 mg, were loaded into a TA
Instruments model 550 thermogravimetric analyzer on an open
Pt pan and heated from 25 to ∼220 °C at a rate of 5 °C/min
under a 60 mL/min N2(g) sample purge with a balance purge

of 40 mL/min. The distinct mass loss ending at ∼125−155 °C
was used to quantify the H2O/D2O content.36,37 Thermograms
were analyzed using Trios software.
Differential Scanning Calorimetry (DSC). The GB1 t0

and t24 samples alone and in sugars or sugar alcohols were
prepared as described above. Samples weighing ∼1 to 3 mg
were sealed in Tzero Hermetic Al pans and loaded into a TA
Instruments DSC 250 equipped with a TA Instruments
Refrigerated Cooling System 90. An identical, empty pan was
used as a reference, and the sample cell was purged with 50
mL/min N2(g). To eliminate differing thermal history effects
on the reversible glass transition,38−42 samples were cooled
below their glass-transition temperatures (Tg), heated at 7.5
°C/min to above Tg, and then cooled below Tg, where they
remained for 1 min. Samples were again heated at 7.5 °C/min
past their Tg; Tg was measured from this scan. Thermograms
were analyzed using Trios software. The midpoint of the
endothermal baseline shift is reported as Tg.

39,42

■ RESULTS
Sugars. We performed LOVE NMR on GB1 and CI2 by

themselves and in the presence of trehalose, glucose, sucrose,
or maltose. Samples comprised 500 μM (∼3 g/L) protein
alone or in 20 g/L sugar or sugar alcohol in a total volume of
650 μL (∼6.7 g sugar/g protein, ∼250 mol monosaccharide/
mol protein). %Protected values (Tables S1 and S2) of protein
dried in buffer alone were subtracted from %Protected values
acquired in the sugars to give Δ%Protected (Figure 1). The
pattern for trehalose is higher resolution than our original
efforts17 because the current data were acquired at a lower
relative humidity (43 vs 75%) and with a correction for back
exchange.26

The four sugars provide nearly identical protection (Figures
1, 2, and S2). Drying GB1 in the presence of 20 g/L trehalose,
glucose, sucrose, or maltose increases the average %Protected
value by 30 ± 4, 24 ± 4, 35 ± 3, and 30 ± 4%, respectively.
Drying CI2 in the presence of 20 g/L trehalose, glucose, or
sucrose increases the average %Protected value by 31 ± 3, 29
± 4, and 28 ± 3%, respectively. Uncertainties are the standard
error of the mean. The disaccharides outperform glucose on
average for GB1, but the data are within the uncertainty of
Δ%Protected values for most residues. Linear regressions of
Δ%Protected in glucose, sucrose, and maltose vs Δ%Protected
in trehalose yield slopes near 1 (between 0.7 and 1.3),

Figure 1. Change in dry-state protection of GB1 upon freeze-drying in trehalose, glucose, sucrose, or maltose. Δ%Protected = %Protected+sugar − %
Protected−sugar. The primary and secondary structure of GB1 (PDB 2QMT) is shown at the top. Gray circles indicate solution global-unfolding
residues. Shaded boxes and open letters indicate missing data from rapid back exchange. Error bars represent standard deviations propagated from
triplicate analysis.
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correlation coefficients near 1 (greater than 0.88), and
intercepts near 0 (less than 14%; Figures S3 and S4 and
Table S3).
Deoxy Sugars and Sugar Alcohols. We performed

LOVE NMR on GB1 and CI2 in the presence of two deoxy
sugars, fucose (6-deoxy-L-galactose) and rhamnose (6-deoxy-L-
mannose), a linear sugar alcohol, sorbitol, and a triply deoxy
sugar alcohol, 1,2,3-hexanetriol. We also used L-galactose to
compare with fucose. Like the experiments described above,
samples comprised 500 μM (∼3 g/L) GB1 or CI2 alone or in
20 g/L sugar in a total volume of 650 μL. Unlike other
experiments, which were triplicated, L-galactose was assessed
only once because the sugar is expensive.
Drying in these deoxy sugars provides similar protection to

the non-deoxy sugars (Figure 2 and Tables S4 and S5). For

GB1, drying in 20 g/L fucose and rhamnose increases the
average %Protected compared to the absence of sugar by 26 ±
4 and 33 ± 4%, respectively, and 27 ± 4 and 28 ± 4% for CI2.
For GB1, L-galactose increases the average %Protected by 21 ±
3%, within the uncertainty of its deoxy counterpart (Figure 2
and Table S4). Uncertainties are the standard error of the
mean. Linear regressions of residue-level Δ%Protected values
in fucose, rhamnose, and L-galactose vs those in trehalose yield
slopes and correlation coefficients near 1 and intercepts near 0
(Figures S3 and S4 and Table S3).
Drying in sugar alcohols gives different effects for each

protein (Figure 2). For GB1, drying in 20 g/L sorbitol and
1,2,3-hexanetriol increases the average %Protected compared
to the absence of an additive by 24 ± 4 and 10 ± 1%,
respectively. The values for CI2 are 11 ± 2 and 7 ± 4%,

Figure 2. Average increase in dry-state protection of GB1 and CI2 upon freeze-drying in sugar or sugar alcohol. Δ%Protected = %Protected+sugar −
%Protected−sugar. (A) GB1 in 20 g/L sugar or sugar alcohol. (B) GB1 in varying doses of sugar or sugar alcohols. (C) CI2 in 20 g/L sugar or sugar
alcohol. Error bars represent standard error from averaging Δ%Protected for all residues of GB1 or CI2 after triplicate analysis, except for L-
galactose and 40 g/L trehalose, which were analyzed once, and the uncertainty is from triplicated measurements of GB1 alone, assuming the same
uncertainty for the differences.

Biochemistry pubs.acs.org/biochemistry Article

https://doi.org/10.1021/acs.biochem.2c00692
Biochemistry XXXX, XXX, XXX−XXX

C

https://pubs.acs.org/doi/suppl/10.1021/acs.biochem.2c00692/suppl_file/bi2c00692_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biochem.2c00692/suppl_file/bi2c00692_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biochem.2c00692/suppl_file/bi2c00692_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biochem.2c00692/suppl_file/bi2c00692_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biochem.2c00692/suppl_file/bi2c00692_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.2c00692?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.2c00692?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.2c00692?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.2c00692?fig=fig2&ref=pdf
pubs.acs.org/biochemistry?ref=pdf
https://doi.org/10.1021/acs.biochem.2c00692?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


respectively. Uncertainties are the standard error of the mean.
Linearization decreases protection for CI2 but not GB1.
Removing three hydroxyl groups decreases protection for both
proteins (Figure 2).
Linear regressions of residue-level Δ%Protected values in

glucose vs Δ%Protected in trehalose yield slopes and
correlation coefficients near 1 and intercepts near 0 for both
proteins (Figures S3 and S4 and Table S3). The same analysis
shows that sorbitol yields slopes and correlation coefficients
near 1 and intercepts near 0 for GB1 but not CI2 (Figures S3
and S4 and Table S3). For 1,2,3-hexanetriol the slopes,
correlation coefficients, and intercepts are close to 0 for both
proteins (Figures S3 and S4 and Table S3).
Dose Response.We performed LOVE NMR on GB1 with

varying doses of trehalose, glucose, and 1,2,3-hexanetriol. In
addition to the 20 g/L doses described above, we assessed
doses of 2 and 40 g/L trehalose, 2 g/L glucose, and 40 g/L
1,2,3-hexanetriol. For trehalose and glucose, protection
increases with increasing concentration (Figure 2 and Table
S6). However, 1,2,3-hexanetriol shows no dose response.
Water Content and Glass-Transition Temperature

(Tg). To determine if protection is related to a sugar′s ability to
retain water and its ability to vitrify, we performed TGA and
DSC on GB1 samples lyophilized alone or with 20 g/L sugar
or sugar alcohol (Figure 3). 1,2,3-Hexanetriol is more volatile
than the other additives, and it coevolved with water during
TGA, so water content was not quantified. Immediately after
24 h of drying, samples possess ∼5% water by mass, which is
<1 layer of water on GB1 (Figure 3A).17,43 After 24 h at 43%
RH (D2O), all samples contain similar amounts, ∼11%, which
is still <1 layer (Figure 3A).17,43 Tg values are disparate,
ranging from 10 to 65 °C at t0 (Figure 3B). As expected,

44−46

the additional water in the t24 samples decreases Tg (Figure
3B), but sugars mitigate Tg depression (i.e., Tg, sugar > Tg, no sugar
at t24, Figure 3B).
Protection and Intraprotein Hydrogen Bonds. We

counted polar contacts ≤3.4 Å and >120° as hydrogen bonds
using PDB 2QMT for GB1 and PDB 2CI2 for CI2 and tallied
the number of intraprotein hydrogen bonds for each residue of
both proteins (Figure S5 and Tables S7 and S8). These
structures and hydrogen bonds come from X-ray diffraction
studies, but similar results are obtained from solution NMR
studies.31,47

To probe relationships between protection and protein
structure, we plotted %Protected by trehalose vs %Protected in
the absence of an additive. The same four groupings emerge
for all sugars for both GB1 and CI2 (Figures 4, S6, and S7).
In GB1, L12, E15, T17, E19, V21, A23, G41, Y45, and A48

are not protected by trehalose (Figure 4B). These residues
have the fewest intramolecular H-bonds, with most possessing
none and no residue possessing two or more (Figure 4C).
They also tend to occupy the ends of secondary structure
elements (Figure 4D). G9, K13, G14, A20, D22, A24, T25,
G38, W43, T49, and K50 are <40% protected in GB1 alone,
and trehalose increases protection by <50% (Figure 4B). Most
of these residues have one or two intramolecular H-bonds
(Figure 4C). This group also tends to be near the ends of the
secondary structure (Figure 4D). N8, K28, Q32, Y33, A34,
N35, D36, N37, V39, E42, T55, and E56 experience <45%
protection in GB1 alone, increasing to ∼100% in trehalose
(Figure 4B). None of these residues lacks intramolecular H-
bonds, most have more than two, and many reside in the α-
helix (Figure 4C,D). Finally, Y3, K4, L5, I6, L7, T16, T18,

A26, E27, V29, F30, K31, T44, D46, T51, F52, T53, and V54
are highly protected (>55%) in GB1 alone, and their
protection increases to 100% in trehalose (Figure 4B). All
global-unfolding residues30 are included in this last group, all
have two or more H-bonds, and all reside in structured regions
(Figure 4A−D).
For CI2, the picture is similar, although the four groups are

less obvious (Figure 4). E7, E26, V31, I37, T39, and Y42 are
not protected by trehalose (Figure 4F). These residues have
zero or one H-bond (Figure 4G) and tend to occupy less
structured regions (Figure 4H). E4, S12, V13, E14, E15, K17,
A27, I29, V38, and L54 are <40% protected in CI2 alone, and
trehalose increases protection by <50% (Figure 4F). Most of
these residues have zero to two intramolecular H-bonds
(Figure 4G). This group also tends to occupy unstructured
regions or reside near the ends of the secondary structure
(Figure 4H). V9, K18, Q28, V32, G35, R43, R48, R62, V63,
and G64 experience <40% protection in CI2 alone, increasing
by >50% in trehalose (Figure 4F). These residues possess a
wider range of H-bonds, and many occupy structured regions
Figure 4G,H). Finally, W5, K11, A16, V19, I20, L21, Q22,
K24, I30, L32, R46, V47, L49, F50, V51, D52, N56, I57, A58,
E59, and V60 are highly protected (>45%) in CI2 alone,
increasing to ∼100% in trehalose (Figure 4F). All global-

Figure 3. Water content and glass-transition temperature of
dehydrated GB1/sugar (alcohol) mixtures before and after exposure
to 43% relative D2O humidity. Samples were lyophilized from 650 μL
of 500 μM GB1 and 20 g/L of indicated sugar or sugar alcohol before
and after (t0 and t24, respectively) incubation in 43% RH D2O. (A)
Percent H2O (t0) or H2O + D2O (t24) by weight. Error bars represent
the standard deviation from six independent measurements for GB1
at t0 with trehalose, eight independent measurements with sucrose,
and three independent measurements for other data. (B) Glass-
transition temperature, Tg. Error bars represent the standard deviation
of three independent measurements. For some measurements,
uncertainties are smaller than the points.
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Figure 4. Dry-state protection of GB1 (top) and CI2 (bottom) in the presence and absence of trehalose. (A−H) Residues are color-coded by their
position in panel (B) or (F). Gray circles in panels A and C indicate solution global-unfolding residues. Shaded boxes indicate missing data: open
letters from rapid back exchange, gray letters from overlapping peaks, and prolines. Error bars represent standard deviations propagated from
triplicate analysis. (B, F) %Protected protein + trehalose vs %Protected protein alone. Horizontal and diagonal dashed lines are of no theoretical
significance. Shaded ellipses group the data (red, trehalose has little effect on protection; orange, <45 %Protected in protein alone and <50 Δ%
Protected by trehalose; green, <45 %Protected in protein alone but >50 Δ%Protected by trehalose; purple, >45 %Protected in protein alone but
∼100% in trehalose). (C, G) H-bonds and protection. ∑ indicates the number of residues with LOVE NMR data with 0, 1, 2, or >2 intramolecular
H-bonds from PDB 2QMT or 2CI2. Colored columns show the percent of residues from each group with 0, 1, 2, or >2 intramolecular H-bonds.
(D, H) Color-coded groupings from panels B and F mapped onto the respective structures.
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unfolding residues31 are included in this group, and most have
at least two H-bonds and occur in structured regions (Figure
4E−H).
These groups are recognizable in glucose, sucrose, fucose,

and rhamnose for both proteins and in maltose for GB1
(Figures S6 and S7). In L-galactose, the pattern is recognizable
in GB1, but the groups overlap more, perhaps because only
one experiment was performed due to the cost of this sugar.
Sorbitol also protects residues in GB1 with this pattern but not
CI2 (Figures S6 and S7). In hexanetriol, this pattern is not
discernible in either protein (Figures S6 and S7).

■ DISCUSSION
Protection is nearly sugar-agnostic; at 20 g/L, trehalose,
glucose, sucrose, maltose, fucose, and rhamnose protect the
proteins similarly despite their differing structures (Figures 1,
2, S1, and S2). Despite the potential for reducing sugars to
oxidize or covalently react with the proteins via the Maillard
reaction [i.e., glycation48], nonreducing and reducing sugars
behave the same here. This result is consistent with those from
efforts showing that trehalose and sucrose,49 glucose and
sucrose,21 and glucose and maltose50 are similarly protective
during lyophilization.
More detailed insight is gained by comparing LOVE NMR

data to the structures of GB1 and CI2. To facilitate this
analysis, we use colors defined by the effect of trehalose on
protection (Figure 4): red, trehalose does not protect; orange,
low protection that increases moderately in trehalose; green,
low protection increasing to ∼100%; purple, highly protected
and rising to ∼100% in trehalose.
We focus on trehalose, but the LOVE NMR data (Figures 1,

2, 4, S2, S3, S4, S6, and S7 and Table S3) indicate our analysis
applies to all sugars (but not necessarily sugar alcohols) tested.
Residues that are highly protected even in the absence of an
additive and whose protection increases in trehalose (purple
group) occupy structured regions and include the global-
unfolding residues,30,31 supporting the notion that these
protectants generally safeguard native structure rather than
impose a new structure. Maintaining native structure in the dry
state is important for activity recovery upon rehydration.21,51,52

Residues with a greater number of intramolecular H-bonds
are better protected than residues with fewer H-bonds (Figures
4, S6, and S7 and Tables S7 and S8). In fact, residues lacking
intramolecular H-bonds are often not protected (red group).
Solution-based efforts show that glucose and sorbitol weaken
protein−solvent H-bonds while strengthening intramolecular
protein H-bonds and shortening backbone H-bonds of a
protein nearly identical to GB1.53 Perhaps sugars have this
effect on the H-bonds of proteins during drying as well. These
observations and comparisons suggest that as GB1 or CI2
dries, sugars preserve structure by stabilizing native intra-
molecular H-bonds.
We investigated how removing hydroxyl groups influences

protection. For both GB1 and CI2, taking away one hydroxyl
group [fucose (deoxy-L-galactose) and rhamnose (deoxy-L-
mannose)] does not decrease protection compared to other
monosaccharides (glucose and L-galactose, Figure 2 and Tables
S1, S2, S4, and S5). Under these conditions, if there is an
effect, it is too small to observe. However, removing three
hydroxyl groups (1,2,3-hexanetriol) decreases protection of
both proteins (Figure 2 and Tables S4 and S5).
The loss of protection with the loss of three hydroxyl groups

supports the conclusion that protection also arises by water

replacement21,22 because hydroxyl groups on sugars can form
H-bonds to exposed polar groups upon water loss. Most of the
residues that show low protection alone but ∼100% protection
in trehalose are solvent-exposed; more than 80% have an H-
bond-competent side chain in GB1, and 50% do in CI2 (Figure
4). Although total, backbone, or side chain solvent-accessible
surface area does not correlate with differences in protection
for either protein, polar solvent-accessible surface area has a
positive, weak, but significant correlation for both proteins
(Figure S9). These data support the idea that sugars replace H-
bonds provided by water in solution. The residual protection
by 1,2,3-hexanetriol may arise from the remaining hydroxyl
groups and from simple occlusion by the additive, but as
discussed below, the presence of the exposed hydrophobic
groups could decrease protection.
Sorbitol protects CI2 less well than glucose but protects

GB1 equally well, indicating that linearizing a monosaccharide
can decrease protection (Figure 2 and Tables S1, S2, S4, and
S5). Sorbitol protects GB1 more like sugars with respect to the
impact of intramolecular hydrogen bonding than CI2 (Figures
S6 and S7). Other efforts support this protein-specific effect;
sorbitol can protect a lyophilized protein comparably to
maltose,50 sucrose, and glucose,54 or worse than sucrose and
trehalose.49 GB1 and CI2 are similar in size but not in
secondary structure, and, at the pH used here (6.5), GB1 is
more charged (−4.0) than CI2 (−0.9). LOVE NMR data show
that disordered proteins protect CI2 less than GB1, and the
globular protein bovine serum albumin is ineffective for both
proteins.26 Here, both proteins are protected similarly by every
sugar and sugar alcohol except sorbitol (Figure 2). We note
that linear sorbitol is more flexible than ring-forming sugars,
and disordered proteins are more flexible than globular
proteins. Perhaps flexibility-enhanced polar interactions
involving sorbitol and flexibility-enhanced electrostatic inter-
actions of disordered proteins permit more effective H-bond
protection.
We examined residues that are at least 20% less protected in

the sugar alcohols sorbitol and 1,2,3-hexanetriol than they are
in the sugar trehalose (Figure S8). For GB1, these residues are
N8, T16, and D36 in sorbitol and N8, T16, A20, T25, K28,
Q32, Y33, A34, N35, D36, V39, E42, K50, T55, and E56 in
1,2,3-hexanetriol. In CI2, these residues are E4, W5, L8, V9,
V13, K17, K18, A27, Q28, I29, V34, R43, I44, R62, and V63 in
sorbitol and E4, W5, V9, V13, K17, K18, Q22, A27, Q28, I29,
V34, R43, R48, R62, and V63 in 1,2,3-hexanetriol. For GB1, all
of these residues except V39 have at least two intramolecular
H-bonds, and for CI2, all of these residues have at least one
intramolecular H-bond except E4, I29, G35, R48, and R62.
This observation supports the idea that sugar alcohols do a
worse job of stabilizing intramolecular H-bonds than sugars.
None of these residues are in the red group (no protection by
trehalose); the unprotected residues are not further depro-
tected by sugar alcohols. We also observe that intramolecular
H-bonds do not contribute to protection in 1,2,3-hexanetriol,
unlike the sugars (Figures S6 and S7). Furthermore, 1,2,3-
hexanetriol does not provide a dose response to protection like
trehalose and glucose (Figure 2). Perhaps the three-carbon
chain on the end of 1,2,3-hexanetriol interacts with hydro-
phobic residues and pulls apart the protein as it dries (Figure
S1).
If these sugars protect GB1 by water retention, GB1/sugar

mixtures would have higher water contents than GB1 alone.
Instead, the TGA data show that GB1/sugar samples and GB1
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alone have similar water contents at t0 despite the protective
effects of sugars (Figure 3A). The same holds at t24. Our
observation suggests that sugars do not protect via water
retention, in agreement with other reports.54 For the t0
samples, Tg values cover a broad range, without a pattern
that clearly corresponds to protection. While 1,2,3-hexanetriol
depresses Tg most and is least protective, glucose, sucrose, and
sorbitol also depress Tg compared to GB1 alone (Figure 3B)
yet protect about the same as trehalose. At t24, the
disaccharides dramatically mitigate the plasticizing effects of
water compared to GB1 alone, while glucose and the sugar
alcohols slightly do (Figure 3B). These sugars, especially the
disaccharides, may protect via vitrification during humid
storage.
Given that all sugars tested are almost equally protective,

why does nature lean so heavily on trehalose? It has been
known for decades that trehalose is extraordinarily stable,
being much more resistant than other sugars to hydrolysis and
nonenzymatic browning.55−57 For instance, the activation
energy for acid hydrolysis of trehalose is 40 kcal/mol, higher
than that of sucrose (25 kcal/mol) and maltose (30 kcal/
mol).55 The stability of all three disaccharides with α-1-
glycosidic linkages can be largely ascribed to the anomeric
effect,58 the tendency of the anomeric substituent (the oxygen
on the carbon next to the pyranose oxygen) to occupy the axial
rather than the sterically less hindered equatorial position.
Although the physical basis of the anomeric effect remains
unsettled, it is generally agreed that the added hydrolytic
stability arises from the increase in energy required to access a
half-chair oxocarbenium-ion transition state.58

Sugars like sucrose and maltose have one α-glycosidic bond.
Trehalose is unusual because it contains a symmetric, 1,1-
linkage between two anomeric centers (Figure S1). This
atypical glycosidic bond is simultaneously stabilized by two
anomeric effects, one from each of the contributing centers.
Trehalose is thus twice stabilized. Given this information, we
suggest that nature selected trehalose for its high covalent
stability. Several efforts report that trehalose outperforms the
other sugars studied here in protecting proteins from
desiccation stress.18,59−61 However, in other studies, sucrose
protects dry proteins similarly or even slightly better than
trehalose.49,52 In another report, trehalose, sucrose, and
sorbitol protect differently during one drying method but the
same after another drying method.62 These differing
observations are a reminder that protection can be client
protein- and condition-dependent.
In summary, residue-level protection by sugars correlates

with the number of intramolecular protein H-bonds, polar
solvent accessible surface area, and H-bond-competent side
chains, providing evidence that stabilizing intraprotein H-
bonds and water replacement play roles in protection. The
mitigating effect of sugars on Tg depression suggests a role for
vitrification. However, the fact that all samples retain similar
amounts of water is evidence against the water retention
hypothesis. Further efforts will determine the chemical
attributes necessary for the protective activity of sugars.
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