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ABSTRACT: Polyelectrolyte multilayers have been vastly
utilized as an assembling platform for various biomaterials
because of their soft and charged surface characteristics,
analogous to biomembrane systems. In particular, polyelec-
trolyte chains with high self-diffusivity can effectively transfer
the surface mobility to the assembling biomolecular species,
facilitating the ordered self-assembly. Herein, highly diffusional
cationic polyelectrolyte chains of linear polyethylenimine are
employed to induce direct binding with negatively charged
bacterial surface layer proteins, which eventually lead to large-
scale two-dimensional crystals. Notably, at the elevated

S-layer proteins

¢de 0o
cs"‘
o £

e KT

ilaye

S-Layer Self-Assembly

incubation temperature, a transitory intermediate of one-dimensional chain structure is observed. We reveal that this one-
dimensional intermediate is a stable precursor toward two-dimensional crystal arrays.

B acterial surface layers (S-layers) form a compact crystalline
array as the outermost cell envelope of many variant
bacteria."* These crystalline arrays present various lattice
symmetries carrying nanoscaled periodicities. Purified S-layer
monomers assemble into two-dimensional crystals in the
presence of metal ions and their lattices present the same
periodicity and symmetry as the natural counterpart exhibits.
This self-assembly holds promise for use in many applications
such as providing a template for the formation of nano-
particles®® or nanowire® arrays and the creation of patterning.é’7
In particular, self-assemblies of S-layers on surfaces manifest
their subtle impact on the assembly processes, while exhibiting
multiple folding pathways and resultant morphologies.®”

It has been implicated that bacterial membranes have a
strong effect on the in vivo S-layer assembly and the
interactions occurring between S-layer proteins and underlying
membrane are directed by specific chemistry.l’w’11 Therefore,
revealing this process will enrich our basic understandings of S-
layer assembly and, thus, expand the scope of S-layer
engineering. However, the intrinsic heterogeneities and
complexities of the bacterial membrane have made it difficult
to discover its detailed roles and consequently, a reconstituted
substrate is necessary to create a well-controlled system for
investigating the S-layer assembly.'> Similar to biological
membranes, lipid bilayers provide a simple system with a
well-characterized surface chemistry and physics.® Also,
polyelectrolyte multilayer (PEM) films have been utilized for
the S-layer assembly because they allow for charge-selective
ordering characteristic of S-layers.">™'
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Here we introduced a weakly charged PEM pair consisting of
cationic linear polyethylenimine (LPEI) and anionic poly-
(acrylic acid) (PAA) in the S-layer assembly. In LPEI/PAA
PEM film, the LPEI species becomes interdiffusional in the
proper pH range due to the highly hydrated and hydrophilic
nature of the LPEI backbone.'”"® This interdiffusional behavior
of LPEI can be optimally adjusted under conditions where the
surface charge density is balanced with counterionic PAA."~**
In many assembly systems, the interdiffusion of LPEI imparts
an ideal condition of strong surface mobility and minimized
surface roughness (RMS roughness less than 1 nm) for the self-
assembly while retaining the stable electrostatic binding
between polyelectrolyte chains, which can eventually allow for
a large-scale self-assembly of molecules that adsorb on the
outermost surface of PEM. We envision that the lateral surface
mobility of PEM can be harnessed directly to the self-assembly
of S-layers.

Toward this goal, we focused on the surface mobility of PEM
films as a key factor to determine the ordering characteristics of
S-layers. We prepared LPEI/PAA PEM films at different pHs;
in this way, the different level of charge density of LPEI
develops accordingly, adjusting the interdiffusional behavior of
LPEL By modulating the lateral surface mobility of LPEI/PAA
PEM films, we demonstrate that the self-assembly of S-layer
proteins on the PEM films can be readily controlled with
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scalability, leading to crystalline two-dimensional (2D)
structures over a large scale. The surface mobility becomes
maximized further at elevated temperature. As a result, we
observed, for the first time, the emergence of a one-dimensional
(1ID) precursor prior to its subsequent growth into the 2D
lattice array. This unforeseen track can be attributed to the
preferential and directional growth of S-layers upon being
exposed to high surface mobility, which is only allowed at
elevated temperatures.

Figure 1 shows a schematic of the different phases of S-layer
assembly on LPEI/PAA PEM surface with varying surface
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Figure 1. Schematic of different types of S-layer self-assembly on PEM
films with varying surface mobilities.

mobilities. Purified from Lysinibacillus sphaericus (ATCC 4525,
MW = 132 kDa), the monomeric S-layer protein (SbpA) was
diluted in deionized water to the final concentration of 15 ug/
mL with 1 mM CaCl,; this divalent ion is required to initiate
the assembly process on the surface. The pH of the protein
solution was always adjusted to 5.2, which is above the
isoelectric point (pH = 4.2) of SbpA.>® In most cases, LPEI, a
positively charged polyelectrolyte, lies on the outermost surface
of a PEM film. The S-layer proteins with the opposite surface
charge can be adsorbed directly by the electrostatic attractive
interactions.

First, we investigated the effect of PEM surface conditions on
the self-assembly behaviors of SbpA. It was previously
determined that the relatively thick LPEI/PAA multilayer
films de}lnosited at pH 4.7-5.0 exhibit the highest surface
mobility.'”'® Therefore, as shown in Figure 2A, upon applying
this condition for the S-layer self-assembly at ambient
temperature, SbpA spontaneously crystallized to form highly
ordered patches on LPEI/PAA films due to their enhanced
surface mobility. Notably, the self-assembled structures were
developed to large-scaled patches of ~8 um diameter in size
without any noticeable defects. The canonical lattice structure
of the SbpA crystal was confirmed in Figure 2B. Figure 2C
shows a cross-sectional analysis of the S-layer assembled
structure, which appeared as a monolayer with a height of
around 8 nm.** By contrast, in other studies, the thickness of
the S-layer crystallized on PEM surface was observed to be
about 15 nm, implying the formation of bilayers."*~"*

In comparison to previous results, where S-layer assemblies
have been mainly conducted on a negatively charged top
surface of PEM, the notable advantage of the current method is
that the SbpA assembly in a large area can readily be obtained
on the positively charged surface of LPEIL As demonstrated in
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Figure 2. Phase-mode atomic force microscopic (AFM, Z-range =
30°) observation for different types of S-layer assembly at room
temperature with varying the surface condition of PEM films. The
nomenclature (LPEI/PAA m/n), is used to indicate a multilayer film
of LPEI/PAA pairs (x bilayer) deposited at pH m and n, respectively.
When x includes 0.5, LPEI is the final adsorbed layer and thus the
outermost surface of the multilayer. (A) Large-area two-dimensional
assembly of S-layers on (LPEI/PAA 4.7/4.7)y5. (LPEI top, scan size =
10 X 10 um?). (B) Magnified images of (A) exhibiting apparent square
lattice symmetry (p4) of S-layers (scan size = 1 X 0.6 um?). (C)
Cross-sectional analysis for white line in (A). (D) Small-area assembly
of S-layers on (LPEI/PAA 4.7/4.7);, (PAA top, scan size = 10 X 10
um?). Fewer bilayer numbers of 3.0 is employed for avoiding the
surface roughening of PAA-treated films with greater bilayer numbers.
(E) Localized array patches (marked as white arrows) of loosely
assembled S-layers on (PAH/PAA 7.5/3.5); 5 (scan size = 2 X 2 um?).

Figure 2D, although the crystals of SbpA were observed on the
negatively charged PAA surface, their morphologies were quite
different and the assembled size was small. To verify the role
that the surface mobility of LPEI plays in S-layer self-assembly,
we compared the crystallization process of S-layer proteins on
other types of a positively charged polyelectrolytes without self-
diffusivity. When the SbpA monomers were assembled on
poly(allylamine hydrochloride) (PAH)-treated surface of
(PAH/PAA 7.5/3.5); multilayers, the localized array patches
of S-layers without long-range order only formed as shown in
Figure 2E. Randomly formed patches of nonspecifically bound
S-layers are attributed to unfavorable surface properties of PAH
for the self-assembly, such as a lack in mobility, increased
surface roughness (RMS roughness ~ 2.5 nm) and greater
hydrophobicity due to the higher pK, of primary amines.'>'*
Next, we compared S-layer self-assembly on PEM surfaces
with the different mobilities. As has been verified from previous
work on viral self-assembly, the interdiffusion capability and the
surface mobility of LPEI species can be manipulated primarily
by adjusting the preparation pH of PEM films because the
degree of ionization of LPEI and its chain conformation are
accordingly varied.'® Therefore, the pH of each layer in a PEM
film ranges between 3.0 and 4.7, under which the surface
mobility of LPEI is dramatically changed, from almost frozen at
pH 3.0 to highly mobile at pH 4.7. Combined with this pH
variation, we employed an additional variable of incubation
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Figure 3. Effect of PEM deposition pH on the structures of S-layer self-assembly under an elevated temperature at 50 °C. Phase mode AFM images
captured under ambient temperature (Z-range = 30°). (A) Random adsorption of S-layer proteins on (LPEI/PAA 3.0/3.0) ;. (scan size = 1.5 X 1.§
um?) (B) Relatively small-area 2D and short-chained 1D assemblies of S-layers on (LPEI/PAA 4.0/4.0) 4 (scan size = 5 X 5 um?). Inset shows a
magnified height-mode AFM image of the irregularly stacked agglomeration of S-layers. (scan size = 500 X 500 nm? Z-range = 100 nm) (C)
Coexistence of large-area 2D and chained 1D assemblies on (LPEI/PAA 4.7/4.7)y (scan size = § X § um?).

temperature for the S-layer self-assembly. The lateral diffusion
of adsorbed S-layer monomers was tuned to their association at
the elevated temperature, which can consequently result in
different assembly behaviors compared to those under ambient
conditions.

Previous research has revealed that the SbpA crystal on the
negatively charged polyelectrolyte surface, such as poly(styrene
sulfonate) (PSS)," loses its crystallinity at 55 °C, whereas the
one on the secondary cell wall polymer maintains its lattice up
to 70 °C.2° However, neither cases provided any information
on the thermostability of intermediates during the SbpA
assembly. Although we found these S-layer crystals on the
positively charged LPEI surface retain their crystallinity up to
60 °C, the incubation was performed at 50 °C to avoid the
denaturation of SbgA monomers and intermediates toward the
SbpA crystal state.*® After the incubation for a given period of
time, the samples were immediately quenched to ambient
temperature and examined with AFM.

The influences of the surface mobility on the S-layer self-
assembly are presented in Figure 3. In each case, the S-layer
solution at pH 5.2 was applied to 120 nm thickness films of
LPEI/PAA PEM at 50 °C. On the LPEI-treated surface of
(LPEI/PAA 3.0/3.0),5, a number of S-layers were adsorbed
and arrested on the surface (Figure 3A). This observation
indicates that the assembly of the adsorbed proteins does not
proceed further due to either the increased charge density of
LPEI or the absence of the surface mobility. On the other hand,
in the case of two different PEM films, (LPEI/PAA 4.0/4.0),05
and (LPEI/PAA 4.7/4.7)ss, 1D structures of filaments were
observed as shown in Figure 3B,C. For the case of (LPEI/PAA
4.0/4.0) 05 relatively short length 1D chains and small 2D
assembled domains lacking order were formed. The thickness
of these structures, especially for 1D chains, varied from 5 to 30
nm. As revealed in the inset of Figure 3B, a short length 1D
structure seemed to be a random agglomerate of S-layer
monomers. In comparison, for the case of (LPEI/PAA 4.7/
4.7)95, 1D structures of hair-like chains were elongated with a
diameter of 4—5 nm. Simultaneously, large 2D crystalline
patches with exhibiting a constant height (~8 nm) were
observed, corresponding to the monolayer crystal (Figure 3C).
This apparent difference in the assembly morphologies
depending on PEM deposition pH is primarily attributed to
the degree of the surface mobility on the PEM films.

Notably, an important question arises here as to how the S-
layer monomers can be transformed into 1D and 2D assembled
structures concurrently. It has been recently reported that S-
layer assembly from the monomer to the ordered crystal can
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undergo multiple kinetic pathways.” In our case, the S-layer
self-assembly at room temperature leads to the final crystal state
without the 1D structure to reach the energetically favored 2D
crystalline array. However, for the case of assembly under an
elevated temperature, it can be reasoned that the 1D structure
emerges as an additional intermediate and its transformation
into the 2D crystal is subsequent to the associated
condensation, which is not allowed for the assembly at ambient
condition. Therefore, the 1D filament structure of S-layers is a
transitory phase toward the formation of a 2D crystalline array;
this phase exists only under the condition of enhanced surface
mobility.

To confirm that the 1D chain structure is an intermediate
toward the 2D crystal, the adsorption of SbpA monomers and
their assembly process at elevated temperature were inves-
tigated ex situ (Figure 4). The overall process is reminiscent of

Figure 4. Progressive growth of S-layer self-assembly from 1D
filaments to crystallized 2D patches under an elevated temperature of
50 °C (phase mode AFM images captured under ambient temper-
ature, scan size = S X § ym? Z-range = 30°). (A) After 30 min, S-layer
monomers were adsorbed. (B) After 2 h, S-layer monomers gradually
grew to 1D chain structures. (C) After S h, noncrystalline small-sized
2D patches formed. (D) After 12 h, monolayered 2D patches were
crystallized and grew larger with square lattice array (p4).
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the multistep pathway of SbpA assembly on lipid bilayers:
adsorbed proteins, an amorphous intermediate and its
transition to the tetramer lattice crystal.®>® Similarly, S-layer
monomers with a thickness of about 1-2 nm are randomly
adsorbed atop the LPEI surface (Figure 4A). The adsorbed
proteins develop 1D chain structures preferentially with a
thickness of 4—S nm during the following 2 h (Figure 4B). As
time further elapses (5 h), the adjacently grouped 1D chains
begin to assemble and form amorphous clusters. Their
thickness, 9—10 nm, is a little bit larger than that of the
crystalline monolayer (Figure 4C). Finally, 2D crystals with a
thickness of about 7—8 nm are formed on the surface (Figure
4D). The slightly reduced thickness of the crystal implies that
the structural rearrangement takes place during the transition to
the completely crystallized phase. Indeed, it should be noted
that the crystalline phase subsequently emerges from the
amorphous clusters on the surface rather than from the crystals
preformed in solution. Also, the crystal boundaries captured in
Figure 4D clearly show that 1D chains are consumed and
gradually grown into a 2D array structure. This observation
explains how the S-layer protein can assemble into an
intermediate 1D filament structure on the highly diffusive
surface at the elevated temperature.

In summary, we have studied S-layer self-assembly on
mobility-modulated polyelectrolyte multilayer films by employ-
ing self-diffusional polyelectrolyte chains of LPEIL This
tunability of the surface mobility exhibits a synergistic effect
on the S-layer assembly process at an elevated temperature. On
the optimized surface of the highly mobile PEM, the S-layer
assembly tracks a multistep pathway where the emergence of
the 1D structures and their condensation by themselves occur
prior to the crystal transformation. Although it is still
preliminary to generalize the S-layer crystallization in an in
vivo biological situation, our study suggests that the mobility
control of proteins can provide an additional route to
determine the assembly behavior.
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