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ABSTRACT: Protein self-assembly into exquisite, com-
plex, yet highly ordered architectures represents the
supreme wisdom of nature. However, precise manipulation
of protein self-assembly behavior in vitro is a great
challenge. Here we report that by taking advantage of the
cooperation of metal-ion-chelating interactions and non-
specific protein—protein interactions, we achieved accurate
control of the orientation of proteins and their self-
assembly into protein nanorings. As a building block, we
utilized the C,-symmetric protein sjGST-2His, a variant of
glutathione S-transferase from Schistosoma japonicum
having two properly oriented His metal-chelating sites
on the surface. Through synergic metal-coordination and
non-covalent interactions, sjGST-2His self-assembled in a
fixed bending manner to form highly ordered protein
nanorings. The diameters of the nanorings can be
regulated by tuning the strength of the non-covalent
interaction network between sjGST-2His interfaces
through variation of the ionic strength of the solution.
This work provides a de novo design strategy that can be
applied in the construction of novel protein super-
structures.

P roteins are nature’s most sophisticated building blocks for
constructing cellular machines and performing myriad
functions because of their inherent nature of spatial and
functional diversity. Following the wisdom of nature, to
fabricate protein self-assemblies with dominant advantages
such as biocompatibility, biodegradability, structural durability,
and functional versatility represents a significant area of
research. However, it is a challenge to control the self-assembly
behavior of proteins because of the complicated, heterogeneous
protein surfaces, which can interact with each other in
unpredictable ways. Some typical interactions, such as coiled-
coil interactions,’ metal-mediated interactions,” host—guest
interactions,” chemical cross-links,* hydrophobic interactions,
sulfide bonds,® electrostatic interactions,” and genetic fusion of
self-associating protein domains,® have been adopted in the
fabrication of protein self-assemblies. In recent years, a new
approach for the construction of accurately controlled protein
self-assemblies through computational modeling of the weak
non-covalent interactions on extensive protein surfaces has
been developed.” The former strategies usually do not
incorporate nonspecific protein—protein interactions as a
design element, whereas latter strategy requires tremendous
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effort to model multi-non-specific protein—protein interactions
on protein surfaces. Inspired by these efforts, here we report a
de novo design strategy that combines the above two design
concepts to exert accurate control of protein self-assembly
behavior and guide their “growth” into highly ordered protein
nanorings.

To construct self-assembled protein nanorings, we chose
glutathione S-transferase (GST) as the building block. GST
from Schistosoma japonicum (sjGST) is a natural homodimer
that is very stable and class-specific, with the two subunits non-
covalently bonded to each other and related by a twofold axis
(C, symmetry)."® This existing symmetry provides the
feasibility of constructing extended protein nanostructures.
We previously proved that sjGST variants with a His tag or an
FGG tag attached to the N-terminus can act as good building
blocks for the construction of one-dimensional (1D) protein
nanowires.'"'> Although those studies showed the successful
assembly of sjGSTs into relatively simple 1D nanostructures,
the design of novel, highly ordered architectures remains a great
challenge.

We endeavored to exert accurate control of the sjGST self-
assembly behavior to guide their growth in a fixed bending
direction, leading finally to nanorings. To fulfill this purpose, we
chose metal coordination, highlighted with the property of
directionality, as our driving force. We noticed that the special
C, symmetry of sjGST and the relative location of binding sites
are key spatial geometrical elements that define the final
assembled structure. According to previous work,""'? when
binding sites are located on the C, axis, sjGST variants readily
assemble into protein nanowires. We wondered whether we
could design two chelating sites located on the “shoulders” of
the variants to form a big “V” shape from the side view,
perpendicular to the C, axis of the dimers; this special relative
orientation of the two metal chelating sites should favor the
formation of protein nanorings.

The design of the chelating sites was challenging. The sjGST
derivative should feature three key elements: (1) The chelating
sites should protrude from the sjGST surface. sjGST is a
relatively complicated protein with a rough surface, so the
chelating sites should not be buried in the crevices on the
surfaces to coordinate with metal ions, and the interfaces where
chelating sites are located should be complementary to form
stable self-assemblies (Figure Sla in the Supporting Informa-
tion). (2) The relative spatial location of the chelating sites
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must feature a proper orientation to form a “V” shape. (3) The
distance between two His sites should be appropriate to form a
bishistidine (bis-His) clamp. After carefully investigating the
protein surface, we found that position 137 satisfies these
conditions. Mutation of Cys137, which is just abreast with the
endogenous His138, into a His residue would form a perfect
bis-His metal-binding site, and the resulting variant dimer
should satisfy the above three requirements (Figure S1b) and
feature the possible trend to assemble into nanorings (Figure
S1c). However, because proteins are such complicated building
blocks with soft surfaces and sophisticated 3D structures, the
proper orientation of the chelating sites alone may not be
enough to exert accurate control over the self-assembly modes
of sjGST-2His dimers. We tried to find a synergic interaction to
cooperate with metal—protein coordination to exert accurate
control of the protein self-assembly. In this situation, the non-
covalent protein—protein interactions that play a pivotal role"
in the determination of the assembly behavior of proteins were
studied to obtain a full understanding of the assembly details
and an accurate prediction of the final structure.

To investigate the non-covalent protein—protein interactions
between the sjGST variants’ surfaces, we performed calcu-
lations on all of the possible low-energy docking models of two
sjGST variants. Among all the possible docking patterns, we
found our chelating sites to be located on the interfaces under
the magenta—green mode (Figure S2). The metal-coordination
forces made this docking model “defeat” other possible docking
models to be “specific” in this metal-coordination system. The
relative location of two dimers under this mode should decide
the assembly details. In our investigation, this mode was
stabilized by a non-covalent interactions network consisting
mainly of an electrostatic forces network (Asp120, Glul27,
Lys130, Glul33, Asp134, and Arg41) and one hydrogen bond
(Arg41, Ser123); the main residues are labeled in Figure 1. The
investigation of nonspecific protein—protein interactions
enriched our design of protein nanorings by bringing the 3D
structures of sjGST-2His into our sight and provided the
relative location of the two bis-His binding sites.

Given the spatial information concerning the two metal
coordinating sites, we chose Ni*" as the chelating metal ion
because its stereochemical preference in solvent at low
concentration'* exhibited a perfect match with the relative
locations of the two bis-His clamps in this special magenta—
green mode (Figure 1). Ni**, which has been widely applied in
Ni-NTA columns, has a high binding affinity for bis-His
chelating sites and exhibits rapid ligand exchange, allowing our
target nanoring to outcompete other kinetically formed
structures. The nanoring formation process is illustrated in
Figure 1. Driven by metal coordination, the proteins are bound
together, and the interfaces are allowed to be “pulled” tightly by
non-covalent interactions to form the most stable structure
under thermodynamic control. Along with the growth of
protein aggregates, the assembly started to exhibit a bending
trend and eventually grow into a nanoring.

Four rounds of site-directed mutagenesis were carried out:
besides mutating Cys137 into His to form the bis-His metal-
chelating sites, the three Cys residues at positions 84, 168, and
177 were mutated into Ser to avoid unspecific metal
coordination at neutral pH. The purity and verification of the
mutations of the resulting sjGST variant, sjGST-2His, were
characterized by SDS-PAGE (Figure S3) and MALDI-TOF
mass spectrometry (Figure S4).

sjGST-2His Dimer

Figure 1. Schematic representation of the formation of protein
nanorings through Ni**—His coordination.

Dynamic light scattering (DLS) measurements gave a
preliminary characterization of the formation of sjGST-2His
aggregates upon Ni** addition (Figure S5). The trend of
increasing hydrodynamic radius with the addition of Ni**
suggested that Ni—His coordination can force sjGST-2His to
assemble into aggregates. Circular dichroism (CD) was utilized
to evaluate the effect of the introduction of chelating sites
(Figure S6) and addition of Ni** (Figure S7) on the secondary
structure of wild-type sjGST. No significant transition of the
secondary structure was observed in the CD spectra, suggesting
that the mutation of sjGST and the formation of protein self-
assemblies did not disarrange the secondary structure of sjGST.
In view of the fact that sjGST is a natural enzyme, the
construction of sjGST-2His self-assemblies also bears the
potential for building functional biomaterials.

Tapping-mode atomic force microscopy (AFM) was used to
investigate the morphology of the sjGST-2His self-assemblies
and provide a direct characterization of the “nanorings”. Freshly
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Figure 2. AFM characterization of protein nanorings. (a—c) AFM images of protein nanorings formed in pure water under Ni** coordination at a
Ni**/sjGST-2His ratio of 1:1. (d) Different stages of nanoring growth. (e—g) Following the curvature of the protein half-rings in (a—c), the “full
nanorings” with same growing tendency were utilized to evaluate the diameters of the nanorings. Overlap and twisting of two collided “growing arcs”
in (e) and (g) are indicated with arrows. (h) Height profile along the black line in (a).

prepared sjGST-2His was dissolved in pure water at a
concentration of 0.1 M, and 1 equiv of Ni** was added into
the solution. After the mixture was allowed to incubate
overnight at 4 °C, a 10 uL aliquot of the sample was deposited
onto freshly cleaved silicon wafer, incubated for 5 min, and
dried with nitrogen.

The AFM data clearly show the formation of highly ordered
protein nanorings and half-rings under different growing
periods (Figure 2a—c). Different periods of protein nanorings
were extracted out to elucidate that the formation of protein
nanorings proceeded by a bottom-up strategy (Figures 2d and
$8). Through following the curvature of the arcs in Figure 2a—c
we were able to obtain the final ring structure (Figure 2e—g).
We observed that all of the predicted nanorings had the same
diameter (367 + 10 nm), which means that if not disturbed, all
of the half-rings adopted an identical curvature and would grow
in the same way. However, when they collided with each other
in the process of growth, twisting and overlap of “growing arcs”
occurred (Figure 2e,g). This softness and flexibility suggested a
special property belonging to protein assemblies. The height of
the assemblies spread evenly, which is equal to the height of a
single dimer on the sample, was revealed to be 3.6 nm (Figure
2h). The kinetics of the bottom-up assembly process were also
monitored by DLS (Figure S9). The above results clearly
recapitulated the designed nanorings, which confirmed that our
combined consideration of the steric orientation of metal-
chelating sites and nonspecific protein—protein interactions can
give an accurate prediction of the final assemblies.

After the successful construction of protein nanorings in pure
water, we attempted to regulate the diameter of the nanorings.
According to the concept that sjGST-2His nanorings are a
synergic result of metal-coordination interactions and mainly
electrostatic non-covalent interactions, the regulation of the
non-covalent interactions could act as a good breakthrough
point. At high ijonic strength, the non-covalent interactions
between protein interfaces should be weakened, resulting in a
greater distance between sjGST-2His dimers and thus an

increased curvature of the assemblies, which may lead to the
formation of “small” rings (Figure S10). AFM data indeed
revealed that sjGST-2His assembled into small rings when
transferred to 20 mM Tris buffer (pH 7.0) with 30 mM NaCl
(Figure 3a—c). The diameters of the small rings were measured
to be 96 + S nm. The height of the assembly in buffer was
identical to that in pure water (Figure 3d).

Comparative analysis of the “big” and “small” rings indicated
that the big rings in water packed so densely that no single
dimers could be told apart and the borderline between

Figure 3. AFM characterization of small rings in 20 mM Tris (pH 7.0)
with 30 mM NaCl. (a, b) small rings formed in buffer with 30 mM
NaCl. (c) Enlarged 3D image of the single nanoring in the black box in
(b). (d) Height profile along the black line in (b).
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neighboring dimers was smooth. In contrast, for the small rings
in buffer, dimers were loosely bound with a rugged borderline,
and the junctions of the dimers could be seen (Figure S11).
This observation was consistent with our proposed mechanism
that altering the ionic strength would tune the non-covalent
interaction network, providing further control over the
assembly behavior of sjGST-2His. In fact, by altering the
ionic strength of the solution, a series of self-assembled protein
nanorings with different diameters were also obtained (Figure
S12). The diameters of the protein nanorings decreased with
the salt concentration, which ranged from 10 mM to 50 mM.
At higher salt concentrations (>S50 mM), sjGST-2His totally
assembled into small, irregular aggregates.

The formation of small rings and the regulation of the
protein nanoring diameter provides solid evidence that validates
our design of protein nanorings under the synergic action of
metal—protein coordination and nonspecific protein—protein
interactions.

A major hurdle to be overcome in exerting accurate control
over protein self-assemblies is that protein surfaces indeed
provide complicated ligands that can interact with each other
and always assemble in ways that are hard to predict."> Our
study provides a solution to this problem through the
cooperation of directional metal—protein coordination and
nonspecific protein—protein interactions, which enables accu-
rate control of protein self-assembly behavior. Thus, novel
highly ordered protein structures can be designed and
constructed through a bottom-up strategy. Our study
represents an important step toward the full control of proteins
and paves the way for the construction of more grand protein
superstructures with higher dimensions and more sophisticated
configurations.
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