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Molecular mechanism of extreme environmental resistance revealed from structural
properties of proteins embedded in sugar glass
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Understanding the role of sugars as compatible solutes that protect

biological components and cell membranes, instead of water, is crucial for the extreme environmental

resistance of organisms, low-temperature preservation of cells and liposome formulations, and
quality control and long-term preservation of food. In this study, we used synchrotron X-rays and
neutron beams complementarily to directly observe and analyze, for the first time in the world, the
properties (tertiary structure, internal structure, hydration state) of proteins embedded in
concentrated sugar solutions, sugar glass, and rubber. As a result, it was found that in sugar
solutions with a concentration of 5-65% w/w, the structure and hydration shell of the protein are
mostly preserved. However, in non—flowin? states (rubber and glass states) of sugars with a water
content below 15% w/w, the hydration shell is replaced by sugars, and a more compact structure is
stabilized.
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Table 1. Determined structural parameters and virial coefficient Rg: radius of e -
gyration; /(0): relative zero-anglepscattering intensity normalized by the value of ¥ T/ VOIFEZ IR D, E5IC,
glucose; Pmax: peak position of the distance distribution function; Dmax: maximum 5, & 58 O ¥ 45 - [8] D fx I B2 +H
diameter of the molecule (Dmax values in brackets are the values obtained by g2 s e
considering the tailing region in the p(r) functions). M, 42, and 43 are the molar BDFEDE RN R Z T EL
mass and the second and third virial coefficients using the Zimm plot. /(0) and M 7= = Fe T B2 FH BAIZ % Jis 9~ DK
values are normalized by those of glucose.
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Figure 3. Distance distribution functions for different sugar
concentrations. The p(r) functions were obtained by the Fourier
transform of the WAXS curves in Figure 1. A, B, C, D, and E are
as in Figure 1. The first positive peaks correspond to the self-
correlation of the sugar molecules. The second positive peaks,
indicated by the full arrows, correspond to the correlation distance
of the first layer of nearest-neighbor sugar molecules. The open
arrows indicate the correlation holes. At the highest concentration
(52.5% w/w in fructose and sucrose), another correlation
corresponding to the second layer of nearest-neighbor sugar

molecules appears.
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Figure 4: Observed wide-angle X-ray scattering curves of
di%ferent types of proteins embedded in sugar rubber or glass state
at 20 °C. Native-like tertiary and intra-molecular structures can be
recognized.
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Figure 5. Observed small- and wide-angle
neutron curves of myoglobin embedded in
trehalose (dI4) trehalose glass
samples. A, before the subtraction of the
background scattering; B, After the subtraction of
the background scattering. Water content was
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