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ABSTRACT

Understanding the thermodynamics and Kkinetic processes of transmembrane protein

incorporation in nanostructured silica

by

Maxwell Woodcock Berkow

The desirable physicochemical properties and functions of membrane proteins (such
as catalysis, biosensing, and ion transport) have generated interest for guest protein moieties
in abiotic host systems for technological applications. Specifically, 1 have used a self-
assembled nanostructured silica material host system to exploit the functionality of the light-
activated H* ion-pump proteorhodopsin outside of its native cell membrane. Incorporated into
a device, this protein is promising for applications as a sustainable bio-based alternative for
solar-to-electrochemical energy conversion. Traditionally, the inclusion of membrane
proteins into non-native inorganic materials has been challenging, in part because the
surfactants, polymers, organic solvents, and synthesis conditions used to create well-ordered
nanostructures often cause the protein to denature, whereas the biocompatible surfactants that
are capable of stabilizing membrane proteins often do not produce the well-ordered
nanostructures required of devices. Judicious selection and combination of structure-directing
and protein-stabilizing short-chain nonionic surfactants and charged phospholipids has

allowed us to stabilize membrane proteins in the cylindrical hydrophobic regions of
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surfactants within silica-surfactant materials with high extents of mesostructural order.
Furthermore, by optimizing the composition of the host film, | have achieved a record high
44 wit% concentration of functionally active guest membrane proteorhodopsin, which improve
the prospects for macroscopic proton transport in devices.

Techniques were drawn from multiple fields of study to characterize and understand
how these non-native host materials self-assemble, and how they impact the photocycle
kinetics of proteorhodopsin guest molecules. These techniques include small-angle X-ray
scattering (SAXS) to determine the mesoscale structure of the silica film, solid-state nuclear
magnetic resonance (NMR) spectroscopy to analyze the atomic-scale composition and
structure at the surfactant-silica interface, nanofabrication processes to alter substrates and
direct self-assembly at the film-substrate interface, cryo-electron microscopy (cryo-EM) to
determine the structure and intermolecular interactions of proteorhodopsin in precursor
micellar assemblies, and time-resolved UV-visible light spectroscopy to quantify differences
in the photocycle of proteorhodopsin due to differences in local host environments. Critically,
these nanostructured protein-surfactant-silica films are well-ordered and display promising
protein loading, mechanical and thermal robustness, and protein stabilizing effects necessary
to exploit the highly desirable functions of membrane proteins. A novel and interdisciplinary
approach to characterization, understanding, and subsequent optimization of proteorhodopsin
and nanostructured silica films has enabled the preparation of robust abiotic inorganic-organic
host materials with record high concentrations of functionally active guest membrane proteins,

a significant step towards the integration of membrane proteins into devices.
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Chapter 1. Introduction and Background Information

1.1 General Motivation, Challenges, and Research Objectives

Located at cell boundaries, membrane proteins perform many important functions
such as catalysis,’? biosensing,® and passive or active ion transport.*® For example,
transmembrane proteins such as bacterial rhodopsins behave as light-induced ion pumps
capable of solar-to-electrochemical energy conversion;’ similarly, aquaporin facilitates highly
selective water transport and has promising applications in water purification membranes.®
The function specificity and selectivity exhibited by membrane proteins has been optimized
over countless generations as a result of evolutionary biology, often making them superior to
current human-designed systems in functions such as biosensing and signal transduction.®*°
These desirable physiochemical properties have generated interest!! as guest species in
synthetic media for technological applications, potentially circumventing expensive financial
and labor costs needed to engineer materials and devices with similar characteristics. Taking
advantage of these benefits, my research focuses on understanding the interactions and
processes by which membrane proteins can be stabilized and incorporated into non-native
host materials in an effort to harness their diverse functions. This is a challenging pursuit due
to the complex array of interactions between protein and host material which can disturb both
protein stability and function, and in addition can disrupt the formation of a host material with
desirable physical and chemical properties.

Membrane proteins are difficult to study in native hosts because cell membranes
contain many different proteins that may be sensitive to similar techniques and thereby disrupt

data collection. Protein-specific expression and purification techniques have therefore been
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developed to isolate the desired membrane protein in synthetic lipid bilayer or micellar hosts.
The products of these methods often feature amphiphilic detergent surfactants and lipids that
solubilize water-insoluble membrane proteins in aqueous solutions; generally, hydrophobic
hydrocarbon chains of surfactants stabilize outward-facing hydrophobic regions of the
membrane protein while hydrophilic headgroups of surfactants favorably interact with
surrounding water molecules. However, membrane protein stability alone is not indicative of
native-like function or dynamics. Changes in the pH, surrounding charges, salt concentrations,
or the structure of the host environment (liposomes versus detergent micelles) have been
observed to significantly impact functionality of guest membrane proteins (Chapter 2).124
Thus, understanding the influences that host environments have on guest membrane proteins
may enable future protein-stabilizing surfactant selections that favorably tune protein function
and dynamics. These results can then inform syntheses of highly complex co-assembled
protein-containing mesostructured silica-surfactant host materials, which similarly utilize
amphiphilic surfactants to stabilize hydrophobic membrane proteins within a hydrophilic
robust silica matrix (Chapter 3).!>1® This silica host matrix improves the mechanical
robustness of the host and thermal stability of guest protein moieties when compared with soft
synthetic host materials such as synthetic lipid bilayers,'”*® hydrogels,’*?° and block
copolymers,?%2! greatly improving the potential to harness the function of these proteins in
technological applications. Importantly, solid host-materials are more easily integrated into
technical devices as compared to (protein-containing) solutions, and they also adapt
membrane proteins from the single protein ~10 nm length scale of a cell membrane, or lipid
bilayer, to the macroscopic dimensions necessary to harness the functionalities of membrane

proteins in device applications.



My research detailed in this thesis focuses on the incorporation of the transmembrane
protein proteorhodopsin (PR), a light-activated proton pump, into these promising
mesostructured protein-containing silica-surfactant host materials, with an emphasis on
improving the characteristics that | hypothesize are necessary for device integration (Chapter
3). This synthesis utilizes intermolecular interactions similar to synthetic lipid bilayers and
micelles, and is generally applicable to transmembrane proteins of similar sizes. These other
proteins can have distinct or cooperative functions, which when incorporated into a host film
expand the applications of this research to a variety of technologically-relevant functions. For
the integration of ion transport proteins such as PR, | hypothesize that a successful material
will require (1) significant loadings of stable guest protein moieties, (2) high extents of
anisotropic mesostructural order (such as rectangular or hexagonal), and (3) orientational
alignment of protein guests and mesochannels. Previous efforts have studied stabilization of
PR in the channels of similar mesostructured silica films, however, they displayed limited
application viability because of low protein loadings and relatively isotropic mesostructural
and orientational ordering.'® Achieving desirable material properties is challenging because
of countervailing material synthesis conditions such as surfactant structure and charge
distributions, pH, and organic versus aqueous solvents, which promote either protein stability
or the co-assembly of a well-ordered mesostructured silica host. Other focuses of my research
are to better understand the kinetic and thermodynamic processes during co-assembly related
to PR (Chapter 4) and the host matrix (Chapter 5) to optimize synthesis compositions and
conditions to improve mesostructural order and orientational alignment. As a result, | have
been able to successfully develop and optimize PR-containing mesostructured silica-

surfactant host materials that simultaneously exhibit high protein loadings and high extents of



mesostructural order, and also made significant progress towards achieving orientational
mesostructure alignment, getting several steps closer to harnessing diverse membrane protein

functions in devices.

1.2 Background

Proteorhodopsin

Proteorhodopsin (PR) is a transmembrane protein found ubiquitously in marine
bacteria that acts as a light-activated proton pump, assisting in the supply of adenosine
triphosphate (ATP), a source of cellular energy, to organisms such as picoplankton. These
organisms are found in the ocean and therefore have native functionality at a pH around 8.2.
This functionality involves undergoing a series of conformational changes resulting in the
transport of an H* ion across the transmembrane region of PR. Under native pH conditions,
the D97 residue of PR is deprotonated, necessary for the native photocycle to proceed. At
lower pH, such as the film synthesis pH of 4.0, this residue is protonated, restricting transition
through the native photocycle and forcing an alternate series of conformations; it is currently
debated whether it pumps protons at all under these conditions.?*?® This means that
maintaining a function-capable pH during film synthesis, or returning PR to a function-
capable pH after synthesis, is important to developing proton transport in films.

Proteorhodopsin is readily expressed in heterologous systems and known to form
functional oligomers (primarily pentamers and hexamers) in a wide variety of membrane
mimetic environments, including micellar,*® bicellar,*?® and nanodisc systems.?” It can also
be expressed primarily as monomers, utilizing an E50Q point mutation that disrupts the

formation of the oligomer complex but does not impact its optical properties.?® These
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monomers can be approximated as cylinders ~4 nm long and ~3 nm across, making them
suitable guests for DDM+POPC+DOTAP-structure-directed mesostructured silica host
materials that have center-to-center mesochannel distances of ~4 nm.®® The functional
properties of PR can be measured as a function of systematic modulation of the extent of
oligomerization?® or the makeup of the biomimetic environment.'*?42¢ The minimal
functional unit of PR is a polypeptide chain that transverses the bacterial plasma membrane
seven times, and that binds a retinal chromophore. Photoactivated PR undergoes a series of
conformational changes that perturb the local environment around the retinal chromophore,
changing its light-absorbent properties which can thereby be measured as a function of both
wavelength and time. PR’s proton transport capacity can therefore be conveniently assessed
by optical absorption of the embedded retinal to evaluate (1) the rate of proton transport and
(2) the population of PR molecules in a photo-active state. The rate of proton transport of PR
is measured by the time-resolved change in optical absorbance after excitation with a pulsed
green laser.3%-32 These characteristics of proteorhodopsin, as well as its relative high stability
compared to other, even more fragile, membrane proteins,® make it a model membrane

protein candidate for incorporation into mesostructured silica host materials.

Protein host materials

A variety of synthetic host materials have been developed to study membrane proteins
better; many of which aim to achieve the most native-like environment, but this can be
difficult to define.3*3% Synthetic lipid bilayers are often used to probe the properties and
function of specific membrane proteins, as their central hydrocarbons provide a stable, low
dielectric environment with low water content, that strengthens intramolecular hydrogen

bonding and structural integrity of the protein.®* In fatty-acid-based lipid bilayers of



liposomes, hydrophobic lipid chains stabilize the a-helices of the membrane protein, whereas
the charged and hydrophilic lipid headgroups at the cytoplasmic and extracellular interfaces
stabilize the protein.®” Similarly, micellar environments stabilize membrane proteins in
aqueous environments with amphiphilic detergent molecules that mediate unfavorable
interactions between hydrophobic a-helices and water. However, these bilayers and micelles,
native or synthetic, exhibit poor mechanical and thermal stabilities and also are not easily
processable into macroscopic material morphologies. Amphiphilic block copolymers
similarly provide both hydrophilic and hydrophobic regions that offer suitable synthetic
environments to stabilize membrane proteins with better mechanical and chemical stabilities,
as well as local orientational order.82138 These wholly organic-amphiphile-based synthetic
hosts accommodate modest bulk amounts of membrane proteins, with still relatively poor
mechanical properties when compared to solid materials.

In order to improve these properties, protein guest molecules can be incorporated into
more robust non-native abiotic hosts, such as polymers, glasses, and mesostructured hybrid
materials, with diverse macroscopic morphologies, including particles, fibers, films, or
monoliths to improve the mechanical or thermal stabilities of the protein-host system.*>! For
example, globular proteins can be post-synthetically adsorbed onto the surface of porous
materials®*#? through hydrogen bonding, electrostatic forces, or hydrophobic effects;
however, these interactions are generally transient or weak, and leaching of the catalyst can
result in a loss of activity.*® Alternatively, biologically-enabled materials can be made through
the co-assembly and subsequent cross-linking of polymeric or inorganic oxide matrices
around protein moieties, producing uniform distributions of stable and functionally-active

guest molecules. While useful for relatively hydrophilic globular proteins,* hydrophilic host



environments such as silica tend to be incompatible with transmembrane proteins that are
particularly challenging to incorporate into non-native host environments, due in part to their
heterogeneous amphiphilic character. Nevertheless, as a host material for proteins, silica-
surfactant films are a good candidate, because they are mechanically and thermally robust and
can be synthesized under relatively mild conditions with structure-directing surfactants that
create hydrophobic pockets that can accommodate stable membrane proteins.*>® These
mesostructured silica-surfactant films display promising characteristics with the potential to

harness varied membrane protein functions, and are the primary focus of this thesis.

Thermodynamic and kinetic effects on self-assembly

The self-assembly of any solution is governed in part by thermodynamics, and
therefore a system’s propensity is to reach its lowest possible Gibbs free energy state. If given
infinite time to assemble, the solution will reach thermodynamic equilibrium, maximizing
favorable and minimizing unfavorable interactions. In the case of proteorhodopsin-containing
mesostructured silica-surfactant materials, this means that hydrophilic silica will associate
with hydrophilic surfactant headgroups and hydrophobic surfactant tail groups will associate
with each other as well as the predominantly hydrophobic proteorhodopsin moieties.’® To
achieve self-assembly into the lowest possible energy state, periodic mesophases form (such
as hexagonal, lamellar, or cubic) dependent on the ratio and properties of the self-assembling
components. The binary phase diagram of n-dodecyl-f-D-maltoside (DDM) and water shows
that at temperatures greater than 15 °C, liquid crystals of DDM and water will form micelles
below 49 wt% DDM and hexagonal phases from 49 wt% to 75 wt% DDM.* Similarly, the
ternary phase diagram of DDM, water, and Cetyltrimethylammonium bromide (CTAB, an

amphiphilic organic surfactant with a relatively long 16 chain carbon hydrophobic tail group)



at 50 °C displays a transition from the micellar to hexagonal phase when DDM+CTAB
content reaches approximately 40 wt% and extends until 75 wt%.* While promising for the
selection of mesostructured film compositions, these surfactant ranges cannot be strictly
applied to mesostructured silica films because the presence of silica alters the
thermodynamically preferred phase and importantly, because phase diagrams assume
equilibrium conditions.

In the case of the evaporation-induced self-assembly of mesostructured silica
materials, thermodynamic equilibrium is often never achieved because water evaporation
alters which phase is thermodynamically favored, which can be seen as the composition shifts
across the phase diagram, and silica polymerization increases solution viscosity thus
disrupting the rearrangement of co-assembling molecules. Syntheses of these materials under
non-equilibrium conditions are governed by (1) the thermodynamics of co-assembly and
interactions between the protein, surfactant, solvent, and silica species, and (2) the kinetic
processes associated with the rates of solvent evaporation, co-assembly of the component
species, and polymerization of the silica into a robust cross-linked matrix. Mesostructured
silica materials have been synthesized with high extents of mesostructural ordering utilizing
very high or low pH or with high concentrations of organic solvents in order to slow (or
temporarily stop) the rate of silica polymerization until a well-ordered mesophase has formed.
However, these conditions generally denature membrane proteins. This means that other
methods must be found to achieve high extents of mesostructural ordering in proteorhodopsin-

containing mesostructured silica host materials.



1.3 Dissertation Outline

This dissertation covers the work that | have done to understand and synthesize
mesostructured silica-surfactant membrane protein host materials and is organized into
chapters differentiated by primary focus. Each chapter has been written as a modular
exposition and includes an abstract, introduction to relevant information, presentation and
discussion of relevant results that | have collected, conclusions, discussion of future work, and
references lists. When relevant, chapters also include supporting information. Brief

summaries of each chapter are presented below.

Chapter 2: Lipid membrane mimetics and oligomerization tune functional
properties of proteorhodopsin. Transmembrane proteins play critical roles in a wide array
of biological processes at the interface between the cell and its surrounding environment. The
functional properties of these proteins have been shown to heavily depend on their oligomeric
distributions and the membrane mimetic environment in which they are encapsulated. This
study seeks to distinguish and compare the impacts of these two factors on the functional
properties of a model transmembrane protein, the bacterial proteorhodopsin (PR). The
findings from this study demonstrate the different mechanisms by which oligomerization and
biomimetic composition modulate PR functions, emphasizing the importance of investigating
the structure-function relationship of transmembrane proteins, while controlling for

oligomerization and in different membrane mimetics.

Chapter 3: Co-assembly of functionally-active proteorhodopsin membrane
protein molecules in mesostructured silica-surfactant films. While membrane proteins

perform many varied industrially-relevant functions in cells, they lack stability and the



macroscopic framework needed to be integrated into instruments. Co-assembled
mesostructured silica-surfactant composites provide a means to harness these highly selective
and efficient capabilities. However, this dynamic multicomponent synthesis process is further
complicated by countervailing synthesis conditions that promote either high and stable protein
loadings or the formation of a suitable host film with significant mesostructural ordering, both
of which are required characteristics of a functional protein-host film. A combination of small-
angle X-ray scattering, UV-visible light spectroscopy, and solid-state NMR provide detailed
insights on how these non-native host materials co-assemble, and how they impact the
photocycle kinetics of the hosted proteorhodopsin guests. This novel and interdisciplinary
approach to characterizing and understanding the structure-function relationships between
proteorhodopsin, surfactants, and silica species has enabled the incorporation of up to a record

44 wt% proteorhodopsin into robust mesostructured silica-surfactant films.

Chapter 4: Cryo-electron microscopy analyses of oligomeric proteorhodopsin in
micellar DDM solutions. Three-dimensional structures have only been solved for a small
fraction of transmembrane proteins (and less than 6% of all solved protein structures) due in
part to the highly complex relationship between the membrane protein and stabilizing-
surfactants. Membrane proteins make up 50-60% of all drug targets and the interface between
the protein and membrane is a common pathway for pharmaceutical drugs to reach key
binding sites. While important to understand, many membrane proteins are extremely difficult
to crystallize for X-ray crystallography and too large to study by NMR, the two traditional
methods of protein-structure determination. Recent advances in instrumentation and

computation have made cryogenic electron microscopy (cryo-EM) the new leading technique
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to investigate these industrially and medically relevant molecules. This chapter covers my

research into the structure of proteorhodopsin oligomers in surfactant micelles.

Chapter 5: Orientationally ordered mesostructured silica-surfactant protein-
host films. To exploit the properties of proteins outside of native cell membranes, straight,
parallel paths are desired because they provide a cohesive direct path for large-scale molecule
or ion transport. One method of achieving macroscopic orientational alignment of cylindrical
mesochannels is through the use of a micropatterned semipermeable stamp that facilitates
solvent evaporation pathways and induces nucleation at desired interfaces. However, the
processes which enable this are not well understood or immediately transferable to other film
compositions such as the film that | have optimized for high proteorhodopsin loadings, in
which new intermolecular interactions join the already complex transient co-assembly
observed in freestanding films. This chapter focuses on my efforts to macroscopically orient
protein-containing silica-surfactant films, on what I’ve learned, and on future steps to be taken

which | believe can finally achieve this goal.
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Chapter 2. Lipid membrane mimetics and oligomerization tune
functional properties of proteorhodopsin
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2.1 Abstract

The functional properties of proteorhodopsin (PR) have been found to be strongly
modulated by oligomeric distributions and lipid membrane mimetics. This study aims to
distinguish and explain their effects by investigating how oligomer formation impacts PR’s
function of proton transport in lipid-based membrane mimetic environments. We find that PR
forms stable hexamers and pentamers in both E. coli membrane and synthetic liposomes.
Compared with the monomers, the photocycle kinetics of PR oligomers is ~2 and ~4.5 times
slower for transitions between the K and M and the M and N photo-intermediates,
respectively, indicating that oligomerization significantly slows PR’s rate constant of proton
transport in liposomes. In contrast, the apparent pKa of the key proton acceptor residue D97
(pKapg7) of liposome-embedded PR persists at 6.2-6.6, regardless of cross-protomer
modulation of D97, suggesting that the liposome environment helps maintain PR’s functional
activity at neutral pH. By comparison, when extracted directly from E. coli membranes into
styrene-maleic acid lipid particles (SMALPs), the pKaps7 of monomer-enriched E50Q PR
drastically increases to 8.9, implying that there is a very low active PR population at neutral
pH to engage in PR’s photocycle. These findings demonstrate that oligomerization impacts
PR’s photocycle kinetics, while lipid-based membrane mimetics strongly affect PR’s active

population via different mechanisms.
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2.2 Introduction

Transmembrane proteins are biomacromolecules that serve a multitude of crucial
roles at the interface between the cell and its environment, including sensing!, catalysis??,
and transport*®, These proteins have extensive hydrophobic regions, which facilitate inter-
protein interactions and require encapsulation in membrane mimetics, the former resulting in
oligomerization’°, Both oligomer formation®*’ and the choice of the membrane mimetic
environment'®2> can exert significant impact on the functional properties of these proteins.
Since these two factors are often interdependent!t32! few studies have distinguished and
compared their effects on transmembrane protein function. We hypothesized that the effect
of these factors can be delineated by studying proteorhodopsin (PR), a model transmembrane
proton pump whose functional properties can be measured as a function of systematic
modulation of the extent of oligomerization!* or the makeup of the biomimetic
environment8-2t,

PR is a light-driven proton pump that is found in a variety of marine bacteria. The
minimal functional unit of PR is a polypeptide chain that transverses the bacterial plasma
membrane seven times, and that binds a retinal chromophore. PR is readily expressed in
heterologous systems and known to form functional oligomers (primarily pentamers and
hexamers) in a wide variety of membrane mimetic environments, including micellar??,
bicellar'®2°, and nanodisc systems?®. PR’s proton transport capacity is conveniently assessed
by optical absorption of the embedded retinal to evaluate: i) the rate of proton transport and ii)
the population of PR’s active state. i) The rate of proton transport of PR is measured by the
time-resolved change in optical absorbance after excitation with a pulsed green laser?”%°.

Photoactivated PR undergoes a series of conformational changes that perturb the local
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environment of the retinal chromophore, resulting in photo-intermediate that constitute the
photochemical reaction cycle. The transient conformational states, sequentially labeled as K,
Mi/M2, N, and PR’, contribute to the overall optical absorbance spectrum, with partially
resolved absorbances centered respectively at 555 nm, 410 nm, 560 nm, and 520 nm. ii) The
activity of PR depends on the protonation state of its primary proton acceptor residue D97,
i.e. pKape7?® 2. Light-induced isomerization of the embedded retinal enables proton transfer
to residue D97, requiring the aspartic acid to be deprotonated in the ground state3l. The
active form of PR, when residue D97 is deprotonated, absorbs maximally at around 518 nm,
exhibiting a pink color. Conversely, when D97 is protonated and therefore unavailable to
accept protons, PR absorbs maximally at around 535 nm, exhibiting a purple color. Given
this pH-dependent color transition, the pKape7 of PR, i.e. the active state of PR, can be
readily observed via optical absorption spectroscopy as a function of bulk solution pH,
followed by determination of the isosbestic point at 570 nm?2%:32:33,

Using these well-established approaches, previous studies found that detergent-
solubilized PR is affected more strongly by oligomeric distribution than by detergent micelle
composition!®12!, For example, PR’s photocycle kinetics in detergent micelles is only subtly
modulated by varying micelle composition, but it is significantly slowed down by
oligomerization?. Further, oligomerization is critical for maintaining the population of active
PR at neutral pH, given that the pKapg7 of PR oligomers (6.5-6.7) is much lower than that of
its monomeric form (7.4-7.8) regardless of detergent type!l. In contrast, it has been found
that liposome composition strongly influences PR’s proton transport properties. Specifically,
the apparent pKapgz of PR in positively charged POPC/DOTAP liposomes (with 5.6) has

been shown to be much lower than in the negatively charged POPC/POPG counterpart (with
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7.6), while in the presence of 150 mM NaCl concentration, these differences are smaller.?
Clearly, both oligomer distribution and lipid-based mimetic composition can impact PR’s
proton transport activity. However, it is unclear which factor plays a stronger role and by
what mechanism.

It is clear that the cross-protomer W34-H75 hydrogen bond electrostatically stabilizes
the protonated state of residue D97, even though it remains unclear how oligomerization
affects the overall proton transport function of PR.3*3" The functional role of PR
oligomerization can be investigated by disrupting cross-protomer interactions and observing
changes in PR’s proton transport properties. PR oligomers can be disrupted and separated by
aminio acid substitutions or by size-exclusion chromatography (SEC). The W34D
substitution disrupts the cross-protomer hydrogen bond while maintaining the PR oligomer
assemblies, and leads to a substantially increased pKape7**%. The E50Q substitution also
disrupts the cross-protomer interaction, but by destabilizing the PR oligomers given that
residue E50 is among the key residues at the oligomeric interface of PR*®. Lastly, SEC can be
used to isolate the smaller oligomeric species of PR wild-type (WT) that coexist with the
larger (pentamer and hexamer) oligomer populations.

In this study, we characterized the functional roles of PR oligomerization in different
lipid-based membrane mimetic platforms, including synthetic POPC/POPG liposomes and
styrene maleic acid (SMA) lipid particles (SMALPSs). The oligomeric distributions of PR in
E. coli membranes and liposomes were investigated by chemical crosslinking and gel
electrophoresis, electron paramagnetic resonance (EPR) spectroscopy, and molecular
dynamics (MD) simulations. The proton transport function of the W34D mutant, E50Q

mutant, and various SEC-separated oligomeric species of PR WT was evaluated via
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measurements of pKapg7 and photocycle kinetics. The novel findings from this study
highlight the substantial impact of oligomeric distribution and lipid-based membrane

mimetics on the function of PR.

2.3 Materials and Methods

PR expression, purification, and separation of oligomers

Cysteine-free green-light absorbing PR with a C-terminal 6x His tag, both with and
without the E50Q mutant that increased the population of monomeric PR3 and the W34D
mutant that disrupted the cross-protomer interaction®, were expressed and purified using the
protocol described in our previous studies'®t. Briefly, site-directed mutagenesis with a two-
stage polymerase chain reaction (PCR) technique® was applied here to introduce desired
single mutations at residues mentioned above. The PR gene template with desired mutations
was then cloned into a pET26b (+) vector (Novagen) for expression in BL21(DE3). After PR
was expressed and then purified by first isolating membranes using centrifugation,
solubilizing membrane proteins in 2 wt% DDM, and then using Ni-NTA resin (Thermo
Scientific) in batch mode to pull down His-tagged PR, the protein was buffer exchanged into
a 150 mM potassium chloride, 50 mM potassium phosphate dibasic buffer (pH 8.2) with 0.05
wt% DDM using a PD-10 desalting column contains Sephadex G-25 resin (GE Healthcare)
for storage and characterization purposes.

The removal of His-tag was done by a tobacco etch virus (TEV) protease (Sigma
Aldrich), which recognize and cleave the sequence ENLYFQS in between the C-terminus of
PR and the His-tag. His-tag removal reaction was done by first buffer exchanging PR into a
50 mM Tris-HCI buffer (pH 8) with 0.5 uM EDTA, 1 mM DTT and 0.05 wt% DDM after its
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elution from Ni-NTA resin. Next, TEV protease was added to the PR solution at a protein-to-
protein ratio of 1:100 (w/w) and incubated overnight at 4°C with gently mixing. The reacted
solution was then buffer exchanged into the 50 mM potassium phosphate dibasic buffer (pH
= 8.2) with 150 mM potassium chloride and 0.05 wt% DDM using the PD-10 desalting
column for removing the EDTA, and then combined with the Ni-NTA resin. The mixture
was mixed for 5 hours at 4°C to remove the unreacted PR that still has His-tag and residual
TEV protease from the solution. The collected solution with Ni-NTA resin removed was the
PR product with its His-tag removed.

Certain samples with enriched monomer or specific oligomeric species of PR were
achieved by separation with a size exclusion column (SEC) after previous purification steps,
as in other studies’®!!. PR was loaded on a HiLoad™ 16/600 Superdex™ 200 pg (GE
Healthcare) connected to a BioRad Duoflow FPLC and was then run through the column by
applying the 150 mM potassium chloride, 50 mM potassium phosphate dibasic buffer (pH
8.2) with 0.05 % DDM at 0.5 mL/min. The collected protein fractions were concentrated
using Amicon Ultra-15 Centrifuge Filter units with a 50 kDa cutoff limit (Millipore) and the
oligomeric state of each concentrated PR sample was later confirmed by gel electrophoresis

measurements.

Preparation of PR-containing liposomes

Large unilamellar vesicles with desired composition were prepared by a lipid
extrusion method. Lipid stocks dissolved in chloroform were purchased from Avanti Polar
Lipids and mixed to achieve a desired molar ratio between different lipid species. The lipid
mixture was then dried under a nitrogen stream and further desiccated under vacuum

overnight to ensure the removal of residue chloroform. The dried lipids were reconstituted
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with a HEPES buffer (10 mM HEPES, 150 mM NaCl, pH 6.7), and lipid vesicles were
extruded through the Avanti mini-extruder for 19 times using filters with 200 nm pore size.
The prepared lipid vesicles were then mixed with DDM surfactant solution to achieve a final
DDM concentration 2 times the DDM critical micelle concentration (0.0088 w/v %). The
mixture was gently shaken for 1 hr to form lipid-surfactant complexes, and the desired type
of PR was then added to the mixture with a 1:50 PR-to-lipid molar ratio. The DDM
surfactants in PR-lipid-DDM complex were then removed by using six vials of ~160 mg

polystyrene BioBeads SM2 (Bio-Rad) to drive the formation of PR liposomes.

SMA solubilization of PR

SMALP30010P was purchased from Orbiscope (Netherlands). PR-expressing E. coli
membranes, at a final concentration of 40 mg/mL, were incubated in 50 mM Tris-HCI, 10%
glycerol, 300 mM NaCl, 2.5% w/v SMA, pH 8.0 for 20 h at 25°C with gentle rotation. Non-
solubilized material was sedimented at 100,000 x g for 1 h at 4°C to yield a supernatant

containing PR-SMALP.

Native gel electrophoresis and Western Blotting

Blue native polyacrylamide gel electrophoresis (BN-PAGE) was performed using an
XCell SureLock® Mini-Cell apparatus with NativePAGE™ Bis-Tris Protein Gels having a
3-12% acrylamide gradient (ThermoFisher). PR sample preparation and gel electrophoresis
were performed according to the instructions provided by the manufacturer. The destained
gel was then imaged with a ChemiDoc MP imaging system (Bio-Rad) using the default
protocol for Coomassie blue dyes. Western blotting of BN-PAGE was performed using an
XCell 1™ Blot Module by following the instructions for Western blotting of NativePAGE™

Gels provided by the manufacturer. The blotted PVDF membrane was rinsed with deionized
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water and blocked in a TBST buffer containing 5% (w/v) dry milk. The immunodetection
was then done by applying HRP conjugated Anti-6X His tag® antibody (Abcam, Cambridge,
MA, USA; ab1187) targeted to the six-histidine tag at the N-terminus of PR at 1:5000 in a
TBST buffer containing 0.5% (w/v) milk. The membrane was then imaged with a ChemiDoc

MP imaging system (Bio-Rad) using the default protocol for chemifluorescence dyes.

SDS-PAGE and PR crosslinking

Crosslinking of inter-PR lysines using the chemical crosslinkers DSG, DSS, or
BSOCOES were performed similarly to as reported in the literature®. A small volume of
crosslinker in a freshly made 150 mM DMSO solution was added in large molar excess (20-
100 times) relative to the amount of PR in the base phosphate buffer, quantified by optical
absorption, such that the final DSS concentration was 2 mM. After incubation for one hour at
room temperature with gently mixing, the crosslinking reaction was quenched by addition of
Tris to a final concentration of 50 mM. The same procedure was used to crosslink purified
PR and PR in E. coli membranes extracted by ultracentrifugation (220,000 g) after cell lysis.

SDS-PAGE was performed using a Bio-Rad electrophoresis apparatus with Criterion
TGX Stain-Free gels having an 8-16% acrylamide gradient (Bio-Rad). Samples containing
~3 pg PR were incubated at 37°C for 30 minutes to 1 hour with Laemmli buffer (final SDS
concentration of 1%), and then centrifuged to remove the unsolubilized portions. The gel was
run at 120 V for one hour and imaged with a ChemiDoc MP imaging system (Bio-Rad) using
a PR-specific protocol (excitation with green epi light and 695/705 filters to detect emission)
based on the fluorescence properties of PR.172 Protein markers (Precision Plus, Bio-Rad)
and total proteins were further imaged using the Stain-Free protocol of ChemiDoc MP.

Molecular weight estimates were calculated using the ImageLab software (Bio-Rad).
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Molecular dynamics simulation on blue-light absorbing PR (BPR) oligomers in lipid bilayers

The X-ray crystal structures of BPR pentamer from HOT75 (PDB: 4KLY) and
hexamer from Med12 (PDB: 4JQ6) were used as the starting structure. Each oligomer was
inserted into a 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine/1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphoglycerol (POPE:POPG) (3:1 molar ratio) bilayer using the
replacement method of the CHARMM-GUI server®®#2 with a total of 827 and 808 lipids,
respectively. After addition of water molecules and solvent ions (100 mM NaCl), the BPR
lipid bilayer system had a total of 244,212 and 289,929 atoms for pentamer and hexamer,
respectively. Two copies were generated for each oligomeric system for a total of four
trajectories. All systems were equilibrated for > 100 ns using a 2 fs timestep in the NPT
ensemble (P =1 atm, T = 310 K with the Nosé-Hoover barostat and thermostat) with NAMD
2.13% based on CHARMM-GUI protocol with the CHARMM c¢36 force field for lipids, PR,
and the retinal chromophore*48, After equilibration and estimation of the requisite boost
potentials, Gaussian accelerated MD (GaMD) in NAMD* was run for > 300 ns for the
pentamer systems and > 1000 ns for the hexamer systems. Analysis of GaMD results was

carried out in VMD?®® and LOOS®,

Continuous wave (cw) EPR measurement on spin labeled PR

The EPR probe, or MTSL spin label, was covalently linked to PR mutants with
selected cysteine mutation sites as was introduced in a previous study*%l. Briefly, PR with
selected cysteine mutation sites were treated with 10x molar excess of MTSL spin label when
it was bind on the Ni-NTA resin (Thermo Scientific). The unlabeled MTSL was then
removed in later purification steps by either desalting or SEC processes. The prepared PR

liposome sample with spin labels were studied with X-band (0.35 T) EPR measurements at
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room temperature using a Bruker EMXplus spectrometer. The cw EPR spectra were taken
under a setting of 20 mW microwave power, 1 G modulation amplitude, and 150 G total

sweep width.

Optical absorption measurements and analyses

The UV-visible absorption spectra of PR under different conditions were taken by a
Shimadzu UV-1800 spectrophotometer. All samples were prepared to have an optical density
above 0.3 at 520 nm and an initial volume of 750 uL by diluting the PR sample stocks with
the HEPES buffer mentioned above for lipid samples. For each PR sample, the optical
absorbance between a wavelength range of 400-750 nm in increments of 0.5 nm were
recorded under at least 20 different pHs that spread equally between pH 4 and 10. The pH of
each sample was adjusted by titrating with 1 M NaOH (ag.) and 1 M HCI (ag.), and the pH
was then measured by Orion Star™ A111 pH benchtop meter (Thermo Fisher Scientific)
equipped with an Orion ROSS® Micro pH electrode before each optical absorption
measurement. The pKa of PR D97 residue was determined by analyzing the pH-dependent
optical absorption transition. The obtained optical absorption spectra under various pH
conditions were processed by subtracting each absorption spectrum from the most basic one
(pH~10). The differential absorbance at 570 nm, which supposed to be the wavelength that
showed the greatest differential absorbance change, was normalized and fitted by the
Henderson-Hasselbalch equation. The fitting was done by MATLAB (Mathworks, MA)
using home-built codes. The detail of the fitting algorithm and codes was published in our
previous study?!.

The time-resolved UV-visible measurements were done by a SpectraPhysics

Nd:YAG laser with a monochromator. PR samples were excited by a 532 nm pulse laser with
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10 ns duration, and the PR transient absorbance under various wavelengths were monitored
over a time span of 10 ps to 0.5 s by an oscilloscope. The fitting analyses on the transient
spectra at 410 nm was done by MATLAB (Mathworks, MA) using home-built codes. The
differential absorbance at 410 nm were assumed to be mainly contributed by the blue-shifted
M intermediates, both M1 and M2 combined, as the absorbance of the other intermediates
(e.9. K, N, PR, PR") is significantly lower at this wavelength?®. With this assumption, the
growth and decay of the difference spectra at 410 nm represented the accumulation and
decay of the M intermediates, respectively. A simplification was made by considering the
reverse reactions of the K-M and M-N transitions to be negligible. As a result, a
biexponential model for a simple 1%-order two-step consecutive reaction model (Figure 2.3C)
could be used to fit the differential absorbance at 410 nm:

ke

—klt —_ —kzt
kz _ kl (e e )I

AAbS410nm =a

where a was a parameter that reflected the magnitude of the differential absorbance, ki
represented the rate constant of the K—M transition step, and k2 represented the rate constant
of the M-N transition step. The difference absorbance data at 410 nm from Figure 2.3A and

2.3B (purple lines) were fitted using the above reaction model (smooth black curves).

Cryo-EM sample preparation and data acquisition

For grid preparation, copper Quantifoil R2/1 300 grids with a carbon foil were first
glow-discharged for 30 s at 25 mA in the residual atmosphere using a GloQube® Plus Glow
Discharge System. 2 uL of purified 101 uM WT PR in DDM micelles were subsequently

applied and incubated for 10 s at 4 °C and 100 % humidity before blotting for 3 s with a blot
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force of 0 and plunge frozen into liquid ethane using an FEI Vitrobot MKIV. During the
entire freezing process the Vitrobot was covered in aluminum foil and a resting time of 10 s
(compared to the ~0.5 s photocycle of WT PR in DDM micelles) prior to blotting was added
in order to prevent PR excitation and to limit the range of photocycle conformations in the
sample. Micrographs were collected using a Titan Krios operated at 300 kV equipped with a
Gatan BioQuantum energy filter operating over a calculated defocus range of -0.2 um to -
3.3um. A K3 detector operating in electron counting mode was used to record 27,398
micrographs at a pixel size of 0.68 A? px™* (corresponding to a nominal magnification of
165,000x) over a 4 second exposure at a 15 e px* s flux yielding a total fluence of 60 e px?,

fractioned into 45 dose fractions.

Cryo-EM data processing

Pre-processing steps were performed with cryoSPARC Live v3.1.0%. First, motion-
correction and dose-weighting was accomplished using MotionCor2 v2.1.1%. Contrast
transfer function (CTF) estimates for the motion-corrected micrographs were then calculated
with CTFFIND4 v4.1.13%. Poor-quality micrographs were discarded. Following several

rounds of 2D classification, 67,997 remaining particles were used for 3D classification.

2.4 Results

PR exists as both hexamers and pentamers in E. coli membrane and synthetic liposomes
Although both hexameric and pentameric PR have been reported in various surfactant
and reconstituted lipid environments”1%1255-%8 only hexamers have previously been observed

in E. coli membranes'!, while Hirschi et. al. reported on PR being primarily pentamers upon
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crystalization and when solubilized in cymal-5 micelles,®” and Maciejko et. al. reported
mainly on the pentamer population in DMPC/DMPA (9:1) liposomes®®. We performed BN-
PAGE and Western Blot analyses of E. coli cell lysates containing PR-WT and found that
both PR hexamers and pentamers are present but unresolved (Figure S2.1). Since these two
oligomeric species have slightly different spacing among the subunits, crosslinkers of various
sizes were applied to PR-containing E. coli membranes to stabilize both species separately,
with the goal to resolve the coexisting two oligomer populations. The proteins were
crosslinked with either DSG, DSS, or BSOCOES, three lysine-specific crosslinkers presented
in order of increasing length, followed by SDS-PAGE analysis. The spacer arm lengths®® and
the average attainable distances®® of these crosslinkers are given in Table S2.1. As shown in
Figure 2.1, only PR hexamers were crosslinked by DSG and DSS, whereas BSOCOES
stabilized both the hexameric and pentameric forms of PR. These results suggest that PR
exists as both hexamers and pentamers in the native-like E. coli membrane. The pentamers
were stabilized by only BSOCOES, likely because they possess a unique K125-K244
distance (21.2-21.9 A according to molecular dynamics (MD) simulations with Xwalk®?),
consistent with the accessible length of BSOCOES (average attainable distance: 21.6 A) (see
Supplement 1 and Table S2.2). The K125-K244 crosslink is not present in the hexamer
structures according to our MD simulations, hence no comparison could be made about the
compactness in the overall structure of these two oligomeric states of PR.

Next, the oligomeric distribution of PR in synthetic liposomes was evaluated.
POPC/POPG liposomes (4:1, mol/mol) were selected, as the anionic PG headgroup renders
the membrane surface negatively charged, similar to that of the native bacterial membrane.

PR in this composition has also been shown to be more uniformly oriented than in neutral
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bilayers,® and to have increased active population as measured by a lower intrinsic pKapez
(calculated from apparent pKapg7 by considering the local pH near the membrane surface

according to the Gouy-Chapman model) compared to in POPC/DOTAP liposomes®.
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Figure 2.1. SDS-PAGE of WT PR crosslinked in extracted E. coli membranes using the
three crosslinkers (lanes 1-3) and in membranes that have not been treated with crosslinker
(lane 4). These crosslinked SDS-PAGE gels show monomer, dimer, trimer, tetramer,
pentamer, and hexamer. The emphasized monomer, pentamer, and hexamer species are
labeled.

BN-PAGE analysis again verified the coexistence of PR pentamers and hexamers in the
POPC/POPG liposomes, as well as in DDM micelles (Figure S2.2A). This time, despite
crosslinking of WT-PR with BSOCOES in POPC/POPG liposomes, SDS-PAGE could not
resolve whether one or both oligomeric forms were present, unlike with crosslinked WT-PR

in E. coli membrane (Figure 2.1) or in DDM micelles!. Interestingly, cross-linked PR
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oligomers were observed only at high protein:lipid ratios (Figure S2.2B), suggesting that the
crosslinking reaction was unfavorable for PR oligomers in liposomes®2%3, The limited
accessibility of the crosslinkers to the PR surface may be owing to the significantly greater
thickness of the POPC/POPG membrane compared to the E. coli membranes, which would
limit the accessible surface of PR to the solvent.

MD simulations were next used to evaluate the stability of the pentamer and hexamer
bundles of PR in different membrane environments. Systems with blue-light absorbing PR
(BPR) crystal structures placed in a POPE/POPG (4:1, mol/mol) lipid bilayer in both the
pentameric (PDB: 4KLY) and hexameric forms (PDB: 4JQ6) were equilibrated up to 100 ns,
followed by several hundred ns of Gaussian accelerated molecular dynamics (GaMD)
simulations*. The stability of both oligomeric species was assessed via calculation of a
packing score at each protomer-protomer interface (Figure 2.2), defined as the relative degree
of contact at a given interface. Higher packing scores correlate with greater interactions
between monomers. Although both oligomeric forms of PR remained intact in the lipid
bilayer environment during the GaMD simulations, different behaviors were observed
between the hexamers and pentamers. The hexamer had much higher packing scores at four
of the six interfaces compared with the pentamer, but the interfaces between protomers 3-4
and 6-1 were significantly less packed (Figure 2.2B, top). These two interfaces lie opposite
one another, indicating that the hexamer could be formed via a dimer of trimers. In contrast,
the interfaces of the pentamer had a much broader distribution of packing scores. Overall,
these computational results suggested that a synthetic lipid bilayer environment facilitates
assembly of stable PR in either oligomeric state, but that subtle differences exist between

hexamers and pentamers.
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We know that there are key oligomer interfacial contacts defined by specific
interactions: the W34 to H75 hydrogen bond is maintained in both the pentameric and
hexameric states, whereas the E50-R51-D52 salt bridge exists solely in the pentameric form,
illustrated in Figure 2.2A. In addition, PR oligomers are further stabilized by non-specific
interactions. This is supported by the coexistence of multiple PR oligomer populations,
including dimers, trimers, pentamers and hexamers, and by the observation that the PR
oligomer population is modulated by liposome composition and high salt concentrations that
tend to alter non-specific molecular interactions. Interestingly, a recently reported cryo-EM
study of PR solubilized in Cymal-5 detergent micelles yielded a BN-PAGE analysis that
revealed the presence of only pentamers of PR construct without a His-tag, and suggested
that PR hexamers are formed only due to the presence of the His-tag added for purification
purposes®’. In contrast, our BN-PAGE analysis of PR WT, upon removal of His-tag, revealed
both pentamer and hexamer species in DDM micelles, in E. coli membranes, as well as in
POPC/POPG liposomes (Figure S2.3A), ruling out a dominant contribution by the His-tag.
We have also performed a preliminary cryo-EM study of PR WT in DDM micelles
(experimental details in Materials and Methods) and observe clear 2D and 3D classifications
(Figure S2.4) of the PR pentamer. Interestingly, we did not observe hexameric species of PR
by cryo-EM. However, this does not mean that hexameric species do not exist. The PR
sample consists of a heterogeneous population of oligomers (dimer, trimer etc. besides
pentamer) that likely is owing to contributions from non-specific interactions to stabilizing
the oligomer interface. This heterogeneity makes PR oligomers inherently difficult to fully

characterize by cryo-EM. The observed results still can mean that no stable hexamers are
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present, or that the hexamer makes up a more dynamics and heterogenous assembly, and that

the pentamer is the most stable and/or homogeneous population.
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Figure 2.2. Molecular dynamics (MD) simulation on BPR crystal structures placed in a
POPE/POPG (4:1, mol/mol) lipid bilayer. (A) PR hexamer and pentamer structures with
numbering on each subunit to indicate the interface or inter-subunit distances assessed by
simulation. (B) Histogram of packing scores of BPR hexamer and pentamer at different

oligomeric interfaces from GaMD simulations.

We next investigated whether PR oligomers are the product of non-specific
associations of PR molecules tightly packed in a lipid membrane by decreasing the
protein:lipid ratios, effectively diluting PR density in the proteoliposomes, and evaluating
specific intermolecular interactions among PR oligomers by electron paramagnetic resonance
(EPR) lineshape analysis. In particular, the cross-protomer distance between residues 55 of

PR has been known to be <16 A, resulting in characteristic and distinct EPR line
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broadening.** Our results showed that at protein:lipid ratios of both 1:30 and 1:100, the EPR
spectra of PR spin-labeled at residue 55 exhibited the characteristic dipolar broadening seen
in PR oligomers solubilized with DDM micelles (Figure S2.3B). This indicates that residues
55 are consistently near the cross-protomer interface of PR oligomers, and that PR oligomer
formation is partially driven by specific cross-protomer interactions intrinsic to PR. Our
results also suggest that non-specific interactions from the His-tag or among PR molecules in
close proximity are not a dominant factor in the formation of PR oligomers in synthetic
liposomes, but that non-specific interactions still do play a role in PR oligomer formation,

giving rise to the heterogeneity of PR oligomer populations.

Oligomerization slows down the photocycle of PR in liposomes

We next sought to understand how oligomerization affects the proton transport
function of PR in synthetic liposomes compared with in detergent micelles by evaluating the
rate of proton transport. In detergent micelles, oligomerization has been demonstrated to slow
down PR’s proton transport 2—3 fold!*?*, To observe this process in POPC/POPG liposomes,
we characterized the photocycle of the oligomer-dominant PR WT and of the monomer-
enriched E50Q mutant®®. Compared with PR E50Q, the WT form exhibited differential
absorbances that peaked at longer timescales at 410 nm (WT: ~500 ps; E50Q: ~200 ps) and
at 590 nm (WT: ~4 ms; E50Q: ~2 ms) (Figure 2.3). This result establishes that
oligomerization slows down PR’s accumulation of the M and N intermediates®® in the
liposome environments, as it did in the detergent micelle environment''?l, Similar
differences were also observed at 470 nm, 500 nm, 550 nm, and 630 nm (Figure S2.5A and
2.5B), although the growth and decay of the transient absorbances at these wavelengths could

not be attributed to individual photointermediate, due to overlap of different intermediates
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and low signal-to-noise ratio, particularly at 630 nm. Overall, the results reveal that

oligomerization slows the kinetics of PR’s photocycle in the liposome environment.
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Figure 2.3. Transient difference absorbance data of (A) WT PR and (B) E50Q PR

reconstituted in POPC/POPG (80/20, mol/mol) liposomes. Measurements were performed at

pH 8.5 and ~293 K. The transient absorbance changes at 410 nm (purple) and 590 nm

(orange) were collected after PR is photoactivated by a green-light pulse laser. The dashed

vertical lines indicate the approximate timings for the transient absorbance at 410 nm and

590 nm to reach local maximum. Dark solid curves in (A) and (B) are the fitting curves of

the 410 nm transient absorbance (purple) from oligomeric WT PR and monomer-enriched PR

E50Q, respectively, using a first-order two-step consecutive reaction model illustrated in

(C) to describe the accumulation and the decay of M intermediates in PR’s photocycle.
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To quantify the extent to which oligomerization decreases the kinetics of the PR
photocycle in liposomes compared with in detergent micelles, we performed a quantitative
analysis of the transient absorbance data for WT PR and the E50Q mutant. The 410 nm
traces, associated with the accumulation and decay of the M photo-intermediate, were fitted
with a biexponential model® (see Materials and Methods). The results indicated that in
liposomes, the K—M transition rate coefficient ki for the oligomer-dominant WT PR is ~2
times smaller than that for the monomer-enriched E50Q PR (WT: 8.7 ms™; E50Q: 16.9 ms™),
while the M—N transition rate coefficient k, was ~4.5 times smaller (WT: 0.11 ms™*; E50Q:
0.5 ms?). A very similar result was observed in the DDM detergent environment: the ki
coefficient for oligomer WT PR was ~2 times smaller than that for E50Q PR (WT: 10.1 ms™;
E50Q: 21.7 ms™), while the k. coefficient was ~4.5 times smaller (WT: 0.16 ms™; E50Q:
0.77 ms1)2L (Figures S5C and D and Table 2.1). Taken together, these results revealed that
oligomerization, in both liposomes and detergent environments, slows PR photocycle
Kinetics in a significant and remarkably consistent manner, independent of the biomimetic

host environments in which PR is embedded.

Table 2.1. Rate coefficients of both the K-M transition (ki) and the M-N transition (kz)
for PR in liposome vs. micellar environments from first-order two-step consecutive

reaction model fitting

WT E50Q
ki (ms™) k2 (ms™) ki (ms™) k2 (ms™)
POPC/POPG 8.7 0.11 16.9 0.5
DDM1L2 10.1 0.16 21.7 0.77
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Effects of the liposome environments on PR’s active population

In addition to the rate of the photocycle, the proton transport efficiency of PR is also
affected by the population of active proteins, which can be assessed by measuring the
apparent pKa of the key proton acceptor D97 (pKape7).2*32 In the detergent micelle
environment, oligomerization was observed to raise PR’s pKapg7 by almost one pH unit
(oligomers: 6.5-6.7; monomers: 7.4-7.8; Figure 2.4A and Table 2.2), indicating a significant
decrease in active protein population at neutral pH.!' To elucidate how oligomerization
affects PR’s pKapg7 in liposomes, we disrupted the critical cross-protomer W34-H75
interaction, which results in the destabilization of the protonated form of D973+’ by the two
mutations W34D?** and E50Q.%® We afterwards used SEC to isolate the WT dimers from the
oligomeric population. We then compared the pKapg7 of the mutants, W34D and E50Q, and
of the isolated WT dimers with that of PR WT oligomers. The E50Q mutation destabilized
the PR oligomers and populated a mixture of smaller oligomers (Figure S2.6A), while W34D
did not destabilize the PR oligomers, as expected (Figure S2.6A). Unlike in detergent
micelles!!, it was difficult to enrich just the monomers in liposomes, thus a mixture of PR
dimer and monomer was characterized. Our studies of PR in DDM showed that the pKapg?
values of the mutants (E50Q: 7.2; W34D: 7.3; Figure 2.4A) were similar to that of the
monomer population of PR WT (7.4), and much higher than the oligomeric population of PR
WT (6.7),* as expected. However, for PR embedded in POPC/POPG liposomes, the pKapez
values of these mutants (E50Q: 6.4; W34D: 6.6; Figure 2.4B) were comparable to that of PR
WT oligomers (6.4) (Figure 2.4B). Likewise, PR WT dimers in POPC/POPG liposomes
exhibited a similarly low pKape7 value of 6.2 (Figure 2.4B). We also varied the protein:lipid

ratio between 1:10, 1:30, and 1:100 to test whether the cross-protomer interactions stabilizing
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PR oligomers could be diluted in the presence of excess lipids; however, we found negligible
changes in the pKape7 (6.5-6.6) (Figure S2.6B). These results indicate that the liposome
environment itself is sufficient to maintain an active population of PR independent of the

cross-protomer modulation of D97.
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Figure 2.4. pH-dependent absorbance transitions at 570 nm and pKapg7 values for PR WT,
E50Q, and W34D solubilized in (A) DDM detergent micelles and (B) POPC/POPG (4:1,

mol/mol) liposomes. Previously published results are represented by dashed lines.

Table 2.2. The pKapgr of PR variants in DDM detergent and POPC/POPG (4:1,

mol/mol)
WT penta-
WT dimer WT monomer
/hexamer
DDM 6.5 -- 7.41
POPC/POPG 6.4 6.2
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SMALPs retain PR’s native-like membrane environment but disrupt proton transport
function

We have shown that the different lipid membrane mimetic environments of liposomes
and detergent micelles significantly impact the proton transport function properties of PR.
Next, we explored the functional impact of extracting PR directly from E. coli membrane by
using styrene maleic acid lipid particles (SMALPs), a nanodisc system that has recently
emerged to be a highly efficient lipid membrane mimetic. The use of SMALPs enables
detergent-free isolation of transmembrane proteins and retention of their native lipid
environment. As a result, SMA has been suggested to be superior to other membrane
mimetics in maintaining protein function!®%, Herein, the protein transport function of PR
solubilized with SMALPs was characterized via pKapg7z measurements and photochemical
reaction cycle experiments. The monomer-enriched E50Q mutant was used, as the oligomer-
dominant PR WT could not be captured, possibly due to the limited size of the nanodiscs (see
Supplement 2). Our results showed that PR E50Q in SMALPs exhibited a remarkably high
pKapgz of 8.9 (Figure 2.5A). This is 1.5-2.5 pKa units higher than those of PR E50Q
reconstituted in DDM (7.2) or in POPC/POPG (6.4) (Figure 2.4), indicating that the majority
of PR monomers are incapable of proton transport at neutral pHs in SMALPs. Note that the
fitting was poor for the data at pH < 6 due to the instability of SMALPs at this pH range,®’
which is in contrast to the high quality pKapg7 data of PR reconstituted in other membrane
mimetics.

Next, time-resolved UV-visible light spectroscopy was used to evaluate the
photocycle kinetics of PR E50Q in SMA at pH 8.0. We found that the photocycle kinetics
were severely disrupted compared with PR in DDM micelles, exhibiting absorbance that

rapidly diminished over time at all wavelengths examined (Figure 2.5B). The lack of
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movement at 410 nm indicates that the M-intermediate, characteristic of proton transport, is
not observed. The gradual absorption decay observed at 550 nm and 590 nm is also non-
native as both wavelengths exhibit a complex photocycle in DDM micelles and liposomes.
Such disruption of the PR photocycle could be explained by the very high pKapge7 of 8.9 for
PR E50Q in SMALPs estimated above (Figure 2.5A). This indicates that the D97 residue is
predominantly protonated, thereby interrupting the native M-N transition in the PR and
effectively rendering most of the PR molecules inactive. This observation however persisted
at pH 10.0 (Figure 2.5B), where the D97 residue should be deprotonated, indicating that the
polymer nanodisc platform interferes with PR’s photocycle kinetics beyond affecting the
protonation state of D97. Taken together, SMALPs appear unable to maintain the proton

transport capacity of PR, severely reduce its active population and disrupt its photocycle

properties.
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Figure 2.5. (A) pH-dependent absorbance transitions of PR E50Q in SMALPs (solid red
line) at 570 nm, compared with those of PR E50Q in DDM detergent (dashed blue line) and
in POPC/POPG liposomes (dashed pink line). (B) Transient absorbance data of PR E50Q
extracted with SMALPs directly from E. coli membrane. Measurements were performed at
pH 8.0 and 10.0 at ~293 K. The transient absorbance changes at 410, 470, 550, and 590 nm

were collected after PR is photoactivated by a green-light pulse laser.
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2.5 Discussion

The key finding of this study is that oligomerization is a dominant factor that
significantly decreases the kinetics of the PR photocycle. The oligomeric state of PR in E.
coli membrane and synthetic liposomes are found to include both hexamers and pentamers
(Figures 1 and 2). In all cases, this study determined that oligomerization significantly slows
down PR’s photocycle in liposomes (Figure 2.3) to a similar extent as previously shown for
PR in micellar environments. This effect of oligomerization on the photocycle kinetics is
likely owing to mechanical inhibition of key conformational changes.

At the same time we know from previous studies that the lipid-based membrane
mimetic composition, regardless of the oligomeric state, exerts profound impacts on the
active population of the receptor.?° This is further verified by the observation that disrupting
the cross-protomer interaction that modulates the key proton acceptor D97 of PR did not
decrease the active population of PR in liposomes (Figure 2.4). In contrast to PR in the
detergent micelle environment, PR in liposomes was shown to maintain the active protein
population harboring deprotonated D97 even in the absence of the critical cross-protomer
W34-H75 contact (Figure 2.4 and Table 2.2). This cross-protomer hydrogen bond serves to
increase the tautomerization efficiency of H75%4%¢, such that H75 can form a hydrogen bond
that stabilizes the deprotonated form of D97.3° Therefore, there must exist a mechanism by
which liposomes can keep D97 deprotonated without the hydrogen bond with H75. These
observations are unique to PR embedded in liposomes, and have been proposed to arise from
long-range stabilizing electrostatic interaction between lipid headgroups and internal PR
residues across the liposomes bilayer, further modulated by the presence of salt in the buffer

solution (150 mM NaCl).?° PR embedded in a bilayer membrane environment composed of
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charged and zwitterionic lipids can create a much stronger surface potential that could
modulate key electrostatic interactions that may keep D97 deprotonated when PR is
reconstituted in liposomes, effectively compensating for the disruption of the cross-protomer
W34-H75 interaction.

Strikingly, solubilizing PR from its native E. coli using SMA nanodiscs does not
preserve the pKapgy of PR reconstituted in liposomes. Rather, the SMA nanodisc
environment leads to a drastic increase in pKapg7 of PR E50Q compared to that in liposomes
or micelles, and a severe disruption of PR’s photocycle properties (Figure 2.5). As the
nanodiscs are formed, the maleic acid moiety must be deprotonated®®, which could cause an
increase in the local proton concentration around residue D97. As a result, residue D97 could
become dominantly protonated, leading to the accelerated decay in photocycle (Figure 2.5B).
Indeed, a similar trend has been observed with other membrane proteins embedded in
SMALPs. In the Rubrobacter xylanophilus rhodopsin RxR, the pKa of K209 has been shown
to increase by 1.8 pH units in SMALPs compared with that in DDM?®. Additionally, in the
photoreceptor sensory rhodopsin 11 NpSRII of Natronomonas pharaonic, an accelerated
decay of the M photointermediate was found due to the high local proton concentration
induced by the maleic acid group of the SMA polymer™. Taken together, these results
suggest that the charged functional groups of SMALPs can have a dramatic, and potentially
adverse, effect on the membrane protein function via adverse local electrostatic interactions.
Hence, it is not a given that SMALP-reconstituted membrane proteins display more native-
like function, even though PR is lifted out of its native E.coli lipid membrane environment.

Although appearing unimportant in maintaining PR’s low pKape7 in liposome

environment, oligomerization exerts a substantial impact on PR’s rates of proton transport in

44



both detergent micelle and liposome environments (Figure 2.3 and Table 2.1). This indicates
that during the photochemical reaction, PR undergoes structural changes that can be
modulated by oligomerization, yet unconnected to the protonation state of D97. Such
structural changes may not be limited to any specific region of PR, as movements induced by
the photocycle (shown to involve helices D—-G!%1257.7%=74) goccur in regions distinct from the
oligomeric interfaces (constituted by helices A—C!%1257)_ Indeed, by using MD simulations, a
recent study has demonstrated that PR pentamers, compared with the monomeric form,
exhibited increased rigidity of the overall structure of PR in a POPE/POPG lipid
membrane’®. Increased overall rigidity of PR oligomers might be the structural basis of why
PR’s photocycle overall is slightly faster in liposomes than in detergent micelles, specifically
the rate coefficients associated with the accumulation and decay of the M intermediate
(Table 2.1). Additionally, different rigidity might render PR pentamers and hexamers
functionally dissimilar, as we have shown that PR hexamers have slightly stronger cross-
protomer associations and are more compact compared with the pentamers (see Figure 2.2
and Supplement 3). Our study demonstrates that both oligomeric distribution and biomimetic
composition can impact PR’s functional properties via mechanisms beyond the protonation
state of residue D97, underscoring the importance of resolving the structural evolution of PR

in different membrane mimetics during activation in the future.

2.6 Conclusions

This study distinguishes and emphasizes the extensive impacts of biomimetic
composition and oligomeric distribution on the functional properties of PR. The evidence

supports the role(s) of electrostatic interactions from lipid-based membrane mimetics in
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maintaining the deprotonated state of PR’s primary proton acceptor D97. In addition,
oligomerization significantly and consistently slows PR’s photocycle kinetics, highlighting
the prominent functional role of oligomerization. The task remaining is to investigate the
molecular mechanism by which various membrane mimetics modulate the composition-
dependent pKapgy of PR and the associated structural changes and their rates that are
pertinent to PR’s photochemical reaction induced by oligomerization. Also, the functional
differences between the pentameric and hexameric forms of PR remain to be explored. This
study focuses on PR, but the findings are expected to be broadly applicable to other
transmembrane proteins, reinforcing the importance of selecting the appropriate biomimetic

platform for structure-function studies of these vital biomolecules.

2.7 Future Directions

These new formulations of lipid surfactants represent significant functional mediation
of proteorhodopsin (PR). Further investigation into other charged lipids may reveal even
greater changes in the pKa of the D97 residue of PR. Additionally, investigation into larger
protein-compatible surfactants with greater hydrophobic-hydrophilic contrast between the
head and tail groups may enable the formation of mesostructured protein-host materials with
greater extents of mesostructural order (discussed in greater detail in Chapter 3).
Furthermore, investigations into asymmetric lipid bilayers (lipids with varied properties
contribute to a range of characteristics on each side of the membrane) may better replicate
native-like environments and create varied electrostatic environments that are tuned for
different regions of the protein.” Similarly, amphiphilic block copolymer systems have been

shown to orient PR based on charge interactions.”” My goal to harness the functions of
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membrane proteins in non-native materials for incorporation into devices is highly dependent
on achieving anisotropic orientational alignment of PR, and optimizations of these
interactions may play an important role in this.

Further optimization of PR nanodiscs is another research direction of interest,
representing an opportunity to study the functions of this membrane protein in a planar
biomimetic environment that closely resembles the curvature of a native lipid bilayer. As
shown in Figure 2.5B, SMA nanodiscs interfere with the photocycle of PR, likely due to
influencing the local electrostatic environment around key function-dependent residues.”
However, these electrostatic interactions can be altered by using nanodiscs formed from
polymer chains with different charges. Negatively charged styrene maleic acid-ethanol amine
(SMA-EA) and positively charged styrene maleimide quaternary ammonium (SMA-QA) are
low molecular weight SMA derivatives, and are alternative polymers that can be used to
form nanodiscs under more flexible conditions.” Unlike SMA, which precipitates out of
solution at pH conditions <6, SMA-EA is stable at acidic pH conditions greater than 3.3,%°
and SMA-QA is stable from pH 2.5-10 conditions. Importantly, this means that these
nanodiscs are stable at the pH 4.1 conditions | use to formulate DDM+POPC+DOTAP-
structure-directed mesostructured silica films. It would be interesting to experiment with
SMA-EA and SMA-QA nanodiscs as guests within these materials.

Larger SMA-EA and SMA-QA nanodiscs can solubilize larger PR oligomers, and are
also more easily oriented within a magnetic field regardless of protein oligomerization.’8
While larger nanodiscs may disrupt the co-assembly of PR-containing nanodiscs, DDM,
POPC, DOTAP, and silica into well-ordered mesochannels, replacing the structure-directing

surfactants with molecules that contain longer hydrophobic chains (thus larger mesochannel
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diameters) may make these two systems compatible. Although not necessary for
solubilization, it would be interesting to probe the photocycle kinetics of monomeric PR
when solubilized in large lipid nanodiscs in order to test if the protein being a greater
distance from the disrupting charges of the polymer nanodisc would enable native-like
photocycle kinetics to be observed. These proposed experiments will hopefully provide
greater context and understanding to membrane protein-host interactions, and enable the
manipulation of lipid bilayer and surfactant environments to mediate PR co-assembly and

function.
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2.9 Supporting Information
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Figure S2.1. (A) BN-PAGE of cell lysates from E. coli overexpressing WT PR (lane 1), PR
E50Q (lane 2), and a negative control (NC) from lysates without overexpressing PR (lane 3).
(B) Western Blot analysis of proteins transferred from a BN-PAGE of cell lysates from E.
coli overexpressing WT PR (lane 1), PR E50Q (lane 2), and a negative control (NC) from

lysates without overexpressing PR (lane 3).
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Figure S2.2. (A) BN-PAGE of purified PR in DDM surfactant micelles (lane 1) and
reconstituted into POPC/POPG (4:1, mol/mol) (lane 2). (B) SDS-PAGE of BSOCOES-
crosslinked WT PR after reconstituted in POPC/POPG (4:1, mol/mol) liposomes at different
protein-to-lipid ratios (1:10 vs. 1:100 w/w). The negative controls are without application of
the BSOCOES crosslinker.
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Figure S2.3. Evidence showing PR oligomers are not artifact from nonspecific interactions.
(A) BN-PAGE of WT PR before the His-tag removal (lane 1), during the His-tag removal

process by adding TEV protease (lane 3), after the His-tag removal process reconstituted in a
buffer supplemented with 0.05 wt% DDM detergent (lane 4), and after the His-tag removal
but reconstituted in POPC/PG liposomes. No bands can be observed from pure TEV protease
(lane 2) in the range displayed because of its smaller molecule weight (~25 kDa). (B) EPR of
PR spin-labeled at site 55 and reconstituted into POPC/POPG (4:1, mol/mol) liposomes at
two different protein-to-lipid ratios (1:30 and 1:100). The inset shows characteristic EPR
spectral broadening due to the oligomerization of the same PR with a spin label at site 55 in
DDM detergent micelles and loss of broadening in the monomeric form of PR separated by
SEC.
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Figure S2.4. (A) 2D classifications of PR WT (B) 3D classifications of PR WT. 27,398

micrgraphs were collected on a Titan Krios operating at 300 kV and a sub-selection of

67,997 particles were used.
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Figure S2.5. Transient difference absorbance data of (A) WT PR and (B) PR E50Q in
POPC/POPG (4:1, mol/mol) liposomes and of (C) WT PR (Data published in Idso et al.) and
(D) PR E50Q in DDM detergent micelles. Measurements were performed at pH 8.5 and ~293
K. The transient absorbance changes at 410 (light purple line), 470 (deep purple line), 500
(blue line), 550 (green line), 590 (orange line), and 630 (red line) nm were collected after PR

is photoactivated by a green-light pulse laser.

63



A E50Q W34D B Difference absorbance at 570 nm (AU)

POPC__ POPC 10
DDM POPGDDM POPG
- =
2424 a - | Jhexamer/ 0-6
= pentamer 0.4
146+ .
—— 0.2
66 <monomer
0.0 ]
5 ¢ 7 & 9 10 11

Bulk pH

Figure S2.6. (A) BN-PAGE of PR E50Q and W34D in DDM detergent micelles and
reconstituted into POPC/POPG (4:1, mol/mol) liposomes. (B) pH-dependent absorbance
transition at 570 nm for WT PR reconstituted into POPC/POPG (4:1, mol/mol) liposomes at
three different protein-to-lipid ratios (1:10, 1:30, and 1:100).

Supplement 1 — PR pentamers could only be observed with the longer crosslinker
BSOCOES

The observation that only the longer crosslinker BSOCOES can stabilize PR
pentamers (Figure 2.1A) means that a lysine-lysine distance exists between adjacent PR
subunits that is only accessible to BSOCOES. To confirm this hypothesis, we analyzed the
available BPR oligomer crystal structures (hexamer vs. pentamer) with Xwalk, an existing
computational tool used for predicting intermolecular crosslinking®®. The method relies on
the estimated shortest path between two lysine residues in adjacent PR subunits, where the
path leads through solvent without penetrating the protein surface. We analyzed lysine-lysine
distances in the range of 13-23 A, which covers all distances attainable with the three

crosslinkers DSG, DSS, and BSOCOES (see Table S2.1). Among the possible crosslinks

64



identified using these constraints, K125-K244 was unique to the pentameric structures
(Table S2.2), possibly because it penetrated the protein surface of the hexameric structures.
This crosslink falls within a 21-22 A distance range (Table S2.2), which is closest to the
average attainable distance of BSOCOES (21.6 A; Table S2.1). This result explains why only

BSOCOES can stabilize PR pentamers, as shown by our experimental result (Figure 2.1A).

Table S2.1. Cited spacer arm lengths® and calculated average attainable distances® of the
crosslinkers DSG, DSS, and BSOCOES. The average attainable distances include the
average N-N distances and the sidechain length of lysine (2 x 5 A)

Cited N-N | Average Average Range of N- | Range of

Distance | N-N Attainable N Distances | Attainable
Distance Distance Distances
DSG 1.7 6.2 16.2 3.1-75 13.1-17.5
DSS 11.4 8.9 18.9 5.6-11.4 15.6-21.4
BSOCOES | 13.0 11.6 21.6 6.8-12.4 16.8-22.4

Table S2.2. Predicted inter-PR crosslinks from three oligomeric BPR crystal structures®,
with calculated solvent-accessible distances® given in A. Note that the K125-K244 crosslink

is found only in pentameric structures and is the long distance consistent with reactivity with

BSOCOES alone.

Predicted Inter-PR | BPR Hexamer BPR Pentamer BPR Pentamer
Crosslink (PDB: 4JQ6) (PDB: 4KLY) (PDB: 4KNF)
K59-K59 21.3 21.2 20.6
K59-K244 20.1 -- 21.4
K57-K244 14.9 15.0 16.6
K125-K244 - 21.9 21.2
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Supplement 2 — SMALPs can extract PR from E. coli membranes in the monomeric
form

E. coli membranes containing PR-WT and PR-E50Q were tested, as the significant
difference in size between the hexameric and the monomeric forms of PR could affect the
solubilization efficiency. Western Blot analysis on SDS-PAGE of the final SMA-solubilized
samples indicate that only the monomeric form of PR is solubilized in both cases, and that
the hexameric form of PR-WT is not (Figure S2.7A). Furthermore, UV absorption
measurements at 520 nm are used to determine the protein yield for both cases. The results
indicate that 1 L of E. coli overexpressing PR solubilized with SMALPs yields 4.0 mg of PR-
WT and 72.0 mg of PR-E50Q (Figure S2.7B). Clearly, SMA is very effective at
encapsulating the monomer-enrich PR-E50Q mutant but does not solubilize the hexamer-
dominant PR-WT. This is observed evidently in after SMA solubilization when comparing
PR-E50Q and PR-WT samples (Figure S2.7C). The primarily monomeric PR-E50Q is easily
solubilized from E. coli membranes by SMA making the supernatant appear pink and the
pellet white. In contrast, the primarily oligomeric PR-WT undergoes minimal solubilization

by SMA leading to a clear supernatant and pink membrane pellet.
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Figure S2.7. SMALPs only solubilizes the monomeric form of PR. (A) Western Blot
showing the dominant presence of PR-WT and E50Q mutant in SMALPs. MagicMark
protein ladder (LC5602) is used as the molecular standard weight. (B) The amount of protein
yielded from 1 L of E. coli culture expressing oligomer-dominant PR-WT and monomer-
enriched PR-E50Q. (C) Harvested membrane pellet for PR-E50Q and PR-WT after SMA

solubilization.

The oligomeric form of PR could not be encapsulated with SMA, perhaps because of the
limited size of the nanodiscs formed by this polymer. According to a crystal structure of the
hexameric form of blue light-absorbing proteorhodopsin (PDB ID: 4JQ6), the diameter of
hexameric PR is ~92 A, while that of a monomeric PR is ~27.2 A (Figure S2.8). Although
the typical size of a SMALP is also ~100 A, its mean core diameter is only ~76 + 4 A76,
which renders it difficult to fit a PR hexamer into a SMALP, while a PR monomer can easily

be captured and stabilized.
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Figure S2.8. Measurements of the diameters of PR hexamer and monomer using PyMOL.
Measurements are done on the crystal structure of blue light-absorbing proteorhodopsin
(PDB ID: 4JQ6).

Supplement 3 — Packing of PR oligomers is tighter in the hexameric state

We compared the compactness of the hexameric and the pentameric structures through the
distance between the center masses of the adjacent protomers during GaMD simulations. PR
hexamers exhibited significantly shorter distances compared with the pentamers (hexamers:
~28 A: pentamers: ~32 A; Figure S2.9A). These results agreed with the packing score
analysis, which showed that PR hexamers exhibited a higher overall packing score than the
pentamers (Figure 2.2B), indicating stronger cross-protomer association. Together, these MD
simulation results demonstrated that the hexameric form of PR is more tightly packed than

the pentameric counterpart.
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By replacing 30 mol% of POPG with POVPC, which has the same zwitterionic headgroup
but a reoriented sn-2 hydrocarbon chain to make the lipid bilayer leakier!, we observed from
BN-PAGE analysis that the pentamers are the dominant species (Figure S2.9B). This
indicates that a leakier surrounding environment could populate PR pentamers, which are
less tightly packed compared with the hexamers, as suggested by the lower packing score
(Figure 2.2B) and the longer cross-protomer distances from our MD simulations

(Figure S2.9A).
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Figure S2.9. (A) The inter-subunit distances between the closest neighboring subunits in
BPR hexamer and pentamer were also listed and compared. (B) BN-PAGE of PR E50Q
reconstituted into POPC/POPG/POVPC (50/20/30, mol/mol/mol) (lane 1) and POPC/POPG
(80/20, mol/mol).
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Chapter 3. Co-assembly of functionally-active proteorhodopsin
membrane protein molecules in mesostructured
silica-surfactant films

This chapter is adapted from a paper submitted to Chemistry of Materials, which is
currently under review. | am first author on this paper and my contributions include

experimental design, conducting experiments, analyses, and writing/editing.

Journal: Chemistry of Materials

Authors: Maxwell W. Berkow, Hosu Gwak, Matthew N. Idso, Michael B. Schmithorst, Bailey
Rhodes, Brad D. Price, Daniel S. Gianola, Songi Han, and Bradley F. Chmelka

70



3.1 Abstract

A combination of non-ionic, cationic, and zwitterionic surfactants are shown both to
stabilize the transmembrane protein proteorhodopsin, as well as to direct co-assembly into
robust transparent mesostructured silica-surfactant films containing high loadings of
functionally-active protein guests. Proteorhodopsin is a transmembrane protein that exhibits
light-activated H* transport properties, the photocycle kinetics of which are quantified by time-
resolved UV-visible spectroscopy and demonstrated to be similar for proteorhodopsin in the
abiotic mesostructured films compared to native-like lipids. The surfactants mediate the pKa
of a key ion-channel residue, leading to an expanded pH functional range for proteorhodopsin
in mesostructured silica-surfactant host materials. Small-angle X-ray diffraction results for
100-um films show high extents of mesoscale order with protein loadings up to 25 wt% and
worm-like mesostructural order for 44 wt% proteorhodopsin. Solid-state *H, 3C, and 2°Si
NMR analyses provide atomic-scale insights on the compositions and interactions at the
mesochannel surfaces, which account for the structure-directing roles of surfactant species.
Nanoindentation measurements reveal the mechanical robustness of the films, which
interestingly increases with proteorhodopsin loading for the compositions examined. Heat
treatment analyses show improved thermal stability for proteorhodopsin to 110°C within
mesostructurally-ordered films. The results establish closely-correlated relationships between
the compositions, nano- and mesoscale structures, proteorhodopsin dynamics, and
macroscopic mechanical properties of the silica-surfactant-protein films, providing key

biomimetic design criteria.
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3.2 Introduction

Membrane proteins perform, within cellular environments, a variety of transport,
sensing, and catalytic functions that are attractive for technological applications. For example,
the transmembrane protein proteorhodopsin transports H* ions in response to light, thus
converting solar energy into a chemical (pH) gradient.X Protein engineering strategies are
improving the stabilities and enhancing and diversifying the properties of membrane proteins
beyond their native functions.* Protein guest molecules can be incorporated into non-native
abiotic hosts, such as polymers, glasses, and mesostructured hybrid materials, with diverse
macroscopic morphologies, including particles, fibers, films, or monoliths to improve the
mechanical or thermal stabilities of the protein-host system.®> For example, globular proteins
can be post-synthetically adsorbed onto the surface of porous materials® through hydrogen
bonding, electrostatic forces, or hydrophobic effects; however, these interactions are often or
transient weak and leaching of the catalyst can lead to a loss in activity.” Alternatively,
biologically-enabled materials can be made through the co-assembly and subsequent cross-
linking of polymeric or inorganic oxide matrices around protein moieties, producing uniform
distributions of stable and functionally-active guest molecules. Incorporation of functionally-
active protein during syntheses of many of these materials has been challenging, due in part to
the often countervailing chemical compositions or conditions required to maintain protein
stability, compared with those typically used to synthesize or process polymeric or inorganic
host materials.

As a host material for proteins, silica is a good candidate, because it is mechanically
and thermally robust and can be synthesized under relatively mild conditions. While many

mesostructured silica materials have been synthesized under conditions that typically denature

72



proteins, such as very high or low pH or with high concentrations of organic solvents, extensive
previous work has demonstrated that silica can be synthesized in aqueous sol-gel mixtures at
pH values in the range of 5-8.2 These relatively benign conditions make sol-gel-derived
materials suitable for protein incorporation, whereby hydrolyzed siloxane precursors cross-
link around typically globular proteins that are occluded into robust inorganic host matrices.®
Such protein-silica materials are processable into monoliths or thin films, though typically with
low protein loadings and often unfavorable or transient interactions between the protein guests
and the silica matrix that alter protein function and reduce stability.

Compared to globular proteins, transmembrane proteins are particularly challenging to
incorporate into non-native host environments, due in part to their heterogeneous amphiphilic
character. While useful for relatively hydrophilic globular proteins,® hydrophilic host
environments such as silica are generally incompatible with the highly hydrophobic
transmembrane regions of membrane proteins. Most transmembrane proteins are made up of
hydrophobic a-helices that span the lipid bilayer of cell membranes, with hydrophilic loops
that are exposed to aqueous environments at the intra- and extra-cellular sides of the bilayer.
Such amphiphilicity can be exploited by using surfactants to simulate native-like cell
membrane conditions in abiotic host environments, such as liposomes or micelles.'%*? In fatty-
acid-based lipid bilayers of liposomes, hydrophobic lipid chains stabilize the a-helices of the
membrane protein, whereas the charged and hydrophilic lipid headgroups at the cytoplasmic
and extracellular interfaces stabilize the protein.*® However, these bilayers, native or synthetic,
exhibit poor mechanical and thermal stabilities and also are not easily processable into
macroscopic material morphologies. Amphiphilic block copolymers similarly provide both

hydrophilic and hydrophobic regions that offer suitable synthetic environments to stabilize
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membrane proteins with better mechanical and chemical stabilities, as well as local
orientational order.#6 These wholly organic-amphiphile-based synthetic hosts accommodate
modest bulk amounts of membrane proteins, with still relatively poor mechanical
properties.1416

For optically responsive molecules like proteorhodopsin, it is additionally necessary
for the host materials to be optically transparent. Previously, highly hydrophobic photo-
responsive conjugated polymers have been incorporated into transparent surfactant-directed
silica and titania matrices with significant extents of mesostructural order.!”® Similar
mesostructured materials have been used to accommodate other molecular guests, such as low-
molecular-weight dyes'®?® and nanoparticles,?* although these hosts have generally been
synthesized using non-aqueous solvents that are incompatible with proteins.

Here, we report novel transparent and robust silica-surfactant films with high extents
of mesostructural order and that incorporate high loadings of functionally-active
transmembrane protein proteorhodopsin guests. This novel combination of properties is
enabled by the judicious selection of three types of surfactants and synthesis conditions, which
both stabilize the membrane protein and direct its co-assembly into the hydrophobic regions
of the mesostructured silica-surfactant host materials, which can be processed into films up to
1 mm thick with arbitrary lateral dimensions. Small-angle X-ray scattering analyses elucidate
the protein-stabilizing and structure-directing roles of the surfactants, while solid-state NMR
resolves molecular-level interactions between the surfactants and mesochannel silica surfaces.
Notably, time-resolved UV-visible absorption spectra quantify the photocycle kinetics of the
proteorhodopsin guests, which retain their native-like light-activated conformational dynamics

within the mesostructured silica-surfactant materials, even at high protein loadings.
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3.3 Materials and Methods

Proteorhodopsin expression and purification

The monomer-enriched proteorhodopsin mutant E50Q (Figure 3.1a) was cloned into a
PET26b (+) vector (Novagen) as described previously.?® For expression, 10 mL cultures of
BL21(DE3) E. coli (Thermo Fisher), transformed with the above plasmid, were made in LB
broth with 50 pg/mL kanamycin and orbitally shook at 180 rpm for 16 h at 37 C. These
cultures were diluted into 1 L of LB with 50 pg/mL kanamycin and grown at 37 C with
180 rpm orbital shaking until ODeso=0.6, at which point PR expression was induced with 1
mM isopropyl S-D-1-thiogalactopyranoside (IPTG, Thermo Fisher) and 1 uM trans-retinal
(Sigma Aldrich). Trans-retinal is essential for PR function and the cells cannot produce it on
their own. After 18 h, each liter of cell culture was spun down at 5000 rcf, resuspended in 30
mL of 50 mM K>HPO4 (Sigma Aldrich) and 150 mM KCI (Sigma Aldrich) (PR buffer) at pH
8.7, and then lysed for 1 h with incubation in lysis buffer (20 mg/mL lysozyme, DNAse and
20 mM MgCly). Lysed cells were then centrifuged at 1000 rcf for 10 min to remove large debris
in the pellet. The supernatant was then spun down at 10,000 rcf to harvest PR-containing
membranes in the new pellet. The supernatant was removed and the membranes were flash
frozen as pellets in liquid nitrogen and stored at -80°C until needed for experiments.
Purification of PR began with homogenization of the membrane pellet in 2 wt% n-dodecyl--
D-maltoside (DDM, Anatrace) PR buffer with a glass tissue grinder, and then mixed for 1 h.
The homogenized solution was spun down at 100,000 rcf and the supernatant collected to
obtain PR E50Q in DDM micellar solution. Next, PR was further purified using a 5 mL Ni-
NTA resin column (ThermoFisher) with a binding buffer (0.01 wt% DDM and 30 mM

imidazole) and eluting buffer (0.01 wt% DDM and 500 mM imidazole). Prior to incorporation
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into materials, the ionic strength of the PR-containing solutions was lowered by using a PD-
10 desalting column (Millipore) and then concentrating the eluate as desired by centrifugal
concentration (50 kDa MWCO, Amicon Ultra), generally >100 puM. Protein concentration was
determined using the absorbance at 520 nm using an extinction coefficient of 49,000 Mtecm

and a molecular weight of 29,000 g/mol.

Retinal (D) i S

Figure 3.1. Schematic diagrams of (a) the E50Q mutant form of the transmembrane protein
proteorhodopsin (PR) with 7 a-helices, light-responsive retinal moiety, and key ion-channel
aspartic acid residue D97; (b) non-ionic Cio-maltoside n-dodecyl- f,D-maltoside (DDM)
surfactant, zwitterionic 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC) lipid, cationic
1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) lipid, and zwitterionic 1,2-
diheptanoyl-sn-glycero-3-phosphocholine (DHPC) lipid.
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Preparation of proteorhodopsin-containing silica-surfactant films

Mesostructured silica materials were prepared by mixing a 3:1 ratio by weight of 262.5
mg tetraethoxysilane (TEOS, Acros Organics) and 87.5 mg n-propyltriethoxysilane (PTEQOS,
97%, Alfa Aesar) with 1.5 g of H2O and 10 uL of 400 mM HCI. The solution was stirred
vigorously for 3 h, at which point the solution was transparent. 200 mg of this solution was
removed and mixed with an appropriate amount of DDM, n-decyl-f,D-maltoside (DM,
Anatrace), or n-hexadecyl-f,D-maltoside (HDM, Anatrace). Another solution was created by
mixing a desalted PR-containing DDM micellar solution with a 9.1 wt% solution of 1-
palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC, Avanti Polar Lipids) and 1,2-dioleoyl-
3-trimethylammonium-propane (DOTAP, Avanti Polar Lipids) in 4:1 molar ratio or, for
comparative pKa measurements, with 1,2-diheptanoyl-sn-glycero-3-phosphocholine (DHPC,
Anatrace); the molecular structures are shown in Figure 3.1b. The two solutions were then
mixed and quickly titrated to a pH of 4.1 using 50 mM HCI or 50 MM NaOH. The final
concentration of species in this mixed solution depended on the desired PR loading, however,
ratios of the other components were kept fixed at 62.5 maltoside surfactant : 6.1 POPC : 1.4
DOTAP : 22.5 SiO> : 7.5 n-propyl-SiO1 s by weight. The amount of maltoside surfactant added
to the silica precursor solution (as discussed above) is dependent on the concentration of
maltoside surfactant in the protein-stabilizing micelles, measured via 1D solution-state 'H
NMR, which varies for different expressions. Final solutions were cast onto PDMS stamps (~2
cm x 2 cm) or Si wafers with a fluoro-monolayer (for mechanical property testing) under
ambient temperature and 58% relative humidity conditions for films with rectangular and cubic
mesostructural ordering and at 98% relative humidity for films with worm-like mesostructural

order. Solvent evaporation was allowed to proceed for 4 days before the materials were
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characterized. Synthesized films had thicknesses >100 um. Films made with predominantly
DM- and HDM-structure-directed surfactants still contained small concentrations of DDM,

which was used in the expression and purification of PR.

Materials characterization

Small-angle X-ray scattering (SAXS) was used to assess the impact of synthesis
conditions on the long-range mesostructural ordering of the silica-surfactant-proteorhodopsin
films. SAXS records the pattern of a continuously scattered beam of X-rays incident on a
sample. With knowledge of the distance between the sample and the detector, angles of
reflection of the X-ray path due to interactions with the material can be calculated. Well-
ordered samples will cause the scattered X-rays to be concentrated at certain positions and
angles, whereas disordered samples will scatter X-rays in all directions, leading to a broad
distribution of X-rays across the detector. The positions and intensities of the SAXS reflections
show high extents of mesostructural order that can be analyzed to calculate d-spacings that
correspond to characteristic scattering distances, such as the mean center-to-center dimensions
between surfactant-directed silica mesochannels. SAXS measurements were conducted on a
custom instrument using a XENOCS Genix 50W X-ray microsource with Cu Ko radiation (A
=1.542 A, voltage 50 keV, current 1 mA), a focus size of 50 microns, a XENOCS FOX2D
multilayer optics for SAXS monochomator, and a Dectris EIGER R 1M detector (77.2 mm x
79.9 mm sensitive area, 1030 x 1065 32 bit image) located 1.7 m behind the sample. SAXS
patterns were recorded over a range of 1-2.7 g (nm™).

A two-dimensional (2D) #*Si{*H} HETCOR NMR analysis of 5wt% PR, 59.4 wt%
DDM, 5.8 wt% POPC, 1.3 wt% DOTAP, 21.4 wt% SiO,, and 7.1 wt% n-propyl-SiO15 was

performed at 11.7 T on a Bruker Avance NMR spectrometer equipped with a double-resonance
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4 mm NMR probehead operating at frequencies of 500.2 MHz for *H and 99.4 MHz for 2°Si.?
The experiment was performed at a magic-angle-spinning frequency of 12.5 kHz and room
temperature. For the experiment, 48 increments of 512 scans with a t; increment of 96 pus were
acquired. The recycle delay between scans was set to 1.2 s to correspond to 1.4T1, where the
'H T, was measured by a saturation recovery experiment. A 50 kHz 90° radiofrequency (r.f.)
pulse was used for initial excitation of *H nuclei, and a 1 ms cross-polarization contact pulse
was used to transfer polarization from H to 2°Si nuclei. The *H and 2°Si contact pulse
frequencies were optimized to maximize signal. During the t; evolution period, eDUMBO-15,
homonuclear decoupling was applied to the *H channel to enhance resolution of the *H
dimension.?’” SPINAL-64 heteronuclear decoupling was applied to H nuclei during
acquisition.?® Solution-state 2D *H-*C HSQC NMR spectra of POPC and DOTAP were
acquired at 300 K on a Bruker Avance NMR spectrometer at a field of 18.8 T equipped with a
5 mm PABBO BB 'H/D Z-GRD probehead operating at frequencies of 800.2 MHz for *H and
201.2 MHz for 3C (Figures S3.1, S3.2). The high-resolution solution-state 2D *H-C NMR
spectra were used to assign the 'H signals in the solid-state 2D *Si{*H} HETCOR NMR
analysis. The 2D spectra were acquired using a phase-sensitive gradient HSQC experiment
with echo/anti-echo detection (hsgcetgp pulse program in the Bruker library) with 256
increments of 16 scans and a recycle delay of 1.5 s between scans. The *C and 'H spectral
widths were 166 ppm and 13 ppm centered at 94 ppm and 6 ppm, respectively. GARP
decoupling was used to decouple *C spins from detected *H spins during acquisition. A two-
fold linear forward prediction with 32 linear prediction coefficients was applied to the indirect
dimension when processing the data. The samples were prepared as follows: stock solutions of

POPC and DOTAP in chloroform (25 mg/ml) were blow-dried under a stream of N2 gas and

79



further dried under vacuum overnight to remove residual chloroform. Then samples were
redissolved in CDCl3 to final concentrations of 33 mM for NMR experiments. Solution-state
2D 'H-*C HSQC NMR spectra of DDM in D,O were acquired at 300 K on a Varian VNMRS
NMR spectrometer at a field of 14.1 T, equipped with a 5 mm AutoXDB PFG probehead
operating at frequencies of 599.7 MHz for 'H and 150.8 MHz for 3C (Figure S3.3).
Specifically, the 2D spectra were acquired using a gHSQCAD pulse program in the Varian
library with 256 increments of 16 scans and a recycle delay of 1.5 s between scans. The 3C
and *H spectral widths were 220 ppm and 16 ppm centered at 90 ppm and 6 ppm, respectively.

Static visible absorption spectroscopy was conducted on a Shimadzu UV-1800
spectrophotometer. For measurement of the pKa of D97, free-standing films of mesostructured
silica were inserted into a home-built sample holder that fit into a transparent plastic cuvette.
The sample was incubated initially in a solution containing 50 mM K;HPO4 and 150 mM KCI
(pH ~8.7) for 15 min before UV-vis absorbance measurements were taken. Subsequently, the
solution in the cuvette was removed and replaced with 2 mL of new buffered solution that had
been titrated to the desired pH, one minute was allowed for incubation, the pH of the solution
was measured, and the UV-visible absorbance of the film was taken. To determine the amount
of time required for soaked films to equilibrate with the buffered solution, we monitored the
visible absorbance of PR in the mesostructured silica after exposure to different buffered
solutions; these measurements indicated that soaking as-synthesized films for 15 min and,
following this initial soak, incubation times of 1 min in a new buffer were sufficient to allow
equilibrium among PR species in the synthetic host and the buffered solution. Using an initial

incubation time of 15 min and allowing 1 min of exposure to a new buffered solution between
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pH changes, this process was repeated using at least 11 buffered solutions that were at different
pH values.

The absorbance data acquired from films soaked in different buffered solutions was
analyzed using a home-written MATLAB script to yield the acid dissociation constant for
residue D97. In short, the program adjusts each spectrum such that the absorbance intensity at
700 nm is zero, then normalizes each absorption spectrum such that the absorbance maximum
between 500-550 nm has an absorbance intensity of unity. Subsequently, the wavelength of
maximum absorbance intensity is extracted and plotted as a function of pH. The resulting data
is then fit to the Henderson-Hasselbalch equation using a non-linear fitting algorithm with two
fitting constants, the pKa value and the Hill coefficient.

Static UV-visible light absorbance measurements at 520 nm were conducted on 5 wt% PR-
containing films before and after heat treatment for 24 h at various temperatures to determine
the effect of the host matrix on the stability of guest proteorhodopsin. Films with rectangular
mesostructural ordering were subjected to heat treatment at 70 'C, 80 C, 90 C, 100 C, 110 T,
120 C, 130 TC, 140 C, and 150 TC. Films with worm-like mesostructural ordering were tested
up to 120 C, at which point all of the guest PR molecules had been denatured. All
measurements were taken through the center of each film, aligned visually. The experimental
uncertainties in these analyses are 5-10%, due in part to heterogeneity in the thickness of the
sample and limitations of sample alignment.

Transient UV-visible absorption data was acquired using a SpectraPro-500 Triple
Grating Monochromator (Acton Research Corporation). Mesostructured silica films that
incorporate proteorhodopsin were placed into borosilicate capillaries and either measured as-

synthesized or after hydration at pH 9 in PR buffer for 1 week. During measurements, samples
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were illuminated using a white-light-emitting halogen lamp; the transient response of
proteorhodopsin, as well as the monochromator, was triggered using a SpectraPhysics Quanta-
Ray Nd:YAG GCR-150 series 532 nm laser (pulse length ~5 ns, pulse power ~10 mJ). The
absorbance intensities at 400, 410, 500, 510, 540, 570, 590, 620, and 630 nm were recorded
over timescales ranging from 1 ps to 0.45s (Figure S3.4). The absorption data at each
wavelength were compiled together from 512 scans in which 500,000 absorbance datum were
measured over a linear timescale. The absorbance data at each wavelength was averaged over
200 equally spaced bins on a logarithmic scale and truncated at short times to remove artifacts
from the laser. Global fitting analyses were performed with a home-build MATLAB code first
reported by ldso et al.?® These analyses were performed with two to seven exponential terms
and the sum of squared residuals decreased with each added term. However, global fit analyses
performed with greater than three exponential terms for as-synthesized films in pH 4.1
environments, or greater than five exponential terms for films hydrated to pH 9, showed
significantly diminished improvements as well as the introduction of time constant values that
were either repeated or outside the time range of collected data. These artifacts of the analyses
indicate that the data for monomeric proteorhodopsin in DDM+POPC+DOTAP-structure-
directed films is best fit with five exponential time constants.

Nanoindentation measurements were performed to provide a rapid assessment of the
indentation hardness and elastic modulus of mesostructured silica membranes, as a function of
their concentration of PR and silica. The films were cast on the fluorinated surface of a Si wafer
to diminish adhesion to the substrate and thereby prevent strains, as the mesostructured PR-
silica-surfactant films formed. Small diameter films were used to minimize their surface

curvatures, enabling accurate determination of the tip area function and consistency in
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mechanical measurements between specimens. Nanoindentation measurements were
performed using a Nanomechanics iMicro Nanoindenter equipped with a 1 N load cell and

diamond Berkovich tip indenter, using load control at a constant strain rate of 0.2 s, defined
P . . : . -
as —. All data were collected using a continuous stiffness method, where dynamic periodic

oscillations were superimposed on the loading profile at a frequency of 100 Hz and amplitude
of 2.0 nm to enable the continuous measurement of properties as a function of the depth of the
indent. In these experiments, indentations were performed to a maximum depth of 1 um, and
with a spacing of 20 um between neighboring indents to avoid overlap of plastic zones. Each
measurement of hardness and modulus reported herein reflects the average (and standard
deviation) of between 10 and 20 indents, quantified at depths between 300 nm and 1000 nm to
exclude the effects of surface roughness. Measurements of force, indent depth, and contact
stiffness were converted to elastic modulus using the Oliver and Pharr method.°

Nanoindentation measurements enable the direct determination of the reduced elastic modulus

1-v2

E

Er of the film, which were used to calculate the elastic modulus, E, of the film, using Ei =

and an estimated Poisson’s ratio, v, of 0.2.3

3.4 Results and Discussion

Syntheses of proteorhodopsin-containing silica-surfactant films

The co-assembly of functional membrane proteins into mesostructured silica films is a
transient multicomponent process that requires judicious selection of synthesis compositions
and conditions to achieve high degrees of mesostructural order and retention of

proteorhodopsin function. Key design objectives are to incorporate high loadings of
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functionally-active membrane proteins into robust abiotic host matrices that are processable
into films with macroscopically uniform properties. Achieving these objectives simultaneously
is challenging and requires trade-offs between countervailing synthesis considerations that
often promote either protein stability or the formation of a mechanically stable host matrix, but
not both. We hypothesized that membrane-protein-stabilizing and structure-directing
amphiphilic surfactants could be used to incorporate high loadings of functionally-active guest
proteins into mesostructurally well-ordered silica-surfactant host matrices that also impart
strong mechanical properties onto the host film. Syntheses of these materials are governed by
(i) the thermodynamics of co-assembly and interactions between the protein, surfactant,
solvent, and silica species, and (7i) the kinetic processes associated with the rates of solvent
evaporation, co-assembly of the component species, and polymerization of the silica into a
robust cross-linked matrix. A slow rate of solvent evaporation is typically desirable to promote
co-assembly of protein-silica-surfactant films with high extents of mesostructural order before
the silica polymerizes into a rigid matrix. Key factors that influence these processes and thus
the properties of the film, include pH, solvent, humidity, types and relative concentrations of
surfactant species, silica precursors, and protein guest molecules. Screening across these
conditions leads to an optimized combination of surfactants and hydrolyzed silica precursors
in aqueous solution that enable the formation of robust, crack-free, and free-standing
mesostructured films with high loadings of the functionally-active membrane protein
proteorhodopsin.

Many syntheses of mesostructured silica-surfactant materials have relied on extremes
of acidic or alkaline conditions, e.g., pH>10 or pH<2, to slow the rate of silica polymerization.

For highly alkaline conditions greater than pH 10, strong electrostatic interactions between
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cationic surfactant moieties and hydrolyzed silica anions promote their co-assembly into well-
ordered hybrid materials.*® By comparison, for highly acidic conditions below pH 2 (the
isoelectric point of silica), hydrogen-bonding interactions between hydrophilic moieties of
non-ionic surfactants with hydrolyzed silica cations similarly lead to well-ordered hybrid
materials.>* Such conditions, however, are incompatible with many proteins and result in their
denaturation. In particular, native proteorhodopsin has evolved in marine environments to
function at pH ~8.2, although it retains its general structure and behavior over a broad range
of pH 4-10.3*% It can irreversibly denature at pH conditions outside of this range, due in part
to ionization of protein sidechains or backbone moieties. These trade-offs are summarized in
Figure 3.2a. Nevertheless, robust, well-ordered, and homogeneous films can be synthesized at
pH 4.1, balancing the pH-dependent synthesis near the acidic limit of proteorhodopsin stability
where comparatively slower silica polymerization rates can be achieved (Figure S3.5).%
Co-assembly of proteorhodopsin into mesostructured silica-surfactant host materials
thus requires that the composition of the synthesis mixture be carefully balanced with respect
to solvents, acidity, amphiphilicity and ionicity of the surfactants, and silica precursor species.
With respect to hydrolyzed, network-forming silica precursors, organosiloxane species have
been shown to increase the hydrophobicity of the mesochannel surfaces, and at moderate
concentrations yield surfactant-templated silica materials with high extents of mesostructural
order.3":% Here, tetraethoxysilane (TEOS) was combined
with n-propyltriethoxysilane (PTEQOS) in a 3:1 ratio by weight, with the hydrophobic propyl
moieties promoting interactions with the hydrophobic moieties of the structure-directing
surfactants. Organic cosolvents, including ethanol produced by the hydrolysis of TEOS and

PTEOS silica precursors, aid hydrolysis by solubilizing water-insoluble alkoxide precursors,*
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though tend to denature proteorhodopsin in the presence of moderate concentrations of organic
cosolvents.*® Aqueous solutions also present challenges, due to the highly hydrophobic
transmembrane regions of membrane proteins, which require stabilizing surfactants to promote

their solubility in solution.
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Figure 3.2. (a) Approximate pH ranges over which proteorhodopsin (PR) is stable in solution
and corresponding relative ranges of silica polymerization rates.3¢ (b) Schematic diagram of
a rectangular array of mesostructured silica-surfactant channels containing proteorhodopsin
guests (red) and an enlarged region of a single proteorhodopsin molecule in a silica-surfactant
mesochannel.

The judicious selection of surfactants with specific hydrophobic, hydrophilic, or

charged moieties is also important to the incorporation of proteorhodopsin in silica-surfactant
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films. For example, the length of hydrophobic alkyl chains and the type and size of hydrophilic
headgroups of surfactant species have been shown to increase both the stability of functionally-
active membrane proteins in aqueous solutions and promote greater extents of mesostructural
order in silica.*® Charged surfactant headgroups are also used to promote mesostructural order
by increasing interactions between the surfactant and inorganic species.** However, charged
headgroups can also lead to protein denaturation, necessitating careful selection of structure-
directing surfactants for synthesis of mesostructured silica-surfactant host materials with
functionally-active proteorhodopsin. Conversely, neutral surfactants, both non-ionic and
zwitterionic, are often used to stabilize membrane proteins in micellar solutions and rarely
destabilize the protein. We hypothesized that favorable structure-directing features of the
surfactants, such as relatively long alkyl chains and hydrophilic nonionic or charged
headgroups, could be selected from amphiphilic surfactants known to stabilize membrane
proteins and thereby used to incorporate high-loadings of proteorhodopsin into a robust silica-
surfactant film, as depicted in Figure 3.2b. Optimized synthesis conditions promote the
formation of well-ordered mesostructured silica-surfactant host materials with significantly

greater loadings of proteorhodopsin and mechanical robustness than previously reported.®

Surfactant and protein influences on mesoscale order

A mixture of neutral and charged surfactants were identified to stabilize
proteorhodopsin and direct its assembly into a silica-surfactant host materials with high extents
of mesostructural order. Non-ionic alkyl-saccharide surfactants, specifically alkyl-glucosides
and alkyl-maltosides, were identified as promising candidates because of their extensively
studied protein-stabilizing properties in solution®® and their separate propensity to direct the

structures (without protein) of crack-free mesoporous films.*? Alkyl-saccharide surfactants
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with varied chain lengths enable the dimensions of the mesochannel diameters to be adjusted
to a characteristic length that is conducive for the incorporation of monomeric proteorhodopsin
(PR, ~4nm in length x ~3nm in diameter). The lipids 1-palmitoyl-2-oleoyl-glycero-3-
phosphocholine (POPC) and 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) were
selected as co-surfactants to have a combination of protein-stabilizing and structure-directing
properties. Specifically, a 4:1 molar ratio of POPC and DOTAP form liposomes that stabilize
PR and also favorably lower the apparent pKa of the key function-dependent D97 residue in
proteorhodopsin,*® enabling native-like photo-activation of PR at neutral pH. Individually,
POPC is a zwitterionic lipid with a phosphocholine headgroup, which has been found to enrich
monomeric fraction of proteorhodopsin by disrupting protein-protein interactions. By
comparison, DOTAP is a cationic surfactant that contributes to the lower pKape7 and favorably
promotes interactions with the anionic silica precursors. In addition, POPC and DOTAP each
have two relatively long hydrophobic carbon chains that can be expected to promote high
extents of mesostructural ordering.

The ratio of the protein-stabilizing and structure-directing surfactant species to silica
was selected to produce mesostructural order, either hexagonal or rectangular, based on the
binary phase diagrams of these or similar surfactants in water. Furthermore, as water
evaporates during synthesis, mesostructural order develops, according to precepts that have
previously been reported.***® The binary phase diagram of protein-stabilizing n-octyl-p-D-
glucoside (OG) reveals a small synthesis space for the formation of a cylindrical hexagonal
mesophase below 22T for 60-70 wt% OG, and preferentially forming cubic or lamellar
mesophases at higher temperatures or higher concentrations of surfactant.® In contrast, the

binary phase diagram of n-dodecyl-4-D-maltoside (DDM) in water reveals that hexagonal or
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rectangular mesophases are favored at 20 T over the range 45-80 wt% DDM, above which a
multi-phase mixture, including crystallized surfactant, results.*” Thus, the larger disaccharide
headgroup of DDM is expected to be preferred over glucoside surfactants for forming
mesostructured PR-containing silica-surfactant materials. The composition of non-protein
molecules in PR-containing mesostructured silica-surfactant films was selected to be 70 wt%
surfactant and 30 wt% silica, in the center of the hexagonal/rectangular synthesis-space of the
DDM-water binary phase diagram. The ratios of surfactants were further refined to balance the
structure-directing and protein-stabilizing properties of DDM, POPC, and DOTAP, in
particular to overcome the poor solubility of the lipids in agueous solutions. The optimized
composition of non-protein components in the mesostructured PR-silica-surfactant films
investigated here was determined to be 62.5wt% DDM, 7.5 wt% POPC/DOTAP (80/20,
mol/mol), and 22.5 wt% SiO», and 7.5 wt% n-propyl-SiO1 5. This balances the chain lengths,
charges, and solubilities of surfactants with the anionic silica precursors in aqueous solution at
pH 4.1 to produce well-ordered mesostructured PR-host film.

The structure-directing properties of different alkyl-chain-length maltoside surfactants
were optimized experimentally. Small-angle X-ray scattering (SAXS) was used to probe the
mesostructural ordering of 5wt% PR-containing silica-surfactant films synthesized under
identical conditions, except for the use of maltoside surfactants with different hydrophobic
alkyl chain lengths: n-decyl-g,D-maltoside (Cio-maltoside, DM), n-dodecyl-5,D-maltoside
maltoside (Ci2-maltoside, DDM), and n-hexadecyl-g,D-maltoside (Cis-maltoside, HDM)
(Figure 3.3). For example, 5 wt% PR-containing silica-surfactant films synthesized with 5.8
wt% POPC, 1.3 wt% DOTAP, 21.4 wt% SiOz, 7.1 wt% n-propyl-SiOys, 9.5 wt% DDM, and

49.9 wt% of the structure-directing C1o-maltoside DM vyield a single broad SAXS reflection at
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1.57 nm™* (Figure 3.3a), corresponding to a d-spacing of 4.0 nm that is characteristic of worm-
like mesostructural ordering. By comparison, the SAXS pattern in Figure 3.3b acquired for a
film containing 5 wt% PR synthesized under identical conditions except with the C12-maltoside
DDM shows two intense, narrow, and well-resolved reflections at 1.18 nm™ and 1.542 nm™,
as well as weak higher-order reflections at 2.23 nm™ and 2.31 nm™*. These are indexable as the
(20), (11), (31), and (40) reflections of a rectangular mesophase with d-spacings of 5.3 nm,
4.07 nm, 2.8 nm, and 2.7 nm respectively, which manifest a high extent of mesostructural
ordering that is corroborated by electron microscopy images in Figure S3.6 of the Supporting
Information. For a 5 wt% PR-silica-surfactant film synthesized with a longer Cis-maltoside
HDM surfactant, the SAXS pattern in Figure 3.3c exhibits a similar (11) reflection at
1.518 nm%, corresponding to a d-spacing of 4.14 nm, and a partially resolved (20) reflection
at 1.43 nm™? (4.4 nm d-spacing). These are also consistent with rectangular mesostructural
order and a modestly larger center-to-center distance separating the larger cylindrical Cie-
maltoside surfactant aggregates. The differences in the lengths of the alkyl chains of the Cio-,
C12-, and Cye-maltoside surfactants thus lead to significant differences in mesostructural order
of the PR-silica-surfactant films, manifesting the importance of hydrophobic chain length on
the co-assembly and structures of these materials. As the Ci12-maltoside surfactant DDM led to
highest extent of rectangular mesostructural order, it was used to synthesize all of the PR-

containing silica-surfactant films investigated here, unless otherwise specified.
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Figure 3.3. Small-angle X-ray scattering (SAXS) patterns for 200-um-thick mesostructured

PR-surfactant-silica films synthesized using structure-directing maltoside surfactants with
different alkyl chain lengths and overall compositions of 5.0 wt% PR, 5.8 wt% POPC, 1.3 wt%
DOTAP, 21.4 wt% SiO2, 7.1 wt% n-propyl-SiO1s, 9.5 wi% DDM from the expression and
purification of PR, and 49.9 wt% additional structure-directing maltoside: (a) decylmaltoside
(Cio-alkyl chain), (b) dodecylmaltoside (Ci2-alkyl chain), and (c) hexadecylmaltoside (Cie-
alkyl chain) surfactant. Each SAXS pattern is accompanied by a schematic diagram showing
PR monomers (red) dispersed within mesostructured surfactant channels in silica (grey).
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The incorporation of proteorhodopsin guest molecules into the hydrophobic
mesochannels of PR-silica-surfactant films serves to swell their local dimensions, with the
overall effect on mesostructural order depending on protein loading. For example, Figure 3.4
shows SAXS patterns acquired for mesostructured silica-surfactant films containing 0 wt%, 5
wit%, 15 wt%, 25 wt%, and 44 wt% proteorhodopsin, which were synthesized with the same
62.5 DDM (C12-maltoside) : 6.2 POPC : 1.3 DOTAP : 22.5 SiO; : 7.5 n-propyl-SiO1.5 mass
ratios by weight of non-biological components under otherwise identical conditions. Each film
exhibited a high degree of transparency and macroscopically uniform distributions of PR
across the 1 cm diameter films. Nevertheless, significant differences are observed in the SAXS
patterns of the respective films. For example, for mesostructured silica-surfactant films without
PR, Figure 3.4a shows three resolved reflections at 1.30 nm?, 1.44 nm™, and 1.60 nm™ (full-
width-half-maximum, fwhm, values of 0.035 nm™, 0.049 nm™, and 0.032 nm%, respectively),
with d-spacings of 4.8 nm, 4.4 nm, and 3.9 nm, that are indexed to the (200), (210), and (211)
planes of a Pm3n cubic mesophase. Interestingly, the inclusion of 5 wt% PR results in a silica-
surfactant material with a well-ordered rectangular mesophase structure, as evidenced by
narrow (20) and (11) reflections at 1.18 nm™* and 1.542 nm™ (0.049 nm* and 0.036 nm* fwhm,
respectively) and also higher-order (31) and (40) Bragg reflections at 2.23 nm™ and 2.31 nm™,
corresponding to d-spacings of 5.3nm, 4.07nm, 2.8nm, and 2.7 nm, respectively
(Figures 3.3b, 3.4b). The displacements of the (20) and (11) reflections to higher d-spacings
are consistent with PR swelling the hydrophobic regions of the mesostructured silica-surfactant
films. The effect of increased protein loading is observed in the SAXS pattern of a 15 wt% PR-
silica-surfactant film shown in Figure 3.4c, for which a single narrow reflection is observed at

1.536 nm(0.052 nm™! fwhm), corresponding to a d-spacing of 4.09 nm, similar to but slightly
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broader than the (11) reflection of the 5 wt% PR-containing film. This reflection is also
observed at 1.518 nm™ (4.14 nm d-spacing, Figure 3.4d) for a film with 25 wt% PR, which
additionally yields another broader overlapping reflection centered at 1.33 nm™ (4.7 nm d-
spacing). The relatively narrow (11) displaced reflections observed for 15 wt% and 25 wt%
PR-containing silica-surfactant films suggest moderate degrees of rectangular mesostructural
ordering at these high protein loadings, although the absence of resolvable higher-order Bragg
reflections prevents indexing to a specific phase. The broad reflection observed at 1.33 nm™ is
consistent with increased swelling of the silica-surfactant mesochannels and the presence of
worm-like mesostructural order. PR-containing silica-surfactant films have been synthesized
with up to 44 wt% functionally-active PR, yielding a single broad SAXS reflection at 1.39 nm*
(Figure 3.4e), corresponding to a d-spacing of 4.5 nm, with the absence of higher order Bragg
reflections indicative of worm-like mesostructural order. The worm-like mesostructural order
exhibited by this film is due in part to the relatively low concentration of structure-directing
surfactants (39.2 wt% DDM+POPC+DOTAP), below the 1:1 mass ratio of DDM:PR required

for the hydrophobic membrane protein PR to remain soluble during synthesis.*®
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Figure 3.4. Small-angle X-ray scattering (SAXS) reflections of 200-pum-thick mesostructured
proteorhodopsin (PR)-surfactant-silica films containing different protein loadings: (a) 0 wt% PR, 62.5
wt% DDM, 6.2 wt% POPC, 1.3 wt% DOTAP, 22.5 wt% SiO;, 7.5 wt% n-propyl SiO1 s, (b) 5 wt% PR,
59.4 wt% DDM, 5.8 wt% POPC, 1.3 wt% DOTAP, 21.4 wt% SiO-, 7.1 wt% n-propyl SiOis, (c) 15
wt% PR, 53.1 wt% DDM, 5.3 wt% POPC, 1.1 wt% DOTAP, 19.1 wt% SiO,, 6.4 wt% n-propyl SiOxs,
(d) 25 wt% PR, 46.9 wt% DDM, 4.6 wt% POPC, 1.0 wt% DOTAP, 16.9 wt% SiO,, 5.6 wt% n-propyl
SiO15, and (e) 44 wt% PR, 35.0 wt% DDM, 3.4 wt% POPC, 0.8 wt% DOTAP, 12.6 wt% SiO,, 4.2 wt%
n-propyl SiO1s. Each SAXS pattern is accompanied by an optical image of the film and a schematic
diagram showing PR monomers (red) dispersed within the mesostructured surfactant channels in silica
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The maximum loading of proteorhodopsin into these films is limited by its solubility
in water, which may be increased by increasing the relative concentration of lipid surfactants
(POPC and DOTAP). Careful tuning of composition and synthesis conditions for PR-
containing silica-surfactant films with 62.5 DDM : 6.2 POPC : 1.3 DOTAP : 22.5 SiO; :
7.5 n-propyl-SiO1s by weight has enabled high PR loadings to be obtained, although with
reduced extents of mesostructural order at higher PR contents. Further improvements in
mesostructural ordering of the films with high protein loadings may require higher
concentrations of structure-directing surfactants at the expense of lower silica contents or
careful manipulation of external influences, such as material-substrate interactions or directed

nucleation sites.

Local compositions and interactions at mesochannel surfaces

At the atomic scale, complicated interactions between organosiloxanes, silica
precursors, surfactants, and proteins govern the assembly of mesostructured silica-surfactant-
protein composites. In particular, the interactions of the surfactant species at the
mesostructured silica walls are expected to provide insights on the local compositional features
that are key to balancing the combined protein-stability and structure-directing functions of the
different surfactants. Conventional one-dimensional (1D) solid-state *H, *C, and %Si NMR
analyses are sensitive to differences in local bonding environments, which can lead to
differences in the isotropic chemical shifts of these NMR-active nuclei that enable different
types of chemical species in a material to be identified. To establish the relative proximities or
interactions of different moieties with each other, two-dimensional (2D) heteronuclear
correlation (HETCOR) NMR techniques are used to correlate the isotropic chemical shifts of

nearby (<1 nm) dipole-dipole-coupled nuclei. Such 2D HETCOR analyses provide detailed
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atomic-scale insights on the interactions of the co-assembled surfactant and silica species,
including at the mesochannel surfaces. For example, a 2D 2°Si{*H} HETCOR NMR spectrum
in Figure 3.5a of the same 5 wt% PR-containing film as previously discussed (Figures 3.3b,
3.4b), reveals correlated 2°Si and 'H signal intensity that can be assigned to specific moieties
that are within nanoscale proximities of one another. Five distinct °Si NMR signals are
observed and can be assigned to 2°Si moieties in different bonding environments. Fully
crosslinked four-coordinate 2°Si Q* silica species are assigned to the signal at -110 ppm, and
partially-crosslinked Q° silica species with a silanol group are assigned to the 2°Si NMR signal
at -101 ppm.*> Organosiloxane 7%, 72, and 7% #Si moieties are associated with 2°Si NMR
signals at -46, -56, and -65 ppm, respectively, where 75" represents a tetrahedrally-coordinated
29Si atom with one Si-C covalent bond, 3-n Si-O-Si linkages, and n silanol groups.*’ These
2Si organosiloxane moieties originate from the hydrolysis of n-propyltriethoxysilane
(PTEOS) silica precursor molecules and contribute to increased mesostructural order of the

films.
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Figure 3.5. (a) Solid-state 2D 2°Si{'H} HETCOR NMR spectrum for the same mesostructured

5 wt% PR, 59.4 wt% DDM, 5.8 wt% POPC, 1.3 wt% DOTAP, 21.4 wt% Si10-, and 7.1 wt% n-
propyl SiO1 s film for which the SAXS patterns in Figures 3.3b and 3.4b were obtained. The

spectrum was acquired at 298 K, 11.7 T and 12.5 kHz MAS with a short 1.0 ms cross-
polarization contact time used to excite strong >°Si-'H dipole couplings between *°Si and 'H
moieties in sub-nanoscale proximity. 1D projections of correlated *°Si and 'H intensities are
shown on the horizontal and vertical axes, respectively. (b) Schematic diagram of molecular
moieties at the mesochannel walls, which are consistent with the 2D NMR results. Proximate

silica-organosiloxane (blue) and silica-surfactant (red) interactions are highlighted.

Five distinct regions of correlated 2°Si and 'H intensity are observed in the 2D 2°Si{'H}

HETCOR NMR spectrum of Figure 3.5a, which reveal distinct types of dipole-dipole-coupled
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silica moieties that are in nanoscale proximities to various organosiloxane, adsorbed water, and
surfactant 'H species. Specifically, the 'H NMR signal at 1.2 ppm from alkyl moieties on the
organosiloxanes and surfactants is correlated with 2?Si NMR intensity at -56, -65, -101, and -
109 ppm associated with 72, 7°, Q°, and O silica species, respectively, as highlighted in blue.
The majority of correlated signal intensity between 'H at 1.2 ppm and the ?°Si 7" moieties is
due to their strong dipolar interactions with the covalently bonded organosiloxane propyl
groups (Figure 3.5b). The 'H signal at 4.3 ppm is attributed to the cationic lipid headgroups of
the DOTAP and POPC, which is consistent with solution-state 2D *C-'"H NMR correlation
spectra of these lipids (Figures S3.1, S3.2) and literature reports,® and which exhibits
correlated intensity with the 2°Si signal centered at -101 ppm (red) from hydrophilic O° silica
moieties. Importantly, the 'H signals in the region of 6.5-7.5 ppm manifest hydrogen-bonded
moieties associated with the DDM surfactant species, which are strongly correlated with the
2Si signal centered at -101 ppm (yellow) from partially cross-linked O° moieties and more
weakly correlated with >Si signals at -46 and -56 ppm (yellow) from partially cross-linked 7"
and T? moieties, all of which have pendant silanol groups. These results provide evidence for
the nanoscale proximity of the DDM species near the mesochannel walls and their role in
directing the co-assembly of the mesostructured silica-surfactant matrix. There are no
correlated signals that would suggest strong direct interactions between the proteorhodopsin
guests and the silica matrix, which is consistent with the conformational freedom of the protein
discussed below. The 2D ?°Si{'H} HETCOR NMR analyses thus establish strong interactions
between the silica mesochannel surfaces and both the saccharide headgroups of the DDM

surfactant species and the cationic headgroups of the DOTAP or POPC lipid species. The
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results corroborate the schematic diagrams in Figure 3.2b, which depict proteorhodopsin in the

mesochannel centers of the PR-containing silica-surfactant films.

Effects of non-native host environments on proteorhodopsin photocycle kinetics

Under native conditions, photoactivation of proteorhodopsin induces a series of
cyclical conformational changes that transport H* cations along its associated ion channel and
across the cell membranes of marine bacteria. This photocycle is dependent, in particular, on
the D97 residue of proteorhodopsin (Figure 3.1a), which is a key H™ acceptor that if already
protonated, discourages net H* transport.>® The protonation state of the D97 residue and its
pKa (the pH value at which half of these residues are protonated) are therefore integral to the
function of proteorhodopsin. Importantly, the pKa of the D97 residue of proteorhodopsin is
significantly influenced by its local environment. For example, in similar DDM micellar
solutions, the pKapg7 is 6.5 for wild-type oligomeric proteorhodopsin and 7.2 for the monomer-
enriched E50Q mutant of proteorhodopsin.?>®? Similarly, the co-assembled surfactants and
silica species in the mesostructured films influence the local chemical environments of the PR
guest molecules, including the D97 residue and, importantly, the light-responsive retinal group.
The latter can be probed by using UV-visible spectroscopy to measure the pH-dependent
optical absorbance transition of the retinal group. Doing so, reveals a pKapg; of 6.2 for
monomeric PR in the DDM+POPC+DOTAP-directed silica films, a value that is higher than
previously reported (pKape7 5.6) for PR in POPC+DOTAP liposomes without DDM,* and
significantly lower than the pKapg7 of 8.2 observed for PR in DDM+DHPC-directed silica
films. The 2-unit lower pKapg7 value for PR in DDM+POPC+DOTAP-directed silica films
results in a significantly larger percentage (86%) of H*-transporting PR monomers with a

deprotonated D97 residue, compared to DDM+DHPC-silica films for which only 6% of the
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D97 residues are deprotonated at pH 7. These large differences in pKapg7 appear to arise from
differences in ion distributions near function-dependent residues along the PR ion channel,
which are sensitively influenced by the compositions and architectures of the cationic and
zwitterionic lipid components in mesostructured PR-silica-surfactant films with otherwise
identical compositions.

That the proteorhodopsin-stabilizing lipid components so strongly affect protonation
of the interior D97 residue suggests extensive non-local conformational changes of the PR
guests that are expected to influence their light-activated photocycle kinetics as well. Such
effects can be probed by time-resolved UV-visible light spectroscopy, which measures the
relative absorbance of light by PR molecules as they undergo photo-activated conformational
changes during their photocycle. The retinal chromophore of PR (which absorbs green light,
giving the protein its distinct purple-pink color) is sensitive to changes in its local environment,
which are manifested by differences in the wavelength of light that the retinal absorbs. As a
consequence, the relative absorbance of light by the retinal is a function of both the wavelength
of the incident light and the illumination time, as the photocycle proceeds. Time-resolved UV-
visible absorbance spectra of PR in different chemical environments can therefore be compared
to elucidate the effects that different hosts or conditions have on the photocycle kinetics of PR.
In particular, it is possible to monitor the photocycle of monomeric PR with time steps that are
sufficiently short so that both the accumulation and depletion of photo-intermediates are
observed. This is demonstrated in the time-resolved UV-visible light spectra in Figure 3.6 for
5 wt% PR-containing DDM+POPC+DOTAP-directed silica films at different pH conditions
at wavelengths of 410 nm, 500 nm, 570 nm, and 630 nm. For an as-synthesized 5 wt% PR-

silica-surfactant film at pH 4.1 (chosen to balance mesophase co-assembly and PR stability
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Figure 3.6. Time-resolved UV-visible light spectra showing transient absorbance traces at
wavelengths of 410 nm, 500 nm, 570 nm, and 630 nm for monomeric proteorhodopsin (PR) in
PR-containing silica-surfactant films under varying pH conditions: (a) as-synthesized at pH
4.1 and (b) hydrated for 1 week at pH 9. Schematic diagrams are provided for the (a) acidic
and (b) alkaline photocycles of proteorhodopsin.
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considerations during synthesis, as discussed above), the low pH conditions result in less than
1% of the D97 residues of monomeric PR guests being deprotonated. Under these conditions
a distinct photocycle with three spectrally resolved intermediates (K, L, and N) and one
spectrally silent intermediate (PR ) are observed, as shown in the Figure 3.6a.%*

The UV-visible light spectra of PR in as-synthesized DDM+POPC+DOTAP-directed
silica-surfactant films (Figure 3.6a) show no absorbance changes at 410 nm throughout the PR
photocycle, which is characteristic of proteorhodopsin with a dominating fraction of
protonated (i.e., inactive) D975 At early times following green laser excitation,
mesostructured silica-surfactant films with PR show a positive difference absorbance intensity
at 570 nm and 630 nm, and a negative intensity at 500 nm. The intensities at each of these
wavelengths decay monotonically towards zero at long times, similar to spectra observed for
PR in DDM micellar solutions and in E. coli lipids under aqueous acidic conditions, which
also show positive difference intensities at 570 nm and 630 nm and negative intensities for
500 nm immediately after light-excitation.®® To evaluate these differences quantitatively, the
spectra were fit by approximating the absorbance intensities at each wavelength as a sum of
mono-exponential decays with wavelength-specific pre-exponential factors and mutual
(wavelength-non-specific) time constants. These time constants are shared across the set of
linear equations and represent the characteristic time scales for the serial light-activated
interconversions of PR between two or more down-cycle photo-intermediates. For the spectra
in Figure 3.6a, three exponentials corresponding to time constants 11=1 ms, 12=19 ms, and
13=165 ms were used to produce accurate fits. By comparison with other photocycle analyses
of PR in E. coli lipids,>! these characteristic times (the reciprocals of which represent apparent

rate coefficients) are associated with the rates of interconversion between specific PR photo-
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intermediates: 11 to the conformational change that occurs as the K conformer isomerizes into
the L intermediate, 12 to conversion of the L conformer into the N intermediate, and t3 to the
rate-limiting conversions of the N conformer into the PR’ intermediate and the subsequent
isomerization of PR’ back to the original PR conformation, whereupon the cycle can repeat.
Or the proteorhodopsin-containing mesostructured silica-surfactant films investigated here,
acidic conditions are not suitable for selective H* transport.

By comparison, moderately alkaline pH conditions lead to substantial deprotonation of
the key D97 residue of proteorhodopsin in DDM+POPC+DOTAP-directed silica films, which
is required for H* transport. Previously, photo-activation of proteorhodopsin at pH 9.5 in
membrane-fragments encased in polyacrylamide was shown to produce a spectrally distinct
photocycle that transported a H* cation through the PR ion channel.®® To observe this
photocycle in 5 wt% PR-containing DDM+POPC+DOTAP-directed silica materials, the films
were hydrated for one week in pH 9 buffer containing 50 mM K;HPO4 and 150 mM HCI.
Importantly, due to the low pKape7 value of 6.2 of this material, these conditions result in
deprotonated D97 residues in 99.8% of PR monomers in the film. The effect of alkaline
hydration on this film can be observed macroscopically as a displacement of the maximum
absorbance of the retinal of PR to shorter wavelengths, causing the film to change from pink
to red. The photocycle of proteorhodopsin under these pH conditions has been previously
reported and involves conformational changes into six photocycle intermediates (PR, K, M,
Mz, N, and PR’, as shown in the inset of Figure 3.6b).>

In fact, the complicated photocycle kinetics of PR-containing silica-surfactant films at
pH 9 resemble the light absorbance properties of native-like PR. Specifically, the accumulation

and decay of the 410 nm trace, which is not observed for as-synthesized acidic PR-silica-
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surfactant films (Figure 3.6a), is attributable solely to the populations of the M intermediates
and indicates that proteorhodopsin undergoes a native-like photocycle.> Interestingly, this
410 nm trace rises to a maximum at ~500 ps, significantly slower than monomeric PR in DDM
micellar solutions, which peak at ~60 s for a similar alkaline pH value,?® and is instead more
similar to the absorbance spectra observed for wild-type proteorhodopsin in POPC bicelles.>®
This is notable because the 5 wt% PR-silica-surfactant films analyzed in Figure 3.6 contain
59.4 wt% DDM and only 7.1 wt% POPC+DOTAP, suggesting that interactions between the
protein, POPC, and DOTAP significantly impact the PR photocycle. While the accumulation
and depletion of the M intermediate of PR, which maximally absorbs at 410 nm, can be
observed on its own, the absorbance spectra of the PR, K, N, and PR’ photo-intermediates
overlap, absorbing maximally at approximately 520 nm, 555 nm, 560 nm, and 520 nm,
respectively.> The absorbance-difference data at 570 nm show initially positive intensity,
which is attributable to accumulation of the K intermediate conformer, and decays until
~300 ps, at which point a second increase in intensity is observed, corresponding to an increase
in the N intermediate. These results correlate well with the accumulation and decay of the M
intermediates, characterized by the 410 nm spectral data, which are between the K and N
intermediates in the PR photocycle. Although not directly attributable to the populations of
specific photocycle intermediates, the absorbance-difference data at 500 nm and 630 nm show
distinct decreases in intensity at ~3 ms, which are similar to the behavior of monomeric
proteorhodopsin in DDM micelles at similar wavelengths.?® Importantly, the similar UV-
visible light spectral behavior of proteorhodopsin in alkaline-hydrated mesostructured silica-

surfactant films, compared to PR in native-like micellar solutions and lipid bicelles,
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demonstrates that functionally-active PR guest species can be obtained by rehydrating the films
from pH 4.1 to alkaline conditions, such as pH 9.

Based on global fit analyses of transient UV-visible spectroscopy results in Figure 3.6b,
four exponentials accurately described the photocycle kinetics of PR in
DDM+POPC+DOTAP-directed silica materials under alkaline conditions at pH 9.
Specifically, the absorbance-difference spectra lead to distinct time constants of 11=95 ys,
12=2 ms, 13=8 ms, and 14=60 ms. Following the analyses of Idso et al. for monomeric PR in
DDM micellar solutions,? 11 is attributed to the conversion of the K conformer into the M
intermediate, 1> is associated with sequential conversions between the Mj, M2, and N
intermediates, and t3 and 4 correspond to serial conversions between the N, PR’, and PR
intermediates. Notably, the longest time constant (t4=60 ms) observed for monomeric PR in
DDM+POPC+DOTAP-directed silica-surfactant films is significantly shorter than the
corresponding time constant of 82 ms for PR in DDM micelles, as reported by ldso et al.?®
Comparison of these analyses suggests that the time constants t3 and t4 correspond to the rate-
limiting steps N to PR’ and PR’ to PR associated with H* transport of PR in the mesostructured
silica-surfactant host film, which are dependent on and can be mediated by interactions
between PR molecules and the structure-directing and stabilizing DDM surfactant species and

POPC and DOTAP lipids.

Mechanical and thermal-stability properties of proteorhodopsin-containing silica films
The composition-structure relationships of protein-host materials influence their

mechanical properties. Specifically, the elastic moduli and hardnesses of mesostructured PR-
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containing silica-surfactant films are dependent on the extents of mesostructural ordering and

PR loading of the films. This is evident in Figure 3.7, which shows nanoindentation analyses
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Figure 3.7. Nanoindentation analyses of the (@) hardness and (b) elastic moduli of
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of PR-containing mesostructured silica-surfactant films as a function of proteorhodopsin
content over the range 0-25wt% PR. Previously, relatively poor mechanical properties
(0.005 GPa mean hardness, 0.260 GPa mean modulus) were reported for a 5wt% PR-
containing silica-surfactant film with worm-like mesostructural order that was synthesized
using DDM, 1,2-diheptanoyl-sn-glycero-3-phosphocholine (DHPC), and sodium
perfluorooctanoate.®

Here, for comparison, 5wt% PR-containing DDM+POPC+DOTAP-directed
mesostructured silica-surfactant films with worm-like or rectangular mesostructural ordering
were synthesized and their mechanical properties compared. The worm-like material exhibited
a hardness of 0.05 £ 0.01 GPa (Figure 3.7a) and modulus of 2.40 £ 0.26 GPa (Figure 3.7b),
while the rectangular mesostructured PR-silica-surfactant material was measured to have a
hardness of 0.10 £ 0.02 GPa (Figure 3.7a) and a modulus of 3.19 + 0.35 GPa (Figure 3.7b),
values of which are at least an order of magnitude greater than previous PR-containing films.
For PR-containing DDM+POPC+DOTAP-directed mesostructured silica-surfactant films over
the range 0-25 wt% PR loading, rectangular mesostructural ordering exhibits on average a
0.04 GPa higher hardness and 0.94 GPa higher modulus, compared to similar films with worm-
like mesostructural ordering. The increased hardnesses and moduli of PR-containing silica-
surfactant films with rectangular, compared to worm-like, mesostructural ordering is attributed
in part to the periodic organization and thickness of silica walls between the mesochannels
over which stresses are relatively evenly distributed.®®

PR loading is also observed to have a significant effect on the mechanical properties of
the films. PR-containing silica-surfactant films with worm-like mesostructural ordering exhibit

hardnesses of 0.05 £ 0.01 GPa without PR and up to 0.08 = 0.01 GPa for a 25 wt% PR film
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(Figure 3.7a), while compositionally similar films with rectangular mesostructural ordering
(the same films as in Figures 3.4a-d) exhibit hardnesses of 0.07 + 0.01 GPa without PR and up
to 0.14 £ 0.01 GPa for a 25wt% PR-containing film (Figure 3.7b). The moduli of the
respective films similarly increase from 1.54 + 0.55 GPato 3.2 £1.6 GPa for films with worm-
like mesostructural order and from 2.9 + 0.19 GPa to 4.0 + 0.19 GPa for films with rectangular
mesostructural order. Interestingly, the hardnesses and moduli of the films increase, even
though the silica contents are lower in films with higher PR contents (with the ratios of all
other species held constant). This is consistent with the relatively stiff properties of the seven
aligned o-helices that constitute much of each PR monomer and is supported by recent
investigations that have reported similar moduli and trends for other a-helix-containing
proteins.>” However, otherwise identical mesostructured-containing silica-surfactant films
with higher PR loadings of 35 wt% and 44 wt% PR and reduced extents of worm-like
mesostructural order (Figure 3.4) exhibited less robust mechanical properties, with hardnesses
of 0.05 + 0.01 GPa and 0.07 £ 0.01 GPa, and moduli of 2.64 + 0.21 GPa and 2.55 + 0.2 GPa
respectively. These hardness and modulus values are significantly lower than those measured
for the mesostructured 25 wt% PR films with similar worm-like mesostructural order. This is
due in part to the lower silica contents of the 35 wt% and 44 wt% PR-containing films (19.5
wt% and 16.8 wt% silica, respectively), compared to the 25 wt% PR film (22.5 wt% silica),
which provides the most robust host matrix for the film compositions and conditions examined.
These results demonstrate that, for the compositions and conditions investigated, high
mesostructural order and 25 wt% PR loading correlate with increased film hardness and
modulus, observations that are supported by trends in other materials in which high-modulus

guest molecules have been incorporated to increase the bulk modulus of composite materials.®
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The moduli and hardnesses of rectangular PR-containing silica-surfactant films are
significantly greater than previous formulations of similar materials® and comparable with non-
protein-containing mesostructured silica materials.3%>

Similarly, the thermal stability of proteorhodopsin guest molecules in silica-surfactant
host matrices also depends on the composition of the films and their extents of mesostructural
order. Previously, DDM+DHPC+PFO-directed host films were shown to exhibit higher
thermal stability of PR (up to approximately 97 °C), compared to PR in P123 triblock-
copolymer-directed films or PR in native-like phospholipid membranes.® Figure 3.8 shows the
results of normalized static UV-visible light absorbance measurements, as functions of
temperature, for 5 wt% PR incorporated into DDM+POPC+DOTAP-directed rectangular and
worm-like mesostructured silica films. Interestingly, proteorhodopsin guest molecules
exhibited significantly greater thermal stabilities, up to approximately 110 °C after 2 h in well-
ordered rectangular mesostructured silica-surfactant materials, compared to compositionally
identical host matrices with worm-like structures. For PR in the rectangular mesostructured
host, 85% normalized intensity at 520 nm was retained at 110°C and 48% at 130 C, which
represents a significant increase in the thermal stability of PR, compared to other previously
reported synthetic host materials.® The retention of PR stability up to 110°C and the gradual
loss in absorbance at 520 nm (attributed to denaturation of PR) can be observed visually as
loss in the purple color of the film (Figure S3.7). Significant and essentially complete
denaturation of the PR guest molecules, at 140 C and 150 T respectively, can be observed

visually as a transition to a yellow film, the color associated with denatured PR.
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Figure 3.8. Normalized UV-visible light absorbance intensities at 520 nm for mesostructured
5 wt% PR, 59.4 wt% DDM, 5.8 wt% POPC, 1.3 wt% DOTAP, 21.4 wt% SiO2, and 7.1 wt%
n-propyl SiOqs films with rectangular (blue) and worm-like (orange) mesostructural ordering
after heat treatment for 24 h. The absorbance at 520 nm was measured for the center of each
sample following heat treatment and normalized against a similar measurement taken prior to

heat treatment.

For comparison, heat treatment analyses were conducted on films with identical
compositions but with worm-like mesostructural order. As shown by the orange data points in
Figure 3.8, PR guest molecules in films with worm-like structures exhibited significantly lower

normalized absorbances at 520 nm following heat treatment over the range 70-120 °C. More
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specifically, PR in DDM+POPC+DOTAP-directed silica films with worm-like mesostructural
order retained approximately 80% absorbance at 520 nm up to 80T, similar to PR in
phospholipid membranes.® However, PR in such films exhibited significantly diminished
absorbance above 90 °C, temperatures at which PR in phospholipid bilayers are also fully
denatured. The different thermal stabilities of PR in DDM+POPC+DOTAP-directed
mesostructured silica films with rectangular versus worm-like mesostructural order is thought
to be due, in part, to differences in the local hydration environments of hydrophilic moieties at
the extracellular and cytoplasmic ends of PR.8%¢! Such moieties are expected to be influenced
by interactions with the structure-directing surfactant species that will depend on the extent of
mesostructural order. Hydrophilic protein loops can exchange protons with surrounding water
molecules, and environment-induced changes in hydration have been shown to have significant
effects on the photocycle kinetics of PR.%? The normalized absorbance data in Figure 3.8
suggests that lower extents of mesoscale order perturb the hydration of these hydrophilic
moieties and their interactions with surrounding water molecules, resulting in unfavorable
distributions of PR hydration that reduces their hydrothermal stability compared to similar host

matrices with more ordered mesoscale structures.

3.5 Conclusions

Mesostructured silica-surfactant materials have emerged as promising hosts to harness
the unique and diverse functionalities of transmembrane proteins in macroscopic material
morphologies, such as thin films. The mesostructured PR-containing silica-surfactant materials
reported here are well-ordered and have high membrane protein contents that exhibit native-

like photocycle kinetics in transparent and mechanically and thermally robust films.

111



Complementary multiscale characterization techniques provide detailed insights on the
protein-stabilizing and structure-directing roles of surfactant species that promote co-assembly
of membrane proteins into mesostructured silica-surfactant hosts, along with the effects of
different abiotic environments on the photocycle kinetics of the proteorhodopsin guests. SAXS
analyses establish the alkyl chain lengths necessary to achieve high extents of rectangular
mesostructural order in DDM+POPC+DOTAP-structure-directed films. Furthermore, this
technique elucidates the effects of guest PR loading (up to 44 wt%) on the mesostructural
ordering of silica-surfactant host films. Solid-state NMR corroborates that hydrophilic
surfactant and charged lipid headgroups associate with hydrophilic moieties of the silica
mesochannel wall by hydrogen-bonding and electrostatic interactions, respectively. The results
demonstrate the importance of film composition, particularly the types and relative fractions
of non-ionic, zwitterionic, and cationic surfactants that contribute towards significantly
improved mesostructural ordering, protein loadings, and mechanical properties, when
compared to polymer, gel, glass, or previously reported mesostructured silica protein-host
materials. Nanoindentation analyses quantify the bulk mechanical properties of the films and
showed that the hardness and modulus of a silica-surfactant film increased with PR loading or
mesostructural order. Additionally, thermal testing analyses reveal improved stability for PR
guest moieties within well-ordered host materials. Complementary pKa measurements and
time-resolved UV-visible absorption spectroscopy established that the inclusion of
zwitterionic POPC and cationic DOTAP lipids significantly lowered the pKa of a key function-
dependent residue of PR, thereby increasing the active populations of PR. Global fit analyses
of the time-resolved UV-visible light spectra quantify influences of local chemical

environments on the photocycle of proteorhodopsin, revealing that the kinetics of the rate-
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limiting step in the photocycle of PR are dependent on and can be mediated by the host material
composition and structure. Such insights enable the selective incorporation of monomeric
proteorhodopsin molecules into mesostructured silica-surfactant materials, with the tertiary
structure of the protein largely unperturbed during the co-assembly process. The high protein
loading, mechanical robustness, and thermal stability demonstrated by these
DDM+POPC+DOTAP-silica-surfactant protein-host films opens opportunities for harnessing
transmembrane proteins in non-native environments. The results provide improved
understanding of the complicated interactions that mediate PR functionality in non-biological
environments and provide criteria and guidance for selecting and optimizing the compositions
and conditions that enhance PR performance. Given the archetypical seven a-helical structure
of proteorhodopsin, the insights are expected to apply to other transmembrane membrane
proteins and provide general guidance for synthesizing abiotic host materials for incorporating

proteins with diverse functions.

3.6 Future Directions

Following the formulation of mesostructured silica-surfactant films with high extents
of protein loading and mesostructural order, the next objective is to achieve orientational
alignment of the cylindrical mesochannels within the robust host matrix. Chapter 5 details what
has been accomplished regarding the orientational alignment of these silica-surfactant
mesochannels, as well as future directions for this work. Here, | will suggest paths to continue
this research by optimizing of the composition of protein-containing films, and increase
understanding of these materials via additional characterization techniques. During the

revision of my paper, | received recommendations from interested reviewers for environmental
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ellipsoporosimetry (to investigate ellipsoidal pore diameters, porous volume, and surface area,
and Young moduli of films in the direction perpendicular to the substrates),%® and
computational modeling. | agree with this reviewer that environmental ellipsoporosimetry
would complement the data presented in this chapter well, potentially elucidating more
information of the topology of mesostructure.®

Computational modeling can investigate a variety of highly complex interactions,
providing additional information regarding the self-assembly and silica polymerization
processes that occur during synthesis, which are not well understood. (There is a
comprehensive understanding of molecules and their concentrations within the self-assembling
solution, and also after synthesis, when the fully polymerized material has been well-
characterized.) As this is an extremely complex system with many different molecules co-
assembling based on many interactions, such as electrostatic and hydrophobic/hydrophilic, and
van der Waals forces, the scope of investigation must be targeted to limit computational cost.
Modeling the co-assembly of a mesochannel, both around a proteorhodopsin monomer and
without a protein guest, can provide information at intermediate length-scales inaccessible by
mesoscale SAXS and atomic-scale NMR techniques. Greater understanding of protein-
surfactant and surfactant-surfactant interactions within these mesochannels may elucidate the
intermolecular interactions that lead to the greatly improved thermal stability exhibited by PR
in these materials, and inform the selection of new surfactants to better accommodate PR or
other membrane protein guests. Additionally, comparison of the two systems, specifically with
regards to the packing density of surfactants within the channel and the distribution of
surfactants around the channel, may direct future improvements to these host materials. It

would also be valuable to analyze preferred orientations of proteorhodopsin monomers within
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the channel. NMR experiments have validated the location of PR within the mesochannels,
and a-helices are hypothesized to prefer orientation along the axis of the mesochannel cylinder
due to hydrophobic interactions; however, this has not been corroborated with analyses.
Separate models of the interactions that the co-assembling solution has with varied or patterned
substrates would also be interesting, and potentially inform future experiments and designs of
substrates to achieve higher extents of mesostructural and orientational order (This concept is
discussed in more detail in Chapter 5).

Similar to these proposed models, in situ experiments probe the development of
mesostructural ordering in silica-surfactant films during synthesis. | have previously conducted
in situ SAXS experiments of PR-containing liquid crystals, with varied surfactant
concentrations and as a function of temperature, to see which mesostructures are
thermodynamically preferred at equilibrium. These results showed a phase change as a
function of temperature, the formation of an emerging body-centered cubic phase was observed
along with the rectangular and hexagonal phases that existed at lower temperatures; however,
this data could not be reliably used to direct the synthesis of silica-surfactant films because the
presence of polymerizing silica significantly altered resulting mesostructures, and also because
increased temperatures sped up silica polymerization. However, if silica polymerization can
be significantly slowed or postponed during the co-assembly of silica-DDM+POPC+DOTAP
films, temperature-dependent experiments could result in higher mesostructural ordering either
through optimization or annealing techniques.®® In situ 2°Si NMR experiments are another
method of proving mesostructural formation during synthesis. These experiments would
investigate the extent of crosslinking during synthesis and could be done as a function of

various synthesis conditions, potentially revealing methods of making silica polymerization
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less disruptive, and thus enabling the previously discussed temperature-dependent synthesis
techniques.

In addition to experiments meant to gain a better understanding of the synthesis of
silica-DDM+POPC+DOTAP films, new compositions of materials should be developed and
optimized based on this platform. The interactions used to stabilize proteorhodopsin are
applicable to similarly structured proteins, and have a wide application across other membrane
proteins regardless of function. Efforts in the Chmelka group are planned to continue with
aquaporin, a transmembrane protein that passively facilitates water transport across a cell
membrane, for the important application of light-weight water purification. Optimization of an
aquaporin-containing silica-surfactant film pursues many of the same desired characteristics
of proteorhodopsin-containing materials, namely high extents of mesostructural and
orientational order of the mesochannels, high protein loading, and orientational alignment of
the aquaporin molecules. This is important to pursue as silica-DDM+POPC+DOTAP films
provide an opportunity to produce a general platform for macroscopic molecular and ion
transport, which has previously never been done. In addition, | think that the incorporation of
enzymatic membrane proteins is an interesting target for these materials. Harnessing the
functions of these proteins will not require the same significant extent of orientational ordering
of the mesochannels or proteins required for anisotropic (molecular or ion) transport proteins,
meaning that the high protein loadings already achieved may be enough to see significant

biocatalytic results.
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Figure S3.1. Solution-state 2D *H-3C HSQC NMR spectra and atomic structure of POPC with

IH assignments

acquired at 18.8 T and 298 K. 1D projections of correlated *H and °C

intensities are shown on the horizontal and vertical axes, respectively.
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Figure S3.2. Solution-state 2D *H-23C HSQC NMR spectra and atomic structure of DOTAP
acquired at 18.8 T and 298 K. 1D projections of correlated *H and **C intensities are shown on

the horizontal and vertical axes, respectively.
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Figure S3.3. Solution-state 2D *H-3C HSQC NMR spectra of DDM with *H assignments

acquired at 14.1 T and 298 K. 1D projections of correlated *H and **C intensities are shown on

the horizontal and vertical axes, respectively.
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Figure S3.4. Time-resolved UV-visible light spectra showing transient absorbance traces at
wavelengths of at 400, 410, 500, 510, 540, 570, 590, 620, and 630 nm for monomeric PR in
mesostructured silica-surfactant films under varying pH conditions: (a) as-synthesized film at
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pH 4.1 and (b) hydrated for 1 week at pH 9 in 50 mM K2HPO4 and 150 mM KCI.
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Figure S3.5. Transient UV-visible light absorbance intensities at 540 nm for wild-type
proteorhodopsin at pH 3.00, 3.32, 3.68, and 4.01 for 2 h, normalized against the first collected
540-nm absorbance intensity at 0 s.
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100 nm

Figure S3.6. Representative electron microscopy images of a mesostructured silica-surfactant
films with 5 wt% PR, 59.4 wt% DDM, 5.8 wt% POPC, 1.3 wt% DOTAP, 21.4 wt% SiO», and
7.1 wt% n-propyl SiO1 s obtained by (a) SEM at 2000x magnification, and TEM at (b) 58000x,
(c) 94000x, and (d) 150000x magnifications.
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Figure S3.7. Optical images of mesostructured silica-surfactant films containing 5 wt% PR, 59.4 wt%
DDM, 5.8 wt% POPC, 1.3 wt% DOTAP, 21.4 wt% SiO,, and 7.1 wt% n-propyl SiO;s with (a)

rectangular and (b) worm-like mesostructural ordering after heat treatment at different temperatures for

24 h.
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Chapter 4. Cryogenic electron microscopy analyses of oligomeric
proteorhodopsin in micellar DDM solutions

4.1 Abstract

Structure-determination of transmembrane proteins is a complex and difficult pursuit,
for which only a select few have been solved. Currently, membrane proteins make up less than
6% of solved three-dimensional structures of proteins, due in part to poor solubility, reliance
on stabilizing surfactants and lipid membranes to maintain structure and function, and
physiochemical properties of the stabilizing environment making analyses challenging.
Following a number of recent improvements to instrumentation such as computing power and
electron diffraction cameras, often referred to as the “resolution revolution,” cryogenic electron
(cryo-EM) microscopy has become a primary technique of structural biology, often even
utilized prior to X-ray crystallography or NMR, the traditional methods of protein structure
determination. In this chapter, cryo-EM analyses reveal a pentameric oligomeric structure for
wild-type proteorhodopsin in flat n-dodecyl-p-D-maltopyranoside (DDM) surfactant micelles.
However, a high resolution structure did not converge from the data, likely due to local
heterogeneities of the protein due to flexibility within the large DDM micelle. Although not of
interest in structural biology, this knowledge is extremely valuable when trying to understand
how host environments impact the structure of proteorhodopsin, and how structural changes
and dynamics are related to function. Additional results correlate sample preparation protocols
and compositions to higher-purity homogeneous oligomers and represent advances in the
synthesis of well-ordered co-assembled mesostructured proteorhodopsin-silica-surfactant

hosts (highlighted in Chapter 3). Potential future experiments are presented which would build
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upon these cryo-EM results and utilize orthogonal techniques to understand the interactions
between host and protein that influence function. These results contribute to the goal of
producing non-native host materials capable of harnessing the diverse functions of membrane

proteins.

4.2 Introduction

Proteorhodopsin structure and function

Integral membrane proteins, proteins that are permanently attached to a cell membrane
lipid bilayer, are important targets for characterization as they make up roughly 30% of the
mammalian proteome and 50-60% of all drug targets.'” Additionally, some of these
membranes have industrially relevant functions in biocatalysis,* biosensing,’> and
ion/molecular transport.*® The biological membrane stabilizes significant hydrophobic
regions of membrane proteins, effectively performing multiple roles as a substrate, solvent,
and regulatory co-factor for protein function. Many pharmaceutical drugs target the interface
between protein and lipids as a method to reach important protein binding sites, however, the
complex interactions here are poorly understood.® Currently, membrane proteins make up less
than 1% of solved three-dimensional (3D) structures of proteins,® due in part to poor solubility,
reliance on stabilizing surfactants and lipid membranes to maintain structure and function, and
physiochemical properties of the stabilizing environment making analyses challenging.'
Structural biology methods such as X-ray crystallography, nuclear magnetic resonance
spectroscopy, and cryogenic electron microscopy require purified and homogeneous protein
samples, which for membrane proteins in most cases entails expression and purification into

synthetic lipid bilayer or micellar environments. Selection of the composition of these
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membrane mimetic environments can significantly impact the function of membrane proteins,
creating debate around the question of which constitutes a more native-like membrane.'!'~!4

Proteorhodopsin (PR) is a membrane protein found ubiquitously in marine bacteria that
acts as a light-activated proton pump, assisting in the supply of ATP to organisms such as
picoplankton. These organisms are found in the ocean and therefore have native functionality
at a pH around 8.2. This functionality involves undergoing a series of conformational changes
resulting in the transport of an H" ion across the transmembrane region of PR. Under native
pH conditions, the D97 residue of PR is deprotonated, which is necessary for the native
photocycle to proceed. Under pH conditions lower than the pKa (the pH value at which half of
these residues are protonated) of the D97 residue, it can become protonated, restricting
transition through the native photocycle and forcing an alternate series of conformational states
that discourages net H* transport.!> The protonation state of the D97 residue and its pKa are
therefore integral to the function of PR. Importantly, the pKa of the D97 residue of PR is
significantly influenced by its oligomerization and local environment. For example, in similar
DDM micellar solutions, the pKapy7 is 6.5 for wild-type oligomeric PR and 7.2 for the
monomer-enriched E50Q mutant of proteorhodopsin.'!:1¢

Understanding the structure of proteorhodopsin (as well as other medically and
industrially relevant membrane proteins) is important because it may lead to the tuning of
function-dependent properties (such as the pKa of its D97 residue) through the manipulation
of protein environments.!”!® A 2.9 A resolution structure for the pentameric assembly of wild-
type proteorhodopsin in cymal-4 surfactant micelles was recently published that reveals the

position and orientation of functionally-important residues within this environment.'® This data

can be analyzed individually, but also together with the published structures of monomeric
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PR,?° which shows differences in the orientation of the D97 residue, and protein homologs?!~?

to provide further context to the complex structure-function relationships of membrane protein
proton pumps. Expanding this library of protein structures, and specifically the structures of
PR or PR mutants in different biomimetic environments, can provide the information necessary

to find answers in the multifaceted pursuit of understanding and tuning protein function.

Structure-determination techniques

Protein structure determination techniques such has X-ray crystallography, nuclear
magnetic resonance (NMR), computational modeling, and cryogenic electron microscopy
(Cryo-EM) present different methods to achieve high-resolution structural models of proteins,
each accompanied by unique combinations of advantages and disadvantages. X-ray
crystallography utilizes diffracted X-ray photon irradiation of crystalline proteins and a
detector to achieve scattering data (called reflections) in two dimensions that can be converted
into a three-dimensional molecular structure with high resolution. While photons diffracted at
greater angles, producing reflections further from the beam center, produce reflections that
represent increasing resolution, these reflections also display lower signal intensities. The
highest resolution protein structure ever resolved is for crambin, reconstructed at 0.48 A by X-
ray crystallography.?® X-ray crystallography is a powerful and often-used technique, making
up approximately 85% of structures in the protein data bank (an online repository of protein
structures); however, it relies on the preparation of highly ordered protein crystals, which can
often be extremely difficult and labor-intensive, restricting the structures that can be solved.”**
Solution-state NMR is another method used extensively in the structure determination

of biological molecules and does not require protein crystallization. NMR utilizes strong

magnets to align nuclei in a magnetic field, which are knocked out of thermodynamic
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equilibrium by radio frequency pulses. Differences in the rate of procession back to
equilibrium with the magnetic field are measured and characteristic of specific atomic
environments. Instead of directly detecting locations of protein residues by diffracted X-rays
or electrons, NMR provides information on bulk atomic environments and proximate species
that other methods cannot. Although this produces important structural information, this
technique is often limited to comparatively poor resolution compared to X-ray crystallography
because of the complexity of the molecule and lack of constraints that can be applied to resolve
the data.?* Because of this, structure determination by NMR is also limited by the size of the
protein; the largest protein structure solved by NMR is the 81.4 kDa enzyme malate synthase
G (MSG).>>% Proteins greater than 50 kDa are difficult to evaluate by solution-state NMR
because slow molecular tumbling leads to low detecting sensitivity.

Increasingly powerful protein structure modeling software continues to be released as
improvements are made to available computational power (for example, GPUs with
significantly greater processing capability) and methods improve. Recently, the deep neural
network algorithm of AlphaFold has displayed significant improvements over previously-
standard homology and ab-initio methods—in one blind test, AlphaFold exhibited modeling
accuracy of the protein backbone to 0.96 A root mean squared deviation (rmsd), compared to
2.80 A rmsd of the prior best performing model.?” An important advantage of modeling protein
structure is that it avoids labor and the challenges of sample preparation and data collection,
evidenced by modeled coordinates for 98.5% proteins in the human proteome compared to the
less than 10% that have been found experimentally.?” However, current limitations of this
algorithm, such as predicting the relative positions of disordered protein domains as well as

those linked by short and flexible amino acid chains, mean that only 58% of the residues in the
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human proteome are modeled with high confidence. Importantly, the varied advantages and
challenges of modeling and experimental methods mean that both techniques can be used
symbiotically to solve future questions in structural biology.

Similar to computational modeling, Cryo-EM has improved significantly in recent
years due to improvements in computational methods, but also due to the invention of new
sample preparation techniques and technologies such as direct electron detectors. These
developments have been named the “resolution revolution” and have spurred an increase in
published cryo-EM maps, even surpassing those published using X-ray crystallography and
NMR during the same time period.?®?° This growth of scientific interest in cryo-EM coincided
with leaps in the quality of published cryo-EM protein maps, reconstructing 3D maps of
proteins with near 1.2 A resolution that enable the positions of individual atoms to be
determined by single-particle electron microscopy for the first time.***! Scattering data for
these analyses is collected as micrographs which, at high quality, typically contain many
homogenous particles. Algorithms select and center these particles within a defined frame so
that signal from thousands of alike particles can be averaged to produce higher resolution
classifications. Because protein molecules may be oriented in multiple directions, analyses sort
similarly-oriented particles together so that the averaging process constructively results in
higher resolution rather than averaging out to nothing. This is done repeatedly in series and
each time the scattering data of particles in poorly resolved two-dimensional (2D)
classifications is removed from the overall data set. These poor classifications are likely due
to low quality scattering data resulting from aggregated proteins and other impurities that were
improperly selected in the sample. A similar process is repeated to take this data from two to

three dimensions, reconstructing a 3D electron density map from the cleaned high quality
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electron scattering data that can be fit to specific orientations of amino acid residues (using the
amino acid sequence of the protein) to produce a high-resolution structure.

However, structure-determination via cryo-EM is limited to large proteins because
small proteins (less than 100 kDa) often lack prominent features that can be used at low
resolution early in the refinement process to center and align the particles.>? Roughly 50% of
all known proteins are smaller than 50 kDa, including many that are medically relevant,
highlighting the importance to make progress against this restriction. Methods being
researched to address this limitation include (1) the use of micrograph-contrast-increasing
phase plates, and (2) attaching proteins to larger and more easily identifiable structures (in a
way that does not disturb the protein’s structure) which has resulted in relatively modest
resolution structural maps approaching 3 A, for 23 kDa and 52 kDa proteins respectively.?>33
Another approach utilizes the different length-scales, complementary protein size constraints,
and varied types of structural information gained via cryo-EM and NMR to achieve protein
structure maps currently unobtainable by each methods individually. A 4.1 A resolution cryo-
EM map of the 468 kDa protein TET2 was complemented by secondary structure information
(H-bonding in the protein polypeptide backbone) of smaller sub-units of TET2 probed by
solution-state NMR, to achieve sub-1 A resolution structure determination at the peptide
backbone.?* This represents a symbiotic relationship between these collaborative techniques,
which when also combined with the different advantages of X-ray crystallography and

computational modeling may result in continued significant improvements in structural

biology.
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4.3 Materials and Methods

Expression and purification of wild-type proteorhodopsin

Wild-type proteorhodopsin (WT PR) was cloned into a pET26b (+) vector (Novagen)
as described previously.l” For expression, 10 mL cultures of BL21(DE3) E. coli (Thermo
Fisher), transformed with the above plasmid, were made in LB broth with 50 pg/mL
kanamycin and orbitally shook at 180 rpm for 16 h at 37 C. These cultures were diluted into
1 L of LB with 50 pg/mL kanamycin and grown at 37 C with 180 rpm orbital shaking until
ODs00=0.6, at which point WT PR expression was induced with 1 mM isopropyl p-D-1-
thiogalactopyranoside (IPTG, Thermo Fisher) and 1 uM trans-retinal (Sigma Aldrich). Trans-
retinal is essential for PR function and the cells cannot produce it on their own. After 18 h,
each liter of cell culture was spun down at 5000 rcf, re-suspended in 30 mL of 50 mM K>;HPO4
(Sigma Aldrich) and 150 mM KCI (Sigma Aldrich) (PR buffer) at pH 8.7, and then lysed for
1 h with incubation in lysis buffer (20 mg/mL lysozyme, DNAse and 20 mM MgCl_). Lysed
cells were then centrifuged at 1000 rcf for 10 min to remove large debris in the pellet. The
supernatant was then spun down at 10,000 rcf to harvest WT PR-containing membranes in the
new pellet. The supernatant was removed and the membranes were flash frozen as pellets in
liquid nitrogen and stored at -80 C until needed for experiments. Purification of WT PR began
with homogenization of the membrane pellet in 2 wt% n-dodecyl-5-D-maltoside (DDM,
Anatrace) PR buffer with a glass tissue grinder, and then mixed for 1 h. The homogenized
solution was spun down at 100,000 rcf and the supernatant collected to obtain WT PR in DDM
micellar solution. Next, WT PR was further purified using a 5 mL Ni-NTA resin column
(ThermoFisher) with a binding buffer (0.01 wt% DDM and 30 mM imidazole) and eluting

buffer (0.01 wt% DDM and 500 mM imidazole). High-performance liquid chromatography
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was performed with a Sucrose 6 Increase 3.2/300 column equilibrated in PR buffer. Purified
WT PR was loaded and 50 pL were aliquots were collected. In between the Ni-NTA resin and
Sucrose 6 Increase 3.2/300 columns, WT PR was concentrated to ~4000 uM so that diluted
aliquots collected from the HPLC could be loaded directly onto a cryo-EM grid without
concentration, which was identified to add impurities to the sample. Protein concentration was
determined using the absorbance at 520 nm using an extinction coefficient of 49,000 M-tecm

and a molecular weight of 29,000 g/mol.

Cryo-EM sample preparation and data collection

For grid preparation, copper Quantifoil R2/1 300 grids with a carbon foil were first
glow-discharged for 30 s at 25 mA in the residual atmosphere using a GloQube® Plus Glow
Discharge System. 2 pL of purified 101 pM WT PR in DDM micelles were subsequently
applied and incubated for 10 s at 4 °C and 100 % humidity before blotting for 3 s with a blot
force of 0 and plunge frozen into liquid ethane using an FEI Vitrobot MkIV. During the entire
freezing process the Vitrobot was covered in aluminum foil and a resting time of
10 s (compared to the ~0.5 s photocycle of WT PR in DDM micelles) prior to blotting was
added in order to prevent PR excitation and to limit the range of photocycle conformations in
the sample. Micrographs were collected using a Titan Krios operated at 300 kV equipped with
a Gatan BioQuantum energy filter operating over a calculated defocus range of -0.2 um
to -3.3 um. A K3 detector operating in electron counting mode was used to record 27,398
micrographs at a pixel size of 0.68 A% px'! (corresponding to a nominal magnification of
165,000x) over a 4 second exposure at a 15 e px™' s™! flux yielding a total fluence of 60 e px’',

fractioned into 45 dose fractions.
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Cryo-EM data analyses

Pre-processing steps were performed with cryoSPARC Live v3.1.0.* First, motion-
correction and dose-weighting was accomplished using MotionCor2 v2.1.1.%° Contrast transfer
function (CTF) estimates for the motion-corrected micrographs were then calculated with
CTFFIND4 v4.1.13.3¢ Poor-quality micrographs were discarded. Following several rounds of

2D classification, 67,997 remaining particles were used for 3D classification.

4.4 Results and Discussion

Co-assembly of proteorhodopsin oligomers

The structure-function relationship of the transmembrane protein proteorhodopsin (PR)
and its native proton pumping function is highly complex and dependent on the local
environment around specific amino acid residues, intramolecular interactions between
residues, and intermolecular contacts between protein molecules. Specifically, the pH and
ionic strength of the protein-containing solution significantly influence the assembly and
function of PR molecules. PR can undergo either of two distinct photocycles, dependent on the
protonation state of its D97 residue; at native alkaline pH conditions, the function-dependent
D97 residue is deprotonated, and photoactivated PR will transport a proton via a six-step
photocycle; however, if the D97 residue is protonated during photoactivation, a five-step
photocycle is instead observed that pumps a proton in the opposite direction.?”-*® In addition to
the D97 residue, pH influences the protonation state of a collection of amino acid residues with
electrically charged side chains, which can lead to a net electric dipole moment across each PR
monomer. Positively charged side chains of histidine, arginine, and lysine residues, as well as

negatively charged side chains of aspartic acid and glutamic acid residues, contribute to this
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electric dipole moment. Significant quantities of the later four residues, with sample-relevant
pKa values of approximately 9.04, 8.95, 9.60, and 9.67 respectively, are located at ends of each
PR monomer and (under native-like pH 8 conditions) produce a -7 net negative charge at the
extracellular side and a +3 net positive charge at the intracellular side of each monomer.
Using cryogenic electron microscopy, a technique that measures electron diffraction
patterns through proteins in vitrified water to produce micrographs of the sample, the effect of
the electric dipole moment of PR on the protein’s co-assembly can be observed (Figure 4.1a).
In Figure 4.1, a series of micrographs are presented featuring vitrified solutions of wild-type
(WT) PR at pH 8 with varied concentrations of WT PR, buffer salts, and protein-stabilizing
DDM surfactant. Figure 4.l1a reveals that WT PR in a solution of 1 wt% DDM,
50 mM K;HPOy4, and 150 mM KCI at pH 8 will co-assemble in relatively long head-to-tail
structures based on each oligomer’s electric dipole moment. The distribution in number of co-
assembled oligomers per structure is varied and likely due to the concentration of PR and
specifics of sample preparation such as vortex mixing, time between solution preparation and
sample preparation, time between cryo-EM grid blotting and sample vitrification, and the
thickness of the vitrified sample. In comparison, a sample under identical conditions except
for an additional 100 mM KCI (up to a total of 250 mM KCI) exhibits a distribution of singlets
and doublets of WT PR oligomers (Figure 4.1b). The additional buffer salt concentration
screens the charges of the charged residues of PR, leading to the greater dispersion of
molecules. Interestingly, a significantly greater concentration of 208 uM WT PR in a solution
containing just 150 mM KCl is observed with relatively concentrated monodispersed WT PR
oligomers (Figure 4.1c) due to a lower 0.3 wt% DDM. This distribution is due to the

interactions between DDM and buffer salts, where hydroxides of the maltoside headgroup of
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DDM associate with anions in solution, preventing them from screening the charges of PR
oligomers. Assuming strong interactions between these surfactant and salt moieties, the
150 mM KCl difference between samples observed in Figure 4.1b and 5.1¢ would associate
with 0.714 wt% DDM, similar to the difference between samples. This ratio of associating
DDM and CI  anions is observed in the micrograph shown in Figure S4.1a, in which a sample
of 104 uM WT PR, 0.8 wt% DDM, 50 mM K>HPO4, and 150 mM KCI at pH 8 co-assembles
as singlets and doublets of oligomers similar to those observed in Figure 4.1b. This phenomena
is advantageous to PR sample preparation because desired homogeneous monodispersed
samples can be achieved by removing electron-scattering excess DDM (which would have
reduced the contrast of the micrograph) without adding extra salts that can influence
intramolecular electrostatics interactions.*® In Figure 4.1d, a lower concentration 153 pM WT
PR sample with 0.27 wt% DDM and 500 mM KCI displays similar monodispersed protein
oligomers, showing that there are not significant improvements made in sample preparation
through increasing buffer salt concentrations when excess DDM is already removed. It should
be noted that these micrographs are being used to optimize protein homogeneity and dispersion
in sample preparation, and not themselves used for high resolution structure determination
analyses, meaning that the differences in contrast and resolution due to using different
acquisition instruments is not significant. From these results we observe trends in the co-
assembly of PR oligomers as a function of solution composition that inform future
experiments. For example, the co-assembly of anisotropic films designed to harness the
functions of membrane proteins require orientationally-aligned proteins similar to the proteins
observed in Figure 4.1a. However, conducting structure determination analyses on these head-

to-tail assemblies of proteins is challenging because the electron scattering signals from each
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oligomer may be conflated with adjacent proteins, thereby disrupting the important particle-
centering process. Therefore, we conclude that samples made for high resolution structure
determination experiments via cryo-EM should contain highly concentrated and homogeneous

monodispersed molecules that can be easily identified during analysis.

Figure 4.1. Cryo-electron micrographs of wild-type proteorhodopsin in vitrified solutions of
n-dodecyl-B-D-maltopyranoside (DDM), KoHPO4, and KCI: (a) 75 uM WT PR, 1 wt% DDM,
50 mM K>HPOys, and 150 mM KCI, (b) 75 uM WT PR, 1 wt% DDM, 50 mM K;HPO4, and
250 mM KCI, (¢) 208 uM WT PR, 0.3 wt% DDM, 50 mM K;HPOs, and 150 mM KCl, and
(d) 153 uM WT PR, 0.27 wt% DDM, 50 mM KoHPOy4, and 500 mM KCI. Micrographs were
collected on different instruments, leading to significant differences in micrograph contrast and
resolution: (a) Talos Arctica microscope operated at 200 kV equipped with a Falcon III, Gatan
K2 camera, (b) Titan Krios microscope operated at 300 kV equipped with a Gatan BioQuantum
energy filter and K3 detector, and (c-d) were collected on a FEI Tecnai G2 Sphera microscope
operated at 200 kV equipped with a K2 detector.
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Optimization of the solubilization protocol for purifying proteorhodopsin

High resolution structure determination benefits from a number of characteristics
achievable through proper sample preparation including highly concentrated monodispersed
particles, minimal electron scattering of non-protein solution leading to high contrast
micrographs, varied orientations of particles, and most importantly a homogeneous sample.
This is because the methods utilized to convert relatively low-resolution two-dimensional
micrographs into high-resolution 2D and 3D protein structures fundamentally sort and average
signals from similar particles until they converge into high resolution structures. Previous WT
PR expression and purification protocols used at UCSB were not optimized for these properties
and so structure determination was not possible. Figure S4.2a shows a micrograph collected
from these old samples, revealing inhomogeneity between electric dipole co-assembled
oligomers, larger protein aggregates, broken E. coli membranes, and DNA, which together
lead to poor analyses. Figure S4.2b-c reveal limited resolution of 2D and 3D classifications
obtained from this raw data. New protocols were generated through experiments such as those
featured in Figure 4.1, which improve sample composition to produce concentrated
monodispersed proteins while reducing detrimental electron scattering of empty surfactant
micelles. While sample orientation in the thin vitrified ice samples is not well understood and
could not be improved, even limited isotropy of particles is enough to obtain high-resolution
structures when other factors are optimized.

During optimization of the WT PR expression and purification protocols, adequate
solubilization of the protein into micellar solutions from freeze-fracture E. coli membranes was
identified as significant in producing a homogeneous sample. Figure 4.2 shows the effects of

the solubilization protocol with high-performance liquid chromatography (HPLC) and
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cryo-EM microscopy. In Figure 4.2a, based on estimated protocols from other proteins,
freeze-fractured WT PR-containing E. coli cell membranes were solubilized in a 1.2 wt%
DDM solution for 30 min, followed by a centrifugal spin down at 30,000 rcf for 1 h to separate
out broken membranes. The HPLC chromatogram in Figure 4.2a reveals that mixing was
stopped before the sample was properly solubilized based on the broad distribution of
absorbance observed across 1.2-2.0 mL of the eluted sample, while large impurities such as
protein aggregates and broken cell membranes (indicative of insufficient centrifugal
separation) is evidenced by the strong absorbance signal from 0.0-1.2 mL. Poor solubilization
can be seen in the cryo-EM micrograph of Figure 4.2a as a distribution of membranes longer
than 15 nm (the approximate width of a PR-containing DDM micelle), while the large PR
aggregates observed should be pelleted out of solution during centrifugation. The effects of
proper solubilization and separation of PR from E. coli membranes is shown through HPLC
and cryo-EM in Figure 4.2b which features the purified results of WT PR-containing
membranes mixing in a 1.2 wt% DDM solution for 1 h and subsequently centrifuged at
100,000 rcf for 1 h. The chromatograph (left) displays a single significant narrow peak
centered at 1.65 mL, corresponding to the desired WT PR oligomer, and minimal signal
intensities at low and high quantities volumes eluted where impurities would be represented.
These optimizations result in a concentrated sample of homogeneous monodispersed WT PR
oligomers in DDM micelles that display high contrast and appear suitable for high resolutions

structure determination measurements.
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Figure 4.2. During expression and purification, wild-type proteorhodopsin is solubilized into
DDM micelles from broken cell membranes, followed by a separation by centrifugal
separation. These two steps have a significant effect on the final sample as shown by (left)
high-performance liquid chromatography and (right) cryogenic electron microscopy for
(a) 30 min solubilization and 30,000 rcf spin down for 1 h, and (b) 1 h solubilization and
100,000 rcf spin down for 1 h.

Cryo-EM analyses of homogeneous monodispersed proteorhodopsin oligomers

Concentrated and homogeneous monodispersed proteins enable structural analyses
with potentially high resolution. Simply put, these analyses procedurally identify single
oligomers within each micrograph, center them within a frame with uniform dimensions, and
average the signal from thousands of these frames to create 2D classifications. This enables

much greater resolution than would be possible from the data a single protein (which quickly
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becomes damaged by the high-energy electrons passing through the sample). Since there are
different orientations of the protein within these micrographs, they must be sorted
appropriately, otherwise, signal values from different amino acids of the protein will average
out and structural information will be lost. In Figure 4.3, 2D classifications with high contrast
and resolution reveal a clear pentameric oligomeric structure for WT PR in DDM micelles.
This is significant because other experiments intended to test this were inconclusive regarding
possible distributions of pentameric or hexameric oligomers.!! Figure 4.3a shows the top down
orientations of WT PR for as (left) well-resolved 2D classifications next to (right) a published
3D model in a different surfactant environment (PDB ID: 7B03).!” The assembly of this
oligomer is very clear in the 2D electron diffraction classification: five closely-packed
monomers each containing seven well-resolved signals that correspond to individual a-helices
(the most electron dense regions), surrounded by a large ~15 nm diameter DDM micelle (mild
electron scattering). These transitory a-helices span the width of the DDM micelle as seen in
the side view 2D classification (Figure 4.3b). While these results confirm a pentameric
structure of WT PR in DDM micelles, they do not exclude potential hexamers at lower
concentrations that could not be well resolved by the algorithms used in cryo-EM analyses. In
fact, early processing showed evidence of WT PR hexamers with poorly resolved 2D
classifications that disappeared after further refining of the data set (Figure S4.4).

These results are similar to the only published structure of wild-type green-light
absorbing proteorhodopsin, which models PR as a pentamer in a cymal-4 surfactant micelle."”
However, unlike that work, the data collected on PR in DDM micelles does not converge to a
well-resolved 3D structure despite similar quality micrographs and 2D classifications. We

hypothesize that this is due to small movements of protein monomers or individual a-helices
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within large DDM micelles of the PR+DDM sample. Since analyses rely on averaging of
thousands of particles, even limited local heterogeneities can make the data difficult or
impossible to refine. Evidence of this can be inferred from comparisons with the published
data of Hirschi et al., which reveals a significantly smaller micelle due to the shorter cymal-4
surfactant used.!” (Cymal-4 is a maltoside connected to a cyclohexane group by a 4-carbon
alkyl chain.) Additionally, electron scattering signals are observed between monomers of the
structure that suggests immobile or (consistently exchanging) surfactants appear in the same
locations across protein oligomers. This hypothesis is supported by the bent protein and
cymal-4 micelle of the resolved 3D structure, which represents rigidity in the sample. For an
anisotropic transmembrane transport protein such as PR, we would expect a flat orientation of
the monomers of each WT PR oligomer (such as the 2D classification of WT PR in DDM
micelles shown in Figure 4.3) because the curvature of a cell is only relevant on much larger-
length scales. We hypothesize that the increased sample rigidity and the smaller micelle of
cymal-4 prevent local movement of proteorhodopsin and enables a high resolution 3D structure
to be resolved.

Further experiments are needed to support these findings, the results of which could
inform future sample preparation techniques of transmembrane proteins. The selection of
which host environment is most native-like in which to study these proteins is frequently
debated in literature and highly relevant in both structure-determination and biochemistry
applications.*® Hopefully, these results lead to a more informed selection of stabilizing
surfactants to either promote structure-determination via immobilizing surfactants or native-

like studies via cryo-EM analysis of the host-environment. These analytical tools have the
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potential to improve understanding of membrane protein host environments and the structure-

function relationships of transmembrane proteins.

Figure 4.3. (left) Cryo-EM 2D classifications of pentameric wild-type proteorhodopsin in
DDM micelles and (right) 3D protein structures (PDB ID: 7B03)! from the (a) top view and

(b) side view.
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4.5 Conclusions

The confirmation of a pentameric structure of wild-type proteorhodopsin (WT PR) in
DDM micelles represents an important result that gives greater context to ambiguous results
from size exclusion chromatography and protein gels.!! Although high resolution structure
determination was not possible with this sample, the data collected helps to elucidate the effects
of stabilizing surfactants on local dynamics of the protein by comparing it with other published
structures within the context of what enables cryo-EM analyses to converge. Follow-up
experiments may build on these results to optimize sample preparation and identify important
host-structure and structure-function relationships of WT PR. Through methods like these we
see that cryogenic electron microscopy has been shown to be an effective tool for high-
resolution structure determination, and also that the collection and analysis of electron
scattering data can be used to inform research outside of the more common pursuits of
structural biology. The assembly of proteorhodopsin by its electric dipole moment, and its
dependence on the concentration of surfactant and buffer salts, has important implications for
the design of protein-incorporating host materials and the harnessing of protein function in
potential devices. This is also true for the optimization of purified homogeneous protein
samples, as even minimal impurities can impede the complex co-assembly of well-ordered
materials. These results can be supported and enhanced through combination with direct proton
transport measurements, or photocycle analysis techniques such as time-resolved UV-visible
light spectroscopy. Gaining improved understanding of highly complex structure-function
relationships of membrane proteins and non-native host materials is an important step in

harnessing their diverse functions. These results begin to elucidate the structure-function
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relationships of WT PR stabilized within DDM micelles, informing experiments on similar

systems such as mesostructured silica host materials.

4.6 Future Directions

Extensions of the results presented in this chapter could make significant progress
towards understanding the structure-function relationships of membrane proteins and how
host-environments can be optimized to promote native-like protein function. In this section, I
suggest future paths of investigation to continue and build on this research. Specifically,
interrogating the contrasts and similarities between cryo-EM micrographs and 2D
classifications of PR in DDM micelles with published data of PR in cymal-4 micelles raises
useful and productive questions regarding how host-micelles may interact differently with
membrane proteins. Electron scattering data suggests that may restrict movement of cymal-4,
facilitating high-resolution structure-determination, but also potentially influencing function;
and if so, is this primarily a result of the size of the host micelle or because of the cyclohexane
group at the end of the alkyl chain. Hirschi et al. conducted photoactivity assays of WT PR and
mutants in cymal-4 micelles, however, these results are normalized to the photoactivity of WT
PR, which itself should be corroborated. Directly measuring proton transport from WT PR in
varied host environments, such as DDM and cymal-4 micelles, via the observed change of
charge across a membrane or by using pH-sensitive electrodes would provide a more rigorous
test of PR function.®® A symbiotic experiment would then evaluate the effects of host
environment on the photocycle of WT PR, measuring the build-up and decay of specific
photocycle intermediate with time-resolved UV-visible light spectroscopy (UV-vis). I have

previously used this method in conjunction with global fit analyses to compare the photocycle
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kinetics of PR in different, surfactant, lipid, and silica host environments.!"!® These results
have helped me synthesize new compositions of robust solid protein-host materials that may
be further improved by utilizing cryo-EM and tying in the new structure-function experiments
I suggest here. If successful, this combination of cryo-EM, time-resolved UV-vis, and direct
proton transport analyses could inform the sample preparation of future cryo-EM experiments
and provide a new screening method for the design of new materials.

One class of materials recently gaining discussion as a native-like host for biochemistry
and structural biology applications are nanodiscs. Nanodiscs primarily utilize either protein or
polymer belts to hold together a section of a lipid bilayer that contains a protein. The concept
behind the native-like properties of these host materials are that you can isolate individual
membrane protein monomers or oligomers in lipid bilayers either from synthetically formed
liposomes or even straight from E. coli membranes.!'** However, despite native-like claims,
have observed significant changes in both the pKa of the function dependent D97 residue and
photocycle of PR monomer in styrene-maleic acid (SMA) lipid nanodiscs (as discussed in
Chapter 2). I hypothesize that these changes are due to the negative charge of SMA which
allows it to penetrate lipid bilayers and remove membrane proteins. Cryo-EM analyses of
oligomeric WT PR stabilized within these nanodiscs may reveal if structural differences in the
protein (as a result of the different host) also contribute to the observed changes in function.
Local structural differences around the affected D97 residue are of interest; additionally, larger
scale interactions can be investigated via the comparison of the oligomeric structure of WT
PR-containing nanodiscs with the primarily pentameric structure seen in DDM and cymal-4

micelles.
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Systematic studies of intra-oligomeric interactions and their effect on proteorhodopsin
function support and build upon previous work that has been influential in directing the design
of new materials. Based upon the results presented in this chapter, I suggest further
investigation of inter-oligomer interactions for PR oligomers in DDM micelles co-assembled
due to electric dipole moments. While probing these aligned oligomers through signal
averaging cryo-EM analyses, significant intensities of scattered electrons are observed between
co-assembled PR oligomers. Scattering data and analyses presented in Figure S4.2 display a
representative micrograph of these head-to-tail aligned WT PR doublets as well as 2D and 3D
classifications of the processed signals. A similar, but more purified, sample is presented in
Figure 4.1b containing 75 uM WT PR, 1 wt% DDM, 50 mM KoHPO4, and 250 mM KCI that
produces mostly isolated doublets with scattered electrons between mostly single pairs of
oligomers. Based on this limited data, we hypothesize that there may be either a salt bridge
between oligomers or contacts between loops of each oligomer. To properly probe the
interactions between oligomers of WT PR, a concentrated solution of homogeneous doublets
is ideal so that analyses can center the analysis frame on these interactions. Hirschi et al. found
that the structure of pentameric WT PR in cymal-4 micelles contains a large hydrophilic cavity
at the extracellular surface of the protein consistent with the location of the proton release
group and a completely blocked off solvent-inaccessible pathway to the proton donor group at
the intracellular side of PR.! It would be interesting to probe how this may change for both
singlets and doublets of WT PR oligomers as it may be influenced by both the different
surfactant host environment and electrostatic (or other) interactions between oligomers. In
addition, a protruding bump of electron density is observed on a single side of monodispersed

WT PR oligomers in DDM, clearly visible in 2D classification shown in Figure 4.3b. This
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structural feature may contribute to the interactions observed between oligomers as the
observed electron scattering appears in a similar location to the intermolecular protein contacts.
These cryo-EM analyses could be supported by parallel functionality measurements such as
time-resolved UV-vis where salt concentration can be varied based on the findings from Figure
4.1 to evaluate if interacting oligomers influence the photocycle kinetics of the protein.
Lastly, I would like to suggest future experiments to probe the structures of specific PR
photointermediates as it undergoes its photocycle. PR is an active transport transmembrane
protein, meaning that it goes through a series of conformational changes necessary to transport
a proton. While the function of PR and its photocycle have been closely studied, the structures
of these photointermediates are still largely unknown. Cryo-EM analyses enable the probing
of these specific structures, but a necessarily homogeneous sample is difficult to prepare
because of the short life-cycles of each individual intermediate. Even with a strong
(maximally-absorbing) green laser pulse, the sample may contain distributions of multiple
photointermediates that would make high-resolution structure determination extremely
challenging. Cleaning this scattering data by separating signals from each intermediate would
reduce the population of usable proteins in analysis and be computationally expensive. I
suggest using the E108Q PR mutant instead, which alters the proton donor E108 residue to
extend the photocycle of PR from ~0.5 s to greater than 10 s. This mutation extends the build-
up and decay of the M photointermediate from milliseconds to seconds, causing it to
accumulate to an extent that should enable cryo-EM structure-determination analyses.*! The
M intermediate is often used to probe PR functionality because it is only observed in the native-
like photocycle of PR when the D97 residue is deprotonated at alkaline conditions, and is not

observed when the D97 residue is protonated under acidic conditions upon light excitation. >
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The M intermediate is thought to involve significant structural changes when compared to its
intermediate homologue in the similar proton transport protein bacteriorhodopsin.* Using a
Vitrobot with a dark sample preparation area (to ensure molecules start in the same dark state
before light-excitation) with E108Q PR should enable the preparation of the a homogeneous
sample of the M photointermediate conducive for cryo-EM analyses and high-resolution
structure determination. Importantly, the M intermediate is also spectrally distinct, and is
significantly blue-shifted (from ~520 nm of the equilibrium state to ~410 nm) due to
deprotonation of the retinal Schiff base of PR.!® This enables time-resolved UV-vis
experiments to directly observe the buildup and decay of this state. Combining these
experiments probes an important photointermediate of proteorhodopsin, establishing key links
between protein structure and proton transport, and potentially informing future understanding

of the structure-function relationships of membrane proteins.
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4.8 Supporting Information

Figure S4.1. Cryo-electron micrographs of wild-type proteorhodopsin in vitrified solutions of
n-dodecyl-B-D-maltopyranoside (DDM), K;HPO4, and KCI: (a) 104 uM WT PR, 0.8 wt%
DDM, 50 mM KoHPO4, and 150 mM KCl, (b) 208 uM WT PR, 0.3 wt% DDM,
50 mM KoHPOs, and 150 mM KCl, and (¢) 153 uM WT PR, 0.27 wt% DDM,
50 mM K>HPO4, and 500 mM KCI. All micrographs were collected were collected on a FEI
Tecnai G2 Sphera microscope operated at 200 kV equipped with a K2 detector.
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Figure S4.2. Cryo-EM analyses of a 60 uM WT PR, 0.8 wt% DDM, 50 mM K>HPO4, 150
mM KCl sample prepared at UCSB, flash-frozen, shipped to the SciLifeLab for measurements.
Micrographs were collected on a Titan Krios microscope operated at 300 kV equipped with a
Gatan BioQuantum energy filter and K3 detector. (a) A representative micrograph from the
data set. (b) 2D classifications of WT PR from this data set via RELION. (¢) A low-resolution

3D classification of a doublet of WT PR oligomers revealing interactions between oligomers.
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(b)449

Figure S4.3. Cryo-EM analyses from best wild-type proteorhodopsin sample and micrographs
after sample optimization produces (a) high-contrast and resolution 2D classifications and

(b) relatively poorly-resolved 3D classifications.
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Figure S4.4. Two-dimensional cryo-EM classification of wild-type proteorhodopsin in DDM

micelles that resembles a hexameric structure.
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Chapter 5. Orientationally ordered mesostructured silica-
surfactant protein-host films

This chapter contains sections adapted from a submitted paper that | am a co-author on.
My contributions to this paper include writing, editing, and submission to the journal Advanced
Materials. Some sections of this chapter contain writing adapted from the submitted paper.

Any data presented from this paper is labeled throughout the chapter.
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5.1 Abstract

The preparation of nanocomposite or mesostructured materials with high degrees of
controllable macroscopic orientational order and anisotropic material properties is difficult to
achieve. This is due to the complicated transient and coupled transport, chemical reaction, and
surface processes that occur during materials syntheses. By understanding such processes,
general criteria are established and used to prepare diverse mesostructured materials with
highly aligned channels with uniform nanometer dimensions and controllable directionalities
over macroscopic dimensions and thicknesses. This is achieved by using a micropatterned
semipermeable poly(dimethylsiloxane) stamp to manage the rates, directions, and surfaces at
which self-assembling phases nucleate and the directions that they grow. This, in turn, enables
mesostructured surfactant-directed silica composites, including with proteorhodopsin
membrane protein guest species, to be prepared with high degrees of hexagonal order, as well
as controllable orientational order. Additional challenges, due to working with unstable
membrane proteins that are incompatible with many surfactants and synthesis conditions
typically used to synthesize well-ordered materials, can be overcome through optimization of
film composition and properties of the semipermeable stamp, with consideration of
intermolecular interactions and kinetic effects during synthesis. These materials exhibit novel
anisotropic and protein stabilizing properties, making them ideal candidates to harness the
varied anisotropic functions of membrane proteins for applications in separations, catalysis,

and energy conversion.
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5.2 Introduction

The inherent anisotropy of hexagonal or lamellar liquid-crystal-like mesophases
permits the preparation of orientationally ordered mesostructured materials, although high
extents of alignment are challenging to achieve over macroscopic length scales and even harder
to control. For example, liquid crystal displays utilize electric fields to control the alignment
of regions of liquid crystals, which in conjunction with light polarizers produce images in
technical devices such as watches, phones, and televisions.! However, this orientational
alignment is not preserved outside of the electric field, which is a useful property for image
changing displays, but not desired in materials that seek to exploit consistent material
properties (electrical, mechanical, or chemical) resulting from anisotropic orientation.
Investigations into stable, orientationally ordered mesostructured materials often attempt to
impart anisotropic alignment onto an adaptable material before trapping this structure within a
more robust environment such as a crosslinked oxide material.> Achieving stable
orientationally ordered mesostructured materials through this method has been challenging due
to the difficulties of managing complex transient phenomena that occur during material
syntheses. These include mass transport processes (e.g., diffusive and convective mixing,
solvent evaporation), surfactant or block-copolymer self-assembly (e.g., mesophase nucleation
and growth), and chemical reaction Kinetics (e.g., cross-linking of network-forming inorganic
oxides or resins), which are all interdependent. Furthermore, these processes generally need to
occur in the sequence listed in order to form mesostructured materials with high degrees of
mesoscale order. Additionally, whether and to what extent anisotropic mesophases can be
prepared with macroscopic alignment depend on additional interdependent processing

variables and conditions, such as film drawing rates, interfacial interactions, solvent
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viscosities, concentration gradients, and thermal gradients within the materials. Until now,
these have been challenging to balance with respect to the formation of macroscopically
aligned inorganic-organic mesophase materials, making it difficult to introduce and control
anisotropic properties. As a consequence, the intrinsically anisotropic structures of hexagonal
(or lamellar) mesophase materials have been difficult to exploit, in particular in applications®*
where directional transport of charges, ions, or molecular species is desirable across semi-
permeable barriers. Such applications include heterostructure junctions in photovoltaic
devices,>® micro- or nanoelectronics,”® thermoelectric devices,'®!! ion-exchange
membranes,*?® and electrocatalysts.'4*°

Several techniques have been used with limited success to induce macroscopic
orientational ordering in inorganic-organic solids. For example, dip-coating of nanostructured
inorganic-organic films has yielded aligned domains, albeit with nanochannel alignments that
are generally parallel to substrate surfaces.'®!” The use of specialized substrates during film
formation can lead to aligned domains perpendicular to the substrate,'®° although the resulting
orientational order typically does not persist more than ca. 100 nanometers from the substrate.
For certain polymeric materials, modifications of substrate surfaces have been shown to induce
partial alignment of hexagonal phases during post-synthesis annealing to yield cylinders that
are oriented predominantly perpendicular to the substrate.??' However, relatively modest
extents of orientational order have resulted, which have been challenging to control, and the
approach is unsuitable for nanocomposite materials with rigid inorganic or highly cross-linked
organic frameworks that are not amenable to annealing-induced rearrangements. Strong
electric®®?® or magnetic fields?®*?> have been used to induce orientational order in block

copolymer films and in nanostructured inorganic-organic materials. However, applying such
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fields is difficult over large areas, and limitations with respect to annealing conditions lead to
relatively low degrees of orientational ordering (>50° full-width-half-maximum, FWHM, for
magnetic fields).

By understanding the factors that influence nucleation and growth of anisotropic self-
assembled domains, the limitations can often be overcome and the extent of macroscopic
orientational order improved.?®2” An example is the orientational ordering that can be induced
during surfactant self-assembly at surfaces from lyotropic solutions, due to concentration
gradients that arise as a result of solvent removal across an interface. As solvent is removed
during syntheses of mesostructured composites, amphiphilic structure-directing agents (SDAS)
form micelles, which subsequently self-assemble into close-packed surfactant aggregates as
the solvent concentration is reduced by evaporation, diffusion, or other means. Depending on
the architecture(s) of the SDA molecules, the relative concentrations of the various solution
species, synthesis temperature, and other thermodynamic variables, a variety of liquid-crystal-
like mesophases (e.g., lamellar, hexagonal, or cubic) may be formed.?82° Of these, the intrinsic
anisotropy of the hexagonal phase is of particular interest, because of its uniaxiality and utility
for optical device or membrane applications.3®3! As the solvent is depleted, the hexagonal
phase initially forms where the surfactant concentration is highest, specifically at the interface
through which the solvent is removed. In conventional casting, spin-coating, or dip-coating
processes that synthesize surfactant-directed inorganic or block-copolymeric materials from
solution, this occurs at the vapor-solution interface from which evaporation occurs and where
self-assembled domains nucleate and grow.3232 These coupled processes, however, take place
such that the hexagonal-phase domains tend to nucleate with parallel and often transversely

isotropic distributions of macroscopic orientational order (if at all). As the solvent continues
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to be removed from the interior of the film by diffusion to the evaporation interface, the
domains grow perpendicular from the surface into the film and tend to maintain their individual
orientations. If cross-linking of the inorganic oxide framework occurs on a comparable
timescale, the domains may also adopt a different phase or manifest disorder, as they grow
farther from the evaporation surface.®* Thus, long-range orientational ordering has been

challenging to obtain and to control, especially in thick films or monoliths.

5.3 Materials and Methods

Small-angle X-ray scattering

Small-angle X-ray scattering (SAXS) patterns were acquired to establish the degree of
mesostructural and orientational ordering in the surfactant-directed silica and titania films.
These measurements were conducted with a XENOCS Genix 50W X-ray microsource with Cu
K, radiation (A = 1.542 A, voltage 50 keV, current 1 mA) and a MAR345 image plate area
detector (located 1.4 m behind the sample) in a transmission geometry. In this geometry, a
hexagonal SAXS pattern of 6 spots with equal intensity is indicative of a hexagonal mesophase
in which the cylindrical mesochannels are oriented with their axes parallel to the beam and
therefore perpendicular to the substrate. By comparison, two SAXS spots of equal intensity
that are symmetrically displaced 180° on opposite sides of the beam center indicate that the
cylindrical mesochannels of a hexagonal mesophase are oriented with their axes perpendicular
to the beam and therefore are parallel the substrate. Grazing-incidence SAXS (GISAXYS),
where the X-ray beam is oriented within 5° of parallel to the substrate, was also used
(Figure 5.2) to confirm the high degrees of parallel orientational order in the plane of the
substrate.
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Transmission Electron Microscopy

Transmission electron microscopy (TEM) measurements were conducted using an FEI
Tecnai G2 T20 Sphera microscope operating at 200 keVV. TEM samples were prepared using a
Gallium Focused ion beam (FIB) integrated in a FEI DB235 Dual-Beam Focus lon Beam to

cut 150 nm thick cross-sectional samples.

Preparation of patterned poly(dimethyl siloxane) stamps

Polydimethylsiloxane (PDMS) is patternable, permeable to many solvents, and
relatively hydrophobic, with a Hildebrand solubility parameter of ca. 17 MPa*2.3® Therefore,
the PDMS interacts preferentially with the hydrophobic alkyl or poly(propyleneoxide)
segments of the amphiphilic SDAs used here, which have Hildebrand parameters of 14-20
MPa'”? and less favorably with the hydrophilic poly(ethyleneoxide) segments, which have a
Hildebrand parameter of ca. 24 MPaY2.%® The relative orientation of a mesophase domain
within a given microchannel depends on the direction of solvent removal and on the relative
interactions of the different surfactant blocks at the surface where the mesophase nucleates.
The self-assembled phase will nucleate such that the more hydrophobic surfactant blocks can
interact maximally with the hydrophobic PDMS surface (within thermodynamic constraints).
For the case of a hexagonal mesophase with hydrophobic cylinders, this results in cylindrical
aggregates that nucleate with their axes oriented perpendicular to the upper microchannel
surface. As the solvent species diffuse through the top of a given microchannel, the surfactant
species concentrate and can self-assemble into an array of hexagonally close-packed cylinders
that eventually fill the microchannel. For the surfactants and conditions used here, the
hydrophobic PDMS surfaces are thus expected to favor interactions with the hydrophobic

surfactant moieties of the first hexagonal mesostructured nanocomposite nucleates that form,
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allowing alignment of their cylinder axes to be determined by the nucleating surface from
which they continue to grow.

Patterned poly(dimethylsiloxane) (PDMS) stamps were prepared from 4-inch silicon
[100] wafers (Wafer World Inc., West Palm Beach, Florida, USA) that were patterned by using
photolithographic methods. To limit the adhesion of PDMS to the surface of the wafers, the
wafers were coated with 1H,1H,2H,2H-perfluoro-decyltricholorsilane. The PDMS stamp was
cast from a standard commercial curing kit (Sylgard® 184, Ellsworth Adhesives, Wisconsin,
USA), with the elastomer mixed with a curing agent in a 10:1 mixture; after mixing it was
poured over the patterned silicon master and cured for at least 6 h at 65 °C under vacuum. The
thickness of the stamp was determined by the weight of PDMS poured on the silicon wafer
and the area of the stamp was established by cutting the stamp into pieces of desired size after
curing. The stamps were typically square with 2-cm long sides and were generally 1-mm thick,
unless THF was used as a solvent, in which case they were 8-mm thick to limit swelling and
prevent de-adhesion of the stamp. Each microchannel was 1-pum high and 7-pum wide, with the
third dimension spanning the length of the stamp Other aspects of the patterning protocols used

in these experiments are discussed in the Results and Discussion.

Preparation of orientationally ordered mesostructured silica—surfactant films

Typically the casting solutions were prepared by mixing two solutions that consisted
of the hydrolyzed silica source and the dissolved surfactant, respectively. Mesostructured silica
protein-host materials were prepared by mixing a 3:1 ratio by weight of 262.5 mg
tetraethoxysilane (TEOS, Acros Organics) and 87.5 mg n-propyltriethoxysilane (PTEOS,
97%, Alfa Aesar) with 1.5 g of H,O and 10 uL of 400 mM HCI. The TEOS solution was

allowed to hydrolyze fully (typically 2-3 h) before the solutions were mixed and the sample
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was cast. The solution was stirred vigorously for 3 h, at which point the solution was
transparent. 200 mg of this solution was removed and mixed with an appropriate amount of n-
dodecyl-5,D-maltoside (DDM, Anatrace). Another solution was created with a 9.1 wt%
solution of 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC, Avanti Polar Lipids) and
1,2-dioleoyl-3-trimethylammonium-propane (DOTAP, Avanti Polar Lipids) in 4:1 molar ratio.
If the materials are being made with guest proteorhodopsin molecules, this second solution
would also be mixed with a desalted PR-containing DDM micellar solution. The silica
precursor- and surfactant-containing solutions were then mixed and quickly titrated to a pH of
4.1 using 50 mM HCI or 50 MM NaOH, producing a casting solution. To cast the sample,
typically 11 pL of the casting solution is placed on a suitable substrate (typically glass or
metalized Kapton™) and then a PDMS stamp, patterned as described above, was placed on
top. Thicker films of 1 mm or more can be prepared by increasing the solution volume. Such
thicker 1-mm films were used to prepare the mesoporous carbons as detailed below. Once the
PDMS stamp was applied, the solution was placed in a controlled relative humidity chamber
at a relative humidity determined by a supersaturated salt solution and allowed to dry for one
week before characterization.

Other (non-protein-host) silica-surfactant materials were made from a different casting
solution: a surfactant solution consisting of 0.7 g of Pluronic™ P123 dissolved in 3.6 g of
ethanol, and a hydrolyzed silica solution contained 1.47 g of TEOS dissolved in 3.6 g of ethanol
and 0.65 g of 0.07 M HCI. The TEOS solution was allowed to hydrolyze 2 h before the

solutions were mixed and the sample was cast.
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5.4 Results and Discussion

Mesostructured inorganic-organic materials are generally prepared by precipitation
from solution or by solvent evaporation during casting or spin-coating, which usually result in
micrometer-size domains with low extents of orientational order over macroscopic length
scales. In order to control the mass transport processes, surfactant co-assembly, and silica
polymerization Kinetics that determine the results of synthesis and encourage the formation of
orientationally ordered mesostructured silica-silica surfactant materials, a micropatterned
poly(dimethylsiloxane) (PDMS) stamp can be employed that manages the rates, directions,
and surfaces at which self-assembling phases nucleate and the directions that they grow. The
schematic diagram in Figure 5.1a shows how vertically aligned mesophases are hypothesized
to form between these micropatterned stamps and a substrate. Surfactants co-assemble at the
top of stamp microchannels where the corners of PDMS surfaces meet and surfactant
concentration is greatest. Co-assembly nucleates here where surfactant concentration and
solvent removal rates are greatest because solvent leaves/diffuses both vertically and
horizontally through the semipermeable PDMS stamp. The effect of directed nucleation
imposed by the stamp on the co-assembling mesostructured film is exhibited in the two-
dimensional grazing-incidence small angle X-ray scattering (GISAXS) patterns of two films
with identical compositions (Figure 5.1b). The narrow spots observed for the film made with
a PDMS stamp represent three of six reflections indicative of a hexagonal mesostructure.
Figure 5.1c presents transmission electron microscopy (TEM) images of a 0 wt%
proteorhodopsin (PR), 62.5 wt% DDM, 6.2 wt% POPC, 1.3 wt% DOTAP, 22.5 wt% SiOa,
7.5 wt% n-propyl SiO1s mesostructured film made with a PDMS stamp. While the TEM

micrograph confirms the GISAXS results and shows equally spaced cylindrical mesochannels
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in a hexagonal arrangement, it reveals that the orientational ordering of these channels is not
consistent over length-scales relevant to harness membrane protein functions within devices.
Favorable synthetic characteristics, such as slow silica polymerization rate and strongly
interacting surfactants, enable the formation of macroscopically aligned channels from the
nucleation sites at the PDMS surface to the substrate below. The substrate has been generally
selected as either a deposited titanium or aluminum layer which are robust and adhere to the
silica films, meaning that the film is not pulled off when the stamp is removed, however, this
does not exclude other substrates that may have similarly favorably properties from future
syntheses. Mesostructured silica—Pluronic™ P123 films can been synthesized using these
methods to produce films with high extents of both mesostructural and orientational order, and
additionally, the direction of orientational ordering can be controlled by mediating the paths of
solvent removal (Figure S5.1). However, the low pH and high concentrations of organic co-
solvents used to synthesize these films denature most proteins, and so cannot be used to

synthesize an orientally ordered protein-host material.
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Figure 5.1. (a) Schematic diagram of a mesostructured silica-surfactant film being synthesized
within a PDMS stamp, displaying (left) design and solvent removal paths and (right) the
formation of cylindrical columns starting from the corner of a PDMS stamp microchannel.
(b) Two dimensional grazing-incidence small-angle X-ray scattering patterns for films made
with and without a PDMS stamp. (c) Transmission electron micrograph at two different
magnifications depicting the a silica-DDM+DOTAP+POPC mesostructured film made with a
PDMS stamp. The films in (b) and (c) are 0 wt% E50Q PR, 62.5 wt% DDM, 6.2 wt% POPC,
1.3 wt% DOTAP, 22.5 wt% SiO2, and 7.5 wt% n-propyl SiOs.

Similar to freestanding films, the extent of mesostructural order in films made with a
PDMS stamp are primarily dependent on the film composition, however, the different ways
that molecules interact at the PDMS-solution versus air-solution interfaces can influence

structure even beyond orientational order. In Figure 5.2, two-dimensional X-ray diffraction
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data is presented for mesostructured silica films that probes mesostructural ordering and
alignment across three orthogonal axes. A combination of transmission SAXS and GISAXS
probing the material across the three axes can be used to identify mesostructural ordering (as
shown in Figure S5.2). In Figure 5.2a, schematic diagrams show the different directionalities
of X-rays used to probe these three axes. Figure 5.2b shows narrow X-ray reflections of a well-
ordered hexagonal mesostructure. In addition, this combination of two- and six-spot patterns
in orthogonal axes also reveals that the sample is macroscopically oriented horizontally, with
parallel mesochannels. While evidence of similarly narrow six-spot patterns are observed in
silica-DDM+POPC+DOTAP (Figure 5.2c), six-spot patterns observed in two orthogonal axes
is indicative of in-plane alignment. These results reveal domains of highly ordered hexagonal
mesostructures that are consistently aligned parallel to the substrate; however, within this plane
of alignment, mesochannels are oriented in different directions. This is supported by collected
TEM images (Figure 5.1c) and can be confirmed through transmission SAXS; however, the
instruments currently available at UCSB in conjunction with the extremely thin sample make
this measurement infeasible. These measurements can be done either with a thicker sample or

at a synchrotron beam line that would significantly increase the number of scattered X-rays.
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Figure 5.2. (a) Schematic diagram depicting the direction of X-rays used to measure scattering
data of mesostructured silica films in the orthogonal (left) x, (middle) y, and (right) z axes.
Two dimensional X-ray scattering patterns for (b) silica—Pluronic™ P123 and (c) silica-
DDM+POPC+DOTAP hexagonally ordered films acquired from orthogonal axes.

My goal is to synthesize robust mesostructured silica materials with high extents of
mesostructural and orientational ordering in order to accommodate membrane protein guests
(as previously discussed in Chapter 3). Macroscopic materials provide a medium for nanoscale
proteins to operate in technological applications, in which controllable orientational order
enables the harnessing of anisotropic protein function. As previously mentioned, certain
mesostructured silica materials (such as silica-Pluronic™ 123 films) that display these

favorable properties cannot stabilize guest proteins because of denaturing charges, organic
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solvents, and low pH synthesis conditions; however, even materials conducive to the
incorporation of membrane protein guest molecules (such as silica-DDM+POPC+DOTAP
films) are challenging to work with because even small loadings of protein can significantly
disrupt co-assembly or ordered mesochannels. Results of initial syntheses of mesostructured
silica-DDM+POPC+DOTAP films containing varied loadings of PR are presented in Figure
5.3 as a series of scanning electron microscopy (SEM) images and step-height profilometer
graphs as a function of dilution. Figure 5.3a shows these results for a 0 wt% proteorhodopsin
(PR), 62.5 Wt% DDM, 6.2 wt% POPC, 1.3 wt% DOTAP, 22.5 wt% SiOy, 7.5 Wt% n-propyl
SiO15 mesostructured film made with a PDMS stamp (the same films as reported in Figure
5.1b-c and Figure 5.2c) revealing relatively uniform micropatterned films with vertical walls
and a flat top along with well-ordered six-spot GISAXS pattern. In contrast, Figure 5.3b
represents results from a 5.0 wt% PR, 59.4 wt% DDM, 5.8 wt% POPC, 1.3 wt% DOTAP,
21.4 wt% SiO2, 7.1 wt% n-propyl SiO1s film, which displays inhomogeneity at the surface of
the film via SEM, inconsistent sample thickness via profilometry, and poor mesostructural
ordering via GISAXS. The addition of only 5wt% PR to this sample had a much more
significant impact on the macroscopic and mesostructural ordering of the film when compared
to similar free-standing films (Figure 3.4) that retained film homogeneity and high extents of
mesostructural ordering. Similarly, a 25 wt% PR-containing film (25 wt% PR, 46.9
wt% DDM, 4.6 wt% POPC, 1.0 wt% DOTAP, 16.9 wt% SiO2, 5.6 wt% n-propyl SiO15)
exhibits increased film inhomogeneity as well as the complete loss of signal intensity
corresponding to mesostructural or orientational order. These differences between the
formation of free-standing films and films made within a PDMS stamp despite identical

compositions of PR, silica, and surfactants is likely due to new intermolecular or interfacial
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interactions with PR or because of other physical constraints the PDMS stamp imposes during

co-assembly.

| l“l kil Lb ,.{
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Figure 5.3. (left) Scanning electron micrographs, (middle) profilometry sample height data,
and (right) grazing-incidence small angle X-ray scattering patterns for (a) 0 wt% E50Q PR,
62.5 wt% DDM, 6.2 wt% POPC, 1.3 wt% DOTAP, 22.5 wt% SiO,, and 7.5 wt% n-propyl
SiOys, (b) 5wt% E50Q PR, 59.4 wt% DDM, 5.8 wt% POPC, 1.3 wt% DOTAP, 21.4 wt%
SiOg, 7.1 wt% n-propyl SiO1s, (€) 25 wt% E50Q PR, 46.9 wt% DDM, 4.6 wt% POPC, 1.0
wt% DOTAP, 16.9 wt% SiO3, 5.6 wt% n-propyl SiO15 mesostructured silica films made with
a PDMS stamp. The significant results observed are due to the dilution of the co-assembling
material solution as a result of using similarly concentrated proteorhodopsin. The PDMS stamp

used has linear 0.45 um x 5 um x 1.5 cm microchannels.
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Similar to freestanding films (discussed in Chapter 3), synthesis conditions such as
ambient temperature and humidity impact the mesostructure of a film made within a PDMS
stamp (Figure S5.3). However, when synthesizing films within a PDMS stamp, solvent
removal rate is considered as two distinct processes, the solvent diffusing through the PDMS
stamp and evaporation rate into the atmosphere. Water diffusion through the PDMS stamp can
be tuned by controlling the crosslinking of the polymer stamp and through solvent saturation
of the stamp prior to synthesis.® While the extent of crosslinking in the polymer stamp remains
to be optimized for this synthesis, the effect of saturating the PDMS stamp prior to synthesis
is shown to affect the orientational order of the resulting film (Figure S5.4). Overall, low
temperature (4°C), low humidity (0% relative humidity), and saturated PDMS stamps have
resulted in increasing intensity of GISAXS spot patterns, but did not appear to be the driving
factors towards achieving macroscopic vertical alignment of mesochannels or the driving
factors disrupting the incorporation of PR.

Unlike freestanding films that contract radially as the solvent evaporates, the film area
synthesized with a PDMS stamp generally maintains the width of the PDMS channel due to
surface tension. As the solvent leaves through the PDMS stamp, a headspace of air fills the
vacated volume at the top of the channels, continuing to enable the formation of silica-
surfactant mesochannels at the intersection of solution-PDMS and solution-air interfaces. This
means that the dilution of the synthesis solution that is placed under the PDMS stamp is
important, rather than only the relative concentrations of molecules, which together largely
determine the final mesostructure of freestanding silica-surfactant films. Each of the films
synthesized for Figure 5.3 were made with 214 uM E50Q PR in water solvent, meaning that

the mol/mol ratios of solvent to silica and surfactants is 46, 133, and 508 for 0 wt%, 5 wt%,
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and 25 wt% E50Q PR respectively. The consequences of diluting the co-assembling material
solution are (1) not enough co-assembling mass to produce homogeneous films that are the
size of the microchannel, (2) more solvent leaving through the PDMS will take longer, and
results in the silica polymerization occurring before well-ordered channels are formed, and (3)
lower overall concentrations of structure-directing surfactants mean well-ordered co-
assembled structures are less likely to form. Interestingly, the shape of the film heights (as
given by profilometry data in Figure 5.3) at different dilutions support the hypothesis that
nucleation of co-assembly in these films first occurs at the corners of the microchannels. This
is because the thickness of the co-assembled film is consistently greatest at the edge of the
channels. Following nucleation at the corners, co-assembly processes inwards from the channel
walls only if permitted by a high enough concentration and quantity of surfactants and silica
moieties. Thus, if there is not enough material to make a film with homogeneous thickness (as
in Figure 5.3a), the middle of the film is formed thinner than at the walls (as observed in Figure
5.3b-c). For comparison, two films were both synthesized within PDMS microchannels
450 nm tall; the 0 wt% PR film in Figure 5.3a has a thickness of ~350 nm across the channel
while the 5wt% PR film in Figure 5.3b has a thickness of ~200 nm at the walls and only
~100 nm in between. While this is true on average across the width of a channel, the SEM
micrograph in Figure 5.3b reveals further local inhomogeneities in the form of amorphously-
shaped patches of thinner film formation. The 25 wt% PR sample examined in Figure 5.3c
exhibits 100 nm and 10 nm thickness at the channel walls and average thinnest center point
respectively. While the thickness of the films are decreasing at the channel walls with increased
sample dilution, the ratio of thicknesses between the film at the channel walls and the thinnest

point in between is increasing with dilution. This is consistent with our hypotheses that co-
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assembly nucleates and forms first at the corners of the microchannel and processes inward
from the channel walls when enough water solvent has evaporated or diffused through the
stamp that the concentration of surfactants and silica is high enough to enable self-assembly.
The results of these experiments reveal the importance of a synthesis parameter not previously
optimized for freestanding films and which would enable the formation of a homogeneous film
within the PDMS stamp.

Following the interesting but inconclusive results presented in Figure 5.3,
mesostructured silica-surfactant films are made from both concentrated and dilute materials
with and without protein guests. By isolating each of these variables, the synthesis-relevant
parameters can be identified and optimized. Figure 5.4 shows the results of these later
experiments, presenting two-dimensional GISAXS for PR-containing and non-PR-containing
silica-DDM+POPC+DOTAP films with similar concentrated and dilute starting material co-
assembly solutions. For non-PR-containing films, the concentrated solution (Figure 5.1b, 5.2c,
5.3a, 5.4a) exhibits a spot pattern with similar coordinates to the diluted solution sample
(Figure 5.3b), however, the film produced from a diluted solution has less intense spot
reflections and an observable isotropic ring. Along with GISAXS from the horizontal
orthogonal direction, this indicates evidence of both in-plane and three-dimensional isotropic
orientational order. The mesostructural ordering of this film synthesized from a diluted co-
assembly solution is in significant contrast to the PR-containing film made from similarly
dilute material solution (Figure 5.3b, 5.4d), which displays no spot pattern. Interestingly, a
5 wt% PR-containing film made from a more concentrated material solution as in Figure 5.4a,
exhibits a weak spot pattern as well as an isotropic ring (Figure 5.4c), better ordered than the

diluted sample but more poorly ordered than either sample made without PR. The disorder
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observed in Figure 5.3 is due in part to both the initial dilution of the self-assembling solution

as well as the co-assembly of PR with surfactants and silica precursors within the PDMS stamp.

Lower initial [H,O] Higher initial [H,0]

5

0 wt% E50Q PR
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Figure 5.4. Two-dimensional grazing-incidence small angle X-ray scattering patterns
depicting mesostructured silica films synthesized within the microchannels of a PDMS stamp.
The starting compositions of the material solutions are (a) 0 wt% E50Q PR, 9.1 wt% DDM,
0.8 wt% POPC, 0.2 wt% DOTAP, 5.2 wt% TEOS, 2.2 wt% PTEQS, 70 wt% H-0, 12.5 wt%
EtOH, (b) 0 wt% E50Q PR, 4.8 wt% DDM, 0.4 wt% POPC, 0.1 wt% DOTAP, 4 wt% silica,
84 wt% H-0, 6.7 wt% EtOH, (c) 0.9 wt% E50Q PR, 8.8 wt% DDM, 0.8 wt% POPC, 0.2 wt%
DOTAP, 5.1 wt% TEQS, 1.7 wt% PTEQS, 70 wt% H.0, 12.5 wt% EtOH, and (d) 0.3 wt%
E50Q PR, 4.2wt% DDM, 0.4 wt% POPC, 0.1 wt% DOTAP, 2.5wt% TEOS, 1.1 wt%
PTEQS, 85.5 wt% H20, 5.9 wt% EtOH.
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These results suggest that influences beyond the dilution effects imposed by the PDMS
stamp are significant to the mesostructure of self-assembled silica-surfactant films. While, the
inclusion of PR also disrupts the self-assembled mesostructure of free-standing films
(Chapter 3), those samples display isotropic orientational order at all protein loadings and so
are not directly comparable. Deconvoluting the effects of PR intermolecular or interfacial
interactions on the film mesostructure and orientational order is difficult because they depend
on many properties such as charge, hydrophobicity/hydrophilicity, and Van der Waals forces.
| hypothesize that the differences observed in Figure 5.4 are due significantly to intermolecular
interactions between PR and stabilizing DDM surfactants. Proteorhodopsin is a membrane
protein and therefore has significant hydrophobic regions that are typically stabilized by a lipid
bilayer, or in the case of the co-assembling solution, amphiphilic DDM micelles. When mixing
co-assembling solutions containing PR, much of the DDM molecules (especially at high
concentrations of PR) are stabilizing the protein rather than floating around as empty micelles
ready to reassemble into cylindrical channels. | hypothesize that this effectively reduces the
concentration of surfactants that can nucleate at the PDMS surface, preventing the co-assembly
of mesochannels before silica polymerization begins, and thereby reducing the mesostructural
order of the resulting film. Future directions will have to account for this phenomena, as well
as investigate dilution interactions and potential interfacial interactions, in order to synthesize

mesostructured silica materials as membrane protein hosts.
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5.5 Conclusions

The synthesis of membrane proteins into orientationally-aligned mesostructured silica
host materials is an important step in harnessing a varied collection of technologically relevant
functions. Silica-surfactant composite materials in conjunction with micropatterned PDMS
stamps are one promising method towards this goal, utilizing directed evaporation pathways
to nucleate self-assembly and form cylindrical mesochannels over macroscopic length-scales.
The results presented in this chapter indicate synthesis conditions beneficial to achieving high
extents of mesostructural order and modest control of orientational alignment. Generally, high
concentration of surfactants and silica precursor molecules, low temperature, low humidity,
and solvent-saturated PDMS stamps prior to synthesis produce the best results. However,
complex intramolecular and interfacial interactions make incorporation of membrane protein
guests and the control of orientational order difficult. Utilizing optimized synthesis conditions,
a 5wt% E50Q proteorhodopsin film was synthesized with relatively favorable extents of
mesostructural ordering and in-plane orientational order. Given time to experiment, the
challenges of vertical alignment and high protein loadings can be mediated through the
judicious selection of the composition of film and prerequisite self-assembling material
solution, as well as functionalization of PDMS and substrate surfaces. Proposed future
directions are presented later in this chapter that layout experiments | would continue if | had
more time. Hopefully, the results in this chapter and suggested lines of investigation can be
used to achieve orientationally ordered mesostructured silica host materials with significant

loadings of membrane protein guests.
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5.6 Future Directions

Understanding how the complex interactions between molecules of a co-assembling
solution and PDMS of the micropatterned stamp dictate the structure of a synthesized material
is important in the application of this technique with new film compositions. As presented
earlier in this chapter, identical PDMS stamps were used to different levels of success with
silica-Pluronic™ 123, silica-DDM+POPC+DOTAP films, and proteorhodopsin-containing
silica-DDM+POPC+DOTAP host films. For these protein-host films, the PDMS stamp was
used to synthesize a more desired hexagonal mesostructural order with an identical
composition to a rectangular ordered free-standing film; the equitable spacing of mesochannels
in a hexagonal arrangement is the lowest free energy state of cylindrical channels in most
materials and generally corresponds to stronger mechanical properties.>” However, even just
5 wt% proteorhodopsin (PR) guest molecules in these films has been shown to lower the extent
of mesostructural and orientational order of the host film. Additionally, the desired
macroscopic vertical alignment of DDM+POPC+DOTAP materials has not yet been achieved
with or without PR guest molecules. First, | would like to further probe the extent to which
proteorhodopsin incorporation affects the development of mesostructural and orientational
order by synthesizing films with PR loadings between 0 wt% and 5 wt% under a PDMS stamp.
These experiments are meant to investigate the effect of varying the ratio of surfactants
stabilizing PR versus surfactants floating in solution as empty micelles. | hypothesize that high-
protein loading solutions may exhibit relatively poor co-assembly because surfactants
surrounding and solubilizing proteorhodopsin molecules may be thermodynamically prevented
from leaving the protein and nucleating at the solution-PDMS interface. Self-assembly may

even occur around the PR molecules because there is already a high concentration of
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surfactants there to stabilize the protein in the aqueous solution. If true, this would significantly
inhibit nucleation of mesochannels at the solution-PDMS interface (as encouraged by the
PDMS stamp), and explain why poorer mesostructural order is achieved with PR-containing
samples. These experiments are intended to identify if poor orientational alignment is due to
intermolecular interactions between the protein and PDMS/substrate or because of a lack of
surfactants capable of nucleating on the surface of PDMS.

| hypothesize that the limitations observed for the application of the PDMS stamp with
PR-containing DDM+DOTAP+POPC-structure directed mesostructured silica host films (as
presented in this chapter) can be mitigated through surface modifications of the PDMS stamp
or metal substrate. Functionalization of substrates is a common technique used to influence
orientational alignment of self-assembling material. Chemical treatments can be used to add
physical deformations, block copolymers,® or ordered substrate layers for epitaxial growth*
in order to produce interactions at the self-assembling solution-substrate interface that promote
vertical alignment. However, it is difficult to make these interactions translate greater than
100 nm from the substrate and produce macroscopically oriented domains. Similarly, electro-
induced self-assembly has been utilized to induce vertical alignment at the surface of an
electrode.4! While these techniques can be applied to silica-DDM+POPC+DOTAP PR-
hosts, success may be limited for film thicknesses greater than 100 nm,*? which are produced
in the presence of extreme pH conditions, high concentrations of organic solvents, or high
electric potentials that each can lead to the denaturation of proteins.

In addition to manipulating interactions at the solution-substrate interface, similar
treatments and techniques manipulate the thermodynamics of self-assembly at the upper

PDMS substrate to mediate nucleation, mesostructural ordering, and alignment.
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Functionalization of the surface of the PDMS stamp is an important adjustment tool to mediate
nucleation and attractive/repulsive interactions of self-assembly that isn’t possible with
freestanding films. Nucleation of mesochannel co-assembly in the silica-surfactant films made
with a PDMS stamp occurs at the top surface of the microchannel at the solution-PDMS
interface, where surfactant concentration is greatest. This suggests that functionalization of this
surface may have an important impact towards achieving vertical alignment of mesochannels.
Regardless of specific functional groups being added to these surfaces, treating the PDMS
either only at the top of the microchannel to nucleate effectively or along the walls to
discourage the nucleation of in-plane mesochannels is a significant challenge. Because
nucleation first occurs at the corner intersections of the walls and the top of the PDMS
microchannel, a PDMS treatment would need to be selectively applied, perhaps by vertical
deposition to the top, in order to produce anisotropic impact on the nucleating mesostructure.

Separate from the thermodynamic driving forces that dictate the preferred mesophase
at equilibrium, the kinetic effects that interfere with the formation of the thermodynamically
preferred mesostructure should be considered. This is especially true for evaporation-induced
self-assembly, such as mesostructured silica-surfactant materials within the PDMS stamp,
which forms a mesostructure under non-equilibrium conditions. For example, controlling the
directions of solvent removal through the PDMS stamp provides control over the direction of
macroscopically oriented mesochannels in silica-P123 films.*® Similar phenomena have been
observed using directed evaporation to achieve in-plane orientational alignment of carbon
nanotubes** and patterned in-plane alignment of colloidal films.*® Along these lines, increasing
vertical removal of solvent through a PDMS stamp, while minimizing horizontal escape,

should help induce vertical alignment of mesostructured silica materials. The rate at which
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solvent is removed likely requires optimization as too fast of a rate may dominate the formation
of a specific mesostructure over the thermodynamic forces of self-assembly that have already
been carefully optimized to produced cylindrical rectangular and hexagonal mesostructures. A
number of synthesis conditions can affect the direction and rate of solvent evaporation
including the extent of polymerization in the PDMS stamp, the dimensions of the PDMS stamp
walls and solution-containing microchannels, the thickness of the PDMS stamp, the rate of
solvent removal (by relative humidity or vacuum), and things that affect the direction of
evaporation (such as non-permeable barriers on the top or sides of the PDMS stamp). |
hypothesize that optimizing the rate of vertical evaporation through these synthesis conditions
while minimizing lateral evaporation will improve vertical orientational order of
mesostructured silica-surfactant films within the PDMS stamp.

Alternatively, the nucleation of self-assembled structures can be directed by changing
the geometry of the PDMS stamp. | hypothesized that exhibit heterogeneous nucleation may
be occurring because of differences in solvent flux at the corners of the channels (3 solution-
PDMS interfaces) and along the 1.5 cm edge length (2 solution-PDMS interfaces). To test this,
PDMS stamps were made with 5 um x 5 pum squares microchannels, increasing the frequency
of high solvent flux corners compared to 5 um x 1.5 cm rectangular microchannels. If the self-
assembly of these silica-surfactant films is directed towards competing orientations, vertically
oriented mesochannels nucleating at the high flux corners versus in-plane oriented
mesochannels nucleating at the (comparatively) lower flux edges, this geometry should
increase the overall fraction of vertically. However, no change in mesostructural or
orientational ordering was observed as a result of this in mesochannel dimension, indicating

either homogeneous self-assembly of in-plane mesochannels, or that 5 um is still too great of
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a distance between microchannel corners to produce homogeneous extents of orientational
order. Assuming that the distance between nucleation sites is still too great, | suggest surface
modification at the top surface of the PDMS microchannels with small cylindrical domains
that would promote the nucleation of vertical surfactant channels. Utilizing known silicon
etching processes, sub-40 nm diameter vertical cylinders (up to 1.5 um tall) can be formed in
the micropatterned channels of a silicon wafer.*® When used as a stencil for a polymerizing
PDMS stamp, vacant cylinders would be left at the top surface of microchannels. These
cylinders may nucleate the self-assembly of vertical mesochannels, due in part to the vertical
solvent flux* and the preference of cylindrical mesochannels to form parallel to a curved
surface.*” Once vertically oriented mesochannels are nucleated across the upper surface of the
microchannel, a well-ordered and aligned material can self-assemble to the lower substrate.*?
Importantly, the high density and regularity of these nucleating cylinders across the relatively
large surface area of PDMS microchannels may allow homogeneous orientational alignment
of surfactant mesochannels across macroscopic dimensions. Utilizing cylinders to nucleate

In addition to controlling thermodynamics and kinetic processes related to the
nucleation and self-assembly of protein-silica-surfactant mesostructures, external magnetic
fields (produced by a superconducting magnet) can be used to align similar materials, orienting
rod-like micelles of surfactants whose individual low diamagnetic susceptibilities are
combined as an aggregate.*>*34° Furthermore, the orientational alignment of bicelles and
mesochannels, either parallel or perpendicular to the magnetic field, has been controlled
through paramagnetic ion or benzene additives.>*® Magnetic fields also present a potential
solution for one challenge not yet discussed, alignment of the anisotropic PR monomers.

Membrane proteins hosted in bicelles have previously been aligned in magnetic fields under
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equilibrium conditions®-*? by taking advantage of the anisotropic diamagnetic susceptibility
tensor of lipid bilayer hosts.>® The challenge of applying this technique to the current
investigation is the weak magnetic dipole moment of the monomeric form of proteorhodopsin
being used in these materials and the surfactant channels, which are not as tightly packed as
the previously discussed bilayer hosts. Alone, this not a significant obstacle, as similar
molecules have been successfully aligned in strong (>10 T) magnetic fields, however,
alignment becomes much more difficult under non-equilibrium synthesis conditions, which
apply competing influences over orientation and a viscous environment due to silica
polymerization. Applying these strategies to channel alignment is most feasible if the starting
material solution imitates the bicelle solution; therefore, co-assembly of channel walls must be
fast with strong intermolecular interactions and the rate of silica polymerization must be
minimized.

Each of these have the potential to orientationally order mesostructured silica-
DDM+POPC+DOTAP protein host materials and unlock the ability to harness membrane
protein function on macroscopic length scales. As often is the case with this challenging and
complex project, determining the method to pursue (and allocation of significant time and
labor) is difficult. Optimization of solvent removal rates and pathways, magnetic alignment,
and patterned substrate epitaxy are promising techniques to utilize as they do not interfere with
the already complex mixture of film components or interfere with intramolecular components.
| hypothesize that a combination of techniques may be most resourceful, and make up for the
inability to use synthesis conditions generally considered favorable because of instability of
protein guests. Vertically aligned mesostructured silica materials have previously been

produced from identical self-assembly directing parallel surfaces;>* however, there is nothing
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inherently more disruptive about two separate techniques as long as they both promote the

same extents of order. Techniques tuned to promote similar nucleation and self-assembled

structures should be synergistic, and be capable of promoting high extents of mesostructural

and orientational ordering.
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5.8 Supporting Information
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Figure S5.1. Schematic diagrams (left), transmission small-angle X-ray scattering (SAXS)
patterns (center), and cross-sectional transmission electron microscopy (TEM) images (right)
of three 4-cm? patterned hexagonal nanocomposite silica—Pluronic™ P123 films that are
identical, except for the directions in which their cylindrical channels are macroscopically
orientationally ordered: (A) vertically, (B) laterally, or (C) longitudinally, relative to the axes

ofthel um x 7 um x 2 cm.
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Figure S5.2. X-ray scattering data representative of extent of orientational alignment in a
mesostructured film via probing across three axes: (a) random alignment, (b) parallel
alignment in a two-dimensional plane, (c) vertical alignment in a two-dimensional plane,
(d) parallel alignment in three-dimensional space, and (e) vertical alignment in three-
dimensional space. Schematic diagrams of mesostructured films with each extent of

orientational alignment is included on the left.
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Figure S5.3. Two-dimensional grazing-incidence small angle X-ray scattering patterns of 62.5
wt% DDM, 6.2 wt% POPC, 1.3 wt% DOTAP, and 22.5 wt% SiO, and 7.5 wt% n-propyl
SiOy 5 synthesized at (a) 58% relative humidity and 4 C, (b) 58% relative humidity and 20 C,
(c) 0% relative humidity and 4 C, and (d) 0% relative humidity and 20 C. The composition of
the self-assembling solutions when covered by the PDMS stamps was 9.1 wt% DDM, 0.8 wt%
POPC, 0.2 wt% DOTAP, 5.5 wt% TEOS, and 1.9 wt% PTEOS, 70 wt% H0, and 12.5 wt%
EtOH.
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Figure S5.4. Grazing-incidence small angle X-ray scattering patterns of 62.5 wt% DDM,
6.2 wt% POPC, 1.3 wt% DOTAP, and 22.5 wt% SiO2, and 7.5 wt% n-propyl SiOis
synthesized with an (a) unsaturated and (b) saturated PDMS stamp. The composition of the
self-assembling solutions when covered by the PDMS stamps was 9.1 wt% DDM, 0.8 wt%
POPC, 0.2 wt% DOTAP, 5.5 wt% TEOS, and 1.9 wt% PTEOS, 70 wt% H>0, and 12.5 wt%
EtOH.
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Appendix A. Protocols developed and used during my thesis

A.1 Proteorhodopsin expression and purification

In my research to incorporate proteorhodopsin into silica-surfactant host materials, I
needed a pure and homogeneous sample. Early methods that I tried did not produce protein

solutions with the characteristics that I needed, and so I developed my own, presented below:
Day 0

Transformation of PR-pET vector into E. coli

1. Get cells from -80° C freezer (one 100 pL aliquot for each transformation) and immediately
put on ice.
2. Add 1 uL of DNA to cells. Do not pipet aspirate or vortex, but mix gently with pipet tip.

3. Incubate for 10-15 minutes on ice.
4. Turn on heating block to 42° C, or make water bath.
5. Heat shock at 42° C for 45 seconds for the BL21 cells.
6. Immediately put back on ice and rest for at least 2 minutes.
7. Near a flame, transfer 1 mL of autoclaved SOC media (or LB) to each sample.
8. Put cells on a shaker at 37° C and 200 rpm for 30 minutes.
9. Near a flame:
a. Make a sterile scraper with long glass pipettes and flame.

b. Add 100 uL of BL21 cells (150 uL if XL1Blue) to a premade LB Agar (2.5 wt%
Agar (miller) not Agar w/ broth) plate with Kanamycin.

c. Spread cells with a cool spreader.
10. Place plates upside down in an incubator at 37°C for 16-18 hours.

NOTE: When autoclaving LB, heat to 121 C for at least 15 minutes. In the chemistry building

use the program “Liquids 3”
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Day 1: Prepare little (10mL) culture of E. coli transformant

1. Check cell growth on plate in the morning
a. Continue to incubate cells that have not grown visible colonies longer

b. Put plates with cells in fridge to prevent overgrowth

Start here if you are starting from a glycerol stock stored at -80° C

2. In the afternoon (~4 PM onwards), make little cultures to grow near a flame
a. Pour 10 mL of LB with 10 uL of 50 mg/mL kanamycin into a 50 mL falcon tube

b. Using a medium-sized autoclaved pipet tip, carefully pick (touch) one colony (or just

touch to glycerol stock).
c. Put pipette tip into falcon tube, and loosely close the lid
d. Tape the unclosed lid in place
3. Put the little culture in the 37° C shaker @ 180 rpm for 16-18 hours.

4. Autoclave 1 L of LB broth in 2 L Erlenmeyer flasks for each culture planned to be made on
day 2

Day 2: Make large (1L) cultures and induce expression of proteorhodopsin

1. If this is a new transformation, make a glycerol stock:

a. Near the fire, pipet 800 pL of cell culture and 200 pL 80% filter-sterilized glycerol-

in-water solution
b. Store at -80° C
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2. Add one mL of a 50 mg/ml Kan solution to 1 L of autoclaved LB
3. Then pour the little culture (there should be growth) into the LB

4. Shake at 200 rpm and 37 °C for about 3 hours and 45 minute. After 3 hours the OD should

be around .2, and double every 20 minutes (however, the cells typically grow a little slower)
5. Check cell growth with UV-Vis:

a. Pipet a 1 mL sample of cells from the 1L culture into disposable cuvette

b. Blank UV-Vis with autoclaved LB (pipette near a flame)

c. Check optical density (OD) at 600nm
6. When OD at 600 equals 0.8 to 1.0, induce PR expression by adding:

a. ImL 1 M IPTG

b. 500 uL of 21 mM trans-retinal (in freezer). 2.844 mg trans-retinal/L culture. The
final concentration in the LB broth should be about 10 uM trans-retinal. The stock

solution is made with a minimal amount of EtOH to dissolve the retinal.
7. Put flasks on ice for ~5+ minutes

8. Put cells back on the shaker at 180 rpm (@ 18°C for 16-18 hours or until pink

Day 3: Cell lysis and extraction of PR from membranes

1. Pour cells back into 3 large centrifuge tubes, balance, and spin down at 5000 g for 5 minutes
in the large centrifuge on the first floor of the chemistry building. (You need to get trained

before using it.)

2. Pour off LB
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3. Add 10 mL of PR buffer (no DDM) to each centrifuge tube to resuspend the cells. Using a

serological pipette, pipette up and down to mix well.
4. Recombine in a 50mL falcon tube. Your total volume should be ~40-50mL.
5. To break the cell membrane, add the following to each 50 mL falcon tube:
a. 500uL lysozyme (20 mg/ml) from enzyme box and shake well
b. 20uL/mL 1 M MgCI2

c. DNase (at least 600 U/L cells, about 1 mg DNase, can make a stock 10 mg/mL
dissolved in water and add 100 pL)

6. Parafilm lid, and shake for 1 hour-overnight in fridge

7. Transfer lysed cell solution back to 50mL falcon tube and freeze fracture with liquid

nitrogen

8. Spin down 50 mL falcon tube in centrifuge at 1000 g for 5-10 minutes, collect supernatant
(thus removing broken e coli cells), fraction into 15 mL falcon tubes and spin down at 10,000 g

for 25 minutes.

9. Pour out supernatant. If supernatant is clear skip to step 13. If not, proceed to step 10.
10. Resuspend the pellets with 10 mL of PR buffer

11. Fill the 50 mL falcon tube to about 50 mL with PR buffer

12. Repeat four more times or until supernatant is clear

13. Freeze in liquid nitrogen and store at -80 C
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Day 4: Purification

1. Homogenize with 10 mL of 2% DDM PR Buffer (Can add more if you think you have more
protein than usual). First aspirate then use homogenizer.

2. Parafilm lid, and shake in the fridge 1+ hours.
3. Spin down for 1 h at 100,000 g.

4. Equilibrate 5 mL His-trap resin column with water, then binding buffer (PR buffer with 0.01
wt% DDM with 30 mM imidazole).

5. Trap PR on his-trap column.

6. Wash away impurities with 30mM imidazole binding buffer.

7. Elute PR with PR buffer with 0.01 wt% DDM with 500 mM imidazole.

8. Concentrate as desired.

9. Run gel filtration SEC.

10. Collect sample.

11. Remove buffer salts from sample
a. Equilibrate PD-10 desalting column with 20 mL total (4x5 mL) MQ water.
b. Equilibrate PD-10 desalting column with 20 mL total (4x5 mL) desired PR buffer.
c. Place PR (volume = x) on column, maximum of 2.5 mL.
d. Run SmL — x PR buffer w/o salt through.
e. Collect sample.

12. Check concentration of PR with UV-visible light spectroscopy

13. Check DDM concentration with NMR
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Extra notes:

To remove salt from protein solution:

1. Equilibrate PD-10 desalting column with 20 mL total (4x5 mL) MQ water.

2. Equilibrate PD-10 desalting column with 20 mL total (4x5 mL) desired PR buffer.
3. Place PR (volume = x) on column, maximum of 2.5 mL.

4. Run 5SmL — x PR buffer w/o salt through.

5. Collect sample.

Check protein concentration with UV-Vis:
1. Blank with 200 uL of .05% DDM PR buffer

2. Take out 4 uL of .05% DDM PR buffer and add 4 uL of protein sample (a 50 fold dilution)

to find absorbance at 520 nm

3. Multiply absorbance value at 520 nm by 50 (dilution factor) and then divide by 49000 M-
Icm-1 to find the moles/L of PR

4. Multiply by the number of liters you have in your sample to find moles of PR

5. Multiply by the molar mass of PR, 29,000 grams/mole, to find the grams of PR ImL of Ni-
NTA resin binds 20mg of protein, and the resin is diluted in solution by 2, so add 1 mL of

well mixed resin per 10 mg PR.

Check DDM concentration with NMR:

1. Make 0.91 wt% DDM standard by dissolving 10 mg DDM in 990 puL D->O.
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2. Make sample by adding 20 uL PR stock sample with 980 uL D»O.
3. Conduct 1D 'H solution state NMR measurement.

4. Calculate wt% of DDM in PR sample by comparing 'H signals around 0.6-1.8 ppm to the
standard. This experiment is quantitative so after properly baselining you can compare the

areas under the signals. Make sure to account for dilution of sample in step 2.

A.2 Etching micropatterned silicon wafer to make PDMS stamps

In order to make micropatterned PDMS stamps for the orientational alignment of
mesostructured silica-surfactant films, a micropattern Si wafer stencil is needed. PDMS is
dried on the wafer to impart the geometry of the channels on the polymer. I developed this

protocol below to make these wafers.

Photoresist and lithography

1. Clean 4” Si wafer with acetone and IPA, then blow dry with No.
2. Place wafer on wafer chuck in photoresist bay.

3. Coat wafer in SPR 220-3.0 positive photoresist, use plastic disposable pipet from glove

cabinet.
4. Spin coat wafer at 2.5k rpm for 30 s. This should result in a thickness of ~2.7 um.
5. Bake wafer at 115 C for 90 s.

6. Conduct lithography. If using maskless aligner, make gdsii files in KLayout (make sure

“gdsii” is lowercase). For SPR 220-3.0 photoresist, use these parameters:
a. Laser: 405 nm.
b. Exposure dose: 325 mJ/cm?.

c. Defocus: -4
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8. Wait 10 min after MLA lithography is done and post-exposure bake the wafer at 115 C for
90 s.
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Develop and clean

1. Develop using AZ 300 MIF developer. Soak in developer and agitate for 60 s. Pull out and

rinse down with water immediately. When sufficiently washed, dry with N».
2. Use optical microscope to make sure lithography and developing were successful.

3. Plasma clean sample using PEII system running at 300 mT and 100 W for 30 s. When using
Ashers (Technics PEII) in UCSB nanofab:

a. Check vac, vent, power, O, are in down position.
b. vent up.

c. Load sample.

d. Vent down.

e. Vac up.

f. Once at 300 mT, O> up.

g. Wait for 300 mT again, power up for however long needed.
h. Power down.

1. O2 down.

j. Vac down.

k. Vent up.

1. Unload sample.

m. Vac up until ~200 mT.

n. Vac down.
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Etch and remove photoresist

1. Etch using Fluorine ICP Etcher using SiVertHF program. Etch for length of time dependent
on desired etch depth.

2. Check depth of etch using profilometry. Make sure to account for thickness of photoresist.
3. Remove photoresist:

a. Acetone wash.

b. IPA wash.

c. Dry with N2.

d. Deep UV flood expose for 5 min.

e. Soak and agitate in AZ 300 MIF developer for 2 min.

f. Plasma clean using PEII at 300 mT and 100 W for 2 min. Can do longer if needed.

4. Check etch depth and verticality of microchannel walls.

Extra notes:

If getting new photoresist, clean bottle first:

1. Rinse brown (photo-protective) bottle (from glove shelf) with acetone.
2. Pour out acetone.

3. Rinse bottle with IPA.

4. Pour out IPA.

5. Bake bottle at 110 C for 1+ hr (can bake cap too).
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6. Let cool for ~5 min before pouring in photoresist (minimize time photoresist stick is outside

of the freezer cabinet).

7. Let new bottle of photoresist sit and thaw to room temperature before use (this stock should

be good up to one year).

If something goes wrong and you need to remove photoresist from wafer:
a. Acetone wash.
b. IPA wash.
c. Dry with N2.
d. Deep UV flood expose for 5 min.
e. Soak and agitate in AZ 300 MIF developer for 2 min.

f. Plasma clean using PEII at 300 mT and 100 W for 2 min. Can do longer if needed.
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