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By using high-speed and high-resolution Atomic Force Microscopy
(AFM), it was possible to resolve within a single experiment the
kinetic pathway in S-layer self-assembly at the solid-liquid
interface, obtaining a model that accounts for the nucleation,
growth and structural rearrangements in 2D protein self assembly
across time (second to hours) and spatial scales (nm to microns).

Bacterial Surface Layers (S-layers) are two-dimensional
crystalline protein layers that make up the outer cell membrane
of many Gram-positive and Gram-negative bacteria and almost
all archaea.l2 S-layers are composed of individual proteins,
which self-assemble into regularly ordered lattices that can
have symmetries ranging from oblique (P1, P2) to square (P4)
to hexagonal (P3, P6), depending on the proteins of the
originating organism.3# The fact that S-layer proteins are the
most abundant molecules in their respective organisms, points
to a significant biological importance. Although no single
function is found to be applicable to all instances of S-layer
expressing organisms, structural integrity, permeability of the
cell envelope and cell adhesion have all been related to the
presence of S-layers.>

S-layer proteins can be purified and recrystallized into 2D
lattices ex vivo, which enables their use in a wide range of
applications. They are used as templates that drive the ordered
adhesion of nanoparticles,®® immobilization matrices for
functional biomolecules,®12 adsorption matrices for metal
ions1314 and even as coatings that inhibit the adhesion of cells.1>
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The self-assembly of S-layer proteins on solid surfaces follows a
non-classical multi- stage crystallization pathway (Figure 1).16
The actual crystallization of the individual proteins is preceded
by a distinct condensation step that generates amorphous
“globules”. Once formed, the crystalline S-layer is self-
catalyzing and subsequent growth happens through the direct
attachment of monomers. Furthermore, existing crystals never
disappear,!’ regardless of size, indicating that there is no bi-
directional exchange between the crystalline S-layers and the
SbpA protein (from Lysinibacillus sphaericus) monomers in
solution. For this reason, Classical Nucleation Theory (CNT)
cannot be applied here.18
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Figure 1 — S-layer self-assembly at the solid-liquid interface. (a) The
formation of S-layer self-assembly on mica goes through four
distinct steps: adsorption, condensation, relaxation and, finally,
growth. (b) In situ AFM image showing that ex vivo recrystallization
of S-layers on mica reproduces the native P4 symmetric structure.
The tetrameric structure of the S-layer unit cell is clearly visible in
the inset (FFT). Scale bars: 40 nm and 0.12 nm! for the AFM image
and the FFT image, respectively.
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The formation of stable ordered domains of S-layer proteins
(SbpA) on mica is especially interesting because it combines
three different dynamical processes. First, protein monomers
absorb to the solid-liquid interface, second, the absorbed
monomers undergo self-assembly, and finally, some of the self-
assembled S-layers undergo a conformational change from a
low conformation into a high conformation.16:19

The different time scales of each process make it challenging to
observe all the dynamic processes in one single experiment, i.e.
the adsorption of SbpA to the mica-liquid interface takes place
within minutes,® whereas the conformational change of the
fully formed S-layer crystals can take several hours.l® This
experimental challenge can be overcome by using the high
resolution and fast scanning speeds of a Dimension FastScan
AFM system (Bruker Inc), in combination with a continuous flow
through an in situ flow cell. The main advantage of the dynamic
flow setup is that the concentration of monomers remain
constant during the entire process, from seconds to hours.
Moreover, the system can be observed at length scales ranging
from molecular resolution until 30 um. This enables the detailed
tracking of all three processes in a single experiment. In order
to start the tracking from the single proteins, the SbpA
monomer was purified as described earlier.17.20 The mica-liquid
inteface was continuously imaged while a 20 ul/s liquid flow is
changed from pure buffer solution to a buffer solution
containing SbpA monomers at 50 ug/ml. Representative
snapshots of the whole process are shown in Figure 2.

We observe that cristallization to form the 2D layer starts few
minutes after protein absorption, and structural changes from

protein adsorption

crystallization

conformational

low to high conformations (visualized as dark vs bright
protrusions in Figure 2) also start to occur at an early stage,
becoming dominant after ~70 min.

This new information allows us to modify the kinetic models
previously reported by Chung et al.1® and Shin et al.’® and
combine them into a single model, which accurately describes
both S-layer formation and subsequent conformational change.
Chung et al. studied the self-assembly of S-layers on supported
lipid bilayers (SLBs) and accurately predicted the S-layer island
size over time by using a perimeter driven growth model. This
model defines the growth of an S-layer island as the number of
tetrameric unit cells that is added per unit time, i.e. dN;/dt .
The growth is linearly proportional to the number of available
unit cells along its border, \/N_T, and an experimentally
determined tetramer attachment rate, R, i.e. dN;/dt ~ \/N_
R. Under their specific experimental conditions, the nucleation
and growth of the S-layer crystals did not overlap, i.e. no
nucleation was observed once S-layer crystals had formed at
the solid-liquid interface. Furthermore, the use of SLBs as
substrate and the absence of liquid mixing within the liquid cell
resulted in a slow diffusion of SbpA monomers to the solid-
liquid interface, which lead to a depletion in SbpA concentration
during S-layer growth. This depletion of the SbpA concentration
at the solid-liquid interface limited the S-layer growth, even
before competition with neighboring S-layer crystals became
apparent.

Here we imaged S-layer self assembly on mica under continuous
flow conditions to discover that both factors are markedly
different. Depletion of the SbpA monomer concentration at the
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Figure 2 — Mica-liquid interface in the presence of SbpA at 50 ug/mL imaged for over 8 h showing three distinct regimes: (1)
0.8 to 4 min: Protein adsorption taking place soon after introduction of SbpA into the solution, (II) 6 min to 25 min: Formation
and growth of individual S-layer crystals until the surface is fully covered, and (lll) 72 min to 202 min: Conformational
transformations of the S-layer crystals. In (l1), 2 different conformations can be noticed: low and high conformation. The low
conformation transformed completely into the thermodynamically more stable high conformation after 4 h (ll1). On the top
part of figures, it can be noticed the horizontal line intentionally scribed with the AFM tip to create a common positional

marker. Scale bars: 400 nm.
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mica-liquid interface has not been observed, i.e R is constant.
Furthermore, the growth of S-layer patches at the solid-liquid
interface slows down when the mica surface becomes covered.
The growth rate reaches zero once a full coverage is reached.
This is included in the model by the term (NT,m — NT)/NT,m in
Equation 1 (for a more detailed analysis of this term, the reader
is referred to the supplementary information):

. NT,m - NT
Npm

Ny(t) = N tanh< Rt )2 I
T T m zm

Here Ny is the number of tetrameric unit cells within the S-layer
island, with N, the average number of unit cells at the point
where the surface is fully covered. R is the tetramer attachment
rate per unit cell along the borders of the existing S-layer
islands.

Furthermore, S-layer nucleation has been observed well after
existing S-layer crystals have started to grow, which is
incorporated in the model by multiplying the perimeter driven
growth term (Equation 1’) by the number of S-layer crystals
Ng.,(t).

Through careful consideration of the mechanism of S-layer self-
assembly, as revealed by Figure , a model for the S-layer
nucleation rate can be extracted. The number of S-layer islands
depends both on the number of high density monomer
globules, N, , and on the rate constant, k,, for these globules
undergo to relaxation into crystalline S-layers, i.e. dNg;, /dt =
Ng - k. In turn, the number of globules will increase over time,
i.e. Ng = Ny (t). Although the time dependency of Ny is not
exactly known, the most basic assumption that can be made is
a linear approximation, i.e. Ny (t) = k; - t. The fact that only a

limited number of S-layer islands can fit within the
measurement  volume is included as a factor
(Nspm — Ns1.)/Nsp,m in Equation 2:
dN. N, — N.
SL=k1~k2~t- SLm SL 5
dt Ngpm

Thus, the number of S-layer islands over time is then described
by:

2

2:Nsi,m

kil (t—to)?
Ngp,(t) = Ngpm * (1 —e )

where Ng; is the total number of S-layer crystals at the mica
surface, with Ng; ,, the maximum number that is reached when
S-layer crystals fully cover the surface. t,. reflects the time it
takes to form the first dense monomer globules (step | — protein
adsorption in Figure ). k; is the number of dense monomer
globules that form per unit time (step Il — crystallization in
Figure ). k, is the rate constant for dense monomer globules to

This journal is © The Royal Society of Chemistry 20xx

undergo relaxation into crystalline S-layers per unit time (step
Il — conformational change in Figure ). Shin et al.1° found that
during the conformational change of the S-layers, the coverage
of the low conformation islands followed a simple exponential
decay. This is considered by the model by multiplying of the
total coverage by an expression for exponential decay:

Ao () = Agor e Reonrt 3

where 4;,,, is the total area of the S-layer crystals in the low
conformation and Ry reflects the rate at which S-layers with
low conformation relax to the high conformation.
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Figure 2 — Dynamical study of the self-assembly of SbpA protein at
the mica-liquid interface. (a) The experimental data (fitted with the
model shown in Equation 4) shows that S-layer islands only start to
appear after a short period of time, as can be seen in Figure 2. After
this, the number of S-layer islands start to increase faster over time,
before reaching a steady state (full coverage). (b) The coverage of
the S-layer islands tracked over time (red). A distinction is made
between S-layer islands in a low (blue) or high (green)
conformation. The experimental data for the total coverage is fitted
with the mathematical model shown in Equation 4, the coverage of
the low and high conformation is fitted with Equation 5 and 6,
respectively. The 3 regimes, i.e. |, Il and Ill, correspond to the three
series of AFM images in Figure (protein adsorption, crystallization
and conformational change).

Summarizing, the total area of S-layer crystals is obtained by
combining equation 1’ and 2’ as follows:

_kyky-(t=t0)?
Agor(t) = Ngpm (1 —e 2Nsim ) “Nrm

-t h(—R i t5)>2
an Zm

and the total area of S-layers in the low and high conformation,
are obtained from equations 5 and 6, respectively:

_kyky-(t=t0)?
Ajow(t) = Ngim (1 —e  2Nsim ) “Nrm

2

R-(t—t 5

- tanh <—( C)>
2/Nrm

- (e Reonr (t=t2))
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_kakp-(E=te)?
Ahigh(t) = Nsi,m (1 —e 2Nstm > Ny

2

R-(t—t 6

. tanh (M) . (1
2/Nrm

— e—Rconf'(f—tc))

The models from Equations 4 to 6 were applied to the
experimental data in Figure 3 by first fitting Equation 2’ to the
experimentally determined number of S-layer crystals per unit
area. The parameters Ng;, ,, k1 - k, and t. obtained from this
fitting were then used as fixed input values in order to fit
Equation 4 to the total coverage of S-layers over time. The two
additional parameters Nr,, and R obtained from this fit were
then used as fixed input values to fit Equation 5 and 6 to the
experimentally obtained values for the coverage of the low and
high conformations, respectively. As shown in Figure 3, the
models accurately fit the experimental data.

Regarding the on and off rates of the adsorbed proteins, once
proteins bind to a growing island, they never leave. Hence, the
off rate is zero. For this reason, we present a kinetic model, not
one based on thermodynamic balance. With respect to the on
and off rates of proteins to the surface from the solution, both
rates are unknown. Previous studies have shown that the
surface coverage is established during the initial exposure time
to the solution prior to formation of the first nuclei. Afterwards,
the adsorption rate to the surface is negligible compared to the
binding rate to the islands. 1® Consequently, the coverage on the
surface drops to zero as the islands grow. The agreement of the
observed behavior and the model predictions then imply that
the off rate of adsorbed proteins from the surface is also
negligible on the timescale of growth, but in fact, some
desorption could occur without having any impact on the
growth behavior of islands.

In summary, using dynamically resolved AFM data, we
demonstrate that the self-assembly of S-layers can be separated
into several processes, with distinct dynamics. The nucleation
of S-layers follows an exponential growth law, the growth of
existing S-layer crystals can be described by a perimeter driven
growth model and the relaxation from a low conformation to a
high conformation follows a simple exponential decaying
function.

Furthermore, the high-resolution dynamic AFM data presented
here shows the benefits of in situ high speed AFM with a
continuous flow AFM setup. In this work, it has been shown with
a single experiment how to resolve the dynamics of S-layer self-
assembly at three vastly different time scales, that spans from
seconds to hours and spatial scales, from nm to microns.

The robust experimental setup and thorough description of the
dynamics of self-assembly may allow us to manipulate this
process, thus controlling protein crystallization at the
nanoscale.
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