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ABSTRACT: Highly reflective assemblies of purine, pteridine,  Biogenic molecular crystals SDED Cg:g:f‘;};ﬁg;e
and flavin crystals are used in the coloration and visual systems of e

many different animals. However, structure determination of
biogenic crystals by single-crystal XRD is challenging due to the
submicrometer size and beam sensitivity of the crystals, and
powder XRD is inhibited due to the small volumes of powders,
crystalline impurity phases, and significant preferred orientation.
Consequently, the crystal structures of many biogenic materials
remain unknown. Herein, we demonstrate that the 3D electron
diffraction (3D ED) technique provides a powerful alternative
approach, reporting the successful structure determination of
biogenic guanine crystals (from spider integument, fish scales, and
scallop eyes) from 3D ED data confirmed by analysis of powder
XRD data. The results show that all biogenic guanine crystals studied are the previously known f-polymorph. This study highlights
the considerable potential of 3D ED for elucidating the structures of biogenic molecular crystals in the nanometer-to-micrometer
size range. This opens up an important opportunity in the development of organic biomineralization, for which structural knowledge
is critical for understanding the optical functions of biogenic materials and their possible applications as sustainable, biocompatible
optical materials.

A- ssemblies of high refractive index molecular crystals give from powder XRD data. The crystal structures of both the a-
rise to many different optical phenomena in animals.' > polymorph (P2,/c) and the S-polymorph (which we describe

Guanine is the most widespread biogenic molecular c?fstal, here in space group P2,/c) comprise H-bonded sheets (bc-
responsible for the silvery reflectance of fish scales,”  the plane), which are z-stacked along the a-axis. The a and f§
brilliant iridescence of coge?ods,7 the mirrored eyes of polymorphs have the same H-bonding connectivity within the
SC&HOPS;g’g and many more."" "7 Initially, one crystal structure sheets but differ primarily in the relative offset of adjacent
of anhydrous guanine—the a-polymorph—was recognized,H sheets parallel to the bc-plane. Similar multitechnique
and it was originally thought that the biogenic crystals adopt approaches have been used to solve the crystal structures of
this structure.” However, Hirsch et al. showed that biogenic biogenic isoxanthopterin'®** and 7,8-dihydroxanthopterin.”’
guanine crystals adopt a different structure—the f-poly- Since structure determination of biogenic crystals from SC-
morph. XRD or powder XRD data is challenging, we were motivated
The nanometer-to-micrometer size of biogenic molecular to apply three-dimensional electron diffraction (3D EDj also

crystals prevents structure determination from single-crystal X-
ray diffraction (SC-XRD). Furthermore, powder XRD is
challenging due to the small quantities of biogenic crystals,
the presence of crystalline impurity phases, significant line
broadening due to effects of small particle size and/or strain,
and the likelihood of a significant degree of preferred
orientation in the powder sample due to the anisotropic
crystal morphologies that are typical for biogenic materials.
To circumvent these challenges in the structure determi-
nation of biogenic guanine, a multitechnique approach was
employed" in which DFT-calculated structures were com-
pared with powder XRD data for the biogenic materials,
leading to the structure determination of the f-polymorph

called MicroED) for direct structure determination of biogenic
crystals. There is currently growing interest in the use of 3D
ED data to determine the structures of molecular crystals;*>**
however, to the best of our knowledge, this method has not yet
been applied to biominerals. 3D ED is conceptually analogous
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Figure 1. Morphologies of biogenic guanine crystals imaged by TEM. (a) Prismatic guanine crystal doublets extracted from iridophore cells in the
integument of the white widow spider (Latrodectus pallidus). Top left: L. pallidus. Top right: higher magnification optical micrograph of the white
iridophore cells. (b) Square-plate guanine crystals extracted from the image-forming mirror of scallop eyes. Top left: adult scallop, Pecten maximus.
Top right: optical micrograph of part of the mantle tissue with three visible eyes. (c) Elongated hexagonal plate crystals extracted from salmon
(Salmo salar) scales. Top left: salmon skin. Top right: optical micrograph of one scale at higher magnification showing the iridescent iridophore

cells. In the TEM images in parts a—c, the (100) crystal face was assigned by zone-axis ED carried out during imaging.

. [y . .
. - .. - »
.
.o .. . .o
. - .- . M N
L B L L 3 * ®rare - . .
.
. T4 e s Pre Sebse. . . . K
PR criine SBrBSGces Leeb s aeng s N
e
o e
. L4 . .
>
' .
sis e
'
< . 7 . [ .
. .
R . .
. . .
* *
C . b* . . .
. . N
= . . ”
b a a

Okl hol " hko

Figure 2. Reconstructed precession images from the 3D ED data recorded for a guanine crystal from a spider showing the reciprocal lattice planes
reconstructed from the experimental data. In addition, the gray panels correspond to simulated planes (see Section S2) for the crystal structure
determined for the spider sample from the 3D ED data in P2,/c: (a) (0kl), (b) (h0l), and (c) (hkO). The inset in part a shows the crystal from

which the data set was collected (scale bar 1 um).

to SC-XRD, involving sampling of all reflections in the tilt
range of the goniometer.24 However, 3D ED offers a distinct
advantage since the strong interaction with electrons allows
data collection from submicrometer-sized crystals. The beam
sensitivity of biogenic molecular crystals and their suscepti-
bility to undergo damage upon extraction from the organism
present major challenges to structure determination.”'®™"®
Compared to conventional zone-axis ED, continuous rotation
during data collection minimizes the effects of beam damage
and reduces dynamical effects.”® 3D ED data collection times
are further reduced by using radiation hard hybrid detectors
that are very sensitive and have negligible readout times.
Compared to powder XRD, only minute quantities of crystals
are required for 3D ED, meaning that gentle extraction and

cleaning methods can be applied to the biogenic crystals.
Furthermore, since individual crystals can be selected and
measured using a small beam, contaminants can also be
spatially avoided. Together, these advantages make continuous
rotation 3D ED ideal for radiation-sensitive crystals of small
molecules,””**™*’ proteins’™** and now also biogenic
materials.

Herein, we demonstrate the successful structure determi-
nation of biogenic guanine crystals directly from 3D ED data,
focusing on samples from three biological origins: spider
integument, scallop eyes, and fish scales. White widow spiders
use 300—500 nm thick prismatic guanine crystals (usually
found as doublets) in specialized skin cells to scatter light
diffusely and produce their characteristic white coloration
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(Figure la).”*** Scallops have dozens to hundreds of eyes

lining the mantle tissue, which use concave mirrors,
constructed from guanine crystals, to generate images;9 each
70 nm thick square crystal is made up of three twin domains
(Figure 1b).* In fish scales, disordered stacks of 25 nm thick
elongated hexagonal crystals produce silvery reflectance
(Figure lc).5

B RESULTS AND DISCUSSION

For the 3D ED measurements, guanine crystals were extracted
from the biological tissue (Section S1; Supporting Informa-
tion) and deposited on a TEM grid. Continuous rotation 3D
ED data were collected on an ELDICO ED-1 electron
diffractometer at room temperature. For each measurement,
the data collection time was 120 s, and the electron dose was
0.01 electrons A~ s™' (see Section S2). Since no significant
beam damage was detected during the measurement, data
could be collected over a large tilt range (—60° to +60°).>* 3D
ED data for guanine crystals from spider and fish samples were
recorded with a diffraction resolution of ca. 0.67 A (in each
case, three data sets from different crystals were recorded).
The degree of crystallinity of the scallop samples was lower,
and the highest diffraction resolution of the 3D ED data was
ca. 0.80 A. The 3D ED data were indexed, integrated, and
merged using the APEX4 software package (Bruker AXS Inc.
2022). The 3D ED data gave a unit cell and space group
consistent with the reported structure'® of the -polymorph of
guanine: P2,/b, a =3.59 A, b =972 A, c=1834 A, and y =
119.5°. While previous work'> on the f-polymorph used the
nonstandard P2,/b space group setting (with unique c-axis),
we utilize the standard P2,/c setting (with unique b-axis) in the
present work. In both space groups, the H-bonded layers lie
parallel to the bc-plane. The (0kl), (h0l) and (hkO) reciprocal
lattice planes in the 3D ED data for the spider sample are
shown in Figure 2. Systematic absences in the (Okl) plane
[(0k0), k = 2n; (001), I = 2n], the (hk0) plane [(0k0), k = 2n]
and the (h0l) plane [/ = 2n] are consistent with space group
P2,/c.

From the 3D ED data recorded in the present work, there
was no evidence for the presence of the a-polymorph of
guanine in any of the crystals studied. However, for each 3D
ED data set, we identified between two and five domains that
are orientationally distinct but have equivalent unit cells. These
multiple domains could be manually selected in the
reconstructed 3D reciprocal lattice and separated easily using
the APEX4 software. Consequently, for each data set, structure
solution was carried out considering only the major domain.
The ability to differentiate between individual crystal domains
is extremely useful for biogenic crystals, which often exist as
mesocrystals'>***73* or twinned crystals.*®

Given the plate-like morphology of the biogenic crystals
(Figure 1b,c), for which the large face is assigned as ( 100),"
the crystals on the grid typically exhibit preferred orientation
(lying parallel to their (100) face), which prevents the
collection of some diffraction information around the a*-axis.
However, the completeness (>80%) of the 3D ED data was
sufficient to allow successful structure determination. Structure
solution from the 3D ED data was carried out in parallel using
both the dual-space algorithm in SHELXT***’ and the direct-
space genetic algorithm (GA) in the program EAGER, which
was originally developed for structure solution from powder
XRD data*'"*® and has recently been adapted for 3D ED
data.*”*® Structure refinement from the 3D ED data was

carried out using the full-matrix least-squares technique in
SHELXL.*”*"

The structure of the f-polymorph of guanine determined
from 3D ED data is essentially the same as that reported by
Hirsch et al,'® but with higher structural quality, evidenced
inter alia by the successful location of H atoms in the structure
refinement. The crystal structure comprises 7-stacking of H-
bonded layers (distance between aromatic centroids ca. 3.4 A;
perpendicular distance between adjacent layers ca. 3.2 A).
Within the H-bonded layer, each molecule interacts with four
neighboring molecules by a total of eight H-bonds (Figure 3a—

Figure 3. (a) Electron density map following structure refinement
from 3D ED data of guanine crystals from the spider sample showing
the successful identification of the hydrogen atom positions, (b) the
H-bonded layer parallel to bc-plane of the crystal structure of the f-
polymorph, and (c) view along the b-axis showing the H-bonded

layers.

c). The H-bonded layers in the S-polymorph are not strictly
planar; although the molecular planes are essentially parallel to
the mean plane of the H-bonded layer, alternate molecules are
displaced slightly above and below this mean plane on moving
along the b-axis. In contrast, for the a-polymorph of guanine,
the position of each molecule relative to the mean plane of the
H-bonded layer is the same and the plane of each molecule is
tilted slightly from the mean plane of the layer.

In the structure solution calculations from individual 3D ED
data sets, both using the direct-space GA technique and
traditional methods, all non-H atoms were found directly in
the structure solution. In addition, the structure solutions
obtained from direct-space GA calculations contain the
positions of H atoms (Figure S3). For the structure solutions
obtained by traditional methods, the H atoms were identified
subsequently in electron density maps after structure refine-
ment (Figure 3a). For the fish and spider samples, the
structure was refined from the 3D ED data with anisotropic
atomic displacement parameters (ADPs) following merging of
data sets from three individual crystals. The final R-factor was
R1 = 0.177 (for 1188 reflections) for the fish sample and R1 =
0.241 (for 1085 reflections) for the spider sample. For the
scallop sample, 3D ED data sets from individual crystals were
also merged to increase the completeness (to ~80%), but the
poor resolution did not allow a sensible refinement of
anisotropic ADPs. The structure was instead refined with
isotropic ADPs for non-H atoms with a riding model for H
atoms (R1 = 0.374 for 558 reflections). The lower resolution
and intensities of diffraction from the scallop crystals may
result from the presence of multiple crystalline domains, which
reduce the coherence length of the crystallites, resulting in a
higher R1 value; nevertheless, the crystal structure was
successfully solved from the 3D ED data.
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Table 1. Unit Cell Parameters Determined from 3D ED Data and Powder XRD Data for samples of # guanine from Hirsch et

al.'"® and this study”

Space group P2,/c

Space group P2,/b

3D ED Powder XRD Hirsch et al.'®
Sample Spider Fish Scallop Spider Fish Synthetic Synthetic Powder XRD Calculated
a/A 3.615(22) 3.630(8) 3.616(12) 3.6310(1) 3.6381(1) 3.6317(1) 3.629 3.5938
b/A 18.39(11) 18.34(4) 18.43(5) 18.4396(2) 18.4227(2) 18.4214(11) 9.813 9.7195
c/A 9.791(50) 9.803(19) 9.790(28) 9.8145(4) 9.8172(4) 9.8138(10) 18.427 18.3401
B/° 118.02(16) 117.94(6) 117.82(9) 118.048(1) 117.930(1) 117.945(4) 118.04 (y) 119.493 (y)
V/A3 574.6(60) 576.6(23) 576.9(33) 579.95(1) 581.33(1) 580.00(3) 557.6 557.6

“Unit cells in the columns headed “3D ED” were obtained by indexing the 3D ED data. Unit cells in the columns headed “powder XRD” were
determined by Pawley fitting (spider and fish samples) and Rietveld refinement (synthetic sample) of the powder XRD data. The final structure
refinement calculations for the fish, spider, and scallop samples used the unit cells determined from powder XRD data together with the diffraction

intensities from 3D ED data, as discussed in the text.

As the accuracy of unit cell parameters determined from 3D
ED data is not as high as that from powder XRD data, the unit
cell parameters were determined independently from powder
XRD data by profile fitting using the Pawley method,
specifically for the fish and spider samples and for a synthetic
sample of the #-polymorph of guanine. Powder XRD data were
not recorded for the scallop sample as only a very small
amount of polycrystalline sample can be obtained from this
organism, which further illustrates the utility of 3D ED for
many biological systems. The unit cell parameters determined
from the 3D ED data and powder XRD are shown in Table 1.
In addition, a full structure refinement was carried out from the
powder XRD data for the synthetic sample by using the
Rietveld refinement technique (Section S6.3). The initial
structural model was taken from the structure solution
obtained from the EAGER calculations on the 3D ED data
for the spider sample but using the unit cell from Pawley fitting
of the powder XRD data. The final Rietveld refinement
included preferred orientation correction using the March—
Dollase method,*”° which established that the preferred
orientation direction corresponds to the (100) plane in the
P2,/c space group setting.’' Significantly, this plane corre-
sponds to the large face of the plate-like crystal morphology of
the f polymorph, as shown in Figure 1.

Comparison of the crystal structures of the three biogenic
materials refined from 3D ED data and the synthetic material
refined from powder XRD data reveals that these structures are
essentially identical (Figure 4). One measure of structural
similarity is to determine the average position of each atom in
the asymmetric unit in the four structures and then to compare

Figure 4. Overlay of the relative position of the guanine molecule in
the asymmetric unit of the crystal structures determined from 3D ED
data for biogenic fish (cyan), spider (yellow), and scallop (magenta)
samples and from powder XRD data for the synthetic sample of the

polymorph (green).

(by means of a calculated root-mean-squared deviation
(RMSD)) the atomic positions in each structure relative to
the average atomic positions. The values of RMSD calculated
by this method are 0.063 A (fish), 0.077 A (spider), 0.106 A
(scallop), and 0.071 A (synthetic). Clearly, the small values of
RMSD indicate that there are no significant differences
between these structures. This conclusion is corroborated by
results from DFT-D geometry optimization calculations
(Section S7), for which the calculated energies of the four
structures are within 0.75 kJ mol™" of each other following
geometry optimization with fixed (experimental) unit cell, and
within 0.05 k] mol™ of each other following geometry
optimization with relaxation of the unit cell. For the four
structures resulting from DFT-D geometry optimization with
unit cell relaxation, the values of RMSD relative to the average
atomic positions (as described above) are very small: 0.022 A
(fish), 0.018 A (spider), 0.028 A (scallop), and 0.017 A
(synthetic). Thus, the four structures determined from the
experimental 3D ED data and powder XRD data represent
essentially identical structures corresponding to the same local
minimum on the energy hypersurface.

B CONCLUDING REMARKS

Our studies represent the first reported crystal structure
determination of biogenic molecular crystals directly from 3D
ED data, specifically the crystal structures of biogenic guanine
crystals from spider integument, scallop eyes, and fish scales. In
each case, the structure closely matches the published structure
of the p-polymorph of guanine, reported previously'” from
DFT calculations and Rietveld refinement from powder XRD
data for both synthetic and spider samples. Our work
demonstrates the utility of 3D ED for structure determination
of submicrometer biogenic crystals, which circumvents the
inherent challenges associated with SC-XRD or powder XRD
of biogenic crystals including the small crystal size, beam
sensitivity, small sample amounts, presence of crystalline
impurity phases, line broadening due to small particle size
and/or strain, and significant preferred orientation due to
anisotropic crystal morphologies. Moreover, we note that the
positions of H atoms were established in our structure
determinations (both from 3D ED data and powder XRD
data), representing an improvement in the quality of the /-
guanine crystal structure compared to the structure published
previously.> Our results confirm that biogenic guanine crystals
from fish, spiders, and scallops correspond to the p-
polymorph,'® rather than the a-polymorph or the theoretically
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predicted orthorhombic y-polymorph (which was postulated in
Hirsch et al.">). The observation of small quantities of the a-
polymorph in powder XRD data recorded for the spider
sample (Figure SS) likely derive from partial transformation of
the f-polymorph to the thermodynamically stable a-poly-
morph™'”"® during the harsher extraction methods used in
preparing samples for powder XRD. Interestingly, while the
biogenic guanine crystals obtained from spider, scallop, and
fish samples exhibit differences in crystal morphology (Figure
1), we have shown here that their crystal structures are
essentially identical (Table 1; CCDC deposition number
2304787, and see Supporting Information). Even in the
potentially challenging case of biogenic crystals that comprise
multiple domains (as observed for spider and scallop samples),
successful structure determination from 3D ED data was
achieved by appropriate analysis of crystal twinning. Moreover,
while biogenic guanine crystals from spider, fish and scallop
samples are known to contain some amounts of other purine
dopants such as hypoxanthine,' the crystal structures remain
remarkably unaffected. This is in full agreement with the
results of Pinsk et al, which showed that hypoxanthine is
included into the guanine host structure as a homogeneous
solid solution with the crystal structure of the f-polymorph of
guanine.'’ Until now, the inability to directly determine the
structures of biogenic crystals has limited the rate of progress
in organic biomineralization. We anticipate that 3D ED will
play a major role in the future exploration of recently
discovered uncharacterized molecular biocrystals.' >
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