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Abstract

Water is essential to protein structure and stability, yet our understanding of how water shapes
proteins is far from thorough. Our incomplete knowledge of protein—water interactions is due in
part to a long-standing technological inability to assess experimentally how water removal impacts
local protein structure. It is now possible to obtain residue-level information on dehydrated protein
structures via liquid-observed vapor exchange (LOVE) NMR, a solution NMR technique that
quantifies the extent of hydrogen—deuterium exchange between unprotected amide protons of

a dehydrated protein and D,O vapor. Here, we apply LOVE NMR, Fourier transform infrared
spectroscopy, and solution hydrogen—deuterium exchange to globular proteins GB1, Cl2, and two
variants thereof to link mutation-induced changes in the dehydrated protein structure to changes
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in solution structure and stability. We find that a mutation that destabilizes GB1 in solution does
not affect its dehydrated structure, whereas a mutation that stabilizes CI2 in solution makes several
regions of the protein more susceptible to dehydration-induced unfolding, suggesting that water is
primarily responsible for the destabilization of the GB1 variant but plays a stabilizing role in the
CI2 variant. Our results indicate that changes in dehydrated protein structure cannot be predicted
from changes in solution stability alone and demonstrate the ability of LOVE NMR to uncover

the variable role of water in protein stability. Further application of LOVE NMR to other proteins
and their variants will improve the ability to predict and modulate protein structure and stability in
both the hydrated and dehydrated states for applications in medicine and biotechnology.

Kauzmann’s 1959 review, “Some Factors in the Interpretation of Protein Denaturation”,
brought to light the key role of water in determining protein structure, stability, and
function.12 Yet, despite over six decades of research into protein-water interactions, our
ability to predict, let alone experimentally assess, the contribution of water to local protein
structure and stability remains limited.3

Our inadequate understanding of how protein—water interactions shape and stabilize native
protein structure stems in part from the technological inability to observe the impact of
dehydration on local protein structure experimentally. For years, Fourier transform infrared
(FTIR) spectroscopy was one of a few techniques capable of assessing dehydrated protein
structures, yet this and most other techniques can only provide information on the global
secondary structure composition.* However, with the recent development of liquid-observed
vapor exchange nuclear magnetic resonance (LOVE NMR),® it is now possible to localize, at
the residue-level, protein regions that lose structure upon dehydration.

Based on the well-established principle that hydrogen bonds are essential to protein
structures® 7 and that amide protons are less likely to exchange with deuterons from the
environment if involved in intra- or intermolecular H-bonds,® LOVE NMRS uses solution
NMR spectroscopy to quantify the extent of hydrogen—deuterium exchange (HDX) between
D,0 vapor and the amide protons of a dried protein. For a given residue, the percent of

the amide-proton signal remaining after vapor exchange (%Protected) reflects the fraction
of the dry protein population trapped in a conformation in which that residue is protected
from exchange. Given that dried protein samples are conformationally heterogeneous,® the
fraction of the population in which a residue is protected likely comprises an ensemble of
conformations. Thus, LOVE NMR pinpoints where, and with what probability, dehydration
causes unfolding, i.e., which protein regions depend most on interactions with water to
maintain native structure.

Here, we use an improved version of LOVE NMR (Figure S1), FTIR spectroscopy, and
NMR-detected solution HDX to link mutation-induced changes in dehydrated protein
structure to changes in solution stability. We apply this methodology to two recombinant
proteins: the 6 kDa B1 domain of staphylococcal protein G (GB1) and 7 kDa chymotrypsin
inhibitor 2 (C12) from barley (Figure 1), and two variants: I6L GB1 and 120V CI2. The
variants were selected because both perturb a “global unfolding residue”, i.e., a residue
whose opening free energy is comparable to the global stability of the protein.10-12
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To enable direct comparison of hydrated and dehydrated structures and provide a reference
for the LOVE NMR data, we also employed attenuated total reflection FTIR (ATRFTIR)
spectroscopy. Secondary structure information (Figure 2) was derived from the fitting of the
amide 1 band (Figure S2, Table S1).

Upon lyophilization, all samples exhibit an increase in S-sheet character and a decrease
in a-helical character (Figure 2A,C). Inspection of the second derivative plots (Figure
2B,D) reveals that upon dehydration, the proteins exhibit a frequency upshift in the 1680
cm~1 B-sheet region, indicating increased amide-bond strength and/or a change in bond
orientation.13

In solution, I6L GB1 exhibits slightly less g~ and more turn character than the wild-type
(WT) protein (Figure 2A), but the differences are lost upon lyophilization. Inspection of the
second derivative data (Figure 2B) reveals that, in the dry state, both GB1 proteins exhibit
an intensity decrease in the 1652 cm™1 helix region, suggesting a broader variety of helix
conformations in the lyophilized form.14-16

In solution, WT and 120V CI2 possess similar secondary structure profiles, with 120V
exhibiting only a slight decrease in a-helical character relative to WT (Figure 2C). Second
derivative solution spectra of 120V exhibit reduced intensity at 1630 cm~ (Figure 2D),
suggesting reduced S-sheet interactions, while the uniformity of shape implies an overall
consistent conformation.14 Differences between WT and 120V CI2 become more apparent
in the dry state, with 120V exhibiting slightly less S-sheet character and more turn character
than WT (Figure 2C). Like the GB1 proteins, second derivative spectra of the CI2 proteins
reveal that dehydration decreases the intensity at 1655 cm~ (Figure 2D), again indicative of
a broader variety of helix conformations. Relative to GB1, however, the FTIR data suggest
that the C12 is less sensitive to dehydration, as the proteins exhibit a smaller secondary
structure change between the solution and dry state (Figure 2C).

To gain more information on how mutation affects the solution and solid states, we used
HDX to acquire residue-level solution opening free energies (AGSP)17 and LOVE NMR to
acquire %Protected values in the dry state. For GBL1 in solution, the I6L substitution is
generally destabilizing, reducing the average measurable Aagp value by 0.3 + 0.4 kcal/mol

and the AGg, of global unfolding residues by 0.7 + 0.2 kcal/mol (Figure 3A), where the

uncertainty is the sample standard deviation of the mean. Residues preceding or following a
global-unfolder experience small stability increases, with L7 witnessing the largest increase
(0.52 £ 0.04 kcal/mol). Despite these changes in solution stability, the GB1 proteins exhibit
nearly identical LOVE profiles (Figure 3B), in agreement with our FTIR analysis.

In solution, the 120V CI2 substitution is, at best, marginally stabilizing, increasing the
average measurable AGg), by 0.4 + 0.3 kcal/mol and the average AGg), of global unfolders

by 0.2 + 0.5 kcal/mol (Figure 3C). Only the site of the mutation (V20) and L49, a residue
within the hydrophobic core, are less stable in the variant.
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We expected the isoleucine-to-valine change to be slightly destabilizing because less
hydrophobic surface is buried in the variant. Specifically, pure surface area arguments
suggest a reduction of 0.9 kcal/mol,18 but the decrease could be much smaller because

side chains are never completely exposed in the unfolded state.1® This disparity is probably
caused by a small stress-relieving conformational change.

Although the 120V mutation is marginally stabilizing in solution, LOVE NMR data show
that the mutation reduces dry-state protection in certain regions (Figure 3D). Specifically,
the terminal B-sheets of dehydrated 120V CI2 are less than half as protected as they are

in the WT protein. In addition, V19, the residue preceding the mutation; A16, the native
H-bond acceptor of 120; and L8, the H-bond donor of one of the residues in the N-terminal
-sheet, all experience reduced dry-state protection.

Our results indicate that changes in dehydrated protein structure are not predicted by
changes in solution stability alone, pointing to a variable role for water in maintaining

local protein structure and stability. Although both the 16L and 120V substitutions perturb
global unfolding residues, there are two key structural differences. First, in GBL, the side
chain of isoleucine 6 faces outward, while in C12, that of isoleucine 20 faces inward toward
the hydrophobic core (Figure 1). Second, the I16L substitution occurs in a B-strand, while
the 120V substitution occurs in an a-helix. These distinguishing characteristics may help
explain the contrasting LOVE NMR data.

The observation that the 16L substitution destabilizes GB1 in solution but has almost no
effect on dehydrated structure suggests that water is primarily responsible for the reduced
stability of the variant. Given the water-facing location of the position-6 side chain, one
mechanism of water-mediated destabilization could reduce the “side chain blocking” of
hydration by leucine relative to isoleucine. This mechanism of S-sheet destabilization, which
was suggested by Bai and Englander,2° would affect the protein in solution but not in the dry
state.

The observation that the 120V substitution slightly stabilizes C12 in solution but makes the
protein more susceptible to dehydration suggests that water plays an enhanced stabilizing
role in the 120V variant, particularly at the terminal B-sheets. The origin of this stabilization
is unclear, but the results are consistent with those of Ladurner et al., who found strain in
the a-helix of WT CI2 from nonoptimal core packing;2! perhaps alleviating some of the
steric strain in the core via a volume-reducing mutation allows tighter core packing and an
enhanced hydrophobic effect. Alternatively, the mutation could lead to an increase in the
number or strength of hydrogen bonds with water.

In summary, comparisons of mutation-induced changes in protein solution stability to
changes in dehydrated protein structure suggest that water plays a dominant role in the
destabilization of the I6L variant of GB1 and a more nuanced, stabilizing role in the 120V
variant of CI2. Our results illustrate the complex nature of protein—water interactions and
demonstrate the ability of LOVE NMR to localize structural changes in the dry state.

We envision that the residue-level information on the dehydrated protein structure provided
by LOVE NMR can be combined with other techniques to gain a deeper understanding of
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water’s role in determining protein structure and stability. Understanding the fundamental
interaction between proteins and water will, in turn, improve the ability to predict protein
structure and stability, enabling the de novo design of protein-based therapeutics and
industrial enzymes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structures of GB1 (left, PDB 2QMT) and CI2 (PDB 2CI2). Side chains are shown for global

unfolding residues, with mutated residues in red.
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FTIR studies of wild-type and variant proteins in solution (7.5 mM HEPES, pH 6.5) and the
lyophilized state. (A, C) Average secondary structures of GB1 and CI2 variants. Error bars
represent standard deviations from the mean. (B, D) Averaged second derivative spectra.
Shadows represent the range of data from three independent experiments.
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Figure 3.
Residue-level solution stabilities and dry state structures of wild-type (WT) and variant

proteins. (A) Opening free energies (7.5 mM HEPES, pH 7.5, 22 °C). (B) Overlaid LOVE
profiles of WT and 16L GB1 freeze-dried in 1.5 mM HEPES pH 6.5. (C) Opening free
energies CI2. (D) Overlaid LOVE profiles of WT and 120V CI2 freeze-dried in 1.5 mM
HEPES pH 6.5. Primary and secondary structures of the WT proteins are shown between
panels. In both primary structures, red letters indicate which residue was mutated. Magenta
circles indicate solution global-unfolding residues of WT proteins. Gray boxes indicate data
that are missing due to rapid back exchange (open letters in primary structure) and/or the
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inability to reliably integrate peak volumes due to overlapping resonances (gray letters in
primary structure). Error bars represent standard deviations from the mean calculated from
triplicate analysis.
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