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ABSTRACT: In recent years, cryogenic electron microscopy (Cryo-EM) has revolutionized
the structure determination of wet samples and especially that of biological macromolecules.
The glassy-water medium in which the molecules are embedded is considered an almost in vivo
environment for biological samples. The local structure of amorphous ice is known from
neutron- and X-ray-diffraction studies, techniques appropriate for much larger volumes than
those used in cryo-EM. We here present a first study of the pair-distribution function g(r) of
glassy water under cryo-EM conditions using electron diffraction data. We found g(r) to be
between that of low-density amorphous ice and that of supercooled water. Under electron
exposure, cubic-ice regions were found to nucleate in thicker glassy-water samples. Our work
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enables to obtain quantitative structural information using g(r) from cryo-EM.

lectron microscopy has in recent years become a

fundamental tool for obtaining quantitative structural
information from inorganic, organic, and biological materials
and compounds."” An example of this was the development of
cryogenic electron microscopy (Cryo-EM), which revolution-
ized structural biology.” In Cryo-EM, a thin film of a solution
containing the specimen of interest is frozen rapidly, thus
embedding the samples within an amorphous ice matrix or
glassy water. The glassy-water film, which provides thermal and
mechanical stability to the sample, plays a central role in Cryo-
EM data collection.” After early research on the biological
samples freezing,”® and on the physical properties of glassy
water,” Dubochet and co-workers® carried out a meticulous
study optimizing the conditions for routinely obtaining thin
films of amorphous ice, free of hexagonal (I,), or cubic
crystalline ice (I.). This development formed the basis for the
current success of Cryo-EM.

Three different forms of amorphous ice can be distin-
guished: low density amorphous ice (LDA), high-density
amorphous ice (HDA), and very-high-density amorphous ice
(VHDA).” The structure of amorphous ice has previously been
studied by neutron- and X-ray diffraction techniques.'® These
techniques allow access to the intra- and intermolecular pair-
distribution function (PDF or g(r)) of the system, ie., the
probability density of finding an atom from another.'' For
example, X-ray scattering studies revealed that LDA ice
structure contains networks of tetracoordinated hydrogen-
bonded water molecules, whereas HDA and VHDA show
additional interstitial molecules.'* However, the details of the
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amorphous ice structure in cryo-EM, which we call Cryo-EM
Glassy Water (CGW), are not yet well understood. A
fundamental question still awaiting an answer is what type of
amorphous ice CGW is?

Although the analysis of bulk amorphous ice by neutron
diffraction and X-ray scattering are well established, they are
not suitable for studying CGW structure due to the small
volume of cryo-EM samples. Note also that the interaction of
the specimen with electrons is stronger than with neutron- and
X-ray,"” implying that electron diffraction (ED) using
transmission electron microscopy (TEM) will yield more
PDF information from small cryo-EM volumes. Here, we have
developed the pair distribution function from electron
diffraction (ePDF) analysis to elucidate the CGW local
molecular structure for typical cryo-EM volumes (Figure S1
in the Supporting Information). The ePDF is a powerful tool
for analyzing nanomaterials,"* and here, we are applying this
technique for the study of frozen liquids. From the ED
patterns, we obtained the real-space interatomic distance
correlation function using the eRDF software,’> which was
modified to obtain the molecular goo(r). Details of the
procedure used to obtain the goo(r) from ED pattern can be
found in the Supporting Information (see Figures S2—S8).
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Figure S6. A detailed analysis of the PDF patterns obtained S,
requires their comparison with reference patterns. The 8
reference material we used includes molecular dynamics o,
simulations (MD), static simulations, and standard exper-
imental XRD scattering results from the literature. The goo(r) b 0 - - - -
values of liquid water, supercooled water, and amorphous LDA ) - - mg bvm:
were obtained from MD calculations; we simulated I. and [ o 61 ,: . MD g‘.iitm oled Water
crystalline ice goo(r) using CIF files (static simulations); and ~ vy
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supercooled water,” and LDA™~ were obtained from the 'R
literature. Figure 1 shows the experimental ePDF for CGW by

= CGW

Figure 1. (a) ePDF goo(r) for a CGW film. (b) Simulated O—O PDF
goo(r) (r) for both hexagonal (1) and cubic (I.) bulk crystalline ice
showing the first two comparable neighboring O—O distances (r
colored vectors) that can be visualized in both (c), I. and I, unit cells.

compared to static simulations, and Figure 2 shows the MD
analysis and literature data. Note that the CGW goo(r)
pattern, Figure 1, shows a series of broad peaks, reflecting a
specific molecular coordination shell related to the organi-
zation of the H,O molecules in the glassy state, being the O—
O distances indexed based on the simulated and literature
goo(r) (see Figure S6 in the Supporting Information).

Figure la shows the ePDF guq(r) for a typical thin CGW
film. All samples’ gy (r) indicate that no ordering beyond 8 A
is observed for CGW."® Simulations of PDF g (r) for I, and
I, bulk phases are similar for the first neighbors, as shown in
Figure 1b and visualized in their respective unit cells, Figure lc,
which also displays the similarity in the distances of the first
neighbors (r vectors) inside the water tetrahedron displayed
within their unit cells (see Figure S9). Although it is not
possible to differentiate the local structure between the CGW
and both crystal structures, the first two coordination shells
(O—0 molecular distances) observed for CGW in Figure la
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SDF MD Water

SDF MD LDA

Figure 2. (a) PDF goo(r) of low-density amorphous ice (LDA,
obtained from very-high-density amorphous ice annealed at 140 K)
from Mariedahl et al,'> liquid water (ambient temperature) from
Skinner et al,,'® and supercooled water (235 K) from Pathak et al.’’
obtained by X-ray analysis, compared to ePDF goo(r) of a typical
CGW thin film (frozen at 90 K and stored at 77 K). (b) goo(r)
obtained by molecular dynamics of LDA (77 K), liquid water (298
K), and supercooled water (233 K). (c) Spatial distribution function
(SDF) of the water (left) and LDA (right) obtained by molecular
dynamics. Two isosurfaces are shown: 5SS (green) and 95 (blue)
molecules nm™>; larger isosurface values indicate a larger spatial
concentration of molecules.

clearly are correlated with the lengths of r vectors shown in
Figure 1b,c. On the basis of this model, the goo(r) peaks in
Figure 1a were indexed as follows, the first peak g;(r) is related
to the local structure in the first coordination shell located at r,
(0-0 1st, yellow line, 2.77 A), which is directly correlated
with the tetrahedrality of the water generated by its hydrogen
bonds (two intermolecular H—O and two O—H through the
lone pairs), Figure S10. The ePDF gy (r) displayed in Figure
la also presents two other peaks (coordination shells),
demonstrating that the local structure of CGW maintains at
least three structured neighbor shells. The second O—O peak
(r) is associated with the O—O distance from the edge length
of the water tetrahedron (O—O 2nd, green line, 4.5 A) and the
third O—O peak g;(r) is a convolution of the two peaks at 6.3
and 6.9 A found in both I, and I. phases. However, it is clear
that the CGW O—O arrangement does not have similarity with
a solid crystalline structure, displaying a typical g(r) feature of
amorphous samples. Next, a CGW analysis is presented in
Figure 2 with the MD and literature data for amorphous ice
structures.

The structure of the CGW is compared to that given by
Skinner et al.'® for liquid water, by Pathak et al.'” for
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Figure 3. ED-TEM results for a 500 nm thick CGW film showing the (a) electron diffraction (ED) for frame 1 (ED;) and (b) frame S0 (EDg).
(c) Difference between images (EDy, ) and (EDy,) used to highlight the diffraction spots from the nucleated crystalline ice that were indexed to

cubic phase I.. (d) Time evolution graphic showing the diffraction intensity profile for crystalline ice only (amorphous background subtracted,

(EDy,) — (ED)).

supercooled water, and by Mariedahl et al.'* for LDA goo(r)
(Figure 2a). The local tetrahedral structure in g,(r) shows a
coordination number 1y of 4.0 (from 2.2 to 3.4 A), which is
similar to that for the supercooled water from MD (see Figure
S8) but still lower than those observed experimentally for
supercooled water (4.39) and LDA samples (4.3). Although
the first peak position r; (2.77 A) is similar to those for CGW,
supercooled water (~2.8 A), and LDA phases (2.75 A), the
peak height for CGW (3.45) is closer to that of supercooled
water reported by Pathak et al. (3.19)"” and smaller than that
for the LDA phase (4.79) obtained by Mariedahl et al.'* The
ePDF goo(r) displayed in Figure 2a also presents two other
peaks (coordination shells), demonstrating that the local
structure of CGW maintains at least three structured neighbor
shells.

The molecular network of liquid water is proposed to be a
dynamic mixture of a coexisting low-density liquid (LDL) and
a high-density liquid (HDL)."”*° Upon cooling, each has its
corresponding amorphous form, a LDA and a HDA. Their
structural difference relies on the hydrogen bond assembly
between two neighboring tetrahedral structures (illustrated in
Figure S11). While the former presents a hydrogen bonding
pattern between two tetrahedra, involving two water molecules
of both structures, the latter presents a disruption of such
interactions since higher pressures impose a closer contact. In
the liquid state, hydrogen bonding between tetrahedral nearest
neighbors is dynamically changing by keeping (LDL) or losing
(HDL) this structure. Such interchange briefly brings water
molecules to excluded (depleted) regions (the region between
the two first peaks g,(r) and g,(r), 3.0 A < r < 42 A)>' 7>

MD simulations of LDA ice, supercooled water, and liquid
water were performed to clarify the CGW goo(r) findings. In
Figure 2b the goo(r) simulated from MD for LDA, liquid, and
supercooled water are compared. For the supercooled state,
the liquid water tetrahedrality is increased, giving peaks that
are more well-defined toward the LDA pattern.'” This
situation is elucidated by the spatial distribution function
(SDF) in Figure 2c, showing that the LDA presents a more
ordered tetrahedral network structure beyond first neighbors,
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while liquid water presents orientational deviations and also
correlations in the depletion region, related to its dynamical
behavior (Figure $12).** Our results suggest that the CGW
structure has an intermediate ordering between two con-
tinuous thermodynamic metastable states:”' the supercooled
liquid water and the LDA structures, based on the intensities of
the first two goo(r) peaks (see Figure 2a). The ordering is
smaller than supercooled water (Figure 2b) near its Widom
line of liquid—liquid (HDL/LDL) transition at 229.2 K.*°
Therefore, under cryo-EM conditions, the samples should have
solidified in the 240—250 K temperature range, before reaching
deep supercooled temperatures which display increased LDL
tetrahedrality."”

CGW structure formation is related to its 2D morphology
and preparation cooling rate. Compared to hyperquenched
glassy water (HGW) that is frozen from micrometer-sized
water droplets,24 the thin CGW nanomembrane (<500 nm)
reaches temperatures below the T, much faster than HGW.
The cooling rate is inversely proportional to the square of the
thickness (freezing front penetration from the surface to the
center of the sample).”> Therefore, the cooling rate at the
center of the water sample increases with smaller sizes (see
Figure S13). It is known that the fraction of LDL increases by
lowering the temperature.'”'” As the morphology of HGW
water samples is bigger, they take longer time to reach the T,
increasing the supercooling before solidifying and leading to an
increased LDA (solidified from the parent LDL) character.
Differently, it is expected that the CGW have a higher amount
of HDL phase as its faster cooling rate generates an amorphous
ice with structure between liquid water and LDA, analogue to a
supercooled water. Note that both CGW and HGW do not
cross the T, avoiding crystal formation, thus keeping the
amorphous structure. Therefore, one can argue that CGW is
frozen maintaining a higher fraction of HDL whereas HGW
takes longer to become solid, having enough time to increase
the LDL content. Having established that CGW is a frozen
metastable structure, if annealed, it would have a transition
above the T, to the kinetically stable LDA.
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In addition to ePDF analysis, ED-TEM can also be used to
evaluate CGW stability. Here, ice crystallization induced by the
electron beam was investigated using a series of ED with a dose
rate of 12 e~ A™2 s and 3.33 frames s™! (3.6 e~ A2 total dose
by frame). A time-dependent crystallization pattern was
recorded, as shown in Figure 3. The first ED pattern after
0.3 s of exposure (ED;) for a CGW film with thickness of 500

nm clearly shows an amorphous scattering profile with the
absence of diffraction spots, Figure 3a. In contrast, Figure 3b
shows the final pattern EDg after 15 s of exposure (frame S0,

total dose of 180 e~ A™?) displaying diffraction spots along
with the amorphous profile, i.e., the formation of crystalline ice
within the amorphous network. By subtracting the ED; image

from the EDy, one, the amorphous scattering content can

qualitatively be subtracted from the final ED, to thus reveal the
diffraction rings of the emerging crystalline phase. Figure 3c
shows five diffraction rings that are well indexed for the I
phase. To clarify, Figure 3d shows a qualitative time-dependent
crystallization profile. I(Q) at 1.70 A™' (d = 3.69 A), which
corresponds to the first and most intense diffraction ring in the
EDyg, clearly displays an intensity raise with time due to the

electron exposure. This process begins around $ s, accumulat-
ing a total dose of 60 e~ A™%. A second peak occurs at 2.78 A~
(2.26 A), and the other three peaks of lower intensities can be
only detected in the last frames. Although I. peaks are seen in
the final ED; compared to EDy, the amorphous content is still

the majority phase.

The results indicate that the transition from CGW to
crystalline ice under electron exposure occurs via the I. phase
and not via the thermodynamically stable”® I, phase. The pure
amorphous ice film is a metastable material that nucleates
crystalline ice when energy is added to the system such as
increasing the temperature or, in the cryo-EM case, by the
incidence of high-energy electrons.”” As discussed by
Debenedetti and coauthors,” metastable amorphous ice has a
transition to LDA structure when annealed above the T, (136
K), and at 150 K I, nucleation begins. Samples were prepared
in liquid ethane at 90 K and ambient pressure and were kept at
77 K (liquid N, bath) prior to the TEM experiments, which
were conducted at a vacuum <1077 Pa and a temperature of
approximately 77 K using the N,-reservoir cryo-holder.
Therefore, since the I. nucleation temperature was never
surpassed, we assume that the crystallization only occurs due
to electron-beam inelastic-scattering interactions.

Crystallization of ice within cryo-EM samples induced by the
electron beam is a thickness-dependent phenomenon. Whereas
the thickest sample (500 nm) showed I. nucleation, no
diffraction spots were observed for the thinnest sample (90
nm) under otherwise identical acquisition conditions (Figure
S14). Correspondingly, the intermediate-thickness sample
(310 nm) showed an intermediate amount of crystallization.
The thickness-dependent behavior increases with the electron
interaction volume, and thus with the probability of an inelastic
scattering. The inelastic mean free path of electrons in CGW
films at 120 kV was previously measured to be between 160
and 230 nm.”®*” Considering these values as lower limits at
200 kV, it is expected that the 90 nm film will allow almost no
inelastic-scattering interaction, thus no crystallization. Fur-
thermore, the inelastic mean free path of electrons in liquid
water was reported to be 290 nm at 200 kV,** which is also
consistent with our observations of crystallization on the 310

nm film. By using ePDF, apart from the I. nucleation, no
significant differences on goo(r) were observed for CGW
samples with different thickness (Figures S15 and S16). This
thickness-dependent behavior observed is highly relevant for
microscopists planning their cryo-EM experiments avoiding in
situ ice crystallization.

In summary, we have shown that ePDF is a powerful tool for
studying frozen liquids in the amorphous state. Given the
central role that water plays in life as we know it, our
methodology may add significantly to the understanding of this
precious material. CGW structure can be readily investigated
reinforcing the importance of thickness and cooling rates
applied in cryo-EM sample preparation.”’ As a dynamic
mixture of LDL water and HDL water, cryo-EM vitreous water
possesses more high-density structures than LDA vitreous
water, yet fewer than liquid water. Our results open new
opportunities to study vitreous water structure and its
interaction with solutes, nanoparticles, and biological samples,
as well as the vitreous state of different organic and inorganic
solvents and solutions.
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