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Abstract

Precise protein assemblies not only constitute a series of living machineries but also provide an
advanced class of biomaterials. Previously, we developed the inducing ligand strategy to generate
various fixed protein assemblies, without the formation of noncovalent interactions between proteins.
Here, we demonstrated that controlling the symmetry and number of supramolecular interactions
introduced on protein surfaces could direct the formation of unspecific interactions between proteins and
induce various nanoscale assemblies, including coiling nanowires, nanotubes, and nanosheets, without
manipulation of the protein’s native surfaces. More importantly, these nanoscale assemblies could
spontaneously evolve into more ordered architectures, crystals. We further showed that the
transformation from the introduced supramolecular interactions to the interactions formed between
proteins was crucial for pathway selection and outcomes of evolution. These findings reveal a
transformation mechanism of protein self-assembly that has not been exploited before and may provide
an approach to generate complex and transformable biomacromolecular self-assemblies



INTRODUCTION

Precise protein assemblies constitute a multitude
of cellularmachineries  such as, zero-
dimensional viral capsid enzgaging in delivering
genomes towards host cells, one-dimensional
microtubule capable of transporting cooperation
and transformation of these multidimensional
assemblies constitute the complex and harmonious
living system.! Furthermore, these fascinating
structures have inspired researchers to fabricate
protein assemblies in various morphologies,
leading to a variety of quite practical outcomes.>S
For example, artificial protein architectures
including nanocages, filaments, nanotubes,
nanosheets and 3D crystals have been successfully
fabricated to diverse applications, including drug
delivery, cellular processes manipulation, or
electron transfer.”!2 Notably, non-covalent
interactions between proteins, namely, protein-
protein interactions (PPIs), containing multiple
weak interactions such as electrostatic interactions,
hydrophobic interactions and hydrogen bonds, have
been identified as a determinant of great
importance for the formation and transformation of
biological machinery and the generation of artificial
protein assemblies.’>"> Thus, modulating the
protein-protein interactions is a practical approach
to fabricate protein assemblies for integrating
diverse functions and properties into a system that
replicates or even surpasses the functions of their
naturally occurring counterparts. Yet, countless
non-covalent PPIs are distributed over large and
often discontinuous protein surfaces, which makes
it very difficult and complex to directly regulate the
formation of PPIs. Therefore, two major
approaches have been developed to design artificial
protein assemblies by reengineering the specific
PPIs. The first is focusing on electrostatic
interaction,'®!” metal coordination,®'3-2
computational interface design,'"'*?! and
symmetric protein fusion, > featuring
reconstituted specific protein-protein interactions on
proteins. The other strategy is to introduce additional

interactions in place of specific PPIs, such as
supramolecular host—guest interactions,?*?® and
DNA pairing.'>?’ These strategies have been
demonstrated successful for the fabrication of
artificial protein assemblies, the generation of novel
biomaterials, and even the manipulation of cellular
behaviors..'® 7 However, in most of these
strategies, strong interactions are involved and
designed to fabricate a very fixed and stable
protein architecture. And, in most cases, it means
that a single engineering-intensive design on
proteins results in only one unchangeable
assembly,>® which is different from natural
protein assemblies with transformable or dynamic
properties through the formation of diverse non-
covalent interactions between proteins.'* As such,
an approach that can readily assemble protein into
various architectures by directing the formation of
non- covalent interactions between proteins rather
than redesigning or replacing specific PPIs is
highly valuable and unexplored.

Recently, we proposed the inducing ligand
strategy that dual supramolecular interactions
consisting of protein- carbohydrate interaction
and n—= stacking of thodamine B (RhB) were
employed to array proteins into various
assemblies.?®" In this work, for the first time, we
demonstrate that the introduction of appropriate
inducing ligands on protein surface could guide
the generation of the unspecific interactions
between proteins without changing any condition,
which is named as induced protein-protein
interactions (iPPIs). The symmetry and number of
the binding sites were spatially controlled on the
same protein; variations of the spacer of inducing
ligand were designed to control the follow-up
protein contact during the self- assembly process.
It resulted in protein assemblies at various
dimensions including coiling nanowires,
nanotubes, and nanosheets. More interestingly,
these ordered nanostructures could spontaneously
evolve into macroscopic crystal architectures
without the requirement for crystallization



screening or protein precipitants, resulting in six
diffraction-quality crystals. Via tracking the
evolutionary process, it was demonstrated that the
transformation from the introduced
supramolecular interactions to the generated iPPIs
were critical for pathway selection and outcome.
Furthermore, with diversity of the introduced
supramolecular interactions and the formed iPPIs,
these assemblies and crystals showed very
different stability to temperature, urea and cell
culture environment. Endocytosis study further
confirmed that assemblies had a significant
increase in the rate of uptake by cells than
crystals, but crystals could keep releasing
fluorescent molecules for a long time, which
may be applied to the design of drug delivery
vehicles and bioimaging. These findings suggest a
new approach to construct various dimensional
protein assemblies by combining controlled
supramolecular interactions on protein surface
with induced protein-protein interactions. And, the
revealed two-stage transformation mechanism of
assemblies might offer numerous opportunities for
the fabrication of transformable complex or even
dynamic biomacromolecular architectures.

Results and Discussion

Design of introduced supramolecular
interactions on protein

In our previous work, the introduced
Supramolecular interactions, namely, ligand-
ligand interactions, was identified as a
determinant to assemble lectins such as
concanavalin A (ConA) and Soybean agglutinin
(SBA) into crystal framework and nanotube
structures, respectively. Yet, in those works, no
interactions between those homotetrameic
proteins were observed, and those proteins with
four immutable carbohydrate-binding sites can
only provide the fixed density of LLIs on proteins
as 1/25KDa and 1/27KDa (the ratio of number of
binding sites to molecular weight).?®*! Here, we

chose a variant of the lectin from Ralstonia
solanacearum (RSL) that was engineered as a
monomeric B-propeller by adding linker peptides
into a trimeric protein as a model protein with
Mw of 29 kDa.*? Native RSL is a C3-symmetric
trimer with six carbohydrate binding sites, in
which every binding sites cannot be manipulated
individually. While this monomeric RSL (mRSL)
has several advantages to precisely control the
supramolecular interactions introduced on
protein. Firstly, the number of bound ligands
could be controlled through engineering of the
active binding sites on mRSL since it was
demonstrated that Arg to Ala mutation in fucose
binding site abolished ligand binding.32
Secondly, the crystal structure of mRSL with
fucose ligand (PDB code 4CSD)32 demonstrated
planarly distributed six fucose-binding sites
adopting a regular hexagonal packing
(hexavalent, C6 symmetry) that contains regular
triangle (trivalent, C3 symmetry) and rectangle
(divalent, C2 symmetry) in geometry (Figure 1a).

At last, the controlled binding sites on the mRSL
allow the density of LLIs on protein surface to be
regulated from 2/29KDa to 6/29KDa, resulting in
the several fold higher. worth to mention that
native RSL is a high symmetric protein as
appropriate for generating regular assemblies.
This advantage has been used in generating
porous crystalline materials by crystallization

. 725263335 : :
screening, and even in one case, RSL is
capable of forming) crystals in acidic buffer with a
narrow pH range.  The variable crystalline
architectures affected by different solutions show
that there is no specific PPIs between two RSLs
to dominate the self-assembly outcomes, which
supports the selection of RSL for our current
purpose, i.e. employing supramolecular
interactions based on inducing ligands to guild the
self-assembly process.

The different variants were named as RSL-m (m
represents the number of carbohydrate binding
sites, m= 2, 3, 6). Furthermore, to control the



spatial distance between proteins, three ligands
containing a-fucopyranoside and RhB with
different ethylene oxide repeating units as spacers
(FnR, n =2, 3, 4), were synthesized (Figure 1b,
details in the Supporting Information Scheme 1
and Figure S38-49). Such ligands possess three
functions: (a) they bind to the protein through
specific recognition between fucoside and RSL;
(b) the spacer can be varied to adjust the spatial
distance between two neighboring proteins with
no effect on the dimerization of RhB (Figure S2);
(c) the noncovalent and dynamic dimerization of
RhB is a suitable interaction to generate iPPIs in
order to afford diverse protein stacking, providing
more conformational flexibility than covalent
bond in a dynamic self-assembly system (Figure
lc).
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Figure 1. Design of multiple supramolecular interactions.
a) Illustration for controlling the number and symmetry of
supramolecular interactions on protein, and representative
views of model protein. (Structure adapted from the crystal
structure, PDB ID: 4CSD). b) Chemical structure of
chemical ligand FnR, and the ethylene oxide repeating units
to regulate the spatial length. c¢) Schematic illustration for
the generation of protein-protein interactions by RhB dimer

To further confirm this, the all-atom molecular
dynamics (MD) simulation was employed to
examine whether the dimeric ligand can induce

the production of PPIs. Taking the F4R as an
example, two RSLs connected by the stretched
dimer of F4R was considered as the initial state
(Figure S3a). After 200 ns running, the proteins
moved close to each other, creating PPIs
consisting of five hydrogen bonds occurred close
to the inducing ligand-binding sites (Figure S3b).
The simulation results demonstrated that
binding to the dimerized ligands might induce
the generation of non-covalent interactions
between two RSLs. Simulations were run with three
ligands of various spacers, F2R, F3R, and F4R, than
that of those homotetrameic proteins (Figure S1). It
is resulting in dimeric distances of ~17 A, ~18 A,
and ~23 A (measured between the C1 atoms of a-
fucopyranoside, Figure S3c), respectively. It
exhibited the possibility of the various spacers of
ligands to adjust the spatial distance.Together, the
number and symmetry of binding sites were

Generating diverse protein assemblies in
different dimensions.

The three purified protein were demonstrated to
exist as a monomer in solution via the Size
Exclusion Chromatography (SEC) at
concentration up to 60 mg/mL (Figure S4). The
expected binding stoichiometry ofthe different
RSL-m and affinity towards fucosides were
Experimentally confirmed by Isothermal Titration
Calorimetry (ITC) (Figure S5). Self-assembly
experiments were performed with RSL-m (m =2,
3,6) (1 mg/mL) and FnR ligands (n =2, 3, 4),
which were added with the molar ratio of 2 to 1
(calculated as number of binding sites) in Tris
buffer before incubation at 4 °C.

The UV—vis (UV) and Circular dichroism (CD)
spectroscopies were employed to check the LLIs
that were directly provided by RhB dimerization.
For example, RSL-2, RSL-3 and RSL-6 (1
mg/mL) were mixed with F3R (0.4 mM) and
samples were characterized after 24 h incubation.
As shown in UV spectra (Figure 2a), an increase
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of the signal corresponding to dimeric RhB (580
nm and 525 nm) was observed.28,31,36 Together
with decrease of the signal of monomeric RhB at
560 nm, it confirmed the establishment of LLIs.
To quantitatively compare the strength of LLIs in
various RSLs, the dimeric signal at 580 nm was
checked in detail (inset of Figure 2a). It suggested
that RhB dimerization varies as RSL-6 > RSL-3 >
RSL-2, indicating stronger LLIs with the increase
of the number of binding sites. It also agreed with
the reduced trend of monomeric RhB signal at
560 nm. Akin to the UV observation, the
corresponding CD spectra confirmed the increase
of RhB dimerization as RSL-6 > RSL-3 > RSL-2
(Figure 2a). The corresponding dimerized RhB
signal found both in UV-vis and CD spectra
confirmed the LLIs connecting proteins, with the
latter providing the achiral RhB a chiral
environment. Meanwhile, Transmission Electron
Microscope (TEM) and Atomic Force Microscope
(AFM) were used to observe the assembly of
proteins at 24 h. The results of TEM and AFM
showed that RSL-2 and RSL-3 gave nanoscale
tubes and coiling wires respectively, while RSL-6
afforded massive disordered precipitation (Figure
2b, S6). Dynamic Light Scattering (DLS) results
further confirmed the increased hydrodynamic
size of aggregated RSL-m induced by LLIs in
solution (Figure S7). The conversion of protein
(CvP) was further employed to evaluate the degree
of aggregation. After centrifuging at 18000 rpm
for 30 min at 4 °C to remove the assembled or
aggregated proteins, the CvP was calculated by
the residual protein in supernatant and the
concentration of protein was measured by
Bradford method. The gradually increased Cv? in
RSL-2, RSL-3 and RSL-6 (Figure S8), confirmed
that more proteins were transformed into
assemblies or aggregates with the increased
binding sites. Together, the results of TEM and
DLS were consistent with the results from CD
and UV, showing that when the spacer of ligand
was fixed, the number of LLIs and their
symmetry, determined the aggregation of RSLs to

ordered microstructures in solution (Figure 2c).
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Figure 2. The number of introduced supramolecular
interactions and spacer of ligands regulate the self-
assembly of proteins. a) UV—vis and CD spectra of RSL-2,
RSL-3, and RSL-6 mixed with F3R. b) TEM images of RSL-
2, RSL-3 and RSL-6 assemblies induced by F3R. c)
Hllustration of the self-assembly of proteins regulated by the
quantity of introduced supramolecular interactions. d)
UV—vis and CD spectra of F2R, F3R, and F4R mixed with
RSL-2. e) TEM images of RSL-2 assemblies induced by
F2R, F3R, and F4R. ) lllustration of the effect that spacer
of ligands regulated on the self-assembly of proteins

To inspect the effect of spacer of inducing
ligands, FnRs with distinct spacers were tested on
the same protein (RSL- 2). From UV, the increase
of signal of dimeric RhB at 580 nm and 525 nm,
and decrease of signal of monomeric RhB at 560
nm, confirmed the presence of LLIs in F2R and
F3R but not in F4R. The strength of LLIs



provided by various spacers, could be categorized
from the increase of dimerization as F2R> F3R>
F4R. Furthermore, the CD spectra also
confirmed the increased signal of dimeric ligand
as F2R > F3R > F4R at 580 nm and 525 nm
(Figure 2d). It revealed that the LLIs increased as
the spacer become shorter. On the other hand, the
combination of TEM and DLS results showed
that the mixture of RSL-2/F2R gave rise to
coiling wires reminiscent of that of RSL-2/F3R,
while the mixture of RSL- 2/F4R afforded no
obvious assemblies (Figure 2¢e, S9). Those results
indicated that the spacer of ligands impacted on
the aggregation of RSL. Similar, when RSL-3 and
RSL-6 was used to test ligands with different
spacers, dimerization of ligands F2R and F3R was
confirmed by the signal of RhB dimer at 580 nm
in UV-vis and CD spectra (Figure S10, S11), but
was not found of RSL-3 with F4R. The RSL-3
showed nanotubes (RSL-3/F2R) and no apparent
assemblies (RSL- 3/F4R) (Figure S11). While
RSL-6 assembled as random aggregates (RSL-
6/F2R) and nanosheets (RSL-6/F4R) (Figure
S6, S10), indicating more contact between
proteins in the former. Furthermore, the degree of
aggregation was revealed by the conversion of
RSL-2. The CvP was significantly increased
with the shorter spacer as F2R > F3R > F4R
(Figure S12), suggesting that stronger aggregation
was generated by the shorter spacer. These results
further confirmed that, when the number of
binding sites, i.e. number of LLIs, was fixed, the
spacer of ligands could further regulate the
aggregation of RSLs to ordered microstructures in
solution (Figure 2f). Protein packing in
assemblies. To further confirm whether these
assemblies were mainly maintained by the
dimeric RhB, these assemblies were incubated
with 1mM f disappeared CD signal in all samples
indicated the dissociation of the assemblies
(Figure S13). This was also confirmed by the
TEM observation (Figure S14). Therefore, based
on the planar distribution of binding sites, the
possible models were built according to the

number and symmetry of the introduced
supramolecular interactions. The planar models
proposed a molecular arrangement where seven
proteins constituted a close-packed regular
hexagon in RSL-6, and two neighboring proteins
formed linear structure in RSL-2. For RSL-3, two
packing patterns could be generated, including a
hollow packed regular hexagon constituted by six
proteins and a close-packed structure similar to
the pattern of RSL-6 (Figure S15).

Assemblies

Protein arrangements

nanosheets

=%
50

nanotubes
—_—

Figure 3. Protein arrangements in assemblies. a) Cryo-EM
image, 2D class averages, and protein arrangements of
RSL- 6/F4R nanosheets. b) Cryo-EM images and protein
arrangements of RSL-2/F3R coiling wires. ¢) Cryo-EM
images and protein arrangements of RSL-3/F3R nanotubes.
d) Three- dimensional (3D) reconstruction of RSL-3/F3R
nanotubes. Corresponding density maps of nanotube have
been deposited in EMDB with accession codes EMD-34879.
Fourier transform was shown in the inset

We deemed that, if the packing of RSL was
controlled by the LLIs, it would adopt the
molecular arrangement in the model. To confirm

6



this, Cryo-electron microscopy (Cryo-EM) was
employed to investigate the internal arrangement
of the protein. The results showed that RSL-
6/FAR nanosheets exhibited typical lattice
pattern (Figure 3a). More importantly, the result
of 2D class averages further indicated that the
arrangement of RSL-6 (close-packed regular
hexagon) was indeed the same as its model
(Figure 3a). For RSL-2, the coiling wire structure
was clearly observed by Cryo-EM (Figure 3b,
S16), which was consistent with the results of
negative staining TEM (Figure 2¢). And the
coiling wire structure of multiple proteins linked
together showed that the protein arrangement in
RSL-2 assemblies also agreed with its models
(two proteins connected by two ligands) (Figure
3b, S16). For RSL-3, although the observation
of Cryo-EM showed some nanosheet features in
the multi-layer assemblies with good Fast Fourier
Transform (Figure 3c, S16), the result of
cryogenic computed tomography well supported
that these assemblies were multi-layered
nanotubes (Video 1). Furthermore, taking the
RSL-3/F2R assemblies as an example, 3D
reconstruction was employed to investigate the
internal protein packing. Via fitting the RSL
proteins into the reconstructed map of single
layer, the result confirmed that the packing of
RSL-3 was a close-packed pattern instead of a
hollow packed regular hexagon (Figure 3c, 3d).
Together, combining with the results of UV and
CD spectra, the observation of Cryo-EM
suggested that the RSL arrangements in
assemblies were determined by the LLIs on the
proteins.

Transformation of protein assemblies into
crystals.

Although the assemblies and arrangements of
RSL were dominated by the LLIs on the protein,
the compact protein arrangements in these
assemblies indicated the possibility of generating

1PPIs. Therefore, these samples were incubated
for extended periods to find out whether non-
covalent interactions between proteins could be
induced and affect the morphologies of
assemblies. To our surprise, various protein single
crystals with magenta color and well- defined
morphologies were observed in these samples
(Figure 4a). Confocal Laser Scanning Microscope
(CLSM) was employed to confirm that the
magenta appearance of these crystals emerged
from the presence of RhB in crystals (Figure
S17). In morphology, the RSL-6/F4R crystal
could be defined as rectangle, the crystals of
RSL-3/F2R were obtained with two forms, i.e.
long strip (form a) and polygon (form b), the
RSL-3/F3R, RSL-2/F2R and RSL-2/F3R could be
defined as granular, rhombus, and cuboid,
respectively (Figure 4a, S17, S18). The other
combinations failed to generate crystals (Figure
4b). The diverse outcomes revealed that the
ordered assemblies were not the ultimate steady
state, but rather served as precursors for crystal
formation. Furthermore, combining the
observation of Cv? and morphologies, a protein
phase diagram was tentatively mapped to reveal
the relationship between the LLIs and the
transformation from assemblies to crystals
(Figure 4b). Since the CvP positively correlated
with the quantity of binding sites, but negatively
correlated with the size of the spacer (Figure
S19), crystallization could not be afforded in the
regime where the proteins induced by LLIs
preferentially exists as monomeric state or
precipitation. And only the appropriate LLIs were
able to introduce proteins into assemblies, and
further transformed them into crystals.
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Figure 4. Ordered assemblies evolved into crystals by prolonged incubation time. a) Optical micrographs of various protein

single crystals forms. The crystals were generated by mixing various proteins and ligands, and then incubated at 4 °C for six

months. b) The assembled protein phase diagrams. The conversion of protein (CV’) was calculated by the residual protein in

solution.

Table 1. Summary of Crystal Properties for RSL-m/FnR Single Crystals.

Sample PDB ID space group a,b,c(d) aBv(©) resolution (A) /)

RSL-6+F4R 7E7W  P1@ 46.56 46.55 103.25 90.04 89.92 119.98 4.10 3
RSL-3+F2R (a) 7E7R P212121 67.4281.9597.11 90.00 90.00 90.00 1.82 2
RSL-3+F2R (b) 7E7T P12 1 44.34 88.55 67.89 90.0093.83 90.00 1.98 2
RSL-3+F3R 7E7N P1 44.30 45.63 46.84 94.12117.04 117.20 150 1
RSL-2+F2R 7E7U P212121 47.8079.47 152.46 90.0090.00 90.00 2.01 2
RSL-2+F3R 7E7V P12:1 43.49161.51 54.13 90.0091.53 90.00 1.61 3

@ A “pseudo hexagonal” due to internal pseudo symmetry of RSL B-propeller. ® The number of monomer per asymmetric unit.

According to this, we attempted to generate
crystals in those samples that did not form protein
crystals, such as RSL-6/F2R, RSL-6/F3R and
RSL-3/F4R, by adjusting the aggregation state
of proteins induced by LLIs. The concentration
of ligands as another factor that could modulate
the RhB dimerization was further investigated.36
Via mixing RSL-6 with F4R at different molar
ratios, only aggregates formed when the ratio of
RSL-6 to F4R was below 3:2, and the size and
completion of the crystal were increased with the
increased ligand concentration (Figure S20),

suggesting that the concentration of ligands could
regulate the aggregation state of proteins.
Furthermore, via investigating the Cv? in RSL-6
and RSL-3 induced by different ligand
concentrations at 24 h, it was observed that the
CvP showed a linear function of the ligand
concentration when lower than 0.2 mM in RSL-6
and 0.25 mM in RSL-3 (Figure S21). Thereby,
the crystals of RSL-6/F2R and RSL- 6/F3R were
successfully obtained by adjusting the molar ratio
of protein to ligand with 1:1, and the crystal of
RSL- 3/F4R was also obtained by increasing the
molar ratio of protein to ligand with 1:4 (Figure



S22, S23). Although, the crystallographic data
could not be obtained by X-ray diffraction
because of the small crystal size, distinct crystal
stripes were observed by high resolution TEM
(Figure S24). It further proved that fine-tuning the
intensity of LLIs to induce protein into the
appropriate assembly or aggregates was able to
introduce the proteins into crystal architectures, as
illustrated in Figure 4b.

To further investigate how the assemblies evolved
into crystals, data sets of six crystals of
lectin/LLIs complexes were obtained by X-ray
diffraction and the structures were solved by
molecular replacement (Table 1, S1). When
taking monomer A of RSL-3/F3R as a reference,
a root-mean- square deviation (rmsd) of 0.45 A,
0.18 A, 0.21 A, 0.20 A and 0.25 A for all atoms
from each structures demonstrated the relative
rigidity of the RSL protein (Figure S25),
suggesting that the mutated binding sites and the
addition of ligand totally did not affect its
conformation. By classifying the packing as the
protein array related with ligands, the
representative repeating units were extracted from

Units in crystals
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the solved structures (Figure 5 middle). The
position of ligands in RSL-6/F4R crystal was
inferred from the complex between RSL-6 and
fucose (PDB code 4CSD) due to the low
resolution. As shown in Figure 5a, RSL-6/F4R
displayed a hexagonal dense packing similar to
the molecular arrangement of its assembly.
Furthermore, along the ac face of crystal packing,
proteins were stacked layer by layer. These
characteristics suggested that the RSL-6/F4R
crystals could be constructed from the nanosheets.
Similarly, for the RSL-2 and RSL-3 crystals,
taking RSL-2/F3R and RSL-3/F3R as examples,
the crystal packing of RSL-2 where two proteins
connected with a pair of F3R form linear
arrangements (Figure 5b), can also be generated
from the assembly packing. Furthermore, a
hexagonal dense packing was observed in RSL-
3/F3R crystal, and the layer-by-layer stacking
along the ab face similar to the multilayer
structures in Cryo-EM (Figure 5c¢). These similar
properties suggested that these crystalline protein
arrangements were originated from their
assembled patterns

Crystalline packing

Figure 5. The characteristics of protein packing in crystals. Packing of protein in assemblies (left) and in crystals with
representative unit (middle) and global crystal packing (vight) for a) RSL-6/F4R, b) RSL-2/F3R, and c) RSL-3/F3R.



iPPIs underpinned the crystal architectures.

Interestingly, closer inspection showed that all the
LLIs could only exist in the two-dimensional
single molecular layer, instead of the three-
dimensional crystals (Figure 5 right, S26),
suggesting the possibility of iPPIs instead of LLIs
as an interaction to underpin the generation of
crystal architectures. Considering the resolution
of crystal structures, the iPPIs and LLIs of RSL-2
and RSL-3 were investigated in detail. The
dimeric ligand was able to be well-defined by the
clear electron density in the crystal of RSL-2/F3R
(Figure 6a). For RSL-2/F2R not only the dimeric
ligand existed (Figure 6a), but also individual
ligand sites were found (Figure S27), implying
that the LLIs might be disrupted. Comparing the
crystal structures of RSL-2 complexed with two
ligands, F3R (full length of F3R ~18 A) resulted
in a distance of ~16 A between two neighboring
RSL-2, and F2R resulted in a distance of ~14 A
with full length of F2R ~17 A (Figure 6b). This
result confirmed that the size of the ligand spacer
could affect the spatial distances of proteins. The
PPIs in RSL-2 crystals were further studied by the
analysis of PISA. The result showed that two
separated major protein interfaces occurred close
to the inducing ligand-binding sites in both RSL-
2/F2R and RSL- 2/F3R complexes (calculated as
the solvent accessible, Figure 6¢), confirming that
the PPIs were induced by the LLIs. Furthermore,
comparing the two interfaces in RSL- 2/F2R
(PPT’ and PPI’’) and in RSL-2/F3R (PPI” and
PPI""), the two larger interfaces (> 1000 A2) were
identical (PPI’, Figure 6¢, colored by limon), and
the two other ones (approx. 800 A2) were
different (PPI"’, Figure 6c¢, colored by orange or
blue). The PPI” in RSL-2/F2R displayed strong
interaction that involved five hydrogen bonds
(G24-T129, N42-K116, E43-N133, D46-T129
and G68-T129), and two salt bridges (E43-K116,
D46-R120) (Figure 6¢), which also presented in
the PPI” of RSL-2/F3R. The generation of the
identically strong PPI’ in different crystals of

RSL-2 implied that the iPPIs in the process of
crystals generation might be stabilized by the
strengthening of intermolecular interactions on
the contact areas.

a) RsL-2/F2R RSL-2/F3R

RSL-2

T
c) 5 ~ k{6
4’;; : 4
i =4
R A N33
BB
FER T129
RSL-2/F2R
i Ay é A
7 ?f: ] K116
L (R
R, e e D46 R120
a0 T e
RSL-2/F3R )

Figure 6. iPPIs were stronger than LLIs in crystals of RSL-
3 and RSL-2. a) The dimeric ligands in RSL-2/F2R and
RSL- 2/F3R. The 2Fo—Fc maps contoured at lo. b) The
spatial distance of dimeric F2R and F3R in crystal
structures measured between the C1 atoms of o-
fucopyranoside, and the two connected proteins with
ligands measured between the Co atoms of T220 and A85
residues. c) Protein interface analysis of RSL-2/F2R and
RSL-2/F3R, both with two major protein interfaces, a
conserved one (PPI’, colored by limon) and a variable one
(PPI’’, colored by orange or slate). The identical two PPI’s
in RSL-2/F2R and RSL-2/F3R contained the same five
hydrogen bonds and two salt bridges. Protein interfaces

were colored by cyan and limon
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For the crystals of three RSL-3 complexes,
electron density was not of sufficient quality to
determine the conformation of RhB and ethylene
oxide repeating units (Figure S28). While the
similar conformational flexibility could not be
easily observed for RSL-2 (Figure 6a) with the
same ligands (F2R and F3R). Further analysis of
RSL-3/F2R crystals type a and type b, showed a
much closer distance (~10 A, ~11 A) of two
contiguous ligands than that in a typical distance
for dimeric ligands (~16 A) (Figure S29, S30).
Meanwhile, only three adjacent ligand sites could
be found in RSL-3/F3R (Figure S27). Consisting
with the individual ligand site existed in RSL-
2/F2R, these atypical distances and unlikely
dimeric ligand sites suggested the disordered LLIs
in crystals. Furthermore, the analysis results of
PISA (Protein Interfaces, Surfaces, and
Assemblies) showed that the average of protein
contact area was two to four-fold more than the
theoretical maximum areas of RhB dimerization
in all crystals (Table S2). It further suggested that
the iPPIs, not the LLIs, were the major
interactions underpinning crystals.

Mechanisms for the transformation of
assemblies into crystals

Furthermore, the processes of assemblies
transformed into crystals were traced by TEM.
For RSL- 6/F4R, some aggregates up to 1 pym
were first observed after incubation for 30 min.
And after 4 h incubation, the aggregates
transformed into nanosheets (Figure 7a), which
was consistent with the result of DLS (Figure
S31). Larger lamella and typical protein crystals
formed after 96 h incubation (Figure 7a).
Meanwhile, the CD signal was traced to check the
transformation of LLIs. The CD signals at 580 nm
exhibited a sustained increase within 2 days, and
then maintained at 10 (Figure S32), showing that
the stable state has been generated in RSL-6/F4R,

which agreed with the crystal generation at 48 h.
And, long-term observations showed that these
crystals were the final steady state. For the
transformation of RSL-3 and RSL-2, taking the
RSL- 3/F3R and RSL-2/F3R as examples,
random aggregates of RSL-3 were induced by
F3R within a short time, and their size increased
with incubation time (Figure 7b), which was
further confirmed by DLS results (Figure S33).
Then, the multi-layered nanotubes emerged, and
remained stable for 2 months. Importantly, those
well-defined tubes disintegrated into large
aggregates with longer incubation, and crystal
nucleation with corresponding pattern was
observed by TEM (Figure 7b). The crystalline
formation of RSL-2/F3R also began with
formation of aggregates after 30 min. Its size
continuously increased until some coiling wires
emerged after 12 h incubation (Figure S34),
agreeing with the DLS results (Figure S33). The
coiling wires further aggregated after 1 month,
and the nucleation restarted with further
incubation (Figure S34). Furthermore, the CD
signals of RSL-3/F3R and RSL-2/F3R showed
rapid increase within 4 h before reaching
equilibrium, and remained stable within 2 days
(Figure S32). Combining with the TEM
observation, it suggested that the stable
assemblies had been generated by the induction of
LLIs. And then, the CD signal was decreased
after 2 months incubation, and further declined
after 4 and 6 months, respectively (Figure S32),
suggesting the weakening of LLIs with long
incubation time. Interestingly, although the
assembly arrangement and crystalline packing of
RSL-6/F4R and RSL-3/F3R were similar (Figure
5), the transformation period from assemblies
to crystals was very different. Considering that
the crystal nucleation of RSL-3 passed
through the nanotubes disintegrated into large
aggregates, while the nucleation of RSL-6 was
formed directly from its assemblies, it further
indicated that the assembly or aggregation state
induced by different LLIs was crucial to the
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subsequent crystal formation, as illustrated in
Figure 4b. Together, this process consisted of two
stages that occurred sequentially from assembly
generation to crystal formation (Figure 7c¢). In the
first stage, the LLIs dominated the generation of
assemblies, as revealed by the TEM, UV-vis, CD

(Figure 2), and Cryo-EM (Figure 3). Whereas the
iPPIs determined the formation from assemblies
to crystals, as evidenced by the apparent protein
contact areas and PPIs in the crystal structures
(Figure 6).

assemblies 3D crystals
b NS T o iR
W e — A
LLIs . iPPIs "

& Lus i, | iPPIs

iPPIs

Feedback
Induction

Relative Strength

Time

Figure 7. The process of assemblies evolved into crystals. a) Time tracking of RSL-6/F4R crystal formation by TEM. b) Time

tracking of RSL-3/F3R crystal formation by TEM. Fourier transform was shown in the inset. ¢) lllustration of the evolution

from assemblies to crystals by the transformation between LLIs and iPPIs.

LLIs and iPPIs modulated the properties of
assemblies and crystals

The diverse LLIs and iPPIs implied that these
assemblies and crystals could have different
characteristics. Therefore, these assemblies and
crystals collected by centrifugation were
incubated with macrophages RAW 264.7, and
CLSM was employed to confirm the presence of
red fluorescence after 24 hours. The results
suggested that all assemblies and crystals maintained
excellent bioimaging capabilities and cellular uptake
(Figure 8a, S35). For all assemblies and crystals,
time-dependent experiments showed that the degree
of endocytosis gradually increased with increasing

incubation time (Figure S36, S37a). Furthermore,
the nanoscale assemblies showed rapid endocytosis
by cells, as evidenced by a significant enhancement
of fluorescence intensity within 4 h (Figure 8a,
S37a). For macroscopic crystals, they could only be
endocytosed by cells after solubilization in a
physiological environment, resulting in enhanced
fluorescence intensity after prolonged incubation
(Figure 8a, 8b). When the same amounts of crystals
were incubated with cells, the RSL-6/F4R crystal
showed minimal fluorescence intensity (Figure 8b),
suggesting that it was more stable than other crystals
in physiological environment. To further test their
stability, these assemblies and crystals were
treated with different concentration of urea, or
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incubated at 50 °C. The results showed that all
assemblies were dissolved into 1 mol/L urea (Figure
S37b), while only 20%~50% of all crystals were
dissolved at the same concentration (Figure 8c). It
suggested that although both had the same
composition, the crystals had a significant
enhancement in urea resistance. Similarly, all
assemblies were disintegrated by heating for 20
min (Figure S37c¢), but the crystals did not

a) b)

dissolve completely until 35 min (Figure 8d).
And, the RSL-6/F4R crystal exhibited the best
urea and heat resistance (Figure 8c, 8d).
Combining the contribution of LLIs and iPPIs in
the generation of these ordered structures, these
results demonstrated that the crystals underpinned
by iPPIs was more stable than the assemblies
supported by LLIs.
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Figure 8. Stability of assemblies and crystals as defined by LLIs and iPPIs. a) Confocal fluorescence microscopy images of

macrophages incubated with the RSL-6/F4R assembly and crystal. b) Graph showing the time dependence of crystals

incubated with macrophages. c) Dissolution curves of crystals at different urea concentrations. d) Time-dependent functions

of crystals treated at 50°C. Data are shown as the mean + SEM of three independent experiments. Key: **, p < 0.01.

CONCLUSION

In summary, this work presents a successful new
approach to induce the interactions between
proteins and generate protein assemblies via using
supramolecular interactions generated by the
small molecular ligand. More importantly, the
number and symmetry of the introduced
supramolecular interactions and the spacer of

ligands are feasibly designed handles to trigger
diverse non-covalent interactions between
proteins and modulate morphologies of protein
assemblies based on the same protein. Crucially,
these assemblies could spontaneously evolve into
more ordered crystal structures, via the
transformation of introduced supramolecular
interactions and induced protein-protein
interactions. Not only are morphologically
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diverse, these assemblies and crystals also exhibit
differences in rates of cellular uptake, urea
resistance, and thermal stability. Due to the
excellent luminous efficiency of rhodamine B,
these assemblies and crystals may be highly
available for bioimaging. Furthermore,
differences in cellular uptake rates can also
potentially be applied to the design of drug
delivery vehicles with controllable release times.
At last, without the requirement of crystallization
screening and specific agents, the raveled
mechanism of well-defined nanostructures
transformed into crystals may open an alternative
avenue to the development of protein- based
drug-delivery systems, transformable and
dynamic protein architectures, protein crystalline
materials, and macromolecular crystallography.
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