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ABSTRACT: We introduced a small molecular “inducing ligand” strategy
to crystallize proteins via dual noncovalent interactions. Here we
demonstrate that the variant protein-packing frameworks of concanavalin
A (ConA) binding with ligands are controlled by different crystallization
methods. Besides, the protein crystalline frameworks are also controlled by
small-molecule inducing ligands RnM (n = 1−5), which varies in the
number of ethylene oxide repeating units. To better understand the
mechanism of different packing frameworks controlled by different inducing
ligands, all-atom molecular dynamic (MD) simulations were performed.
The MD simulation focused on the dynamic dimerization behavior of
ConA-RnM system, which revealed clear relationships between the length
of inducing ligands and ConA crystalline. In short, besides protein-packing framework control via different crystallization
methods, inducing ligands RnM with suitable spacer lengths (n = 3, 4) also play an important role in desired and stable crystalline
frameworks.

1. INTRODUCTION

Proteins are attractive building blocks for construction of
functional materials because of their chemical and structural
variety, and intrinsic functions. In laboratory, proteins self-
assemble into different structures in one (1D), two (2D), and
three dimensions (3D) with ordered-packing patterns.1−6 For
example, crystalline bacteria S-layers,7 membranes containing
porins or bacteriorhodopsin,8 and 3D functional protein
frameworks9−12 have been obtained and inspired great interests
in the research fields of biotechnology and nanotechnology.
These 2D/3D structures with protein highly ordered and

tightly packed are protein crystals. Protein crystals, especially
single crystals, are powerful tools to obtain molecular structure
of proteins by using X-ray crystallography. From protein
crystals, thousands of structures with important functions have
been identified at the molecular level.13 Crystallization is a
complicated and tedious process, and it is one of the major
bottlenecks of protein crystallography. Normally, it will take a
few weeks or even months for the crystals to grow; the success
of crystallization depends on many factors such as protein
concentration, temperature, buffer, solvent pH and salt
concentration, proportion of precipitant, and so on.14

From the view of material scientists, protein crystallization is
a process of protein self-assembly in the solid state. Protein−
protein, protein−solvent, and solvent−solvent interactions are

the major interactions occurred during the crystallization
process.15 To promote protein crystallization, or to tune
protein crystallization in “supramolecular way”, other non-
covalent interactions can be considered. In our previous study,
we proposed and demonstrated that crystallization of model
protein Concanavalin A (ConA) can be greatly accelerated
under liquid−liquid diffusion condition by a small molecular
ligand (Figure 1, RnM, n = 3, 4). This small molecule contains
one mannopyranoside motif (Man; M, which binds to ConA)
and one Rhodamine B motif (RhB; R, which dimerizes due to
π−π interaction);10 n represents the repeating number of
oligoethylene glycol units, the spacer which links Man and RhB
together. In the crystal structure, it was found that ConA
packed regularly into 3D frameworks, in which the molecular
recognition between ConA and Man as well as the π−π
interaction between neighboring RhB play crucial roles in the
framework structure. To be concise, this liquid−liquid diffusion
crystallization method is named “supramolecular crystallization”
in this paper, and the obtained crystals are called “supra-
molecular crystals” hereafter. Compared to the ConA crystal
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structures without RnM ligand,16 much fewer protein−protein
interactions were observed in the ConA-RnM complex
structures. Interestingly, the packing modes of ConA-R3M
and ConA-R4M are significantly different from each other in
the crystal lattice, indicating the valuable contribution of the
spacer length.
In this paper, we tried to answer two important questions

following our previous work: whether this supramolecular
framework can form under traditional hanging-drop vapor
diffusion method and the detailed contribution of the spacer
length in the supramolecular crystals. Toward this end, we
recrystallized ConA in the presence of R3M or R4M using
hanging-drop vapor diffusion technique; the resulting structures
were then compared to our previous supramolecular ones. In
addition to R3M and R4M, new small molecular ligands RnM
were synthesized by incorporating different spacer lengths (n =
1, 2, 5) and were cocrystallized with ConA. To better decipher
the crystallographic results, all-atom molecular simulation was
performed in this study, which provided us a possible molecular
view of the crystallization process.

2. EXPERIMENTAL SECTION

2.1. Materials and Synthesis of RnG (n = 1−5).
Rhodamine B (≥95% purity) and pentamethyldiethylenetri-
amine (≥99% purity) were purchased from TCI (Shanghai). 2-
[4-(2-Hydroxyethyl)-1-piperazinyl] ethanesulfonic acid (≥99%
purity), (II) chloride tetrahydrate (≥99% purity), calcium
chloride anhydrous (≥96% purity), sodium chloride (≥99.5%
purity), and sodium hydroxide (≥96% purity) were purchased
from Aladdin (Shanghai). D-Mannose (≥99% purity), thionyl
chloride (≥99% purity), triethylene glycol (≥99% purity), tosyl
chloride (≥99% purity), triethylamine (≥99% purity), sodium
azido (≥99% purity), sodium sulfate pentahydrate (≥99%
purity), hydrochloride acid (36−38% purity), dichloromethane
(≥99.5% purity), tetrahydrofuran (≥99% purity), n-hexane
(≥99% purity), and ethyl acetate (≥99.5% purity) were
purchased from Sinopharm (China). Concanavalin A was
purchased from Sigma-Aldrich.
R1M, R2M, and R5M were synthesized according to our

previous synthesis protocols (Figure S1).10,17 The synthesis
scheme of RnM (n = 1−5) is shown in Figure S1. R3M and
R4M were synthesized according to our previous literature.10

The characterization details of ligands RnM (n = 1−5) were
shown in Figure S2−S4.

2.2. Cocrystallization of ConA-RnG (n = 1−5).
Concanavalin A (ConA), from Canavalia ensiformis (Jack
bean), is a homotetrameric lectin of four identical 26 kDa
subunits (Figure 1a). In our previous supramolecular
crystallization, we injected the ligand (R3M or R4M) to the
ConA solution in fine glass tubes (diameter about 3 mm and
length about 130 mm), and the molar ratio between ligand and
ConA (calculated as a monomer) was 1:1. Subsequently, we
successfully obtained cocrystals, because of the spontaneous
diffusion of ligands into the ConA solution (Figure S5).10

Herein, five ligands RnM (n = 1−5) containing mannopyrano-
side and RhB are prepared and employed for protein
crystallization (Figure 1b). Instead of liquid−liquid diffusion
method, all the ConA-RnM crystals were cocrystallized using
the hanging-drop vapor diffusion method. The crystallization
conditions are composed of 20% polyethylene glycol 6000, 20
mM HEPES, 100 mM NaCl, 5 mM CaCl2, and 5 mM MnCl2
pH 7.2 for all the ConA-RnM complexes (n = 1−5).
Crystallization drops (2 μL total = 1 μL protein−ligand
mixture +1 μL precipitant) were set up with 24-well plates with
sealant and siliconized glass cover slides (Hampton Research);
the crystals grew at 18 °C over the course of 10 days.
Interestingly, the crystals of ConA-R3M and ConA-R4M could
grow using both liquid−liquid diffusion and hanging-drop
vapor diffusion methods. Rhomboidal shaped crystals were
grown to an average size of 0.05 mm × 0.3 mm× 0.4 mm
(Figure 1c−e).

2.3. X-ray Diffraction and Data Collection. For data
collection, crystals were flash frozen in the reservoir solution
containing 4 M trimethylamineoxide18 (TMAO) as a
cryoprotectant. The diffraction data were collected from
Shanghai Synchrotron Radiation Facility beamline BL17U at
a wavelength of 0.97 Å and processed with program HKL2000
(http://www.hkl-xray.com/). All structures were solved using
the molecular replacement program PHASER embedded in the
CCP4 suite, the monomeric ConA crystal structure (PDB
entry: 1JBC) was utilized as the search model. Model building
were done using the COOT program and the structures were
refined using the Refmac5 program of CCP4 suite. The bulk

Figure 1. (a) Structure of tetrameric ConA from Protein Databank (PDB code: 1CVN). (b) Chemical structures of inducing ligands RnM (n = 1−
5). (c−e) Cystals of ConA-RnM (n = 1, 2, 5) obtained through hanging-drop vapor diffusion method.
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water content was calculated with the MATTHEWS_COEF
from CCP4 suite.
2.4. All-Atom Molecular Dynamics (MD) Simulation.

As shown in Figure 2a, the all-atom molecular dynamics

simulation system mainly consisted of ConA protein (PDB
code: 1JBC) and the ligand RnM (n varies from 1−5). Here,
for the sake of simplicity, we just considered one monomer of
the ConA protein. Additionally, a number of water molecules
were added to the system to separate the proteins from their
mirrors. The ions (i.e., Na+ and Cl−) were also added to the
simulation box to ensure the electric neutrality of the system.
To model the process of crystallization, the following steps
were carried out: (1) We took two adjacent proteins from the
crystal structure, (2) separated them away, (3) bound the
mannose moieties of RnM to the active sites of each protein
since the binding of sugars to proteins took place before the
dimerization,10 (4) pulled them close to each other along the

packing direction with very slow relative velocity (about 0.1
nm/ns), and (5) turned off the pulling (see Figure 2b).
All all-atom MD simulations were performed by using

Gromacs 5.0.4 package19 with the Amber force field20 and the
TIP3P water model21 in the NPT ensemble. The force field
parameter for RnM was built by using Antechamber tool.22

During the simulation, the temperature was coupled at 291 K
(18 °C) using Nose−́Hoover method,23,24 and the pressure was
fixed at 1 bar using Parrinello−Rahman method.25 The Particle
Mesh Ewald (PME) method was used to calculate the
electrostatic interactions and the cutoff of Lennard-Jones (LJ)
interaction was 1.2 nm.26 The periodic boundary conditions
were applied in all three dimensions. The time step was chosen
as 2 fs, and each simulation was conducted for at least 50 ns
(the first 40 ns for the pulling process, the last 10 ns for
equilibrium MD simulation). Furthermore, the MD simulations
were repeated three times for each system, starting from
independent initial configurations. All of the figures of resulting
structures were drawn using PYMOL (http://www.pymol.org).

3. RESULTS AND DISCUSSION

3.1. Crystal Structures of ConA-RnM (n = 1−5) via
Hanging-Drop Method. All five ConA-RnM crystals
diffracted to high resolution (2.0 Å for ConA-R1M, 2.5 Å for
ConA-R2M, 2.15 Å for ConA-R3M, 1.89 Å for ConA-R4M,
and 2.3 Å for ConA-R5M) and belonged to three different
space groups with different unit cell dimensions. For ConA-
RnM (n = 1, 2, 5) structures, each asymmetric unit contains
four independent copies of the ConA protein, whereas it
contains two ConA protein molecules for the ConA-RnM (n =
3, 4) crystals. The crystallographic data collection and
refinement statistics of all ConA-RnM (n = 1−5) are
summarized in Table 1.

3.2. Comparison of the Crystallographic Results of
ConA-R3M and ConA-R4M via Different Crystallization
Methods. Here the crystallographic results via two different
methods (liquid−liquid diffusion and vapor diffusion) are
compared. In our previous results, supramolecular crystals of
ConA-RnM (n = 3, 4) were constructed through the molecular
recognition between lectin and sugar (mannose) and the π−π
stacking of RhB between the ligands in neighboring proteins
from liquid−liquid diffusion.10 As shown in Figure 3a, it is quite
clear that in our previous ConA-R3M crystal the ligand R3M
induced a porous protein framework in one layer whose solvent
fraction is up to 68.1%. The interactions between protein

Figure 2. Setup of all-atom molecular dynamics (MD) simulation
system. (a) Snapshot of the two ConA-RnM complexes immersed in
aqueous solution. (b) Process of the interaction between two
complexes in all-atom MD simulations.

Table 1. Parameters Determined by X-ray Diffraction Analysis of ConA-RnM (n = 1−5) via Hanging-Drop Vapor Diffusion

ConA-R1M ConA-R2M ConA-R3M ConA-R4M ConA-R5M

Data Collection
space group P21 21 21 P21 21 21 P2 21 21 P21 21 2 P21

unit cell
a, b, c 66.2, 118.8, 120.4 64.2, 119.9, 125.2 58.7, 61.9, 116.0 61.6, 116.1, 58.7 59.4, 64.1, 126.1
α, β, γ 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90 90, 93, 90

resolution (Å) 2.0 2.5 2.15 1.89 2.30
reflections 60995 34047 84005 34408 42348

Refinement
Rfactor 0.181 0.273 0.173 0.201 0.220
Rfree 0.240 0.371 0.201 0.260 0.284
r.m.s. bound length (Å) 0.018 0.013 0.019 0.018 0.014
r.m.s. bound angles (deg) 1.93 1.71 2.11 1.87 1.78
solvent fraction 48.2% 49.2% 39.1% 39.1% 60.7%
no. of protein copies 4 4 2 2 4
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molecules were very limited, suggesting that the supramolecular
interactions were the main driving force for crystallization, and
the supramolecular interaction sites are shown in zoom-in
image of Figure 3b (PDB code: 4P9W, redrawn from ref 9). In
this work (Figure 3c,d), the results of ConA-α-mannopyrano-
side binding sites, detailing how saccharide is bound to ConA
by hydrogen bonds and van der Waals interactions, are similar
to the previous supramolecular one10 and the examples
reported in literature.16 In the binding sites, the subsequent
triazlole ring moiety interacts with Tyr12 of ConA via a
hydrogen bond (2.7 Å, dashed line in zoom-in image Figure
3d), which indicates that the conformation of the chain from
mannose to triazole ring is relatively rigid. The RhB group at
the other end of the flexible triethylene glycol spacer dimerizes
with the neighboring RhB moiety, which is very similar to

supramolecular interactions of previous one (Figure 3b).
Different from the local region, the packing of ConA-R3M
complexes are quite different in the overall lattice of the crystals
prepared by the two methods (Figure 3a, c). ConA-R3M
crystals prepared from hanging-drop vapor diffusion induced
two interpenetrating frameworks, depicted by two shades of
magenta in Figure 3b, and the crystal belongs to P22121 space
group with unit cell parameters: a = 58.7 Å, b = 61.9 Å, c =
116.0 Å, α = β = γ = 90°; whereas the previous supramolecular
crystal belongs to P21 space group with unit cell parameters: a
= 84.0 Å, b = 116.0 Å, c = 84.1 Å, α = 90°, β = 95°, γ = 90°.
The packing frameworks of ConA-R3M and ConA-R4M via

liquid−liquid diffusion method are shown in Figure 3a and
Figure S6a, respectively. Interestingly, this interpenetrating
framework packing of new ConA-R3M (Figure 3c) is very

Figure 3. Packing structure of ConA-R3M crystal via (a) liquid−liquid diffusion method, with (b) close view of two R3Ms dimerizing to each other
(PDB code: 4P9W). (c) Packing structure of hanging-drop diffusion method and (d) zoom-in image of binding sites (PDB code: 5Z5P). Panels a
and b are adapted with permission from ref 10. Copyright 2014 Nature Publishing Group.

Figure 4. (a) Final snapshot of the packing of ConA-R3M in all-atom MD simulations, where the interaction energy between the benzene rings of
the two ligands is about −37.1 kJ/mol. (b) Alignment of the chains in ConA-R3M in all-atom MD simulations (cyan) to that from experimental
ConA-R3M crystal (magenta). (c) Final snapshot of the packing of ConA-R4M in all-atom MD simulations, where the interaction energy between
the benzene rings of the two ligands is about −33.3 kJ/mol.
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similar to the structure of ConA-R4M (Figure S6a) obtained
via supramolecular ways which has been reported in our
previous paper. The rapid crystallization of ConA-R3M by
liquid diffusion method, leads to the rapidly porous packing of
ConAs via the dimerization of R3M, while ConA-R3M crystals
prepared from vapor diffusion induce interpenetrating frame-
works. However, in the R4M case, whether in the liquid
diffusion method or in the vapor diffusion method, ConAs in
the ConA-R4M crystal are both closely packed via the
dimerization of R4M with the low solvent fraction 39.1%
(Figure S6a,c). Thus, in the comparison for both methods in
R4M case, they both resulted in interpenetrating frameworks.
Again, in the new crystal of ConA-R3M or ConA-R4M, the
two supramolecular interactions, that is, protein−ligand specific
binding between ConA-Man and the dimerization of RhB
played the important role (Figures 3d and S6b). In short,
although there is no obvious difference on the binding of R3M
to ConA observed between the two crystals, the two different
crystallization methods (liquid diffusion vs vapor diffusion),
could result in either interpenetrating or noninterpenetrating
frameworks (Figure 3a,c), which could be attributed to the
promotion of protein−protein interactions in the vapor
diffusion method.
3.3. All-Atom MD Simulation Results of ConA-R3M

and ConA-R4M. To obtain more physical insights into the
above experimental results, we applied all-atom MD simulations
to investigate the dimerization behavior of ConA-R3M. As
shown in Figure 4a, the mannose-ConA (sugar-lectin)
interactions and π−π stacking in the ConA-R3M system
were very stable, and two R3M molecules were packed due to
the dimerization of RhB (nearly parallel to each other). More
importantly, we found that not only the chain A of ConA-R3M
in MD simulation (color in cyan) was aligned pretty well to the
same chain from ConA-R3M crystal (color in magenta) but
also the other chain (i.e., chain C′) in MD simulation was
aligned well to that in the adjacent ConA (Figure 4b), which
indicates that the simulation methods used here can catch most

of the atomic/molecular details in the experiments. Then, we
checked the dimerization behaviors of ConA-R4M, and found
that the π−π stacking between two R4M molecules can also
occur, in agreement with the experimental results. However,
with the increase of length, the flexibility of the molecule
increased (see Figure S7), which has some negative impacts on
the packing. As a result, the π−π stacking of RhB part in the
case of ConA-R4M is not perfectly parallel, and there exists the
small angle between the benzene rings of the two R4M
molecules, leading to the weaker interaction energy between
the benzene rings of the two ligands compared to that in the
case of ConA-R3M (see the caption of Figure 4). On the basis
of above discussions, we can conclude that R3M may have
better dimerization capacity than R4M. This might be used to
explain the UV−vis results in the experiments. Dimerization of
RhB group in only ConA-R3M precipitates was characterized
by UV−vis spectra in Figure S8,27,28 whereas no distinct
characteristic peaks of RhB’s dimerization in other precipitates
from ConA-RnM. Obviously, the characteristics in UV−vis
spectra is in accordance with the MD simulation results, that is,
the ligand R3M has the best dimerization capacity than all the
other ligands.

3.4. Crystallographic Results from ConA-RnM (n = 1,
2, 5). To elucidate the contribution of the tether length of
RnM, in this work, we cocrystallized ConA with not only
ConA-R3M and ConA-R4M, but also ConA-RnM (n = 1, 2, 5)
by hanging-drop vapor diffusion. As mentioned, both ConA-
R3M and ConA-R4M structures were refined in about 2 Å
resolution, reveled well-defined electron density for R3M and
R4M (Figure 5a, b). The triazole ring of R3M or R4M interacts
with Tyr12 (shown in sticks in Figure 5a) of ConA via
hydrogen bond (2.7 and 2.8 Å, respectively) between N5 and O
atom of phenol group (dashed line in Figure 5a), stabilizing the
configuration from mannose to triazole ring. However, in the
binding pockets of R2M and R5M, only the mannose moieties
with triazole ring portions could be fitted well in the electron
density maps, and the distances between triazole ring and

Figure 5. Detailed conformation of the ligands (PDB codes in parentheses). Complete R3M (a) and R4M (b) structures were modeled in the 2fo−fc
electron density, while only mannose group of R1M (c) and mannose group with triazole of R2M (d) and R5M (e) were modeled in the 2fo−fc
electron density maps. The maps are contoured at 1.0 sigma level. This figure was prepared using PyMOL.
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Tyr12 of ConA are 3.8 Å in R2M and 3.2 Å in R5M (dashed
line in Figure 5d,e). As indicated by the long distances (3.8 and
3.2 Å), no stable interaction forms between triazole ring and
Tyr12 of ConA in the ConA-R2M and ConA-R5M structures
(Figure 5d,e), leading to the disordering of RhB “tails” in
ConA-R2M and ConA-R5M complexes. In the ConA-R1M
structure, only mannose moiety of R1M was fitted in density
maps of each of four binding sites of ConA (Figure 5c). All the
RhB groups at the other end of flexible ethylene glycol spacer
were disordered and not modeled in the structures of the
ConA-RnM (n = 1, 2, 5) complexes. One possible explanation
for these findings is that the linker length of ligands in 1, 2, and
5 repeating oligoethylene glycol units are not suitable for RhB’s
dimerization inducing protein frameworks.
3.5. All-Atom MD Simulation Results of ConA-RnM (n

= 1, 2, 5). To better answer the question why dimerization did
not occur in ConA-RnM (n = 1, 2, 5) systems, the all-atom MD
simulation was again employed. When the length (oligo-
ethylene glycol units) of RnM is short (n = 1 or 2), the side
chain of the proteins could prevent the approaching of the two
RnM molecules, thus the π−π stacking was not observed (see
Figure 6a,b). On the contrary, when the tether length was very
long, as aforementioned, the molecule became more flexible
(see Figure S7). Even though the two R5M molecules can
contact with each other closely, the π−π stacking was unstable
due to the thermal fluctuation of the long molecules. As a

result, the efficient dimerization in the case of R5M cannot be
observed either (see Figure 6c). In general, since the ligands
R1M, R2M, and R5M were not of suitable length, the
dimerization of the RhB moieties on neighboring ConA-RnM
complexes was excluded.

3.6. Protein−Protein Interactions in ConA-RnM (n = 1,
2, 5). ConA forms a tetramer of four identical ∼26 kDa
subunits at or above neutral pH; however, when the pH value
drops below 5.6, ConA dissociates into active dimers of ∼52
kDa. In this work, all the crystals were grown at pH 7.2; as
expected, ConA exists as tetramer in all the crystals. According
to the structural results of all the ConA-RnM (n = 1, 2, 5),
there are hydrogen bonds established by the interaction of
residues Tyr12, Asp78, Asn83, and Leu99 in ConA-R1M, and
Tyr77, Asp78, and Ser161 in ConA-R2M, and Ser61, Tyr77,
Asp78, and Ser161 in ConA-R5M (Figure 7; more details in
Table S1). Obviously, the interactions between neighboring
tetramers in ConA-RnM (n = 1, 2, 5) are more compact than
those in ConA-R3M or ConA-R4M. The crystallographic
packing structure (Figure 7) showed that the crystallization was
induced by protein−protein interactions rather than ligand−
ligand interactions (i.e., π−π stacking between the RhB) in the
cases of R1M, R2M, and R5M. The zoom-in images showing
the detailed interactions between neighboring tetramers within
the crystal lattice of all three ConA-RnM (n = 1, 2, 5)
complexes are depicted in Figure 7.

Figure 6. Final snapshots of the packing of (a) ConA-R1M, (b) ConA-R2M, and (c) ConA-R5M in all-atom MD simulations. Some hydrogen
bonds are established by the interaction of residues Thr15 and Ser204 (of neighboring ConA) in ConA-R1M and Thr15, Asp16, and Ser204 (of
neighboring ConA) in ConA-R2M, which prevent the approach of the two R1M or R2M molecules.

Figure 7. Protein−protein interactions observed in the crystal lattice of ConA-RnM (n = 1, 2, 5) (a) Three hydrogen bonds obtained in ConA-R1M
with space group P212121, (b) five hydrogen bonds obtained in ConA-R2M with space group P212121, and (c) two hydrogen bonds obtained in
ConA-R5M with space group P21. The zoom-in images show the contacts of crystal lattice for all three ConA-RnM (n = 1, 2, 5).
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4. CONCLUSION
In summary, we demonstrated different protein crystalline
frameworks of ConA-R3M crystals, either interpenetrating or
noninterpenetrating frameworks, which can be achieved by
different crystallization methods. Noninterpenetrating frame-
works formed in ConA-R3M crystal via liquid−liquid
crystallization, whereas the same protein (ConA) binding
with the same ligand (R3M) crystallized from hanging-drop
vapor diffusion method, arranged into two interpenetrating
frameworks. These observations suggested that variant packing
frameworks with ligands might be controlled by different
crystallization methods. Furthermore, these results also
indicated that the different protein packing models were
controllable via slightly changes in the structure of the inducing
ligands, such as tiny differences in length of the spacer that links
mannose and RhB together. Only when the ligand RnM has a
the suitable spacer length (n = 3, 4) can the protein form
desired and stable crystalline frameworks. The completed
structures of other RnMs with shorter or longer spacer lengths
(n = 1, 2, 5) could not be observed in the crystals, which was
verified by all-atom MD simulations.
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