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embryonic stage. In addition, all species have conserved lysine residues in both the C-
and N-termini that are important for MESD’s chaperone and escort functions. Finally,
each species ends in an ER retention signal (KDEL for the fly and C. elegans species and

RDEL for mammals) [62].

Figure 1-8: Sequence Alignment of MESD from Four Species. The secondary structure of

MESD is displayed under the sequence based on our NMR structure. In the sequence
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alignment, the critical receptor-binding residues in both the central core domain and the
C-terminal flexible helical domain are highlighted in green. For residues that are
involved in the binding pocket of W32 are highlighted in yellow. The other conserved
Lys/Arg residues are highlighted in grey. The sequence of MESD(60-155) is shown in blue

with the helical residues colored in red and B-strand residues in green.

1.5.5 MESD promotes folding of BP domain of LRP5 and LRP6

A cell biology picture of the MESD/LRP5/6 pathway, shown in Figure 1-9 suggests
that it is the specialized chaperone MESD that determines proper folding of the BP
domain of LRP5/6, whereas the BP domain strategically regulates structural switches of
the two structural domains of MESD in a unique fashion to ensure both proper folding
and safe trafficking of the receptor along the secretory pathway, as well as the ER-
retrieval of MESD protein. Chen et al suggest that the escort function may be a recent
evolutionary acquisition of these chaperones, since Boca, the Drosophila ortholog of
MESD, lacks the C-terminal escort domain. By strategically placing fluorescent probes to
serve as donor and acceptors, it might be possible to prove the exact point of

interaction between MESD and the BP domain of LRP6/6.



41

.,
éi; Secretory Vesicles

— L ol Ll
‘i‘» |\ -
-

- o’-“’“@ i
e bs 7 @-&

\

3
Histidine Suu( ﬁ -N

Golgi pH ~6.3

\KDEL“W B ER.-retrioval vesicie cis-Golgi/intermediate compartments

By
NH, 2
<
2
&x 55 %
5, swn OIS WNT =
Cha rone Doma \*BPduna- R : :
c;" 2 Signaling =
FolMng‘pMe ( Chaperone—Escort Z N m
N3 =
(53]
£
m

GT Lig
\

Nascent{ LRPS Foldng inermedate Folded LRPS
] ER-associated nhosoma synthesis

ER: pH ~7.2

Figure 1-9: The MESD/LRP5/6 Pathway. The rigid chaperone domain (Ch) of MESD binds
to the newly synthesized BP domain of LRP6, serving as a folding template. After BP
domain properly folded, MESD switches the binding from the rigid chaperone domain to
the flexible escort domain (Es), safely guarding the mature receptor traveling from the
ER to the Golgi, preventing premature ligand (Lig) binding. The acidic environment of
the Golgi activates the histidine switch in the BP domain that leads to the dissociation of
MESD from the receptor. MESD will be retrieved back to the ER by the KDEL-receptor.
The properly folded receptor will be properly post-translationally modified and further

reach the cell membrane for activation of canonical WNT pathway. RAP goes through a
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similar cycle for promoting the ligand-binding domain folding and trafficking as

described before [57].

1.5.6 Unanswered biological questions
1.5.6.1 MESD ER concentration versus LRP5/LRP6 folding

As mentioned previously, chaperones and folding enzymes are present in the ER
to prevent misfolding and subsequent degradation by ERAD. During the unfolded
protein response (UPR), protein translation is halted and there is upregulation of the
production of molecular chaperones. It is unknown at what concentration MESD exists
in the ER of cells or to what level it is elevated during the UPR. How much MESD is
necessary to ensure LRP5/LRP6 are folding efficiently? Currently, there are no methods

available to determine the intracellular concentration of a protein inside live cells.

1.5.6.2 MESD ER and Golgi structures versus NMR structure

MESD has two distinct domains that serve as a chaperone and then as an escort.
It is thought that the change of environments from the ER to the Golgi causes the
change from chaperone to escort [62]. Since the Golgi is a more acidic environment than
the ER it is possible that there is a structural change. There are inhibitors available that
will inhibit transport from the ER to the Golgi and vice versa. It is possible, therefore, to
create a batch of mammalian cells with a strict population of MESD located in the ER

only and a separate population of MESD located in the Golgi only. Measurements could
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be taken in these separate compartments to determine if there is a difference in

distance calculations indicated a structural change between the ER and Gogli.

1.5.6.3 MESD serves as a model protein for our technique to address unanswered

questions

MESD serves as an excellent model protein for this thesis due to a number of
reasons. First, it has three tryptophan residues that can act as FRET donors. By using a
native residue, there will be no need to add an additional probe to serve as the donor.
It is also easy to mutate one or two tryptophan residues at a time to reduce the number
of donors, since the simplest measurement involves one donor and one acceptor.
Second, the sequence contains one cysteine residue. There are a number of
commercially available small molecule fluorophores that are thiol reactive and will
covalently bind to the cysteine residue and serve as the FRET acceptor. Third, the MESD
sequence contains an “RDEL” ER-retention signal. This ensures that after the protein
has been delivered inside the mammalian cell using the QQ-protein delivery technique,
it will traffic to the ER and remain there.

Once several basic methodologies have been established, we can also use the
MESD protein to answer several questions pertaining to MESD’s structure and function
within the ER and Golgi. The first step into answering these questions is the production
of a large quantity of pure protein to be used in these structural studies. Bacterial

expression is still one of the best methods for protein production on a large scale.
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1.6 Bacterial protein expression
1.6.1 Recombinant protein production

Recombinant protein expression allows for the production of large quantities of
protein to be used for laboratory study or industrial purposes, typically therapeutics.
Depending upon the final purpose of the protein, scientists choose a host organism to
insert recombinant DNA into that will ultimately produce their target protein in a
controlled fashion. There are many options available for host organisms, including both
prokaryotic and eukaryotic cells, and there are advantages and disadvantages of each

type of host.

1.6.1.1 Prokaryotic expression systems

Bacterial expression systems are the most attractive organisms for heterologous
protein production for a number of reasons. The ability to reproduce rapidly and grow
at high densities results in high yield protein production, as compared to eukaryotic
systems. In addition, bacteria can generally be grown in inexpensive medium and a
large amount of protein can be produced in one day. Bacterial hosts typically have well
characterized genetics that can be manipulated to create even better hosts. Finally, due
to all of the mentioned advantages, there are a multitude of commercially available
products, including bacterial strains, bacterial expression vectors and protein
purification materials, to aid in heterologous protein production utilizing bacterial

expression systems [63-66].
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Escherichia coli remains the most commonly used bacterial host for all the above
mentioned reasons. Expression of eukaryotic proteins inside a prokaryotic cell does not
always result in a properly folded and active protein. However, techniques to optimize
heterologous protein overproduction in E. coli have been explored that significantly
enhanced the yield of the foreign eukaryotic proteins. Two recent excellent reviews

Ill

summarized these optimizations (Table | in Refs. 2 and 3). Some empirical “rules,” for
host strain selection, plasmid copy numbers, promoter selection, mRNA stability, and
codon usage, have been derived from these optimizations that can be used to guide the
design of expression system and to limit the unpredictability of protein expression in E.
coli [64, 65]. However, an important optimization is cell growth conditions and media,
which seems to be target protein dependent and there does not seem to be any
empirical rules reported to date in this aspect [5].

Although E. coli is the most popular host, other bacteria have been utilized as
well. Kay Terpe provided an informative review of all the various bacterial systems that
have been used over the years [66]. Gram-positive bacteria such as Bacilli strains,
Streptomyces, and Staphylococcus carnosus have been used since they typically have
lower protease activity, high secretion capacity and have produced protein in a soluble
form when E. coli was unable to do so. Gram-negative bacteria such as Caulobacter
crescentus, Methylobacterium extorquens, Pseudomonas fluorescens and Ralstonia
eutropha have been used to take advantage of their unique properties. These

properties include the ability to secrete target proteins into media, growth on a single

low cost substrate, production of highly enriched proteins with stable isotopes and
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remarkably high yields of target proteins. These bacteria provide several advantages
over an E. coli system, but due to their rare use, E. coli still proves to be a more

economical choice.

1.6.1.2 Eukaryotic expression systems

In contrast, eukaryotic expression systems are utilized when a full length,
properly modified and active protein is required. A eukaryotic host, such as mammalian
cell culture systems, has the necessary machinery to properly fold and post-
translationally modify target proteins. Mammalian cells lines produce proteins most
closely resembling those made by human cells in the body. However, maintenance of
mammalian cell lines is complicated, costly and protein yield is typically low [4, 67, 68].
In recent years, yeast systems such as Saccharomyces cerevisiae and Pichia pastoris
have been utilized with moderate success. Yeast has the advantages of both prokaryotic
and eukaryotic expression systems. They rapidly grow and are of lower maintenance
and cost, like prokaryotic systems, while having the added advantage of improved
folding and post-translational modifications [67]. However, there are problems that
include but are not limited to hyperglycosylation and reduced secretion [68].

Protein production can also be performed in insect cells using the baculovirus
system. The target gene is inserted into the baculovirus genome and insect cells or
larvae are infected with the mutated virus [69]. Protein production is similar to that of
mammalian cells, in that the insect cells will properly fold and post-translationally

modify the protein. The main advantage of the insect system is the robust nature and
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inexpensive cell culture [4].There are a few disadvantages of the insect system that
prevent it from being more widely used. Specifically, there are complications from the
baculovirus that lead to proteolytic activity and impaired protein production [68].
Filamentous fungi and plants have also been utilized for recombinant protein
productions with limited success. Filamentous fungi have a more advanced post-
translational modification complex, similar to mammals. However, little is known about
their genome and metabolic pathways that there has been successful production of only
a few proteins [68]. Plants cells have also been used sparingly as they have problems

with glycosylation and proteolysis [64].

1.6.1.3 Cell-free expression systems

Another alternative to bacterial expression is the utilization of cell-free systems.
In order to create a cell-free system, cells of bacterial, plant or mammalian origin are
grown to a certain optical density. Afterwards, the cells undergo a series of
centrifugation and lysis ending in the isolation of the subcellular protein producing
machinery [70]. Cell-free systems are advantageous for a number of reasons. First, they
solve the problem of eukaryotic proteins that are toxic to bacterial cells. Second, they
have increased production since all the metabolic resources will be singly focused on
protein production [71]. Finally, cell-free systems that have been isolated from
eukaryotic cells have the ability to post-translationally modify the target protein [4].
Another recent advancement has shown that by addition chaperonins and glutathione

redox buffer improved the folding yields of recombinant proteins produced with a
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bacterial cell-free system [71]. Many of the problems associated with cell-free systems,
such as low protein yield, have been solved by optimizing lysate preparation and
experimental conditions. The last remaining hurdle is the expensive nature of
purchasing commercially available kits or creation of in-house lysates and reaction

buffers [4, 70, 71].

1.6.2 Heterologous protein expression in Escherichia coli

Once the decision has been made to produce a target protein in a lab, several
decisions must be made. First, should the target protein be produced in bacteria, yeast
or mammalian cells? Second, what type of vector should be used? It is suggested that E.
coli be used as the expression host when first attempting expression due to its rapid
results and inexpensive nature [5]. In order to express recombinant proteins inside of
bacteria, a gene construct must be made that includes the target gene inserted in a
plasmid containing a regulated promoter region. The plasmid also contains an affinity
tag that will be attached to the target protein that allows for purification after
expression.

The pET expression vector is a powerful system developed for the cloning and
expression of recombinant proteins in E. coli. Based on the T7 promoter-driven system
originally developed by Studier and colleagues, Novagen's pET System has been used to
express thousands of different proteins [72-74]. In pET vectors, target genes are cloned
under control of strong bacteriophage T7 transcription and translation signals, and

expression is induced by providing a source of T7 RNA polymerase in the host cell. The
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host cell typically has the T7 RNA polymerase gene in the host chromosome under
lacUV5 control and therefore is not expressed until an inducer is added. The lacUV5
promoter is a mutated version of the lac operon promoter with decreased basal activity.
Inducing expression of the T7 RNA polymerase with lactose, or a lactose analog like
IPTG, results in over-expression of the target gene.

In addition to efficient vectors, several bacterial strains have been developed to
facilitate large quantity production of recombinant proteins and they are commercially
available. For example, a BL21(DE3) bacterial strain, developed by Brookhaven National
Laboratory, knocks out intracellular protease expression inside this bacterial strain [75].
This solved the problem associated with protease digestions of the expressed
recombinant protein, significantly enhancing the yield of recombinant proteins. To
overcome codon bias and intracellular toxicity of the recombinant proteins, several BL-
21(DE3) bacterial strains, including BL-21(DE3)pLys and BL-21(DE3) CodonPlus, have
been developed [65, 66].

If the target protein is produced without any biophysical probes, the bacteria are
grown in rich medium to a desired optical density. The inducer is added and the culture
continues to grow for a specific period of time. The cells are harvested and the protein

can be purified based on the affinity tag used.

1.6.3 Protein production in minimal medium
Structural biologists often need to specifically label recombinant proteins with

biophysical probes for their studies. Proteins may be labeled with selenomethionine for
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X-ray crystallography studies or stable isotopes (*H/**C/*>N) for NMR studies amongst
other possibilities. Using any expression system besides a bacterial expression system is
highly inefficient and expensive.

The standard protocol for specifically labeling proteins with biophysical probes
involves first growing bacterial cells in a rich medium, followed by transfer to minimal
medium. Minimal medium has one specific carbon source (glucose) and a single
nitrogen source (ammonium chloride or ammonium sulfate) in addition to various salts,
minerals and metals. The culture is grown until a desired density is reached, then an
inducer is added that allows for expression of the target protein. However, expression
in minimal medium often results in lower protein yields as compared to growth and
expression in rich medium. This is especially true when attempting to make triple-
labeled proteins for NMR studies, which requires growth in D,0-based minimal medium.

Minimal medium is also necessary to specifically label proteins with amino acid
analogues or isotopically labeled amino acids. The problem of “scrambling” arises since
bacteria have the ability to synthesize all twenty amino acids. To ensure that bacteria
do not synthesize their own amino acids, auxotrophic bacterial strains are used.
Auxotrophic bacterial strains usually contain some type of genetic mutation inhibiting
biosynthesis of a specific amino acid(s). Minimal medium supplemented with the
specific amino acids must be used even when working with an auxotrophic strain since

rich medium will contain the standard amino acids.
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1.6.4 Auto-induction method
Recently, Studier introduced an auto-induction bacterial expression method,

which provides several advantages over the standard IPTG induction method, including:

(1) Achieving a high cell density (leading to higher target protein production and
(2) Minimal handling as there is no need to monitor cell growth for induction

[76].

In order for auto-induction to occur, the growth medium must contain varying
amounts of glucose, glycerol and lactose. The bacteria will utilize glucose initially as its
energy source and naturally repress induction despite the presence of lactose. Once the
glucose has been depleted, induction will occur since the bacteria will use glycerol as its
energy source and lactose will remove the repressor protein that is preventing
induction. An inducer molecule, like IPTG, is not needed since the lactose metabolite,
allolactose, is the native molecule necessary to remove the repressor protein from the
lac operon. This method is extremely low maintenance, as it is only necessary to
inoculate the culture medium and wait for the culture to saturate.

Studier and others devised various recipes for different auto-induction medium,
depending on the final use of the target proteins, including auto-induction minimal
medium for proteins to be used for structural studies. This method has been used to
prepare *C/*>N double-labeled proteins for NMR studies and selenomethionine-labeled

proteins for X-ray crystallographic studies, both produced a moderate yield of target
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proteins (~40 mg/L) [77, 78]. Our lab also developed a modified recipe for the
production of triple-labeled proteins (ZH/13C/15N) in D,0-based auto-induction minimal
medium [79].

When using the auto-induction method to produce isotopically labeled proteins
in our lab, we noticed a few problems. First, a high cell density culture did not
guarantee high yield protein production. Second, when expressing proteins in the auto-
induction minimal medium, expression times could take up to several days, especially
with D,0-based medium. Another issue was the expensive *C-glycerol that is a key
ingredient in auto-induction method. All of these problems lead us to re-evaluate our
expression method and develop a method that produced a consistently high yield of

target proteins [79].

1.6.5 High cell-density bacterial expression method

In order to solve the problems we encountered while using the auto-induction
method, we developed a bacterial expression method that maintains the advantage of
the tightly controlled induction by IPTG and utilizes both rich and minimal media to
achieve a very high cell density for production of a very high yield of recombinant
proteins. Unlike the auto-induction method that incorporates minimal medium, our
high-cell-density method does not require long time durations for achieving a high cell
density, which is much more time efficient. This method starts with a cell culture grown
in rich medium that allows for a significantly enhanced initial cell density at the ODgg

values of 3—-7 before IPTG induction, depending on the rich medium used. After
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switching the cells into the minimal medium, the bacterial cells are cultured at a
previously optimized temperature for 1.0-1.5 h and induced with IPTG for protein
expression. With both auto-induction and the high cell density IPTG-induction methods,
the final cell density before cell harvest can reach to ODgyo of 10-20, resulting in very

high yields of protein production [79].

1.6.6 Three critical protocols to ensure a very high yield production of pure

recombinant proteins

During the course of developing our new hybrid expression method, we
developed three critical protocols that would ensure consistent, high yield protein
production. First, expression must begin with a proper starting culture. Typically,
starting cultures are grown in rich medium overnight ending in a saturated culture that
will be diluted in minimal medium for expression. We found that the best results were
obtained when a starting culture was only allowed to grow to mid-log phase of its
growth curve. Second, double colony selection must be performed to ensure a colony
with a stable, high expressing plasmid has been chosen. It is standard practice to screen
colonies after transformation to choose a high expressing colony, but we found that
performing a second round of selection resulted in a more reliable glycerol stock. Third,
optimization of induction temperature, time and IPTG concentration must be performed

on every protein as all of the variables are protein dependent and can vary widely.
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Figure 1-10: Amino acid biosynthesis pathways [85].

1.7.3 Auxotrophic bacterial strains
One way to prevent scrambling is to inhibit the biosynthetic production of the
amino acid in question during induction [86]. However, inhibition is not 100%;

therefore incorporation of the amino acid analogue is not 100% but can be as high as



59

greater than 90% [9]. In order to achieve 100% incorporation and prevent scrambling,
auxotrophic bacterial strains have been developed by various labs [9, 84].

Auxotrophic bacteria strains are typically created by altering the genome in
some way that an important enzyme in an amino acid’s biosynthetic pathway is
rendered nonfunctional. Depending upon where the enzyme acts in the pathway,
several amino acids could be affected or a single amino acid is affected. Using the
asparagine residue as a simple example, it was found that by creating a lesion in the two
genes (asnA and asnB) responsible for converting aspartate into asparagine, a bacterial
strain auxotrophic for asparagine could be created [84].

When using auxotrophic bacterial strains, the bacteria culture is grown in
minimal medium supplemented with the necessary amino acids, but the standard
carbon and nitrogen source can once again be used. Since the bacteria cannot produce

the amino acid it is auxotrophic for, there is no chance of scrambling the label.

1.8 Summary of the literature review

In order to perform protein structural studies using biophysical techniques, pure
protein samples have to be made and these proteins have to be specifically labeled with
probes. In many cases, bacterial expression of proteins in minimal media with labeled
components significantly reduced protein yield and in some cases, result in no protein
production. In this literature review, | reviewed current literature of protein production
using different host systems, including mammalian cells, insect cells, yeast and bacterial

cells. | then focused on bacterial protein expression methods with emphasis on our
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newly developed high cell-density method and the three practical protocols that ensure
this high cell-density bacterial expression method to routinely produce large quantities
of pure recombinant proteins.

In order to develop a novel method to study protein structure inside living cells, |
then reviewed the literature of current structural biology techniques, including X-ray
crystallography, NMR and cryo-EM which are atomic resolution structural biology
techniques and fluorescence imaging and spectroscopy which are lower resolution
techniques. | discussed the advantages and disadvantages of each structural biology
technique and pointed out the possibility of applications for in-cell structural biology
studies of proteins using these techniques. With this discussion, | concluded that the
fluorescence technique may provide the best solution to study protein structure inside
the living cells under a physiological concentration. | further discussed the challenges in
developing an in-cell fluorescence technique that can be used to study protein structure
inside living mammalian cells under a physiological concentration.

The first challenge is to generate a pure, specifically labeled mammalian cell
population that contains only one protein, which is fluorescently labeled. | reviewed the
current in-cell fluorescence labeling techniques in the literature and discussed the
problems of using GFP for in-cell structural biology studies. | further pointed out that
small molecule fluorophores might solve the problem since these fluorescence probes
are sensitive to the changes in the chemical environment of the labeled protein, thus

they could to report any structural changes of this labeled protein inside living cells.
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However, there is no method in the literature that could specifically label a protein
inside mammalian cells with these small molecule fluorophores.

To solve this challenge, | proposed a novel strategy that labels a protein with a
small molecule fluorophore and then delivers this labeled protein into the correct
intracellular compartment of a living cell for structural studies of this protein. | further
proposed to use a tryptophan analog, 5-hydroxy-L-tryptophan (5-HT), as the
fluorescence donor for this proposed strategy, since 5-HT labeled protein might allow us
to separate the labeled protein from intracellular background proteins that contain
regular tryptophans. To achieve this novel strategy, | reviewed the literature of protein
labeling techniques with small molecule fluorophores and with specific amino acid
analogs. | also reviewed current protein delivery techniques and pointed out that our
newly developed QQ-protein delivery technique might serve as a physiological relevant
protein delivery technique to achieve this proposed novel strategy.

To gain protein structural information inside the cells under a physiological
condition, | proposed to develop an in-cell FRET technique to measure the distance
between a specifically labeled fluorescence donor and acceptor either within a protein
or between proteins. | reviewed the literature of the current FRET theory and its in vitro
applications. | further proposed to use a protein called MESD as a model protein for my
study. | reviewed the literature of MESD with the focus on the unsolved questions about

this protein for its structure and biological functions.
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CHAPTER 2
HIGH CELL DENSITY IPTG-INDUCTION BACTERIAL EXPRESSION FOR

PRODUCTION OF GRAM/LITER PURE RECOMBINANT PROTEINS

2.1 Introduction

In order to perform in vivo FRET experiments, the target protein must be labeled
with an amino acid analogue which requires growth in minimal medium with
auxotrophic bacterial strains. High level expression in minimal medium ensures that |
could efficiently produce enough proteins to be used in both the in vitro and in vivo

FRET experiments.

Bacterial expression systems are the most attractive organisms for heterologous
protein production for a number of reasons. The ability to reproduce rapidly and grow
at high densities results in high yield protein production, as compared to eukaryotic
systems. In addition, bacteria can generally be grown in an inexpensive medium and a
large amount of protein can be produced in one day. Bacterial hosts typically have well
characterized genetics that can be manipulated to create even better hosts. Finally, due
to all of the mentioned advantages, there are a multitude of commercially available
products, including bacterial strains, bacterial expression vectors and protein
purification materials, to aid in heterologous protein production utilizing bacterial

expression systems [63-66].
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Escherichia coli remains the most commonly used bacterial host for all the above
mentioned reasons. Expression of eukaryotic proteins inside a prokaryotic cell does not
always result in a properly folded and active protein. However, techniques to optimize
heterologous protein overproduction in E. coli have been explored that significantly
enhanced the yield of the foreign eukaryotic proteins [87].

Structural biologists often need to specifically label recombinant proteins with
biophysical probes for their studies. Using any expression system besides a bacterial
expression system is highly inefficient and expensive. However, bacterial expression in
minimal medium often results in lower protein yields as compared to growth and
expression in rich medium such as LB and 2X YT.

However, minimal medium is necessary to specifically label proteins with amino
acid analogues or isotopically labeled amino acids. The problem of “scrambling” arises
since bacteria have the ability to synthesize all twenty amino acids. To ensure that
bacteria do not synthesize their own amino acids, auxotrophic bacterial strains are
developed. Auxotrophic bacterial strains usually contain a certain type of genetic
mutation(s) inhibiting or knocking out biosynthesis of a specific amino acid(s). Minimal
medium still must be used even when working with an auxotrophic strain since rich
medium will contain all the standard amino acids. Minimal medium supplemented with
isotopically labeled amino acid(s) or amino acid analogues allows the auxotrophic
bacterial strain to grow and produce labeled proteins without scrambling.

Recently, Studier introduced an auto-induction bacterial expression method,

which provides several advantages over the standard IPTG induction method, including:
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(1) Achieving a high cell density and
(2) Minimal handling as there is no need to monitor cell growth for induction

[76].

However, we were unable able to obtain consistent results using this method. In
addition, protein yields were not very high using the auto-induction method although
the cell density could get quite high. Following the idea of auto-induction, we developed
a bacterial expression method that maintains the advantage of the tightly controlled
induction by IPTG and utilizes both rich and minimal media to achieve a very high cell
density for production of a very high yield of recombinant proteins. Unlike the auto-
induction method, our high-cell-density method does not require longer time durations
for achieving a high cell density, which is much more time efficient. Most importantly,
we developed several practical protocols, to ensure high yield protein production at
high cell density. These protocols allow us to use regular incubator shakers and original
bacterial expression vectors. Our high cell density IPTG induction method is able to
produce nearly gram quantity of pure recombinant proteins from a liter bacterial cell

culture.

2.2 Materials and Methods
2.2.1 Bacterial strains, plasmids and media
Seven different proteins were tested, including two different constructs of

receptor-associated protein, RAP (1-210), RAP (91-323), truncation mutants of the
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human apolipoprotein E, apoE (1-183) and apoE (1-214), full-length apoE, a truncation
mutant of mouse apolipoprotein Al, apoAl (1-216), and full-length human apoAl. The
genes of these proteins were subcloned into different expression vectors as follows:
RAP (1-210)/pET30a, RAP (91-323)/pET30a, human apoE (1-183)/pET22b [88], human
apoE (1-214)/pTYB1 [89], apoE/pET30a-sHT [90], mouse apoAl (1-216)/pET30a [91]and
human apoAl/pET30a-sHT [92]. The pET vectors were from EMD Biosciences and the
pTYB1 vector was from New England BioLabs, MA. We engineered the pET30a vector to
introduce a Factor Xa site between the long his-tag and the target gene. The pET30a-
sHT is also an engineered pET30a vector in which the long his-tag was replaced by a
short his-tag containing a six histidine tag plus a two serine linker. The pET30a and
pET30a-sHT are kanamycin resistant vectors whereas the pET22b and pTYB1 vectors are
ampicillin resistant vectors. The expression vectors were transformed in to BL-21(DE3)

bacterial strains.

2.2.2 Creating a proper starting culture

To find the best cell density to prepare proper starting cultures, we added
glycerol stock to a 5 mL LB culture containing the appropriate antibiotic and measured
the ODgyo every 30 minutes for 10 hours. After plotting time vs. ODggo, We could
determine the various phases of bacterial cell growth: lag, exponential/log and
stationary. Once the mid-log phase could be determined, we will use the ODgy of the

mid-log phase as our starting culture. We noticed that different bacterial strains display



66

different growth curves, thus have to be tested when a new bacterial strain is used for

the first time.

2.2.3 Traditional IPTG-induction bacterial expression method

We use this expression method to either check protein expression levels of
different colonies during double colony selection or serve as an expression control.

For double colony selection, we used a small-scale expression with the following
procedure: 2 mL of LB media was inoculated with a single colony from a freshly
transformed plate as the starting culture and cultured at 37°C. When the ODgqg reached
the middle of its growth curve (usually between 3 and 5), 50 ul of the starting culture
was added to 5 mL of the minimal M9 medium to obtain an initial ODggo between 0.05
and 0.1. When the culture reached an ODggg of ~1.0, it was induced with 0.5 mM IPTG
and incubated at 20°C overnight [Human apoE (1-215), full-length apoE, mouse apoAl,
human apoAl, RAP (1-210), RAP (91-323)] or at 28°C for 16 - 18 h [human apoE (1-183)].
Two hundred fifty microliters of cell suspension was collected and spun down at 3300g
for 5 - 10 min. The cell pellet was resuspended in 50 uL of 2X SDS gel loading buffer and
heated at 90°C for 30 min. Cell debris and DNA molecules were pelleted by centrifuging
at a maximum speed for 10 min in a benchtop microcentrifuge. Finally, 10 pL of the
supernatant was loaded into the SDS-PAGE gel to check the expression level.

For the IPTG method as an expression control, we used a 50 mL expression with
the following procedure: 10 mL of LB media was inoculated with glycerol stock (after

double selection) as the starting culture and cultured at 37°C. When the ODgy of the
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starting culture reached between 3 and 5, 500 pl of the starting culture was added to 50
mL of the minimal M9 medium to obtain an initial ODggy between 0.05 and 0.1. When
the culture reached an ODggg of ~1.0, it was induced with 0.5 mM IPTG and incubated at
20°C overnight [Human apokE (1-215), full-length apoE, mouse apoAl, human apoAl, RAP
(1-210), RAP (91-323)] or at 28°C for 16—18 h [Human apoE (1-183)]. The cells were

harvested and the cell pellet was used for protein purification.

2.2.4 Double colony selection

First, LB agar plates were prepared either in H,O or in 70% D,0 (for triple-labeled
protein expression). For 70% D,0 plates, the agar medium was not autoclaved, but
microwaved until the agar dissolved. Three milliliters of agar was poured into a 35 mm x
10 mm petri plate (Corning, NY). Bacterial cells, either from a glycerol stock or 5 uL of a
starting culture that has been diluted to an ODgg of ~0.05 - 0.1, were streaked onto the
LB agar plates. Several colonies were picked from the plates next morning, and the
expression levels of these colonies were checked using the traditional IPTG induction
expression. Glycerol stocks were prepared for each colony. We chose the colony with
the highest protein expression and went through another round of selection, following
the procedure described above. The colonies selected from the double selection were
used for preparation of glycerol stocks and were stored in a —80°C freezer. Once the
double colony procedure is completed and high protein production is achieved, we

recommend making at least 10 glycerol stocks to be stored in a —80°C freezer. Our
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experience is that these glycerol stocks can be used even after two years storage and

will still produce a similar high protein yield.

2.2.5 High-cell density IPTG-induction bacterial expression method

This expression method uses rich medium to achieve an initial high cell density
before switching to minimal medium for expression. We started bacterial expression
using a rich medium, such as LB or 2X YT, at 37°C. Once the cell density reached a cell
density that was in the middle of its exponential phase, we switched the cell culture by
gently spinning down cells and resuspending the pellet into the same volume of minimal
medium. After switching the medium, we cultured bacterial cells for another 1.0 - 1.5
hours without adding IPTG, at the optimized temperature that is used for the cell
culture after IPTG induction. During this period, the ODggg of the cell culture should
increase by 0.5 - 1 unit. IPTG was then added to induce protein production. The cell
culture was incubated at the same temperature for a period that is optimized for
different proteins before cell harvest. Usually, we found that the ODggg value at the end
of the cell culture increased by 2 to 3 fold compared with the ODggg value from the start
of IPTG induction. Therefore, before harvesting the cells, the bacterial culture can reach
an ODggo of 10 - 15 with LB as the starting rich medium and an ODggg of 15 - 20 using 2X
YT. This is about a 5 to 10 fold increase in ODggg compared to that of the regular IPTG

induction bacterial expression in minimal medium.
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2.2.6 Optimization of various conditions

Another important step for high level protein production using high-cell density
bacterial expression is to optimize the expression conditions such as culture
temperature, IPTG concentration and induction time. These steps are critical for the

initial expression of a protein using the high cell density expression method.

2.2.6.1 Temperature Optimization & Time Course

We prepared several 10 mL starting cultures in a rich medium at 37°C. Usually
three cultures were started to check induction temperatures at 15, 20 and 37°C;
however, if space and time permitted, we also checked induction temperatures of 18,
room temperature and 28°. Once the optimal ODgyo was reached, we gently spun down
the culture and resuspended the cell pellet in 10 mL minimal M9 medium. We placed
each flask in the appropriate incubator shaker and let the culture grow for 1 — 1.5 hours.
At this point, we checked the ODgog to make sure the culture had adapted to the
minimal medium. An ODgqg increase of 0.5 to 1.0 units is a good indication that the
bacterial cells have adapted well to the minimal M9 medium. We then added 0.5 mM
IPTG to each culture and put the flasks back into the appropriate incubator shakers.

For the cultures growing at temperatures below 25°C, we allowed the cultures to
grow overnight (14 — 16 hours). The following morning, we began collecting 500 pL
samples and monitoring the ODggy every two hours for the remainder of the day
(collected samples 14 — 28 hours after induction). For the cultures growing at

temperatures above 25°C, we collected 500 pL samples and monitored ODgg every 2
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hours after induction for a total of 8 hours. Once all the samples had been collected, we
performed SDS-PAGE analysis to determine at which temperature the bacteria produce
the highest protein yield.

During the time course, we closely monitored the pH of the medium, ODgyo and
protein yield. This allows us to obtain the best pH of the starting minimal medium, best
cell culture temperature after IPTG induction and the best time to harvest bacterial cells

for the highest protein yield.

2.2.6.2 IPTG concentration optimization

Once the optimal induction temperature and time were determined, we will
determine the optimal IPTG concentration. We prepared several 2 mL starting cultures
in a rich medium at 37°C. Once the optimal ODgyy Was reached, we gently spun down
the culture and resuspended the cell pellet in 2 mL minimal M9 medium. We placed
each tube in the incubator shaker set at the optimized induction temperature and let
the culture grow for 1 — 1.5 hours. At this point, we checked the ODggo to make sure the
culture had adapted to the minimal medium. We then added various amounts of IPTG:
0.1, 0.25, 0.5, 0.75 and 1.0 mM. We put the tubes back into the appropriate incubator
shaker and let the culture grow for the optimized induction time. Finally, we collected
500 pL from each culture and performed SDS-PAGE analysis to determine the optimal

IPTG concentration.
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2.2.7 Aeration and medium pH

A bacterial culture grown to a high cell density results in a decrease in available
dissolved oxygen and a large release of metabolites that will lower the culture pH [76].
In order to increase the available dissolved oxygen, we tested various culture volumes
to flask size ratios, in addition to shaker speed. We also added NaOH to increase the

starting medium’s pH to various levels to determine the best starting pH.

2.3 Results
2.3.1 High cell density IPTG induction bacterial expression method

Figure 2-1 shows a comparison of the procedures and final ODgy before cell
harvest for three different bacterial expression methods used in our studies. The
traditional IPTG induction method we used in the laboratory uses minimal medium for
bacterial expression. This is because we frequently prepare isotopically labeled proteins
for NMR studies, which requires minimal medium with 13C—glucose and ®NH,Cl in either
H,O for double-labeled proteins or in D,0 for triple-labeled proteins.

As Figure 2-1 indicates, the final ODgy of the traditional IPTG induction
expression before cell harvest is usually about 2 — 3. We tested auto-induction
expression for both unlabeled and triple-labeled proteins. Direct application of Studier’s
protocols using the C750501 recipe lead to inconsistent results [76]. For some proteins,
the yield was a two to three-fold increase compared with the traditional IPTG method,
whereas for other proteins, bacteria either did not grow or only a poor yield was

obtained. This is especially true when we grow bacteria in D,0 for triple-labeling, which
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is not very surprising because different growth patterns for bacteria in D,0 and H,0 are
expected. In addition, we frequently observed a phenomenon during auto-induction
experiments: using minimal media, the ODgyo reached quite high levels (usually 8-20),
but no protein production was observed. Due to these inconsistences, we developed the
third bacterial expression method. The hybrid high cell density method uses rich
medium, such as LB and 2X YT, to reach a high cell density before IPTG-induction. We
then switch the culture medium by gently spinning down the cells and resuspending to

an equal volume of minimal medium.
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Figure 2-1: A schematic diagram of thee expression methods used in this study.
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A similar method was reported previously by Cai et al. and by Marley et al. for
making double-labeled protein with 13C—glucose and °NH,CI [93, 94]. The procedure
carried out by Cai et al. used a fermentor with a carefully controlled O, level and pH,
whereas our method uses a regular incubator shaker that is commonly used in many
laboratories for bacterial expression [93]. Marley et al. generated a cell mass with
unsaturated LB medium (ODggo = 0.7) [94]. They then concentrated the suspension (2X,
4X, and 8X) and transferred the bacteria into isotopically labeled minimal medium for
expression. The cells were incubated for 1 h at 37°C to allow for the discharge of
unlabeled metabolites and then induced with IPTG. They discovered that the 4X
concentrated LB medium conferred maximal protein expression.

We found that a bacterial culture should not be saturated in the rich medium,
because a saturated bacterial expression would not result in a high yield of protein
production [76]. Instead, the ODgyy of the bacterial cell culture in the rich medium
should be an intermediate value, preferably in the middle of its log phase, to ensure
high level protein expression. This will also avoid the problems associated with cells
going into stationary phase, such as induction of proteases [5]. For example, our
experience suggested that an ODgy at 3—5 in LB medium and an ODggg at 5-7 in 2X YT
medium were adequate before switching to minimal medium. After switching the
medium, the bacterial cells were cultured at a previously optimized temperature for
another 1.0 — 1.5 hours before IPTG induction, to allow bacterial cells to adjust to
minimal medium and to the new culture temperature. Using this high cell density

III

method, we can easily achieve IPTG induction within a “normal” working day, making
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this method time efficient when comparing with the auto-induction method. For
isotopic labeling of proteins using the high cell density method, a slightly longer period
of medium exchange time, such as 1.5 — 2.0 hours, at a lower temperature might be
preferred, because this not only allowed for the clearance of the unlabeled metabolites
but also slowed down the bacterial growth during the exchange period, preserving the
labeled nutrients for protein synthesis after IPTG induction. At the end of this short
period of medium exchange time, the ODgqg of cell culture should increase, normally, by
~ 0.5 — 1.0 units. After IPTG induction, the bacterial cells are cultured at an optimized
temperature for an optimized time period before harvest. With this method, the final
cell density before harvest can reach ODggo of 10-20, which significantly enhances the
protein yield.

It is important to point out that there is no guarantee that a high cell density cell
culture results in a high protein yield. As we described earlier, several drawbacks occur
at high cell density bacterial expression, including plasmid loss, reduced medium pH,
and limited dissolved molecular oxygen, causing either no protein production or a low
protein yield. Indeed, when we initially worked with high cell density bacterial cultures,
we frequently encountered a situation that even though cell density became quite high,
the protein yield was either very low or no protein production could be seen at all. In
addition, the protein expression yield was not always repeatable. We sometimes
obtained an intermediate protein yield when we started with a freshly transformed
colony. The other times we obtain a very low protein yield or no protein production at

all even with a freshly transformed colony. When we started expression with freshly
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prepared glycerol stocks, most of the times we only obtained a very low protein yield.
To solve these problems, we further developed the following practical protocols that
ensure repeatable very high vyield protein production using these high cell density

bacterial expression methods.

2.3.2 A proper starting culture

The general practice in most labs is to make a starting culture by growing an
overnight culture using rich medium, such as LB, at 37°C. We observed that an
overnight starting culture in rich medium at 37°C usually reached saturation by the next
morning. A saturated overnight culture might result in plasmid instability because of
the basal leakage of the T7 expression system [95]. This usually resulted in a poor yield
of target protein. We found the best time to utilize a starting culture, with the least
amount of plasmid instability, was in the middle of the exponential growth phase. For
all expressions hereafter, we grew a starting culture in a rich medium (H,0 or D,0
based) for several hours at 37°C until the ODggo Was in the middle of its exponential log
phase; typically an ODggo between 3 and 5 for cultures grown in LB medium and 5 and 7
for cultures grown in 2x YT medium. For example, Figure 2-2 shows the growth curve
for LCAT (lecithin:cholesterol acyl transferase) using a pET30a-sHT vector inside
BL21(DE3) cells. The optimal ODggg for LCAT is ~2.5 and is reached after 7 hours of
growth in a 50 mL cell culture. If the culture was grown in D,0O based rich medium, the
growth rate was much slower. This method for obtaining a proper starting culture is

used in both the traditional IPTG method and our new high cell density method.
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Figure 2-2: Plot of E. coli growth with the middle of the log phase at an ODgyq value of ~ 2.

2.3.3 Double colony selection

We observed that colony selection was one of the most important factors for
high level protein production using high density bacterial expression methods. This is
especially true for bacterial expression in D,O when making triple-labeled proteins. As a
common laboratory practice for high level protein production of proteins, we routinely
select high level expressing colonies. However, we often found that a low vyield of
protein was obtained using the glycerol stock made with a selected colony, even though
this glycerol stock previously produced high yield protein. Such a situation happened
quite often when we worked with human proteins that were toxic to the bacterial cells.
This situation is also often observed when bacterial expression is carried out in D,0. To
solve this problem, we have developed a double colony selection protocol. In this

protocol, the LB medium was inoculated with a single freshly transformed colony for a
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starting culture, which was grown to an ODggg of 0.7—0.9. The medium was then spread
onto a plate, followed by selection of colonies from the plate. The selected colonies
were checked for protein expression levels using the traditional IPTG-induced
expression. After expression, 200-500 uL of cell suspension was spun down and the cell
pellet was treated with SDS loading buffer for 20 min at 70°C. An SDS-PAGE was carried
out to check the expression level. Only those colonies that displayed high level
expression will be used for the second selection. The second selection repeated the
aforementioned procedure. If this double colony selection is used for selecting high
level protein expression colonies in D,O, we will carry out all the aforementioned
experiments in D,0, including D,0 plates.

With this double colony selection procedure, we were able to select several
colonies for high level expression of a protein, whereas our previous experiments
showed very low protein production in D,O. An example can be seen in Figure 2-3,
showing SDS-PAGEs of expression levels of apoE (1-215), using an apoE (1-215)/pTYB1
expression vector, in D,0 before (Panel A), during (Panel B), and after (Panel C) double
selections. Panel A shows a lower protein production yield for all four colonies that were
picked from a freshly transformed plate. However, colony 2 seemed to give a higher
protein expression level (Lane 2), thus was selected for the next round of colony
selection. Panel B shows a comparison of three different colonies from colony 2 selected
in Panel A (Lanes 1-3) and another three different colonies from a double-colony
selection (Lanes 4-6), suggesting that Colony 3 (Lane 3) gave the best protein expression

level after the first-colony selection. Using Colony 3, we made a plate and picked three
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more colonies, Colonies 4—6. The second colony selection indicated that Colony 6 gave

the best protein expression level. With Colony 6, we made another plate and picked six

colonies.
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Figure 2-3: SDS-PAGEs of protein expression of apoE (1-215)/pTYB1 in D,O before (Panel A), during (Panel
B), and after (Panel C) double-colony selections. Arrows indicate the expected protein band (~80 kDa,
apoE (1-215) + intein + CBD). Panel A shows four different colonies before colony selection. Panel B shows
results of three different colonies selected from the single-colony selection (Lanes 1-3) and another three
colonies selected from the double-colony selection (Lanes 4-6). The second-colony selection was based
on Colony 3 (Lane 3) in the single-colony selection, because this colony gave a higher protein production.
Panel C shows the results of six colonies from the double-colony selection, indicating a high protein

expression level of all six colonies. Molecular weight markers are labeled with kDa.

It clearly demonstrates that all six colonies after double selection indeed solved

the problem of low expression of apoE (1-215), resulting in a very high-level expression
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of target protein in D,O (Panel C). In contrast to single colony selection, a glycerol stock
prepared using a colony from double colony selection can pass on for many generations
and always give a consistent reproducible high level protein production. Therefore, a
double colony selection procedure is recommended for colony selection of high level

expressing colonies.

2.3.4 Optimization of bacterial expression in D,0

Protein expression and purification is a routine practice in many NMR labs, but it
is not uncommon to see a drastic reduction in protein yield when isotopically labeling
the proteins, especially when D,0 must be used. If the bacteria did not grow well in 70-
99% D,0, we found that training the bacteria to adapt to D,0-based medium and
performing double colony selection upon D,0 plates solved the problem. First, we
performed double colony selection (as outlined in section 2.2.4) utilizing 70% D,0
plates. Next, we trained the bacteria by picking a colony off a D,0 plate and startinga 5
mL bacterial culture of LB medium in 25% D,0. Once the ODggg of the culture reached
1.0 at 37 °C, we transferred 100 uL of the cell culture into 5 mL of LB medium in 50%
D,0. The starting ODggo of this new culture is about 0.1. We let the cell culture grow at
37 °C until the ODggp reached 1.0 and transferred 100 pL of the cell culture into 5 mL of
LB medium in 75% D,0. The culture grew at 37 °C until the ODggo reached between 2
and 3. At this point, we set some aside to be used to make glycerol stock and the
remaining culture was used as a starting culture for expression. Figure 2-3 shows an

example of double colony selection on D,0 plates. After training the bacteria, we
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consistently obtained 15 mg triple-labeled protein per 50 mL cell culture, as opposed to

0.6 mg per 50 mL cell culture using the traditional IPTG method.

2.3.5 Optimization of high cell-density IPTG-induction bacterial expressions
2.3.5.1 Temperature and Time optimizations after IPTG-induction

Another important step for high level protein production using a high cell density
bacterial expression culture is to optimize expression conditions, such as culture
temperature and the time after IPTG induction. This step is critical for the first time
expression of a new protein using the high cell density expression method. First, we
carry out time courses at different temperatures, such as 15, 20, 23 (room
temperature), 28, 30, and 37°C. We closely monitor the following parameters: ODgqo,
pH, and target protein production. We normally make a 10 mL culture, either D,0 or
H,0-based, for the temperature and time course. To check target protein yield, we take
500 pL from the culture every 2 hours after IPTG induction (depending on the
temperature), spin down, treat the cell pellet with SDS loading buffer for 30 min at 90°C,
and take 10 pL to run SDS-PAGE. As an example, Figure 2-4, Left Panel shows an SDS-
PAGE gel of a time course of triple-labeled human apoAl expression in D,O at room
temperature and Panel B shows a Western blot of the same time course. At each time
point, we also checked pH of the expression medium and ODgg. This figure clearly
demonstrates the importance of the time course, indicating that either apoAl does not
have enough time to be expressed under 30 hours or the expressed apoAl starts to

degrade after 40 hours, both resulting in low protein production. In contrast, bacterial
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expression at 36 hours gave the highest protein yield as confirmed by the Western blot

in the right panel of Figure 2-4.

75 kD

50 kD

37 kD
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Figure 2-4: Left Panel: An SDS-PAGE showing a time course of triple-labeled human apoAl expression in
D,0 at room temperature. The expected apoAl band is indicated by an arrow. Lane 1:24 h, Lane 2:28 h,
Lane 3:32 h, Lane 4:36 h, Lane 5:40 h, Lane 6:44 h, and Lane 7:54 h. Right Panel: Western blot of the same

time course using an anti-human apoAl monoclonal antibody, 5F6.

Table 2-1 lists the ODggg, pH, and protein yield at each time point, suggesting
that ODggo has indeed reached its maximum at 36 hours (ODggo = 9.1), resulting in the
highest protein yield. In contrast, the pH of the expression drops from the starting
pH.7.2 to 6.01 after 36 hours. Further reduction of pH may lead to significant instability

of the plasmid, resulting in plasmid loss and significant reduction of the protein yield.
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Table 2-1: Parameters of the time course of human apolipoprotein A-l expression

Time 24h 28h 32h 36h 40h 44h 54h
ODsoo 2.5 3.9 7.2 9.1 8.4 8.0 8.1
pH 6.6 6.5 6.3 6.0 6.0 6.0 6.1
Protein yield - + ++ +++ ++ ++ -

For the seven proteins we tested, we found that different proteins require
different temperatures for the optimized yield. For example, we expressed the two
fragments of RAP, RAP (1-210) and RAP (91-323) at 37°C. For human apoE N-terminal
domain, apoE(1-183), expression was carried out at 28°C. For apoE(1-215)/pTYB1,
optimal expression temperature was 20°C after IPTG-induction and for the two apoAl
proteins, experiments at room temperature provided the best yields. Nevertheless, time
course experiments at different temperatures allow us to quickly optimize expression

conditions for a high level production of proteins.

2.3.5.2 Optimized media
2.3.5.2.1 *C-glucose optimization for high cell density bacterial expression

High density bacterial cells require more nutrition in the minimal medium, which
usually uses NH,4CI as the nitrogen source and glucose as the carbon source. For making
isotope-labeled protein, we use NH,Cl and *C-glucose to replace normal NH,Cl and

glucose for double-labeling the proteins. We intended to optimize both *>NH,Cl and **C-
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intracellular protein concentration, have been optimized, providing a solid foundation
for successful FRET-experiments. With the successful optimizations of all these various
aspects outlined in this chapter, we believe that with a few more years of dedicated
exploration into this methodology development, this technique could become a feasible

atomic-resolution in-cell structural biology tool.
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CHAPTER 5

CONCLUSIONS AND FUTURE DIRECTIONS

5.1 Conclusions

The primary objective of this thesis is to develop an in-cell structural biology
technique that can be used to study protein structures inside living cells. In order to
achieve this goal, many factors must be considered. First, after examining all the
available atomic resolution structural biology tools (NMR, X-ray crystallography and
cryo-EM), we concluded that the X-ray crystallography and Cryo-EM techniques were
not suitable to study protein structure within living cells. The NMR technique, although
possible for in-cell experiments, requires high intracellular concentration of labeled
proteins which are much higher than physiological concentration of a protein inside the
cells. Forster resonance energy transfer (FRET), on the other hand, has great potential to
become a structural biology tool for studying protein structure inside living cells. FRET
does not suffer from the same limitations as the other structural biology tools, such as
crystallization/freezing of the sample, broadening spectral linewidths, and excessive
intracellular concentration issues.

After deciding upon FRET as the chosen technique, a model protein with a
known structure had to be chosen and possible donor and acceptor molecules were
considered. MESD was chosen as the model protein due to our lab’s expertise in
working with this protein and recently determined NMR structure of MESD. MESD had

attractive features when determining possible donors and acceptors. In order to keep
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the protein as least perturbed as possible, tryptophan was chosen as the donor taking
advantage of its intrinsic fluorescent properties. MESD contains three tryptophan
residues and after two rounds of mutagenesis, single tryptophan mutants were
generated. MESD also contains one cysteine residue which can be used to label with
the acceptor. |AEDANS is a thiol-reactive probe that has an absorption spectra
overlapping tryptophan’s emission and will allow for the labeling of the protein with a
single acceptor.

The final challenge to overcome when choosing the donor and acceptor was the
ability to specifically excite the target protein within the living cells. The excitation of
tryptophan in the target protein is not problematic in vitro, but once the target protein
is inside living cells, all proteins containing tryptophan residues will be excited. To solve
this problem, the target protein can be labeled with a tryptophan analogue (5-hydroxy-
L-tryptophan) which has a broadened absorption spectrum and can be specifically
excited at 310 nm. At this wavelength, regular tryptophan is not excited. Using this
strategy, we could only excite the protein of interest inside the cell, while the
background intracellular proteins remain un-excited for our in-cell FRET experiments.

The possibility of using FRET to measure multiple distances with a single
measurement needed to be explored in order for this new technology to be valuable
structural biology tool in the future. Proteins samples were generated that contained
multiple donors and a single acceptor. Synchronous scanning fluorescence spectroscopy
has the ability to identify multiple fluorescent components contained in a mixture by

varying both the excitation and emission wavelengths simultaneously during data
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collection. The tryptophan residues of MESD were shown to be in unique chemical
environments which results in varying emissions spectra from each residue. After
optimizing data collection procedures and careful analysis of the resulting spectra, FRET
peak separation was shown to be a possibility. Assignment of peaks resulting from
individual residues was elucidated. Further exploration of this technique may vyield
interesting results leading to the calculation of multiple distances based on a single FRET
experiment.

It is possible to produce large quantities of MESD with bacteria and fluorescently
label the protein in vitro. Once labeled, it can be modified with the QQ-reagents and
delivered to the ER of living cells. The next step is to optimize the conditions necessary
for successful in-cell FRET measurements. A number of factors were examined,
including sample preparation, cuvette size, buffer conditions and cell line used for
delivery. After careful optimization of these conditions, we could collect descend in-cell
FRET spectra of MESD using Hela cells. We believe that with the continued optimization
of these conditions, a viable in-cell FRET technique can be developed into a robust

structural biology tool in the near future.

5.2 Future directions

5.2.1 Proposed optimized experimental conditions for in-cell FRET experiments
Based on the results of this thesis, we can propose a methodology for in-cell

FRET experiments. First, in regards to instrumentation, the QuantaMaster 6

Spectrophotometer (Photon Technology International, New Brunswick, NJ) can be used
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with the addition of a rubber stand to the cuvette holder. This stand will allow the
sample to be excited near the bottom of the quartz cuvette instead of the middle. A stir
bar, set at a gentle speed, can be used to keep the cells suspended during data
collection. The FeliX32 software provided by PTI contains necessary experiments for
data collection including the “Emission Scan Method” and “Synchronous Scanning
Method”.

To produce a selectively labeled protein with a single donor/acceptor pair, a
protein must be produced in an auxotrophic bacteria strain and the culture medium will
be supplemented with 5-hydroxy-L-tryptophan (donor). After obtaining the protein
powder, it is then labeled with the small molecule fluorophore IAEDANS (acceptor).
Finally, the labeled protein is QQ-modified and mixed with cell culture medium for QQ-
delivery of the protein into mammalian cells.

We determined that Hela cells loaded with fluorescently labeled protein
resulted in the best spectral quality, as compared to fibroblasts and ID8 cells. Another
advantage of the Hela cell line is that it can be grown in suspension or adherent
cultures. Since the in-cell FRET experiments will be performed in suspension, the results
might be more physiologically relevant using a cell line that normally grows in
suspension as well. After the Hela cells have been loaded with labeled protein and
properly washed, they should be suspended in 1 mL PBS buffer and have the
fluorescence spectra collected immediately. If the protein used in the experiment has a

single donor/acceptor pair, an emission scan can be collected in 10 minutes. A final
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spectrum should be collected that directly excited IAEDANS which will be used for
protein concentration determination.

After performing the in-cell FRET data collection, a set of protein standards with
known protein concentration should have emission spectra collected as well. The
emission peaks will be plotted against the corresponding protein concentration and a
best-fit line equation will be generated. This equation can be used to determine the
intracellular protein concentration of the samples used in the in-cell FRET experiments.
The cells must be counted after the in-cell FRET experiment and this number can be

used to calculate an intracellular concentration with units pug/mL or ng/mL.

5.2.2 Calculation of multiple FRET distances

In vitro fluorescence spectroscopy of protein samples containing multiple donors
and one acceptor will be used first to establish a methodology that allows for multiple
distance calculations. After preparing protein samples that contain multiple donors and
a single acceptor, the synchronous scanning fluorescence spectra will be optimized to
ensure best separation of FRET peaks. The strategy that was outlined in chapter 3 can
be used to assign an individual FRET peak to a specific donor/acceptor pair. This
strategy involves comparisons of synchronous scanning spectra of a protein that has 0,
1, 2 and 3 donors, each with 1 acceptor. The next challenge to overcome is the
calculation of the distance between a donor and acceptor based on changes in the FRET
peak and not the donor emission peak. Theoretically, this should be possible since the

distance between the donor and acceptor determines the intensity of the FRET peak.
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Once this methodology has been established in vitro, the next step is to
determine multiple distances of multiple donors to a single acceptor in a target protein
within living cells. This step will lead us in the direction of making the in-cell FRET
technique a high-resolution structural biology tool. If multiple distances can be
calculated, then by changing the acceptor position via mutagenesis and creating a set of
mutants that contain multiple donors and a single acceptor in varied position, this will
allow us to obtain many distances between two residues with a minimum effort in
sample preparation, possibly generating a protein structure at atomic resolution using

computer simulation with these distance restraints.

5.2.3 Solving biological questions

The goal of any scientific endeavor in this field is to ultimately answer biological
guestions. By creating an in-cell structural biology tool, we will be able to answer a
number of previously unanswerable questions. For instance, does the in vivo structure
of a protein match the structure determine in vitro? Do different chemical
environments of different intracellular compartments have an effect on protein
structure?

To answer these questions, the in-cell FRET technique first needs to be
established. Then, several cell biology techniques can be utilized to specifically address
certain questions concerning protein structure within living cells. First,
knockout/knockdown/transgenic techniques can be used to create special cell lines that

remove interaction partners of the target protein. Using MESD as an example, siRNA
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could be used to knockdown the expression of LRP5/6 which are the interacting
partners. The structural information gained from this cell line can be compared to
structural information of a cell line that is overexpressing LRP5/6.

Another cell biology technique that can be utilized is the use of small molecule
inhibitors that will block transport from ER to the Golgi or vice versa. By using these
inhibitors, we could examine structural information of MESD within the ER only and
compare it to structural information of MESD within the Golgi only. MESD is known to
act as a chaperone and escort with two domains. At some point, there is a structural
change of MESD that switches its function from chaperone to escort. By confining the
protein to a specific compartment, these changes might be elucidated.

Another use for the in-cell FRET technique could be to observe the effects of
post-translational modification on a protein structure. A series of samples could be
created that would first allow for the collection of structural information immediately
following protein delivery. The following samples could be taken at increments of 30
minutes post-delivery. Structural changes might be seen throughout this time course
indicating either post-translational modifications or trafficking through various
intracellular compartments with varying chemical environments. In addition, special cell
lines can be generated to knockdown or knockout specific glycosylation enzymes and
these special cell lines can be used to study protein structure inside cells.

Another avenue of study using in-cell FRET is to study protein-protein
interactions. Two proteins can be delivered simultaneously or consecutively using the

QQ-protein delivery technique. One protein can be strategically labeled with a donor,
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while the other protein is strategically labeled with an acceptor. After QQ-delivery into
the cells, in-cell FRET can be performed on these proteins as they function in their
correct intracellular compartment.

The overall significance of this work will be the development of a structural
biology tool that can be used to determine atomic resolution protein structure in living
cells under a physiologically relevant concentration. The ability to gather structural
information from proteins within living cells may answer many currently unanswerable
questions. Therefore, the success of this new in-cell structural biology technology may
generate paradigm-shifting results for correctly understanding the intracellular events

of proteins in living cells at a high spatiotemporal resolution.
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The goal of my thesis is to develop an in-cell fluorescence technique that allows
for measurement of the distances between fluorescence acceptors and donors within a
protein or between two proteins inside the correct intracellular compartment of living
cells. The successful achievement of this goal will allow us to obtain high-resolution
structural information from a protein, one key step towards high-resolution structural

biology of proteins inside the living cell.

To achieve this goal, we will apply the fluorescence resonance energy transfer
(FRET) technique to the specifically labeled proteins inside the cells. Our rationale is to
specifically label the protein(s) of interest in the test tube with a small molecule
fluorophore and then deliver the labeled protein(s) into the correct intracellular
compartment of living cells for in-cell FRET measurement. The QQ-protein delivery

technique can specifically deliver a protein to its intracellular destiny based on its signal
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sequence. This will result in special mammalian cells that contain a fluorescence labeled
target protein with unlabeled intracellular endogenous proteins as the background. The
FRET measurement will be performed on this specifically labeled protein and the
calculated FRET-distance will be between the donor and acceptor of the protein(s) of
interest, thus, high-resolution structural information of a protein inside living cells can

be obtained using this novel approach.
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