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PURIFICATION AND CHARACTERIZATION OF A MEMBRANE SCULPTING
BACTERIAL BAR DOMAIN-CONTAINING PROTEIN FOR ENGINEERING
TUNABLE SCAFFOLDS INTO NOVEL BIOLOGICAL METAMATERIALS

1. INTRODUCTION

Optical metamaterials (OMMs) impart a negative index of refraction, allowing
electromagnetic fields to bend in unconventional directions.'”> OMMs are formed by patterning
conductive structures into ordered, three-dimensional arrays on a surface such that the operational
electromagnetic wavelength is larger than the spatial interval between the conductive materials.?
The array of conductive materials creates surface plasmons, causing the incident electromagnetic
waves to propagate parallel to the surface, rather than reflected back. This detail is very important
for the long-term goal of optical cloaking technology and bending light around an object. For such
materials to alter the way light reflects off a surface, a 3D structure must be within 10 to 100 nm
in diameter,’ making synthesis of OMMs that are functional within this range costly and difficult.
Similarly, manufactured OMMs are bulky, cumbersome, and are seldom adaptable or responsive.
In the context of developing a surface coating for the Warfighter at larger scales, these design
constraints pose a significant challenge.

By contrast, biology excels at producing micro- and nanoscale ordered structures.
Structural color occurs when non-pigmented but conductive biopolymers are ordered in the same
3D manner as man-made metamaterials. Visible light encounters the surface, but the precise
ordering of the proteins creates a plasmonic effect, selectively reflecting a specific wavelength of
light and producing color.*> Examples of biological structures resulting in metamaterial-like
properties (iridescence) can be found in bacterial colonies.® Bacterial cells can naturally form a
self-healing coating on a surface, referred to as a biofilm. With the right components, bacterial
synthesis offers a cost-effective and scalable method for the production of these types of materials.

Microscale lipid membrane features can also impart structural coloration on the
macroscale, as evidenced by the brilliant blue color observed in the marble berry.”® Forming lipids
into precise structures requires the assistance of scaffolding or membrane sculpting proteins. In
eukaryotic cells, membrane sculpting mechanisms are ubiquitous due to the necessity of membrane
trafficking, organelle biogenesis, vesicle transport, and protein-lipid scaffolding.”!*!!  The
Bin/Amphiphysin/Rvs (BAR) domain family achieves membrane sculpting activity through
electrostatic interactions between positively charged residues on the protein and negatively
charged lipids, and the intrinsic curvature of certain members of the BAR domain family promote
tubule formation through this protein-lipid association.!! Recently, researchers coupled membrane
sculpting (BAR) domain protein activity to light-actuated activity, resulting in controlled
membrane deformation capabilities.”> A bacterial membrane shaping BAR domain-like protein
(BdpA) was identified in the conductive outer membrane extensions and vesicles produced
naturally by Shewanella oneidensis. When expression of this protein is induced in cells, long-
distance (>10 um) outer membrane structures with a diameter less than 100 nm can be generated,
posing a promising target for further characterization of biophysical activity and utilization
through synthetic biology.



Here, we aim to solve the structure of this bacterial BAR domain protein and further
characterize its membrane sculpting capabilities. This characterization will allow targeted
mutagenesis of the protein towards the goal of altering the physical parameters of the resultant
membrane tubules generated through protein-lipid interaction. The ability to alter dimensions and
aspect ratios of membrane structures is an essential first step into producing tunable biological
metamaterials from membrane scaffolds capable of performing over a range of electromagnetic
wavelengths.

2. RESULTS
2.1 Expression and purification of BdpA
2.1.1. Expression tests in Eschericia coli

Heterologous expression of BdpA was tested in E. coli cells across a range of
temperatures, inducer concentrations, and proprietary media optimized for protein expression.
Isopropyl B-d-1-thiogalactopyranoside (IPTG) inducer concentration did not meaningfully affect
soluble protein yield, but inducing cells overnight at 16 °C resulted in improved solubility (Figure
la). The Western blot of the expression tests show no significant difference between inducer
concentrations; therefore, the lowest inducer concentration of 50 uM IPTG was chosen moving
forward. Out of each growth medium tested using the 16 °C overnight induction, Hyper broth
yielded the highest concentration of soluble protein at the correct molecular weight of 56 kDa after
immobilized metal ion chromatography (IMAC) purification (Figure 1¢). Several other media
formulations yielded similar (or higher) total protein yield after IMAC purification, but the elutions
screened had less contaminating bands from the samples grown and induced in Hyper broth.

IMAC purification and size exclusion chromatography of codon-optimized BdpA

Following expression condition and construct codon optimization, BdpA was tested with an array
of buffer additives to improve purification, protein stability, and monodispersity in solution (not
shown). Here, size exclusion chromatography (SEC) highlights the results of this optimization,
showing pure BdpA eluting from the SEC column. BdpA eluted in the first three peaks, suggesting
that BdpA forms multimers in a similar manner to classic BAR domain-containing proteins.'*> The
larger peak following the first three BdpA peaks was suspected to be Triton X-100 micelles, since
a one percent solution of the detergent was used for purification, and Triton X-100 exhibits a strong
absorbance at 280 nm.
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Figure 1. Expression tests of BdpA in E. coli cells.

a) SDS-PAGE of His-tagged BdpA expression (56 kDa) at indicated concentrations of IPTG. b)
Western blot of the expression tests against the 6x-His tag. c¢) Expression and IMAC purification
of His-tagged BdpA from cultures grown in different media. Luria-Bertani (LB), Teriffic Broth
(TB), Animal Product-free LB (APLB), Turbo (T), Superior (S), Power (P), Hyper (H), Turbo
Prime (TP), Superior Prime (SP), Power Prime (PP), Turbo Primeolate (TPo), Superior
Primeolate (SPo), Power Primeolate (PPo), Glucose M9Y (M9Y).
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Figure 2. Size exclusion chromatography of BdpA.
a) Chromatogram of absorbance at 280 nm. b) SDS-PAGE of a fraction from the indicated peak
numbers from the chromatogram. Peaks four, five, and six are Triton X-100.

2.2 Predicted structure of BdpA

In silico methods were employed to generate an ab initio predicted structure of
BdpA in the absence of homology models. The predicted structure appeared as a jellyroll-like fold
corresponding to the galactose-binding domain-like (GBD) region at the N-terminus of the protein,
followed by a coiled coil in the predicted BAR domain section (Figure 3a). Homooligomerization
models generated through trRosetta reveal a dimer with intrinsic “banana-shaped” curvature
(Figure 3b), consistent with many other BAR domain-containing proteins.!* The multisequence
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alignment of BdpA homologs in other bacteria suggest variability and flexibility near the GBD, as
well as within the dimerization interface of the coiled coils. We suspect that mutagenesis of the
residues within these variability regions are promising targets for affecting membrane tubule
diameter. Likewise, deletion of the specific protein domains could affect membrane sculpting
functionality.
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Figure 3. Predicted structure of BdpA.
a) Structure variability of the top 5 predicted models generated using trRosetta show flexibility in
the GBD region. b) Predicted dimer from docking2 with sequence cartoons show the most
frequent amino acid residues at each site highlighted in red on the dimer model.

2.3 Transmission electron microscopy (TEM) of BdpA

2.3.1. Negative stain TEM of purified BdpA

A solved structure of BdpA will provide valuable insight into how to engineer the
protein through targeted mutagenesis. For structural analysis, the purified protein must be
monodispersed on a grid such that individual particles can be analyzed. A dilution series of BdpA
was prepared from a starting concentration of one mg/mL. A 1:100 dilution of the protein (10
pg/mL) provided the best particle dispersal on the grids and allowed the first glimpse at the protein
structure. Here, “banana-like” dimers can be seen by TEM after negative staining (Figure 4).
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Figure 4. Negative stain TEM of BdpA.
Structures appear as coiled coils with BAR domain-like curvature showing similarity to the
predicted structure from Figure 3. Enlarged inset image of the green box (top right) has white
arrows pointing to BAR domain protein-like shapes, and bottom right inset shows these
structures overlaid with the predicted dimer structure.

2.3.2. In vitro tubule formation

Lipid binding and curvature alteration are hallmarks of BAR domain protein
activity. Through electrostatic interaction, purified BAR domain-containing proteins co-incubated
with liposomes can form tubules.”!%!!13 Cell-free protein synthesis (CFPS) reactions offer a way
to rapidly test protein expression and interaction in the absence of cells. To test in vitro tubule
formation activity of BdpA, we engineered expression constructs comprised of the BAR domain-
containing region alone (BdpA BAR only), BdpA without the cleavable signal peptide (BdpA no
SP), and BdpA without the BAR domain region (BdpA GBD-like domain only). These constructs
were expressed in CFPS reactions using a PURExpress reaction mix supplemented with liposomes
prepared from the lipopolysaccharide (LPS) of S. oneidensis and labeled with the fluorescent,
lipophilic dye FM 4-64 to visualize membrane structures. A network of tubule-like structures can
be observed when the expression construct contained the BAR domain, but not in the GBD-only
expression reaction nor the plasmid-free negative control (Figure 5a). This test demonstrated
membrane curvature activity of the BAR domain region of BdpA, but higher resolution imaging
is required to observe and measure the dimensions of the resultant tubule-like structures.

In vitro tubule formation assays of BAR domain proteins are typically performed
by incubating purified protein with liposomes followed by imaging the reactions on grids using
negative stain TEM. The presence of BdpA in the reactions resulted in tubules with a diameter
less than 100 nm (Figure 5b). When the same samples were imaged by cryo-TEM, tubules were
observed with BAR domain protein-like striations (Figure 5c¢).

11
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BdpA GBD-like No plasmid
domain only

z
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Figure S. Demonstratlon of in vttro membrane sculptlng act1v1ty of deA
a) Fluorescence microscopy images of cell-free protein synthesis reactions using PURExpress
with BdpA expression constructs and LPS-derived liposomes labeled with FM 4-64 lipophilic
dye. b) Negative stain TEM images of in vitro tubule formation assays using either liposomes
alone (left) or liposomes with purified BdpA (right). ¢) Cryo-TEM of in vitro tubule formation
using BdpA and liposomes.

24 Variation of in vivo BApA membrane extension phenotypes

When BdpA expression is induced in cells, membrane extensions are produced and
can be visualized by fluorescence microscopy after addition of FM 4-64. We tested BdpA
expression across a range of inducer concentrations and within different cell types to see if
extension phenotypes would be affected. During induction in E. coli cells, phenotypes varied
between outer membrane vesicles (OMVs), web-like outer membrane extensions (OMEs), or
tubule-like OMEs (Figure 6). Inducer concentrations did not significantly alter the distribution of
OME phenotypes (Figure 6b). However, expression of BdpA in different species revealed
significant variation in the OME phenotypes between strains. S. oneidensis and Marinobacter
atlanticus both exhibited more tubules, while E. coli produced predominately web-like OMEs
(Figure 6¢c-e). We suspect the variation between strains is either due to the lipid composition of
the LPS in the outer membrane or a consequence of a cell line engineered for heterologous
overexpression of proteins.
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Figure 6. Membrane extension phenotypes in vivo.

a) Representative image of OME phenotypes produced upon induction of BdpA expression in
cells labeled with FM 4-64. Scale = 2 pm. b) OME phenotypes observed from BdpA induction at
varied concentrations of 2,4-diacetylphloroglucinol (DAPG) inducer in E. coli cells. ¢)
Proportions of cells associated with an OME after induction of BdpA expression in S. oneidensis
(WT), M. atlanticus (CP1), and E. coli (BL21). d) Proportion of cells associated with tubule-like
OMEs, and e) associated with web-like OMEs between species following BdpA induction.
Asterisks indicate statistical significance (p < 0.05, Welch’s #-test).

3. DISCUSSION

Considerable evidence is mounting that BdpA is a functional, bacterial BAR
domain protein. Protein purification and size exclusion chromatography revealed that BdpA is
capable of forming oligomers with itself, and homodimerization is critical to eukaryotic BAR
domain protein biophysical activity. Through preliminary TEM experiments, the purified protein
was observed having a characteristic “banana-like” shape that was anticipated through ab initio
structure prediction methods. Finally, the protein was capable of sculpting liposomes into tubules
in vitro in a manner similar to other BAR domain-containing proteins. Future experiments will
optimize the in vitro tubule formation conditions to improve tubule frequency and stability, and
later iterations will include mutagenesis to alter the phenotype of the resultant membrane tubules.

Within the greater context of using these biological structures to template materials,
we have provided a baseline for future protein engineering tests. Currently, the diameter of tubules
produced in vitro is sufficient for a scaffold structure for templating conductive materials into
metamaterials, but the length of the tubules is insufficient to provide the requisite aspect ratio.
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Optimizing handling conditions to minimize shear forces could improve tubule length; similarly,
an engineered BdpA protein that forms tighter, more stable oligomers could increase stability and
tubule scaffold rigidity. Conversely, tubules resulting from BdpA expression in cells fit the length
and diameter requirements, and biopolymer templating of extensions could be achieved through
coexpression under the right conditions.

4. METHODS
4.1 Protein purification

BdpA constructs were ordered and cloned into the pET-28(a) expression vector
with an N-terminal 6x-His tag, GSSGSS linker, and a thrombin cleavage site by Twist Bioscience.
Plasmid constructs were transformed into chemically competent E. coli BL21(DE3) pLysS cells
for protein expression. For protein expression, transformed cells were grown as overnight cultures
in 30 mL Hyper broth (Athena ES) supplemented with 50 uM kanamycin and 25 pM
chloramphenicol at 30 °C with 250 rpm shaking. Three cultures of 1 L Hyper broth with 50 uM
kanamycin and 25 uM chloramphenicol were inoculated with 10 mL of the overnight culture and
incubated at 37 °C with 250 rpm shaking until an ODesoo of one was reached. Cultures were then
cooled for 15 minutes in an ice bath, induced with 50 uM IPTG, and incubated overnight at 16 °C
for 16 hours. Cultures were centrifuged, and the cell pellet was resuspended in 300 mL of lysis
buffer (50 mM Tris, 500 mM NaCl, 40 mM imidazole, 1% Triton X-100, | mM DTT, 6 tablets of
EDTA-free cOmplete protease inhibitor (Millipore Sigma), pH 8.0). Resuspended cells were lysed
by microfluidization, centrifuged, and the clarified lysate was filtered through 0.45 pum filters
before loading onto a 5 mL HisTrap Ni-NTA resin column on an AKTAxpress (Cytiva) FPLC
machine. After loading, the column was washed with Buffer A (50 mM Tris, 500 mM NaCl,
40mM imidazole, 1% Triton X-100, 1 mM DTT, pH 8.0) until the A280 signal stabilized back to
baseline. The imidazole gradient was increased to 80 mM until the A280 signal returned to
baseline again. Finally, the imidazole concentration was ramped up to 500 mM, and fractions
were collected of the purified protein. Fractions containing purified protein were dialyzed
overnight into 4 L of 50 mM Tris, 500 mM NacCl, 0.1% Triton X-100, 1 mM DTT, pHS&.0.
Secondary purification size exclusion chromatography was performed by injecting 6 mL of the
dialyzed elution onto a HiLoad Superdex S200 26/60 gel filtration column and collecting fractions.
Fractions containing BdpA were determined by SDS-PAGE. These fractions were pooled,
concentrated using a 30k MWCO spin concentrator, and the remaining Triton X-100 was desalted
out using a HiTrap 5 mL Desalting column. Protein was diluted into 1 mg/mL aliquots and either
used immediately or stored at 4 °C.

4.2 Ab initio structure prediction

A total of 278 BdpA homologs were identified across a range of bacterial species
by BLAST. These homologs were used to build a multiple sequence alignment for ab initio
structure prediction by trRosetta (Yang et al, 2020). Structures were visualized in the PyMOL
Molecular Graphics System, Version 2.0 (Schrodinger, LLC). The BdpA dimer structure model
was predicted using the RosettaDock and docking?2 software on ROSIE (Lyskov and Gray, 2008;
Chaudhury et al, 2011; Lyskov et al, 2013).
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4.3 Liposome preparation

For CFPS membrane sculpting assays, LPS liposomes were made by rehydrating
0.5 mg of purified S. oneidensis LPS with 500 uL. PURExpress In Vitro Protein Synthesis Kit
(New England BioLabs) reaction mix, sonicating the lipid suspension at 30 °C for 10 minutes,
then passing the sonicated mixture through 0.2 pm filters within a syringe liposome extruder 6
times (Avanti Polar Lipids). Liposome suspensions were prepared immediately prior to use, then
labeled with FM 4-64 (ThermoFisher).

For negative stain TEM, LPS liposomes were prepared by rehydrating 1 mg of
purified S. oneidensis LPS with 50 mM Tris, 250 mM NaCl, pH 8.0 buffer. Lipid suspensions
were sonicated at 30 °C for 10 minutes, then passed through a series of sequentially smaller pored
filters (1.0, 0.8, 0.4, and 0.2 pm) within a syringe liposome extruder 6 times per filter while
incubating the extruder block at 30 °C.

4.4 CFPS membrane sculpting assay

Plasmids of protein constructs in the pET-28(a) vector were purified from glycerol
stocks purchased from Twist Bioscience. All CFPS reactions were performed using the
PUREXxpress reaction mix according to the manufacturer’s specifications. Plasmids were diluted
to 10 ng/pL, then 2 puL of each plasmid (or ddH20 for plasmid-free control) were added to a
separate 3 uL aliquot of the PURExpress reaction mixture. The plasmid reaction mix and the
liposome reaction mix were combined in a 1:1 ratio in a total of 10 pL. Reactions were
immediately transferred to a chambered cover glass slide and images were collected on a Zeiss
LSM 800 confocal microscope with a Plan-Apochromat 63x/1.4 numerical aperture oil immersion
M27 objective. Widefield fluorescence images were taken using a LED-Module 511 nm light
source with 583-600 nm filters and a 91 He CFP/YFP/mCherry reflector. Excitation and emission
spectra were 506 nm and 751 nm, respectively. Images were recorded using the Zeiss Zen software
(Carl Zeiss Microscopy, LLC).

4.5 Negative stain TEM and in vitro tubule formation

Dilutions of 1 mg/mL purified BdpA were briefly incubated on copper grids.
Samples (8 pL) were adsorbed to glow discharged (EMS GloQube) ultra-thin (UL) carbon coated
400 mesh copper grids (EMS CF400-Cu-UL), by floatation for 2 minutes. Grids were rinsed in
three drops (one minute each) of buffer (50 mM Tris, 250 mM NaCl, pH 8.0) and negatively
stained in two consecutive drops of 1% uranyl acetate (UA, aq.), and quickly aspirated. Grids
were imaged on a Hitachi 7600 TEM operating at 80 kV with an AMT XR80 CCD (8 megapixel).

In vitro tubule formation assays were similarly performed as above with the
following modifications. Purified BdpA was incubated with LPS liposomes at a 1:1 ratio of 0.1
mg/mL each. Samples were negatively stained in two consecutive drops of 0.75% uranyl formate
(UF, aq.) and quickly aspirated. Grids were imaged on a Hitachi 7600 TEM operating at 80 kV
with an AMT XR80 CCD (8 megapixel) or a Talos L120C with a Thermo-Fisher Ceta (cooled 16
Mpixel CMOS, 16-bit 1-25 fps).
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For cryo-TEM of the in vitro tubule formation assays, samples were prepared as
before, but were plunge frozen on grids into liquid ethane using a Vitrobot Mark IV System
(Thermo Scientific). Images were taken using a Titan Krios cryo-TEM (Thermo Scientific).

4.6 In vivo BdpA expression and OME formation

To test for OME phenotypes resulting from BdpA induction in WT S. oneidensis
(WT + bdpA), M. atlanticus (CP1 + bdpA), and E. coli (BL21 + bdpA), overnight cultures for each
strain were diluted in LB for S. oneidensis, BB for M. atlanticus'*, or LB for E. coli to an ODsoo
of 0.05 and induced with the indicated concentration of DAPG for 1 hour at 30°C (or 37°C for E.
coli) with 200 RPM shaking agitation. Prior to pipetting, ~1cm of the p200 pipette tip was trimmed
to minimize shear forces during transfer. A 100 pL aliquot of each culture was labeled with 1 pL
IM FM 4-64, and 10 pl deposited onto chambered cover glass. Each sample was imaged
immediately after deposition onto the glass slides.

Imaging experiments were performed on at least 3 individual biological replicate
experiments per strain, and are representative images from 5-10 fields of view per replicate from
700 cells for S. oneidensis WT, 472 cells for S. oneidensis WT + bdpA, 4041 cells for M. atlanticus
CP1 WT, 150 cells for M. atlanticus CP1 + bdpA, 2190 cells for E. coli BL21 WT, and 2623 cells
for E. coli BL21 + bdpA. The proportion of cells producing either type of membrane feature was
calculated by dividing the number of cells for which a membrane feature was observed by the
number of total cells for each strain; the proportions from each independent experiment were
averaged for each strain to obtain the mean proportions for each strain that were plotted in bar
graphs. The proportion of cells associating with OMEs observed from each biological replicate
culture was recorded, as well as if the associated OME resembled either a tubule-like or web-like
structure. Tubule-like OMEs were defined as narrow, unbranching membrane extensions. Cells
that were associated with a branching, reticular membrane were counted as producing a web-like
OME. Statistical significance of the proportions of cells associated to each of the OME phenotypes
between strains was determined by Welch’s #-test.
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