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ABSTRACT

There currently exists no process capable of producing thin films with uniform pore size
in the 2-10 Angstrom range. These films would have application in water desalination, food
processing, industrial gas separations, carbon capture, and biopharmaceutical separations. The
goal of this project was to produce biomimetic membranes with uniform pore size capable of
performing Angstrom-scale separations with 0.2-Angstrom resolution. Outer membrane protein F
(OmpF) was chosen as the scaffold for this project due its unmodified pore size of ~10 Å, number
of mutable pore-lining residues, high water permeability, and ability to self-assemble into lipid
bilayers. Wild type (WT) OmpF, as well as two other mutants, referred to as TRP OmpF and Trans
OmpF, were expressed in E. coli, purified, assembled in lipid vesicles, and tested for permeability
and solute rejection via a stopped-flow light scattering technique. Mutant OmpF packed micron
scale 2D sheets in block copolymers were produced and characterized by transmission electron
microscopy (TEM). Experimental results of mutants show the ability to increase permeability of
the protein while maintaining selectivity or to increase selectivity while maintaining permeability.
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Chapter 1
Problem Statement

1.1 Need for Angstrom Scale Membranes
Valuable processes such as water desalination and small molecule biopharmaceutical
purification rely on the precise separation of angstrom-scale molecules. These separations are often
thermally driven and energy-intensive, while still lacking in selectivity and compactness1. In the
case of water desalination, distillation is an extremely effective separation technique; however, the
high heat of vaporization of water makes this method economically unviable. Membranes offer an
alternative, which limits the amount of energy and space required, using pores that allow select
molecules to pass through while rejecting others. Reverse osmosis (RO) membranes are now
commonly used to purify water from salts and impurities, and membranes are finding application
in other industries as well, like food processing, industrial gas separations, carbon capture, and
biopharmaceutical separations1. Theoretically, membranes offer many advantages over thermally
driven separation methods; however, extreme precision is required in producing angstrom-scale
pores, and this precision can sometimes come at the cost of permeability, like in RO membranes,
where high membrane resistance coupled with counteracting osmotic pressure demands an
immense applied pressure gradient to overcome. A novel membrane that combines high
permeability and selectivity would have high value in a number of industrial applications.
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1.2 Importance and Difficulty of Monodispersity
Monodispersity plays a large factor in the selectivity of a separation membrane. When
separating molecules with sizes only angstroms apart, any polydispersity in the pore size of the
membrane can result in a loss of selectivity. Obtaining monodisperse pore size has proven difficult
in recent attempts at the production of synthetic angstrom-scale membranes. Researchers have
looked to carbon nanotubes (CNTs) and graphene for their mechanical strength and high water
permeability; however, CNTs are difficult to produce with subnanometer pore size and graphene
is impermeable to water, requiring formation of subnanometer pores via electron beam irradiation
or oxidative etching2. These methods are both difficult to scale-up and inconsistent in generating
uniform subnanometer pores, and tears and defects in graphene can significantly influence
selectivity. While synthetic membranes struggle with polydispersity and scalability, membrane
proteins have emerged as promising candidates for integration into biomimetic membranes.

1.3 Aquaporin (AQP1) as a Potential Membrane Protein
Drawing inspiration from biology, membrane protein channels perform some of the
separations desired by industry, and can be purified from their natural environment for integration
into artificial membranes. These membrane protein channels, or porins, are produced according to
a genetic sequence, eliminating the margin for error accompanying synthesis. One such porin,
Aquaporin 1 (AQP1), has been widely studied due to its responsibility for pure water transport in
the human body. AQP1 has a limiting pore diameter of ~2.7 Å and is perfectly water selective,
rejecting all solutes larger than a water molecule3. AQPs and other porins can be overexpressed
with uniform pore size in a cell culture, purified, and reconstituted into vesicles or planar block
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copolymer (BCP) membranes4. While aquaporins are close to an ideal pore for water desalination,
their fixed, narrow constriction pore size limits their usage for other angstrom-scale separations.
Additionally, pore-lining residues in AQPs hydrogen bond with water molecules, decreasing the
water permeability, and while the constriction pore size of AQP is very small, the total crosssectional area of the protein is relatively large, decreasing its packing density in membranes3.

1.4 Outer Membrane Protein F (OmpF) as a Versatile Scaffold for Mutation
To capitalize on the advantages of reconstituted membrane protein channels while
addressing the limitations of AQPs, we look to outer membrane protein F (OmpF) as a scaffold
porin from which various mutants can be derived, spanning the size range from 2 – 10 angstroms.
OmpF is a trimeric, beta-barreled protein native to E. coli, where it naturally transports small
metabolites via passive diffusion5. Native state, or wild type (WT), OmpF has an elliptical pore
constriction with major and minor axes lengths of 11 Å and 7 Å, respectively, and has been shown
to be stable under a wide range of experimental conditions6,7,8. OmpF has high mutation tolerance,
so the pore-constricting residues can be redesigned to alter the constricted pore size, tuning
selectivity, and increase hydrophobicity, maximizing permeability. Like AQPs, OmpF can be
reconstituted in vesicles and assembled into stable two-dimensional crystals within BCP matrices9,
which can then be prepared into larger scale separation membranes10.
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Chapter 2

OmpF Mutant Design and Hypothesis

2.1 Design of OmpF Mutants

A novel workflow, PoreDesigner, designed by Ratul Chowdhury in the Maranas Lab at
Penn State University, was used as a predictive platform to design mutants of OmpF with specific
solute selectivity and high permeability11. PoreDesigner combines the protein design algorithm
IPRO (Iterative Protein Redesign and Optimization suite of programs)12 with molecular dynamics
(MD) simulations to minimize water to pore wall interactions and reduce the constriction pore
size. Pore-lining residue mutations were limited to long side-chain and hydrophobic amino acids
to produce these desired effects.
Two OmpF mutant designs were investigated for this project: TRP OmpF and Trans OmpF.
TRP OmpF was generated by mutating 25 pore-lining residues of WT OmpF to tryptophan,
producing an off-center pore constriction of 2.24 x 1.80 Å. Steric clashes between tryptophan
residues forced some residues to face away from the pore lumen. While these residues did not
contribute to pore size reduction, they did increase the hydrophobicity of the pore wall, increasing
the transport rate of water through the pore. Trans OmpF was generated by interspersing long side
chain residues with short side-chains, like valine and leucine, creating an internal pore geometry
which twists up through the length of the pore. The use of both long and short side chain residues
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eliminated the steric clashes observed in TRP OmpF. The amino acid sequence and pore size of
each OmpF strain is listed in Table 2 in Appendix A. A cross-sectional view of the structures of
WT OmpF, TRP OmpF, and Trans OmpF is shown in Figure 1:

Figure 1: Cross-sectional schematic of wild type and mutant OmpF. From left to right: Wild type (WT) OmpF,
mutant TRP OmpF, mutant Trans OmpF

While only two mutant OmpF designs were selected for experimental validation in this project,
PoreDesigner can theoretically be used to design mutants spanning the full pore size range from 2
– 10 Å, allowing for separations by design, with unprecedented monodispersity and permeability.

2.2 Hypothesis

The goal of this project was to experimentally test the utility of OmpF mutants designed
by PoreDesigner in the separation of solutes in the 2 – 10 angstrom size range. TRP and Trans
OmpF mutants must be capable of being expressed and purified with similar yield to WT OmpF.
The mutants must be reconstituted in lipid vesicles for testing in a stopped flow light scattering
technique, and maintain or improve water permeability while restricting solute passage, compared
to WT OmpF. Finally, in order for this process to be scalable to commercial separation membranes,
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the OmpF mutants must be assembled into two-dimensional sheets for preparation of large planar
membranes. If the PoreDesigner workflow can be validated for these two OmpF mutants, then
OmpF mutants with pore sizes spanning the whole 2 – 10 angstrom size range can be designed and
manufactured into large-scale separation membranes with boundless industrial and humanitarian
application.
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Chapter 3
Materials and Methods
OmpF mutants were designed and expressed in E. coli, purified, assembled in PC/PS lipid
vesicles, and tested for permeability and solute rejection via stopped-flow light scattering. OmpF
packed micron scale 2D crystals in block copolymers were produced and characterized by
transmission electron microscopy (TEM).

3.1 OmpF Expression in E. coli
Wild type and mutant OmpF were expressed in an E. coli BL21 Rosetta Omp8 strain. E.
coli cells were streaked on a Luria-Bertani (LB) Agar plate and grown at 37 °C for 18 hours.
Colonies were then selected and transferred to 30 mL Luria-Bertani (LB) starter cultures with 50
mg/mL ampicillin and allowed to grow overnight. 5 mL of the starter cultures were then transferred
to 1.5 L LB cultures with 50 mg/mL ampicillin and grown for approximately 3 – 7 hours until
OD600 = 0.5 – 0.8. Cells were then induced with isopropyl-β-D-thiogalactoside (IPTG) to a final
concentration of 0.4 mM and grown for 12 hours at 16 °C. Cells were pelleted via
ultracentrifugation for 15 min at 4 °C and 6000g and stored at -80 °C.
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3.2 OmpF Purification
OmpF purification was performed via a series of cell lysis, centrifugation, and column
chromatography steps outlined below. Product purities and concentrations were assessed via SDSPAGE and a Bradford protein assay.

3.2.1 Cell Lysis and Centrifugation
Frozen cells (1 g cell pellet per 10 mL buffer) were suspended in 20 mM Tris, pH 8.0, with
1 U/µL DNase and lysed with a sonicator. Unbroken cells and cell debris were spun down for 15
min at 4 °C and 4000g. Sodium dodecyl sulfate (SDS) was added to the supernatant to a final
concentration of 0.5% SDS and the mixture was incubated for 20 min at 4 °C. The mixture was
spun down for 60 min at 4 °C and 200,000g. The pellet was re-suspended via glass homogenization
in 0.125% n-Octylpolyoxyethylene (Octyl-POE), 20 mM phosphate buffer, pH 7.4, using 5 mL
buffer per 1 g of the original mass of the frozen E. coli cells. The mixture was incubated for 60
min at 37 °C, 250 rpm, and then centrifuged for 60 min at 4 °C and 200,000g. The pellet was resuspended via glass homogenization in 3% n-Octylpolyoxyethylene (Octyl-POE), 20 mM
phosphate buffer, pH 7.4, using 2 mL buffer per 1 g of the original mass of the frozen E. coli cells.
The mixture was incubated for 60 min at 37 °C and then centrifuged for 30 min at 4 °C and
200,000g.
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3.2.2 Anion-Exchange Chromatography
Anion exchange chromatography was performed using a HiScreen DEAE FF column (GE
Healthcare), requiring the use of four buffers:
Buffer 1: 5 mM NaPO4, 3 mM NaN3, 1% Octyl-POE, pH 7.6
Buffer 2: 50 mM NaPO4, 3 mM NaN3, 1% Octyl-POE, pH 7.6
Buffer 3: 5 mM NaPO4, 3 mM NaN3, 30 mM Ethylenediaminetetraacetic acid (EDTA), 0.1
M NaCl, 1% Octyl-POE, pH 7.6
The column was equilibrated with buffer 2 until the pH stabilized at 7.6. The column was
equilibrated with buffer 1 until the conductivity stabilized. The supernatant from the last OmpF
centrifugation was fed into the column. Buffer 1 was run through the column until the UV280
signal returned to the baseline. Buffer 3 was run through the column to elute the protein, and
fractions containing the largest UV280 peak were collected. Buffer 3 was run until the UV280
signal returned to the baseline and then the column was washed with buffer 2.

3.2.3 Size Exclusion Chromatography
The fractions collected from the DEAE column were concentrated to 2 mL using a
Millipore centrifugal protein concentrator (30 kDa). Size exclusion chromatography was
performed using a Superose 12 column (GE Healthcare) and 10 mM Tris, 100 mM NaCl, 1.2%
OG, pH 8.0 mobile phase13. Mobile phase was run through the column until conductivity and pH
stabilized, and then the 2 mL sample was injected into the column. Mobile phase was continuously
run to elute the protein, and fractions containing trimer OmpF in the second UV280 peak were
collected.
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3.3 OmpF Assembly in Lipid Vesicles using Bio-Beads
Bio-Beads were used in a dialysis-based approach to reconstitute OmpF in lipid vesicles14,
as shown in Figure 2:

Figure 2: Schematic of the reconstitution of OmpF in lipid vesicles using Bio-Beads to dialyze detergent

A 10 mg/mL stock solution of 4:1 molar phosphatidylcholine/phosphatidylserine (PC/PS) vesicles
was prepared via film rehydration. The rehydration buffer for the vesicle preparation consisted of
20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 100 mM NaCl, 0.03%
NaN3, pH 7.4. Depending on the experiment, 20 mM of some solute was added to the rehydration
buffer, explained in Chapter 3.4. In a microcentrifuge tube, this vesicle solution was diluted with
400 µL of the rehydration buffer to 6 mg/mL PC/PS, and decyl β-D-maltopyranoside (DM)
detergent was added to a final concentration of 0.3%. This solution was stirred and incubated for
60 min at 5 °C, to allow the detergent to solubilize some lipid from the vesicles, creating pores
into which the OmpF could insert. OmpF was then added at a lipid to protein ratio of 400 (LPR400)
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by mass. 1 µL β-mercaptoethanol was added, and the solution was stirred and incubated for 2 – 3
hours at 5 °C.
Bio-Beads, non-polar polystyrene beads, were added to adsorb DM from solution, allowing
OmpF to reconstitute in the lipid vesicles15. 0.3 g Bio-Beads were added to solution, and the
solution was stirred and incubated at 5 °C. The Bio-Beads were removed and replaced twice per
day until all detergent micelles were removed, as measured by dynamic light scattering (DLS).
DLS was run to ensure that average particle size was between 100 – 200 nm and that there
only existed one peak within this range, without a peak at lower diameter, indicative of micelles
and protein aggregates, or high diameter, indicative of vesicle aggregation. After Bio-Beads
removed sufficient detergent to eliminate the low diameter peak, the Bio-Beads were spun down
in a microcentrifuge and, if necessary, the solution was run through a Superdex 200 10/300 GL
column (GE Healthcare) to remove aggregates, using the rehydration buffer as mobile phase.

3.4 Permeability and Selectivity Measurements by Stopped-Flow Light Scattering
A KinTek Stopped Flow Instrument, a schematic of which is shown in Figure 3, was used
to assess proteoliposome permeability and solute rejection via stopped-flow light scattering. In this
procedure, the proteoliposomes in rehydration buffer were rapidly mixed with rehydration buffer
plus an additional 20 mM of solutes. Solutes were chosen with Stokes radii in the 2 – 10 Angstrom
size range: NaCl, glycine, glucose, sucrose, polyethylene glycol 600 (PEG600), and polyethylene
glycol 1000 (PEG1000). Osmolarities of the hypertonic solutions were measured using The
Advanced™ Micro Osmometer to ensure consistency. PEG600 and PEG1000 were discovered to
exert a greater osmolarity at the same molarity; therefore, a calibration curve was used to determine
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that 15 mM and 12 mM solutions of PEG600 and PEG1000, respectively, correlated to the same
osmolarity as 20 mM solutions of the other solutes. After exposing the proteoliposomes to this
hypertonic solution, time dependent light scattering data was collected, which could be used to
determine the permeability and solute rejection capabilities of the incorporated proteins.

Figure 3: Schematic of the KinTek Stopped Flow Instrument. Proteoliposomes in rehydration buffer are loaded in Syringe
A and rehydration buffer plus an additional 20 mM solute is loaded in Syringe B.

Osmotically driven transport of water out of the vesicle through the OmpF porins causes
the vesicle to shrink. A reduction in vesicle volume results in an increase in the light scattering
intensity measured at 90 degree to the incident light due to constructive interference of scattered
light16. By quantifying the rate of increase of the light scattering intensity, the rate of change of
vesicle volume and therefore the permeability could be calculated. The stopped flow experiment
proceeded differently depending on whether the proteoliposomes was permeable to the solute.
For proteoliposomes capable of rejecting both the osmolyte, the vesicle immediately
shrunk following mixing and then stabilized at some decreased volume, resulting in a rapid
increase in the light scattering intensity which then levels off at increased measurement time. A
schematic of this shrinkage is shown in Figure 4:
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Figure 4: Schematic of the one-stage model in which the OmpF porin is impermeable to the solute, resulting in only water
flux out of the proteoliposome

The water permeability of the OmpF can then be calculated using the following equation10.
𝑃𝑓 =

𝑘
𝑆
(𝑉 ) ∗ ∆𝜋 ∗ 𝑉𝑤
𝑜

where 𝑆 is the initial surface area of the proteoliposomes, 𝑉𝑜 is the initial volume of the
proteoliposomes, ∆𝜋 is the osmotic gradient across the lipid bilayers, and 𝑉𝑤 is the molar volume
of water. The term 𝑘 is a rate constant, obtained by fitting the initial increase in the light scattering
intensity curve to a double exponential curve, as shown in Figure 5:

Figure 5: Representation of the time-dependent light scattering intensity curve resulting from rapid mixing of the
proteoliposomes with a solute rejected by the OmpF porin
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For proteoliposomes permeable to the osmolyte, the stopped flow experiment progressed
in two distinct stages. The light scattering curve experienced the same sharp initial increase
corresponding to water transport out of the vesicle, allowing for water permeability to be
calculated. However, following the initial rush of water transport out of the vesicle, the
concentration gradient of the solute led to an influx of this solute along with water, resulting in
swelling of the vesicle and a corresponding decrease in the light scattering intensity, as shown in
Figure 6:

Figure 6: Schematic and light scattering intensity curves resulting from rapid mixing of the proteoliposomes with a solute
small enough to diffuse through the OmpF porin

The two transport models create characteristic light scattering intensity curves that
qualitatively describe solute rejection in the second stage while allowing for the calculation of
water permeability in the first stage. All light scattering intensity curves presented are the
normalized average of 6-10 traces from stopped flow experiments.
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3.5 OmpF 2D Crystal Formation and Characterization

3.5.1 OmpF 2D Crystal Formation
OmpF crystals were produced via button dialysis, using Polyethylethylene-b-polyethylene
oxide block copolymers and a crystallization buffer17 of 20 mM HEPES, 10 mM MgCl2, 100 mM
NaCl, 3 mM NaN3, pH 7.4. Polymer-to-protein ratios (PoPRs) of 0.1 – 1.0 were tested, with a final
protein concentration of 1 mg/mL. Crystallization buffer with 4% Octyl-POE was added to the
protein and polymer to fill each 60-µL dialysis button. The buttons were covered with a 12,000 –
14,000 MWCO dialysis membrane and sealed with a rubber O-ring.
The samples were placed into crystallization buffer containing 4% Octyl-POE, and the
detergent concentration was halved every 24 hrs by adding crystallization buffer with 0% OctylPOE, until the Octyl-POE concentration reached 0.125%. The buttons were then transferred into
1 L of crystallization buffer with 0% Octyl-POE and the crystallization buffer was renewed every
4 hours for three times.

3.5.2 OmpF 2D Crystal Characterization
Carbon-coated electron microscopy grids were treated in a PELCO easiGlow™ Glow
Discharge Cleaning System. The OmpF crystal suspension was adsorbed to the carbon-coated side
of the grid, negatively stained with 0.75% uranyl formate, and imaged with an FEI Tecnai G2 Spirit
BioTWIN transmission electron microscope (TEM). The TEM was operated at 80 kV with an FEI
Eagle 4K x 4K HS CCD or Gatan Orius 2K x 2K CCD camera. Image analysis was qualitative due
to the crystallization results obtained on this project.
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Chapter 4
Results and Discussion

4.1 Expression and Purification of OmpF
OmpF mutants were successfully expressed and purified following the same protocol as
WT OmpF, while recovering a higher yield of the original cell pellet. Column monitoring graphs
of ion exchange and size exclusion chromatography are provided in Figure 13 and Figure 14 of
Appendix B, along with the purified masses of each OmpF strain in Table 3.

4.2 Selectivity and Permeability of Wild Type and Mutant OmpF

4.2.1 Wild Type OmpF
Proteoliposomes containing WT OmpF, with an average diameter of 139 nm as measured
by DLS, were tested via stopped flow light scattering spectroscopy with 10 mM NaCl, 20 mM
glucose, 20 mM sucrose, and 12 mM PEG1000 as osmolytes. The normalized light scattering
intensity curves are shown in Figure 7:

Normalized Light Scattering
Intensity
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Figure 7: Normalized time-dependent light scattering intensity curves produced by stopped flow light scattering
spectroscopy of proteoliposomes reconstituted with WT OmpF and NaCl, glucose, sucrose, and PEG1000 as osmolytes.
These curves suggest that WT OmpF is capable of rejecting solutes the same size or larger than sucrose (342.30 Da) while
being permeable to solutes the same size or smaller than glucose (180.16 Da).

Due to the leveling of the sucrose and PEG1000 curves and the decay of the NaCl and
glucose curves, it can be qualitatively concluded that WT OmpF is capable of rejecting solutes the
same size or larger than sucrose (342.30 Da) while being permeable to solutes the same size or
smaller than glucose (180.16 Da). The molecular weight cutoff (MWCO), the maximum molecular
weight of a solute capable of being rejected by the protein, was estimated to be ~280 Da, which,
assuming spherical conformation of the molecule, correlates to a diameter of ~8.5 Å.
Fitting the initial increase of the light scattering intensity to a double exponential equation
to derive the rate constant, k, the permeability of the WT OmpF was calculated to be 1920 µm/s.

4.2.2 TRP OmpF
Proteoliposomes containing TRP OmpF, with an average diameter of 183 nm, were tested
via stopped flow light scattering spectroscopy with 10 mM NaCl, 20 mM glycine, 20 mM glucose,
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20 mM sucrose, 15 mM PEG600, and 12 mM PEG1000 as osmolytes. The normalized light
scattering intensity curves are shown in Figure 8:

Normalized Light Scattering
Intensity
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Figure 8: Normalized time-dependent light scattering intensity curves produced by stopped flow light scattering
spectroscopy of proteoliposomes reconstituted with TRP OmpF and NaCl, glycine, glucose, sucrose, PEG600, and PEG1000
as osmolytes. These curves suggest that TRP OmpF is capable of rejecting solutes the same size or larger than sucrose
(342.30 Da) while being permeable to solutes the same size or smaller than glucose (180.16 Da).

Similar to the WT OmpF light scattering results, the curve levels for solutes of size sucrose
and above while decaying for solutes of size glucose and below, suggesting that the MWCO is
again between 180.16 – 342.30 Da. The MWCO for TRP OmpF was estimated to be ~275 Da,
correlating to a diameter of ~8.5 Å.
While the selectivity of TRP OmpF is very similar to WT OmpF, the permeability of TRP
OmpF was calculated to be 2650 µm/s, a 38% increase from the unmodified OmpF. The mutation
of pore-lining residues did not significantly alter the solute rejection capabilities of the porin, but
the increased hydrophobicity imparted by these tryptophan residues increased the rate at which
water could be transported.
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4.2.3 Trans OmpF
Proteoliposomes containing Trans OmpF, with an average diameter of 171 nm, were tested
via stopped flow light scattering spectroscopy with 10 mM NaCl, 20 mM glycine, 20 mM glucose,
20 mM sucrose, 15 mM PEG600, and 12 mM PEG1000 as osmolytes. The normalized light
scattering intensity curves are shown in Figure 9:
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Figure 9: Normalized time-dependent light scattering intensity curves produced by stopped flow light scattering
spectroscopy of proteoliposomes reconstituted with Trans OmpF and NaCl, glycine, glucose, sucrose, PEG600, and
PEG1000 as osmolytes. These curves suggest that Trans OmpF is capable of rejecting solutes the same size or larger than
NaCl (58.44 Da). No solutes tested resulted in the characteristic curve of a permeable solute.

Unlike WT and TRP OmpF, for each solute tested, Trans OmpF produced light scattering
curves characteristic of solute rejection. Very slight decay of the light scattering intensity for some
solutes suggests the possibility of imperfect rejection, but the curve levels largely as expected for
a rejected solute. The MWCO for TRP OmpF was estimated to be ~50 Da, correlating to a diameter
of ~5 Å.
While constricting the pore diameter to increase selectivity, the permeability of Trans
OmpF was maintained at a level similar to WT OmpF with a calculated value of 1950 µm/s. In
this case, the mutation of pore-lining residues effectively “clogged” the pore to reject smaller sized
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solutes, but this decrease in pore area was compensated by the increase in hydrophobicity of the
mutated pore-lining residues, resulting in a relatively insignificant change in the mass transfer rate
of water through the OmpF porins.

4.2.4 Summary of Permeability and Selectivity Results
Permeability and selectivity results for WT, TRP, and Trans OmpF are summarized in
Table 1 and Figure 10. With WT OmpF as the control, permeability was increased in TRP OmpF
while maintaining selectivity, and selectivity was increased in Trans OmpF while maintaining
permeability.
Table 1: Permeability and selectivity of WT, TRP, and Trans OmpF. Permeability was increased in TRP OmpF while
maintaining selectivity. Selectivity was increased in Trans OmpF while maintaining permeability.
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Figure 10: Graphical representation of the permeability and selectivity of WT, TRP, and Trans OmpF. Permeability was
increased in TRP OmpF while maintaining selectivity. Selectivity was increased in Trans OmpF while maintaining
permeability.

4.3 TEM Imaging of 2D Crystals
Characterization of the OmpF 2D crystals via TEM was unable to produce images that
support the ability of OmpF to crystallize into unilamellar sheets. A common issue observed in the
formation of 2D crystals was the presence of large quantities of polymer vesicles, which often
aggregated into even larger masses, as pictured in Figure 11. The small white particles are likely
free OmpF proteins that were not crystallized into the polymer matrix upon dialysis of detergent.
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Figure 11: TEM image of negatively stained TRP OmpF reveals aggregation of polymer vesicles and free protein

While much of the polymer and OmpF was not crystallized into 2D sheets, resulting in
vesicle formation and free protein, there was observable crystal formation. Figure 12 shows crystal
formation at the desired size range of ~200 nm, accompanied by vesicle aggregates and free
protein. Unfortunately, the stacking of crystals in Figure 12 makes characterization impossible.
Determining the alignment of crystallized protein relies on the Fourier transform of TEM images,
which can only be performed reliably on individual 2D crystals. For this reason, it could not be
determined if the OmpF pores were properly aligned in the polymer matrix, necessary for
application as a separation membrane.
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Figure 12: TEM image of negatively stained TRP OmpF shows stacking of 2D crystals accompanied by polymer vesicles
and free protein
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Chapter 5
Future Work and Conclusion
The goal of this project was to experimentally test the utility of OmpF mutants designed
by PoreDesigner in the separation of solutes in the 2 – 10 angstrom size range. Results of
expression, purification, and testing via stopped flow light scattering spectroscopy support the
hypothesis that TRP OmpF and Trans OmpF can be expressed and purified similar to WT OmpF,
and that the mutation of pore-lining residues can be beneficial for separation performance.
Permeability was increased in TRP OmpF while maintaining selectivity, and selectivity was
increased in Trans OmpF while maintaining permeability. However, 2D crystals were produced in
stacks that could not be properly characterized and would not be suitable for production of larger
scale separation membranes.
Further experiments should aim to incorporate a greater fraction of polymer and protein
into 2D crystals and minimize the attractions between crystal lattices. A more gradual dialysis of
detergent may have this desired effect. A more rigorous calculation of water permeability would
be single channel permeability. This could be assessed using Fluorescence Correlation
Spectroscopy (FCS) to determine the number of OmpF porins present in the proteoliposomes
tested via stopped flow. The current permeability value was calculated for the proteoliposome as
a whole, assuming that each OmpF strain was reconstituted with constant lipid to polymer
proportion. FCS could confirm this assumption or reveal differing reconstitution tendencies
between OmpF mutants. A wider range of OmpF mutants should be tested to begin to define a
database of mutants that can be used for a given separation within the 2 – 10 angstrom size range.
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Finally, after consistent production of 2D crystals is achieved, a layer-by-layer approach can be
pursued to synthesize larger scale separation membranes with commercial potential.
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Appendix A
Amino Acid Sequence of WT OmpF and OmpF Mutants
Table 2: Amino acid sequence and pore size of WT and Mutant OmpF designs

Amino Acid Sequence

WT OmpF

TRP OmpF

Trans OmpF

AEIYNKDGNKVDLYGKAVGLHYFSKGNGENSYGGNGDM
TYARLGFKGETQINSDLTGYGQWEYNFQGNNSEGADAQT
GNKTRLAFAGLKYADVGSFDYGRNYGVVYDALGYTDML
PEFGGDTAYSDDFFVGRVGGVATYRNSNFFGLVDGLNFAV
QYLGKNERDTARRSNGDGVGGSISYEYEGFGIVGAYGAAD
RTNLQEAQPLGNGKKAEQWATGLKYDANNIYLAANYGET
RNATPITNKFTNTSGFANKTQDVLLVAQYQFDFGLRPSIAY
TKSKAKDVEGIGDVDLVNYFEVGATYYFNKNMSTYVDYII
NQIDSDNKLGVGSDDTVAVGIVYQF
AEIYNKDGNKVDLYGKAWGWHYFSKGNGENSYWGNGD
WTYAWLGFKGETQINSDLTGYGWWWYWFQGNNSEGAD
AQTGNKTWWAFAGLKYADVGSFDYGRNYGVVYDAWWY
TWWWPWFWWWTWWWDDFFWWWVGGVATYRNSNFFG
LVDGLNFAVQYLGKNERDTARRSNGDGVGGSISYEYEGFG
IVGAYGAADRTNLQEAQPLGNGKKAEQWATGLKYDANNI
YLAANYGETRNATPITNKFTNTSGFANKTQDVLLVAQYQF
DFGLRPSIAYTKSKAKDVEGIGDVDLVNYFEVGATYYFNK
NMSTYVDYIINQIDSDNKLGVGSDDTVAVGIVYQF
AEIYNKDGNKVDLYGKAEGFHYFSKGNGENSYGGNGDWT
WARLGFKGETQINSDLTGYGQWEYFFQGNNSEGADAQTG
NKTWLAFAGLKYADVGSFDYGRNYGVVYDALWYTDMLP
AFWGDTWYWDDFFVFRVGGVATYRNSNFFGLVDGLNFA
VQYLGKNERDTARRSNGDGVGGSISYEYEGFGIVGAYGAA
DRTNLQEAQPLGNGKKAEQWATGLKYDANNIYLAANYGE
TRNATPITNKFTNTSGFANKTQDVLLVAQYQFDFGLRPSIA
YTKSKAKDVEGIGDVDLVNYFEVGATYYFNKNMSTYVDY
IINQIDSDNKLGVGSDDTVAVGIVYQF

Pore Size

11 Å * 7 Å

2.24 Å * 1.80 Å

2.36 Å * 1.94 Å
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Appendix B
OmpF Purification Results

Figure 13: DEAE column monitoring for purification of Trans OmpF. Protein impurities are eluted in the first UV280 peak,
and OmpF is eluted in the second UV280 peak.
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Figure 14: Superose 12 column monitoring for purification of TRP OmpF. The trimer is eluted in the first UV280 peak.

Table 3: Concentrations and Approximate Masses of Purified OmpF. Each strain of OmpF was purified from an initial
frozen cell pellet mass of 5 g. Trans and TRP OmpF were successfully purified with greater yield than WT OmpF.

Protein

Concentration (µg/mL)

Est. Volume (mL)

Est. Mass (µg)

WT OmpF

327.444

1.12

367

Trans OmpF

803.111

0.75

602

TRP OmpF

652.522

1.00

653
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