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In order to understand and imitate the more complex bio-process and fascinating functions in nature, protein self-
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assembly has been studied and attracts more and more interesting in recent years. The artificial protein self-assemblies

have been constructed with many strategies. However, design of complicated protein self-assemblies utilizing the special

profile of building blocks remains challenge. We herein report linear and 2D nanostructures constructed from V shape

SMAC protein and induced by metal coordination. Zigzag nanowires and wavy 2D nanostructures have been demonstrated

by AFM and TEM. The zigzag nanowires can translate to 2D nanostructure with excess metal ion, which reveals the step by

step assembling process. Fluorescence and UV/Vis spectra have also been performed to further study the mechanism and

process of self-assembling. Upon the protein nanostructure, fluorescence resonance energy transfer (FRET) could also be

detected using fluorescein modified proteins as building blocks. This article provides an approach for designing and

controlling self-assembled protein naostructures with distinctive topological mophology.

Introduction

In nature self-assembling proteins play key roles in biological
functions. They control widely biological events from signal
transduction, cell regulation to tissue formation. For example,
endocytosis, the process used for packing and transporting external
substances into cell, takes place with the help of clathrin coated
vesicle which is assembled by clathrin protein.1 As the cytoskeleton
and muscle composition, microfilament and myofibrils are formed
by self-assembling of actin protein.2 The histone proteins help large
amount of DNA co-assembling to form chromosome.? Therefore,
for understanding the wisdom of nature, protein self-assembling
and functionalization® have attracted lots of interests. As a more
versertile and sophisticate building block, protein has been
successfully arranged into 3D nanostructures by mediation of
protein-protein interaction,” disulfide bridges,6 covalent bond
linker,” electrostatic interactions® and guest-host interaction.’ By
using the computational method and designing protein-protein
interfaces, David Baker et al. described the design of cage-like
protein assemblies.™ Taking advantage of the guest-host
interaction between heme and cytochrome b562, 1D and 2D self-
assembled protein nanomaterials have been achieved by Takashi
Hayashi and coworkers,"' Induced by FGG tri-peptide tag and
cucurbit[8]Juril (CB[8]) guest-host interaction, our group also
reported the successful construction of enzyme nanowires.™

Recent years, the metal-mediated interaction has received much
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attention for construction of defined protein self-assemblies.
Taking advantages of convenient gene mutation, metal coordinate
sites could be designed on specific location on the surface of
protein building block, providing a strategy to control the
orientation of interaction between proteins. F. Akif Tezcan and
coworkers™ first reported the successful use of metal coordination
interaction™ to direct protein assembly. 2D array of protein
assembly were formed by designing the coordination motifs and
interface of cytochrome b562, revealing a flexible method to
control and modulate specific and complex protein assembly.15 Up
to now, metal coordination, as a stable, steerable and reversible
interaction, has been proved to be a promising force to contribute
to complex nanostructures.'®

Although metal-mediated interaction have been reported to
construct self-assembly, But utilizing the evolved V profile of
protein in the nature and the stable interaction to construct more
complicated 1D zigzag nanowires and corresponding 2D wavy
nanostructures which are further self-assembled from 1D zigzag
nanowires has been less reported. We know that the profile of
building block has great influence on the morphology of protein
assembly due to the “shape” could affect the growth orientation
and local topology. Therefore, more complicated structure can be
constructed with simpler computer simulation by making good use
of the profile. We here select the SMAC protein, comes from
mitochondrion of human beings and controls the cell apoptosis
process17 as building block. The complex zigzag, wavy structures can
be constructed by arranging the V profile protein head-on and side
by side simply, providing a way of constructing protein self-
assembles with complex morphology. In addtion, compaired with
other fluorescence resonance energy transfer (FRET) constructed
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Fig. 1 top view (a) and side view (b) of SMAC-Mutation5Stop (SM5S) structure, four highlight histidines on each monomer form two bis-histidine motifs: BH1 (H75, H79)
and BH2 (H137, H141). The direction of arrow shows the orientation of bis-histidine motifs bonding with Zn?". (c) shows the BH1-Zn-BH1 and BH2-Zn-BH2 centres when
two SM5S equipped with Zn?* at BH1 and BH2 site. (d) Different morphologies are obtained in different conditions. 1D nanowires were found when bis-histidine motifs
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are unsaturated with Zn**, blue arrow show the extending direction of nanowire benefiting from BH1-Zn-BH1 bond (process A); the bunch assemblies germinate due to
the nanowire attaching with each other through BH2-Zn-BH2 interaction, the direction of growing is shown in red arrow (process B); when bis-histidine motifs are

saturated with Zn?*, assemblies extended in both blue and red arrows directions to form 2D nanostructures (process D).

on nature protein assemblys, the resulting stable nanostructures
seem a novel artificial protein scaffold for building FRET system.
Herein we report a supramolecular system constructed by V profile
protein as building block and induced by metal coordination
interaction. The arch of SMAC protein is applied to construct zigzag
and wavy protein assemblies, two bis-histidine motifs are
accurately designed on each of SMAC monomer. Characterizied by
AFM, TEM and spectrum measurements, the morphologies and
forming process of the complex protein assemblies have been
studied. Furthermore, we modified a pair of donor and acceptor
chromophores onto distinguishing building blocks. The fluorescence
resonance energy transfer (FRET) on the artificial protein assembly
has been demonstrated successfully.

Results and discussion
Design, preparation and characterization of protein self-assembly

Following the approach that the profile of protein and well
designed interaction will affect the morphology of protein self-
assembly, we select SMAC, V shape protein, as our building block
for construction of wavy nanostructure, and well design stable
metal-mediated interaction to control the orientation and stabilize
the nanostructures. The SMAC protein, consist of three a helix in
each monomer, comes from mitochondrion of human beings and
plays an important role in the apoptosis process”, is C, symmetry
homodimer protein with 115° angle. Therefore, the complicated
zigag and wavy structures could been easily realized by arranging
the V profile protein head-on and side by side, demonstrating the
SMAC protein a suitable candidate for constructing wavy-like
protein nanostructures. Previously study of Tezcan and coworkers
has demonstrated a principle for designing coordination
components on protein surface.”® Taking advantage of computer
simulation, we design two bis-histidine motifs: bis-histidine motif 1
(BH1) H75, H79 and bis-histidine motif 2 (BH2) H137, H141 on each
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monomer. The four bis-histidine motifs (in one dimer) are arranged
in quadrilateral (Fig. 1a), this assures the protein assembly could
extend in two directions to form 2D structure when coordinate with
metal ions. Based on the arch profile of engineered SMAC protein
and the stable metal-mediated interaction, the novel zigzag and 2D
wavy-like nanostructure could be formed.

The protein with two bis-histidine motifs (SMAC-Mutation5-Stop) is
engineered via site-mutation. The preparation, purification and
characterization of SMAC-Mutation5-Stop (SM5S) and another
protein variation, SMAC-Mutation4-Stop (SM4S) protein are
reported in SI (Fig. S1). The final engineer protein, SM5S was
characterized by Matrix-Assisted Laser Desorption lonization Time
of Flight Mass Spectrometry (MALDI-TOF-MS, Fig. S2): 20689.938 Da
compared with the wild type SMAC: 20429Da, confirming the
successful preparation of two variations. The circular dichroism
spectrum is carried on to detect CD signals at neutral pH (Fig. S3).
Data show no difference between three proteins, revealing that
SM5S and SM4S maintain the same structure. The morphology of
SMAC: V shape, with 13 nm in width, 6.5 nm in height and 3.5 nm in
thickness from the crystal structure of wild type SMAC, which is
shown in Fig. 1ab.”’

To prove the formation of protein self-assembly and understand the
significant role of Zn*", we use dynamic light scattering (DLS) to
analyze the size distribution of protein assemblies. After incubation
overnight at neutral pH with different concentrations of Zn*", the
size-intensity curve of SM5S sample without Zn*" show only one
peak at about 10 nm, corresponding to hydration radius of
dissociative dimer. In contrast, the distribution of sample with 20
equivalent n* obviously move toward larger size, and larger
protein aggregates (above 1000nm) are found with 50, 100
equivalent n* (Fig. S4b). the DLS results demonstrate that the
metal/protein ratio plays a vital role in the assembly. Future study is
performed to understand the effects of reaction time on the size of
assemblies. At the beginning, protein disperse in solution as

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 Zn® induced self-assembly of SM5S detected by AFM with low
metal/protein ratio. (a) The height of simulative assembly in PyMOL software is
corresponding to the width of SM5S, 3.5nm. (b) AFM result when 20 equivalent
Zn** was added into SM5S and dissociated nanowires were observed.

dissociative dimmer, after 1h, peak in intensity curve move toward
24nm, and the size of protein aggregation is enhanced
inconspicuously in future time (Fig. S4c). Therefore, the size of
protein self-assembly mainly depends on metal/protein ratio.
Interestingly, the large aggregate disappear after adding chelator
EDTA into the solution, revealing that the protein aggregates can
self-assemble and disassemble reversibly through
coordination (Fig. S4a).

After characterization of size distribution by DLS measurements, the
morphology of metal induced protein assemblies have been studied
by atomic force microscopy (AFM). The dissociative (Fig. 2), bundled
zigzag nanowires, and 2D nanostructures with single, multiple
layers (Fig. 3) are shown in AFM images. Notably, the height of
dissociative zigzag nanowire in AFM images is 3.1 nm which is same
as the thickness of single protein SM5S (3.5 nm), while the height of
bundled zigzag nanowires and 2D wavy structure is about 4.3-6.6
nm, corresponding to the height of protein 6.5 nm. We assume that
the SM5S building blocks in the dissociative nanowires may flat on
the silicon wafer (Fig. 2a), while the protein in bundled zigzag
nanowires and 2D wavy nanostructures stand on the silicon wafer
(Fig. 3a). In addition, these nanowires prefer to attach with each
other on identical plane rather than aggregate stochastically
indicating there is special interaction in the perpendicular
orientation. At high metal/protein ratio (metal:protein is 50),
protein self-assemblies are observed by high resolution
transmission electron microscope (TEM). Zoomed TEM images
show the structural details and the “monomer” SM5S can also be
found clearly in both 2D nanostructures. When protein
concentration is low (1uM), bundle of nanowires are close-packed
in the same plane (Fig. 4a, b). The width of each nanowire is about
3.1nm, which corresponding to the thickness of SM5S (3.5 nm).
While the concentration of protein is 10uM, 2D wavy array is
formed through two directions-extending of SM5S building blocks

metal

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 AFM images of Zn* induced 2D protein nanostructures with high
metal/protein ratio. (a) The height of simulative assembly in PyMOL software is
corresponding to the height of SM5S, 6.5nm. (b) Increasing the metal/protein
ratio to 40:1, linear zigzag assemblies further aggregate into 2D bundle nanowires.
(c) With excess Zn** (50 eq.), large 2D-wavy single and multiple layers protein
assemblies were found. Concentration of SM5S in (b) is 1uM while concentration
in (c) is 10uM.

induced by coordination interaction (Fig. 4c). Therefore, depending
on AFM and TEM results, we suppose that 2D nanostructures /
array are formed by close-packing of dissociative nanowires and
protein building blocks self-assemble in two directions respectively.
Understanding the process of self-assembling

To understand processes of protein assembly, we first focus on the
two bis-histidine motifs engineered protein. With the help of two
Zn®* coordination sites, it should be possible to form protein
assemblies in proper orientation. There are mainly three modalities
to form Zn2+-bonding-histidine4 centre between different proteins
based on the spatial resistance: 1) BH2 from one and BH2 from
another; 2) BH1 from one protein and BH1 from another; 3) BH1
from one and BH2 from another. Considering that protein would
form a huge helix self-assemble in the third way, the CD
measurement is performed (Fig. S3b). But the signal which could
prove the existence of helix structure is not found, revealing that it
is difficult to form BH1-Zn-BH2. Thus, the protein assembly is
possibly induced by BH1-Zn-BH1 and BH2-Zn-BH2 bond.

J. Name., 2013, 00, 1-3 | 3
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Fig. 4 TEM images of protein assemblies when Zn*/protein ratio is 50. Structures
shown in (a) and (b) are consist of several strands of nanowires. The width of
each strand is about 3.0 nm. (b) Monomer (SM5S) of nanowire was observed
clearly in (b), indicating that SM5S may first form linear assemblies through BH1-
Zn-BH1 centre and aggregate through BH2-Zn-BH2. Figure (c) demonstrates the
detail of 2D arrays, protein could extend in two directions and wavy structure is
clearly observed. Figure (d) shows the cartoon image illustrating two formation
modes of 2D nanostructures. Each of scale bars is 10nm.

Then, the protein assembly system is analyzed by fluorescence and
UV/Vis titration to further study the assembling process. We note
that SM5S has the intrinsic fluorescence due to the existence of Trp
residues. Taking advantage of Trp 78 residue next to the BH1,
Fluorescence titration of SM5S can be employed to discuss the

coordination and self-assembling mechanism." Excited at 278nm,

fluorescence signal is recorded from 300nm to 400nm at neutral pH.

Fig. 5 shows that adding n* quenches the fluorescence intensity of
SM5S (mutation site: D75H, Q79H, L137H, E141H), while another
SMAC variant SM4S (mutation site: E76H, Q79H, L137H, E141H)
quenches less (Fig. 5c, d). This indicates that quenching of
fluorescence only depends on the interaction between Zn®* and
BH1 motif. We assume that interaction between Zn>* and bis-
histidine motifs may induce the combination of SM5S protein at
BH1, forming a pair of Trp 78 residues with 1.3 nm distance (Fig. 5a,
b). The Zn** between the Trp pair changes the microenvironment of
Trp residue, resulting in quenching of fluorescent signal. In contract,
fluorescence titration of SM4S quenches slightly, possibly due to
longer distance between Trp residue pair and Zn®* or the different
binding modality. Thus, all fluorescence measurements reveal that
SM5S prefers to connect with each other through BH1-Zn-BH1
centre.

UV/Vis titration results (Fig. 6) show an increasing UV absorbance of
SM5S with higher Zn>* concentration. We found that the increased
rate of absorbance at 275nm changes obviously when
metal/protein ratio is about 40 (Fig. 6b), this finding indicates that
there are two stages of aggregation when Zn®* induces the protein
to form assemblies. Zn" tends to bond BH1 motifs of two SM5S first
to form BH1-Zn-BH1 centre and then to form BH2-Zn-BH2 centre.

4| J. Name., 2012, 00, 1-3
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Fig. 5 (a-b) views of BH1-Zn-BH1 centre, highlight residues are two BH1 sites
(yellow). The distance between two Trp residues (red) is about 1.3 nm. Zn*" in the
centre which changes the microenvironment of Trp residues results in
fluorescence quenching of Trp. Fluorescence titration of SM5S (c) and SM4S (d)
are performed by adding Zn*, fluorescence intensity of SM5S drops obviously

with increasing Zn**, while the signal of SM4S hardly drops.

Based on all the results, we suppose there are two assembling
pathway emerging in our protein assembly system and depended
by the saturation of bis-histidine motifs, when bis-histidine motifs
are unsaturated, n* prefer to binds BH1 motif, proteins first
assemble into linear zigzag nanowires through BH1-Zn-BH1. With
excess Zn2+, the nanowires then attach each other through BH2-Zn-
BH2 to form bundling nanowires. This step by step process is also
proved by AFM and TEM; While bis-histidine motifs are saturated
and protein concentration is high, protein can extend in two
directions (along to BH1 and BH2 motifs) to form 2D nanostructures,
which is also observed by AFM. Due to the V profile of building
blocks, the 2D structures prefer a wavy rather than plane
morphology. The complicated protein assemblies have also been
verified by TEM. (Fig. 4)

Stability of protein assembly

Because the protein assembly is induced by metal coordination
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Fig. 6 (a) UV/Vis titration spectra of SM5S employed with increasing Zn**. The UV
absorbance rises with adding more Zn*". (b) The curve which UV absorbance
intensity at 275nm to different an*/protein ratio, shows a clear turn when
n?*/protein is above 40. The different slop reveals different bonding and

aggregation modes®.
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interaction at multiple sites, the final compact 2D nanostructures
may stabilize protein monomers. We expected that the protein
assembly would be more tolerant of high temperature and
denaturing agent. Thus, the CD measurements with increasing
concentrations of denaturing agent (guanidine hydrochloride) are
employed with both SM5S protein and the protein assembly
induced by metal coordination to investigate the stability of
supramolecular assemblies. Incubating in guanidine hydrochloride
at objective concentration for 10 min, CD of SM5S protein (5uM) is
recorded. Fig. S12 shows that the ratio of CD signal in 208nm and
222nm begins to raise fast, which demonstrates that a helix of
SMS5S protein starts to unfold. While 222nm/208nm raises slowly
when adding denaturing agent into the metal induced protein
assembly system, revealing that the protein in self-assembling
system could be harder to unfold compared with monomer protein
in the same concentration of denaturing agent. The metal induced
assemblies are more stable than protein monomer until the
concentration of guanidine hydrochloride reaches to 2M.
Meanwhile, the thermal stability of protein nanostructure is also
analysed by circular dichroism tests. CD spectra of SM5S and
protein assembly are recorded each 5 degree from 30 to 95 degree.
The folded-denature curves show that Tm has raised from 65 to 85
degree, revealing improvement of thermal stability (Fig. S13). These
results demonstrate that assembling through metal coordination
increase the stability of the system, also makes this system a
potential candidate for biomaterial. The stability may benefit from
limition of protein unfolding which result from metal tidily
combining between protein monomers. Notably, this phenomenon
provides an approach of further applications on biomaterial without
the limitation of unstability.

FRET of protein assembly

Light harvesting system plays a vital role in nature due to the ability
of conversion from light to chemical substance.” Energy transfer,
which is one important process in light harvesting system, is
realized through Fluorescence resonance energy transfer (FRET)
event between chromophores with fine arrangement. To imitate
the arrays of regularly chromophores, Matthew B. Francis and
coworkers first successfully construct a series of outstanding light
harvesting using modified nature protein assembly as scaffold.”
The highly ordered protein self-assembly could hang chromophores
for optimal energy transfer and prevent contact quenching in the
meantime. Therefore, protein assembly would be an appropriate
scaffold for construction of FRET system.

The highly ordered arrangement and stability makes our artificial
protein self-assembly an ideal scaffold for construction of light
harvesting system. Thus, we construct two kinds of protein building
blocks by connecting amino-reactive chromophore-isothiocyanate
(donor and acceptor) to SM5S protein. After Induced by metal-
mediated interaction, chromophore-modified protein self-assembly
could be formed, on account of the close space between
chromophore-modified proteins, fluorescence resonance energy
transfer (FRET) could be realized. It is worth noting that we use
“modified then assembling” rather than “assembling then
modified” schema on the artificial assembly because we could
accurately control the chromophore ratio for characterization of
our FRET system, even though this schema would affect the

This journal is © The Royal Society of Chemistry 20xx
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Fig. 7 (a) Schema of constructing FRET system: donor (FITC) and acceptor
(rhodamine B) are first linked to SM5S, and protein self-assemblies are then
induced by metal coordination. (b) MALDI-TOF results of SM5S, SM5S-FITC (SF)
and SM5S-rhodamine B (SRB) reveal that two chromophores have been modified
onto proteins. (c) Emission (solid line) and excitation (dash line) spectra of SF
protein (orange) and SRB protein (red). Obvious overlap between the excitation of
SRB and emission of SF could be observed. (d) TEM images of the SM5S-zn**
protein assembly and (e) Modified-SM5S-Zn** assembly in FRET system. The
morphologies of both assemblies are similar. The scale bars are 50 nm.

assembly efficiency of building block and the final energy transfer
efficiency between donor and acceptor.

We herein select FITC as the donor and rhodamine B as the
acceptor since the appropriate degree of the overlap between
emission of FITC (maximum absorption at 497nm, maximum
emission at 510 nm) and absorption of rhodamine B (maximum
absorption at 554nm and emission at 584 nm), which allow FRET
easier to occur from donor to acceptor, (shown in Fig. S7). FITC and
rhodamine B are modified to proteins at pH=9.0 for 8h by mild
reactions.”® The modified two proteins SF (SM5S-FITC), SRB (SM5S-
rhodamine B) were confirmed by Matrix-Assisted Laser Desorption
lonization Time of Flight Mass Spectrometry (Fig. S8, S9), revealing
that we have obtained the two kinds of chromophore-modified
proteins. Mixing SF with SRB protein at different ratios and
ascertained by the excitation spectra (Fig. S10), chromophore-
modified protein self-assemblies are prepared by metal-mediated
interaction. Characterizied by TEM, the resulting protein assemblies
are shown that they have the similar morphology (Fig. 7e) as the 2D
nanostructure we have obtained before (Fig. 7d).

To estimate the Forster radius of two chromophores in the FRET
system we constructed, the fluorescence quantum vyield of
chromophore modified protein (SF and SRB) was determined by the
method reported by Williams et al. 2 (Fig. S10). The spectral overlap
integral was first calculated using the following equation:zs

JA) = /;;FD(;.)eA(;.);.“d;.
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where A is the wavelength (nm), €A is the unity absorptivity of the
acceptor at that wavelength (M-1 cm-1) and FD is the emission
spectrum of donor normalized on the wavelength scale as followed

1= /;;FD(;.)d;.

The overlap integral for transfer between FITC and rhodamine B,
two FITC molecules and two rhodamine B molecules were
calculated to be 4.7Ox1015, 1.92x10" and 4.04x10” M*cm™*nm*
respectively (Table 1).

Assuming a value of 2/3 for the orientation value K%, an aqueous
refractive index of n = 1.33, and considering the unit overlap
integral J described above, the Forster radius (Ry), the theoretical
donor-acceptor distance at 50% energy transfer efficiency, was
calculated using the following equation:26

Ry = 0.211(k%n~%QpJ(A))/4(in A)

where Qp is the quantum yield of the donor. Therefore, the Forster
radius was found to be 5.3 nm for transfer between the FITC and
rhodamine B molecules.

The donor-acceptor distance (r) was thus estimated to be 4.5 nm by
structural model in software Pymol. We finally get the efficiency of
energy transfer (E) using the following ee|uation:26

T RS 418

The high efficiency of energy transfer between the FITC and
rhodamine B chromophores is 72%

For detecting the FRET event from FITC to rhodamine B, the
emission spectra of SF-SRB system are detected”’ before (Fig. S11)
and after self-assembling induced by metal-mediated interaction
(Fig. 8). In order to affirm the quenching of FITC caused by
rhodamine B, increasing SRB protein and invariant SF protein are
mixed and self-assembled through metal coordination, the emission
of donor FITC conspicuously decrease and the emission of acceptor
increase. Meanwhile, the emission of acceptor also could enhance
when adding donor in system and assembling. All results reveal that
FRET do occur in this system: the energy transform from donor to
acceptor resulting in the quenching of donor emission and
enhancing of acceptor emission. It also demonstrates that the novel
protein nanostructure we designed is a promising artificial scaffold
for construction of FRET system.

E

Conclusion

We herein report the successful construction of complicated zigzag
and 2D-wavy protein self-assembling system utlizing V profile of

6 | J. Name., 2012, 00, 1-3

Fig. 8 Normalized Emission spectra of FRET system constructed by using SF and
SRB proteins as building blocks. (a) Emission of SRB raise with addition SF into
system (normalized at 570nm of acceptor excitation), confirming that FRET
event take place. (b) Increasing amounts of the acceptor results in an obvious
quenching of donor and increasing of acceptor emission duo to the FRET event.
(c, d) the resulting acceptor emission spectra obtained by removing the FITC
emission peak from (a) and (b), showing a raising emission of acceptor.

protein building block and coordination interaction. Zigzag
nanowires, 2D wavy nanostructures are obtained at different
metal/protein ratio. The protein self-assemblies have been studied
by DLS, AFM, TEM, fluorescent and UV/Vis spectra in order to
understand the process of self-assembling and morphology of
protein self-assemblies. The complex 2D wavy nanostructures
benefit from V profile of building block and designed metal
coordination interaction, demonstrating an approach on
construction of complicated protein nanostructure. Upon the
stability of protein assembly compared with dissociative protein
monomer, the FRET system has been successfully realized using the
artificial protein self-assembly as scaffold, This shows the novel
designed protein assembly a promising frame for light harvesting

system, we anticipate its further applications in biomaterials.

Experimental procedures

Construction and expression of SMAC variants SMAC-Mutation4-
stop & SMAC-Mutation5-stop

Depending on the computer simulation, the bis-histidine motifs are
designed on the surface of protein, the protein crystal structure was
viewed in property distance and orientation in software PyMol. Two
variants are obtained through four point mutations, primers used
for point mutation is shown in tableS1. The final DNA sequence is
confirmed by genetic sequencing before expression. Three kinds of
protein are expressed in Escherichia Coli strain BL21(ED3),
incubating in 5ml LB liquid medium including Kanamycin (100
ug/mL) overnight, cells are inoculated into 500ml LB liquid medium
containing kanamycin (100ug/mL) until OD600 is about 0.1 and
incubated till OD600 is about 0.6-0.8. Then IPTG was added to the
final concentration of 1ImM and the cells were incubated for 4
hours. Collected by centrifugation, cells were ultrasonicated and
remove sediment by centrifugation, the soluble fraction is purified
over anion-exchange chromatography (DEAE) and further
purification was performed on G75 and G25 to remove nucleinic
acid and salt.

DLS measurement

This journal is © The Royal Society of Chemistry 20xx
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DLS was performed to study protein self-assembly process. SM5S
was dissolved in TBS buffer (10mM Tris, pH8.5), the final
concentration is about 1uM, samples were made with addition of
different Zn®* concentration (OuM, 20uM, 40uM, 50uM, 100uM)
and incubated overnight prior to DLS measurement (Fig. S4a). The
influence of assembling time on the size of protein self-assemblies
was also studied by DLS. Dissolved in TBS and adding 20eq. Zn2+, the
DLS signal of sample was recorded during 4 hours.

AFM imaging

Protein assemblies were made by dissolving SM5S in Tris-HCI buffer
pH=8.5 15mM (TBS) followed by adding Zn*" and incubating
overnight. All the sample were prepared by dropping 10pl solution
on silicon slice which have been hydroxylated and adsorb for 10
min, then wash the silicon slice three times using water, air dried
before employing on AFM. During the AFM imaging, taping mode is
used with 0.8Hz scan speed.

TEM characterization

TEM imaging was used to study morphology of protein self-
assemblies. The sample was prepared by placing a drop of the
samples on a 300-mesh, carbon-coated copper grid for 10 min, after
negative stained by 4% Sodium phosphotungstate for 40s, samples
were dried in air before measurement. The observation was
performed with a JEOL1011 transmission electron microscope
operating with an acceleration voltage of 200 kV.

Spectroscopy measurements

Fluorescence and UV/Vis titrations were performed as follows.
SM5S and SM4S were dissolved in TBS with final concentration of
1um, 1pl of 10mM Zn** was added in 1ml sample each time. Then
the system was incubated for 2 min before recording fluorescence
signal. Excited is at 278nm, both slit widths are 10nm, and
fluorescence signal is recorded from 300nm to 400nm at pH8.5
(10mM  Tris-HCI buffer). Similarly, UV/Vis spectrum was also
performed under the same conditions and UV results were
recorded from 190nm to 350nm. To detect the changes on second
structure and stability in high temperature or organic solvent, CD
measurements were employed. All the samples contain 20mM TBS,
200mM NaCl and protein with different concentrations. For
studying the thermostability, CD signal were recorded from 190nm
to 260nm where contain the information of second structure. Large
range CD was also performed to detect the CD signal of protein
assemblies.
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