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Abstract

Structure determination by X-ray diffraction requires large amounts of purified,
functional protein making it especially challenging for membrane proteins due to their low
abundance in the cell and instability outside the cell. In this study, we tested the results of our
novel screening method for identifying the most promising membrane protein crystallization
candidates from native cells through the recombinant expression of the yeast endoplasmic
reticulum membrane protein, reticulon(RTN1). Using various mass spectrometry techniques, we
were able to determine that RTN1 was not successfully expressed using an E. coli recombinant

system, revealing a limitation in the application of our screening method for RTN1.
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Introduction

Membrane proteins are major targets for drug development because of their importance
in maintaining proper cell function. Within the cell, membrane proteins often function as
sensors, signals and receptors that are necessary for maintaining cell homeostasis by adapting to
changes in the cell’s environment and health. Therefore, it is not surprising that about 30% of
all organisms’ proteome translate for membrane proteins 1. Investigating the structural and
functional characteristics of membrane proteins is a challenging, but highly desired area of
biological and medical research. Despite there being over 63,000 solved protein structures,
there are no more than 300 membrane proteins with known structures, which can be attributed

to difficulties involved with structure determination methods 2.
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Figure 1. Schematic of structural studies of membrane proteins 3

The first bottleneck in the structural study of membrane proteins comes from the
difficulty in obtaining large quantities of purified, properly folded, and functioning protein
necessary for structural experiments (Figure 1). The second bottleneck is the incomplete
understanding of a membrane protein’s function due to the complexity of cellular systems,
which makes it difficult to determine all potential functions of a single protein. For example,
dysfunctional Her2 has been implicated in breast cancer pathology, yet Her2, as a growth factor
receptor, is involved in interconnected cell signaling pathways that can both stimulate and
inhibit cancer cells 4. In the search for membrane proteins as potential drug targets,
shortcomings in the understanding of a single protein’s function, with respect to the viability
and maintenance of the cell, makes it difficult to predict and determine all potential effects of

targeting a particular membrane protein. To further our knowledge of the structure and



functions of membrane proteins, the challenges involved with the structural study of membrane
proteins are being addressed through the development of new technologies and methods for the

expression, purification, and analysis of membrane proteins.

Since about 30% of the genome in eukaryotic, eubacterial, and archaeal organisms
translates for membrane proteins because of their importance in proper cell maintenance and
function, they are desirable drug targets for the treatment of many diseases. Currently,
membrane proteins are about 70% of therapeutic drug targets 2. Most drugs target membrane
proteins because they are both sensors and receptors, an essential part of signaling pathways,
that transmit a signal from one side of the membrane to the other. Sensor proteins can be found
on the cell surface where they can sense changes in the environment outside the cell, transmit a
signal to the cell’s interior, and generate a response. Receptor proteins that reside in
membranes associated with organelles can then receive these signals through signaling
molecules, changes in pH, or changes in ion concentration, and transmit a signal into the
interior of their compartments. Membrane proteins found in intracellular membranes can also
signal in response to intracellular physiological changes. The ability of membrane proteins to
transmit a signal from one side of a membrane to the other is necessary for the cell to survive,

adapt, and replicate.

Despite the important role they play in the cell, membrane proteins are difficult to study
both functionally and structurally. The structure of a membrane protein can be dependent on
its function within the cell, and vice versa. For example, some membrane proteins form
channels, with hydrophobic residues on the protein surface that interacts with the lipid bilayer
of the membrane, and hydrophilic residues that are exposed to the cytoplasmic fluid. Other
types of membrane proteins are embedded within the membrane and have loops or tails that are
exposed to water on one or both sides of the membrane. These transmembrane proteins usually
have alpha helical secondary structures with exposed hydrophobic residues allowing for
insertion into the lipid bilayer. There are also membrane proteins that are anchored in the
membrane bilayer by a hydrophobic segment. In all of these membrane proteins, there is a
hydrophobic feature that allows for stability within the membrane and a hydrophilic part that
allows for stability and interactions outside of the lipid bilayer. This dual hydrophobic and
hydrophilic characteristic of membrane proteins, known as amphipathicity, makes membrane

proteins especially difficult to study outside of their native environment.

Structural studies of membrane proteins are particularly difficult due to their

hydrophobic nature. To prevent aggregation and ensure proper folding, membrane proteins
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need to be maintained in a native membrane-like environment that contributes to the overall
solubility and stability of the protein . This can be accomplished using detergents, lipids, or cell
membrane extracts. The amphipathic properties of detergents provide membrane proteins with
a near-native environment similar to phospholipids and membrane extracts. However,
detergent and lipids are avoided in most structural methods such as X-ray diffraction and NMR
because they can disrupt potential crystal contact sites and interfere with the protein
crystallization necessary for X-ray diffraction studies, as well as create a large amount of
background interference in NMR analysis. For crystallography, in addition to the difficulties of
producing a crystal of purified protein, it is also necessary to obtain high-resolution diffraction
data that can be used to determine a three-dimensional structure. Analysis and interpretation
of diffraction data requires much time and effort, but has become more manageable through the
use of molecular replacement, which utilizes previously solved structural motifs as starting
models for unknown structures. Although recent developments have allowed for the
automation of screening for optimal crystallization conditions, producing the necessary amount
of properly folded, pure protein for crystallization, and obtaining high-resolution data from the
crystals still remains a challenge *. Finding methods to investigate the three dimensional
structure of membrane proteins while maintaining the protein’s native structure is one of the

many difficulties in this area of research.

In addition to maintaining the proper fold of a purified membrane protein, it is also
difficult to produce large milligram quantities of a membrane protein because of its importance
in maintaining cell homeostasis. Overexpression of a particular protein may cause an imbalance
that can result in the cell’s death, especially when attempting to overexpress heterologous
membrane proteins. In many cases, the synthesis of a membrane protein in the cell is not
completely understood, making it difficult to successfully replicate the synthesis process.
Understanding the membrane protein biogenesis machinery and the corresponding
physiological response of the cell is important in the optimization of expression systems.
Though it is possible to produce membrane proteins in various heterologous expression systems,
proper folding and function can be difficult to preserve outside of the host system. Some
membrane proteins require the use of chaperones to assist in proper folding, while other
proteins may require interactions with metal ions or small molecules. These cases would
require the use of an expression system that can accommodate the expression and addition of
chaperone proteins and additional small molecules in the growth condition *. Producing
membrane proteins with native cells is a challenging problem, but some challenges may be

overcome by the use of recombinant bacterial expression systems such as E. coli or



Rhodospirillum rubrum. Recombinant bacterial expression systems have useful features such
as antibiotic resistance, fast-growing cell cultures, and, in the case of R. rubrum,
intracytoplasmic membranes inside the cell that can accommodate high expression levels of
membrane proteins without aggregation 5. Bacterial systems, however, lack the ability to
perform any posttranslational modifications that may be necessary for conserving the proper
native-fold or function of membrane proteins from eukaryotes, as well as lacking eukaryotic
chaperones. Reproducible and effective expression systems for membrane proteins are highly
desirable, and the successful development of these methods will allow for easier production of

more membrane proteins for structural and functional studies.

Functional studies of membrane proteins are difficult due to the complexity of signaling
pathways within a cell, making it difficult to determine the extent of a membrane protein’s
function. When a membrane protein is chosen as a potential drug target, researchers must
know all the ways in which the target protein can affect the cell in an effort to understand and
minimize any drug side effects. Since a single membrane protein can respond to multiple
signals and produce an array of responses, targeting a specific function of a membrane protein is
difficult. The development of accurate functional studies for membrane proteins is highly
desirable for determining potential drug targets based on their involvement in various cellular

pathways.



Previous Work

Lyse cells Extract Heat Filter to Identify
and isolate membrane precipitate remove membrane
membrane proteins with thermally membrane proteins by
fraction detergent unstable protein LC-MS/MS
membrane aggregates
proteins

Figure 2. Overview of approach for isolating and identifying membrane proteins®

We developed an experimental method to screen native sources for promising
membrane protein crystallization candidates and identify them by mass spectrometry (Figure 2).
Thermal stability, detergent solubility, and monodispersity are the three intrinsic biochemical
properties of proteins correlating with crystallizability that were used to identify high-potential
membrane protein candidates. Since membrane protein crystallography is notoriously difficult
due to issues of denaturation and structural stability, thermal stability under heat treatment is
important in determining the likelihood for crystallization of a membrane protein. Similarly,
the intrinsic properties of a membrane protein to be nonaggregating and soluble in detergent
are necessary for crystallization. We identified membrane proteins that are thermally stable,
detergent soluble, and monodisperse by liquid-chromatography tandem mass spectrometry (LC-
MS/MS). We analyzed the mass spectrometry results using the software package, Mascot, to
identify promising membrane protein crystallization candidates by matching the molecular
weight of protein fragments to those of known peptide sequences from genome databases and

scoring the results based on sequence coverage.

We focused our screening on yeast cells to find membrane proteins that are the most
likely to crystallize, due to the great scientific interest in crystallizing eukaryotic membrane
proteins. We also screened E. coli and porcine cerebral samples for promising membrane
protein crystallization candidates. Cell lysates were treated with a 1% n-dodecyl f-D-maltoside
(DDM) detergent solution to extract and solubilize membrane proteins from the isolated cell
membranes. Solubilized membrane proteins were then heated at 50-60° C for 10 minutes and
filtered to remove thermally unstable, precipitated, or aggregated proteins, leaving only
thermally stable, soluble membrane proteins in the supernatant. Proteins in the sample were
separated by size with sodium-dodecyl sulfide polyacrylamide gel electrophoresis (SDS-PAGE)
and Coomassie stained to allow for detection and visualization of protein bands. Bands were
chosen for analysis based on intensity, then excised from the gel and prepared for mass

spectrometry analysis. Alternatively, complex samples of membrane proteins were prepared for
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analysis by shotgun mass spectrometry. Because the large size of proteins makes them less
effectively analyzed by mass spectrometry, proteins were cleaved into small peptides using
proteases like trypsin or chymotrypsin prior to analysis. LC-MS/MS was then used to detect and
identify small peptides that were analyzed by peptide to protein prediction software in
conjunction with sequence databases to determine the identity of proteins present in the initial

sample, prior to tryptic digestion (Table 1).

Table 1. Eighteen most abundant S. cerevisiae membrane proteins with

favorable properties for crystallization ¢

emPAI Protein name UniProt MW | Structure?
accession
2.62 Reticulon-like protein 1 Q04947 | 32895 N
1.76 V-type proton ATPase subunit e Q3E7B6| 8375 N
1.12 Om45p E7LVL3 | 44602 N
0.95 ATP synthase subunit 4, mitochondrial Po5626 | 26993 Y
0.9 Sso1ip E7QA36 | 33127 Y
0.85 Petgp E7Q0S8 | 34273 Y
0.81 | Mitochondrial outer membrane protein porin 1| P04840 | 30410 N
0.57 Synaptobrevin homolog 2 P33328 | 12963 Y
0.45 Protein transport protein SFT2 P38166 | 24258 N
0.42 Prohibitin 2 P50085 | 34886 N
0.39 Kar2p C8ZBH9| 74406 N
0.38 Rotenone-insensitive NADH-ubiquinone P32340 | 57214 Y
oxidoreductase, mitochondrial

0.35 Plasma membrane ATPase 2 P19657 | 102093 N
0.29 Cell wall protein ECM33 P38248 | 48278 N
0.27 Golgi SNAP receptor complex member 1 P38736 | 25379 N
0.19 | Mitochondrial import receptor subunit TOM70| Po07213 | 70165 N
0.08 SKG6p P32900 | 81799 N
0.06 Tricalbin-3 Q03640 | 170970 N

We identified 354 proteins from E. coli, 272 proteins from S. cerevisiae, and 565

proteins from porcine cerebrum. Although many of the proteins identified were soluble proteins,



we were able to identify many peripheral, membrane-associated proteins and integral
membrane proteins (IMPs). IMPs with the highest Exponentially Modified Protein Abundance
Index (emPAI) scores, which correlates with abundance, shown in Table 1, were of interest in
this study 7. Crystal structures are available for five of the 18 most abundant membrane proteins
from S. cerevisiae, far more than expected from a randomly chosen sampling, strongly
supporting the predictive power of this method. A large percentage of the identified proteins,
about 66.6% of those from S. cerevisiae, are involved in metabolic processes, which may make
them attractive drug targets ¢. To experimentally confirm that the membrane proteins identified
by our method are not prone to aggregation, we selected the endoplasmic reticulum membrane
protein RTN1 from S. cerevisiae, an IMP with a high emPAI score, to be recombinantly
expressed in E. coli and purified. RTN1 is a highly abundant membrane protein found in the

endoplasmic reticulum responsible for ER membrane curvature 8.

Background




The endoplasmic reticulum (ER) is the largest organelle in the cell, extending as a
continuous membrane system of sheets and tubules that comes in contact with almost every
other membrane-bound organelle within the cell (Figure 3) 9. Its dynamic and extensive
network supports its role in integral membrane and soluble secretory protein biogenesis and
transport, lipid synthesis and transport, drug metabolism, and Ca2* signaling *. The ER
connects the genetic information from the nucleus, via the nuclear envelope, to the translational
machinery in polysomes of the rough ER sheets, through the network of smooth ER tubules that
form three-way junctions with the Golgi apparatus and mitochondria where posttranslational

modifications of proteins and lipids occurs prior to transport throughout the rest of the cell.

Figure 3. Morphology of the regions of the endoplasmic reticulum as seen by

immunostaining ¢

The ER also comes in contact with peroxisomes and endosomes, which are originally derived
from the ER . In addition, the ER also participates in budding events and the formation of
vesicles containing lipids and membrane receptor proteins that are moved to the plasma
membrane or other destination organelles. Not only is the ER necessary for the transport of
biomolecules, but it also has an optimal environment for folding, oxidation, and assembly,
which ensures that only properly translated and folded proteins may exit the ER and be

transported throughout the cell. Misfolded and non-native proteins are retained in the ER and



degraded via ER-associated degradation (ERAD) 2. The involvement of the ER in various

cellular functions explains the construction into structurally and functionally distinct regions.

It has been suggested that the different morphologies of the ER are directly related to the
different functions of each region of the ER, which corresponds to the local composition of lipids
and proteins within the ER membrane. That being said, there are two distinct morphologies of

the endoplasmic reticulum; rough sheets and smooth tubules (Figure 4) 9.
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Figure. 4 Illustration of the endoplasmic reticulum morphology, smooth
tubules and rough sheets 9

“Rough sheets” is the name chosen to describe the regions of the ER with sheet-like
morphology that are dotted with polysomes, as seen by electron microscopes. It is in these ER
sheets that integral membrane and soluble secretory proteins are synthesized for export 9. The
polysomes highly concentrated in the rough ER are an assembly of the translational machinery,
ribosomes, and other associated proteins. These membrane-bound polysomes have been shown
to exist at high concentrations in membrane sheets. However, it is not the sheet morphology
that causes the binding of these polysomes, but the polysomes that induce the flat, sheet-like
structure on the membrane. This is due to the presence of associated coiled-coil membrane

proteins within the polysomes, which generate sheet-like membrane morphology through the



exclusion of high-curvature regions 3. Since the rough ER sheets are the sites of, but not limited
to, secretory protein synthesis, the tubules can be described as the means for transporting these

proteins and lipids to other regions and organelles of the cell.

The “smooth tubules” of the ER are described as high-curvature regions, often with
three-way junction points that connect the ER to different organelles as well as the plasma
membrane. These tubules are lacking in large polysomes, due to their high-curvature, making
them appear “smooth.” Since these tubules lack the large translational machinery, their
function may be involved with lipid metabolism and Ca2* signaling instead of protein synthesis
13, Both the rough and smooth ER require regions of high-curvature, at the sheet edges and

within the tubules, respectively.

There are four different mechanisms to create high-curvature regions in membranes,
three of which utilize protein interactions. The first is generation of curvature based on lipid
composition. There are lipids that can be described as “structural lipids,” where the geometry of
the lipid can affect the membrane shape. Phosphatidylcholine is a lipid that accounts for over
half of most eukaryotic membranes and has a conical geometry, which allows it to impose
curvature stress to one bilayer of a membrane, often seen in budding events 4. Cholesterol and
diacylglycerol are also able to create curvature in a similar manner 5. Sphingolipids, on the
other hand, have a tall, narrow, cylindrical shape that is conducive for tighter packing and a
“stiffer” membrane 4. The asymmetrical composition of the lipid bilayer that results in
membrane curvature is known as the bilayer-coupling mechanism *¢. However, despite the
different effects of lipid composition within a membrane, generating the high-curvature of
tubules would require non-physiological, asymmetrical lipid compositions in the membrane 5.
Therefore, lipid composition alone is not sufficient to generate the high-curvature necessary for

tubule formation and must require the use of proteins.

Proteins can create membrane curvature by three different mechanisms. The first
utilizes pulling forces to deform a flat membrane into a curved one. This mechanism uses
molecular motors, such as those that move along microtubules or actin filaments (Figure 5).
Using molecular motors is an energetically plausible means for creating tubules from flat

membranes, requiring about 10 molecular motors to create a tubule with a 30 nm radius 5.
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Figure 5. Molecule motors use pulling forces to create membrane curvature 7

It is also possible for proteins to create membrane curvature by utilizing bending forces.
Scaffolding is the second mechanism that proteins use to create membrane curvature (Figure 6).
Proteins can oligomerize and form a network with a highly curved surface that, when in contact

with the lipid membrane, is able to force the membrane into the same curved shape 7.

Scaffolding
proteins

Figure 6. An illustration of membrane curvature created by the scaffolding

mechanism 77

In order for a protein to induce curvature through the scaffolding mechanism, it must fulfill
three requirements. First, the protein must have an inherently curved surface that interacts

with the surface of the lipid bilayer. Secondly, the rigidity of the protein, or protein network,

11



must be greater than the rigidity of the membrane, ensuring that the membrane will adopt the
proteins shape, not the opposite. Lastly, the minimum affinity of the protein for the lipid bilayer
must exceed the amount of energy required to bend the membrane, otherwise the protein
scaffold will separate from the membrane surface before manipulating the membrane 5. When
these three requirements are satisfied, the protein will have the necessary characteristics to

make the high-curvature of the membrane an energetically favorable structure.

The last mechanism that proteins use to create membrane curvature is through
hydrophobic insertion, commonly referred to as “wedging.” Spontaneous membrane curvature
can be induced both locally and globally in the lipid membrane by hydrophobic insertion, but
global curvature is not significant sufficient to create high curvature regions. Thus, the

curvature required for tubule formation is more likely due to local deformations 5.
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Figure 7. Illustration of local (left) and global (right) of hydrophobic insertion to

create membrane curvature 7

Local spontaneous curvature is caused by the insertion of a hydrophobic segment of a protein,
such as an amphipathic helix, into one layer of the membrane disrupting the lipid packing to
create an asymmetrical bilayer (Figure 7) 7. The asymmetrical layers cause an increase in the
surface area of the outer membrane leaflet relative to the inner leaflet, resulting in curvature of
the membrane. “Wedging” can also be accomplished by the complete insertion of an integral
membrane protein into the lipid bilayer, disrupting the packing of the lipids in the membrane
bilayer in a way that forces the bilayer to adopt a shape similar to the protein being inserted,
similarly increasing the surface of the outer leaflet. Global spontaneous curvature occurs by a
similar mechanism, involving the insertion of a protein into the membrane and displacing the

initial lipids. This creates an asymmetrical bilayer dependent on the shape of the protein, which
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can create curvature by the bilayer-coupling effect. Although this can create curvature in the
membrane, the effect is distributed over the entire surface of the membrane, making it appear
negligible 5. Regions of high-curvature found at sheet edges and throughout the tubular
network of the ER are most likely a result of protein interactions with the lipid membrane
through scaffolding and “wedging” mechanisms. Current research on the ER has implicated a
group of proteins in creating and maintaining the high-curvature regions of the membrane.

They are the reticulons.

Reticulons are a family of proteins found in all eukaryotic organisms 8. Their genes have been
identified in the genomes of at least eight eukaryotes from yeast to humans, but are absent in
bacteria and archaea, likely due to their association with the endoplasmic reticulum and their
involvement in the endomembrane system. Most reticulons have multiple isoforms within a
single organism, allowing for a variety of reticulon proteins with specialized structures and
functions . The diversity of these proteins comes from the variations in the length and
sequence of the amino-terminal region that allows them to be associated with different
pathways and cellular mechanisms. Depending on the properties of the amino-terminal, the

protein is able to interact with various proteins in different ways and trigger different responses

Gene  Species Exons Amino acids

SOEED D | RTN1A  Human 9 776
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[T ] RTN1C Human 7 208

14 500 RTN2A  Human 1 545

“ e RTN2B  Human 10 472

N} RTN3C Human 7 205

12 3 [} RTN3A  Human 9 1032
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8 TN ) RTNL  Yeast 1 295

Figure 8. Different reticulon proteins, showing conserved reticulon homology

domain (gray and black circles) and variations in length v

Despite the high degrees of variation, all reticulon proteins contain a carboxy-terminal reticulon

homology domain (RHD), characteristic of the reticulon family of proteins (Figure 8). The RHD
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spans 150-200 amino acid residues, consisting of two hydrophobic regions 28-36 amino acids
each, separated by a hydrophilic loop region of about 60-70 amino acids, and ending with a 50
amino acid long carboxy-terminal tail :819. Interestingly, the hydrophobic regions that
correspond to transmembrane domains are slightly longer than the 20 amino acids for most
transmembrane domains . Since the RHD is highly conserved across all eukaryotes, it is the
structure of these hydrophobic regions that are assumed to be responsible for the localization of
reticulons to the endoplasmic reticulum at regions of high-curvature, such as tubules and sheet

edges.

The three-dimensional structures of the reticulons remain highly elusive due to
difficulties in the crystallization of purified proteins. Yet, in spite of this obstacle, there is an
accumulation of evidence that has contributed to the current understanding of the RHD
structure and function with respect to reticulon. Recall that the hydrophobic regions of the
RHD are between 8 and 16 amino acid residues longer than the common transmembrane helix,
allowing for multiple potential structures and orientations of the extended helices (Figure 9).
Orientation aside, there are three main potential structures for the transmembrane regions of

the reticulon RHD.
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Figure 9. Possible structures of reticulon in the ER membrane 2°

The first would be for the hydrophobic region to exist as a transmembrane helix that protrudes
beyond the membrane layer into the lumen. However, this is not feasible due to the
energetically unfavorable interactions between the hydrophobic surface of the helix and the
hydrophilic environment. A second structure would be for the hydrophobic region to exist as a
transmembrane helix that sits at an angle in the membrane bilayer, thus maintaining favorable

hydrophobic contacts. The problem with this model deals with the amount of curvature that the
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RHD domain would need to be able to maintain. The last model predicts that the hydrophobic
regions of the RHD correspond to two transmembrane helices that each fold back on itself to
form two hairpins. This structure would increase the area of the outer leaflet of the membrane
bilayer sufficient to generate membrane curvature 2!. Using cysteine modification experiments
to identify the cytosol facing regions revealed that the RHD hydrophobic regions exist as two
hairpins, since the N-terminal, hydrophilic loop, and C-terminal tail are exposed to the cytosolic
environment 8. The ability to form hairpins in the membrane can be attributed to the length of
the hydrophobic regions. Shortening these regions to typical transmembrane helix length
resulted in the loss of hairpin structure, as observed by cysteine modification experiments 2.
Upon determining the short hairpin structure of the RHD hydrophobic regions, research
developments have implicated these hairpin regions to be important in the proper localization,

oligomerization, and function of the reticulons.

Since reticulon proteins are believed to be responsible for maintaining and inducing
high-curvature regions in the ER membrane, they frequently localize to the tubules and sheet
edges 8. The ability for reticulons to localize to regions of high-curvature is directly related to
the presence of properly folded hairpin transmembrane regions of the RHD 2!. Mutations in the
hydrophobic regions of the RHD, resulting in lengthening of the transmembrane helix or point
mutations in the RHD sequence, resulted in the loss of the reticulons’ ability to localize to the
ER tubes and sheet edges 2122, Therefore, it is likely that reticulons are not drawn to regions of

high-curvature, but instead they create and stabilize these regions.

Not only does a functioning reticulon RHD result in localization, but also immobilization.
Reticulons have been shown to be extremely immobile in the lipid bilayer. Fluorescence
recovery after photobleaching (FRAP) experiments showed slow lateral diffusion properties for
both reticulons and RHD segments. However, the immobilization of reticulons is dependent
only on properly folded hairpin transmembrane regions in the RHD, resulting in increased
diffusional properties in mutants 2-22. The immobilization of reticulon is also assumed to be
dependent on the ability of the protein to oligomerize through protein-protein interactions.
Reticulons have been shown to form dimers, tetramers, and larger oligomeric complexes 22. The
ability to form these oligomers comes from the interactions of properly folded hairpin
transmembrane regions in the RHD 2. Proteins with the same mutations that lead to defects in
mobility and localization, are still able to form homo-oligomeric structures 22. Therefore, even

though the exact relationship between oligomerization, immobilization, and localization is still
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unclear, there is evidence that implicates a specific orientation and structure of the oligomers for

proper reticulon function 2.

Based on their ability to form immobile oligomers at regions of high membrane
curvature, the reticulons are good candidates for inducing and maintaining the curvature in
tubules and at sheet edges. Their ability to create curvature is interdependent on
immobilization, oligomerization, and localization, which are all reliant on the hairpin
transmembrane regions of the RHD. Reticulons that contain altered transmembrane regions
are still able to form oligomeric structures, but their ability to localize and immobility are lost 2.
Therefore, properly folded RHD transmembrane regions of the reticulons allow them to make
the necessary contacts to oligomerize into a shape that will favor insertion into the membrane
bilayer, resulting in immobility. The ability to obtain slow diffusional mobility is necessary for
the oligomers to remain in contact with the membrane surface to maintain the high-curvature.
The presence of reticulons alone is sufficient to induce tubular networks out of vesicles in vitro
due to their ability to homo-oligomerize 8. Thus, immobile oligomeric structures are able to
create and maintain regions of high-curvature in the ER membrane through the initial

interactions of the hairpin transmembrane regions in the RHD of reticulon proteins.

The characteristics and structure of the RHD is responsible for the reticulons’ ability to
alter the morphology of the ER. Reticulons use two methods to create regions of high-curvature
in the ER membrane. The first being local spontaneous curvature, which is created by the
insertion of a hydrophobic surface of the protein into the outer leaflet of the membrane bilayer,
known as “wedging” v7. The short hairpins of the hydrophobic regions in reticulon are only long
sufficient to penetrate into a single layer of the membrane, in a manner similar to wedging. The
second mechanism is scaffolding. In this situation, oligomeric structures that have inherent
curvature interact strongly with the membrane surface, causing the membrane to mold to the
shape of the protein scaffold 7. Scaffolding may be very important in the reticulons’ ability to
create and maintain curvature, as seen by the effects of reticulon expression levels on the
morphology of the ER, where the morphology of the ER appears to be normal upon deletion of
the reticulon gene, but overexpression of reticulon proteins results in a decrease of sheet

structures and an increase in the formation of long, tubular networks 8.
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Figure 10. Cells overexpressing a reticulon protein (left) compared to controls

(right) as viewed by fluorescence microscopy 8

This shows that the increased levels of reticulon result in more oligomeric scaffolding structures
that occupy more of the membrane surface, creating more membrane curvature (Figure 10) 2.
Not only does overexpression result in increased tubular structures, but the composition of the
oligomers affects the tubule structures by inducing different degrees of curvature in the tubes.
When reticulon is overexpressed and homo-oligomerizes, it creates tubules with a smaller
diameter than those formed from hetero-oligomers 22. This supports the idea that the
composition of the oligomeric structure affects the inherent shape of the scaffold, inducing
different degrees of curvature to the membrane surface. The effects of overexpression of
reticulon are also in support of its ability to induce membrane curvature independent of other
proteins or the cytoskeleton. In the absence of microtubules, and even cytosolic proteins,
purified reticulon is sufficientsufficient to form tubules from liposomes 2324. Therefore,
reticulons, specifically the short hairpins of their transmembrane regions, are sufficient for

maintaining the morphology of the ER at areas of high membrane curvature.
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Proper morphology is important for the ER to fulfill its function within the cell,
highlighting the importance of the C-terminal domain of reticulon proteins. Morphological
defects in the ER of axons prevents the proper distribution of the organelle throughout the cell,
resulting in the loss of transport of proteins and molecules along the axon 2¢. This axonal
degeneration results in the spasticity and weakness in the lower limbs, characteristic of the
neurodegenerative condition known as hereditary spastic paraplegia (HSP) 2025, Although the
highly conserved C-terminal domain of the reticulons is necessary in maintaining the
morphology of the ER, it is the highly variable N-terminal domain of the reticulons that is likely
responsible for the implications of the ER in other neurodegenerative diseases (Figure 11, Table

2).

Table 2. ER functions involving reticulons and the potential human diseases 25

Cellular functions Human diseases

ER homeostasis Cancer and neurodegenerative disorders (i.e., ALS, Alzheimer’s disease)

Calcium homeostasis Neuronal pathologies (i.e., schizophrenia)

Apoptotic response Cancer, neurodegenerative disorders (i.e., ALS, Alzheimer’s disease Parkinson’s disease)
Membrane trafficking Neurodegenerative disorders (i.e., Parkinson’s disease)

Autophagy Cancer, neurodegenerative disorders (i.e., prion disease, Alzheimer’s disease, Huntington’s disease)

As the main site for protein and lipid synthesis in the cell, the ER plays an important role
in the folding and degradation of proteins. Accumulation of misfolded proteins, as a result of
DNA damage, mutations, or aggregation, is an example of an ER stressor, which results in
initiation of the ER-associated degradation (ERAD) pathway or the unfolded protein response
(UPR). The ERAD and UPR are cellular mechanisms that help the cell deal with ER stress by
degrading misfolded proteins, preventing translation of more misfolded proteins, and
upregulating expression of protein chaperones 26. However, they can also signal for the
initiation of apoptosis when the stress cannot be stabilized. Reticulons are important proteins
in the ER stress response signaling pathways, and their activity can affect the cells’ ability to
overcome stressors or initiate apoptosis. Of particular interest is Rtn1-C in humans, which has
been implicated in the pathophysiology of neurodegenerative disease through a variety of

mechanisms, adding to the complexities of cell-signaling pathways.

19



RTN1-A RTN1-A
RTN1-8 RTN1-B

RTNIC

MQATADSTKMDCVWSNWKSQAIDLLYWRDIKQTG[\EN I RNRR SR Lo LAV AYLALAALSATISFRIY
KSVLQAVQKTDEGHPFKAYLELEITLSQEQIQKYTDCLQFYVNSTLKELRRLFLVQDLVDSLKZNYN Y\ NNy
(SRR ICIRIRI MAVVSMFTLPVVYVKHQAQIDQYLGLVRTHINAVVAKIQAKIPGAKRHAE

Figure 12. Rin1 isoforms. Transmembrane regions of the RHD shown in maroon;

Histone 4 consensus motif in red, acetylated lysine in blue. 2

Human reticulon1-C is an isoform of reticuloni that contains a very short N-terminal
region, where majority of the sequence consists of the conserved RHD, making it smaller than
the yeast reticulon-like protein 1 by about 9o residues. However, reticulon1-C contains a H4
histone sequence that has an acetylated lysine residue, allowing for a DNA binding and
condensing mechanism 20-25. The ability to regulate gene expression through the H4 histone
sequence allows reticulon1-C to alter transcription clusters that may lead to neurodegenerative
disorders, such as Alzheimer’s disease. Alzheimer’s disease (AD) is a neurodegenerative disease
characterized by extensive neuronal loss and heavy accumulation of beta-amyloid plaques.
Reticuloni-C is able to interfere with the cleavage activity of BACE1 by preventing its exposure
to the cytosol where its enzymatic activity occurs, decreasing the formation of beta-amyloid
plaques from cleaved APP. The level of reticulon1-C expression in AD patients is significantly
lower than controls, further establishing a future for the involvement of reticulon1-C in the
treatment of AD. Reticuloni-C is also involved in the homeostasis and mobilization of Ca2* from
intracellular stores in the ER. The abnormal release of calcium ions from the ER in response to
receptor stimulation results in excessive cytosolic Ca2+ levels, as seen in the neurological disease
schizophrenia, which may be a result of overexpression of reticulon1-C 25. Although the
mechanism of Ca2* ion release by reticulon1-C is not known, treatments that target the

interactions necessary for proper oligomerization could restore normal calcium ion levels.
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Figure 13. Different pathways affected by the involvement of Rtn1-C in ER stress

response 25

Along with its involvement in protein segregation mechanisms and calcium homeostasis,
reticulon1-C is also associated with the UPR. One of the ways the UPR alleviates ER stress from
accumulation of misfolded proteins is producing higher levels of protein-folding chaperones.
Protein disulfide isomerase (PDI) is a chaperone found in the ER that helps proteins fold into
their proper native form by catalyzing the formation of disulfide bonds 2¢. However, PDI activity
is lost through S-nitrosylation by nitrogen monoxide, as seen in neuronal cells of amyloid lateral
sclerosis (ALS) patients 2526, Deactivation of PDI results in the accumulation of improperly
folded proteins in the ER, which activates the ER stress response, eventually resulting in
apoptosis. Reticulon1-C is able to prevent S-nitrosylation and deactivation of PDI by inducing a
dramatic intracellular redistribution of the enzyme through morphological changes in the ER,

likely shielding it from interacting with nitrogen monoxide 25.

In addition to being a morphogenic ER protein, reticulon1-C involvement in the ER
stress response and calcium homeostasis would make it a good drug target for the treatment of
HSP, AD, Schizophrenia, ALS, and a number of neurodegenerative disorders. However, further

studies need to be conducted to fully understand the extent of reticulon1-C’s role in multiple
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cellular signaling pathways (Figure 13). Especially in the case of calcium homeostasis,
information on the mechanism of reticulon1-C activity, which likely involves its oligomerization,
is unknown. Therefore, the first step toward successful drug targeting of reticulon1-C lies in an

understanding of its structural features that determine its proper function.

The method that is best for determining the three-dimensional structure of reticuloni-C,
and most implicative of its native form is X-ray diffraction, which requires a crystallized lattice
of the purified protein. However, due to the hydrophobic properties of membrane proteins like
the reticulons, obtaining a large amount of properly folded, purified protein is challenging and
often requires extensive effort and resources. Thus, my research focuses on developing
reproducible and efficient methods for the cloning and expression of functional reticulon-like
protein 1 from yeast, one of the most conserved members of the reticulon family, as a viable
candidate for future structural studies involving the crystallization of eukaryotic membrane

proteins.
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Research Goals

My research goal is to test the results of the screening method developed in our previous
work, by expressing and purifying the membrane protein candidate for crystallization studies,
RTN1 from S. cerevisiae, in an E. coli bacterial expression system. The ability to express and
purify functional recombinant membrane proteins from a bacterial expression system can
provide a solution to the current bottleneck of obtaining large amounts of purified, functional

membrane proteins in the determination of membrane protein structures.
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Experimental Methods

Recombinant Expression of RTN1

Structural methods require a large amount of purified protein for analysis, typically
milligrams, especially for X-ray crystallography. Since there are very few proteins that exist in
large quantities within the cell under normal physiological conditions, obtaining the necessary
amount of a single protein can only be accomplished by harvesting large quantities of cells.
However, this is often challenging for proteins that originate in eukaryotic and higher-order
organisms, such as humans. Due to their slow growth and expensive upkeep, especially for
mammalian cells, it is often impractical to obtain a sufficient amount of protein for analysis
based on cell population alone. In order to overcome this issue in protein expression, many
researchers conduct their structural studies using recombinantly expressed proteins.
Recombinant proteins are proteins from an organism that are genetically cloned into a host
organism for the replication of genetic information and overexpression of the protein. The most
commonly used recombinant expression system is expression in the bacterium E. coli. The
advantages of using E. coli as the expression system for recombinant proteins are 1) the ability
to positively select recombinant plasmids with antibiotics and antibiotic resistance genes, 2) the
fast growth and replication of bacterial cells, and 3) the growth and maintenance of bacterial
cells are cost effective and reproducible. However, bacterial cells lack inner membranes and
complex post-translational machinery making it difficult to overexpress properly folded
eukaryotic membrane proteins and impossible to make any relevant post-translational

modifications.

We inserted the Rtnip gene into an expression plasmid using the conventional
restriction enzyme digest method, which required the gene sequence of the original protein,
primers for the 5’ and 3’ ends of the gene insert, a plasmid for replication and expression,
competent cells for replication of the plasmid, and a cell line for the growth and expression of
the recombinant protein 28. To accomplish this, a plasmid containing the native RTN1 gene
insert was ordered from Arizona State University Biodesign Institute DNASU Plasmid
Repository, then amplified using primers designed for insertion into the pMCSG28 expression
vector for a recombinantly expressed protein with a C-terminal histidine tail (Figure 13).
Primers are designed based on the sequence of both strands of DNA at the restriction enzyme
cut site. The sequences of the primers must be complimentary to those of the plasmid and the

gene insert, have a start codon encoded prior to the gene sequence, and have the appropriate
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number of guanine and adenosine base pairs to optimize the melting and annealing
temperatures necessary for replication by polymerase chain reaction (PCR).
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Figure 14. Illustration of the pMCSG28 vector with restriction enzyme sites from
DNASU

The gene insert primers were phosphorylated by T4 polynucleotide kinase at 37° C prior to
amplification of the gene insert by polymerase chain reaction (PCR), with an annealing time of
20 seconds at 55° C and an extension time of 15 seconds at 72° C for 25 cycles using
phosphorylated primers. The amplified phosphorylated gene was then inserted into 12 ng of gel
purified dephosphorylated pMCSG28 vector that had been linearized by the Smal restriction
enzyme at a 3:1 (v/v) insert to plasmid ratio by ligation with 10 U of T4 DNA ligase. The
dephosphorylated ends of the plasmid and phosphorylated ends of the insert decreased the
possibility of plasmid self-ligation. Fully ligated plasmids were then transformed into

competent cells that were grown in antibiotic-selective media.

Competent cells have the ability to take up plasmids from their surroundings and

replicate them in high copy numbers, creating cells with a large number of plasmids containing
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the gene insert. Colonies were chosen for sequencing analysis based on large size and round
shape. Small scale plasmid preparation, also known as a miniprep, was done to obtain the
plasmid for sequencing analysis from colonies. Mini-preps were amplified by colony PCR in the
presence of the gene insert primers. The PCR product was then analyzed by agarose gel against
a 100 base pair ladder to determine if the insert was successfully inserted into the plasmid by
the presence of bands corresponding to the gene insert size. The mini-prep from the colony
grow up was then sent out for sequencing at the Advanced Studies in Genomics, Proteomics and
Bioinformatics (ASGPB) DNA sequencing service at the University of Hawaii at Manoa.
Sequencing results were then converted from a chromatogram into a sequence of bases, using
the ApE software (http://biologylabs.utah.edu/jorgensen/wayned/ape/), and then compared
against the NCBI reference nucleotide database with BLAST (Basic Local Alignment Sequence
Test).

Colony mini-preps containing positive sequencing results were then transformed into
Lemo21 E. coli expression cells, a strain selected to produce high yields of recombinant
membrane proteins. The cells were grown on antibiotic selective plates and successful
transformation was determined by antibiotic resistance. A colony was picked and grown up in
LB media overnight as a starter, which was then added to a larger flask of TB media for growth
and expression. When the cell optical density reached the optimum level of 0.6 at 600 nm, the
cell culture was induced using IPTG, a small molecule that induces a promoter engineered into
the plasmid, which results in the upregulation of gene expression and protein synthesis for
increased expression levels of the recombinant protein. The culture was allowed to continue to
grow overnight (18 hours) at 18° C. Cells were then harvested by centrifugation at 4700 rpm
and washed with a preserving salt buffer (0.1 M HEPES, 80 mM NaCl, 0.1 mM MgSO,, 0.1 mM
CaCl,, 5% glycerol, and 0.1 mM TCEP) prior to cell lysis.
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Detergent Extraction

Cells were harvested and separated from the excess growth media through centrifugation
at 4700 rpm in a swinging bucket rotor. In order to obtain a purified sample of the
recombinantly expressed protein, it must first be extracted from the cells by breaking the cells
open, and then separating the proteins from cell debris, such as the cell wall, aggregated
proteins, and genetic material. Some cells, such as yeast and fungi, need to be disrupted by
mechanical forces like glass beads due to their rigid cell walls, while bacterial cells do not
require harsh disruptive conditions and can be broken using sonication, which utilizes sound
energy to disrupt and break apart the cell walls. After harvesting, cells were resuspended in lysis
buffer, then broken by microtip sonication using a pulsing program of 20 second pulses with 2

minutes rest for a total process time of 2 minutes.

At this point the supernatant contains the soluble, cytosolic proteins of the cell.
Membrane proteins in a solution that no longer has the membrane environment around them
are likely to aggregate or lose their native folding form, and thus functionality. However,
membrane proteins can be soluble in solution, but they require the presence of molecules that
can stabilize their hydrophobic regions in a way similar to the lipids in the cell membrane, while
also allowing the hydrophilic loop regions to be in contact with the aqueous environment 2°.
This can be accomplished through the use of detergents in the membrane protein solution.
Detergents are characterized as amphipathic molecules that contain a polar head group attached
to long, hydrophobic hydrocarbon chains. Their amphipathic character gives them the ability to
form micelles that shield their hydrophobic tails from the aqueous environment, providing an
environment for membrane proteins that mimics the native lipid membrane. Micelles can only
be formed when the concentration of detergent molecules exceeds the minimum concentration
needed for micelle formation, which is known as the critical micelle concentration, CMC 29.
Concentrations of the detergent above the CMC are necessary for the extraction and
solubilization of membrane proteins from the biological membrane. After sonication, the
membrane proteins are in contact with lipids from the biological membrane. For complete
solubilization of membrane proteins, detergents are needed to disrupt lipid-protein interactions,
which allows for the replacement of lipid-protein interactions with detergent molecules that

cover and stabilize the hydrophobic regions of the membrane protein 3°.
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Figure 15. Detergent molecule interactions with hydrophobic regions (gray)
of membrane proteins 3°

There are three proposed mechanisms for the solubilization of membrane proteins that
involve the interaction of detergent molecules with the hydrophobic regions of the membrane
protein (Figure 15). The first involves the insertion of the hydrophobic region of the membrane
protein into detergent micelles at concentrations above the detergent CMC. A similar “micellar
binding” mechanism involves the formation of detergent micelles around the hydrophobic
region of the membrane protein that resembles a nucleation site for micelle formation at levels
slightly below the CMC. The “micellar binding” model explains the ability of some membrane
proteins to be soluble both above and below the CMC. How a protein is solubilized by a
detergent can affect the characteristics of the protein detergent micelle. Model calculations have
shown that the insertion of a protein’s hydrophobic region into a micelle can increase the
micelle size, affecting its shape and physicochemical properties. The second mechanism for
membrane protein solubilization by detergents proposes that the hydrophobic regions of the
protein are covered in the detergent monolayer, whereby the detergent tails interact with the
protein and the polar head groups are face toward the aqueous environment. However, this
“monolayer binding” mechanism does not take into account stabilization of the ends of the
hydrophobic regions in irregularly shaped proteins. To accommodate for detergent binding at
the ends of hydrophobic regions, the detergents may arrange themselves to be parallel at the
ends and a monolayer in the middle of the hydrophobic region. Therefore, the third method of
detergent interaction consists of a “donut” shape of detergent molecules around the

hydrophobic region of the protein, which can be described as a “prolate monolayer ring”. The
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prolate ring model shows altered lengths of the detergent tails, suggesting that protein-
detergent interactions may result in changes to the detergents micellar physicochemical
properties 3°. All three models can describe the different interactions of detergents with
membrane proteins on a case-by-case basis, but no model applies to all membrane proteins and
detergents. It is possible that protein-detergent binding can denature the protein. However,

this can be avoided by using “mild” detergents that do not disrupt protein-protein interactions 29.
In order to conserve the membrane protein in its most native state the detergent used for
solubilization of a membrane protein needs to be chosen based on the size, shape, and

characteristics of the membrane protein, as well as the detergent chemical properties.

For our experiments, cells were lysed in the presence of the detergents, DDM or fos-
choline 12 (FC12), to mimic the membrane environment so that the membrane proteins can be
solubilized into the supernatant with minimal aggregation. The cell debris and aggregated
proteins were then separated from the detergent soluble portion by centrifugation at 22,000 x g
for 60 minutes, or until the supernatant was no longer cloudy. The supernatant, containing the
soluble membrane proteins in a 1% detergent solution, was then separated from the pellet by
pipetting to prevent any introduction of cell debris or aggregated protein into the following

purification steps.
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Purification

Purification of recombinant proteins can be accomplished in several ways. Our first step
of purification is nickel ion chromatography, which utilizes an engineered histidine tag
consisting of six histidine residues genetically encoded as part of the recombinant protein 29.
Histidine tags, commonly referred to as His-tags, can be located on either the N- or the C-
terminal. It is possible that His-tags inhibit proper protein folding or functionality by altered
flexibility of the N- or C-terminals, but this problem can easily be resolved by removing the
histidine tag using a protease that cleaves the protein at a specific sequence, such as the tobacco
etch virus (TEV) protease. Just as the histidine tails are encoded into the vector sequence, the
cleavage sequence may also be designed into the vector or gene insert. When a solution of
proteins are mixed with nickel ions in either a nickel resin slurry or a resin column, the histidine
tail of the recombinant protein binds to nickel ions with high affinity through chelation of the
histidine rings, facilitating separation of the recombinant His-tagged proteins from native
proteins. To separate native proteins from the RTN1-His protein, the supernatant was incubated
at room temperature in a slurry of Ni-NTA resin equilibrated with a 10 mM imidazole buffer,
similar to the sample buffer, allowing the RTN1 His-tagged proteins to bind. Once recombinant
proteins are bound to the nickel column, native proteins can be separated from the resin by
washing the resin with a 25 mM imidazole solution. The recombinant, His-tagged proteins were
eluted from the nickel column through the competitive binding of imidazole, a molecule that can
also chelate to nickel ions through a similar mechanism as the histidine residues, in a 250 mM
imidazole solution. The flow through, wash, and elution fractions were then run on an SDS-
PAGE and stained using a Coomassie dye-based protein staining solution to observe the purity
and relative abundance of proteins in the eluents. Western blot analysis using a horseradish
peroxidase-bound antibody that targets histidine tags with high sensitivity was also conducted
on the flow through, wash, and elution fractions to determine the presence of His-tagged RTN1.
Fractions that showed a high abundance of RTN1-His6 by Coomassie stain and also were

detected by western blot analysis, were chosen for further purification steps.

Selected elution fractions were passed through a 1 MDa filter to remove protein
aggregates and then loaded onto a size-exclusion column for further purification. The method
of purification known as gel exclusion chromatography separates proteins by size differences 29.
In this regard, “size” refers to the hydrodynamic volume of the molecules, whether they are
detergent micelles or protein incorporated into detergent micelles. Gel chromatography uses a

column filled with polymer beads with different pore sizes, depending on the column
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specifications 3'. Samples in a buffer solution are run through the column, and small molecules
that are the same size as the pores will equilibrate into the beads instead of flowing through the
column. Large molecules that are not able to equilibrate into the beads pass through the column
quickly, eluting off the column earlier. The size of the molecules determines the extent of its
interaction with the beads, and effectively its elution time, allowing for the separation of
molecules over time based on size. Therefore, gel chromatography can be accurately described
as size-exclusion chromatography, where proteins are separated by size. Elution fractions from
the nickel affinity chromatography were purified by size-exclusion gel chromatography (SEC)
and a UV detector set at 280 nm was used to monitor the abundance of protein in each fraction
based on absorbance readings. The fractions corresponding to absorbance peaks in the UV
chromatogram were then analyzed by western blot to confirm the presence of His-tagged RTN1.
Although this method is effective at separating a range of proteins by size, it is a low-resolution
technique that is only able to distinguish between large differences in protein size, such as that
between aggregated and monodisperse protein, but is unable to discern between different
proteins that may have similar hydrodynamic volumes 3!. This makes SEC more applicable as a
final purification step after more selective purification methods like nickel ion chromatography.
To determine the presence of RTN1-His6 with high confidence and accuracy, more

discriminating methods of detection need to be used, such as mass spectrometry.
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Mass Spectrometry

Mass spectrometry is an analytical chemistry technique generally used to identify
different chemicals present in a sample. The protein sample is ionized, or digested and ionized,
and then fragmented. The mass-to-charge ratio of those fragments provides information about
the chemical structure of the sample. This is especially useful in protein identification, where
the mass spectrum of a sample can provide information about the sequence of the protein based
on the abundance and mass-to-charge ratio of the fragments. The identity of proteins may also
be determined by comparing the fragmentation patterns to those of known sequences in a

database.

There were two different mass spectrometry techniques used in this study: Liquid
Chromatography tandem mass spectrometry (LC-MS/MS) and Matrix Assisted Laser
Desorption/Ionization (MALDI). LC-MS/MS is a technique that couples upfront separation of a
sample by liquid chromatography with mass detection and analysis by mass spectrometry. This
makes LC-MS/MS an effective technique for the analysis and identification of a protein in a
sample that may contain a mixture of proteins. The peaks seen in the mass spectra from LC-
MS/MS can be compared with a database to find potential matches based on the known
molecular mass of proteins, making LC-MS/MS an appropriate technique for obtaining fast,
reliable results concerning the presence of a protein, but should not be used as a stand-alone
method for protein characterization. LC-MS/MS was therefore used for the identification of
peptides in a sample that had been excised from the gel of a SDS-PAGE and then digested by
trypsin. To further analyze the peptides of the tryptic digest, the sample was fragmented and

analyzed by tandem mass spectrometry.

MALDI, unlike LC-MS/MS, lacks the ability to separate a mixed sample, limiting it to
only high purity, homogenous samples. Samples that are analyzed by MALDI are mixed with a
solution of solvents and compounds, known as a matrix, that allow for crystallization of the
protein sample. Crystallization of the protein sample with the matrix is necessary for effective
ionization of the sample through assistance from the physical properties of the compounds in
the matrix. MALDI time-of-flight mass spectrometry (MALDI-TOF MS) determines the
molecular mass of an ionized sample as a result of the relationship between the time it takes the
ion to reach the detector and the mass-to-charge ratio of the ion. The results from MALDI-TOF
MS analysis can be compared with a protein database to identify matches with identical protein
masses. This makes MALDI-TOF MS a useful technique for determining the molecular mass of

a highly purified sample, however, it does not provide any sequence information. For this
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reason, MALDI-TOF MS was used to determine the intact mass of a high purity protein sample.
To reliably confirm the identity of a protein from either LC-MS/MS or MALDI-TOF MS results,
tandem mass spectrometry can be used. Tandem mass spectrometry (MALDI-TOF/TOF
MS/MS) is a technique that determines the mass of parent ions, followed by fragmentation and
subsequent mass analysis of the daughter ions. The fragmentation of parent ions allows results
from MALDI-TOF/TOF MS/MS to effectively provide sequence information. Sequences of
peptides and fragments obtained from tandem mass spectrometry analysis can be cross
referenced with protein databases, such as NCBI, to identify proteins. To confirm the results
from the tryptic digest analyzed by LC-MS/MS, tandem mass spectrometry was performed to

determine the amino acid sequence of the peptides in the sample.
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Results

Conventional cloning of RTN1 into the pMCSG28 plasmid by restriction enzyme digest
with Smal and transformation into LEMO21 E. coli expression cell lines was successful, as
determined by the appropriate gene insert size viewed on an agarose gel. The colonies selected
from transformation into DH5a cells were sequenced using colony PCR, and viewed by agarose
gel for proper size. Results from the agarose gel showed a band that correlated to the size of the
gene insert, evidence that the chosen colony contained the gene insert. Sequencing results of
the colony miniprep using primers designed for the amplification of the gene insert, obtained
from the University of Hawaii at Manoa ASGPB DNA sequencing service in the Microbiology
department, were screened against the BLAST database and showed that the sequence from the
colony PCR aligned with the database sequence for RTN1 from yeast, and verified the presence

of the RTN1 gene insert in the plasmid (Figure 16).
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Figure 16. BLAST of sequencing results for RTN1-His

Positive sequencing results led us to the expression of the RTN1 gene in LEMO21 cells.
Expression was achieved by growing up the transformed LEMO21 cells in 500 mL of Terrific
Broth (TB) media at 37° C to an ODeoo 0Of 0.45, where the cells were then induced with IPTG and
allowed to grow for 18 hours at 18° C. Cells were then harvested and lysed by sonication in a
solution of 1% fos-choline 12. The supernatant was separated from the cell debris and insoluble
fractions by centrifugation for 9o minutes at 22,000 rpm, although this time may need to be
extended if a larger grow-up is used. Purification of the supernatant by nickel affinity
chromatography was conducted by the batch method, where the sample is incubated with the
nickel resin in solution since purification using nickel affinity columns were unsuccessful due to
the columns clogging after loading the sample. In order to optimize the nickel purification,
solutions of varying imidazole concentrations were used to wash the column after the sample

was incubated with the nickel resin (Figure 17).
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Figure 17. Coomassie stain of RTN1-His in 0.1% Fos-choline 12 nickel purifications.

A) No imidazole in wash. B) 10 mM imidazole wash. C) 25 mM imidazole wash
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Results of nickel purifications as seen by Coomassie stained SDS-PAGE, revealed a 25 mM
imidazole wash buffer as the most effective for removing contaminants, while retaining the most
purified proteins. The presence of histidine-tagged proteins in the elution samples from the
nickel purification was confirmed by western blot analysis using a horseradish peroxidase
attached to an anti-His-tag antibody (Figure 18). The presence of a protein that was purified by
nickel affinity chromatography and shown to have a His-tag was observed by both Coomassie
stain and western blot near 25 kDa. Believing that this band belonged to RTN1, we purified the
eluate by SEC to remove any aggregates from the sample and obtain information about the size
of the protein. Chromatogram results from the SEC showed the presence of a protein with a size
between 29 — 66 kDa, at an elution volume between 14 — 15 mL (Figure 19). Fractions showing
absorbance at 280 nm as seen on the chromatogram were analyzed for the presence of histidine-
tagged proteins by western blot, where fractions B11 and B12 revealed single bands at 25 kDa
(Figure 20).

Figure 18. Western blot of 0.1% Fos-choline 12 nickel purified sample
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Table 3. SEC Standards in 0.1% Fos-choline 12

SEC Standards in 0.1% Fos-choline 12
Size Ve Conc. Loaded
Protein (kDa) | (mL) | mAU | (mg/mL) | (uL)
Alcohol
Dehydrogenase | 150 13 575 5 500
Carbonic
Anhydrase 29 16.5 | 1000 3 500
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Figure 20. Western blot of eluent #1 SEC fractions in 0.1% FC 12

The 25 kDa bands in fractions B11 and B12, from the size-exclusion column, were detected by
western blot analysis and purified by nickel affinity chromatography.. Further identification of
this protein required the use of more powerful methods such as mass spectrometry. Intact mass
as determined by MALDI-TOF MS, was about 20 kDa for the protein from the Bi1 sample
(Figure 21). This is a value that is considerably smaller than the one expected for RTN1. This
result suggested two interpretations; that RTN1 may run through an SDS-PAGE at a rate
different than expected as a result of its hydrophobic membrane regions, or that a nickel
purification contaminant is present, such as SlyD. Identification of the protein as SlyD was
confirmed through the MALDI-TDS results, which matched the amino acid sequence of the
sample to that of SlyD (Figure 22). In addition, peptide mass fingerprinting results of an in-gel
tryptic digest of the sample also identified peaks identical to those found in SlyD (S.5.).
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Figure 21. Intact Molecular Weight Determination by Mass Spectrometry MALDI

Table 4. Intact Molecular Weight Determination Peaks and Intensity

m/z Intensity
5873.3 104
6309.3 522
6440.9 436
9452.3 1025
10140.3 156
10423.7 244
10778.8 203
11736.3 155

20828.1 1018
21195.0 96.6
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Figure 22. MALDI-TDS results of the B11 sample
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We designed a second expression plasmid with the RTN1 gene and a C-terminal
Histidine tag, which was designed and ordered from Genscript. Sequencing of this plasmid
verified that it was correctly assembled. Plasmid was transformed into LEMO21 cells. The cells
were then grown at 37° C until ODsoo = 0.40, when they were induced by IPTG and allowed to
continue to grow overnight at 18° C. Cells were harvested by centrifugation, and the membrane
proteins were isolated from them by sonication in the presence of 1% fos-choline 12. Detergent
soluble proteins were then purified for histidine-tagged proteins by nickel affinity
chromatography. Nickel purification results showed the presence of histidine-tagged proteins in
the elution fractions, as confirmed by western blot analysis (Figure 23). To determine the
identity of the proteins present in the bands, eluent #1 was run on SDS-PAGE gel and
Coomassie stained to visualize proteins. Bands that were present by western blot and
Coomassie staining were excised from the gel and underwent tryptic digest in preparation for
MALDI-TOF MS analysis (Figure 24).

Figure 23. Western Blot of nickel purified RTN1 in 0.1% FC 12
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Figure 24. Coomassie stained SDS-PAGE gel of eluent #1 for in-gel tryptic digest

Initial results from the MALDI-TOF MS identified the most abundant proteins by intensity in
each band to be alpha-galactosidase, acetylornithine deacetylase, and other proteins, but none
were RTN1 (Table 5). However, there was a mixture of proteins in each band, and although it
was not the most abundant in the sample, the potential presence of RTN1 in bands C and D was
indicated by the peak at m/z 2189 that matched the theoretical mass of a peptide from RTN1, as
determined by in silico trypsin digest of RTN1 (Figure 25 and 26).
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Figure 25. MALDI-TOF MS spectra for Band C with theoretical peptide (green)
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Figure 26. MALDI-TOF MS spectra for Band D with theoretical peptide (green)




Table 5. Proteins identified by MALDI-TOF MS

Band Protein Intensity Coverage (%)
A BSA 74.8
B Alpha-galactosidase (E. coli) 74.8
C Acetylornithine deacetylase 70.3
(E. coli)
Hypothetical protein (E. coli) 38.9
E Crp/Fnur (E. coli) 43.2

The m/z 2189 peak was then fragmented and analyzed by tandem mass spectrometry, which

identified the source of the m/z 2189 peaks in bands C and D as an aminotransferase class-IIT
family protein and a monoxygenase of the luciferase family protein, respectively (Figure 277 and
28). Results show that the m/z 2189 peak seen in the MALDI-TOF MS results can be attributed

to the fragments from aminotransferase and monoxygenase. The peptides responsible for the

m/z 2189 peak are present in the amino acid sequence of the aminotransferase and

monooxygenase, as seen in Table 6 and 7, respectively.
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Figure 27. MALDI-TOF/TOF MS/MS fragmentation spectra for Band C
Table 6. Peptide sequence and mass fragments for aminotransferase
Cmpd.| No.of | mfmeas. | A mf[ppm]| z Rt Score Site | P Range Sequence
Cmpds. [min] [®a]
1 1869.0930 7117 1 28.92 0 15-33 |[K.ALGGGFPVGALLATEECAR .V
1 2189.1220 917 1 6043 0 34-56 (R VMTVGTHGTTY GGNPLASAVAGK W
1 970.5360 3786 1 33.20 o 88-95 [R.YGLFSEVR.G
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Figure 28. MALDI-TOF/TOF MS/MS fragmentation spectra for Band D

Table 7. Peptide sequence and corresponding mass fragments for monooxygenase

m z meas. A mf[ppm] z P Range [Sequence

1958.2193 81.70 1 0 5-23 | TIAFSLLDLAPIPEGSSAR
1245.7506 103.0 1 0 24-34 | EAFSHSLDLAR

878.5706 114.7 1 1 120-126 | TMMALRR
1288.7170 111.1 1 0 127-137 | HMSGDIDNFPR
1435.8035 52.38 1 0 138-149 | DVAELVDWFDAR
3078.7395 75.58 1 1 138-164 | DVAELVDWFDARDPNPHVRPVP GYGEK
1661.9962 94,32 1 0 150-164 | DPNPHWVRPVPGYGEK
1106.7316 116.5 1 0 215-223 | LEKPYAMVE
1122.7239 112.6 1 0 215-223 | LEKPYAMVE
2529.6229 70.29 1 1 224-248 | INIIAADSMRDAEFLFTSMOQOQAFVE
2545.6110 57.52 1 1 224-248 | INIIAADSMRDAEFLFTSMOQQAFVE
1761.9884 7760 1 0 234-248 | DAEFLFTSMQQAFVE
1778.0946 139.5 1 0 234-248 | DAEFLFTSMQQAFVE

923.6398 105.8 1 0 293-300 | HGLQSLR
2189.1846 B7.65 1 0 301-319 | ETDADEMVYNGQIFDHQAR
2205.1907 92.08 1 0 301-319 | ETDADEMVYNGQIFDHQAR
1531.0771 50.00 1 1 320-335 | LHSFELAMDVKEELLG
1547.0725 79.60 1 1 320-335 | LHSFELAMDVKEELLG
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Discussion

The process of expressing recombinant reticulon-like protein 1 began with the cloning of
the gene into the pMCSG28 vector that contains a C-terminal histidine tag for expression in E.
coli. Conventional cloning by restriction enzyme digest was successful for inserting the RTN1
gene from yeast into the pMCSG28 bacterial expression plasmid. Transformation into the
LEMO21 expression cell line was also successful, however, expression of RTN1 was unsuccessful.
Our initial sequencing result of the plasmid was analyzed by BLAST against the NCBI nucleotide
database, which showed that the RTN1 gene was present in the plasmid. Red bars seen in the
BLAST result of the native sequence for RTN1 in the pMCSG28 plasmid are likely errors or
artefacts in the sequencing chromatogram. When we were unable to identify RTN1 by western
blot analysis or mass spectrometry after expression and purification, the sequencing results
were reviewed more carefully. Further investigation into the sequencing results revealed that
the RTN1 gene had been cloned into the vector without a proper start codon, causing improper
transcription of the gene and overall loss of gene expression. The inability to express RTN1 was
due to a mistake in the proper analysis of the sequencing result. Verifying the sequencing result
base-by-base is the best way to detect errors and missing codons. After a new gene insert and
plasmid were chosen, designed, and ordered from Genscript, we continued to have problems
expressing RTN1. LEMO21 cells transformed with the new plasmid were grown, harvested, and
lysed in the presence of fos-choline 12, a detergent previously shown to effectively solubilize
RTN1, to solubilize and isolate the membrane protein efficiently 22. Lysing the cells in the
presence of detergent was done with the goal of maximizing the yield of purified membrane
protein by minimizing the amount of time the membrane protein spent in unfavorable
conditions to prevent aggregation and misfolding. This was also done to increase the success of
detergent solubilization by increasing the amount of time the membrane protein had to

equilibrate with fos-choline 12 detergent molecules.

Once the membrane protein was solubilized by the 1% fos-choline 12 solution, nickel
affinity chromatography was used to purify the histidine-tagged recombinant RTN1 protein
from the crude sample. Optimization of the nickel purification method determined that a 25
mM imidazole wash buffer was sufficient for removing weak, non-specific protein interactions,
and a 250 mM imidazole elution buffer was sufficient to elute tightly bound, histidine-rich
proteins. Western blot analysis of the flow through, wash, and elution fractions of the nickel
purified samples did not show bands near 32 kDa, suggesting that RTN1 was not present in the

soluble portion of the cell lysate after detergent extraction. It was possible that RTN1 was being
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expressed and placed in inclusion bodies or was not effectively solubilized by detergent, possibly
leaving RTN1 in the insoluble fraction. To address this possibility, western blot analysis was
conducted on a sample of the insoluble pellet after detergent extraction to determine if RTN1
had not been solubilized, but the results showed that no bands were observed, suggesting that
no histidine-rich proteins were present in the insoluble portion. It is likely that RTN1 was not
expressed since it is common for the overexpression of membrane proteins, such as RTN1, to be
proteolyzed in bacterial expression systems because of limitations in the capacity of the cell’s

cellular membrane to accommodate excess recombinant membrane proteins.

To determine whether RTN1 was failing to be expressed or was present at all in the
nickel purification, the eluents were run on an SDS-PAGE and then visualized by Coomassie
staining to allow for protein detection and gel excision for an in-gel tryptic digest prior to mass
spectrometry analysis. The eluents were also analyzed by western blot analysis for detection of
histidine-tagged proteins. Bands in the first eluent seen on the Coomassie stained gel that were
also observed by western blot were selected by size and intensity to be excised and digested by
trypsin, then analyzed by LC-MS/MS, MALDI-TOF MS, and MALDI-TOF/TOF MS/MS to
determine if RTN1 was present in the sample by matching peptides in the sample with those
expected for RTN1. Bands that were digested by trypsin and analyzed by MALDI-TOF MS were
unable to identify RTN1 as the most abundant protein. However, one of the mass peaks, 2189,
seen in the mass spectra for bands C and D, matched with a potential tryptic peptide of RTN1.
This was promising, however, the MALDI-TOF MS results do not give information about the
amino acid sequence, so verification with ion fragmentation was necessary to identify RTN1 with
high confidence. LC-MS utilizes liquid chromatography as a method of separation, which is
useful for samples containing a mixture of proteins, making it an appropriate method of analysis
for the tryptic digest samples. Results from the LC-MS identified alpha-galactosidase,
acetylornithine deacetylase, hypothetical protein E, and Crp/Fnr as the most abundant proteins
in bands B, C, D, and E, respectively, based on intensity coverage, which refers to the size of the
signal attributed to the specific protein. The low intensity coverage in bands D and E suggested
the possibility of a mixture of proteins, increasing the possibility that RTN1 was identified by
MALDI-TOF MS. To determine the identity and presence of proteins in the sample with the
highest confidence and sensitivity, tandem mass spectrometry was used to analyze the m/z 2189
peaks seen in the MALDI-TOF MS results of band C and D. Fragmentation of the m/z 2189
peak and analysis by tandem mass spectrometry allows for the characterization of the tryptic
peptide sequence attributed to the peak, by using the mass of the fragments, which corresponds

to a specific amino acid sequence that can be found in a peptide with known mass matching the
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original m/z 2189 peak. The sequences obtained from fragmentation of the m/z 2189 peak for
bands C and D belonged to tryptic peptides from aminotransferase and monoxygenase,
respectively. Tandem mass spectra results show the peaks of the fragments from the m/z 2189
peak and the corresponding amino acid sequence in red, relative to the theoretical
fragmentation pattern for each peptide. The parent ion of the m/z 2189 peaks sequence is listed
in Figures 25 and 26, where the fragment sequence can be found within the peptide. These
tandem mass spectrometry results confirm the LC-MS results that RTN1 is not present in the

samples from bands C and D, and therefore RTN1 is not present in the purified eluates.

Nickel purified samples were also separated on the size exclusion column to separate
aggregated protein from monodisperse proteins. Size-exclusion chromatography results showed
absorbance at 280 nm in fractions B10o and B11 that had elution volumes of 14 — 15 mL,
corresponding to a size between 29 kDa and 66 kDa. When membrane proteins are solubilized
in a detergent solution, the detergent molecules surround the hydrophobic regions of the
membrane protein, allowing for stability in an aqueous, hydrophilic environment. The
detergent molecules that surround the membrane protein can add to the size of the membrane
protein complex as it moves through the size-exclusion column. Fos-choline 12 has a detergent
micelle size of 18 — 20 kDa, making the relative size of reticulon-like protein 1 solubilized by fos-
choline 12 50 — 52 kDa. Thus, it was possible that RTN1 was present in the B10 and B11
fractions. Although the protein in fraction B1o and B11 appeared to be 25 kDa, as seen by
western blot analysis and Coomassie staining after SDS-PAGE, the small size was assumed to be
due to “gel shifts,” where proteins move through the SDS-PAGE gel at rates slower or faster than
predicted, a common occurrence with membrane proteins. After SDS-PAGE and visualization
by western blot for histidine-tagged proteins, fraction B11 was more intense and selected for
analysis by MALDI-TOF MS and tandem mass spectrometry. The results identified a single
protein from the sample, SlyD, a well-known contaminant of nickel purifications of bacterial cell
cultures due to its histidine-rich composition 32. Since the fraction from the size-exclusion
chromatography used for mass spectrometry analysis was chosen based on western blot analysis,
the histidine-rich contaminant was able to make it through the purification process. The
presence of SlyD not only agreed with the MALDI-TDS results, but it also explains the protein
identified by in-tact mass MALDI-TOF MS with a mass of ~20 kDa. Further investigation shows
that SlyD has a molecular mass of about 20 kDa but typically migrates slowly through SDS-
PAGE, appearing near 25 kDa 32. MALDI-TDS results also showed the fragmentation pattern

from the sample matched that of SlyD when screened against a database of known proteins.
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Conclusion

Reticulon proteins form oligomeric structures that localize to regions of high curvature
in the membrane of the endoplasmic reticulum membrane. The ability for reticulon proteins to
induce membrane curvature comes from the C-terminal RHD, which forms two hairpin
transmembrane domains that form oligomeric structures that create curvature via scaffolding
and wedging mechanisms. Although much research has been done to investigate the function of
reticulon proteins, there is very little high resolution structural data available. In response to the
limited high resolution structural information on RTN1 and its favorable crystallization
properties, we decided to test the results of our previous development of a novel method of
screening for promising membrane protein crystallization candidates by the recombinant
expression of yeast reticulon-like protein 1 in an E. coli bacterial expression system. We found
the recombinant expression of RTN1 in E. coli to be unsuccessful, possibly due to a lack of
expression or proteolysis within the cell. We were unable to purify RTN1 using common
purification methods, such as nickel-affinity chromatography and size-exclusion
chromatography, and could not identify RTN1 from the sample by mass spectrometry
techniques. Difficulties in purification could be a result of unexposed histidine tags from
improper folding or detergent molecules. Therefore, the requirements for an appropriate
recombinant expression system is a limitation of the application of our screening method for
RTN1, which apply to other membrane proteins identified by our screening method. Techniques
that could be used to overcome these challenges in recombinantly expressing of eukaryotic
membrane proteins are the co-expression of chaperones or the use of an expression system

other than E. coli.
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Materials and Methods

Cloning and Expression. Primers were phosphorylated using T4 polynucleotide
kinase (T4PNK) (New England Biolabs) then amplified by PCR (95° C for 30 seconds, 25 cycles
of 95° C for 10 seconds, 55° C for 20 seconds, 72° C for 15 seconds, one cycle of 72° for 5 minutes,
then hold at 4° C. Thermo Electron Corporation Px2 Thermal cycler) using High-Fidelity
Phusion Buffer (New England Biolabs) and pMCSG28 vector (Midwest Center for Structural
Genomics) desphosphorylated by Alkaline Phosphatase and digested by Smal restriction
enzyme (Fermentas) in a single reaction. Digested pMCSG28 was separated by electrophoresis
and gel purified (Zymogen). 10 ng of purified plasmid was mixed with phosphorylated primers
at a 3:1 ratio (by volume) with T4 DNA ligase (Fermentas) according to product protocol, then
transformed into E.cloni 10G SOLOS competent cells (Lucigen). Cells were plated on
carbenicillin selective media for 18 hours. Colonies were picked under sterile conditions and
plasmid material was amplified by colony PCR (94° C for 6 minutes, then 35 cycles of 94° C for
30 seconds, 50° C for 30 seconds, 72° C for 1 minute, then 72° C for 10 minutes before holding at
4° C) using EconoTaq Mastermix (Lucigen), for analysis by gel-electrophoresis. Colonies were
picked and grown for 18 hours in antibiotic LB media at 37° C with shaking. Cells were
harvested by centrifugation and plasmid material was collected for sequencing by miniprep (GE
Healthcare illustra Plasmid Miniprep kit). Primers and miniprepped sample were submitted to
University of Hawaii ASGPB services for sequencing, and the results were analyzed by ApE and
NCBI BLAST alignments using nucleotide database. Miniprepped plasmid material from colony
grow up was transformed into LEMO21 expression cell line and plated on antibiotic selective
LB-agar plates. A colony was picked and grown up in 25 mL of LB media with chloramphenicol
and carbenicillin for 18 hours at 37° C with shaking. 20 mL of cell grow up was then added to 1
L of prepared TB (Terrific Broth) media with antibiotics and grown up to ODso of 0.6, as
determined by UV-Vis spectrophotometry, at 37° C at 250 rpm, before induction with IPTG.
After addition of IPTG to a final concentration of 1 mM IPTG, culture was grown for 18 hours at

18° C at 250 rpm.

Isolation. Cells were harvested by centrifugation for 30 minutes at 4700 rpm (Thermo
Scientific Sorvall Legend XTR, swinging bucket 75003608 rotor) resuspended in buffer (100
mM Hepes, 0.05 % (v/v) glycerol, 80 mM NacCl, 0.1 mM MgSO,, 0.1 mM CaCl,, 0.1 mM TCEP)
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and washed by centrifugation for 15 minutes at 4700 rpm. Cells were then resuspended in
buffer with proteases (Benzamidine, TCEP, PMSF, and DNase) with a final concentration of 1%
detergent, either Fos-choline 12 (Anatrace) or DDM (Anatrace). Resuspended cells with
detergent were then sonicated with a microtip for 2 minutes (20 seconds sonicate, 40 seconds
rest). Sonicated cells were centrifuged for 90 minutes at 22,000 rpm (Thermo Scientific F15-

8x50cy fixed angle rotor) and the supernatant was removed via pipetting.

Purification. Nickel Ion chromatography — Supernatant from sonication of cells was
purified using a batch method. Nickel ion resin (binding capacity of 30 mg/mL) (Thermo
Scientific HisPur Ni-NTA Resin) were used to bind Histidine-tagged RTN1 from supernatant by
incubation on a rotator at room temperature for 1 hour, and eluted using 500 mM imidazole in
buffer (1toomM HEPES pH 7, 8omM NaCl, 0.1 mM TCEP) by centrifugation at 700 x g for 2
minutes between each collection step. Proteins were observed in elutions by Coomassie stain or
LabSafe GelBlue solution of SDS-PAGE. Heat treatment - Heat treated samples were heated for
5 minutes at 60° C, centrifuged at 14,000 rpm for 15 minutes, the supernatant was removed and
filtered through a 0.22 um filter prior to loading onto the column. Size-Exclusion
Chromatography — Elutions were filtered through a 0.22 um membrane at 700 x g for 15
minutes prior to loading onto column (Superdex 200 10/300GL). Sample volume loaded was
500 uL. Proteins were eluted at a flow rate of 0.500 mL/min in 1 mL fractions in buffer with
0.1% detergent (AKTA Purifier, Amersham Biosciences with Unicorn 4.11 program). Protein
fractions were determined by Western blot analysis (Rapid Transfer and Rapid Block buffers,
Amresco; Membrane Substrate kid, KPL), and concentrations determined by absorbance
readings at 280 nm. Protein volumes were concentrated to 2 mg/ml (Millipore Amicon Ultra
centrifugal filters MWCO 10K). Molecular Mass Meaurement — Purified RTN1-his from Bg
size-exclusion fraction was submitted to University of Hawaii at Manoa Proteomics Core Facility
for in-tact mass analysis where the sample was dissolved in 0.1% TFA, mixed with a MALDI
matrix solution (20 g/L DHB in 50% ACN, 0.1% TFA), spotted onto a polished steel target plate
(Bruker), and allowed to air-dry. The molecular mass was measured with an Ultraflex ITT
MALDI-TOF/TOF mass spectrometer (Bruker) in linear positive mode. The RTN1-his
molecular mass value was calibrated using the protein mix II calibration standard (Bruker).
Spectrum processing consisting of peak detection (centroid algorithm, peak width 1000 m/z)
and smoothing (Savitzky-Golay algorithm, 1 cycle at 20 m/z), was performed in Flex Analysis
3.4 (Bruker). Top-Down Sequencing — BSA was used as the control and the molecular mass
calibrator. Purified RTN1-his from B9 size-exclusion fraction was submitted to University of

Hawaii at Manoa Proteomics Core Facility for Top-down sequencing analysis. The protein was
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mixed with 5 uL of a MALDI matrix solution (40 g/L DHB in 70% ACN, 0.1% TFA), and 0.25 uL.
was spotted directly on the target plate and allowed to air-dry. TDS spectra were acquired with
an Ultraflex III MALDI-TOF/TOF mass spectrometer in reflector positive modes. Spectrum
processing, consisting of peak detection (SNAP algorithm, peak width 0.75 m/z), baseline
subtraction (TopHat algorithm), and smoothing (Savitzky-Golay algorithm, 5 cycles at 1.5 m/z),
as well as peak annotation was carried out in Flex Analysis 3.4. Annotation was performed with
BioTools (Bruker) and Sequence Editor (Bruker). Bottom-Up Sequencing — In-gel tryptic digest
of RTN1-his B10 size exclusion fraction was prepared according to protocol 33. Sample was
submitted to the University of Hawaii at Manoa Proteomics Core Facility for analysis where the
peptide solution was mixed 1:1 with a MALDI matrix solution (20 g/L DHB in 50% ACN, 0.1%
TFA) and then spotted on a target plate. Mass spectra of the peptides were acquired with an
Ultraflex III MALDI-TOF/TOF mass spectrometer in reflector positive mode. In 200 shot
increments, 600 shots were accumulated. The matrix suppression cutoff, using deflection, was
at 850 m/z. External calibration was performed using peptide mix II calibration standard
(Bruker). Spectrum processing, consisting of peak detection (SNAP algorithm, peak width 0.75
m/z) and smoothing (Savitzky-Golay algorithm, 1 cycle at 0.2 m/z), was performed in Flex
Analysis 3.4.
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S.1. SEC 28onm UV absorbance chromatogram of Standards in 0.1% DDM buffer

SEC Standards in 0.1% DDM

Size Conc. Loaded
Protein (kDa) Ve(mL) | mAU Score (mg/mL) | (uL) Ve/Vo
Blue Dextran 2,000 8 575 7.74 2 500 1
Beta-Amylase 200 12 1000 12.06 4 500 1.50
Alcohol
Dehydrogenase 150 13 1700 12.59 5 450 1.625
Albumin,
bovine serum 66 14 1700 14.04 10 450 1.75
Carbonic
Anhydrase 29 16.5 1500 16.33 3 450 2.0625
Cytochrome c 12.4 18.5 1400 18.52 2 500 2.3125
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S.2. Table of SEC standards in 0.1% DDM

S.3. SDS stain of RTN1-His in 0.1% DDM from SEC fractions

Rinlp 0:N16 MS, Smoothed

8

Intens. [a.u.]

1014 634
1320.683

S.4. MALDI-TOF Tryptic digest of purified RTN1-His
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S.7. SEC 28onm UV absorbance chromatogram of Standards in 0.1% Fos-choline 12 buffer.
(Carbonic anhydrase and Alcohol dehydrogenase)

=

0.0 50 100 150 200 250 0.0 350 ml

S.8. Overlay of SEC 280 nm UV absorbance chromatogram of Standards (Carbonic Anhydrase
and Alcohol Dehydrogenase) in 0.1% Fos-choline and RTN1-His in 0.1% Fos-choline 12
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