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Abstract

Water is key to protein structure and stability, yet the relationship between protein—water
interactions and structure is poorly understood, in part because there are few techniques that
permit the study of dehydrated protein structure at high resolution. Here, we describe liquid-
observed vapor exchange (LOVE) NMR, a solution NMR-based method that provides residue-
level information about the structure of dehydrated proteins. Using the model protein GB1, we
show that LOVE NMR measurements reflect the fraction of the dried protein population trapped
in a conformation where a given residue is protected from exchange with D,O vapor. Comparisons
to solution hydrogen—deuterium exchange data affirm that the dried protein structure is strongly
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influenced by local solution stability and that the mechanism of dehydration protection exerted
by the widely used protectant trehalose differs from its mechanism of stabilization in solution.
Our results highlight the need for refined models of cosolute-mediated dehydration protection and
demonstrate the ability of LOVE NMR to inform such models.

Graphical Abstract

Dried protein structure
at residue level

It is well-established that liquid water is necessary for proteins to realize their native
structure and function,! yet uncovering how protein-water interactions contribute to
protein stability and structure remains an ongoing endeavor.2:3 Our understanding of

this fundamental interaction has been limited in part by the technological inability to
observe how water removal affects local protein structure.* The same restrictions make it
challenging to understand how protective molecules, collectively known as excipients,>
prevent dehydration-induced protein damage.

Our limited understanding of dehydrated protein structure poses a hurdle for distributing
protein-based therapeutics such as vaccines, antibodies, and other biologic drugs, for which
dried formulations are in high demand due to their enhanced thermostability and shelf life.’
The advent of new methods for studying dry protein structure at high resolution would
inform and accelerate formulation,8 allowing more protein-based therapeutics to reach the
market in freeze-dried form and reducing cold-chain costs.®

Studies performed with solid-state hydrogen—deuterium exchange mass spectrometry,10 a
technique that provides peptide-level information about dried protein structure, demonstrate
the predictive power afforded by high-resolution data.11:12 However, residue-level
information is essential for gaining a thorough understanding of protein—water interactions
and how they relate to the mechanisms of dehydration-induced unfolding and cosolute-
mediated dehydration protection.

We developed liquid-observed vapor exchange (LOVE) NMR (Figure 1) to enable the study
of dehydrated protein structure and protection at the residue level. Inspired by the report

of Desai et al.,13 LOVE NMR uses solution NMR spectroscopy to quantify the extent

of hydrogen—deuterium exchange (HDX) between D,0 vapor and the unprotected amide
protons of a dried protein. On the basis of the well-established principle that amide protons
are less likely to exchange if involved in intra- or intermolecular H-bonds,14-16 we expect
residues in structured regions of the protein, or in regions of the protein that hydrogen-bond
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with cosolutes, to be more protected from exchange than residues in unstructured, exposed
regions.

MATERIALS AND METHODS

Materials.

Ampicillin (Sigma-Aldrich), trehalose, and urea (Thermo Fisher) were used without further
purification. H,O with a resistivity of >17 MQ cm~1 was used to prepare buffers. pH

values are direct readings, uncorrected for the deuterium isotope effect.1’ The pET11a
plasmid containing the gene encoding the T2Q variant of the B1 immunoglobulin-binding
domain of streptococcal protein G was provided by L. D. Spicer’s laboratory at Duke
University (Durham, NC). This variant was chosen because the mutation prevents N-
terminal deamidation.18 A constant relative humidity (RH) of 75 + 5%, as measured by

a digital hygrometer (Fisherbrand Trace-ableGO Bluetooth Datalogging Hygrometer), was
created by sealing a 0.5 L chamber containing 200 mL of >99% D,0 (Cambridge Isotope
Laboratories) saturated with Co(I1)Cl, (Agros Organics).19:20

Protein Expression and Purification.

NMR.

15N-enriched GB1 was expressed in Agilent BL21 Gold (DE3) Escherichia coli grown

in minimal medium supplemented with 15NH4C1.22:22 Following expression for 2-3 h,

cells from each 1 L culture were harvested via centrifugation at 4000g, the supernatant

was discarded, and the pellets were stored at —20 °C. Cell pellets were thawed at room
temperature, resuspended in 5 mL of 20 mM Tris (pH 7.5), and lysed via sonication for

8 min at 20% amplitude with a 33% duty cycle using a Fisher Scientific model 500 sonic
dismembrator. Lysates were clarified by centrifugation at 15000¢ for 1 h. Clarified lysates
were passed through a 0.45 1m filter (Millipore) and purified via liquid chromatography.2!
The concentration of the purified protein was determined from the absorbance at 280

nm (Aygo) (Nanodrop One, Thermo Fisher) using an extinction coefficient of 9530 M1
cm~1.23 purity was confirmed by mass spectrometry (ThermoScientific, Q Exactive HF-X)
in the UNC Mass Spectrometry Chemical Research and Teaching Core Laboratory (6290.32
Da expected, 6290 Da observed). Purified protein was exchanged into H,O by dialysis
(ThermoScientific Snakeskin dialysis tubing, 3500 Da molecular weight cutoff) and divided
into aliquots such that resuspension in 650 £ gives a protein concentration of 500 M.
Aliquots were flash-frozen, lyophilized, and stored at —20 °C.

Experiments were performed in triplicate on Bruker Avance 111 HD spectrometers with
cryogenic QCI probes at IH Larmor frequencies of 600 MHz for LOVE experiments and
850 MHz for solution amide proton exchange experiments. For LOVE experiments, 15SN-1H
heteronuclear single-quantum coherence (HSQC) spectra were recorded in ~20 min (128
increments in the 1N dimension, eight scans per increment) with sweep widths of 3041 Hz
in the 1N dimension and 8418 Hz in the H dimension. For residues that exchange quickly
in solution, band-selective excitation short-transient (BEST) °N-IH HSQC experiments
were performed for ~3 min (128 increments in the 1°N dimension, four scans per increment)
with sweep widths of 3016 Hz in the 1°N dimension and 13587 Hz in the 1H dimension.24
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For other solution exchange experiments, traditional 2°N-1H HSQC spectra were recorded
for ~20 min (128 increments in the 1N dimension, eight scans per increment) with sweep
widths of 4308 Hz in the 15N dimension and 11904 Hz in the 1H dimension. Spectra were
processed with NMRPipe.2> Cross peaks were integrated using NMRViewJ.26

Backbone resonances were assigned [pH 4.5 and 4 °C or pH 7.5 and 22 °C (Figure S1 and
Table S1)] using isotopically enriched GB1 expressed in minimal medium containing [13C]-
p-glucose and °NH,CI (Cambridge Isotope Laboratories) as the sole sources of carbon and
nitrogen, respectively, and purified as described above. HNCACB spectra were recorded
with 10% sampling in the indirect dimensions using a Poisson gap scheduling scheme.27:28
Three-dimensional spectra were reconstructed using the SMILE algorithm and processed in
NMRpipe.2

Solution Hydrogen—Deuterium Exchange.

Lyophilized aliquots of purified, °N-enriched GB1 were resuspended in 650 /A of 7.5 mM
HEPES (pH 6.5) with or without 100 g/L trehalose or urea, flash-frozen, and lyophilized.
After 24 h, samples were removed, resuspended in 650 z1 of 99% D,0O, and immediately
used to acquire serial NMR HSQC spectra at 22 °C. To obtain data for residues that fully
exchange in <1 h (fast regime), BEST spectra were used to acquire ~10 spectra in the first
30 min with a dead time of ~3 min.24 To capture decay curves for residues that completely
exchange in 2-24 h (intermediate regime), traditional 2°N-'H HSQC experiments were used
to acquire 10-12 spectra over ~24 h. For slowly exchanging residues (>24 h), samples
were resuspended and, following acquisition of the first 15’N-1H HSQC spectrum (0 h time
point), placed in an incubator at 22 °C. Samples were removed every 1-3 days for spectrum
acquisition and then returned to the incubator. The sample pH was measured at the end of
the exchange; all samples possessed a pH of ~7.5.

The rate analysis tool in NMRViewJ was used to fit peak volumes as a function of time to
the three-parameter equation V= Ae~5{+ C, where Vis the peak volume in arbitrary units,
tis the time in seconds, and B is the observed rate constant (kgps). For each residue, Agps
was divided by the estimated intrinsic rate constant of exchange (4jn¢) at pH 7.5 and 22 °C
to approximate the opening equilibrium constant, K. Values of &j; were obtained using
the online Server Program for Hydrogen Exchange Rate Estimation.3? To promote accuracy,
only cross peak volumes that decayed to ~30% or less of their initial value were analyzed.
Opening free energies (AGop"’) were calculated as

, k
AGop® = - RTIn(K,p) = —RTln( Obs)

kint

where Ris the gas constant and Tis the absolute temperature.15:31

Liquid-Observed Vapor Exchange (LOVE) NMR.

For each experiment, three identical aliquots of pure, lyophilized, 1°N-enriched GB1 were
resuspended in 650 s of 1.5 mM HEPES (pH 6.5) with or without 20 g/L trehalose or urea
to achieve a final protein concentration of 500 1M, flash-frozen, and exposed to pressures
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of <0.3 mbar at ambient temperature on a LABCONCO FreeZone 1 L Benchtop Freeze-
Dry System for 24 h. Following lyophilization, two samples, designated Tg and Dg, were
resuspended in 650 s of cold quench buffer [100 mM citrate (pH 4.5) and 90% H,0/10%
D,0 for T or >99% D,0 for Dg] and immediately transferred to an NMR spectrometer
for spectrum acquisition at 4 °C. The third sample, designated T4, was placed, with the
cap opened, in a chamber of controlled relative D,O humidity, prepared as described above.
After 24 h, the T,4 sample, which remained a solid, was resuspended in 650 zL of cold
quench buffer and an HSQC spectrum was acquired using the same parameters that were
used for the T and Dg samples. The time between resuspension and initiation of spectrum
acquisition was 10 min, ~8 min of which was spent at 4 °C. For the vapor exchange time
course, GB1 samples dried from 650 4L of 1.5 mM HEPES (pH 6.5) were stored in the
constant-humidity chamber for times stated in the caption of Figure 2.

To ensure that the change in cross peak volumes originates exclusively from exchange

with DO vapor, differences in GB1 concentration among the Ty, Dg, and T4 samples

were determined after the experiment via the absorbance at 280 nm using the extinction
coefficient provided above. The Aygg values were used to normalize each cross peak volume
across the three data sets. Using concentration-normalized cross peak volumes V', Vp,,

and v, ,,, the percent of the dried protein population for which a given amide proton is

protected from vapor exchange is calculated as

% protected = lOO(VT2 4= QC)/ VTO

where QC = V1, - Vp,, is the quench correction. The change in % protected from drying in

the presence of a cosolute is calculated as

A% protected = % protected pyffer + solute — % protected pyffer only

Uncertainties from triplicate analysis and propagation of error analysis are discussed in the
text and figure captions.

Thermogravimetric Analysis.

Aliquots of purified, unenriched GB1 [650 /4, 500 M in 1.5 mM HEPES buffer (pH 6.5)]
were flash-frozen and dried as described above. Samples were then placed, without caps,

in a chamber with a controlled relative humidity of 75 + 5%, created as described above.
Individual tubes were removed after 0, 1, 2, 4, 6, 12, 24, 48, and 72 h and immediately
analyzed using a TA Instruments model 550 thermogravimetric analyzer. The samples were
loaded onto an open Pt pan and heated from 25 to 200 °C at a rate of 4 °C/min under a N(g)
sample purge of 60 mL/min and a balance purge of 40 mL/min. The well-defined mass loss
ending at 140 °C was used to quantify the content of H,0 and D,0.32:33
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RESULTS
Quantifying Vapor Exchange with LOVE NMR.

To quantify deuterium incorporation in the solid state, two dried 1®N-enriched protein
samples, one exposed (T,4) and one not exposed (Tg) to D20 vapor for 24 h, are dissolved
in cold acidic buffer, which slows solution HDX and enables the immediate acquisition

of a solution HSQC spectrum (Figure S1A). Cross peak volumes (V) from the assigned
resonances (Table S1) are directly proportional to the concentration of amide protons,
meaning that the volumes of corresponding cross peaks in the pre- and postexchange spectra
can be compared to determine the fraction of amide protons protected from exchange. That
is, cross peaks from residues that exchange with D,O vapor are smaller than those from
residues protected from exchange.

This approach can be applied to any protein possessing a well-dispersed 1°N-1H HSQC
spectrum if it folds faster than the rate of solution HDX of an unprotected amide proton.
Meeting this latter condition ensures that solution HDX does not alter the difference in the
1H-15N signal between Tq and To4. Solution HDX is minimal during the 30 min between
protein resuspension and completion of HSQC spectrum acquisition for the protein used
here (Table S2), the T2Q variant of the 6 kDa immunoglobulin-binding domain B1 of
streptococcal protein G, which we call GB1.18:34 For proteins more susceptible to solution
HDX, the time in solution can be decreased by modifying acquisition parameters or by using
a faster NMR experiment, such as band-selective short-transient HSQC.24

Although resuspension in aqueous buffer is necessary to acquire a well-dispersed solution
NMR spectrum, it also causes a complication called quench labeling, in which labile
protons or deuterons from the quench buffer immediately exchange with a fraction of
surface-exposed amides upon resuspension. The quench labeling varies across the sequence,
with residues in structured regions experiencing less labeling than those in unstructured
regions (Figure S2). Quench labeling must be accounted for because it masks some or all the
amide proton signal loss from deuterium incorporation in the dry state. To remove the signal
introduced by quench labeling, a spectrum is acquired for a third, non-vapor-exchanged
sample resuspended in a D,O quench buffer (Dg). The isotope effect on quench labeling

is small; for most residues, the signal lost due to quench labeling by DZO(VTO - VDO) is

nearly identical to the signal gained by a dried, deuterium-exchanged protein due to quench
labeling by H,O (Figure S2). The signal lost upon resuspension in DZO(VTO - VDO) is thus

used as a quench correction (QC) that is subtracted from the volume of the corresponding
peak in the Tp4 spectrum V.

Finally, each quench-corrected peak volume is normalized by dividing by the corresponding
peak volume from the non-vapor-exchanged, H,O-quenched sample v, and multiplied by

100% to yield the percent of the protein population for which a given amide proton is
protected from vapor exchange (% protected).
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Interpreting LOVE NMR Measurements.

The abilities of solution HDX and LOVE NMR to detect protein structure are derived from
the same principle: H-bonding prevents exchange. However, these methods differ in how
they measure protection from exchange. With solution HDX, all amide protons eventually
exchange to completion (Figure 2A, dotted lines), but at different rates that, under certain
conditions, can be used to estimate protection factors and opening free energies (AGyp°
").14.31.35 |n contrast, the extent of vapor exchange measured by LOVE NMR varies by
residue (Figure 2A, solid lines) and the rate for all residues mirrors that of vapor sorption
(Figure 2B).

Folding and HDX in the solid state are poorly understood. Nevertheless, the observation
that vapor exchange plateaus at different levels for different residues suggests that, unlike
solution HDX, LOVE NMR does not report on an equilibrium process. Instead, this
observation suggests that the plateau values reflect the fraction of the dried protein
population trapped in conformations where a given residue is protected from vapor
exchange.

The similarity between the Kinetics of vapor exchange and vapor sorption suggests that

the DO vapor concentration may affect LOVE NMR data. Measurements made after
exposing freeze-dried GB1 to 85% RH (D,0) for 24 h confirm this idea, with all residues
witnessing an ~10% reduction in signal compared with exposure to 75% RH (Figure S3).
The additional signal loss at 85% RH is distributed almost evenly across the protein
sequence, suggesting that a decreased level of vapor exchange in the reverse direction
(N-D — N-H),38 rather than humidity-induced changes to dried protein structure, is the
source of signal reduction. The preservation of trends at different humidities reinforces the
idea that protection from vapor exchange is provided by dehydrated protein structure and
demonstrates that LOVE NMR can be performed at different relative humidities. However,
this result also suggests that experiments conducted at much lower relative humidities cannot
reveal protection differences between residues in highly protected regions.

Trends in the LOVE Profile.

Plotting % protected against residue number yields the LOVE profile. Comparing the profile
of GBL1 to its secondary structure map shows that regions with stable secondary structure

in solution tend to be more protected in the dry state (Figure 3A). The similar levels of
protection experienced by regions that form tertiary contacts in the native structure (e.qg.,
Bsheets 1 and 4)37 suggest that some GB1 molecules possess native or near-native tertiary
structure in the dry state. Residues that undergo solution HDX only upon global unfolding
(“global unfolders”)38 experience the most protection yet witness a 40% signal loss on
average, implying that a large fraction of the GB1 population unfolds during freeze-drying.

One region, residues 35-38, exhibits negative % protected values, indicating that the Dg
sample experiences more quench labeling than the T4 sample. The quench-label profile of a
sample fully exchanged into D,O before drying and then resuspended in H,O quench buffer
shows similar quench labeling in this region (Figure S2), signifying that a solvent isotope
effect is not responsible. Moreover, the degree of quench labeling experienced by a sample
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exposed to H,O vapor for 24 h followed by resuspension in D,O quench buffer is the same
as that of the Dy sample (Figure S2). These data suggest that exchange with D,O vapor in
the dry state is the primary source of the quench labeling artifact.

The nuances of quench labeling are not well-understood, but we suspect that interactions
with D,0O vapor cause this region to fold into an alternative H-bonded conformation in

the dry state, thus preventing quench labeling. This explanation is consistent with the
observations that these residues possess small, positive % protected values before quench
correction (Figure S5) and that this region of GB1 can adopt an alternative conformation in
solution.39

Cosolute Effects.

In addition to providing insight into dry protein structure, LOVE NMR can reveal residue-
level effects of drying in the presence of cosolutes. We quantified the change in % protected
due to freeze-drying GB1 with 20 g/L urea or trehalose by subtracting the quench-corrected
LOVE profile of GB1 dried in buffer from that of GB1 dried in buffer and cosolute (Figure
3B). Drying with urea, an osmolyte that destabilizes proteins in solution via preferential
interactions with the protein backbone, 4041 decreases the level of dry-state protection in
general (Figure 3B and Table S4). There are, however, solvent-accessible residues near the
termini of secondary structures whose level of protection increases, perhaps due to urea
blocking exchange via H-bonding.

Drying with trehalose, an osmolyte that increases solution stability because it is
preferentially excluded from protein backbone,*2 generally increases the level of dry-state
protection, with two-thirds of GB1 residues experiencing no observable vapor exchange
(Table S4). Residues in unstructured areas, however, do not witness much protection from
trehalose. The observation that a denaturant generally decreases the level of protection, and a
stabilizer increases the level of protection, provides further confidence that LOVE NMR data
reflect the presence of dried protein structure.

Comparing Dry-State Protection to Solution Stability.

To understand how dry-state protection relates to solution stability, we measured rates of
solution HDX in buffer and in buffer with 100 g/L urea or trehalose and quantified the
opening free energies [AGOp"’ (Table S5)]. For GB1 dried in buffer alone, % protected
correlates positively with AGop"' in solution [p < 0.00001 (Figure 4A)], indicating that

the native structure is a major source of dry-state protection. Intermolecular H-bonds with
opening free energies of <6 kcal/mol experience little to no dry-state protection, suggesting
that freeze-drying may lead to a complete loss of native structure in those regions and
highlighting the importance of water to the maintenance of secondary structure.*3

Comparing the urea-induced change in % protected to the change in opening free energy
(AAGopybuﬁerHure;’) in solution also reveals a positive correlation [p < 0.00001 (Figure
4B)]. This correlation corroborates the idea that the regional stability of a protein before
drying influences which conformations become trapped in the dry state. By contrast, the
correlation between A% protectedy,ffer—strehalose and AAGOp,buffthrehame"’ is insignificant
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[p> 0.10 (Figure 4B)], suggesting that the protective mechanism during freeze-drying
differs substantially from that in solution.

DISCUSSION

The observation that trehalose targets different residues in the solution and dry states (i.e.,
the correlation in Figure 4B is insignificant) is consistent with the observation that trehalose
is one of the few osmolytes that, in addition to protecting organisms from mild osmotic
stress, also protects against desiccation.** It is therefore reasonable to suggest that the
mechanism of protection exerted by trehalose under dehydrating conditions differs from its
mechanism of stabilization in solution.

There are two main ideas about how trehalose and similar sugars protect proteins from
dehydration-induced damage: vitrification and water replacement.#>46 The vitrification
hypothesis posits that the sugar confines the protein in a glassy matrix, stabilizing the native
structure by preventing large motions such as global unfolding. The water replacement
hypothesis posits that the sugar maintains the native protein structure by replacing the
stabilizing H-bonds usually provided by water.

If trehalose protects proteins via vitrification, global-unfolding residues should benefit most.
However, even in the absence of cosolutes, the global-unfolding residues of GB1 are highly
protected from vapor exchange, which means they experience an only marginal increase

in protection before reaching 100%. This “saturation” of protection makes quantitative
comparison of the small A% protectedptfer—trehalose Values of already highly protected
residues unreliable, because they cannot be more protected. Nonetheless, the observation
that structured regions experience more protection from trehalose than unstructured areas
suggests that either trehalose does not replace water H-bonds in less structured regions or
vitrification dominates.

On the contrary, if confinement-induced vitrification is the sole source of trehalose
protection, we expect native H-bond donor—acceptor pairs (double arrows in Figure 5) to
experience similar degrees of protection, yet there are several instances in which such pairs
exhibit a large difference in A% protectedyyffer—strehalose [€-0-, E42/T55, L7/G14 (Figure 5)],
indicating that some protection arises from blocking of exchange through H-bonding outside
of native contacts.

Together, these data suggest that protection by trehalose results from a complex combination
of native structure preservation and selective H-bonding between protein backbone and
sugar hydroxyls. The multifaceted nature of vapor exchange protection by trehalose is
confirmed by the observation that plotting A% protectedyffer—trehalose Values as a function
of ~40 residue properties, including solvent-accessible surface area and amino acid side-
chain transfer free energies, did not yield a strong linear correlation [all /2 < 0.16 (Table
S6)].
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CONCLUSIONS

In summary, LOVE NMR data on the model protein GB1 affirm the notion that a
protein’s structure in the dry state is heavily influenced by its solution stability and
demonstrate that models of cosolute-mediated dehydration protection require refinement.
The application of high-resolution methods such as solid-state hydrogen—deuterium
exchange mass spectrometry® and LOVE NMR to a broad range of proteins will enable
more nuanced models of dehydration protection to be proposed and tested. Such models
can in turn be used to streamline the design of formulations for freeze-dried protein-based
therapeutics, reducing costs and increasing accessibility to these life-saving medicines.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
LOVE NMR. Three identical samples of 1°N-enriched protein dried alone or in the presence

of a cosolute are resuspended in cold, acidic buffer before (Dg and Tg) or after (T»4)
exposure for 24 h to D,0 vapor at 75% relative humidity (RH). Amide protons that are
unprotected in the dry state will exchange with deuterons from the vapor, resulting in
smaller cross peak volumes in the T»4 2°N-1H HSQC spectrum relative to the T spectrum
(To and T4 cross peaks are colored blue and pink, respectively). A third sample, Dy, is
resuspended in D,O quench buffer (red cross peaks). The difference in volumes between
corresponding peaks in the T and Dg spectra (VT0 - VDo) reflects quench labeling and is

used as a quench correction [QC (see the text)], which is subtracted from the volume of
the corresponding peak in the T4 spectrum V'r,,,. The difference is divided by v, and

multiplied by 100% to yield % protected.
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Figure 2.
Time courses of solution HDX, vapor exchange, and vapor sorption. (A) Signal remaining

as a function of time in D20 liquid (dotted lines) or vapor (75% RH, triangles) for three
GBL1 residues representing different solution exchange rate regimes: slow (blue, complete in
>24 h), intermediate (pink, 2-24 h), and fast (red, <2 h). For T51* in solution, the abscissa
is compressed 10-fold (e.g., 6 h corresponds to 60 h). Solution exchange curves are derived
from the average &g from three independent experiments in 7.5 mM HEPES (pH 7.5)
(>99% D,0). For the vapor exchange time course, identical GB1 samples were freeze-dried
in 1.5 mM HEPES (pH 6.5) for 24 h and resuspended in H,O-based quench buffer after
vapor exchange for 0, 1, 2, 4, 6, 9, 12, 24, and 72 h at 75% RH. Spectra were acquired at
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4 °C immediately upon resuspension. Vapor data are uncorrected for quench labeling. (B)
Average %(H,0 + D,0) content (w/w) of freeze-dried GBL1 as a function of time spent at
75% RH in a D,O chamber. After 72 h at 75% RH, the accessible GB1 surface covered

by H,0 and D0 is <40% for drying from buffer alone, <60% for drying from buffer with
20 g/L urea, and <170% (approximately two layers of H,O and D,0) for drying from
buffer and 20 g/L trehalose (Table S3). For vapor exchange and sorption, curves are of no
theoretical significance. Error bars represent the standard deviation of the mean from three
independent experiments, except for the 72 h vapor exchange data in panel A, which are
from a single experiment.
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Figure 3.
Dry-state protection of GB1 freeze-dried alone and in the presence of cosolutes. (A) LOVE

profile of GB1 freeze-dried in 1.5 mM HEPES (pH 6.5). (B) Change in % protected (%
protectedgosolute — % protectedyysrer) due to freeze-drying in 1.5 mM HEPES with 20 g/L
trehalose or urea (pH 6.5). The primary structure of GB1 is shown between panels. Letters
are colored by the total solvent-accessible surface area of the residues in the solution
structure, as predicted by the online web application ProtSA for Protein Data Bank (PDB)
structure 2QMT (blue, 0-50 A?; pink, 51-100 AZ; red, >100 A2). Empty letters indicate
residues with undefined dry-state protection because they are 100% quench-labeled. GB1
secondary structures (as defined in PDB entry 2QMT; arrows, S-strands; undulations,
helix; white bumps, turns; gray lines, bends) are shown at the top, with magenta circles
indicating solution global unfolding residues. Error bars represent uncertainty propagated
from standard deviations of the mean from triplicate analysis. For the cosolute data, Dg
spectra of GB1 freeze-dried with cosolute were used to calculate QC values (Figure S4).
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Correlations of solution- and dry-state protection. (A) % protected after freeze-drying in
buffer vs average opening free energy (AGop°’) in buffer for the 34 GB1 residues for which
solution HDX rates could be measured. (B) Average A% protected due to drying with 20
g/L urea or trehalose vs the change in opening free energy (AAGop°’) due to the presence of
the same cosolute at 100 g/L (AAGyp°” = AGyp cosolute®” ~ AGop puffer””)- % protected and
AGop°' values are reported with their uncertainties in Tables S4 and S5, respectively.
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Trehalose protection mapped onto the native H-bonding pattern of GB1.3” Residues colored

dark blue exhibit a A% protected >1 standard deviation (SD) above average, light blue
values within 1 SD and not within uncertainty of zero, gray values within <1 SD or

within uncertainty of zero, and black values of undefined protection (i.e., 100% quench-
labeled). Adapted with permission from ref 37. Copyright 1991 American Association for

the Advancement of Science.
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