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ABSTRACT: Controlling the morphology of crystalline materials is challenging, as crystals have a strong tendency toward
thermodynamically stable structures. Yet, organisms form crystals with distinct morphologies, such as the plate-like guanine crystals
produced by many terrestrial and aquatic species for light manipulation. Regulation of crystal morphogenesis was hypothesized to
entail physical growth restriction by the surrounding membrane, combined with fine-tuned interactions between organic molecules
and the growing crystal. Using cryo-electron tomography of developing zebrafish larvae, we found that guanine crystals form via
templated nucleation of thin leaflets on preassembled scaffolds made of 20-nm-thick amyloid fibers. These leaflets then merge and
coalesce into a single plate-like crystal. Our findings shed light on the biological regulation of crystal morphogenesis, which

determines their optical properties.

he nanoscale morphologies of crystalline materials

determine their optical, electrical, and mechanical
properties and, thus, their potential application.' ™ In nature,
many organisms use molecular crystals for their function,
which they form out of small organic molecules under ambient
conditions.”'" A prominent example is the thin plate-like
guanine crystals, utilized by a huge variety of terrestrial and
aquatic organisms for diverse functions such as vision,
camouflage, body temperature regulation, and kin recogni-
tion.””'~"® Guanine crystals are constructed from H-bonded
molecular layers that are stacked one on top of the other by 7-
stacking.'* Plate-like guanine crystals expose the extremely
high, in-plane refractive index (n = 1.83) to light, thereby
allowing the construction of highly effective and versatile
photonic arrays (Figure 1A, B).'> However, the inherent
thermodynamic properties of the crystalline lattice create a
strong tendency toward forming specific low-energy prismatic
structures.”'®'” Overriding this intrinsic tendency of the
crystals to grow as prisms requires extensive biological
intervention to selectively impede the growth along the 7-
stacking direction (Figure 1A, B). Yet, the mechanism that
exerts such tight and extensive control over crystal morphology
has remained a mystery.

Specialized guanine crystal-forming cells, also known as
iridophores, produce crystals within membrane-bound organ-
elles termed iridosomes,'®'? where exquisite control over
crystal size, shape, and assembly far exceeds the synthetic state-
of-the-art in materials science and solid-state chemistry.”*’
Studies on melanophores, neural crest derived pigment cells,*!
indicate that their melanin-producing organelles, called
melanosomes, are derived from endosomal compartments
and belong to the lysosome-related organelles (LROs)
family.22 However, much less is known about non-
melanosomal pigment organelles such as the iridosome.”*™*°
Over the years, several mechanisms that control biocrystal
morphogenesis have been suggested, including the involve-
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ment of stereochemical interactions with different biomole-
cules.””**” These molecules were postulated to interact with
the growing crystals stereochemically and thereby create local
kinetic conditions that allow for the formation of diverse
crystal morphologies. However, studies of the biochemical
composition of guanine crystals with different morphologies
from a variety of organisms suggest that the small molecule
composition of crystals does not correlate with their shape.*®
In spiders, prismatic crystals were proposed to form on sheets
within a crystal vesicle””*” and to comprise 25-nm-thick crystal
lamellas stacks.”” Studies on inorganic biocrystals suggest that
crystal morphogenesis is controlled by physical confinement by
the delimiting membrane of the organelle,31 which allows for
growth rate manipulations that are sufficient to produce a
variety of complex shapes.

To elucidate the morphogenesis of guanine plate-like
crystals and the underlying mechanism, we investigated
iridophores in the zebrafish (Danio rerio) model organism,
which uses guanine crystals in their eyes both as a light barrier
and to enhance vision sensitivity under low light conditions
(Figure 1C).>*** Synchronized crystal growth in the zebrafish
larva iridophores starts as early as 44 h post-fertilization (hpf),
making it an ideal system to follow the early stages of crystal
formation.”* To study the early events of crystal formation in
zebrafish larvae eyes (Figure 1D) in their native hydrated state,
we used cryogenic scanning electron microscopy (cryo-SEM)
(Figure 2A-D) to image iridophores adjacent to melanophores
in the retina (Figure 2A-C). In adult fish, mature iridophores
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Figure 1. Synthetic and biogenic guanine crystals have distinct morphologies. (A) A synthetic guanine crystal with a prismatic morphology, where
the (100) crystallographic plane is the fastest growing direction. (B) A biogenic plate-like guanine crystal in a zebrafish eye. (C) Schematic
illustration of both synthetic and biogenic crystals, where the (100) crystallographic plane is constructed from H-bonded molecular layers. (D) A
zebrafish larva at S days post-fertilization contains guanine crystals in its eyes and skin. Insets show higher magnifications of the eye (cyan) and
crystal-containing iridophores (pink). A and B are SEM micrographs and D shows incident light images.
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Figure 2. Early iridosomes contain several crystal leaflets that later coalesce into a single plate-like crystal. (A) An illustration of the zebrafish larva
eye showing the iridophore (blue) and melanophore layers (purple), next to the lens. The anatomical location of the sections and areas that were
taken for cryo-SEM (B-D) and cryo-FIB-SEM (E-G) are marked by a black rectangle and a black box, respectively. (B-D) Cryo-SEM images of
freeze-fractured surfaces of a zebrafish larva eye and the iridophores within it. (B) A low magnification of the eye surface. Iridophore and
melanophore layers are pseudocolored in blue and purple, respectively. (C) A close-up view of an iridophore next to a melanophore. (D)
Iridosomes at different maturation stages. (E-G) Cryo-FIB-SEM images and 3D representations of segmented milled sections from a freeze-
fractured zebrafish larva eye. (E) An illustration showing the stack of images of consecutive volumetric sections, with pseudocolored iridophore and
melanophore layers. (F) An eye iridophore 3D representation of the area marked by a dashed rectangle in E. Mature elongated iridosomes and
round developing iridosomes are marked in blue, nucleus is marked in gray. The early 200—300-nm-long iridosomes shown in (G-Gy;) are marked
with white arrows. (G;-Gy;) Cryo-FIB-SEM micrographs of different planes within the iridophore shown in (F). White arrows mark the iridosomes
whose 3D reconstructions are shown in the insets.

are packed with dozens of membrane-bound, plate-like crystals
(Figure S1). At earlier developmental stages, the plate-like
crystals were composed of very thin leaflets, a few nanometers
in thickness, representing only 5—20 molecular stacks of
guanine sheets (Figure 2D). During subsequent maturation,
the leaflets expanded and eventually coalesced into a single
crystal (Figure 2D, last panel).

Capturing the initial transient stages of crystal formation is
challenging and requires obtaining 3D volumetric data, which
allows for the examination of the entire volume of the

iridosomes in their native state. Therefore, we used cryogenic
focused ion beam SEM imaging (cryo-FIB-SEM) to study early
iridophores in situ, inside the zebrafish larvae eyes (Figure 2E-
G). In cryo-FIB-SEM, guanine crystals appear as dark contrast
objects, due to their surface potential. Using this approach, we
found small, ~150—300 nm round iridosomes next to more
mature, elongated iridosomes, which were already several
micrometers in length (Figure 2F, G and Movie S1).
Surprisingly, the small and round iridosomes contained thin,
well-developed crystals (Figure 2F, G and Figure S2). As
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Figure 3. High-resolution cryo-TEM shows the morphological sequence of (100) crystal plates within iridosomes. (A, C—H) CryoET
reconstructions of iridophores, isolated from zebrafish larvae at different developmental stages, show crystals either face-on (A,D,G) or edge-on
(C,E,F,H) with respect to the electron beam. (B) A 3D representation of a crystal-containing iridosome from different angles. Bottom panels in (E)
and (F) show 3D representations of leaflet-containing iridosomes. (I,K) Cryo-4D-STEM bright field images of iridosomes with face-on (I) or edge-
on (K) orientated crystals. (J) Electron diffractions taken from the area marked by a white rectangle in (I). (L) Electron diffractions taken from the
area marked by a white rectangle in (K), and an illustration showing the orientation of the a axes of the crystals (bottom right corner). A-], K, scale

bars are 100 nm. J, L, scale bars are 5 nm™",

crystal growth advanced, iridosomes gradually acquired the
typical elliptical shape, where the membrane tightly engulfs the
elongated crystal. In the smallest and most immature
iridosomes, we observed distinct thin leaflets that did not
appear to fill the entire volume of the iridosome. In certain
cases, multiple thin leaflets were present in the same iridosome
(Figure 2G).

Since the early stages of crystal formation occur at the
nanometric scale, they are barely visible using cryo-SEM and
cryo-FIB-SEM modalities. Thus, we utilized high-resolution
cryo-electron tomography (cryoET)*® to investigate crystal
formation in 3D (Figure 3). Notably, in this approach the

intact membranes are clearly visible, which allows studying the
interface between the membrane and developing crystal and
the role of confinement in this process. To image iridosomes
from different developmental stages, we plunge-freezed
iridophores that were isolated from pnp4a:palmmCherry*®
transgenic zebrafish larvae using fluorescence-activated cell
sorting (FACS)*’ (Figure S3). In iridophores that were
isolated from ~72 hpf larvae, we observed two main types of
crystal organization. Crystals were positioned either with their
(100) facet face-on (Figure 3A, D, G) or edge-on (Figure 3C,
E, F, H) with respect to the electron beam. In all observed
iridosomes, the initial crystals formed within the lumen of the
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Figure 4. Biogenic plate-like guanine crystals form via templated nucleation of (100) crystal leaflets on preassembled protein fibers. (A-E) CryoET
reconstructions of iridophores isolated from zebrafish larvae at different maturation stages. Scale bars are 100 nm. (A) An early iridosome showing a
scaffold of parallel protein fibers. (B) A more developed iridosome, in which the initial nucleation of (100) crystal leaflet on a protein scaffold is
taking place. (C) Several individual leaflets, imaged edge-on, with their (100) crystal plane parallel to each other. (D) The leaflets have almost
completely coalesced into a single crystal. (E) A mature iridosome, where the leaflets have completely merged into a single crystal. (F) Schematic

illustration of the proposed crystallization mechanism.

organelle with no apparent contact with the surrounding
bilayer membrane (Figure 3A-C and Movie S2). The
elongated crystals then continued to grow toward the
surrounding membrane until they eventually made contact,
and started pushing against it (Figure 3D). At this point,
additional crystal growth resulted in deformation and
elongation of the surrounding membrane (Figure 3G), until
both crystal and membrane assumed their final elongated
morphology (Figure S4).

In iridosomes where the plate-like crystals were orientated
edge-on, we often observed 2—8 distinct crystal leaflets within
the same organelle (Figure 3E-F and Movie S3). To correlate
the morphological information with crystallographic features,
we investigated iridosomes using cryogenic 4D scanning
transmission electron microscopy (cryo-4D-STEM) to collect
an electron diffraction pattern from every point the beam raster
traverses (Figure 31-L). We found that crystal leaflets that were
oriented face-on exhibited a diffraction pattern that correlated
to the (002) crystallographic plane (Figure 31-J), whereas in
leaflets that assumed the perpendicular orientation, it
correlated to the (100) crystallographic plane (Figure 3K,
L). These results strongly indicate that the very initial leaflets
are already formed as (100) crystal plates. In developing
iridosomes that contained multiple crystal leaflets, we often
observed that the leaflets were not fully aligned (Figure 3E-F,
Figure S4). However, when we used cryo-4D-STEM to map
the orientation of crystals in more developed iridosomes, we
found that the crystal leaflets were arranged such that their a
axes were almost completely parallel (Figure 3K, L).
Remarkably, in mature iridosomes, the leaflets coalesced into
a single crystal with no obvious remnants of the initial leaflets.

To investigate early nucleation events during crystal leaflet
formation, we isolated iridophores from younger zebrafish
larvae (44—48 hpf) (Figure 4). Intriguingly, we found that the
iridosomes in these very early cells contained up to 10 usually
parallel fibers running across them. The fibers were
approximately 20 nm in diameter and 200—400 nm in length.
Similarly, the smallest crystals observed were approximately 20

nm in size (Figure 4A and Figure SS). Imaging of more
developed iridosomes revealed small crystals in close contact
with the preassembled fiber scaffold (Figure 4B). Remarkably,
these initial crystals already formed as thin leaflets, assuming
the typical (100) plate-like morphology. Staining with
Thioflavin T (ThT), a well-established amyloid marker,*®
indicated that these fiber scaffolds are proteins, aggregated as
amyloid fibers (Figure S6). Fast Fourier transform (FFT)
analysis on images of fiber-containing iridosomes revealed that
the fibers had a periodicity of ~1.9 nm (Figure SS),
corresponding to the inter ribbon spacing of the pf-sheet
fibril.*”

The formation of thin plate-like guanine crystals requires
overriding the intrinsic tendency of crystals to grow as prisms
and to preferentially express the thermodynamically disfavored
(100) face."* Although recent studies suggest that the control
over morphology of certain biocrystals involves confinement,”’
we found that initial crystal formation occurs at a considerable
distance from the delimiting membrane. Only later, the
elongating crystals reach the membrane and push against it.
Based on our high-resolution cryoET of iridophores at
different developmental stages, we propose that the formation
of plate-like crystals occurs via templated nucleation of thin
leaflets on preassembled amyloid fiber scaffolds. This process
begins with the assembly of the protein scaffolds inside the
iridosome (Figure 4A). Then, nucleation of distinct (100)
crystal plates takes place on the fibers (Figure 4B). As
development advances, the number and size of crystal leaflets
increases (Figure 4C), followed by their alignment and gradual
oriented attachment (Figure 4D), culminating in the formation
of a single plate-like guanine crystal (Figure 4E). As crystal
formation progressed, we no longer detected the fibers. This
could be due to the incorporation of the fibers in the crystal
lattice or their disassembly due to the changing iridosome
microenvironment. Figure 4F schematically illustrates this
sequence of events. Because of the transient nature of early
stages of crystal nucleation, identifying the exact nucleation
spot is extremely challenging. Yet, the preassembled amyloid
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fiber scaffolds likely drive crystal growth along the H-bonded
direction through molecular recognition, either at the level of
the basic building blocks, ie., interactions between specific
amino acids and guanine molecules, or at a macromolecular
level, by promoting the interaction of hydrophobic domains in
the fiber with the planar sheets of H-bonded guanine layers. In
melanosomes, it was shown that fibrillar sheets of PMEL, a
nonpathogenic amyloid protein, serve as a template for
melanin polymerization and synthesis and that lack of PMEL
results in different degrees of hypopigmentation.*”*" Identify-
ing the amyloid protein and uncovering its structure could
further elucidate the mechanism of controlled crystal
formation, shedding light on the interactions between proteins
and molecular crystals and on the mechanisms that control
crystal nucleation and growth.
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