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ABSTRACT

Ferredoxins (Fds) are iron-sulfur proteins that mediate electron transfer in
a range of metabolic reactions. In the thylakoid membrane of photosynthetic
organisms, Fd facilitates electron transfer from the stromal surface of
photosystem | (PSI) to the ferredoxin Nicotinamide adenine dinucleotide
phosphate oxidoreductase (FNR), which requires that Fd is capable of docking
and transferring electrons between these two complexes. In applied
photosynthesis, many efforts have been devoted towards re-directing these
electrons into either a hydrogen-evolving catalyst or an electron-conducting
semiconductor. In this study, the electrons from the PSI complex are directed to
a titanium oxide (TiO) electrode, and Fd is used to facilitate the electron transfer.
In doing so, three different TiO, binding peptides (TOBIP) were introduced to Fd
in order to provide a specific affinity for TiO,. The TOBIP-Fd fusion proteins were
characterized for their ability to transfer electrons, and optimized for its
attachment to TiO, nanoparticles. In addition, we have chemically crosslinked
PSI to TOBiP-Fd and optimized the attachment of the PSI-Fd-TOBIP complex
protein to TiO,. In the future, we will test and optimize the photocurrent

generated by the PSI-Fd-TiO, complex.
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Chapter 1 Introduction and Literature Review

1.1. Origin of Photosynthesis and Cyanobacteria

Photosynthesis is an ancient process which converts light energy into
chemical energy that can be used for metabolic processes (Blankenship &
Hartman, 1998). It is known that photosynthesis is the only significant solar
energy storage process on Earth. In addition, it is the source of all of our food
and most of our energy resources (Blankenship, 2010). Considering the
importance of this process, a great amount of research has been done to
investigate photosynthesis, including its origin. Even through numerous
hypotheses have been made on where and how photosynthesis originated, there
is no direct evidence to support any of these predictions (Blankenship, 2010; Des
Marais, 2000; Govindjee, 2009; John M. Olson, 2004; Wang et al., 2006).
Evidence from previous research suggests that photosynthesis may have arisen
approximately 3.5 to 3.2 billion years ago in bacteria and has evolved to form the
photosynthetic organisms present today (Blankenship, 2010; Des Marais, 2000;
Govindjee, 2009), including land plants and algae (Des Marais, 2000; Govindjee,
2009).

Among all the photosynthetic organisms, cyanobacteria are the only
known prokaryotes which perform oxygenic photosynthesis (photosynthesis that
release oxygen) (Altermann & Kazmierczak, 2003; Mulkidjanian et al., 2006).

Due to their rapid life cycle and relatively ease in manipulating their genetic



background, cyanobacteria have long served as model organisms for
photosynthesis research (Jan Zarzycki, 2012). Cyanobacteria comprise an
extremely diverse phylum and have colonized a wide range of environmental
niches, including some extreme environments like high temperature (Shih et al.,
2013; Yamaoka et al., 1978).

Thermosynechococcus elongatus (T.e) strain BP-1 is a unicellular rod-
shaped cyanobacterium originally isolated from a hot springs at Beppu on
Kyushu Island in Japan and has an optimum growth temperature of
approximately 55 °C (Yamaoka et al., 1978). Previous studies have provided a
complete genome sequence for T. elongatus (Nakamura et al., 2002). In
addition, the Photosystem | and Il complexes of this organism are highly stable
and have been structurally solved by X-ray crystallography (Jordan et al., 2001a;
Zouni et al., 2001). Considering all these advantages, T. elongatus was selected

for this project.

1.2 Electron transport between PSIl and PSI

It is commonly known that photosynthesis occurs in two stages: light-
dependent reactions and light-independent reactions. During the light-dependent
reactions, light is captured and utilized to generate ATP and NADPH while the
light-independent reactions use these products to capture and reduce carbon

dioxide (Clayton, 1976). The light-dependent reactions of photosynthesis mainly



occur in the thylakoid membranes and are mediated by photosystem Il (PSII) and
photosystem | (PSI) which are linked by a series of proteins and protein
complexes as described below (Rochaix, 2011).

As shown in Figure 1.1, PSII uses light energy to split water and create a
charge separation across the thylakoid membrane. Electrons from PSII are then
transferred to the plastquinone (PQ) pool and used to generate PQH,. The PQH,
reduces cytochrome bef (Cyt bef) and is recycled back to the PQ pool (Rochaix,
2011). The electrons from the Cyt bgf complex are transported to PSI through a
soluble electron carrier in the lumenal space (Hippler et al., 1998). This electron
carrier may be plastocyanin (PC) and / or cytochrome c (Cyt c) depending on the
organism (Bryant & Frigaard, 2006; Katoh et al., 1962).

Photosynthetic electron transfer creates a proton gradient across the
thylakoid membrane which is used by the ATP synthase to generate ATP. These
ATP are then used for CO, fixation and for other cellular processes (Rochaix,

2011).



Stroma ma\ PS I PQ Pool

Por sy

Figure 1.1 Electron transport pathways of oxygenic photosynthesis

The thylakoid membrane with PSII, Cyt bgf, PSI, and ATP synthase is shown.
Electron transport pathways are shown by the yellow arrow to indicate the
direction of electron flow. PSIl uses light energy to split water and create a
charge separation across the thylakoid membrane. Electrons are transferred
from PSII through the PQ pool to Cyt bgf and further transferred to PSI via the
soluble electron carrier PC and / or Cyt c. Ultimately FNR reduces NADP" to
NADPH with the electrons transported from PSI via Fd (adopted from Rohaix et

al., 2011).



1.3 Interaction between PSI and Fd

The structure of cyanobacterial PSI was first solved to 2.5 A in 2001
(Jordan et al., 2001b). In most cyanobacteria the PSI complex is a trimer with a
molecular weight (MW) nearly a megadalton. Each monomer of PSI contains 12
subunits and many cofactors (including 22 carotenoids, 96 chlorophylls, 2
phylloquinones, 3 [4Fe4S] centers, 4 lipids, and approximately 200 water
molecules) (Figure 1.2). A common feature of PSI is the presence of a stromal
domain which is composed of three subunits: PsaC, PsaD, and PsaE. It was
determinated that the stromal subunit PsaC coordinates two [4Fe-4S] centers (Fa
and Fg), which participated in rapid electron transfer to ferredoxin (or flavodoxin)
(Figure 1.3) (Golbeck, 1999), and the detailed electron transfer process is
described below.

As mentioned previously, electrons flow from PSIlI to PSI via soluble
electron carrier proteins, Cyt ¢ or PC (Bryant & Frigaard, 2006; Katoh et al.,
1962). Upon excitation at the P700 reaction center of PSI (Hippler et al., 1998),
the excited electron transfers through the [4Fe-4S] center, Fx, into Fa and Fg in
the PsaC subunit (Zanetti & Merati, 1987; Zilber & Malkin, 1988). The electron is
then transferred out of the PSI membrane complex to the [2Fe-2S] cluster of Fd
or to flavodoxin under iron-limiting conditions (Godman & Balk, 2008; Ragsdale &
Ljungdahl, 1984) (Figure 1.3). Fd transports the electron to FNR, and FNR
reduces NADP" to NADPH, which functions as a reductant in reactions of the

Calvin Cycle and several other metabolic processes (Berg et al., 2007; Rochaix,



2011). The process that electron transport from PSII to FNR is called the
noncyclic electron transport (Raven, 1969). Besides noncyclic electron transport,
there is a cyclic electron transport which starts at PSI. PSI passes electrons to its
primary acceptor Fd, then to Cyt bgf complex, and then to PC before returning to
PSI. This transport chain produces an H* concentration gradient that can be used
to synthesis ATP (Raven, 1969, 1970). Considering the important role Fd plays in
electron transfer during photosynthesis, it is very important to understand the
interactions between Fd and PSI.

Ferredoxin has been extensively studied ever since it was first sequenced
in 1967 (Matsubara et al., 1967; Sasaki & Matsubara, 1967). Fd belongs to a
group of [Fe-S] proteins. Functional analysis has indicated that Fd is an electron
transport protein which is involved in various electron transfer reactions, including
photosynthesis (D. O. Hall, 1973). Studies have shown that plant Fds are red in
color and possess absorption maxima at 465, 420 and 330 nm. The absorption of
the protein in the visible region is mainly due to the iron-sulfur center and is lost
on treatment with reagents which remove iron or sulfur (D. O. Hall, 1973).

In addition, many studies have been performed to investigate the
interaction between PSI and Fd. Early crosslinking studies in spinach identified
subunits with a molecular weight around 20 kDa (Zanetti & Merati, 1987; Zilber &
Malkin, 1988) that can crosslink to Fd. This subunit has been identified as PsaD,
a stromal subunit of PSI (Sonoike et al., 1993). Several years later, similar results

were observed in the cyanobacterium Synechocystis sp. PCC 6803 which



supports the hypothesis that interactions exist between PSI stromal subunits
(PsaC, D and E) and Fd (Andersen et al., 1992; Lelong et al., 1994). Many key
residues that contribute to the interaction between PSI and Fd have been
identified using site directed mutagenesis and chemical crosslinking (Hanley et
al., 1996; Lelong et al., 1996b; Sonoike et al., 1993; Zanetti & Merati, 1987).
These results suggested that the docking site would allow close proximity
between the [2Fe-2S] center of Fd and the terminal [4Fe-4S] center of PSI
(Hanley et al., 1996; Lelong et al., 1996a; Lelong et al., 1994, Setif et al., 2010a).

Although there have been many approaches to elucidating the interactions
between PSI and Fd, the lack of a high-resolution crystal structure of a PSI-Fd
complex has prevented a detailed model (Cashman et al., 2014). In the present
work, computational approaches enable the integration of experimental data into
predictive models describing how Fd can dock to PSI. The “Protein
Frustratometer” (EMBNet, http://www.frustratometer.tk/)  utilizes energy
landscape theory (Jenik et al., 2012) and provides a computational algorithm that
identifies these regions of high localized energetic frustration in protein
structures. The highly frustrated regions in protein structures can be used to

identify possible binding sites between proteins (A. Das & Plotkin, 2013).



Figure 1.2 Crystal structure of the monomeric PSI

The backbone of T. elongatus PSI (PDB ID: 1JBO) is represented in ribbons and
each subunit is colored differently: PsaA (red), PsaB (green), stromal subunits
PsaC (blue), PsaD (purple), and PsaE (yellow). The [4Fe-4S] centers Fx, Fa and
Fg, are represented in space filling and colored by element, Fe (red) and S

(yellow).



Figure 1.3 Structural basis of PSl interaction with PC and Fd

Electrons from PC (cyan) or Cyt c (purple) are transported to the P700 reaction
center (green) where they are energized and transported to [4Fe-4S] clusters FX,
FA and FB (red cubes) in PsaC (green). Finally, the electrons arrive at Fd
(brown) which is docked on the stromal side of PSI. PSI (PDB ID: 1JBO0), Fd

(PDB ID: 2CJN), Cyc ¢ (PDB ID: 4EIC) and PC (PDB ID: 2PLT).
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1.4 Applied Photosynthesis

Over 85% of world energy demands are met by the combustion of fossil
fuels like coal, oil, and natural gas, unfortunately current oil reserves have been
estimated to be sufficient for only the next 42 years (Govoni et al., 2008).
Considering the limited fossil fuel resources and the heavy pollution caused by
their use, finding alternative, sustainable and clean sources of energy is a striking
and urgent need (Andreiadis et al., 2011; Berardi et al., 2014; Govoni et al.,
2008; Gust et al., 2009).

Of the potential energy sources that might meet these criteria, sunlight is
the most promising one. The sun delivers energy to the earth’s surface at an
average rate of 120,000 trillion watts per year, which is about 4 orders of
magnitude larger than the current rate of worldwide technological energy use by
humans (Gust et al., 2009). Even though some methods have been developed to
convert sunlight into electricity, several disadvantages persist, making it hard for
solar energy conversion to compete with fossil fuels (Berardi et al., 2014).
Discovery of a fundamental scientific basis for new solar fuel technologies is
desired.

Photosynthesis, through billions of years of evolution, is a process that
sustainably converts light into chemical energy. Investigations have been
performed using the fundamental science underlying photosynthetic energy
conversion to design systems that convert light into stored chemical energy, and

this field is called applied photosynthesis. There are several general approaches

10



in applied photosynthesis which include biofuel production, hydrogen production
and photovoltaic cells (Berardi et al., 2014; Hammarstrom & Hammes-Schiffer,

2009).

1.4.1 Biofuel production

Any fuel derived directly from living organisms or from their metabolic
byproducts is defined as a biofuel. The potential of using photosynthetic
organisms to produce biofuel is of particular interest. Several desirable features
of photosynthetic microorganisms have made them attractive for biofuel
production, including ease of cultivability, a relative high growth rate (compared
to land plants), and the capability of accumulating a very large amount of
feedstock for biofuel production (Scott et al., 2010).

Many cyanobacterial strains have been metabolically engineered to
produce desired biofuels including ones that produce isobutyraldehyde and
isobutanol (Atsumi et al., 2009; Lan & Liao, 2011), ethanol (Deng & Coleman,
1999), or isoprene (Lindberg et al., 2010). In the past few years, the production of
biodiesel from algae and cyanobacteria has been an area of considerable

interest (Miao & Wu, 2006; Scott et al., 2010).
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1.4.2 Hydrogen production

The metabolism of hydrogen by photosynthetic microorganisms such as
algae has been studied since 1939. It was observed that H, can be photo
produced by treating algae with electron transport inhibitors (Gaffron, 1939).
Later research explained this observation and claimed that the H, production was
achieved by directing electron flow from PSI to a hydrogenase (Stuart & Gaffron,
1972).

Since then, photosynthetic microorganisms have been extensively studied
for their ability to produce H, from sunlight and water (D. Das & Veziroglu, 2001;
Ghirardi et al., 2005). In addition to these in vivo studies, several in vitro studies
have succeeded in producing H, by coupling the PSI complex to either platinum
nanoparticles or a hydrogenase (Evans & O'Neill, 2004; Ihara & Nakamoto, 2006;

Ifeyinwa Jane lwuchukwu et al., 2010; Millsaps et al., 2001).

1.4.3 Photocurrent generation

As mentioned earlier, PSI is capable of generating a charge separation
with an internal quantum efficiency approaching one (Hogewoning et al., 2012).
Due to the high light conversion efficiency and rapid charge separation of PSI,
researchers from around the world have investigated the redirection of light

excited electrons into photovoltaic devices.

12



In an earlier study, Greenbaum’s group immobilized PSI on fiberglass filter
paper which had direct contact with a metal electrode and generated sustained
photocurrent under light illumination (Greenbaum, 1989). This result revealed the
possibility of using photosynthetic biological materials (like PSI) for the direct
conversion of solar energy to electricity. Several groups have now used PSI as a
photoactive material for photocurrent generation (G. Chen et al., 2013; Mershin
et al., 2012c).

Over the past 10 years, numerous groups have worked to improve
artificial electron transfer to and from PSI in photovoltaic devices. For example,
several attempts have been made to replace the electron acceptor Fd with an
organic or inorganic semiconductor (like TiO,) to develop a biologically-based
photovoltaic device (R. Das et al., 2004; Mershin et al., 2012a; Yehezkeli et al.,
2013). Due to the extensive research in this field, a 10-fold increase in
photocurrent per year has been observed in this field (Figure 1.4) (Nguyen &

Bruce, 2014).

13
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Figure 1.4 Reported PSI generated photocurrents over the past eight years

Photocurrent density extracted from PSI studies over the past eight years. On
average, a 10-fold increase in rate (uA/cm2) per year has been observed with the

fitted trend line (open points excluded) (Nguyen & Bruce, 2014).
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1.5 Biological based photovoltaics using hybrid dye-sensitized solar cells

In order to build a photovoltaic device, the dye-sensitized solar cell (DSC)
was selected as a model, and several modifications were applied to generate a
biological based hybrid dye-sensitized solar cell.

The DSC, also known as the Gratzel cell, was originally invented by
Gratzel's group (Brain O' Regan & Michale Gratzel, 1991). The DSC is
composed of 3 primary components as shown in Figure 1.5. A mesoporous
semiconductor layer was used to establish electronic conduction and is
deposited on conductive glass. A monolayer of dye (also called molecular
photosensitizer), which is capable of light driven charge separation, is coated on
the surface of the semiconductor. Upon photo excitation, the dye injects
electrons into the mesoporous semiconductor, leaving the dye in its oxidized
state. The dye molecule is then regenerated by the liquid electrolyte. The redox
system passes electrons through electrolytes to cathode and completes its
regenerative cycle (Brain O' Regan & Michale Gratzel, 1991; Hagfeldt et al.,
2010).

Even through the DSC is widely used, it still has several problems to be
solved: 1. the dye is unstable; 2. the dye, platinum and conducting glass are
expensive; and 3. the electrolyte solution and platinum are hazardous to human
health and the environment (Chang et al., 2014). To overcome these problems, a
low cost, highly efficient and environmentally friendly assembly is desired. Using

biological materials, like PSI, to replace the costly and unstable dye in the DSC

15



could help solve some of these problems. The PSI from photosynthetic
organisms can be easily harvested and remains functionally active for months or
even years (l. J. lwuchukwu et al., 2011; Kiley et al., 2005; Toporik et al., 2012).
The high efficiency of light conversion and the fact that it is non-hazardous also
make PSI an attractive alternative for the synthetic dye molecule.

Previous research has incorporated PSI in some bio-hybrid devices to
create electrical power (Blankenship et al., 2011; Mershin et al., 2012c). It is of
critical importance to optimize the process of transferring the electrons from the
P700 reaction center within PSI to the electrodes. Since it may be difficult to
further minimize the distance between the [4Fe-4S] centers in PsaC and the
electrodes, Fd may be used as intermediary to connect PSI and the electrode,
thus facilitating electron transfer. By directly linking Fd to the PsaC, D and E
subunits of PSI, it may be possible to build a hybrid photovoltaic device. The
principle of operation and energy level scheme of the hybrid photovoltaic device
is shown in Figure 1.6. Photo-excitation of the P700 reaction center of PSI is
followed by electron transport within PSI to its stromal [4Fe-4S] centers F4 and
Fg. The electron is then transferred into Fd and injected into the conduction band
of the TiO, nanoparticles. The dye molecule (PSI) is regenerated by the redox

system (Cyt c), which itself is regenerated by sacrificial electron donor ascorbate.

16
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Figure 1.5 Schematic overview of a dye-sensitized solar cell

Photo-excitation of the dye is followed by electron injection into the mesoporous
metal oxides semiconductor. The dye molecule is regenerated by the
iodide/triiodide redox system, while the redox system is regenerated by receiving
electrons through the electrolyte from the anode. The anode is coated with a thin
layer of platinum catalyst and is deposited on a transparent conducting oxide on
a glass or plastic substrate. The most commonly used substrate is glass coated

with fluorine-doped tin oxide (FTO).
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Figure 1.6 Model for the hybrid photovoltaic device

A) The stromal side of PSI is connected to the TiO; electrode via the TiO, binding
peptide-Fd fusion protein. Upon exposure to light, excited electrons from PSI will
be injected into the TiO, electrode via Fd. B) Principle of operation and energy
level scheme of the hybrid photovoltaic device. Photo-excitation of the P700
reaction center of PSI is followed by electron transport within PSI to its stromal
[4Fe-4S] centers Fa and Fg. The electron is then transferred into Fd and injected
into the conduction band of the TiO, nanoparticles. The dye molecule is
regenerated by the redox system (Cyt c), which itself is regenerated by sacrificial

electron donor ascorbate. Potentials are referred to the standard hydrogen

electrode (SHE).
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1.6 Properties of TiO, nanoparticles

Titanium dioxide (TiO,) is the naturally occurring oxide of titanium. Several
forms of TiO, exist in nature. Among those, anatase and rutile are the two
common forms. TiO, is almost an ideal semiconductor because of its high
stability, low cost and safety with respect to both humans and the environment
(Macwan et al., 2011).

The performance of TiO, based biophotovoltaics is largely influenced by
the size of the TiO, nanoparticle. The high surface-to-volume ratio achieved by
nanoparticles can provide more area for PSI adsorption and light harvesting
(Macwan et al., 2011; Mershin et al., 2012b). To achieve a higher surface-to-
volume ratio of the particle, various techniques have been used (Sugimoto et al.,

2003). As a result, TiO, nanoparticle was chosen as the electrode in our study.

1.7 Selection of titanium oxide binding peptides and molecular modeling of
TiO, binding peptides

A growing number of peptides capable of specifically recognizing
inorganic materials have been reported, yielding a library of peptides that can be
utilized as biological linkers to conjugate biomolecules to inorganic materials at
the nano scale (Thai et al.,, 2004). These inorganic-binding peptides can be
inserted into protein structures and used as “molecular erector sets” that will

direct the assembly of hybrid materials (Sarikaya et al., 2003). Recently, much

19



effort has been directed at identifying short peptides that bind with high affinity
and specificity to certain inorganic materials, like titanium oxide binding peptides
(TOBIPs) (Haibin Chen; Su, 2008).

As mentioned in the previous section, Fd will be attached to a TiO;
nanoparticle. To enable this design, three TOBiPs were tested to determine
which one would provide Fd with the highest affinity to the TiO, nanomaterial
(Table 1). However, due to the lack of a detailed model between PSI and Fd,
work was first conducted to generate a method that would allow incorporation of

TOBIP into Fd without interrupting the interactions between PSI and Fd.

1.8 Conclusion

The goal of this project is to help solve the energy crisis human beings are
facing by generating a low cost, high efficiency photovoltaic device using
biological materials. The interaction between PSI and Fd will be studied using
computational modeling. TOBIP will be engineered to Fd, and the fusion protein
will be characterized and optimized for its attachment to the TiO, nanoparticle.
Finally, PSI will be crosslinked to TOBIP-Fd and attached to the TiO, electrode,

creating a photovoltaic device.
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Table 1 Sequence of TOBIiPs Used in this study

TOBIP Sequence

STBA1 CHKKPSKSC
STB2 CTKRNNKRC
LSTB1 AHKKPSKSA
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Chapter 2 Material and Methods

2.1 Codon analysis and Codon optimization of TeFd

The complete genome information of T. elongatus was provided by the
National Center for Biotechnology Information (NCBI Reference Sequence:
NC_004113.1). The wild type ferredoxin (petF) gene sequence was found within
the genome (locus tag: tsl1009) with a total length of 297 bp (Appendix 1). The
codon optimization was performed by online software provided by JAVA Codon
Adaptation Tool (JCat, http://www.jcat.de/Start.jsp) (Carbone et al., 2003). The
WT T. elongatus Fd (TeFd) gene sequence was set as input sequence, and E.
coli was selected as output organism. Then, the codon optimized TeFd gene
sequence was generated. In order to insert Fd gene into a pTYB2 expression
vector, an Ndel (CAT ATG) restriction site at 5 and an Xmal (CCC GGQG)
restriction site at 3° were introduced to the codon optimized ferredoxin gene
sequence (before the stop codon). The codon optimized TeFd (C.O.TeFd) gene
was synthesized by Epoch Life Science (Epoch, Sugar Land, TX) and received
as a pBSK-C.O.TeFd plasmid was dissolved in TE buffer (1 mM EDTA, 10 mM

Tris, pH 8.0) with concentration of 150 ng/uL.

2.2 Cloning of TeFd gene
The synthesized pBSK-C.O.TeFd plasmid and pTYB2 vector (New

England Biolabs, Beverly, MA) were digested with Ndel and Xmal for 2 hrs at 4
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°C, and enzymes were heat-killed at 65 °C for 20 min. Digested pTYB2 vectors
were incubated with 1 pL of calf intestine alkaline phosphatase (CIAP) (Promega,
madison, WI) for 1 hr at 37 °C to remove phosphate overhangs inhibiting self-
ligation. The digested C.O.TeFd and CIAP treated pTYB2 vector were purified
using the Wizard SV Gel and PCR Clean-Up System (Promega, Madison, WI).

The purified digested C.O.TeFd was ligated to the CIAP treated pTYB2
vector (Table 2) for 2 hrs at room temperature. After ligation, the product was
added to E. coli GC10 competent cells (Genesee Scientific, San Diego, CA) and
kept on ice for 30 min. The mixture was then heat shocked at 42 °C for 45 sec,
500 pL of SOC medium (20 g/L Tryptone, 5 g/L Yeast Extract, 4.8 g/L MgSO4,
3.603 g/L dextrose, 0.5g/L NaCl, and 0.186 g/L KCI) (Orkin, 1990) was added,
and incubated at 37 °C for 1 hr. The transformed cells were spread on 1.5% Luria
Broth (LB) agar plates containing 150 ug/ mL ampicillin.

Colony PCR was used to confirm resulting colonies using T7 Promoter F
and T7 Terminator R primers (Appendix 2) under the conditions shown in Table 3
and Table 4. All primers used in this project were synthesized by Integrated DNA
Technologies (IDT; Coralville, 1A) and received as lyophilized powder. The
primers were resuspended to 100 uM in deionized, autoclaved water (ddH,O).
These 10x stocks were kept at -20 °C. The working stocks of primers were
prepared by diluting the 10X stock to 1X stock (10 pM) with ddH,O to avoid

contamination of the primer stocks.
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One positive colony was picked, grown overnight in LB with 150 pg/mL
ampicillin using 37 °C shaking incubator and harvested. The cell pellet was then
used for a midi-prep (Wizard Plus, Promega, Madison, WI) to extract the pTYB2-
TeFd plasmid. The extracted plasmid was then sequenced.

The titanium oxide binding peptides (TOBIPs) were introduced to the N-
terminus of Fd. Three forward primers and one reverse primer (Appendix 2) were
designed to introduce 3 different TOBIiPs (STB1, STB2 and LSTB1) (H. Chen et
al., 2006, 2008) at the 5’ end of the TeFd.

The high fidelity DNA polymerase ExTaq (Takara Bio Inc., Shiga, Japan)
was used for PCR. The reaction was set up according to Table 5 and Table 6,
and the PCR product was analyzed using 0.8% agarose gels. The product was
purified using Wizard SV Gel and PCR Clean-Up System (Promega, Madison,
WI).

The purified PCR product was then ligated into the pGEM-T Easy vector
(Promega, Madison, WI) using T4 DNA Ligase for 2 hrs at room temperature
(Table 2). After ligation, the product was transformed to E. coli GC5 competent
cells (Genesee Scientific, San Diego, CA) using the method described above.
The transformed cells were spread on 1.5% LB agar plates containing 150 pg/mL
ampicillin. In addition, 500 yL of 20 mg/mL 5-bromo-4-chloro-3-indolyl-B-D-
galctopyranoside (X-gal) and 100 pL of 100 mM Isopropyl [B-D-1-

thiogalactopyranoside (IPTG) were added on the top of the LB plate.
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The white colonies were further screened using colony PCR (Table 3 and
Table 4). M13 forward and M13 reverse primer (Appendix 2) were used for the
reaction. One confirmed colony was selected and used for mini-prep (Wizard
Plus, Promega, Madison, WI) to extract the pGEM-TOBIP TeFd plasmid. These
plasmids were sequenced and then inserted into pTYB2 vector (New England
Biolabs, Beverly, MA) to generate pTYB2-STB1 TeFd, pTYB2-STB2 TeFd, and

pTYB2-LSTB1 TeFd constructs using the same method as mentioned above.
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Table 2 Ligation protocol

Ingredient Volume (uL)
T4 DNA Ligase (3 Units/uL) 1

2x Rapid Ligation Buffer 5

Vector (100 ng/uL) 1

Insertion (25 ng/uL) 3

Total Reaction Volume 10
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Table 3 Colony PCR reaction recipe and cycling condition

Ingredient Volume (uL)
GoTaq Polymerase (5 Units/uL) 0.1

5x GoTaq Buffer 5

dNTP mix (2.5 mM each) 2

Forward Primer (10 yM) 0.5
Reverse Primer (10 uM) 0.5

30% Triton X-100 0.2

ddH20 16.7

Total Reaction Volume 25

* E. coli colonies were suspended in ddH20 in the PCR tube before adding

remaining ingredients

Table 4 Colony PCR cycling condition

Step Temperature (°C) Reaction Time (sec)
1 94 300

2 94 30

3 55 30

4 72 90

5 Repeat steps 2-4 for 35 times

6 72 300

7 4 Hold
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Table 5 PCR reaction recipe and cycling condition

Ingredient Volume (uL)
ExTaq (5 Units/uL) 0.25

10x ExTaq Buffer 5

10 mM dNTP mix (2.5 mM each) 4

Forward Primer (10 yM) 1

Reverse Primer (10 uM) 1

Template DNA (200 ng/uL) 0.4

ddH20 39.35

Total Reaction Volume 50

Table 6 PCR cycling condition

Step Temperature (°C) Reaction Time (sec)
1 94 300

2 94 30

3 45 30

4 72 30

5 Repeat steps 2-4 for 35 times

6 72 300

7 4 Hold
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2.3 Expression and purification of protein using the IMPACT System

The IMPACT system (New England Biolabs, Beverly, MA), which was
designed to purify proteins using a self-cleavable intein tag, was used to purify
Fd proteins. The pTYB2-TOBIP TeFd (pTYB2-STB1-TeFd, pTYB2-STB2-TeFd,
and pTYB2-LSTB1-TeFd) and pTYB2-TeFd constructs were transformed into E.
coli ER2566 competent cells (New England Biolabs, Beverly, MA) and spread on
1.5% LB agar plate with 150 pg/mL ampicillin.

Induction screens were performed in order to find the colonies that best
expressed the desired proteins. Three colonies were picked and grown at 37 °C
with shaking at 225 rpm in 5 mL LB liquid medium tubes with 150 ug/mL
ampicillin until ODggo is between 0.4 to 0.6, and IPTG was then added (1 mM
final) to start the induction. The E. coli cells were harvested by centrifugation
(60009 for 2 min) after 3 hrs induction. The cell pellets were resuspended in 150
ML ddH,O and 50 uL of 4X SDS sample buffer (4X SSB, 400 mM DTT, 40 mM
Tris-HCI pH 6.8, 20% glycerol, 4% SDS). The samples were boiled for 3 min and
analyzed by SDS-PAGE.

The colony that expressed the most fusion protein was used to purify the
protein. The purification process used a modified protocol from the IMPACT Kit
Instruction  manual  (https://www.neb.com/products/e6901-impact-kit). The
selected colony was grown at 37 °C with shaking at 225 rpm in 2X 1L LB liquid
medium flasks with 150 pg/mL ampicillin and 56 mg/L FeSO4 (Wittenberg et al.,

2013). When the ODgoo reaches 0.4, the cells were then moved to 20 °C for 20
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min. 1 M IPTG stock was added to a final concentration of 1 mM to induce fusion
protein production. The E. coli cells were harvested by centrifugation at 6000 g
for 10 min in 4 X 500 mL centrifuge tubes after 16 hrs induction. The cell pellets
were then resuspended in 25 mL of 1X Cell Lysis Buffer (20 mM Tris-HCI, pH
8.5, 500 mM NaCl, 1 mM EDTA, and 0.3% Triton X-100) per 2 L cell culture.
Protease inhibitor cocktail (0.2 mM PMSF, 1 uM Leupeptin, and 1 uM Pepstatin)
was also added to the solution to help protect the desired protein.

The cells were lysed with 3 passes through French Press (Thermo
Electron Corporation, Waltham, MA) at an internal pressure of 25,000 psi. The
lysate was then collected and centrifuged using the Sorvall SS-34 rotor at 36,000
g for 30 min. The supernatant was collected and used for protein purification
while the pellet was resuspended in 25 mL 1X Cell Lysis Buffer. 60 pyL of the
resuspended pellet was collected for further analysis (as described in Gel
electrophoresis and staining section).

The supernatant was then loaded onto a chitin matrix column (New
England Biolabs, Beverly, MA) at 0.5 mL/min. The column was washed with 20
column volumes (CVs) of ice-cold column buffer (20 mM Tris-HCI, pH 8.5, 500
mM NaCl, and 1 mM EDTA) to remove unbound proteins at 2 mL/min. The
column was then washed with 3 CVs of ice-cold column buffer supplemented
with 50 mM B-mercaptoethanol (B-ME) to induce the self-cleavage of the intein
tag. The column was then incubated at 4 °C for 20-40 hrs. The proteins were

eluted with 5 mL column buffer at 4 °C. The elution was dialyzed in 0.1X
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phosphate buffered saline (0.1X PBS, 13.7 mM NaCl, 0.27 mM KCIl, 1 mM
Na;HPO, and 0.18mM KH,PO, at pH 7.2) 3 times for 4 hrs each. Sample was
collected from the dialyzed protein and analyzed using SDS-PAGE (as described
in Gel electrophoresis and staining section). The remaining protein was frozen in

liquid nitrogen and stored at -80 °C for long term storage.

2.4 MALDI-TOF mass spectrometry

The purified ferredoxin proteins were analyzed by the matrix-assisted
laser desorption ionization-time of flight (MALDI-TOF) mass spectrometry (MS) to
confirm their molecular weight. MALDI-TOF MS was performed using a Bruker
Daltonics Microflex™ mass spectrometer. The MALDI-TOF MS was calibrated
using ProteoMass™ Protein MALDI-MS Calibration Kit (Sigma-Aldrich, St. Louis,
MO). The protein samples (or standard) were mixed with 10 yL of 60% (v/v)
sinapinic acid (3-(4-hydroxy-3,5- dimethoxyphenyl)prop-2-enoic acid, Sigma-
Aldrich, St. Louis, MO) in a 1:1 ratio. The MS plate was spotted with 1 uL of the
sample (or standard) at each spot and air-dried thoroughly at room temperature.
The resulting mass/charge data was exported into a text file (.txt) and analyzed

using GraphPad Prism 6 (GraphPad Software, La Jolla, CA).
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2.5 Difference Spectroscopy

The Fd proteins were also analyzed by a Cary 300 Bio UV-Visible
Spectrophotometer (Agilent Technologies, Santa Clara, CA) to characterize their
representative absorbances at 330nm, 424nm and 460nm under oxidized and
reduced states (D. O. Hall, 1973). The protein sample was diluted in 0.1X PBS
(pH 7.2) to a final concentration of 100 pM, and the scanning mode
measurement from 250 nm to 550 nm was performed in triplicate at 60 nm/min
averages at 0.5 nm intervals. The oxidized state ferredoxin measurement was
performed using 0.1X PBS as a blank, while the reduced state was measured
using 0.1X PBS containing 10 mM sodium dithionite as blank and 100 uM protein
with 10 mM sodium dithionite as sample. The results were exported into an excel
file and the average of the 3 replicates was calculated. GraphPad Prism 6

(GraphPad Software, La Jolla, CA) was used to analyze the results.

2.6 Gel electrophoresis and staining

To analysis the protein samples, a tris-glycine system was used. The gel
casting apparatus used 0.75 mm thick spacer plates and short plates from the
Protean-3 system (Bio-Rad Hercules, CA). For the resolving solution, 3.5 mL of
15% acrylamide (in 1X resolving gel buffer) was mixed with 20 yL of 10% wi/v
ammonium persulfate (APS) and 10 pL of tetramethylethylenediamine (TEMED).

Isopropanol was added to the top of the resolving solution to help exclude air
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bubble from the resolving gel. After polymerization the isopropanol was removed,
and 2 mL of the stacking solution (4.8% acrylamide in 1X stacking gel buffer) was
mixed with 20 yL APS and 10 yL TEMED and poured on top of the resolving
solution.

A 0.75 mm thick comb is then inserted into the stacking solution. The
polymerization takes about 5 min, and then the comb is removed from the gel.
The gels were run at 15 mA per gel using SDS running buffer (0.1% SDS, 25 mM
Tris and 275 mM glycine, pH 8.3) until the bromophenol blue from the 1X SSB
reached the bottom (usually takes about 1.5 hrs).

For Coomassie Brilliant Blue staining, the gels were stained in 10% acetic
acid, 50% methanol and 0.25% Coomassie Brilliant Blue R 250 for 1 hr and then
washed with water and incubated in destain (10% acetic acid, 50% methanol) for
2 hrs.

Silver staining was also performed when a more sensitive stain was
required (Chevallet et al., 2006). The proteins were fixed to the gel for 45 min
with 200 mL of fixing solution (50% ethanol 10% acetic acid) and then washed
with 200 mL of ddH,O for 4 min (repeat wash 4 times). The gel was exposed to
100 mL silver nitrate (0.5% AgNO3) for 30 min and quick rinsed with 200 mL
ddH,O for 10-15 sec. The gel was developed in 100 mL developing buffer (236
mM Na,CO3, 0.02% formaldehyde) for 15 min and washed in 200 mL ddH,O for
5 min (3 times). 100 mL of the Farmer’s reducer (685 pM Ks;Fe(CN)sand 12 mM

Na,S,03) was used to treat the gel for 45 min and washed with ddH,O for 6 min
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(repeat wash 4 times). The gel was then stained with silver nitrate again for 25
min and rinsed with ddH,O for 15 sec. Finally, the gel was incubated with
developer and stopped when the band was optimally visible by adding destain
buffer. The results were analyzed with Quantity One software version 4.4 (Bio-

Rad, Hercules, CA), and bands were quantitated by photon counting.

2.7 Production and purification of Fd antibody

The polyclonal antibody was made in rabbits (Pocono Rabbit Farm,
Canadensis, PA) using recombinant forms of Fd expressed and isolated from E.
coli as mentioned above. The characterization and specificity of the antibody was
confirmed with Western blotting analysis.

The anti-Fd antibody was further purified using cyanogen bromide (CNBr)-
lactivated Sepharose 4B (GE Healthcare Life Sciences, Piscataway, NJ). 1 gram
of the CNBr-activated Sepharose 4B was loaded in an empty column and
activated using 20-50 mL cold HCI for 15 min at 4 °C. The column was then
washed with 200 mL of 1 mM HCI at 1 mL/min. 1 mL of 1 mg/mL Fd was
incubated on the activated Sepharose beads overnight at 4°C and washed with
15 mL of coupling buffer (500mM NaCl, 100 mM NaHCOg, pH 8.3) the following
day. The uncoupled sites on the beads were blocked with 3 mL of 1 M Tris-HCI
buffer (pH 8.0) for 2 hrs at room temperature. The beads were then washed with

10 mL 1X PBS buffer and incubated with serum (produced by Pocono Rabbit
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Farm) overnight at 4°C. The flow-through from the column was saved for
Western blot testing. The column was washed again with 10 mL 1X PBS buffer
and 5 mL 150 mM NaCI-HCI (pH 5) solution. The purified antibody was eluted
with 6 mL elution buffer (150mM NaCl, pH 2.5) and neutralized with saturated
phosphate buffer (add Na,HPO4 to PBS buffer until saturation: 1 mL of elution
buffer requires 50 yL of saturated phosphate buffer). The antibody solution was
kept in a 50% glycerol solution with 0.1% sodium azide (w/v) at -20 °C. The anti-

PsaD and anti-PsaE antibody were purified in the same way as described above.

2.8 Western blotting

Immobilon PVDF membrane (Millipore, Billerica, MA) was cut into the size
of the Tris-glycing gel, activated in pure methanol for 5 min, and then soaked in
transfer buffer (48 mM Tris, 390 mM glycine, 20% methanol) for another 5 min.

Gels were run with pre-stained markers (EZ-Run Prestained, Fisher
Scientific, Fair Lawn, NJ; or SeeBlue, Invitrogen, Carlsbad, CA). Proteins were
transferred to the pre-soaked PVDF using Mini Trans-Blot® Electrophoretic
Transfer Cell (BioRad, Hercules, CA) at 100 V for 1.5 hrs at 4 °C. The immobilon
was removed from the cell and incubated with Tris-buffered saline and Tween 20
(TBST, 137 mM NaCl, 3 mM KCI, 0.1% v/v Tween-20 and 25 mM Tris-HCI, pH
8.0) containing 3% w/v non-fat milk (NFM) with shaking for 1 hr at room

temperature. The immobilon was then incubated with the primary antibody

35



(1:10,000 dilution) in TBST-NFM solution overnight at 4 °C. The immoblion was
washed 3 times with TBST-NFM (10 min each time) and then incubated with the
donkey-anti-rabbit horseradish peroxidase conjugated (DAR-HRP) (Thermo
Scientific, Rockford, IL) for 1 hr at 1:25,000 dilution in TBST-NFM. The immobilon
was again washed 3 times with TBST for 10 min and once with TBS for 10 min.
The immobilon was then incubated with 1:1 volume mix of HRP substrate
and Luminol (Millipore) at 2 mL total volume for 5 min avoiding light. The results
were captured using a Chemidoc XRS (Bio-Rad, Hercules, CA) for 360 sec
taking images every 10 sec. The results were analyzed with Quantity One
software version 4.4 (Bio-Rad, Hercules, CA), and bands were quantitated by

photon counting.

2.9 Design of in vitro binding assay to TiO,

In order to test the binding affinity of Fd to the TiO, nanoparticles, an in
vitro binding assay was performed. TiO, nanoparticle (0.5 mg) and 10 uL of the 1
mg/mL Fd (WT Fd and TOBIiP-Fd) was mixed in a 1.5 mL Eppendorf tube
(Eppendorf, Hamburg, Germany) and raised to 100 pyL with 0.1X PBS buffer. The
mixture was incubated at 4 °C for 3 hrs and centrifuged at 1,000 g for 1 min. The
supernatant was then discarded while the pellet was collected and washed twice
with an equal amount of buffer, after that 50 uL of 4X SSB was added to the final

pellet and boiled for 2 min to denature the sample. The protein samples
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(supernatant and pellet) were analyzed using SDS-PAGE, gel staining, or
Western blotting. Various conditions was performed, inlcuding pH, additives,
TOBIPs and TiO, nanoparticle species to detect the optimium codition for the

assay.

2.10 Purification of PSI

Purification of trimeric PSI was carried out following the protocol used by
Iwuchukwu et al with minor modifications (Ifeyinwa Jane lwuchukwu, 2011). The
frozen T. elongatus cells were thawed and resuspended in 30 mL of lysozyme
buffer (10 mM CacCl,, 10 mM MgCl,, 500 mM sorbitol and 50 mM HEPES, pH 8.0)
using a large Dounce homogenizer. The resuspended cells were transferred
back to a 50 mL conical tube and adjusted to 1 mg/mL chlorophyll a (Chl a). Chl
a concentration was calculated using methods described in Chapter 2.14 (Arnon,
1949).

Lysozyme was then added to a final concentration of 0.25% (w/v) and
incubated in the dark at 37 °C for 45 min. The resulting mixture was centrifuged
for 10 min at 5,000 g and the supernatant was discarded. The pellet was
resuspended in lysis buffer (20 mM MES, 500 mM Sorbitol, 10 mM CacCl,, and 10
mM MgCl,, pH 6.4) to 1 mg/mL Chl a. The solution was passed twice through a

French Press (SLC Aminco) with an internal pressure of 25,000 psi to lyse the
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cells. The cell lysate was then centrifuged using an SS-34 rotor at 40,000 g for
20 min, and the supernatant was discarded.

The pellet was collected and washed with wash buffer (10 mM CacCl,, 10
mM MgCl, and 20 mM MES, pH 6.4) and then washed in buffer containing 3 M
NaBr, and then finally in the initial wash buffer. The final washed membrane
fragments were adjusted to 1.06 mg/mL Chl a, and 10% dodecyl-maltoside (DM)
was added to a final concentration of 0.6% (w/v). The mixture was incubated at
20 °C for 30 min with gentle shaking in darkness. The insoluble material was
removed from the solubilized membrane mixture by centrifugation at 40,000 g for
20 min. The supernatant was separated from the pellet and then loaded onto 10 -
30% sucrose gradients containing wash buffer and 0.03% DM. Density gradient
centrifugation was performed using an SW28 rotor at 24,000 rpm at 10 °C for 16
hrs. The lowest green band contained the trimetric PSI complex.

The PSI samples were then diluted with 20 mM MES pH 6.4 with 0.02%
DM to about 4X the original volume and loaded onto a POROS 20HQ (Invitrogen,
Carlsbad, CA) anion exchange column (S/N 500, SpectraLab Scientific, Ontario,
CA). The PSI was purified using HPLC following the method shown in Appendix
3. The Chl a concentration was measured and dialyzed and concentrated into
wash buffer to make the final concentration 1 mg/mL Chl a, and it stored at -80

°C for long term storage.
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2.11 Cross-linking of Fd to PSI

T. elongatus PSI and TeFd was mixed at a molar ratio of 1:1 in 0.1 x PBS
(pH7.2) with 0.03% DM solution. The mixture of PSI and Fd was then incubated
for 30 min on ice before adding the chemical crosslinking agent, EDC (Thermo
Scientific, Rockford, IL) and/or NHS (Thermo Scientific, Rockford, IL). The
crosslinker was added to the mixture to make the final concentration 5 mM NHS
and 2.5 mM EDC in a total volume of 50 ul. Equal volume of 20 mM glycine in
0.03% DM was added to quench the crosslinking reaction.

Following this, a multilayer sucrose gradient (3 layers, 5%, 20% and 60%
sucrose in 0.03% DM, 0.1X PBS, pH7.2) was made in a microfuge tube
(Beckman coulter Inc., Pasadena, CA). The crosslinking product was then loaded
on the top of the sucrose gradient to separate free Fd from PSI and PSI-Fd
crosslinked product using a TLA-55 rotor (Beckman coulter Inc., Pasadena, CA)
and Optima™ Ultracentrifuge (Beckman coulter Inc., Pasadena, CA) at 150,000
g for 2 hrs. After sucrose gradient separation, 100 uL of the green layer (PSI and
PSI-Fd complex) was isolated and mixed with 4X SSB and incubated at 42 °C for
30 min to denature the PSI. The protein sample was then analyzed using 15%
Tris-Glycine SDS-PAGE and immuno-detected by Western blotting. The
immunoblots were probed with different antibodies, including anti-Fd, anti-PsaD

and anti-PsaE (Cashman et al., 2014).
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2.12 Chl a measurement

The concentration of PSI was measured by its Chl a concentration. The
concentration of Chl a was determined by chlorophyll extraction with 985 uL 90%
methanol and 15 uL of sample. The mixture was vortexed and incubated at 60 °C
for 2 min and then centrifuged at 21,000 g for 2 min to remove debris. 800 uL of
the supernatant was collected and measured its absorbance at 665 nm and used

to calculate total chlorophyll content using the following equation.

AbS665 x 13.5
15 x 1000

[Chla] =

2.13 Computational modeling of PSI and Fd interaction

This section was performed with the collaboration of Dr. Derek Cashman,
the results of which have been submitted for publication in the Journal of
Molecular Recognition (Cashman et al., 2014). The protein structure files of
TePSI and TeFd were downloaded from the Protein Data Bank (PDB) with PDB
accession coordinates number 1JBO (PSI) and 2CJN (Fd). Program MOE V.
2012 (Chemical Computing Group, Inc., Montreal, Quebec, Canada) was used to
extract the stromal subunits of PSI from the PDB file, and hydrogen atoms were
added to the structure according to standard residue protonation (Cashman et
al., 2014).

The extracted stromal subunits from PSI as well as Fd were analyzed

using the Protein Frustratometer (EMBNet, http://www.frustratometer.tk/) to
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calculate the regions that exhibit local configurational frustration. The regions (or
key residues) that were highly frustrated were mapped on the PSI and Fd protein
structures using MOE V. 2012. In addition, residues that were experimentally
determined by site-directed mutagenesis, crosslinking, and other studies were
also identified (Bottin et al., 2001; Fischer et al., 1999; Setif et al., 2002; Setif et
al., 2010b).

The modeling of the interaction between PSI and Fd was performed by
rigid body docking using the Energy Minimize function in MOE with the
CHARMM27 force field. The extracted stromal subunits of PSI (PsaC, D and E)
and the Fd protein were treated as separate rigid bodies with the predicted
interaction surfaces facing each other.

Certain distance restraints were set between an atom of a residue on PSI
and another atom of a residue on Fd to ensure that the 2 residues would be in
proximity to the docked complex structure (Cashman et al., 2014). These
distance restraints were set to calculate potential models for the PSI-Fd
interaction complex, bringing together the residues that have been
experimentally proposed to be involved in PSI-Fd interactions and/or the regions
of high energetic frustration. Docking models were generated with different sets
of distance restraints, and each of these models was then subjected to energy

minimization in MOE for future analysis (Cashman et al., 2014).
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Chapter 3 Results

3.1 Introduction

Solar energy is the most abundant energy source available in the world
(Hammond, 1972; Mussgnug et al., 2007); however, we cannot effectively
harvest this energy. Traditional inorganic solar cells are costly, energy intensive
to manufacture, and have limited absorption of solar radiation. It is desirable to
develop flexible and lightweight solar cells that can compete with inorganic
semiconductor cells, yet remain inexpensive. This can be accomplished by
combining biological materials to build a hybrid dye synthetized cell.

Energy conversion from light to electrical energy in photosynthesis and in
photovoltaic devices is initiated by the charge separation, which generates a
photovoltage in the system (Blankenship et al., 2011; Gur et al., 2005). Nature
provides excellent systems of the charge separation, such as the photosynthetic
reaction center PSI, which evolved over billions of years to become a highly
efficient light energy converter (Brettel & Leibl, 2001; Nelson, 2009). Located in
the thylakoid membranes of plants and cyanobacteria species, PSI contains a
special pair of chlorophyll (P700), which undergoes light-induced charge
separation and generates a light activated electron. The electron is then
transferred through the PSI to ferredoxin (Brettel & Leibl, 2001; D. O. Hall, 1973).

Ferredoxin is an electron transfer protein with an iron-sulfur center that facilitates
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electron transfer between PSI and the ferredoxin:NADP+ oxidoreductase (FNR)
in photosynthesis (Tagawa & Arnon, 1962).

In applied photosynthesis, many efforts have been directed towards using
these electrons in either a hydrogen-evolving catalyst or an electron-conducting
photovoltaic cell device (Ifeyinwa Jane Iwuchukwu et al., 2010; Mershin et al.,
2012c). In this project, efforts have been made to shuttle these light induced
electrons from PSI to a TiO, electrode. Ferredoxin was used to connect PSI to
the TiO; electrode in a directional manner and facilitate electron transfer from PSI
to the electrode. To help this process, a TOBIP was engineered to the N-
terminus of the Fd to provide specific binding to TiO,. In addition, a chemical
crosslinking reaction was performed, linking PSI and TOBIP-Fd to generate a
PSI-Fd-TOBIP protein complex. The crosslinked product can attach to TiO;
electrodes in a directionally-specific way and generate a photovoltaic device.

T. elongatus is a thermophillic cyanobacterium that was isolated from hot
springs, and its PSI and Fd were shown to be stable at ambient as well as
increased temperatures (Frenkel et al.,, 1950). A further advantage is the
availability of a high-resolution X-ray diffraction crystal structure (Hatanaka et al.,
1997; Jordan et al., 2001a). Therefore, PSI and Fd from T. elongatus was

selected and tested.
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3.2 Computational modeling of the docking site between PSI and Fd

The docking surface between PSI and Fd was characterized by its local
potential energy surface using the Protein Frustratometer (EMBNet,
http://lwww.frustratometer.tk/) (Cashman et al., 2014). The Frustratometer is used
to understand the biological behavior of a protein by analyzing how the energy is
distributed in protein structures (Onuchic et al., 1997). Residues of high local
frustration usually suggest biologically important regions such as binding or
allosteric sites, while the minimally frustrated regions indicate a stable folded
region of the molecule (Bryngelson & Wolynes, 1987).

All subunits from the stromal domain of PSI (PsaC, D and E) and Fd with
a potential energy surface characterized by a local frustration density of 20% or
greater are highlighted in red (Figure 3.1). These highly frustrated regions are
labeled as RI through RV in the PsaCDE complex, and RVI and RVII are in Fd.
After labeling these regions in the structural model, the RI region on PsaC and
RV region on PsaE were shown to have direct contacts with core subunits PsaA
and PsaB of PSI (deleted from the model in the present calculations). Residues
that have been experimentally identified via site-directed mutagenesis,
crosslinking, and other studies to be involved in interactions between PSI and Fd
were labeled blue (Figure 3.2) (Bottin et al., 2001; Fischer et al., 1999; Setif et
al., 2002; Setif et al., 2010b).

The modeling of the interaction between PSI and Fd was performed by

rigid body docking using MOE V. 2012 (Chemical Computing Group, Inc.,
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Montreal, Quebec, Canada). The extracted PsaC, D and E subunits and Fd
protein were treated as individual rigid bodies with the predicted interaction
surfaces facing each other. Several restraints between the experimentally
identified residues and frustrated residues (one atom of a residue on PSI and
another atom of a residue on Fd, Table 7) were set for each docking run and the
interaction energies were calculated for PSI/Fd docked complexes (Table 8). The
distance between the closest iron atoms of the [2Fe-2S] center in PSI and Fd
was between 9.7 to 14.9 Angstroms which suggests that the docking
configuration may provide an adequate proximity for rapid electron transfer (Page
et al., 1999). Using the method described in Chapter 2.13, a total of 12 models
were generated which can be grouped into two categories with opposite

orientations of Fd (Figure 3.2) (Cashman et al., 2014).
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PsaC:
1- MEVKIYDTCIGCTQCVRACPTDVLEMVPWDGCKAGQIASSPRTEDCVGCK

RCETACPTDFLSIRVEICAERIRSNME Y -30
RI

PsaD:
1- TTLTGQPPLYGGSTGGLLSAADTEEKYAITWTSPKEQVFEMPTAGAAVMRE

GENLVYFARKEQCLALAABBEREREIND YK YRIFPDGE TVLIIEKIGYEEN
RII RIII

BlGREAVNSVPRSIGON ENESOIREICKEENDE - 138
RIV

PsaE:

1- MVQRGSKVKILRPESYlllYNEVGTVASVDBTPGVKYPVIVRFDKVNY I CHSE
RV

BASENIN TNNFALHEVQEVAPPKKGK -75

Fd:
1- ATYKVTLVRPDGSE[lIDVPEDEYILDBEESEESE | PFSCRAGACSTCAGK
RVI
LLEGEVDQSDQSFLBBBBIERGFVLTCVAYPRSDCKILTNQEEELY — 97
RVII

Figure 3.1 Sequence of PsaC, D and E subunits and Fd proteins

Cysteine residues are highlighted in yellow. Residues that have frustration
density of 20% or greater are highlighted in red. Interaction residues predicted by

site directed mutagenesis experiments are colored in blue.
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Table 7 Distance restraints used for each docking run

4 to 7 restraints were set between amino acids from the PsaC, D and E subunits of PSI and the Fd protein.

1 PsaE: R39 PsaE: R39 PsaE: R39 PsaC: C13 PsaD: R73 PsaD: K104 | PsaD: K76
Fd: D27 Fd: E31 Fd: D35 Fd: C40 Fd: D66 Fd: D68 Fd: E71
2 PsaD: R73 PsaD: K76 PsaC: C13 PsaE: R39 PsaE: R39 PsaC: K34
Fd: R35 Fd: E30 Fd: C40 Fd: D66 Fd: D68 Fd: E71
3 PsaE: R39 PsaC: K34 PsaC: C13 PsaD: R73 PsaD: R18 PsaD: K104 PsaD: K76
Fd: E31 Fd: D35 Fd: C40 Fd: D66 Fd: D68 Fd: D68 Fd: E71
4 PsaD: R18 PsaD: K76 PsaC: C13 PsaE: R39 PsaC: K34
Fd: E30 Fd: E31 Fd: C40 Fd: D66 Fd: E71
5 PsaD: R73 PsaD: K76 PsaC: C13 PsaE: R39 PsaE: R39 PsaE: 137
Fd: E30 Fd: D35 Fd: C40 Fd: D66 Fd: D67 Fd: I70
6 PsaE: R39 | PsaC: C13 PsaD: K104 | PsaD: R73 | PsaD: K76
Fd: E31 Fd: C40 Fd: D66 Fd: D67 Fd: E71
7 PsaD: R73 PsaD: K104 | PsaD: K76 PsaC: C13 PsaC: K34
Fd: E30 Fd: E30 Fd: D35 Fd: C45 Fd: D67
8 PsaC: K34 PsaC: K34 PsaC: C13 PsaD: R73 PsaD: K76 PsaD: K104
Fd: E31 Fd: D35 Fd: C45 Fd: D66 Fd: D67 Fd: E71
9 PsaC: K34 PsaC: K34 PsaC: C13 PsaD: R73 PsaD: K76
Fd: E31 Fd: D35 Fd: C45 Fd: D66 Fd: D67
10 PsaE: R39 | PsaE: R39 PsaC: C13 PsaD: R73 | PsaD: K104 | PsaD: K76
Fd: E30 Fd: E31 Fd: C45 Fd: D66 Fd: D68 Fd: E71
11 PsaC: C13 PsaD: K104 | PsaD: K76 PsaD: R39
Fd: C40 Fd: D66 Fd: E71 Fd: E31
12 PsaE: R39 PsaE: V55 PsaC: C13 PsaD: R73 PsaD: K76 PsaD: K104
Fd: E30 Fd: F38 Fd: C40 Fd: D66 Fd: D67 Fd: E71
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Table 8 Interaction energies calculated for PSI/Fd docked complexes

The interaction energy was calculated in kcal/mol and the distance between the closest iron atoms of the [2Fe-2S]

center in PSI and Fd was measured in Angstroms.

Docked Complex 1 2 3 4 5 6 7 8 9 10 11 12

Total Interaction

Energy -315.5 | -404.5 | -500.6 | -337.6 | -370.2 | -395.7 | -314.9 | -268.0 | -290.0 | -395.5 | -241.1 | -319.8

Fs - Frq Distance 114 11.0 9.7 113 11.7 11.0 13.5 14.2 14.9 10.6 12.3 111
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N-terminus

Figure 3.2 Different docking models between PsaCDE subunits and Fd

Fd is represented as a brown ribbon, with purple ribbons representing frustration
residues. The black arrows denote the N- and C- terminus of Fd. PsaC, D and E
are drawn as a grey surface with blue patches representing interaction residues
predicted by experimental data and red patches representing frustration
residues. The [4Fe-4S] centers of PSI and [2Fe-2S] center of Fd are represented

as ball-and-stick models. Strands of PsaA and PsaB are drawn as green ribbons.
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3.3 Cloning of the Thermosynechococcus elongatus ferredoxin (TeFd) gene

The wild type T. elongatus ferredoxin (WT TeFd) gene sequence (locus
tag: tsl1009) was retrieved from its genome DNA (Appendix 1). Since the useage
of codon for a certain amino acid varies from organism to organism (E. coli and
T. elongatus), the codon adaptation index (CAIl) of E. coli was used to analyze
the TeFd gene (Figure 3.3). CAl measures the relative percentage of the codon
usage of a gene (TeFd) against the codon usage of highly expressed genes (in
E. coli) (Jansen et al., 2003). The CAI values range from 0 to 1, with higher
values indicating a codon more commonly used to code for a particular amino
acid. The CAl score of the WT TeFd is 0.26 in E. coli and indicates a potential
expression problem. To solve this problem, WT TeFd gene was codon optimized
using online software (shown below) and characterized with CAIl (Figure 3.3).
The codon optimized TeFd sequence is shown in Appendix 1 and is used in all
experiments.

Codon optimized TeFd (C.O.TeFd) was then artificially synthesized
(pBSK-C.0O.TeFd), digested with Ndel and Xmal, and ligated into identically cut
pTYB2 vector to generate pTYB2-TeFd (Figure 3.4). Colony PCR screening was
used to confirm the insertion of C.O.TeFd into the pTYB2 vector with the size of a

positive colony being 585 bp (Figure 3.5).
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CAl value

CAl value

WT TeFd

W | v Bl
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0.5-
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Figure 3.3 CAl analyses of WT TeFd and C.O.TeFd

Codon adaptation index was used to characterize codon usage of WT TeFd and
C.O0.TeFd as described in the method section. The CAIl value for WT TeFd is
0.26 while for C.O.TeFd is 0.77. The residues with low CAI value indicated the

rarely used codons in E. coli and are likely to cause expression problem (or low

expression).
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Figure 3.4 Digestion of pBSK-C.O.TeFd and pTYB2

Ndel and Xmal were used to digest pBSK-C.O.TeFd and pTYB2. Multiple lanes
were used in order to provide enough samples for gene clean and later ligation
experiment. Lanes 1-3 were enzyme digested pBSK-C.O.TeFd, and the upper
band is pBSK (~3Kbp) while the lower band is C.O.TeFd (~300bp). Lane 4 and 5
are digested pTYB2. Lane 6 and 7 are pBSK-C.O.TeFd and pTYB2 without

restriction enzyme digestion respectively.
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DNA
ladder 1 2 3 4

Figure 3.5 Colony PCR confirmation of pTYB2-TeFd

Colony PCR results confirmed insertion of TeFd into pTYB2. Lanes 1-4 are
colonies screened for C.O.TeFd insertion with the expected size of the insertion

of 585 bp.
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3.4 Generation of TOBiP-TeFd

Short titanium oxide binding peptides (TOBIP) that bind specifically to TiO,
(H. Chen et al., 2006, 2008), was engineered to the terminus of Fd.

Based on the PSI-Fd docking models (Figure 3.2), the C-terminus of Fd is
located in the middle of the interaction site between PSI and Fd, while the N-
terminus of Fd was further away from the interaction site. Thus, TOBIP was
placed on the N-terminus of Fd to avoid interference with the interaction between
Fd and PSI.

Three TOBIPs were selected for incorporation into TeFd, and the final
fusion constructs are shown below in the pTYB2 expression vector (Figure 3.6).
The eight amino acid long TOBIPs, followed by a short linker to increase the
flexibility, was cloned onto the 5’ end of the pTYB2-TeFd plasmid. Using PCR
techniques as previously described (Chapter 2.5), 3 constructs were generated:

pTYB2- STB1-TeFd, pTYB2- STB2-TeFd, and pTYB2- LSTB1-TeFd.
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Construct:

1. pTYB2-STB1-TeFd
2. pTYB2-STB2-TeFd
3. pTYB2-LSTB1-TeFd

Figure 3.6 Cloning constructs of pTYB2-TOBIiP-TeFd

Three constructs were engineered using different TOBiPs. The TOBiPs were
cloned onto the 5" end of the TeFd gene (followed by a three amino acid linker
GGS). The Fd gene was followed by a intein Tag which is used for affinity

purification of Fd.
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3.5 Expression, purification and characterization of TeFd.

The constructed plasmids (pTYB2- TOBIP- TeFd and pTYB2- TeFd) were
transformed into chemically competent ER2556 E. coli cells. Expression
screening was then performed to select the colonies that had the highest
expression pattern of our desired proteins. Since the Fds were produced with a
55 kDa intein tag, the expected molecular weight (MW) of the fusion protein is
roughly 66 kDa (Figure 3.7).

The purification of TeFd and TOBIiP-TeFd was performed using IMPACT
system (New England Biolabs, Beverly, MA) following the protocol in Chapter 2.6.
Samples from each purification step were collected and analyzed by SDS-PAGE
(Figure 3.8), while elutions are shown in Figure 3.9A. Some contamination bands
were present in the elutions, which are most likely residual intein tag used to
purify the proteins. The contamination was removed by passing the elution
through a 50 kDa Centrifugal Concentrator, which allowed passage of TeFd and
TOBIP-TeFd, but not contaminant (Thermo Fisher Scientific Inc., Rockford, IL)
(Figure 3.9B).

The apparent MW from SDS-PAGE was larger than the predicted MW
based on its amino acid composition. To confirm the size of our purified protein,
MALDI-TOF MS was used to measure the mass to charge value (Figure 3.10).
For WT TeFd, STB1-TeFd, STB2-TeFd, and LSTB1-TeFd, the difference

between predicted MW and MALDI calculated MW was within +1 Da. Some of
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the MALDI results showed a second peak larger than predicted, which is likely to
be inclusion of beta-mercaptoethanol (3-ME, 78 Da) used during purification.

Spinach Fd exhibits absorption maxima at 465, 420, 330 and 278 nm. The
absorption of the protein in the visible region is mainly due to the iron-sulfur
center. The absorption is lost when the iron-sulfur center is removed from Fd
(Bayer et al., 1967; D. O. Hall, 1973; Rao et al., 1971).

Since the iron-sulfur center in Fd is critical for the electron transfer process
from PSI to the electron acceptor Fd, a difference spectrum was taken to confirm
that purified WT TeFd contains the [2Fe-2S] center and that the addition of
TOBIP does not interfere with the [2Fe-2S] center (Figure 3.12). The oxidized
form of Fd (exposed in air) shows four peaks at 460, 424, 330 and 278 nm. The
slight difference in the maxima absorbance may be caused by the different
species of Fd (spinach vs. T. elongatus). The A absorbance between oxidized Fd
(WT TeFd and TOBIiP- TeFd) and reduced Fd (added 10mM sodium dithionate)
shows two peaks at 424nm and 460nm, respectively, and confirms that both WT
TeFd and LSTB1-TeFd contain a [2Fe-2S] center and suggests that they are

functionally capable of transferring electrons from PSI to an electron acceptor.
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Figure 3.7 Expression Screening

Expression screening was performed to confirm the expression of WT Fd-intein
fusion protein with put expected MW of 66 kDa (shown here as an example).
Three colonies were grown, induced at 37 °C for 4 hrs, and analyzed using SDS-

PAGE on a 15% tris-glycine gel.
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WT TeFd STB1 TeFd

PL P S FT W B P S FT W B

STB2 TeFd LSTB1 TeFd
PLP S FT WB P S F W B

Figure 3.8 Protein purification profile

Protein ladder (PL), insoluble fraction (P), soluble fraction (S), flow-through (FT),
wash (W), and column beads (B) of the WT TeFd and TOBIiP-TeFd purification
were run on a 15% tris-glycine gel. The Fd-fusion protein is represented by the *
species.
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Figure 3.9 Protein purification result

A) SDS-PAGE was performed with elution of the WT TeFd (WT), STB1-TeFd
(STB1), STB2-TeFd (STB2), and LSTB1-TeFd (LSTB1). Contamination bands
were found at high molecular weight region; B) The purification result of WT
TeFd. The elution was filtered through a 50 KDa Centrifugal Concentrator

(Thermo Fisher Scientific Inc., Rockford, IL) to eliminate contamination.
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Figure 3.10 MALDI-TOF Spectra for purified proteins

MALDI-TOF analyses of WT TeFd and the TOBIP TeFd: A) WT TeFd, B) STB1
TeFd, C) STB2 TeFd and D) LSTB1 TeFd. E) The predicated MW and MALDI

calculated MW are shown to confirm the size of purified protein.
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Figure 3.11 Difference spectrum of purified Fd

A) The absorbance spectrum of the oxidized state of WT TeFd. The absorbance
peaks (*) are found at 278nm, 330nm, 424nm and 460nm; B) and C) The
difference in absorbance between oxidized and reduced form of WT TeFd and
LSTB1 TeFd respectively. The two peaks at 424nm and 460nm are labeled and

characteristic of the [2Fe-2S] center in Fd.
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3.6 TOBIiP-Fd attachment to TiO, nanoparticles

After purification of the TOBIP-TeFds, their binding affinity to different TiO,
nanoparticles were tested. Various conditions, including different TOBIP species,
reaction buffer pH, additives, and TiO, particles were used to optimize the
TOBIP-TeFd attachment to TiO, (Figure 3.12).

The TOBIP-TeFds were incubated with TiO, and then centrifuged to
separate the pellet and supernatant as described in Chapter 2.9. The pellet
contained TiO, nanoparticle and bound Fd while unbound Fd was present in
supernatant. The pellet and supernatant were then analyzed using SDS-PAGE,
and the binding efficiency was indicated by the percentage of bound Fd vs. total
input protein. Initially, the affinity of various TOBIP-Fds for TiO, was probed. The
assay was performed in 0.1X PBS (pH7.8) using 700 °C TiO, from the University
of Memphis and the results showed that LSTB1-TeFd has significantly higher
affinity (47.5%) compared to STB1l-TeFd (12.3%) and STB2-TeFd (18.7%)
(Figure 3.12A). An interesting observation was that there was no WT-TeFd
bound to TiO,, thus indicating that binding to TiO, is TOBIP specific. Buffer (0.1X
PBS) at various pH was used to find the optimum pH for the attachment of
LSTB1-TeFd to 700 °C TiO, and the pH variation test showed that highest affinity
occurs at pH 7.2 (Figure 3.12B).

Different additives were used to determine their contribution to the
attachment of TOBiIP-TeFd to TiO,. Various additives, including 3% PEG, 3%

Glycerol, 0.3% Triton X-100, 0.3% DM and 3% DMSO were tested using LSTB1-
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TeFd, 700 °C TiO,, and 0.1X PBS (pH 7.2). The additive test indicated 3%
DMSO is most beneficial (Figure 3.12C).

All of the tested TiO, nanoparticles were prepared and analyzed using
Scanning Electron Microscopy (SEM) (Figure 3.13). The SEM images of these
TiO, showed significantly different appearances and may cause different binding
abilities. As a result, different TiO, nanoparticles were assayed to determine their
ability to bind TOBIP-TeFd. The attachment assay showed that the highest
binding occurs when 700 °C TiO, nanopatrticles from the University of Memphis
were used (Figure 3.12D). Consequently, the optimum conditions for the tested
in vitro binding assay to TiO, are 700 °C TiO, and LSTB1-TeFd in 0.1X PBS

(pH7.2) containing 3% DMSO.
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Figure 3.12 Optimization of TOBiP-Fd attachments to TiO, nanoparticle

Pellet (P) (pulled down in TiO,) indicates the Fd that bound to TiO, particle while
Supernatant (S) indicates the unbound Fd. The bound protein is the ratio of
bound Fd to the total Fd input in percentage. A) The ability of different TOBIP-
Fds to bind to TiO, was tested. Assay was performed in 0.1X PBS (pH7.8) with
700 °C TiO, from the University of Memphis; B) Buffer (0.1X PBS) at various pH
was used to find the optimum pH for the attachment of LSTB1-TeFd to 700 °C
TiO,. PL stands for protein ladder. C) Different additives were used to determine
their contribution to attach TOBiP-TeFd on TiO,. Lanes 1-7 are no additive
control, 3% PEG, 3% Glycerol, 0.3% Triton X-100, 0.3% DM, 3% DMSO
respectively and 10% of total input TeFd. LSTB1-TeFd, 700 °C TiO,, and 0.1X
PBS (pH 7.2) were used; D) Different TiO, particles. The assay used 3% DMSO

in 0.1X PBS (pH 7.2) and LSTB1-TeFd and WT TeFd was used as control.
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Figure 3.12 Optimization of TOBiP-Fd attachments to TiO, nanoparticle

(continued).
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Figure 3.13 SEM images of TiO, nanoparticles

SEM images for different types of TiO, nanoparticles. Each type of the particle
has two different magnifications (upper and lower panel) to show the structure of
the particle. A) and B) are made by the University of Memphis. C) and D) are

made by US Research Nanomaterial, E) is made by ALDRICH.
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Figure 3.13 SEM images of TiO, nanoparticles (continued).
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3.7 Fd-PSI chemical crosslinking

In order to attach PSI to TiO, nanoparticles via TOBiP-TeFd, a permanent
connection between PSI and Fd was desired. This was achieved using chemical
crosslinking, and the results were analyzed using Western blotting. To enable
Western blotting analysis, purification of TeFd polyclonal antibody was performed
using cyanogen bromide (CNBr)-activated Sepharose 4B (GE Healthcare Life
Sciences, Piscataway, NJ). The results suggested that anti-TeFd was purified
since there is no cross reacting band present after purification (Figure 3.14). The
anti-PsaD and anti-PsaE were purified using the same method.

Chemical crosslinking was then performed in order to generate PSI-Fd or
PSI-Fd-TOBIP crosslinked complexes as described in Chapter 2.11 (Figure
3.15). An increasing amount of WT Fd was used to crosslink to PSI. LSTB1 TeFd
was also tested to confirm the N terminus LSTB1 does not interfere the
crosslinking reaction between PSI and Fd. The resulting bands between PSI-WT
TeFd and PSI-LSTB1 TeFd crosslinked product are largely the same excepted
for a slight size shift. The slight size shift is likely due to the LSTB1 tag and thus
indicates that the insertion of TOBIP to WT TeFd does not interfere with the
interaction between PSI and Fd. It was observed that several unknown bands
appeared in the upper region of the Western blot result. These unknown bands
are likely formed due to non-specific crosslinking and are undesired for our

photovoltaic device.
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To solve this problem, various conditions, including reaction time, reaction
temperature and PSI:Fd molar ratio, were tested to optimize the crosslinking
reaction while minimizing the amount of non-specific crosslinked product (Figure
3.16). According to Figure 3.16A, time dependent crosslinking suggested that the
crosslinking reaction finished within 5 sec and that longer crosslinking does not
increase the desired product but rather makes the results “dirtier”. The PSI:Fd
molar ratio were then tested using the conditions above except for using a 5 sec
reaction time. The results indicated that too much Fd causes increased non-
specific bands while too little Fd significantly decreases all crosslinked product
(Figure 3.16B). In order to balance the increase of undesired bands and the
decrease of all crosslinked product, a PSI:Fd molar ratio of 1:1 was selected. To
further optimize the crosslinking reaction, several other conditions were also
tested, such as lower reaction temperature (performing the reaction at 4°C),
lower reaction time (1 sec), less protein input (half of the previous concentration),
etc. The result suggests that using lower reaction temperature, lower reaction
time, and lower crosslinker concentration can reduce non-specific crosslinked
products (Figure 3.16C).

In conclusion, the optimized crosslinking reaction was performed using
PSI:Fd in 1:1 molar ratio, 5 mM NHS and 2.5 mM EDC at 4 °C with a 1 sec

reaction time (Figure 3.17).
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Figure 3.14 Purification of anti-TeFd

The anti-Fd serum (T.e.) is purified using immunoaffinity purification with

cyanogen bromide (CNBr). The CNBr is coupled with purified ferredoxin (Fd),

and the anti-Fd serum is then incubated on the column. The purified anti-Fd is

eluted using acidic buffer (pH 2.5) and neutralized by saturated phosphate buffer.

The serum, flow through and the purified antibody were tested using Western

blotting.
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Figure 3.15 Crosslink results
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The PSI-FD crosslinked result analyzed by Western blot with different antibodies.

A) anti-PsaD, B) anti-PsakE, and C) anti-Fd. By comparing the crosslinked

products between WT TeFd and LSTB1 TeFd, all the crosslinked bands are the

same except for a slight size shift. This result further confirmed that insertion of

TOBIP does not interfere with interactions between PSI and Fd.
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Figure 3.16 Optimization of the crosslinking reaction

A) Time dependent crosslink result. PSI and Fd were mixed at 1:1 molar ratio
and underwent chemical crosslink reaction from 5 to 300 sec. The crosslink
result was analyzed by Western blot and immuno-detected using anti-PsaD, anti-
PsaE, and anti-Fd. B) Different PSI:Fd molar ratios. PSI and Fd were mixed at
different molar ratios and underwent chemical crosslinking for 5 sec. The
crosslinking results were analyzed by Western blot and immuno-detected using
anti-PsaD and anti-Fd. C) Other conditions tested to optimize the crosslinking
reaction. The crosslinking results were analyzed by Western blot and immuno-

detected using anti-PsaD and anti-Fd.
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Figure 3.16 Optimization of the crosslinking reaction (continued)
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Figure 3.16 Optimization of the crosslinking reaction (continued)
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Figure 3.17 Optimized crosslink results

Using the optimized crosslinking conditions, the results were analyzed by
Western blot and immuno-detected using anti-PsaD, anti-PsaE, and anti-Fd. (*)

indicates unknown band.
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3.8 PSI-TOBIP Fd attachment on TiO,

The crosslinked PSI-TOBIP Fd complex was analyzed for its ability to bind
TiO, nanoparticles. The experiment followed the same protocol as mentioned
above (Chapter 2.11). The crosslinked product was then incubated with TiO, and
bound PSI and PSI-Fd (or PSI-LSTB1 TeFd) were quantified using the standard
curve (Figure 3.18). The amount of PSI (or PSI-Fd crosslinked product) attached
to the TiO, nanoparticle was measured by Chl a concentration. The
concentration of Chl a was determined using UV-Visible Spectroscopy as
mentioned in Chapter 2.14. These results indicate that PSI can non-specifically
bind to TiO, nanoparticles (Figure 3.19). By crosslinking to WT TeFd, it is
possible WT TeFd interferes with regions of PSI that interact with TiO,. The
increased attachment of PSI-LSTB1 TeFd is likely due to the TOBIP engineered
at the N-terminus of Fd. An increase of roughly 45% in binding was observed in
LSTB1-TeFd over PSI-WT TeFd and thus supported the TOBIP-Fd fusion

protein’s ability to direct PSI to TiO..
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Figure 3.18 PSI Standard curve

Absorbance measurements were taken at 665 nm and used to calculate total Chl

a content. PSI concentration was calculated based on Chl a concentration.
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Figure 3.19 Relative amount of PSI-TOBIP Fd that is bound on TiO

The first column is PSI alone control, column 2 is PSI-WT TeFd crosslinked

products and column 3 is PSI-LSTB1 TeFd crosslinked products.
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Chapter 4 Discussion

4.1 Introduction

Photosynthesis is an ancient process which converts light energy into
chemical energy that can be used for metabolic processes and forms the basis of
life on earth (Blankenship & Hartman, 1998). Considering the increasing
demands for energy and the limited fossil fuel resources, finding alternative,
sustainable and clean sources of energy is a striking and urgent need
(Andreiadis et al., 2011; Berardi et al., 2014; Govoni et al., 2008; Gust et al.,
2009). Many efforts have attempted to convert sunlight into electricity (Berardi et
al.,, 2014), and some investigations are focused on utilizing photosynthetic
reactions to design systems to convert light into stored or electric energy. This
field is called applied photosynthesis. This work has provided a possible solution
for generating a biological based photovoltaic cell device by modeling the
interaction between PSI and Fd, introducing TOBIP to Fd, cloning and purifying
PSI and Fd (or TOBIP-Fd), chemical crosslinking and in vitro binding assays. In
the future, it will be interesting to analyze the interaction between PSI and Fd,

attach them on the TiO; electrode and generate a photocurrent.

4.2 Introduction of TOBIP to Fd

It is desired to develop a method which allows the conjugation of

biomolecules and inorganic materials at the molecular level. Therefore, Fd was
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selected to facilitate the transfer of the electron from PSI to a TiO, electrode
(Figure 1.6).

Recently, a growing number of peptides capable of specifically
recognizing inorganic materials have been reported (Thai et al., 2004). These
inorganic-binding peptides have been inserted into protein structures and used to
direct the assembly of hybrid materials (Sarikaya et al., 2003). Among these
inorganic-binding peptides, 3 different titanium oxide binding peptides (TOBIP)
have been discovered and are named STB1, STB2 and LSTB1 (Haibin Chen;
Su, 2008) (Table 1). These TOBIPs were selected to be engineered to Fd and
the fusion protein was expected to be able to specifically bind to TiO,.

It is known that Fd is capable of docking on PSI as an electron acceptor
(Godman & Balk, 2008; Ragsdale & Ljungdahl, 1984). Although there have been
numerous studies on the interaction between PSI and Fd, the lack of a high-
resolution crystal structure of the PSI-Fd complex has prevented the creation of a
detailed model (Cashman et al., 2014). Due to the lack of a PSI-Fd interaction
model, it was difficult to decide to which terminus TOBIP should be engineered
since it is of critical importance that the engineered TOBIP does not interrupt the
electron transport process from PSI and Fd.

A similar problem arose in previous studies. Investigations were
performed by engineering linkers or proteins (like hydrogenase) to the C- or N-
terminus of Fd. It is interesting that controversial results were generated. In one

study, Chlamydomonas reinhardtii (a single-cell green alga) hydrogenase (Hyd)
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was fused to either the N- or C- terminus of Fd, and the hydrogen production
kinetics for each fusion protein were characterized (Yacoby et al.,, 2011). The
results indicated that although the N-terminal fusion protein (Hyd-Fd) was
biochemically active, they were unable to photo-produce hydrogen. In contrast,
the C-terminal fusion protein (Fd-Hyd) was capable of photo-producing hydrogen.
In two other investigations, opposite results were observed using Fd from
bacterial and Synechococcus elongatus Geitler strains. Fd is functional only
when the linkers or proteins are fused to the N-terminus (Agapakis et al., 2010;
Wittenberg et al., 2013). This difference is likely due to the structural differences
between algal and bacterial Fd (Figure 4.1) (Yacoby et al., 2011)

In order to figure out the correct terminus for fusion of Fd to TOBIP,
computational modeling was used to generate predictive models describing how
Fd docks to PSI in T. elongatus. Rigid body docking experiments were
performed, and yielded several possible docking conformations of Fd to PSI
which were further classified into two groups based on the orientation of Fd
(Figure 3.5). One commonality existed between all the yielded conformations: the
C-terminus of Fd was located in the middle of the interaction sites between PSI
and Fd while the N-terminus of Fd was located away from the interaction sites.
Engineering TOBIP to the N-terminus of Fd will most likely avoid interference with
the interaction sites between PSI and Fd.

As a result the eight amino acid long TOBIP (Figure 3.6) was introduced to

the N-terminus of TeFd. In order to increase the flexibility of the TOBIP and in
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turn promote its binding affinity to TiO,, a short linker composed of three amino
acids was introduced between TOBIP and TeFd. Three TOBIP-TeFd fusion
proteins were then heterologously expressed in E. coli 2556 strain and purified
using the IMPACT system (New England Biolabs, Beverly, MA).

The hypothesis that engineering TOBIP to the N-terminus of Fd will most
likely avoid interference with the interaction sites between PSI and Fd, was later
supported by a chemical crosslinking experiment between PSI and TOBIP-Fd
with the TOBIP tag engineered on the N-terminus of Fd (Figure 3.15). Chemical
crosslinking was performed between PSI and WT Fd as well between PSI and
LSTB1-Fd and analyzed using Western blotting. The crosslinking result showed
no significant difference between WT Fd and LSTB1-Fd indicating that the TOBIP
on the N-terminus of Fd does not interfer with the interaction between PSI and

Fd.
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Figure 4.1 Crystal Structure of Fd from different organisms

A) T. elongatus Fd (PDB ID: 2CJN) composed of 98 amino acids and B)
Chlamydomonas reinhardtii Fd (PDB ID: 4ITK) composed of 123 amino acids.

The major structural difference is located at the C-terminus.
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4.3 Functional characterize Fd

Due to the important role Fd will play in our photovoltaic device, it is
necessary to characterize the purified fusion protein TOBIP-Fd. Several
techniques including SDS-PAGE, MALDI-TOF MS, and difference spectroscopy
were used to characterize it and confirm its functionality.

The elution from the IMPACT system was analyzed using SDS-PAGE,
and the result indicated the existence of several contamination bands with
apparent MW above 50 kDa. These bands are mostly likely the intein tag that
was used to purify the proteins. A 50 kDa filter was used to remove the
contamination (Figure 3.9B). SDS-PAGE also indicated a significant difference
between the apparent MW of purified Fd and its predicted molecular weight. This
difference might be due to the fact that less SDS was bound to the protein,
creating less negative charge on the protein and decreasing its mobility
(Hjelmeland et al., 1981). MALDI-TOF was used to confirm the MW of the
purified proteins (Figure 3.10). The MALDI-TOF MW results were = 1 Da
compared to the predicted MW and confirmed that the purified protein was Fd (or
TOBIP-Fd).

It is known that plant Fd exhibits absorption maxima at 465, 420, 330 and
278 nm mainly due to the [2Fe-2S] center. These specific maxima will disappear
when the [2Fe-2S] is removed (Bayer et al., 1967; D. O. Hall, 1973; Rao et al.,
1971). Due to the important role of the [2Fe-2S] center in the electron transport

activity of Fd, difference spectroscopy was used in order to confirm the existence
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of the [2Fe-2S] center in the purified protein (Figure 3.11). Similar results were
observed between WT TeFd and the LSTB1-TeFd, supporting that both the
purified WT TeFd and LSTB1- TeFd contain [2Fe-2S] centers that are
functionally capable of transferring electrons.

Considering these results, a reasonable conclusion can be made:
recombinant Fds (WT TeFd and LSTB1-TeFd) are functionally active and

capable of transporting electrons between PSI and TiO; electrode.

4.4 In vitro binding of TOBIiP-Fd to TiO, nanoparticle

The ability of the TOBIP to direct Fd to TiO, nanoparticles was tested
using an in vitro binding assay. TOBiP-TeFd was incubated with TiO;
nanoparticles under various conditions to characterize the optimum conditions for
in vitro binding. The bound and unbound proteins to TiO, were analyzed using
SDS-PAGE. The binding affinity is calculated from the ratio of bound to total
protein input (Figure 3.12).

As shown in Figure 3.12A, WT TeFd showed no binding affinity while 3
TOBIP-Fd showed different affinities for the TiO, nanoparticle, with LSTB1-TeFd
having the highest binding affinity. This result not only indicated LSTB1-TeFd has
the highest binding affinity to TiO,, but more importantly, it proved that this
binding affinity was specific. Furthermore, this specificity was gained through

TOBIP since WT TeFd showed no binding.
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Along with several other conditions, inlcuding pH, additives, and TiO,
nanoparticle species, the in vitro binding of TOBIP-Fd to TiO, nanoparticles

assay was optimized.

4.5 PSI| attachment to TiO, nanostructures via Fd-Fusion Proteins

The attachment of PSI to the electrode of a photovoltaic device requires
appropriate immobilization strategies. In previous studies, researchers have
attempted to immobilize PSI onto various electrode substrates. For the
immobilization to be successful, two important factors must be considered: the
orientation of PSI attachment and the proximity to the electrode (Nguyen &
Bruce, 2014).

In order to direct PSI to the electrode with specific orientation, specific
binding peptides and organothiol-based self-assembled monolayers (SAMSs)
were used. For example, Das et al. 2004 immobilized the recombinant PsaD—
Hisg fusion protein on a Ni?*-NTA functionalized Au surface, and this surface was
then incubated with WT PSI (Figure 4.2A). In addition, Mershin et al. 2012
immobilized PSI using two different approaches: PSI was physisorbed to TiO, or
self-assembled on ZnO nanowires using the PsaE-ZnO binding peptide (Figure
4.2B).

In order to enhance the photocurrent generation, it is of critical importance

to optimize the process of transferring electrons from the site of charge
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separation within PSI to the electrodes. Since it may be difficult to further
minimize the distance between the [4Fe-4S] centers in PsaC and the electrodes,
Fd may be used as an intermediary to connect PSI and the electrode, thus
facilitating electron transfer.

This hypothesis was confirmed by a recent article using a similar approach
to accelerate electron transport from PSI to the electron receptor. Gal Wittenberg
et al. 2013 fused Fd to the PsaE subunit by a flexible peptide linker (PsaE-linker-
Fd) and reconstituted PSI in vitro with the new fusion protein (Wittenberg et al.,
2013). The result indicated a 10-fold increase in the electron transport rate and
revealed the benefit of using closely attached Fd as an electron transporter in
PSI based photovoltaic cell devices. As a result, we proposed that by directly
crosslinking Fd to PSI, a faster electron transfer rate between PSI and electrode
may be achieved, generating a photovoltaic device with enhanced photocurrent
capabilities (Figure 4.2C).

The LSTB1-TeFd was selected based on the previous results and was
chemically crosslinked to PSI using EDC and NHS as crosslinkers. Various
conditions were tested to optimize the crosslinking reaction and minimize non-
specific crosslinking. The crosslinked products were then incubated with TiO,

nanopatrticles, and it will be used for future photocurrent measurements.
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Figure 4.2 Model for PSI attachment to TiO, nanostructures

PSI is immobilized via A) recombinant PsaD-Hiss fusion protein on a Ni?*-NTA
functionalized Au surface (adopted form Das et al. 2004); B) physisorbed to TiO,
or self-assembled on ZnO nanowire using the PsaE-ZnO binding peptide

(adopted form Mershin et al. 2012); and C) crosslinked TOBIP-Fd fusion protein.
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Chapter 5 Conclusion and Future Directions

Based on this project, many future experiments can utilize photosynthetic
reaction mechanisms to convert light energy into electricity to generate a low cost,
high efficient photovoltaic device. Affinity purification using the purified anti-Fd
can be performed in order to purify the PSI-Fd crosslinked species from the
crosslinked products. The purification process can separate the PSI-Fd
crosslinked complex from free PSI, minimizing the PSI non-specific attachment
found in the in vitro binding assay. As a result, all the bound PSI on the TiO,
could be directed via the Fd-fusion protein to make attachment more directionally
specific. Also, the in vitro binding assay can be further optimized to increase the
binding efficiency. Various TiO, nanoparticles and binding conditions could be
tested using Western blotting and UV-Vis spectroscopy.

Photocurrent can be measured by attaching the chemically crosslinked
PSI-Fd-TOBIP complex onto the TiO, nanoparticle since all the required samples
are prepared. Electron paramagnetic resonance (EPR) could be performed to
study the electron transport in the process. Numerous conditions could be tested
in order to optimize the photocurrent yield. In addition, collaboration might be
necessary to produce a TiO, surface which could be used to further test the
photocurrent in this system.

Using these low cost raw materials and relatively simple processes, we
will be able to generate an affordable and efficient photovoltaic cell device. The

biological materials we used originated from the thermophilic cyanobacteria, T.
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elongatus, and can be purified in large quantities. Besides T. elongatus, many
other sources of biological materials, including land plants, can be used for the
production of PSI and Fd. Industrial-scale methods have been developed to
isolate proteins from plant or bacterial extracts using polyethersulfone
membranes (Liu et al., 2007; Mershin et al., 2012c). Due to these results and
possiblities, the photovoltaic cell device has a promising future.

All of the above experiments will test the photocurrent generated by the
device, but it would be interesting to further study the interaction sites between
PSI and Fd using chemical crosslinking and LC-MS. The stromal domain of PSI
has already been successfully removed from the PSI-Fd crosslinked product
using urea treatment. Our lab is still working on analyzing this sample (after
trypsin digestion) using LC-MS . This result could help elucidate the interactions
between PSI and Fd. Together with the computational modeling we generated,

more detailed interaction sites between PSI and Fd can be revealed.
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Appendix 1 Wild type and codon optimize TeFd sequence

WT TeFd:

ATG GCA ACC TAC AAA GTA ACG CTA GTG CGT CCT GAT GGA
GGC GAA ACA ACA ATT GAC GTG CCC GAA GAT GAG TAC ATT CTG GAT
GTG GCC GAA GAG CAAGGC CTAGACTTG CCC TTC TCC TGC CGT GCT
GGT GCT TGC TCC ACC TGT GCC GGT AAG CTC CTG GAA GGA GAA GTG
GAT CAG TCG GAT CAG TCC TTC TTG GAT GAT GAC CAA ATT GAG AAG
GGC TTT GTG CTT ACC TGT GTA GCC TAT CCC CGT TCT GAC TGC AAA

ATC CTC ACC AAC CAA GAG GAAGAG CTT TAC

C.O. TeFd

ATG GCT ACC TAC AAA GTT ACT CTG GTT CGT CCG GAT GGT TCT
GAA ACC ACC ATC GAC GTG CCG GAA GAT GAA TAT ATC CTG GAC GTT
GCT GAA GAG CAG GGC CTG GAC CTG CCG TTC AGC TGC CGT GCG
GGC GCT TGC TCT ACT TGT GCG GGT AAA CTG CTG GAA GGC GAA GTT
GAT CAG TCC GAC CAG TCT TTC CTG GAC GAC GAC CAG ATC GAG AAA
GGC TTC GTA CTG ACC TGC GTA GCA TAT CCG CGT TCT GAT TGC AAA

ATC CTG ACC AAC CAG GAA GAA GAACTG TAC
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Appendix 2 Primer list

M13 Forward: 5’- CGCCAGGGTTTTCCCAGTCACGAC -3’

M13 reverse: 5- TCACACAGGAAACAGCTATGAC -3’

T7 Promoter F: 5- AATACGACTCACTATAGGG -3’

T7 Terminator R: 5’- CTGCTAACAAAGCCCGAAAGGAA -3

STB1-C.O.TeFd Forward: 5’- GGTCATATGTGCCATAAAAAACCGAGCAAAAG
CTGCGGCGGCAGCGCTACCTACAAAGTT -3

STB2-C.O.TeFd Forward: 5- GGTCATATGTGCACCAAACGCAACAACAAACG
CTGCGGCGGCAGCGCTACCTACAAAGTT -3

LSTB1-C.O.TeFd Forward: 5’- GGTCATATGGCGCATAAAAAACCGAGCAAAA
GCGCGGGCGGCAGCGCTACCTACAAAGTT -3

TOBIP-C.O.TeFd Reverse: 5- CAAAGCACCCGGGGTACAGTTCTTC -3’
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Appendix 3 HPLC method for Te PSI purification

:.f'i Method Editor - MY_PS1_05:-29-09.met Multi-Method : [UnTitled)]

Filz  MultiMethod Edit Display Options OnBoard Analpzizs  Template  'window
2ol 0 2 120 el R el B (R RAHEVENt MUl MEthod

| Elapsed Block Event
R encral Sellings: Sl Detettore Mlne A _omm——————

General Settings: Set Column Offline
General Settings: UY Detector Wavelength = 280 nM and 430 nM
General Settings: Flow Rate = 18.00 ml/min
General Settings: Turn UY Detector Lamp On
Pump On
0.00 min Method Start
0.00 min [01] Equil Block
0.00 min [A] Purge with Equilibration Buffer
0.00 min 0.00 ml Set Column Offline
0.00 min 0.00 ml Set Solvent Blend 80.0% A:H20 20.0% B:PS| buffer
0.00 min 0.00 ml Set Flow Rate = 30.00 ml{min
0.00 min 0.00 ml Reset Fraction Collector®
0.50 min 15.00 ml Set Flow Rate = 18.00 ml/min
0.58 min 16.50 ml Set Column 1 Inline
0.58 min
0.58 min (B] Eq column w{ Eq buffer
0.58 min 0.00 CV Set Solvent Blend 80.0% A:H20 20.0% B:PS| buffer
1.23 min 7.00 C¥ Aero UV Detector®
1.23 min 7.00 C¥ End Solvent Blend 80.0% A:H20 20.02 B:PSI buffer
1.23 min
1.23 min
1.23 min [02] Load Block
1.23 min [A] Step Segment
1.23 min 0.00 ml Load through Pump 100% C
1.79 min 10.00 ml Set Flow Rate = 10.00 mlfmin*
1.79 min 10.00 ml Load through Pump 100% C
1.79 min
1.79 min
1.79 min [03] Wash Block
1.79 min [A] Wash sucrose out of column
1.79 min 0.00 C¥ Set Solvent Blend 80.0% A:H20 20.0% B:PSI buffer
Z2.45 min 4.00 C¥ Set Flow Rate = 15.00 mlfmin®
3.34 min 12.00 CV End Solvent Blend 80.0% A:H20 20.0%6 B:PSI buffer
3.34 min
3.34 min
3.34 min [04] Elute Block
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3.34 min [A] Gradient segment
3.34 min 0.00 CV Start Gradient 80.0% A:H20 20.0% B:PSI buffer
4.00 min 6.00 C¥ Start Fraction Collection Peak 1.00ml Thr 0.500 Sip 0.200%
4.44 min 10.00 CV End Gradient 70.0% A:H20 20.0% B:P5I buffer 10.0% D:Mg504
4.44 min
4.44 min [B] Step Segment
4.44 min 0.00 C¥ Set Solvent Blend 70.02¢ A'HZ20 20.0% B:PSI buffer 10.02% D:MgS04
h.56 min 10.00 C¥ End Solvent Blend 70.02 A:H20 20.02% B:PS1 buffer 10.0% D:MgS04
h.56 min
h.hh min [C] Elution gradient
5.556 min 0.00 CV¥ Start Gradient 70.0% A:H20 20.0% B:P5I buffer 10.0% D:Mg504
6.88 min 12.00 CV End Gradient 50.0% AHZ0 20.0% B:P51 buffer 30.0% D:Mg504
6.88 min
6.88 min [D] Step Segment
6.38 min 0.00 C¥ Set Solvent Blend 20.02¢ A'H20 20.02 B:PSI buffer 60.02% D:MgS04
7.44 min 5.00 C¥ End Solvent Blend 20.0% A:H20 20.0% B:PSI buffer 60.0% D:MgS04
7.44 min
7.44 min
7.44 min [05] Clean Block
7.44 min [&] Rinse Column with H20
7.44 min 0.00 C¥ Set Solvent Blend 1002 A:H20
177 min 3.00 C¥ Stop Fraction Collection™
7.78 min 3.10 C¥ Reset Fraction Collector*
7.99 min 5.00 CV End Solvent Blend 1002 A:H20
7.99 min
7.99 min [B] Acid wash column
7.99 min 0.00 C¥ Set Solvent Blend 90.02¢ A:H20 10.02 E:HCI
8. i 5.00 C¥ End Solvent Blend 90.02% A:H20 10.02 E:HCI
8.54 min
8.54 min [C] Rinse out acid with H20
8.54 min 0.00 C¥ Set Solvent Blend 1002 A:H20
9.32 min 7.00 CV End Solvent Blend 100% A:H20
9.32 min
9.32 min [D] Restore column pH
9.32 min 0.00 C¥ Set Solvent Blend 60.02¢ A/H20 40.0% B:PS| buffer
10.98 min 15.00 CV End Solvent Blend 60.02 A:H20 40.0% B:P31 buffer
10.98 min Thresholds [ pH > 5.5, Delay 0.00 C¥]
Blends
AHZ20
B:PSIbuf 100 Fe— — [rES— lao
C A | | £ -T— |

D:MgS0¢
E:HCI

% 6D lso =
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