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ABSTRACT
Membrane proteins are the new targets for many researchers in the field of biotechnology
and medicine. One of the problems regarding their study is low abundance in vivo and limited
availability of functional protein for in vitro studies. Rhodobacter sphaeroides is being developed
as a highly effective production organism for the expression of biotechnologically relevant
membrane proteins. R. sphaeroides is being used developed as a membrane protein platform due
to the organism’s large intracellular membrane level and potential for high biomass yields (>4
gDW/L) in scalable anaerobic photoheterotrophic systems. The production of the water-transport
membrane protein Aquaporin was studied, quantified and analyzed through the use fluorescent
fusion and poly-histidine tags. Correlations between culture fluorescence and Western blot
densitometry were validated as a simple screening method for rapidly predicting and quantifying
the membrane protein levels. The values for fluorescence and Western Blotting were correlated to
each other and shown to correlate with standard pure protein values. Fluorescence per optical
density (OD) therefore provides a rapid measurement of membrane protein expression per cell.
To demonstrate the utility of this correlation for optimizing the protein expression,
temperature effects were studied as a simple control parameter in our system. Room and optimal
temperatures conditions (25°C and 32°C, respectively) for Rhodobacter sphaeroides were studied
under the anaerobic photoheterotrophic conditions required for protein expression. The results
from the experiments indicated that the production of protein per cell showed similar trend at
both temperatures, though the total productivity was much higher at 32°C due to faster growth.
This work also identifies several opportunities for improving this screening method for membrane
expression.
Although the fluorescent fusion proteins served as a simple and effective method for
determining the protein concentration in vivo, the use of obligate aerobic fluorescent proteins
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presented a significant experimental inconvenience for the measurement of the fluorescent
readings due to the use of the anaerobic conditions. The maturation (folding and optimal
fluorescence) requires oxygen exposure after sampling. The observed maturation time of more
than 40 hours undermined the goal of rapid screening. Future research will seek to overcome this
limitation by using a new generation of facultative anaerobic fluorescent proteins such as
riboflavin-binding proteins.
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Chapter 1
Objectives and Motivation
Overview
The production and study of membrane proteins are the new frontiers of biotechnological
research. In spite of their importance in the medical and life sciences, the structure and function
of the vast majority of membrane proteins are not well understood, and only few membrane
proteins have been investigated in detail (Kleinschmidt, 2003). Some of the reasons for the lack
of knowledge regarding these membrane proteins can be attributed to the to the limited
technologies to express membrane proteins in large quantities and established protocols to handle
them in vitro without deactivating (Kleinschmidt, 2003). The process of production and
purification of membrane proteins has also been a major challenge for current biopharmaceutical
and biotechnology industries, as it requires techniques that often cannot be achieved at a
commercial scale. Since the current downstream purification techniques require both
technological and engineering advances they are assumed to be scalable in the future. The
production methods for membrane proteins on the other hand, have more potential for
optimization and improvement since they can range form the selection of the organism to the
environmental parameters being used for production. In this research, we are studying the use of a
potential organism – Rhodobacter sphaeroides – for the production of the membrane protein
Aquaporin Z. Techniques to study the production of the protein in vivo will be developed in order
to track the production and determine whether it is a primary or secondary metabolite.
Furthermore, the environmental parameters of temperature and lighting conditions will be studied
in order to maximize the production of this protein during the growth of the organism.

2

Chapter 2
Background Information

The Organism: Rhodobacter sphaeroides
Rhodobacter sphaeroides (Figure. 2-1) is purple non-sulfur, facultative photosynthetic
Gram-negative bacteria from the Proteobacteria Alphaproteobacter class (Jenney, 1993 &
Choudhary, 2007). It has been suggested as a model organism for the production of membrane
proteins given the versatility of the organism to grow under a variety of culture conditions.
Furthermore, Rhodobacter sphaeroides has an extensive and inducible intracellular
photosynthetic membrane, which allows for large area to volume ratios available for the insertion
of membrane proteins. Along some of Rhodobacter sphaeroides advantages as an expression
organism for membrane proteins are: (1) a facultative ability to grow under aerobic and anaerobic
cultures conditions and (2) the potential to grow under photoheterotrophic (anaerobic)
environment. Anaerobic culture conditions are exceptionally interesting for future large-scale
productions of proteins as they eliminate the limitations of oxygen transport into solution to
promote chemoheterotrophic growth studied in systems using aerobic platforms such as
Escherichia coli (Rice, 1978 & Losen et al. 2004). The lack of aerobic conditions and the
consumption of organic acids as carbon substrates required by Rhodobacter sphaeroides reduce
the chances of contamination and also make the operational strategy of these reactor systems
fairly simple. Moreover, the photobioreactor systems studied at the Curtis Laboratory have
demonstrated unprecedented biomass yields of 9 gDw/L under anaerobic photoheterotrophic
conditions (Curtis B, 2011).
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Figure 2-1. Scanning electron microscopy of Rhodobacter sphaeroides cultures in the process of
creating inclusion bodies (Donohue, 2002)
In terms of the genetic engineering available for Rhodobacter sphaeroides Argonne
National Laboratories has developed and patented a variety of expression mechanisms for a large
library of E. coli membrane proteins in Rhodobacter sphaeroides. The Curtis Laboratory has
studied and developed cultures techniques that have optimized the growth of Rhodobacter
sphaeroides and have skimmed the optimization of the production of membrane proteins (Curtis
B, 2011). ANL and Curtis Laboratory yields of these expression mechanisms ranged between 1–
20 mg/L and 25–63 mg/L of purified protein, respectively (Laible et al., 2008 & Curtis B, 2011).

Growth Dynamics
The growth of Rhodobacter sphaeroides, as any other microbial organism, highly
depends on the physicochemical environmental conditions (Shuler, 2002). Even though
microorganisms have the ability to grow in a variety of physical, chemical and nutritional
conditions, they have specific conditions at which the cells grow in the most efficient manner
called the optimum. These so called “optimal growth conditions” are set to produce a certain
outcome in the growth of the microorganism: large biomass or protein yields or fast growth rates
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(Shuler, 2002). Some of the conditions, such as temperature and culture time, may cause a
decrease or increase in the production of specific products from the cells and vary the outcome of
the reaction.

Microbial reactions are considered autocatalytic in nature, given that the growth and
product formation are both related to the cell concentration (Shuler, 2002). Cell growth is
characterized by an exponential growth in the cells, as shown in equations 1.a and 1.b.

Equation 1.a
Equation 1.b

Where X is the cell concentration (g/L or OD), t is time and μ is the specific growth rate
(1/time). The tdoubling is defined as the time it takes one cell to divide into two individual cells. In
this experiment, the focus will be to fit the optical density of the culture to the exponential growth
model and compare the specific growth rates of the cultures at different temperatures in order to
determine which one was the fastest growing.

Membrane Proteins: Aquaporin
Biomembranes and the membrane proteins embedded in them are vital components in the
structure and organization of the elements inside cell organisms. Biological membranes are
mechanistically resilient and impermeable to undesired compounds within the cell. These
membranes are composed of lipid molecules whose amphiphillic characteristics allow for
existence of both a hydrophilic and hydrophobic regions that prevent the pass of water and other
molecules. Biomembranes also preserve the integrity of organelles and are the site of allocation
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for membrane proteins. Membrane proteins (MPs) make up for more than 30% of the cell’s entire
mass (Kleinschmidt, 2003 & Luckey, 2008). MPs play a crucial role in cellular life given that
they support almost all of the survival functions of the cell, shown in Figure 2-2. These proteins
are also the means of communicating between cells by regulating the sending, receiving and
translation of the signals available in the environment to the inside of the cell (Kleinschmidt,
2003 & Luckey, 2008). One of the most important functions of membrane proteins is to regulate
the flux of ions, metabolites and large molecules such as proteins and RNA between the different
membrane environments (Luckey, 2008). One example of exceptionally important transporter
MPs are the Nobel Prize winning proteins of the Aquaporin family.

Figure 2-2. (A) Schematic diagrams of typical membrane proteins types. The transporter proteins
are crucial for the maintenance and equilibrium of solute and water balances within the cell. (B)
Membrane proteins can be both integral (embedded) and peripheral (free floating). Also,
membrane proteins are typically shaped as α-helixes and β-barrels. (Hedin et al., 2011)

Aquaporins (Figure 2-3) are tetrameric integral membrane proteins that passively and
selectively regulate the influx and outflow of water from the cell to quickly reduce and equilibrate
the osmotic gradients across membranes (Hashido, 2007 & Jensen, 2011). They are highly stable
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proteins and are able to withstand voltage, heat, detergents and pH (Borgnia, 1999). This high
selectivity and stability make Aquaporins ideal for purification membrane development, however
competitive economics get in the way of this technology becoming a reality (Shannon et al.,
2008). Laboratory groups such as the Kumar Laboratory at Penn State are trying to use these
proteins in biomimetic membranes for water purification and hope to have functional systems for
desalination using amphiphillic block co-polymers.

(A)

(B)

Figure 2-3. (A) Water molecule transport through an Aquaporin pore (AQP1). The glasshour
shape of the protein selectively allows the transport of one single molecule of water at a time
(Kumar et al. 2007). Because of the positive charge of the amino acids at the center of the channel
positively charged ions are deflected therefore preventing any type of proton imbalance (Agre,
website). (B) Tetrameric crystal rendering of an Aquaporin molecule, top view. This has been
studied as the preferred conformation of the protein in the cells. (Savage et al., 2003)

Fluorescent Protein Tags: mBanana
Reporter fluorescent proteins are essential in the imaging and study of protein expression
in biological organisms. Since the discovery of the green and red fluorescent proteins from the
Aequoria victoria jellyfish and the Discosoma mushroom coral, optical microscopy techniques
for determining the expression of proteins in vivo have significantly improved (Patterson, 2001;
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Su, 2005). Heterologous proteins fused with fluorescent proteins have been used to determine
expression and their locations within the cell in both prokaryotic and eukaryotic organisms under
aerobic conditions (Chalfie et al., 1994; Liu et al., 2001 & Albano et al. 1998). Albano et al.
(1998) studied the expression of chloramphenicol acetyl transferase by fusing it with GFP in E.
coli and optimized the expression by modifying the environmental parameters by qualitatively
determining concentration of the fluorescence (Albano et al. 1998).

Mutagenesis of the jellyfish GFP and the coral DsRed have yielded proteins that
fluoresce from blue to red colors solely under aerobic conditions (Tsien, R. Y., 1998). The
selection of the appropriate fluorescent proteins depends on the autofluorescence of the cultures
that are going to be used. In order to effectively track the fluorescence of proteins inside of
Rhodobacter sphaeroides (a purple red bacteria), the fluorescent tags should be below the orange
spectrum (<575 nm). In this research, monomeric Banana (mBanana; 544 nm max. excitation,
553 nm max. emission) was chosen to as the fluorescent tag of Aquaporin Z given that the
fluorescence spectrum (Figure 2-4) does not overlap with that of Rhodobacter sphaeroides
(Tsien, R. Y., 1998 & Shaner et al., 2004). Unfortunately, it was not of our knowledge at the time
of selection of the protein tag that the brightness, maturation time and photostability of the
mBanana protein were very poor. Literature reviews cite mBanana as one of the worst fluorescent
markers out there with brightness below 8 and a maturation time of an hour. Collaborators from
the Bioengineering department at Penn State recommended the protein because of the setting
already in place in their fluorescent equipment and so the protein was selected without much
consideration. Efforts of using new fluorescent proteins that can fluoresce under anaerobic
conditions are an avenue being taken into consideration for the future work to be done in this
thesis.
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Chapter 3
Methods and Materials
In this section the materials and methodology to used for the attainment of the results is
presented.

Bacterial Cultures
Escherichia coli Top10 and S17 cultures were used for plasmid cloning and
transformation steps, respectively. E. coli cultures were maintained on Luria Bertani media in
both liquid and agar forms (LB; 10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl, pH 7.5, 5 g/L
agar). Transgenic cultures of E. coli were maintained on 10 ug/mL tetracycline (Sigma-Aldrich).
Stock cultures of the transgenic samples were stored in 1:1 volumes of the culture and sterile 50%
glycerol solution. The mixture was kept in cryogenic vials at -80°C with minimal thawing cycles.
Argonne National Laboratory (ANL) provided the wild type (WT) and light harvesting
antenna knockout (LH knockout) cultures of Rhodobacter sphaeroides 2.4.1 for the expression of
membrane proteins. The protocol for the creation LH knockout strain is presented in the literature
(Laible et al., 2009). Wild type and non-transgenic cultures of R. sphaeroides were maintained on
yeast culture concentrate medium in both liquid and agar forms (YCC; 5 g/L yeast extract, 6 g/L
casamino acids, 5 mL concentrated base –appendix A– and 5 g/L agar). Transgenic cultures of R.
sphaeroides with the pRKPLHT7 plasmid were maintained the same YCC media with 3 ug/mL
tetracycline (Sigma-Aldrich). Stock cultures of the transgenic and wild type cultures were also
stored in 1:1 volumes of the culture and sterile 50% glycerol solution. The mixture was kept in
cryogenic vials at -80°C with minimal thawing cycles.
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Inoculum and Running Cultures
Rhodobacter inoculum cultures prepared using a sterile plastic loop pressed against the
frozen cryogenic stock and then streaked on 20mL YCC plates. Cultures were incubated at a
temperature of 34°C for a period of two days. Transgenic Rhodobacter cultures were plated on
selection of 3 ug/mL of Tetracycline. Once individual colonies were observed, a sterile
micropipette was pressed against one colony and placed in an 25mm glass culture tube with 10
mL of YCC liquid medium and the corresponding selection. The cultures were allowed to grow
for a period of two days (OD 660nm corresponding to 1-1.5) and then used to inoculate the media
that would be placed in the environmental conditions for the experiment.

Tetracycline
Tetracycline in powder form was purchased from Sigma-Aldrich (CAS Number: 64-755). Stock solutions were prepared at 15 mg/mL in 95% ethanol. Tetracycline stocks were stored
at -20°C, covered with aluminum foil to prevent photo-oxidation to inactive forms that may
generate toxic reactive species (Halling-Sørensen, 2002).

Light Conditions
Lighting conditions where only applied during photoheterotrophic growth of the
Rhodobacter cultures. The cultures were grown under IR LED lighting using 3W 850nm infrared
star LEDs purchased from Shenzhen Xuancai Electronic Co. Sixteen IR LEDs were mounted to a
section of sheet metal in a circular pattern forming an annulus and were placed in parallel with
the vertically rotating photoheterotrophic Rhodobacter cultures. The anaerobic cultures were
protected from any other type of lighting during the sampling process by being wrapped in
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reflective aluminum foil. The IR light caused a 2°C temperature increase in the cultures with
respect to the incubator temperature.

Photoheterotrophic Growth Conditions and Apparatus
Rhodobacter cultures were grown photoheterotrophically on YCC media under anaerobic
conditions. Inoculum cultures were distributed into 25 mL glass tubes with fresh YCC media to
target an initial optical density of 0.1. Tubes were sealed using a rubber stopper (Bell Labs) with
0.5 mL of air headspace to permit for initial aerobic growth of the culture and prevent culture
shock. Tubes were incubated under the specified light conditions and placed in their respective
temperatures and gyrated at 8 revolutions/minute using a High-Torque Rotisserie unit (ColePalmer). A Model 4629 Force Refrigerated Incubator Shaker (Barnstead/Lab-Line) was used to
maintain the temperature in the environment.

Photoheterotrophic Sampling
Sampling of the cultures was performed periodically and was achieved by exchange of
1:1 volumes of diatomic nitrogen and liquid culture. One mL of Pre-Purified (PP) diatomic
nitrogen gas (Air Products) was injected using a 3 mL syringe to maintain anaerobic culture
conditions and be able to extract 1 mL of culture volume without effort. Samples were placed in
1.7 mL Eppendorf tubes and prepared for analysis. The PP nitrogen (Air Products) was run
though two 0.2-micrometer filters to insure the sterility of the gas being injected into the samples.
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Proteins and Gene Sequences
The following proteins were used in these experiments, alongside are their respective
DNA sequences.

Rhodobacter Aquaporin – rAqpZ (GenBank: ABA78939.1): The cDNA heterologous
Rhodobacter sphaeroides sequence of Aquaporin Z was inserted into the MCS without codon
optimization. The nucleotide sequence is provided below in Table. A-1.

Tobacco Etch Virus Protease Cleavage Site – TEV: A tobacco was inserted at the Cterminus of the rAqpZ protein as the linker sequence between the Aquaporin and fluorescent tag:
mBanana. Sequence was obtained from GenBank and sent to GenScript for design and creation of
the codon optimized version. This linker was selected with the purpose of having a potential
cleavage site between the two proteins (Dougherty, 1989) and also provide functional separation
between rAqpZ and the fluorescent protein. The nucleotide sequence is provided below in Table.
A-1.

Monomeric

Yellow-Orange

Fluorescent

Protein

–

mBanana

(GenBank:

AAV52167.1): This aerobic fluorescent protein was used as out reporter gene for the production
of rAqpZ. Sequence was obtained from GenBank and sent to GenScript for design and creation of
the codon optimized version. The mBanana protein was fused to the C-terminus of the TEV site.
The nucleotide sequence is provided below in Table. A-1.

Poly-Histidine Tag – PHT: A PHT was used for the purpose of purification of the
protein according to the protocols already established in the literature for membrane proteins
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(Hengen, P., 1995; Borgnia, M., 1999 ; Kumar, M. et al., 2007). The nucleotide sequence is
provided below in Table. A-1.

Vector
The fusion and single proteins were constructed in a derivative of the pRK404 vector
provided by Philip Laible and Deborah Hanson at Argonne National Laboratory, namely
pRKPLHT7 (Figure. 3-1). The pRKPLHT7 vector is a modification of the RK2 vector family for
membrane protein expression and it contains a tetA gene (GenBank: AY204475.1) regulated by a
tetracycline repressor protein (TetR) that gives the cultures resistance to tetracycline, a molecule
that will be used as a selection pressure for the transgenic cultures (Ditta et al., 1985; Pokkuluri et
al., 2002; Scott, 2003). The vector also features a promoter from the native PUC operon, which
encodes elements of the light-harvesting complex number 2 (Laible et al., 2008). The multiple
cloning site (MCS) is located downstream from a PUC photoheterotrophic promoter and it is
where the foreign genes are inserted via the SpeI and BglII restriction sites (Laible et al., 2008).

Cloning into the pRKPLHT7 Vector
The multiple cloning site (MCS) in the pRKPLHT7 vector is located downstream from
the PUC photoheterotrophic promoter inducible under anaerobic conditions. The MCS outer
restriction sites were designed by ANL and inside restriction sites were assigned to maintain
minimum post-translational topological effects on the protein. The MCS was designed with each
protein individually. Figures 3-1 shows the MCS gene structures along with the order of the gene
elements and restriction sites.
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A

B

C

D

Figure 3-1. Vector NTI images for the nucleotide sequences used in this research. (A) pRK404
vector, member of the RK2 vector family and used as a template vector for membrane protein
expression (Scott 2003; Laible, 2008). (B) pRKPLTH7 vector designed by ANL for the
expression of membrane proteins in Rhodobacter sphaeroides (Laible, 2008). (C) Close up on the
multiple cloning site (MCS) to indicate the cut sites available – NdeI is not a single cut site. (D)
MCS with the vector sequences of the rAqpZ, TEV, mBanana and poly-histidine tag. Note that
the NdeI site is no longer present and AgeI was inserted (Erbakan, personal correspondence).

All DNA modifying enzymes were purchased from New England Biolabs and used
according to the manufacturer’s recommendations. All DNA vector designs and models were
done using the Invitrogen Vector NTI 10 Advanced program.
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Insertion of rAqpZ
This work was performed by Erbakan (personal correspondence) and verified by the
author. For the cloning of single rAqpZ protein sequence into the pRKPLHT7 vector, the empty
vector with the SpeI and BglII was cut using the respective restriction enzymes and gel purified.
The cut vector sequence was kept at -20°C The rAqpZ nucleotide sequence provided by
GenScript was obtained by PCR using CAGCATGTGGCGACTAGTATGACCAAGAAGC as
the forward 5’ primer sequence and TGGTGGTGGTGAGATCTGAGCGTGGCCGC as the
reverse 3’ primer sequence. The restriction sites were added in the flanking edges of the primer,
the 5’ primer contained the SpeI site and the 3’ primer contained the BglII site. The rAqpZ
product was gel purified and then later on digested with SpeI and BglII to expose the sticky ends.
The cut vector backbone and the digested PCR product were then ligated to generate the vector
sequence with rAqpZ, (Figure 3-2). The plasmid was then electroporated into S17 cells and plated
on YCC plates with tetracycline at a concentration of 12 ug/mL. Colony PCR with vector primers
annealing on the MCS flanks and sequencing of the vector were used to verify cloning.

Figure 3-2. MCS of the pRKPLTH7 vector with the heterologous rAqpZ sequence and polyhistidine tag. Note that the poly-histidine tag was added to the C-terminus of the protein.
(Erbakan, personal correspondence).
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Fusion of rAqpZ with TEV and mBanana
The transformed pRKPLHT7 vector from above was modified to insert the mBanana
protein sequence along with a TEV site for cutting of the protein. The mBanana sequence was
obtained from GensScript in a cloning vector and was extracted using PCR. The TEV site was
inserted as during PCR with the design of a longer forward primer. The 5’ and 3’ primers of used
for PCR extraction of the mBanana protein sequence from the GenScript vector were
TATCGACCGGTGAGAACCTCTACTTCCAGGGCATGGTGAGCAAGG

and

CGGCCGCTCTTCTTCTAGAGTGGTGGTGGTGGTGG, respectively. The 5’ primer contains
the TEV site and also contains a restriction site with AgeI, while the 3’ primer contains the BglII
site on the flanking end. The after performing the PCR the rAqpZ-pRKPLHT7 vector was cut at
the BglII site and the digested PCR product was inserted through ligation (Figure 3-3). The
plasmid was then electroporated into S17 cells and plated on YCC plates with tetracycline at a
concentration of 12 ug/mL. The surviving colonies were screened using colony PCR with the
vector primers directed towards the MCS site.

Figure 3-3. MCS of the pRKPLTH7 vector with the fusion rAqpZ mBanana sequence. This DNA
cassette encodes for the protein rAqpZ-TEV-mBanana-PolyH with the minimal insertion of
threonine and arginine between the rAqpZ-TEV and arginine and serine between mBananaPolyH (Erbakan, personal correspondence).
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Rhodobacter Transformation
Escherichia coli S17 mediated conjugation of Rhodobacter sphaeroides cultures was
performed using the protocol developed by Donohue et al. (1991) with modifications by Tran
(personal correspondence). Mid-log cultures of transformed E. coli S17 were added to filter paper
(Milli Pore) and mixed with untransformed Rhodobacter cultures at the maintenance stage. The
filter paper with the culture mix was then placed on YCC plates with tetracycline (3 ug/mL) and
allowed to grow for a period of 2 days at a incubation temperature of 34°C. The visible
Rhodobacter colonies where then streaked on fresh YCC plates with tetracycline resistance and
allowed to grow. Individual, transformed, colonies of Rhodobacter were then transferred to liquid
YCC media with tetracycline, where they were allowed to grow before making cryogenic stocks
for future use.

Gel Electrophoresis
Rhodobacter cultures taken at different rotisserie time points were kept frozen at -20°C
for the duration of the rotisserie and for one day before being ran on the gel electrophoresis. The
samples were thawed out to room temperature and 200 uL of the culture of each time point were
pelleted at 12,000 rpm for 15 minutes. After pelleting, 150 uL of the supernatant was removed
and resupplied with 150 uL of lysis buffer (100 mM K2HPO4, 1 mM MgSO4, 10 mM imidazole, 1
mM PMSF, 0.1 mg/mL DNase I, 0.02 mg/mL RNase A, 10x PIC, 1 mg/mL Lyzozyme, pH 7) the
cells were resuspended and incubated for a period of 15 minutes at room temperature. Cells were
then sonicated on a bath sonicator for a period of 15 minutes at 40°C. From the mixture, 5 uL
were then combined with 1 uL of 10x reducing agent (Invitrogen), 1 uL 10x Loading Dye
(Invitrogen) and 3 uL of sterile ddH2O. Samples were heated at 90°C for 10 minutes. Heated
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samples were then loaded onto a 10% Novex Trys-Glycine gel (Invitrogen) and ran at a constant
100V for 2 hours. The buffer used was Trys-Glycine SDS Running buffer (Invitrogen) along with
0.5 mL of Antioxidant in the loading chamber of the XCell SureLock Mini-Cell Electrophoresis
System (Invitrogen).

Fluorescence
The fluorescence of the Rhodobacter cultures was measured using a Tecan Genious Basic
apparatus (Tecan). Samples (200 uL/each) were loaded on a transparent 96-well plate (Rainin)
covered with reflective aluminum foil and incubated for 48 hours prior to the reading at 4°C.
Before the fluorescent sample, the cultures where incubated at 37°C for 1 hour. The fluorescence
was measured using 535/35 nm excitation and 590/20 nm emission filters (Omega Optical).
Given the poor photostability of the mBanana protein, the number of flashes done by the
fluorimeter on the culture was set 3 and the integration time for the fluorescence emission was set
to 20 μs. For the purified protein, the sample was just taken directly from the refrigerator at 4°C
and incubated for 30 minutes at 37°C. Same fluorimeter settings where used.

Western Blot (WB)
The gel with the denatured samples in the electrophoresis was transferred to a
nitrocellulose membrane using the iBlot Blotting system (Invitrogen). Membranes were blocked
with 10% (wt/vol) non-fat powder milk for a period of 1 hours, washed with TBST buffer, and
then subsequently probed with anti Histidine Tag and mBanana antibodies (GenScript and
Clontech, respectively) for 1 hour. The membranes were extensively washed with TBST buffer
and then probed with goat-anti-rabbit conjugated to horseradish peroxidase (GenScript). Blots
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were then washed with TBST and TBS, and immunostained proteins were visualized using
SuperSignal West Dura Chemiluminescent Substrate (Thermo Scientific).

Optical Density Measurement
The cell density was measured using optical density. Samples were placed on 1 cm
pathlength cuvettes and using a SpectraMax Plus384 Absorbance Microplate Reader
spectrophotometer (Molecular Devices), the absorbance/scattering of the samples was measured
at 600 nm for E. coli and 660 nm for Rhodobacter sphaeroides. The choosing of these
wavelengths was given by the knowledge on the interference of light-harvesting pigments on the
absorbance/scattering. The correlations between optical density, dry weight and cell density for E.
Coli and Rhodobacter sphaeroides are available in the literature (Myers et al., Submitted BMC
Biophysics) and are provided in Table 3-1.

Species
E. coli
R. sphaeroides

DW/ODrobust
0.396 ± 0.011
0.453 ± 0.144

CFU/ ODrobust (x10-8)
7.94 ± 2.0
367 ± 122

Table 3-1. Correlations between the optical density (OD), the dry weight (DW in g/L) and the
colony forming units (CFU in cells/mL) of Rhodobacter sphaeroides and Escherichia coli.
(Myers et al., submitted BMC Biophysics)
The optical density results of the rotisserie samples were targeted below 0.3 A.U. to
prevent non-linear effects of the Beer-Lambert law to affect the correlations already established.
Samples were diluted to the target OD using 5% (wt/vol) Albumin, Bovine serum (Sigma). Myers
et al. (Submitter BMC Biophysics) shows the use of BSA in the attenuation of the cell scattering
and enlargement of the light-harvesting pigments responses, which were measured at 875 nm
wavelengths.
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Chapter 4
Correlations Between Optical Density, Fluorescence and Western Blotting
To achieve high throughput screening of a wide range of conditions rapidly, without the
need to perform expensive and labor intensive analysis we would like to have accurate in vivo
screening. In order to track and study the production of membrane proteins in vivo, a series of
experiments were performed in order to find relationships between the different techniques used
for the data analysis of the growth experiments. The objective is to find the easiest method that
would accurate for the determination of the protein concentration within the cell at any point in
time of the culture. Measurements were carried out on sampled cells with the rAqpZ fused with
mBanana, to determine the fluorescence, the Western blotting densitometry and optical density at
660 nm. The cells were sampled at different times during the growth experiment according to the
procedures established in the methods and materials section.
Rhodobacter sphaeroides samples were grown on a rotisserie unit (methods and
materials) under photoheterotrophic conditions at 25°C (incubator temperature) and samples were
taken periodically and analyzed accordingly. The fluorescence, densitometry and optical density
results were then compiled and plotted against the time the cultures were grown under infrared
light. The results for a representative experiment are presented in Figure 4-1.
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Table 4-1. Raw data for the growth of Rhodobacter sphaeroides in
photoheterotrophic conditions

The exponential trend of the three data sets suggests that there is a direct relationship
between the measured parameters. The three experimental replicates at the same temperature
(25°C) were performed, and the fluorescence, optical density and densitometry point were plotted
against each other to observe the relationships between the parameters at any given point in time.
Figure 4-2 shows the correlation of the Western blot densitometry and fluorescence.
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Figure 4-2. Plot of the different protein measurements (fluorescence and densitometry) against
each other. Graphs demonstrate a linear relationship between the parameters along with small
standard deviations.

The results of this experiment confirm the anticipated observation of a correlation
between the protein measuring techniques: fluorescence and Western blotting. The relationships
between parameters appear to be directly proportional in nature. The trend line was fitted to zero
to reflect the logic that without protein, there is not fluorescence or Western blot densitometry
available on the sample. If fluorescence and Western blot densitometry did not yield a straight
line, then this would indicate that there is saturation of the densitometry measurements or a
reading outside of the dynamic range of the fluorescent reading.
The use of arbitrary units in this graph does not give much of an idea of the accuracy of
the system to accurately depict the concentration of protein in the cell. In order to ameliorate such
situation, the arbitrary units of both fluorescence and western blotting were standardized to basic
units using calibration standards. Purified protein was used to give meaning to the arbitrary units
and those calibration curves were then used to relate the protein measuring techniques to a mass
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value. The results of the conversions of each measurement to a basic unit of measure are shown in

Protein mass determined using FS
(ng)

Figure 4-3.
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Linear (Data)
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Figure 4-3. Relationship and verification of validity of the two protein selective protein
quantification methods – WB and fluorescence. Standards were used to then scale and convert the
arbitrary units of both pieces of equipment. The correlation between the two closely resembles
the 1:1 line plotted. All the values correspond to time points taken for 3 experiments at different
time points.
Given this relationship, the results of both the Western blot and fluorescent spectroscopy
measurements correlate 1:1 to each other within the range of protein level in the cells and protein
loading of the Western blot. This relationship also demonstrates the accuracy of the relationship
between the two-protein quantification methods and also makes a point regarding the redundancy
of the measurements. The top right corner point of Figure 4-3, may suggest the saturation of the
densitometry reading at high concentrations.
The correlation between the optical density and the protein measurement techniques is
shown in Figure 4-4, below.
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Figure 4-4. Relationship between the optical density of the culture and the protein measuring
techniques. (A) Fluorescence against the optical density. (B) The optical density against Western
blot densitometry.

These trends indicate that the production of membrane proteins is directly related to the
growth of the cells, which makes the protein a product that is made during the exponential phase.
The linear relationship between the optical density and protein readings, which are linear with
respect to protein mass, furthermore points to the fact that the yield of protein per cell is constant.
It is important to note that the values of the slopes for the relationships appear to hold only at the
temperature for which the have been developed. Differences between the slopes of the lines at
different temperatures were observed, given that there are changes in the biomass to protein
production energy and nutrient consumption.
The expression and production of membrane proteins can also be studied using the
relationship between the expression of the light harvesting proteins and the optical density of the
culture studied by Myers et al. (Submitted to BMC Biophysics) using the 875/660 nm ratio. The
objective of this measurement is to quantify the absorbance of the light harvesting membrane
proteins being expressed (measured at 875nm) and the optical density of the culture (measured at
660nm) and establish a comparison between the point of high MP expression and cell growth.
Understanding and optimization of these readings will be done in the future work of this thesis
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One reoccurring problem that delayed the measurement of the fluorescence was the long
maturation time of the protein. Tsien (1998) states that full maturation of pure mBanana protein
under aerobic conditions takes about 1 hour at a temperature of 37°C. However, even though
efforts where made to accommodate the recently sampled cells at these temperature under fully
aerobic conditions, the cells did not show their maximum fluorescence. To avoid error by having
the cultures grow in the 96-well plate used for the fluorescence spectroscopy measure, the
cultures were kept at a low temperature of 4°C to retard their growth at much as possible while
also exposing them to air. A study on the maturation time and determination of the peak
fluorescence was performed by having photoheterotrophically grown cultures sampled and
exposed to oxygen for a period of 50 hours while periodically taking fluorescence readings of the
protein. The results are shown in Figure 4-5.

Corrected Fluorescence (A.U)
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18.6 hrs
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Culture LED time (hours)

Figure 4-5. Determination of the maturation time of the mBanana protein within the cells through
the fluorescence emission. Photoheterotrophic (anaerobic) culture samples taken at different
times and exposed to oxygen for a period of 49.1 hours. The samples were analyzed in the
fluorimeter and the fluorescence was corrected using the empty vector fluorescence values. The
peak fluorescence of the sample was estimated to be around 45 hours.
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This result clearly indicates that the maturation time of the fused mBanana protein within
the cell laid between 40 and 50 hours. The incremental fluorescence points to the fact that the
protein progressively (and slowly) gets oxygenated and appropriately folds within the cell. It was
observed that the fluorescence of the protein went down slightly between the 45 and the 50 hours
reading. This decrease in the fluorescence intensity is given by the observation that during the
fluorescence measurement the protein was excited with multiple flashes of light. This particularly
high energy light exposure, can irreversibly bleach the mBanana fluorescent protein. By noting
that fluorescent proteins can vary tremendously in their photostability this provides another way
to improve the robustness of the correlation. This photobleaching effect can be minimized with
the use of more photostable proteins such as eGFP and mKOK. Optimization of the fluorescent
marker will be the next step that will be continued in this project.
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Chapter 5
Use of Fluorescence Screening to Optimize Temperature Dependent
rAquaporin Z Production
After the fluorescent fusion protein techniques for rapid quantification have been
developed, the optimization for the production of such proteins can quickly be performed. In this
study, the effects of temperature will be studied with the intention to determine whether or not a
lower temperature than the ‘optimal’ one can improve the production of our prototypical
membrane protein. Previous studies on the effects of protein production done in E. coli (Jazini,
1996; Andersen 2013) have shown conflicting results with respect to the choosing of
temperatures above or below the optimum. Jazini et al. (1996) demonstrated that the expression
of secreted globular proteins is improved when temperatures are lower than the optimum (37°C)
by 9°C but did not improve with lower temperatures. Andersen et al. (2013) studied the effects of
temperature oscillations in the production of proteins and found that oscillating temperatures
around the optimum by 2°C was beneficial to the production of soluble proteins in E. coli. It is
important to note that the production of functional membrane proteins appears to benefit from the
synthesis of membrane formation; therefore, it might be particularly sensitive to temperature.
We hypothesized that lower temperatures would be beneficial for the production of
membrane proteins, given the fact that lower temperatures retard the growth of the microbial
cultures and allow for more time and energy to be used for the creation of proteins rather than
biomass. This is particularly interesting for photoheterotrophic growth where energy from light is
used to produce ATP, thereby potentially decoupling growth rate and energy availability.
Rhodobacter sphaeroides grows under a variety of temperatures (4–35°C), however it has been
considered to be optimal at temperatures between 28 and 34°C under both photoheterotrophic and
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chemotrophic conditions (Boone, 2001; Curtis, 2011). Cultures of LH2 knockout, empty
pRKPLTH7 vector and the vector with rAqpZ and the fusion rAqpZ-mBanana protein were
grown at 2 temperatures: 25°C and 32°C in order to determine the effects these two temperatures
would have on the protein production. The results of the growth parameters for the experiments
performed at these two temperatures are shown in Figure 5-1, below.

Figure 5-1. Effects of temperature in the growth rate and doubling time of the available cultures
of Rhodobacter sphaeroides. The top graph indicates the growth rate, while the bottom graph
indicates the doubling time. LH2 Knockout cultures where provided by ANL, while the
pRKPLHT7 cultures were cloned by the Curtis laboratory (Erbakan, personal correspondence).
LH2 knockout cultures do not have tetracycline resistance and served as the control for our
experiment. The Empty pRKPLHT7 culture is has no protein sequence inserted in the MCS, but
have tetracycline resistance. The remaining two culture lines have the sole and fused rAqpZ
protein sequences inserted into the MCS.

First and foremost, this work achieved the goal of defining temperatures that displayed
differential growth rates. The growth rate between the LH2 knockout and empty pRKPLHT7 was
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determined to be the same with 95% confidence for both temperatures, indicating that tetracycline
exposure and resistance does not affect the growth of the cultures. The growth rate of the rAqpZ
and rAqpZ-mBanana cultures was also determined to be the same with 95% confidence at both
temperatures individually. This result indicates that the production of the rAqpZ is the primary
source for the growth rate difference.
As shown in Figure 5-1, the growth rate of all the cultures increased at the higher
temperature. The growth rate of the Rhodobacter sphaeroides cultures expressing the rAqpZmBanana protein was greatly increased from 0.14 hour-1 at 25°C to and of 0.22 hour-1 at 32°C. As
expected, the doubling time of the cultures decreased by 40% given the inverse relationship
between growth rate and doubling time shown in Equation 1-2. These results indicate that
photoheterotrophic Rhodobacter sphaeroides of cultures grew preferentially at the higher
temperature and somewhat constrained at the lower one. The production of membrane proteins
was tracked using both densitometry (not shown) and fluorescence of the cultures at the
excitation and emission wavelengths stated in the materials and methods. The results for the
expression of membrane proteins at both temperatures using fluorescence are shown in Figures 52.

A

B
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Figure 5-2. In vivo fluorescence of Rhodobacter sphaeroides cultures expressing the rAqpZ
mBanana fusion protein. (A) Fluorescence as a function of time. The fluorescence reading of the
culture was corrected by subtracting the fluorescence reading of the cultures with the empty
pRKPLTH7 vector to the value obtained from the fluorescent cultures. (B) Relationship between
the amount of protein produced with respect the amount of cells in the medium. The corrected
fluorescence was divided by the optical density of the culture at the respective time and then
plotted against the time.

Since the fluorescence per optical density is somewhat of an indication of protein per
cell, the results of this analysis indicate that the expression of membrane proteins in Rhodobacter
sphaeroides is somewhat independent of temperature. Protein content per cell (Fluorescence/OD)
changed somewhat with time. Figure 5-2 (B) indicates that the optimal temperature negatively
affected the production of protein in the first 12 hours of the experiment, however, it seems that
after those first 12 hours, the amount of protein per cell appears to match that of the lower
temperature. This observation suggest that early in the culture the cells were spending its energy
and available nutrients in the development of biomass (more cells) rather than membrane
proteins, and later the culture the cells were starting to become limited in their growth, which in
terms reduced the growth rate of the culture and allowed for more time to be spent in the
production of membrane proteins. The amount of protein in the cells appears to have been more
influenced by the time allowed for the culture to grow and adapt to the change between
chemoheterotrophic and photoheterotrophic growth. Given that the membrane protein production
is driven from the PUC promoter that would normally express the LHII peripheral lightharvesting complex the gradual increase towards the end of the culture could reflect the response
to light limitation as the cell density increases.
In order to establish which of the two temperature conditions was the most beneficial and
productive for making Aquaporin membrane proteins, the final predicted concentration of the
rAqpZ-mBanana protein after 18 hours of culture time was determined. The results are shown on
Figure 5-3, below.
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Figure 5-3. Productivity between the cultures of Rhodobacter sphaeroides under different
temperature conditions was compared at the same culture time. The fluorescence data used for the
calculation of the protein concentration was that of the culture at 18 hours.

Protein production per liter of culture appears was substantially greater at the higher
temperatures given the fact that there was more culture and cells available to produce the protein.
An unpurified culture protein concentration of 5.56 mg/L was achieved at the 32°C while a 1.76
mg/L was accumulated at the 25°C culture (a 3-fold increase).
In terms of the use of Rhodobacter sphaeroides as a model system for the expression of
membrane proteins, these studies have shown concentrations well above the 0.2 to 1 mg/L
considered as standard for the expression of membrane proteins (Sarramegna et al., 2003). This
shows that the use of this system once optimized may actually prove to be a viable platform for
the production of membrane proteins at large scales for the future.
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Chapter 6
Ongoing and Future Work
As part of the work that still needs to be completed for my Master’s work, I will continue
to investigate the expression of more medically and biotechnologically relevant membrane
proteins using other reporter proteins that are able to fluoresce in anaerobic environments. Aside
from the already being studied Rhodobacter Aquaporin Z two other proteins have been chosen to
be studied. The two proteins are the tight junction protein Occludin and the human kidney
aquaporin (Aqp9). The study and optimization of these proteins will signify a major advancement
in the field of medical membrane protein production. Techniques and optimized conditions for
Rhodobacter growth can also be used for the production of biofuels as the research for new
sources of fuels shifts towards the use of microbial organisms.
Further study of the environmental parameters in the production of membrane proteins
under photoheterotrophic (anaerobic) conditions using fluorescent protein reporters will require
the understanding of newly synthesized anaerobic fluorescent proteins. As mentioned in the
introduction, it has been known that mBanana is not the best fluorescent protein available and we
have proven this to be a fact in our research with the time delays this protein caused. In order to
get around this fact, we will be using riboflavin-binding proteins, which have the ability to
fluoresce under photoheterotrophic conditions in Rhodobacter as shown by Drepper et al. (2007).
These riboflavin-binding proteins can be detected by fluorescence without the need to wait for the
protein to mature or be oxygenated giving a more real time read-out of the sample collected. It is
expected that this will bring higher accuracy to the fluorescence readings and also improve the
correlations between fluorescence, optical density and Western blotting.
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Cloning and fusion of a new fluorescent protein with the target membrane proteins is the
next challenge that will be faced by this research. Furthermore, the replication of the work
previously made will be a need in order to maintain a consistent protocol and comparable
experimental results between the three proteins being studied.
The protein that will be used for the continuance of this research will be the pGlow-Pp1
derivate created by EvoCatal (Drepper et al. 2007). The information for the protein can be found
on Appendix B.
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Chapter 7
Conclusions
Production of Aquaporin Z, a water transporter membrane protein, was studied in
Rhodobacter sphaeroides. The relationship between optical density, fluorescence and Western
blot densitometry was studied using the mBanana fluorescent protein as both out Western Blot
and fluorescent tag. The correlation between the Western blot and fluorescent analytical
techniques was proven to be accurate with respect one another. Fluorescence was then determined
to be the simpler and faster technique to determine the concentration of protein within the cell.
Results of the experiments indicate that the optimum growth temperature of 34°C for
Rhodobacter sphaeroides is also the adequate temperature that can be used for the production of
Aquaporin Z. A production of 5.5 mg/L of protein was estimated using the fluorescence
correlations to the mass of protein at 34°C, representing a 3-fold increase from the lower
temperature of 25°C. These large protein concentrations represent a significant opportunity to use
Rhodobacter sphaeroides as a new host for the expression of membrane proteins in the large
scale operations and other specialized biotechnological applications.
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Appendix A
Nucleotide Sequences of Proteins Research in this Project
Below are the provided nucleotide sequences for the proteins used in these experiments.
Protein

rAqpZ

mBanana

TEV
PHT

Sequence
ATGACCAAGAAGCTCCTGGCTGAACTGCTCGGCACCTTCATTCTCGTCTTCTT
CGGATGCGGAGCCGCCGTCCTGATGGGACCGCAGATCGGCATGCTGGGAAT
ATCCCTCGCCTTCGGCCTGTCGATCGTGGCCGCGGCCTACTCGCTGGGCGCC
ATTTCCGGCGCCCACCTCAACCCCGCCGTCTCGCTCGGCTTTCTCATGGCGG
GGCGGATGCCCATGGCCGAGTTCGGCGGCTATGTGCTGGCGCAGATCGCGG
GCGCGCTTCTGGGCTCGCTCGTCGTCTTCCTGATCGCCTCGGGCAAGGCGGG
CTATGTGCTGGCGACCGACGGGCTCGGCCAGAACGGGTTCGGTGCGGGCTA
TCTCGGCGAATATTCCATGGGCGCGGCGCTGATCTTCGAACTGATCGCGACC
TTCGTCTTCGTCTCCGTGATCCTCGCGGCCACCGCCTCGCATGTCTCGAGCGC
CTCGACCGCGCTCGCGGGCCTCGCCATCGGCCTCACCCTCACCGGGATCCAT
CTGGTGGGCATCAACGTGACCGGCGTCTCGGTCAATCCGGCGCGGTCGCTGG
CACCCGCCCTCTTCGTGGGCGGCAAGGCGCTCTCGGACCTCTGGGTCTTCAT
CGTGGCGCCGCTTGCCGGCGGGGCGGCGGCGGGCCTCGCCCATGCCTCGGG
CTTCTTCCGTCCGGGCGGGATCGAACCCGCGCCCGCAACCGGCGCGGCCACG
CTC
ATGGTGAGCAAGGGCGAGGAGAATAACATGGCCGTCATCAAGGAGTTCATG
CGCTTCAAGGTGCGCATGGAGGGCTCCGTGAACGGCCACGAGTTCGAGATC
GAGGGCGAGGGCGAGGGCCGCCCCTACGAGGGCACCCAGACCGCCAAGCTG
AAGGTGACCAAGGGTGGCCCCCTGCCCTTCGCCTGGGACATCCTGTCCCCTC
AGTTCTGCTACGGCTCCAAGGCCTACGTGAAGCACCCCACTGGTATCCCCGA
CTACTTCAAGCTGTCCTTCCCCGAGGGCTTCAAGTGGGAGCGCGTGATGAAC
TTCGAGGACGGCGGCGTGGTGACCGTGGCTCAGGACTCCTCCCTGCAGGAC
GGCGAGTTCATCTACAAGGTGAAGCTGCGCGGCACCAACTTCCCCTCCGACG
GCCCCGTAATGCAGAAGAAGACCATGGGCTGGGAGGCCTCCTCCGAGCGGA
TGTACCCCGAGGACGGCGCCCTGAAGGGCGAGATCAAGATGAGGCTGAAGC
TGAAGGACGGCGGCCACTACAGCGCCGAGACCAAGACCACCTACAAGGCCA
AGAAGCCCGTGCAGTTGCCCGGCGCCTACATAGCCGGCGAGAAGA
GAGAACCTCTACTTCCAGGGC
CACCACCACCACCACCACCAC

Table A-1. Nucleotide sequences for the proteins used in the experiments
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Appendix B
Riboflavin Binding Protein Specifications
Relevant information about the pGlow-Pp1 Riboflavin-biding protein can be found in this
section. Note that the images have been taken from the EvoCatal’s evoglow basic kit information
sent to us by the company at the moment of the purchase of the protein.
Protein

pGlow-Pp1

Sequence
ATGATCAACGCAAAACTCCTGCAACTGATGGTCGAACATTCCAACGATGGC
ATCGTTGTCGCCGAGCAGGAAGGCAATGAGAGCATCCTTATCTACGTCAACC
CGGCCTTCGAGCGCCTGACCGGCTACTGCGCCGACGATATTCTCTATCAGGA
CGCCCGTTTTCTTCAGGGCGAGGATCACGACCAGCCGGGCATCGCAATTATC
CGCGAGGCGATCCGCGAAGGCCGCCCCTGCTGCCAGGTGCTGCGCAACTAC
CGCAAAGACGGCAGCCTGTTCTGGAACGAGTTGTCCATCACACCGGTGCAC
AACGAGGCGGACCAGCTGACCTACTACATCGGCATCCAGCGCGATGTCACA
GCGCAAGTATTCGCCGAGGAAAGGGTTCGCGAGCTGGAGGCTGAAGTGGCG
GAACTGCGCCGGCAGCAGGGCCAGGCCAAGCAC

Table B-1. Nucleotide sequences for the Riboflavin binding protein to be used in the future work.

The emission and absorption spectra of the protein are depicted below:

Figure B-2. Fluorescence spectra of the pGlow-Pp1 riboflavin binding protein. (Drepper, 2007;
Jena Biosciences website).
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