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ARTICLE

Nucleation of protein mesocrystals via oriented
attachment
Alexander E. S. Van Driessche 1, Nani Van Gerven2,3, Rick R. M. Joosten4,5, Wai Li Ling 6, Maria Bacia6,

Nico Sommerdijk 7 & Mike Sleutel 2,3✉

Self-assembly of proteins holds great promise for the bottom-up design and production of

synthetic biomaterials. In conventional approaches, designer proteins are pre-programmed

with specific recognition sites that drive the association process towards a desired organized

state. Although proven effective, this approach poses restrictions on the complexity and

material properties of the end-state. An alternative, hierarchical approach that has found

wide adoption for inorganic systems, relies on the production of crystalline nanoparticles that

become the building blocks of a next-level assembly process driven by oriented attachment

(OA). As it stands, OA has not yet been observed for protein systems. Here we employ cryo-

transmission electron microscopy (cryoEM) in the high nucleation rate limit of protein

crystals and map the self-assembly route at molecular resolution. We observe the initial

formation of facetted nanocrystals that merge lattices by means of OA alignment well before

contact is made, satisfying non-trivial symmetry rules in the process. As these nanocrys-

talline assemblies grow larger we witness imperfect docking events leading to oriented

aggregation into mesocrystalline assemblies. These observations highlight the under-

appreciated role of the interaction between crystalline nuclei, and the impact of OA on the

crystallization process of proteins.
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The simplest model of crystallization assumes that the seeds
formed during the initial stages are structurally identical to
the macroscopic crystals that spawn from these nuclei.

This idea is the foundation of the classical nucleation theory
(CNT)1 and was until recently considered to be the most effective
framework to describe nucleation2. This started to change when
theoretical and experimental tools were developed that allowed
scrutinizing the underlying assumptions of CNT3. Such enquiries
to the nanoscopic mechanisms of nucleation have uncovered a
broad range of nucleation pathways that do not fit the simple
textbook CNT picture4–6 which has led to the proposal of several
non-classical models of nucleation that relax the structural
restraints of the nucleus7.

Of relevance to proteins as nucleating species is the so-called
two-step nucleation model8 where molecules first self-assemble
into a metastable, liquid-like aggregate, which transforms into a
crystalline cluster by a structural reorganization process. This
model was initially formulated based on numerical simulation
results9, and later supported by (in)direct experimental
evidence10–13. As it stands, two-step nucleation has emerged as
the dominant model in the field14,15, but that prepossession is
unfounded for several reasons. First, there are recorded instances
of crystal nucleation where protein molecules follow a nucleation
pathway akin to the one laid out by CNT5,16,17. Secondly, the
frequently proposed candidates for the non-crystalline precursor
phase of the two-step model are submicron-sized particles that
have been observed for numerous proteins13,18–22. The structural
nature and composition, however, of these particles remain
unknown. Their liquid-like nature has been suggested based on
their propensity to flawlessly merge with the lattice of a mother
crystal11,18,23, but that argument goes by on the lessons learned
from OA of inorganic nanocrystals24. Thirdly, the origin of the
mesoscopic size of said particles is still poorly understood. There
is an ongoing debate regarding the theoretical viability of the
mechanism that stabilizes their size25–28. Even if one disregards
these issues, the two-step model focuses narrowly on the initial
stages of nucleation up until the formation of a crystalline cluster
but makes no predictions regarding any later stages that may
follow.

In this work, we address these unknowns by targeting a regime
of nucleation where interactions between nuclei are more likely to
occur. We work with glucose isomerase (GI) whose nucleation
mechanism has been suggested to follow a two-step pathway18,
and for which groundwork on the characterization of the pre-
nucleation particles has already been performed. Our in situ data
for GI exposes crucial interactions between nuclei mediated by
OA that determine the material properties of the final phase.
These observations highlight the hitherto unknown role of the
interaction between crystalline nuclei, and the impact of OA on
the nucleation process of protein crystals.

Results
GI nanocrystals can merge lattices through OA. We use
cryoEM to follow the nucleation of a point mutant of GI (R387A)
where the surface exposed residue arginine 387 is changed to an
alanine. We show that R387A crystallizes in both the I222 and
H32 space groups (Supplementary Fig. 1). In our optimized
condition, H32 forms hundreds of microcrystals in a mother
liquor volume of 10 µL within a timeframe of minutes. Such rapid
nucleation increases the probability for nanocrystal interactions
to occur in the solution. Almost immediately after mixing R387A
with PEG 1000, we can resolve nanocrystalline particles (Fig. 1a,
1min40). These nanocrystals are facetted and their FFTs show
clear diffraction patterns that match the predictions based on
crystallographic data obtained from macroscopic crystals

(cryoEM: 6.7 ± 0.1 nm; standard deviation, n= 33; X-ray: a= b
= 6.64 nm, 60°; Supplementary Fig. 2). On some occasions (9 out
of 33 analyzed nanocrystals), we measure minor stretching of
these intermolecular distances (between 6.8 and 6.9 nm) indi-
cating that there is some flexibility in the nanocrystal lattices. We
also point out that the facets are surprisingly smooth (straight),
suggesting that they represent a Wulff shape that emerges out of
the anisotropy in the surface tension. Moreover, the hexagonal
shape of the nanocrystals is in line with what can be expected
from a simple periodic bond chain analysis for the H32 space
group.

On some occasions, rough crystal habits are also observed.
More specifically, out of 118 analyzed nanocrystals, 24 had one or
more rough facets, with an average Wenzel roughness of 1.1 ± 0.3
(standard deviation, n= 24). Such irregular boundaries are
typically the result of kinetic coarsening at high supersaturation
but they could also have formed via a non-classical nucleation
process (e.g., the emergence of crystalline order from within a
disordered GI cluster). Such a two-step scenario can be ruled out
based on the absence of any disordered, liquid-like clusters in our
cryoEM images. We conclude therefore that these initial GI
nanocrystals nucleate via a one-step mechanism. The rough facets
are likely remnants of the irregular shapes sampled by the
crystalline clusters as they transition from sub- to super-critical
dimensions. During the growth process that follows it is expected
that they minimize the dangling bond density at their perimeter
and adopt the rhombic Wulff shape in the process. This
interpretation is reinforced by our observation of very small
(<10 molecules per facet edge) rhombic nanocrystals that have
sharp vertices.

Although most crystals are oriented parallel with their (001)
face with respect to the imaging plane, some side views can also
be discerned (Fig. 1b and Supplementary Fig. 3). The number of
lattice planes visible along this direction varied between 3 and 10
molecular rows, demonstrating that these are three-dimensional
crystals. From this observation, we can determine the lattice
spacing along the c axis, i.e., 8.3 ± 0.1 nm (standard deviation,
n= 10) which is 5.7% larger than the 7.83 nm c-spacing derived
from X-ray diffraction (Supplementary Table 2). To put these
measurements in perspective, we looked at the typical variation in
the lattice cell parameters for the I222 space group of GI based on
depositions in the protein databank (www.rcsb.org). Based on 90
different entries, we arrive at a lattice variability of 2.8%. To
account for the remaining difference, we hypothesize that the
early formed nano-crystallites gradually compact to a more
condensed state as they mature to larger sizes.

At later time points of the crystallization reaction (>3 min), we
find groupings of similar nanocrystals that have merged into a
unified lattice with no discernable stacking faults at their
junctions (Fig. 1c–e). The crystal in Fig. 1c is of interest because
it shows two smaller domains (1 and 2) that are in perfect co-
alignment, and that make loose contact with a larger, third
domain residing at a 4.3° angle. It is our assertion that such
conglomerate structures are formed through an OA process. In
fact, close inspection of the junction area between domains 2 and
3 reveals that both regions are in near contact with each other
(Fig. 1d). It is tempting to speculate that the angular offset
between these domains would eventually be eliminated by
rotational diffusion, leading to the melding of both lattices once
alignment had been reached29. Indeed, one such event is shown
in Fig. 1e (and Supplementary Fig. 4), where we discern two
nanocrystals that have melded in co-alignment into one unified
lattice, held together by a joint molecular column at their
interface (black arrow Fig. 1e and white arrow Supplementary
Fig. 4c). Next, we measured the surface area of isolated
nanocrystals and of post-docking nanocrystal assemblies (Fig. 1f).
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On average, the latter is 2 to 4 times larger than the former. This
result has two important implications: (i) larger structures are
likely formed by multiple, consecutive docking events, and (ii)
growth via crystal coalescence outpaces classical growth via
single-molecule adsorption events. This means that this route of
crystallization represents a kinetic shortcut towards the end-state.

A mechanism of cooperative, and guided merging of separately
nucleated lattices is further implied by the observations of large
(~0.5 µm) more erratically shaped structures that deviate from the
expected Wulff shape and which display faint internal contrast
lines that outline the individual rhombic clusters residing within
the larger structure (black arrows in Fig. 1g). These lines are
either grain boundaries (GB) and therefore represent local points
of failure to completely merge lattices, or they are thin layers of
solvent that still need to be expelled for contact to be completed.
It is difficult to discern between the two possibilities at this stage,
but successful docking of multiple nanocrystals is certainly
possible as evidenced by the complex morphology in Fig. 1f that
does not appear to have any discernable GBs.

We find even larger (>1 µm) composite structures with
pronounced fault lines that separate homogeneous lattice
domains (Fig. 2a–d). What is striking is that all these domains
are in near-perfect alignment, which means that these super-
structures are mesocrystals. This can be inferred from the FFT
(Fig. 2b) of the highlighted region in Fig. 2a showing only
minimal spread of the diffraction peaks. In panel c of Fig. 2, we
also show the individual FFTs of regions 1 to 6, highlighting the
various degrees of rotation. The mesocrystal in Fig. 2d exhibits
even better alignment of its subdomains as demonstrated by
Fig. 2e. Although, careful analysis of the orientations of domains

1, 2, and 3 reveals that they reside at angles 0 ± 0.4°, −0.8 ± 0.1°,
and 2 ± 0.3° of each other taking domain 1 as a reference. The
typical area of the individual domains within the mesocrystals is
of the order of 0.15 µm2, i.e., comparable to the surface area of the
nanocrystal assemblies where lattice docking was successful (see
“OA” in Fig. 1f). Moreover, the distance across the GBs is in
the range of one or two molecular rows, suggesting that the shape
complementarity of the various domains is the result of the
addition of new GI molecules at the imperfect contact areas that
form after docking (Fig. 2f).

We do, however, also find examples where the inter-crystal
alignment has either failed or has not yet reached completion
before cryo-quenching took place, resulting in an overall lack of
long-range order (Fig. 3). We identify an absence of lattice
alignment between nanocrystals that interact laterally or stack
axially (Fig. 3a–c). For example, the green area in Fig. 3b
highlights two stacked domains exhibiting registry between their
corresponding lattices, but clear misalignment with the region
enclosed in red. Fig. 3c is an example of a lack of axial alignment
where the FFT of the interlaced pattern (green) reveals two
independent lattices residing at an angle of 25 ± 0.5°. Although
cryoEM images represent single snapshots in time, it is tantalizing
to speculate that these structures may eventually relax into a lower
energy state possessing more long-range order. Such gradual
orientational ordering has indeed been observed in other colloidal
systems that are vertically stacked30 and may well exist here too.

There may, however, be a limit to this self-organization
process. It seems unlikely that the disordered grouping of over
100 nanocrystals shown in Fig. 3d will transform into a single,
unified (meso)crystal. Indeed, light microscopy observations of

Fig. 1 Oriented attachment of GI R387A nanocrystals. a Submicron nanocrystals formed 1 min 40 s after mixing protein and precipitant; corresponding
FFT images exhibit sharp maxima; b zoom-in of a particle rotated 90° with the c-axis in the plane of imaging (i.e. side view), showing 7 molecular rows with
a lattice spacing along the c-axis of 8.4 nm; c oriented attachment of individually nucleated nanocrystals into a larger, merged lattice composed of domains
1 and 2, d making loose lateral contact with domain 3 at an angle of 4.3°; e two nanocrystals with merged lattices; red inset: FFT of the second molecular
layer that is forming on the parent crystal; green inset: zoom-in of the unfinished molecular layer resolving local disorder and incoming growth units;
f surface area of single (n = 60) and docked (n = 61) nanocrystals: center line, mean; box limits, upper and lower quartiles; whiskers, 1.5x interquartile
range; points, outliers (g) and (h) large aligned nanocrystal assemblies with and without fault lines between the separate domain, respectively. Scalebar is
100 nm in panels a, b, c, d, e, g and h, and 50 nm in panel d. White arrows in the FFT’s correspond to a resolution of 6.6nm unless stated otherwise.
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the earliest observable crystals appear twinned and full of defects
(Supplementary Fig. 5) reminiscent of the alignment failures we
see at the nanoscopic level. We do point out that a full
reconstruction of all pathways and their associated throughput
is not currently feasible using our cryoEM approach. At the latest
stages of the assembly process, the particles become (prohibi-
tively) large for a meaningful cryoEM characterization because:
(i) the blotting process may introduce a bias towards smaller
particles by filtering out larger ones, and (ii) such thicker objects
become opaque to the electron beam. We expect that a
combination of blotting-free grid preparation protocols31 and
sectioning techniques can help to expand the experimental
window on a range of self-assembly processes in the future. It is

also worth considering whether the adopted cryoEM methodol-
ogy in which a 3 µL aliquot of the reaction volume is applied onto
a cryoEM grid and blotted, accurately captures the nucleation
process that takes place in the liquid bulk. One could argue that
the most likely source of discrepancies between the imaged state
and the state in the bulk is the blotting process which will bias the
EM sample towards smaller particles (as discussed above), and
create solutal flows that introduce additional shear forces. Having
said that, we do see a clear temporal trend that starts from the
emergence of isolated smaller crystals, to larger crystals with
distinct GBs and ultimately to mesocrystals. Such a trend can only
have emerged in the total reaction volume and is not an artifact of
the grid preparation protocol.

Fig. 2 GI R387A mesocrystals. a, c, d Large micron-sized composite nanocrystal structures with pronounced fault lines that separate lattice domains that
are in near-alignment as demonstrated by their respective FFTs (b, e); zoom-in of the grain boundaries that span one or two molecular distances between
the individual domains (f). The inset in panel (f) demonstrates the high degree of lattice order within each separate domain: domain 2 shown as
representative example. Scalebar is 50 nm in panels a, c and d, and 25 nm in panel (f). White arrows in the FFT’s correspond to a resolution of 6.6 nm.
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Rotational symmetry restraints limit the probability of success
for the final jump to contact. The OA-mediated accretion of
R387A nanocrystals is remarkable considering the non-trivial
symmetry requirements of the H32 space group (Supplementary
Table 1 and Supplementary Discussion). Based on the crystal
structure of the planar H32 crystals observed in cryoEM, we
identify the (001) plane as the dominant orientation. The 3-fold
screw axis is perpendicular to the (001) plane resulting in 3 dis-
tinct GI orientations (Fig. 4: designated as 1, 2, and 3; Supple-
mentary Fig. 6). The nature of the crystallographic symmetry is
such that identically oriented GI molecules do not engage in
lattice contacts. This constraint poses additional registry
requirements for OA to be successful, as highlighted in Fig. 4.
Even if two proximate nanocrystals are in rotational alignment,
approximately only a third of all configurations will lead to
proper docking of both lattices (Supplementary Fig. 7). For those
scenarios where the bond formation is not possible, crystals will
either need to slide laterally along the interface or diffuse away to
reinitialize altogether. We use PEG 1000 as a crystallization agent
that induces an attractive depletion force that scales with the size
of the interface between crystallites as they approach each other32.
Hence, for larger clusters, it may become increasingly unlikely to
find the proper translational register as a result of the depletion
force even though rotational alignment has already been reached.
This hypothesis fits with the cryoEM observations, which show

that GBs tend to develop within larger conglomerates resulting in
the formation of mesocrystals.

Discussion
Macromolecular crystallization is an astounding feat of nature.
Even though proteins are large, dynamic, and often highly ani-
sotropic molecules, they can form a minimal assembly that guides
incoming molecules to the registry as instructed by its internal
rules of symmetry. Understanding how this nucleus form has
been the subject of debate for over two decades now. The two-
step nucleation model is arguably the most popular and is often
considered as a consensus view on this subject. Direct experi-
mental evidence for a nucleation trajectory akin to the predictions
of the two-step model have recently been provided by Houben
et al.10 for the case of ferritin. But the process that they witness is
more nuanced than the original two-step scheme. They record the
initial formation of disordered ferritin aggregates that tend to
increase in both order and density from their surface towards
their interior in a cooperative process of gradual desolvation. The
process of self-assembly that they describe is in stark contrast
with our observations here for GI R387A. Although there have
been indications that GI may also first condense into a non-
crystalline precursor under certain conditions18, our cryoEM
observations identify the earliest assemblies as nanoscopic ren-
ditions of the macroscopic crystals that emerge at the end of the

Fig. 3 Lack of inter-crystal alignment in large nanocrystal assemblies. a Poly-crystalline cluster with local hotspots of alignment (see FFT insets),
b example of two vertically stacked domains exhibiting registry between their corresponding lattices (blue) but a 26° misalignment with the region
enclosed in red, c example of lack of axial alignment between two nanocrystals where the FFT of the interlaced pattern (green) reveals two independent
lattices residing at an angle of 25°, d disordered grouping of over 100 nanocrystals. Scalebar is 100 nm. White arrows in the FFT’s correspond to a
resolution of 6.6 nm.
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crystallization process. These observations essentially mean that
GI H32 crystallites nucleate in qualitative accordance with the
CNT model. Based on our previous work for GI5,16 and the work
of Houben et al.10, a picture emerges where proteins can nucleate
through multiple routes that are conceptually diverse and which
do not fit our idealized views (Fig. 5).

The differentiation between one or two-step nucleation
becomes less relevant for situations where the number of
nucleation centers is relatively high, such that interactions
between nuclei cannot be disregarded. R387A showcases such a
regime of nucleation in the high concentration limit of nucleating
entities. Here we see the clear interplay between independently
formed clusters in a manner reminiscent to a host of inorganic
systems whereby nuclei diffuse in solution, collide, and coalesce
to form larger unified structures and mesocrystals33. Interactions
between nuclei are by no means non-classical and can be traced
back to Smoluchowski’s treatment of coagulation in 191634. What
might be considered as non-classical is the manner how these
clusters interact. More specifically, the merger of lattices in a
defect-free manner is unlikely to occur simply by chance. Rather,
nanoparticles must experience a torque that guides each other
towards (near) perfect registry29. That directed maneuvering has
long been recognized as a widespread mechanism of nanoparticle
assembly and is referred to as OA35. The steering torque that
guides OA can often be attributed to the dipole moment of the
nanocrystals36. This is not the case for GI because the net dipole
moment of a GI tetramer, i.e., the crystals’ building block, is zero
because the dipole moments of the monomers cancel each other.
And yet, the existence of GI mesocrystals is a strong indication
that such a guiding mechanism exists because we see the align-
ment of crystalline domains that do not have any bridging contact
points between their respective lattices. This demonstrates that
alignment occurs before docking, i.e., OA is facilitated by lattice
alignment, and presumably at a relatively long-range (~10 nm).
Oriented attachment for dipole-free systems has been attributed
to short-range Van der Waals attractions, but Liu et al. have
recently suggested that local water structuring could play a role in

P2

P5
P1

P4

P6

P3 P3*

Fig. 5 Protein crystal nucleation pathways that have been experimentally
observed at the nanoscale. P1: one-step nucleation solely involving
crystalline clusters throughout the entire pathway (glucose isomerase
I2225); P2 and P3: involving oriented attachment of 2D, 3D and 1D
crystalline clusters into larger ordered assemblies (glucose isomerase H32
and P2 2 25); P3*: spinodal decomposition limit of the P3 scenario leading
to kinetic jamming (gel)5; P4: self-seeded nucleation of crystalline clusters
on the surfaces of solid, amorphous condensates (lysozyme6); P5: two-step
nucleation comprising initial densification into loose disordered clusters,
followed by gradual local desolvation and densification into a crystalline
array (ferritin10); P6: aggregation in the high supersaturation limit with
poorly ordered clusters5.
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Fig. 4 Model for OA of GI nanocrystals. GI molecules pack along a 3-fold axis within the (001) plane in which we discern three different GI orientations
(1,2,3). Nearest neighbors exclude GI molecules with identical orientations; a Simplified scheme of self-assembly: freely diffusing nanocrystals approach
each other, followed by rotational and translational adjustments to align both lattices. Alignment facilitates a final jump to contact by desolvation of the
surface patches that partake in lattice contact formation; b Illustration of three different scenarios for further growth: I and II violate H32 symmetry rules
and are likely to lead to the formation of a GB at the interface; III leads to successful merger of all three lattices and the resulting voids can be filled by
monomer addition.
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the long-range steering that takes place before the jump to
contact37. The final step will entail the desolvation of the
respective surfaces that become buried at the docking interface.
This process is still far from being understood, but recent
molecular dynamics simulations38 suggest that the structure
and fluctuations of the hydration shell may have an important
impact on the height of the activation barrier for desolvation, and
by extension the net rate at which docking is expected to
take place.

At the same time, R387A also demonstrates the limits of OA.
Initially, smaller crystallites undergo near-perfect OA into a
unified structure with little or no defects at their junctions. But as
these structures grow larger and develop more complex shapes,
docking of lattices becomes hampered, GB appear and mosaicity
increases resulting in a colloidal growth process39 that generates
mesocrystals. This transition from an initial stage characterized
by oriented attachment into unified lattices towards the second
stage of oriented aggregation of crystalline domains correlates
with the typical size of the building blocks (±0.15m2). Under-
standing the underlying mechanims that determine this transition
could aid in the design of novel biomaterials leveraging precise
control over the self-assembly mechanism to tune the size, aspect
ratio40, and polycrystallinity of the final phase. Moreover, with
the cryoEM revolution in structural biology that is focusing more
on electron diffraction41, combined with the need for protein
nanocrystals for XFEL diffraction42, we believe a better under-
standing of macromolecular OA could contribute in these
research domains as well.

Methods
Protein production and purification. GI R387A was recombinantly expressed in
E. coli BL21(DE3) after induction at OD600nm of 0.7 with 1 mM IPTG for 3 h at
37 °C. Cells were harvested by centrifugation at 6238 g for 15 min and resuspended
in 100 mM Tris-HCl pH 7.3, 1 mM ethylenediaminetetraacetic acid (4 mL g–1 wet
cells) supplemented with 5 µM leupeptin, 1 mM 4-(2-aminoethyl)benzenesulfonyl
fluoride (AEBSF), 100 µg mL–1 lysozyme and 20 µg mL–1 DNase I and incubated
for 30 min at 4 °C. Subsequently, MgCl2 was added to a final concentration of
10 mM, and cells were lysed by two passages in a Constant System Cell Cracker at
20 kpsi at 4 °C and cell debris was removed by centrifugation at 48,400 × g for
45 min at 4 °C. The cytoplasmic extract was incubated for 10 min at 65 °C and the
insoluble fraction was removed by centrifugation at 48,400 × g for 45 min at 4 °C.
The supernatant was filtrated through a 0.22 µm pore filter and loaded on a 5 mL
pre-packed Hitrap Q FF column (GE Healthcare) equilibrated with buffer A
(50 mM bis-tris-HCl pH 6.0, 10 mM NaCl). The column was then washed with 40
bed volumes of 20% buffer B (50 mM bis-tris-HCl pH 6.0, 1 M NaCl) and bound
proteins were eluted with a linear gradient of 20–50% buffer B over 10 bed
volumes. Fractions containing R387A, as determined by SDS–PAGE, were pooled
and supplemented with ammonium sulfate to a final concentration of 1.5 M and
loaded on a 5 mL pre-packed HiTrap Phenyl HP column (GE Healthcare) equi-
librated with buffer A (100 mM Tris pH 7.3, 1.5 M ammonium sulfate). The col-
umn was then washed with 40 bed volumes of 25% buffer B (100 mM Tris pH 7.3)
and bound proteins were eluted with a linear gradient of 25–85% buffer B over 15
bed volumes. Fractions containing R387A were pooled and dialyzed (Spectra/Por
Standard RC Turbing: 12–14 kDa; Spectrumlabs) against 10 mM Hepes 7.0, 1 mM
MgCl2 overnight at 4 °C (buffer was replaced twice) and concentrated in a 100 kDa
molecular weight cutoff spin concentrator (Amicon Ultra −15 Cellulose, Millipore)
to a typical final concentration of 30 mgmL−1.

Glucose isomerase crystallization. To trigger crystallization of R387A, the pro-
tein stock solutions were mixed at 22 °C with an equal volume of 100 mM Hepes
7.0, 200 mM MgCl2 and 8% (w/v) PEG1000.

Cryo-transmission electron microscopy. For cryoEM, 200 mesh Cu grids with
Quantifoil R 2/2 holey carbon films (Quantifoil Micro Tools GmbH) were used.
Sample preparation was performed using an automated vitrification robot (FEI
Vitrobot Mark III) for plunging in liquid ethane cooled by liquid nitrogen43. All
electron microscopy grids were surface plasma treated for 40 s using a Cressington
208 carbon coater prior to use. A few microliters of protein solution were applied to
the treated grid in the humidity and temperature-controlled chamber of the
Vitrobot. After automatic blotting, the grid was plunged into the liquid ethane and
vitrified at a cooling rate > 104 K/s so that the sample is preserved in amorphous
ice. We choose t0 as the moment where we induce supersaturation with respect to
the crystalline phase (i.e., mixing of the protein with the precipitant solution) and

tend as the time at which crystals become detectable using light microscopy. The
exact time point of the samples as indicated in the main text is defined as the
moment (after blotting excess liquid) when the electron microscopy grid is plunged
into the liquid ethane. The samples were imaged with the TU/e cryoTITAN (FEI,
www.cryotem.nl) operated at 300 kV, equipped with a field emission gun (FEG), a
post-column Gatan Energy Filter (GIF), and a post-GIF 2k × 2k Gatan CCD
camera. Images were acquired in low-dose mode at a magnification of either
24,000× with a nominal defocus of −5 μm or 11,500× with −10 μm defocus.
During low-dose mode imaging, the search of relevant areas on the grids is done at
low magnification, and focusing is always performed in areas distinct from the
areas of interest. The area of interest is only exposed at the desired data collection
magnification during image capture to minimize radiation exposure (and thus
possible damage).

Crystallographic analysis. The nearest crystallographic neighbors of the GI
molecule are generated using Chimera 1.13.1. Residues partaking in lattice contacts
are identified by calculating the accessible surface area (ASA) on a per-residue level
using AREAIMOL of the CCP4 software suite44. ASAs are determined for both the
starting models as well as the models consisting of the GI molecule and its nearest
neighbor using a probe radius of 1.4 Å. Residues with a non-zero difference in
accessible surface area (ΔASA) are (partially) buried in the bound complex and
therefore considered to be part of the lattice contact patch. Hydrogen bond pairs
are identified using the FindHBond tool in Chimera 1.13.1rc using default settings,
and salt-bridges are identified using the PDBePISA (http://www.ebi.ac.uk/pdbe/
pisa/) and the 2P2I (http://2p2idb.cnrs-mrs.fr/2p2i_inspector.html) protein inter-
action webservers.

Roughness metric. As a measure of facet roughness, we use the Wenzel roughness
(RW) by calculating the ratio of the circumference of the nanocrystals and the
theoretical, geometric circumference of a similarly sized crystal with straight
facets45. For crystals with perfectly smooth facets, RW is expected to be 1.0.

Statistics and reproducibility. Two separate cryoEM data sets of two separate
recombinant protein preparations were collected and yielded reproducible results.
The images used in the figure panels were taken from both data sets.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request. The glucose isomerase S171W structure can be found
with the accession code 7BJZ at rcsb.org.

Received: 26 August 2020; Accepted: 7 June 2021;

References
1. Kashchiev, D. Nucleation - Basic Theory with Applications (Butterworth-

Heinemann, 2000).
2. Karthika, S., Radhakrishnan, T. K. & Kalaichelvi, P. A review of classical and

nonclassical nucleation theories. Cryst. Growth Des. 16, 6663–6681 (2016).
3. Van Driessche, A., Kellermeier, M., Benning, L. G., Gebauer, D. New

Perspectives on Mineral Nucleation and Growth: From Solution Precursors to
Solid Materials (Springer International Publishing, 2017).

4. Chung, S., Shin, S.-H., Bertozzi, C. R. & Yoreo, J. J. D. Self-catalyzed growth of
S layers via an amorphous-to-crystalline transition limited by folding kinetics.
Proc. Natl Acad. Sci. USA 107, 16536–16541 (2010).

5. Van Driessche, A. E. S. et al. Molecular nucleation mechanisms and control
strategies for crystal polymorph selection. Nature 556, 89–94 (2018).

6. Yamazaki, T. et al. Two types of amorphous protein particles facilitate crystal
nucleation. Proc. Natl Acad. Sci. USA 114, 2154–2159 (2017).

7. Lutsko, J. F. How crystals form: a theory of nucleation pathways. Sci. Adv. 5,
eaav7399 (2019).

8. Vekilov, P. G. The two-step mechanism of nucleation of crystals in solution.
Nanoscale 2, 2346–2357 (2010).

9. ten Wolde, P. R. & Frenkel, D. Enhancement of protein crystal nucleation by
critical density fluctuations. Science 277, 1975–1978 (1997).

10. Houben, L., Weissman, H., Wolf, S. G. & Rybtchinski, B. A mechanism of
ferritin crystallization revealed by cryo-STEM tomography. Nature 579,
540–543 (2020).

11. Gliko, O. et al. A metastable prerequisite for the growth of lumazine synthase
crystals. J. Am. Chem. Soc. 127, 3433–3438 (2005).

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-24171-z ARTICLE

NATURE COMMUNICATIONS |         (2021) 12:3902 | https://doi.org/10.1038/s41467-021-24171-z | www.nature.com/naturecommunications 7

http://www.cryotem.nl
http://www.ebi.ac.uk/pdbe/pisa/
http://www.ebi.ac.uk/pdbe/pisa/
http://2p2idb.cnrs-mrs.fr/2p2i_inspector.html
https://doi.org/10.2210/pdb7BJZ/pdb
www.nature.com/naturecommunications
www.nature.com/naturecommunications


12. Galkin, O. & Vekilov, P. G. Control of protein crystal nucleation around the
metastable liquid-liquid phase boundary. Proc. Natl Acad. Sci. USA 97,
6277–6281 (2000).

13. Sauter, A. et al. Real-time observation of nonclassical protein crystallization
kinetics. J. Am. Chem. Soc. 137, 1485–1491 (2015).

14. Zhang, F. Nonclassical nucleation pathways in protein crystallization. J. Phys.
Condens. Matter Inst. Phys. J. 29, 443002 (2017).

15. Vekilov, P. G. Nucleation of protein crystals. Prog. Cryst. Growth Charact.
Mater. 62, 136–154 (2016).

16. Sleutel, M., Lutsko, J., Van Driessche, A. E. S., Durán-Olivencia, M. A. &
Maes, D. Observing classical nucleation theory at work by monitoring phase
transitions with molecular precision. Nat. Commun. 5, 5598 (2014).

17. Yau, S. T. & Vekilov, P. G. Quasi-planar nucleus structure in apoferritin
crystallization. Nature 406, 494–497 (2000).

18. Sleutel, M. & Van Driessche, A. E. S. Role of clusters in nonclassical nucleation
and growth of protein crystals. Proc. Natl Acad. Sci. USA 111, E546–E553 (2014).

19. Gliko, O. et al. Metastable liquid clusters in super- and undersaturated protein
solutions. J. Phys. Chem. B 111, 3106–3114 (2007).

20. Parmar, A. S., Gottschall, P. E. & Muschol, M. Pre-assembled clusters distort
crystal nucleation kinetics in supersaturated lysozyme solutions. Biophys.
Chem. 129, 224–234 (2007).

21. Georgalis, Y., Umbach, P., Saenger, W., Ihmels, B. & Soumpasis, D. M.
Ordering of fractal clusters in crystallizing lysozyme solutions. J. Am. Chem.
Soc. 121, 1627–1635 (1999).

22. Yearley, E. J. et al. Observation of small cluster formation in concentrated
monoclonal antibody solutions and its implications to solution viscosity.
Biophys. J. 106, 1763–1770 (2014).

23. Kuznetsov, Y. G. In situ atomic force microscopy studies of protein and virus
crystal growth mechanisms. J. Cryst. Growth 168, 63–73 (1996).

24. Penn, R. L. & Banfield, J. F. Imperfect oriented attachment: dislocation
generation in defect-free nanocrystals. Science 281, 969–971 (1998).

25. Lutsko, J. F. Mechanism for the stabilization of protein clusters above the
solubility curve: the role of non-ideal chemical reactions. J. Phys. Condens.
Matter 28, 244020 (2016).

26. Pan, W., Vekilov, P. G. & Lubchenko, V. Origin of anomalous mesoscopic
phases in protein solutions. J. Phys. Chem. B 114, 7620–7630 (2010).

27. Lutsko, J. F. & Nicolis, G. Mechanism for the stabilization of protein clusters
above the solubility curve. Soft Matter 12, 93–98 (2015).

28. Chan, H. Y. & Lubchenko, V. A mechanism for reversible mesoscopic
aggregation in liquid solutions. Nat. Commun. 10, 1–11 (2019).

29. Kuznetsov, Y. G., Malkin, A. J. & McPherson, A. AFM studies of the
nucleation and growth mechanisms of macromolecular crystals. J. Cryst.
Growth 196, 489–502 (1999).

30. Ou, Z., Wang, Z., Luo, B., Luijten, E. & Chen, Q. Kinetic pathways of
crystallization at the nanoscale. Nat. Mat. 19, 450–455 (2020).

31. Arnold, S. A. et al. Blotting-free and lossless cryo-electron microscopy grid
preparation from nanoliter-sized protein samples and single-cell extracts. J.
Struct. Biol. 197, 220–226 (2017).

32. Sleutel, M., Willaert, R., Wyns, L. & Maes, D. Kinetics and thermodynamics of
glucose isomerase crystallization. CrystGrowth Des. 9, 497–504 (2009).

33. Niederberger, M. & Cölfen, H. Oriented attachment and mesocrystals: non-
classical crystallization mechanisms based on nanoparticle assembly. Phys.
Chem. Chem. Phys. 8, 3271–3287 (2006).

34. Smoluchowski, M. V. Drei Vortrage uber Diffusion, Brownsche Bewegung
und Koagulation von Kolloidteilchen. Z. Phys. 17, 557–585 (1916).

35. Ivanov, V. K., Fedorov, P. P., Baranchikov, A. Y. & Osiko, V. V. Oriented
attachment of particles: 100 years of investigations of non-classical crystal
growth. Russ. Chem. Rev. 83, 1204 (2014).

36. Cölfen, H., Antonietti, M. In Mesocrystals and Nonclassical Crystallization
179–236 (John Wiley & Sons, Ltd, 2008).

37. Liu, L. et al. Connecting energetics to dynamics in particle growth by oriented
attachment using real-time observations. Nat. Commun. 11, 1–11 (2020).

38. Dighe, A. V. & Singh, M. R. Solvent fluctuations in the solvation shell
determine the activation barrier for crystal growth rates. Proc. Natl Acad. Sci.
USA 116, 23954–23959 (2019).

39. Dalmaschio, C. J., Ribeiro, C. & Leite, E. R. Impact of the colloidal state on the
oriented attachment growth mechanism. Nanoscale 2, 2336–2345 (2010).

40. Alberstein, R., Suzuki, Y., Paesani, F. & Tezcan, F. A. Engineering the entropy-
driven free-energy landscape of a dynamic, nanoporous protein assembly. Nat.
Chem. 10, 732–739 (2018).

41. de la Cruz, M. J. et al. Atomic-resolution structures from fragmented
protein crystals with the cryoEM method MicroED. Nat. Methods 14, 399–402
(2017).

42. Bogan, M. J. X-ray free electron lasers motivate bioanalytical characterization
of protein nanocrystals: serial femtosecond crystallography. Anal. Chem. 85,
3464–3471 (2013).

43. Friedrich, H., Frederik, P. M., de With, G. & Sommerdijk, N. A. J. M. Imaging
of self-assembled structures: interpretation of TEM and cryo-TEM Images.
Angew. Chem. Int. Ed. 49, 7850–7858 (2010).

44. Potterton, E., Briggs, P., Turkenburg, M. & Dodson, E. A graphical user
interface to the CCP4 program suite. Acta Crystallogr. D Biol. Crystallogr. 59,
1131–1137 (2003).

45. Wenzel, R. N. Resistance of solid surfaces to wetting by water. Ind. Eng. Chem.
28, 988–994 (1936).

Acknowledgements
We thank Dr. Guy Schoehn for his indispensable support with cryoEM data collection
and insightful discussions. M.S. acknowledges financial support by the FWO under
projects G0H5316N and 1516215N. This work used the platforms of the Grenoble
Instruct-ERIC center (ISBG; UAR 3518 CNRS-CEA-UGA-EMBL) within the Grenoble
Partnership for Structural Biology (PSB), supported by FRISBI (ANR-10-INBS-0005-02)
and GRAL, financed within the University Grenoble Alpes graduate school (Ecoles
Universitaires de Recherche) CBH-EUR-GS (ANR-17-EURE-0003). The electron
microscope facility is supported by the Auvergne-Rhône-Alpes Region, the Fondation
Recherche Medicale (FRM), the fonds FEDER and the GIS-Infrastructures en Biologie
Sante et Agronomie (IBiSA). IBS acknowledges integration into the Interdisciplinary
Research Institute of Grenoble (IRIG, CEA).

Author contributions
M.S. and A.E.S.V.D. designed the project and carried out the crystallization and data
processing. N.V.G. cloned, recombinantly expressed, and purified R387A. Cryogenic
freezing and cryoEM imaging were performed by W.L.L., M.B. and R.R.M.J. MS
supervised the study. M.S., A.E.S.V.D. and N.S. wrote the paper, with contributions from
all authors.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-24171-z.

Correspondence and requests for materials should be addressed to M.S.

Peer review information Nature Communications thanks the anonymous reviewers for
their contribution to the peer review of this work. Peer reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-24171-z

8 NATURE COMMUNICATIONS |         (2021) 12:3902 | https://doi.org/10.1038/s41467-021-24171-z | www.nature.com/naturecommunications

https://doi.org/10.1038/s41467-021-24171-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Nucleation of protein mesocrystals via oriented attachment
	Results
	GI nanocrystals can merge lattices through OA
	Rotational symmetry restraints limit the probability of success for the final jump to contact

	Discussion
	Methods
	Protein production and purification
	Glucose isomerase crystallization
	Cryo-transmission electron microscopy
	Crystallographic analysis
	Roughness metric
	Statistics and reproducibility

	Reporting summary
	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




