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Abstract 

Photosystem II-Based Biosensor for the Detection of Explosive 

Compounds 

Zhao Xin 

Research on herbicide biosensors based on plant photosystem II (PS II) or on 

reaction centers of purple bacteria (BRC) has been on-going for the past decade. 

Herbicides inhibit functioning of the PS II by competitively binding to the QB 

plastoquinone binding site. The structural similarity between nitric explosives and 

nitrophenolic- and atrazine-type herbicides inspired us to explore whether nitric 

explosives would inhibit photosynthesis via the same mechanism (involving Q B site) 

as the herbicides. The design of the explosives biosensor was similar to that of 

the biosensors for herbicides. The detection was achieved by photo-electrochemical 

methods, employing PS II immobilized on a screen-printed electrode as a part of 

electrical circuit; optical spectroscopy was used as a supplementary method. We have 

demonstrated that this electrochemical biosensor is capable of detecting explosives 

such as picric acid, TNT and tetryl. The magnitude of the peak current induced 

by illumination depends on the concentration of the explosive in the same manner 

as in the case of herbicides, which suggests that Q B binding site is indeed involved 

in the PS II inhibition of the selected explosive compounds. However, the limits of 

detection for explosives, especially for TNT, appear to be higher (i.e. worse) than for 

the herbicides. Modeling of photosynthesis inhibitor docking on PS II has also been 

performed to determine the reasons for poor TNT detection. 
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Chapter 1 

Introduction 

Nitric explosives, e.g. TNT, RDX, and nitrophenols comprise one of the largest 

classes of explosives and are frequently used by terrorist organizations around the 

world because of their ease of manufacture and because of their relative accessibility 

due to the extensive use by the military and commercial enterprises. Various methods 

for detection of explosives have been developed or proposed. Unfortunately, the 

most sensitive of them, such as liquid or gas chromatography, are relatively slow 

and require instrumentation that is too complex and expensive for use in the field. 

Various other approaches have been recently proposed. For example, quenching of 

the fluorescence of pyrene [1], Nile Red [2] or semiconductor organic polymers [3] by 

nitric explosives was described. The last approach is currently being commercialized 

[4]. Selective detection of explosives using immunosensors is based on the high 

affinity and selectivity of the analyte/antibody interaction that is detected using 

either plasmon resonance [5] or changes in the fluorescence or bioluminescence of 

the reporter proteins incorporated into the antibody [6]. However, antibodies are 
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difficult to prepare, and are very analyte-specific and have issues of stability in harsh 

environments. Summarizing, there is an apparent need to continue the development of 

new methods of detection of explosives, with the long-term objective of making them 

faster, less expensive, more sensitive and more reliable. One should also note that 

for the purposes of reducing the number of the false positives, it would be beneficial 

to introduce systems with several "orthogonal" detection technologies (i.e. utilizing 

different physical, chemical or biological principles). 

In this thesis, we describe development of a droplet biosensor system based on 

inhibition of Photosystem II (PS II) to sense trace levels of explosive compounds. The 

idea for such a sensor is inspired by recent progress in the development of inexpensive 

and sensitive herbicide biosensors based on photosynthetic reaction centers [7, 8]. It 

is important to note that the chemical structures of nitric explosives are very similar 

to those of the herbicides detectable by these biosensors; moreover, nitric explosives 

are known to be strong electron acceptors. Thus, detection of explosives by natural 

photosynthetic RC-based sensors seems quite promising. PS II is a transmembrane 

protein complex responsible for the water splitting and oxygen evolution; it is a part 

of the electron transfer chain in photosynthesis. In PS II optical energy is utilized 

to cause charge separation starting with the formation of P680+-Pheo~ pair. The 

electron then travels from the pheophytine to immobile quinone QA and then to 

mobile quinone QB- The latter accepts two electrons (and two protons from water), 

transforms to hydroquinone and carries the electrons away. 

The development of the PS II-based herbicide biosensors has been reported in a 
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series of papers [9, 10]. The most recent setup of Koblizek et al. [9] employs screen-

printed graphite electrodes and PS II from thermophilic cyanobacteria immobilized 

in a BSA-glutaraldehyde matrix [9]. The mechanism of inhibition of photosynthetic 

reaction centers by herbicides involves herbicide molecules attaching to the QB binding 

site of the mobile plastoquinone electron acceptor and preventing the latter from 

binding. The exposure of the sensor to the inhibitor results in a decrease of the 

photoinduced current in an electrical circuit containing the photosynthetic reaction 

centers. The photocurrent signal is registered by potential control method so that 

the inhibition ability can be quantized. 

Detection of TNT, picric acid and tetryl will be considered in this study. Picric 

acid, or 2,4,6-trinitrophenol, one of the most acidic phenols, is a yellow crystalline 

solid, easily soluble in water. Like other highly nitrated compounds such as TNT, 

picric acid is an explosive which was widely employed during the World War I. It 

is also used for various laboratory purposes, such as staining biological samples and 

preservation of specimens. On exposure to metals picric acid forms picrate salts 

which are even more sensitive than the picric acid itself. Some optical sensors for 

the detection of picric acid have been reported [11, 12, 13, 14]. Some evidence of 

picric acid being an inhibitor of photosynthetic electron transport in PS II has been 

reported a while ago [15]. 

TNT is used in organic synthesis but is best known as an explosive material with 

convenient handling properties. Among the commonly used methods for detection of 

TNT are spectrophotometric [16, 17], immunoassay [18, 5] and electrochemical [19]. 
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TNT is a strong electron acceptor and this very property has been used recently for 

detection purposes employing quenching of photoluminescence of polysiloles [20]. The 

solubility of TNT in water varies from 100 to 200 mg/L at room temperature [21]. 

It is readily taken up by plant roots from the soil [22] and it is known to inhibit the 

growth of the plants [23]. 

2,4,6-Trinitrophenylmethylnitramine (commonly referred to as tetryl) is a sensitive 

explosive compound used to make detonators and explosive booster charges. Because 

of its extreme thermal and base lability as well as its propensity to undergo 

photodecomposition in water and soil extracts [24], an appropriate analytical 

methodology needs to be developed which is rapid and accurate. HPLC was applied 

in analyzing of the metabolism of tetyl in plant by Harvey et al [25]. The early 

research reported that nitrite group on tetryl could be eliminated by ferredoxin 

NADP oxidoreductase [26]. Hodyss and Beauchamp [27] used a multidimentinal 

GC-Pyrolysis-Ultraviolet system to detect nitroorganic explosives and reported a 

detection limit of 50 ng for tetryl. 

At the beginning of this thesis we will review the background information 

on Photosystem II , i.e. the protein structure, the photosynthetic function, the 

preparation method and the inhibition on QB binding site by specified compounds. 

The experimental methods concerning the fabrication of PS II-based biosensor and the 

electrochemistry measurement will be described in the following chapter. The results 

of detecting explosive/herbicide compounds will be presented in Chapter 4, where the 

performance of the biosensor and the mechanism of inhibition will also be studied. 
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We also attempted molecular modeling with a latest version of AutoDock program 

to simulate the conformation of explosive/herbicide binding to the QB pocket. These 

modeling studies are discussed in Chapter 5. 
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Chapter 2 

Photosystem II 

2.1 Basic principles of photosynthesis 

Photosynthesis uses light energy to convert C 0 2 into readily usable carbohydrates 

with water acting as the source of electrons and protons and O2 forming as by-product. 

This process occurs in plants, algae and many species of bacteria. Essentially all life 

on Earth depends on photosynthesis, because it simultaneously generates an aerobic 

atmosphere, and provides energy either directly or indirectly to all organisms. 

Chlorophyll was identified as the major light absorber for driving the process 

in 1874 [28]. Robert Emerson and William Arnold [29] demonstrated that several 

hundred Chi molecules worked together to produce one 0 2 molecule. This led to the 

concept of the 'photosynthetic unit' as a network operating in O2 evolving organisms, 

which is known as the photosystem nowadays. 
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Figure 2.1.1: The Z-scheme of oxygenic photosynthesis 
The Z-scheme of oxygenic photosynthesis for electron transfer from water to 
nicotinamide adenine dinucleotide phosphate (NADP) modified from Fig. 4 of 
Govindjee [30]. From left to right: Mn stands for Mn cluster; Tyr, for tyrosine-
161 on the Dl protein; P680, for the primary electron donor of PS II; Pheo, for 
pheophytin; QA, for the first PQ electron acceptor of PS II; QB, for the second PQ 
electron acceptor of PS II; PQ, for the plastoquinone pool; Cyt D6L and Cyt D6H, for 
low and high potential cytochrome b^; Cyt /, for cytochrome / ; FeS, for Rieske iron 
sulfur; PC, for plastocyanin; P700, for the primary electron donor for PS I; Ao, for a 
monomer Chi; Ai, for vitamin K; Fx , FA and F B , for iron sulfur centers 'x', 'A' and 
'B, ' respectively; and FD, for ferredoxin. 

The terms 'Photosystem I' and 'Photosystem II' were first proposed by Duysens 

[31] in his research of 'Z-scheme' (Figure 2.1.1) of oxygenic photosynthesis. In this 

scheme, PS II is shown as the functional unit transferring electrons from water 

to the plastoquinone (PQ), an electron acceptor that in turn donates electrons 

via the cytochrome (Cyt) complex to PS I, in which the NADP+ (Nicotinamide 

adenine dinucleotide phosphate) is reduced to NADPH. The whole electron transport 

generates a proton gradient across the thylakoid membrane. This proton motive force 
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is then used to drive the synthesis of ATP. Hence the role of PS II in the total process 

is a water/plastoquinone oxido-reductase (Figure 2.1.2). 

In bacterial photosynthesis, BRC is responsible for transferring the electron to 

establish a proton gradient across the membrane, which is ultimately used by ATP 

synthetase to form ATP. The structure and function of the PS II are evolutionarily 

related to BRC, but are more complex and evolved. The homologies between BRC 

and PS II have been the foundation of the modeling for the PS II reaction center 

complex until structures of PS II from several organisms became available recently 

[32]. 

2H,(> <K 

Plastoquinone Plastoquinol 

Figure 2.1.2: The overall reaction of PS II 

The PS II reaction center uses light energy to oxidize water and to reduce 
plastoquinone. 
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2.2 Structure of PS II complex 

PS II is located in the thylakoid membrane of plants, algae and cyanobacteria. The PS 

II complex spans the thylakoid membrane, with an oxygen evolving (water-splitting) 

center on the lumenal side, a plastoquinone reduction site on the stromal side, and 

the light-harvesting chlorophyll antenna proteins (Figure 2.2.1 [33]). Over 20 subunits 

associating with other cofactors and light harvesting proteins are involved in the PS II 

complex. These components are named after the genes encoding them. The structure, 

cofactor organization, and function of these subunits have been studied in detail and 

are summarized in Table 2.2.1 [34]. 

Figure 2.2.1: Organization of protein complexes in thylakoid membranes 

LHC II and LHC I are peripheral light-harvesting chlorophyll proteins of PS II and 
PS I, respectively. OEC is oxygen-evolving complex. 
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Table 2.2.1: The PS II sub units: primary and secondary 

structure, and function 

Gene 

psbA 

psbD 

psbE 

psbF 

psbl 

psbB 

psbC 

psbH 

psbK 

psbL 

psbM 

psbN 

psbO 

Subunit 

Dl 

D2 

a-cyt b559 

/3-cyt b559 

I protein 

CP47 

CP43 

H protein 

K protein 

L protein 

M protein 

N protein 

33-kDa ext. 

protein 

Mass 

(kDa) 

38.021 

39.418 

9.255 

4.409 

4.195 

56.278 

50.066 

7.697 

4.283 

4.366 

3.755 

4.722 

26.539 

No. of 

a-helices 

5 

5 

1 

1 

1 

6 

6 

1 

1 

1 

1 

1 

0 

Function 

Yz & binds P680, Pheo, QB 

Yd & binds P680, QA 

Binds heme, photoprotection 

Binds heme, photoprotection 

Unknown 

Excitation energy transfer, 

binds 33 kDa 

Excitation energy transfer 

binds 33 kDa 

Photoprotection 

PSII assembly, PSII stability 

Involved in QA function 

Unknown 

Unknown 

Stabilizes Mn cluster, 

Continued on next page 
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Table 2.2.1 (continued) 

Gene 

psbP 

psbQ 

psbR 

psbS 

psbT 

psbV 

psbW 

psbX 

lhcb4 

lhcb5 

lhcb6 

Subunit 

23-kDa ext. 

protein 

16-kDa ext. 

protein 

R protein 

S protein 

T protein 

V protein 

W protein 

X protein 

CP29 

CP26 

CP24 

Mass 

(kDa) 

20.21 

16.523 

10.236 

21.705 

3.283 

15.121 

5.928 

4.225 

29 

26 

24 

No. of 

a-helices 

0 

0 

0 

4 

0 

0 

1 

1 

3 

3 

3 

Function 

Ca2+ & CI" binding 

Ca2 + k CI" binding 

Ca2 + & CI- binding 

Donor and acceptor 

side functions 

Chi chaperonin/antenna 

component 

Unknown 

Donor side stability 

Unknown 

QA function 

Excitation energy transfer 

& dissipation 

Excitation energy transfer 

& dissipation 

Excitation energy transfer 

Continued on next page 

11 



Table 2.2.1(continued) 

Gene 

psbJ 

psbU 

Ihcbl 

lhcb2 

IhcbS 

Subunit 

J protein 

U protein 

Lhcbl 

Lhcb2 

Lhcb3 

Mass 

(kDa) 

4.116 

10 

25 

25 

25 

No. of 

a-helices 

1 

Unknown 

3 

3 

3 

Function 

k, dissipation 

PSII assembly 

Unknown 

Light harvesting 

Light harvesting 

Light harvesting 
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The core of PS II complex is composed of two subunits-Dl and D2. These two 

subunits are almost identical and are highly hydrophobic. They contain P680, the 

OEC, two pheophytins, two plastoquinones, and a non-heme iron ion. The overall 

structure of PS II is shown in Figure 2.2.2 [32] . Dl and D2 subunits each comprise 

five transmembrane helices organized in a manner almost identical to that of the L 

and M subunits of the BRC. Nevertheless, the C-terminal domains and the loops 

joining the transmembrane helices are more extended in the case of the Dl and D2 

subunits compared with BRC, especially on the lumenal side close to the OEC. 

P680 stands for the pigments that play the key role in primary charge separation 

and are absorbing light at wavelength of 680 nm. It is a chlorophyll a multimer 

with outstanding features. Its cationic radical P680+ has one of the highest redox 

potentials found in nature, estimated to be 1.3 to 1.4 V, and is thereby capable of 

oxidating water through the OEC. On the basis of an X-ray study [32], OEC is a 

cubane-like MnsCa04 cluster linked to a fourth Mn ion by a mono-//-oxo bridge. 

Specifically, each metal ion in this cluster has three-/i-oxo bridges (the large domain) 

connected to another Mn ion by a mono-/i-oxo bridge in the extended region. QA, 

non-heme Fe and QB are localized to face the matrix space of the chloroplast. The 

binding sites of QA and QB will be discussed later. The non-heme Fe is linked in 

between the two plastoquinones by histidine ligand bonds and mediates the electron 

transport from QA to QB. Two pheophytins, PheoDi and Pheoo2 are bound to Dl and 

D2, respectively. They are involved in the primary electron transfer in association 

with other reaction center pigments. 

13 



Figure 2.2.2: Overall Structure of PS II core complex 

(A) View of the PSII dimer perpendicular to the membrane normal. Helices are 
represented as cylinders with Dl in yellow; D2 in orange; CP47 in red; CP43 in green; 
cyt b559 in wine red; PsbL, PsbM, and PsbT in medium blue; and PsbH, Psbl, PsbJ, 
PsbK, PsbX, PsbZ, and the putative PsbN in gray. The extrinsic proteins are PsbO in 
blue, PsbU in magenta, and PsbV in cyan. Chlorophylls of the D1/D2 reaction center 
are light green, pheophytins are blue, chlorophylls of the antenna complexes are dark 
green, -carotenes are in orange, hemes are in red, non-heme Fe is red, QA and Q B are 
purple. The OEC is shown as the red (oxygen atoms), magenta (Mn ions), and cyan 
(Ca2+) balls. (B) View of the PSII monomer along the membrane normal from the 
lumenal side. A part of the other monomer in the dimmer is shown to emphasize the 
region of monomer/monomer interaction along the dotted line. The pseudo-twofold 
axis perpendicular to the membrane plane passing through the non-heme Fe relates 
the transmembrane helices of the D1/D2 heterodimer, the low molecular subunits, 
Psbl and PsbX, and CP43 and CP47 as emphasized by the black lines encircling these 
subunits. Coloring is the same as in (A). 
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Flanking the opposite sides of the D1/D2 heterodimer are the CP43 and CP47 

subunits which together carry about 30 core 'antenna chlorophylls' and transfer 

exitation energy to P680. Each antenna complex possesses six transmembrane helices 

that are arranged in pairs to form a trimer of dimers. The two antenna complexes 

and the RC heterodimer function together as a pseudo-symmetric CP43/D1-D2/CP47 

core complex. The main function of CP43 and CP47 in energy transfer is to provide 

a conduit for excitation energy transfer from the exterior antennae (LHC) of the 

photosystem (the intrinsic LHC in green algae and higher plants, and the extrinsic 

phycobilosomes in most cyanobacteria and red algae) to the reaction center core. In 

addition to their roles as proximal antennae proteins for the photosystem, both CP47 

and CP43 appear to interact with proteins associated with the site of water oxidation 

[35]. 

Among the other 10 subunits attached outside the core complex, Cyt 1559 is the 

largest and the only one whose function is known well. The other low molecular 

weight subunits are possibly involved in PS II assembly, stabilization, dimerization, 

and photo-protection [36]. Cyt b559 is a heterodimer composed of one ct-subunit 

(PsbE), one /3-subunit, and a heme cofactor. It is unlikely to be involved in the 

primary electron transfer in PS II due to its very slow photo-oxidation and photo-

reduction kinetics. Instead, it could participate in the secondary electron transfer 

that helps protect PS II from photodamage. Cyt b559 is essential for PS II assembly 

[37]. 
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2.3 Isolation of PS II 

In the studies of photosynthesis, the isolation of minimum functional protein 

units is usually the first step. A remarkable achievement in this field was made 

by Boardman and Anderson [38] who were able to separate digitonin-solubilized 

spinach chloroplasts into two fractions that were each enriched in one of the two 

Photosystems, i.e., PS I and PS II. Based on the difference of molecular weight, these 

two fractions can be separated by centrifugation. PS II activity is associated with 

the membrane fraction enriched in Chi b, which is now known to contain the granum 

of thylakoid membranes (Figure 2.3.1).The concentration ratio of Chi a to Chi b 

should be between 2.9 and 3.2 in a successful isolation of PS II complex [39]. Figure 

2.3.2 is the sucrose gradient showing different chlorophyll containing bands separated 

from the solubilized thylakoid membranes after centrifugation. PS II fraction is the 

bottom band in the figure. 

Figure 2.3.1: Thylakoid structures 
Granum membranes of the thylakoid structures are enriched in PS II. 
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CMa/b Band 

1.3-1.5 

6.5-7.1 

2,9 - 3.2 

Figure 2.3.2: Different chlorophyll containing bands in different components of 
thylakoid membrane 

During the early 1980s, a variety of methods using non-ionic detergents, e.g., sugar 

based detergents, were found to be effective in isolating protein complexes with PS 

II activity from a diverse range of cyanobacteria, green algae and higher plants [40]. 

The isolated PS II core complex consists of several major components, i.e., CP47 

and CP43, Dl and D2 subunits, and Cyt b559. In addition to the major subunits, 

some other components such as psbO should be preserved to produce O2. Refined 

preparations of this membrane fraction, e.g., the so-called BBY particles, retain full 

(^-evolving activity and have been used extensively in the analysis of PS II structure 

and function. The name BBY was originated from Berthold, Babcock and Yocum who 

first developed the preparation method [41]. Non-ionic detergent Triton X-100 was 

used to separate the grana-stacked from the stroma-exposed region of the thylakoids. 

PSII-LHCII 
stipe rcomplex 
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2.4 Electron transfer process in the PS II complex 

PS II complexes performing the electron transfer are located in the thylakoid 

membranes. Thylakoid membranes are either stacked (referred to as appressed 

or grana lamellae) or unstacked (referred to as stroma lamellae), and contain 

four membrane-spanning protein complexes involved in charge transfer: the PS 

II complex, the cytochrome complex, the PS I complex, and the ATP synthase 

complex. The electron transfer reactions in PS II are schemed in Figure 2.4.1 

cytltf 

2*2H' 
mollis side 

*tiv 

POp^zTT""" 

Ptoophyiin 

2c>des 
4 Excitation 

lumen side 2H,0 
OEC 

Figure 2.4.1: PS II primary electron transport and oxygen evolution 

The reaction center P680 of PS II reduces QB via pheophytin and QA- Two excitation 
cycles are needed to reduce QB to the plastoquinol. Protons are taken up from the 
matrix space. The plastoquinol leaves the binding site on PS II and equilibrates 
with a larger plastoquinone/plastoquinol pool. Four excitation cycles through P680 
are needed to oxidize the M^CaOs complex. The fully oxidized manganese complex 
oxidizes 2 molecules of water to evolve one O2. 
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The primary electron transfer reactions in PS II consist of the initial charge 

separation and subsequent reduction of the primary donor by extracting electrons 

from water. Upon illumination, an electron is ejected from the excited primary 

electron donor P680, and in 10 picoseconds the electron is passed to the primary 

electron acceptor, Pheophytin Pheooi- Once the primary charge separation takes 

place, the secondary electron transfer in PS II rapidly stabilizes the electron flow 

to reduce a back reaction. After the first charge separation step the oxidized P680 

is reduced to its initial state by the OEC. Four consecutive oxidation steps in the 

OEC produce one oxygen molecule from water. The pheophytin in turn reduces the 

first plastoquinone in the electron transfer system (QA) in about one nanosecond. 

QA is reduced only to the semiquinone state (PQH), which remains bound tightly to 

the D2 subunit. This radical anion semiquinone reduces the final electron acceptor, 

QB, which is bound loosely to the Dl subunit. After a second similar light-driven 

excitation cycle, QB accepts a second electron and becomes reduced to plastoquinol 

(PQH2). The protonated plastoquinone leaves the quinone binding site and is 

replaced by another molecule from the plastoquionone pool within the membrane 

and afterwards the overall reaction cycle continues. The protonated plastoquinone 

can move freely either in the membrane or across it. It thus becomes the first electron 

donor in the PS I electron transport system. Upon illumination the PS I reduces 

NADP+ using the electron transferred via the plastocyanin Cyt b6f. 

In the first step of the primary electron transfer, the generated P680+ is a long-

lived strong oxidant that can potentially damage the protein unless it is reduced. If 
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reduction of P680+ is blocked, then secondary electron transfer occurs that ultimately 

results in the oxidation of Cyt b559 [43]. It has also been found that Cyt b559 can 

be reduced by electrons generated within PS II. Buser et al. [44] found that doubly 

reduced quinone PQH2 can reduce Cyt b559. Therefore the overall role of Cyt b559 

in the PS II electron transfer is to act as an emergency electron donor or acceptor 

[45, 46]. 

The protons split from water are released into the inner lumen side of the thylakoid 

membrane, whereas the protons needed to reduce plastoquinone are taken from the 

matrix space. As a result a proton concentration gradient is established between the 

inner and outer space of the thylakoid membrane, a consequence of vectorial electron 

flow across the membrane. 

2.5 Quinone binding site in PS II 

The architecture of the polypeptides involved in QA, Fe and QB binding in PS II is 

quite analogous to that of the bacterial system (Figure 2.5.1 [32]). Even though PS II 

and BRCs use different quinone acceptors, the model of PS II based on the study on 

BRCs proved very successful. The overall view of the iron-quinone complex is shown 

in Figure 2.5.2 [32]. The binding sites for QA and QB are localized in D2 and Dl 

subunit, respectively. Helices IV and V of each subunit are of particular relevance of 

quinone binding. The non-heme Fe, which mediates electron transfer from QA to QB, 

is positioned on a pseudo-twofold axis of the D1/D2 heterodimer. 
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Figure 2.5.1: PS II RC cofactors involved in electron transfer 

Electron transfer cofactors shown perpendicular to the internal pseudo-twofold axis. 
Coloring scheme is the same as in Figure 2.2.2. The phytol tails of the chlorophylls 
and pheophytins have been removed for clarity. The side chains of Tyrz (Dl Tyrl61) 
and Dl Hisl90 are shown in yellow, and TyrD (D2 Tyrl60) and D2 Hisl89 are in 
orange. The four chlorophylls comprising P680 are in direct van der Waals contact, 
and other electron transfer distances are given in A. 

X-ray study [36] proposed that QA is firmly bound to the main-chain amide group 

of Phe261 and His214 on the D2 subunit, where the latter also serves as a ligand to 

the Fe ion (Figure 2.5.2, A and B). The QA pocket is a hydrophobic cavity composed 

of multiple residues on D2 subunit including Ile213, Thr217, Met246, Ala249, Trp253, 

Ala260, and Leu267. 
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Figure 2.5.2: Electron acceptors of PS II 

(A) Overall view of the nonheme iron, QA and QB- Coloring scheme is as in Figure 
2.2.2, with protein main chains depicted in gray and with side-chain bonds and carbon 
atoms following the coloring of the protein subunit as used in Figure 2.2.2. The 
bicarbonate that completes the coordination sphere of the nonheme Fe is shown as 
magenta balls and is probably hydrogen bonded to D2 Lys264 and Dl Tyr246. (B) 
The QA binding pocket. The hydrophobic residues forming this pocket are shown. 
The Oi of the plastoquinone head group is likely to be hydrogen bonded to the 
nonheme Fe ligating D2 His214 by its 5-nitrogen, whereas the O4 atom may hydrogen 
bond to the backbone amide nitrogen of D2 Phe261. (C) The Q B binding pocket. 
Q B binds deep into a cavity lined with the hydrophobic residues. Oi is likely to be 
hydrogen bonded to the 5-nitrogen of Dl His215, which also forms a ligand to the 
nonheme Fe, whereas O4 may form hydrogen bonds with the amide nitrogen of Dl 
Phe265 and the side chain 7-0-xygen of Dl Ser264. Dl Ser264 appears to make further 
hydrogen-bonding contact with Dl His252. Probable hydrogen bonds are shown as 
dotted lines; solid lines represent ligands. 

There are four histidines (Dl His215, Dl His272, D2 His214, and D2 His268) 

responsible for the nonheme Fe binding. It has also been suggested that bicarbonate 

may serve as the fifth ligand to the nonheme Fe in PS II and that it has a regulatory 

function involving electron flow from QA to Q B as well as facilitating the reduction 

ofQB [32]. 
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The plastoquinone in the QB site is hydrogen bonded to Dl Ser264 and Dl His215, 

where the latter one is also a ligand for the nonheme Fe. It is also possible that QB is 

bonded to Dl Phe265 on the main-chain. The QB pocket is comprised of Dl residues 

Met214, Leu218, Ala251, Phe255 and Leu271 (Figure 2.5.2, C). In addition, because 

Dl His252 is within hydrgen-bonding distance of Dl Ser264, this residue could aid 

the protonation of QB [8]. Protonatable groups close to the quinone make the QB 

site more hydrophilic than the QA site. This property is essential to the conversion 

of quinone to PQH2, because the protonation reactions require an aqueous phase. 

2.6 Binding of the inhibitors at the QB site 

In the primary electron transfer process, QA and QB associate with non-heme Fe to 

perform as a two electron gate system. The kinetics of electron transfer involving the 

two electron gate has been studied through use of a fluorescence spectroscopy method 

[47]. It was suggested that the QB binding constant is relatively small, and a rapid 

movement of the quinone in and out of the site occurs. This dynamic association is 

required for the quinone to act to couple electron and proton transfer, and it provides 

the possibility of inhibition of the transiently unoccupied site by a quinone analogue. 

On the other hand, because of the inaccessibility and the lack of exchangeability of 

the plastoquinone when bound, the QA site is not a good target for inhibitors. 

The plastoquinone in the QB site is reduced in two steps, therefore the QB site is 

supposed to bind nonreduced as well as singly reduced plastoquinone. This dual and 
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undemanding binding property of the QB site makes it possible to replace quinone by 

diversity of other chemicals. Many photosynthesis inhibitors, such as some herbicides 

bind to the QB site on the Dl subunit. It has been well established that treatment of 

plants with some herbicides blocks PS II electron transport, and thus also blocks the 

transfer of excitation energy from chlorophyll molecules to the PS II reaction center 

[33]. 

Three chemical families, the nitrophenols, nitriles, and pyridazinones, inhibit 

photosynthesis by preventing QB binding. The inhibitors bind to the QB site due 

to hydrogen bonds, van der Waals forces, and hydrophobic interactions depending on 

the chemical structures and properties of the inhibitors. 

The binding schemes of plastoquinone and atrazine on the Q B site are shown 

in Figure 2.6.1. The protein structure in the scheme is based on the BRC model. 

Hydrogen bonds between atrazine and the amino acids Ser264 and Phe265 are 

essential for atrazine binding. Phe255 contributes to hydrophobic interactions in 

herbicide binding [33]. This competitive binding blocks the access of quinone 

molecules to the QB site. Because atrazine cannot uptake proton and electron under 

this condition, the electron transport via QB site is disrupted. Trebst [48] proposed 

that herbicides of the nitrophenol and nitrile families probably bind to the QB site 

due to the interactions with His215 rather than Ser264. 
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Figure 2.6.1: Schematic figure of the plastoquinone/herbicide binding pocket of the 
Dl protein 

Dashed lines represent hydrogen bonds; dotted lines represent hydrophobic 
interactions. (A) Plastoquinone binds to the Dl protein, accepts two electrons and 
two protons, and is released as plastohydroquinone. (B) Atrazine binds to the Dl 
protein and prevents the binding of plastoquinone [33]. 

Upon illumination, QA is reduced to form a QA~QB state which in turn can evolve 

into QAQB~- However, if the QB site is vacant or occupied by the inhibitor the last 

step cannot occur and the electron transfer is disrupted as depicted in Figure 2.6.2 

[47]. 

Inhibitor 
Q A Q B " ^ Q A ' Q B ^ QA"( v a c a n t } ' QA'InMbitor 

hv 

QAQB 

Figure 2.6.2: Displacement of QB by inhibitors 
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Summarizing, the PS II inhibitors interfere with QB function and thus block PS II 

electron transport activity in a concentration-dependent manner. Additionally, some 

classes of the inhibitors have other modes of action on photosynthetic organisms, 

not involving the QB site. For instance, nitrophenols also act on respiratory 

phosphorylation as an uncoupling inhibitor [42]. This property enhances their 

inhibitory potency. Nitric oxide, cyanide and carboxylate anions are found to 

be capable of binding reversibly at the non-heme iron site in competition with 

bicarbonate, resulting in most cases in deceleration of the electron transfer. 

Advances in the understanding of inhibitory mechanisms naturally gave strong 

impetus to detection of herbicide research as well. The PS II-based biosensor 

for detection of herbicides [10, 9] has been well developed in the past decade. 

Photosynthetic assays can be done in a cell-free system, that is, with isolated 

thylakoid membranes, to obtain a direct measurement of its interaction with the 

inhibitors without the secondary effects from other components of intact plant tissues. 

The inhibitory potency of a herbicide can be evaluated via measuring the inhibitor 

concentration at which the photosynthetic activity is reduced by half [49]. 

Based on the structural similarity between nitric explosives and herbicides (Figure 

2.6.3), it is suggested that some nitric explosives may also cause inhibitory effect on 

different plant species [50, 51]. Ali et al. [23] observed the inhibition of photosynthetic 

electron transport caused by TNT which can be evaluated via the decrease of 

chlorophyll a variable fluorescence field. However, it has not been proven that it is 

the inhibition of PS II involving the QB site and not some other effect which caused 
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this fluorescence decrease. In this work we are exploring the possibility that at least 

some nitric explosives work on PS II, especially on the QB site. The electrochemistry 

method will be applied for the detection of nitric explosives possibly involving QB site 

binding. The major objective of our research is to produce a sensitive PS Il-based 

biosensor for detection of nitric explosives. 
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Figure 2.6.3: Herbicides as PS II inhibitors and explosives as potential inhibitors 
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Chapter 3 

Material and Method 

3.1 Preparat ion of PS II samples 

The PS II samples were isolated from supermarket baby spinach leaves. Baby spinach 

leaves were kept in the dark at 4°C overnight before use to preserve the PS II activity 

as much as possible. All chemicals except TNT were ordered from Sigma-Aldrich. 

TNT was purchased from ChemServices, Inc. All preparations were carried out in a 

dark room with dim green light and at 4°C. 

3.1.1 Purification of thylakoid membranes 

Thylakoid membranes were prepared by treatment with sonication as described in 

CA patent 2412206 [52]. After washing with ice-cold water, deveined spinach leaves 

were crushed in a blender with a homogenizing buffer (Table 3.6.1). The mixture was 

cooled in an ice bath for 2 min after 1 min of crushing. The resulting slurry containing 

tissues and cells of spinach leaves was cooled again until the foam disappeared. 
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The homogenate was filtered through 16 layers of cheese cloth to remove impurities 

and the filtrate was centrifuged for 2 min at 2500 g at 4°C. The collected pellet 

was then resuspended in a 20 times diluted homogenizing buffer to a concentration 

of 2 mg Chl/mL and gently stirred for 30min. The resulting solution was lysed 

with 40 minutes of sonication in lmin intervals using a Mandel Scientific company's 

ultrasound processor in an ice bath to avoid excessive temperature. Purified thylakoid 

membrane was then collected after a centrifugation at 3500 <?'s at 4°C for 3 min. The 

final pellet was stored at -80°C in the dark until use. 

UV-Vis spectroscopic method was used to determine the concentration of 

chlorophyll in the suspension and the purity of isolated PS II [53]. In order to obtain 

a pure PS II sample, the A675/AQi5 ratio should be between 2.9 and 3.2 [39, 54]. The 

spectrophotometric measurements were taken in quartz cuvette with a Cary 5000 

UV-Vis with the following parameters: 

Average time to scan: 0.033 s Data interval: 0.5 nm Scan rate: 909.091 nm/min 

Spectral bandwidth: 2nm 

The concentration of PS II complex in buffer is defined as the concentration of 

chlorophylls. The calculation of concentrations of pigments is as follows: 

[Chi o] = (12.7 x A675 - 2.69 x A645)/2g/mL (3.1.1) 

[Chi b] = (22.9 x A645 - 4.68 x A675)/ig/mL (3.1.2) 

[Total Chi] = (8.02 x A675 + 20.21 x A 6 4 5 ) /^ /mL (3.1.3) 
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where ^675 and A64:5 are the absorbance at wavelengths 675 nm and 645 nm 

respectively. 

3.1.2 Purification of BBY Membranes 

BBY membranes were obtained using treatment with non-ionic detergent Triton X-

100 as described by van Leeuwen et al. [54]. Triton X-100 is able to separate the 

granum stacks from the stroma-exposed regions of the thylakoids. More discussion 

on the function of Triton X-100 will be presented in Chapter 4. 

The leaves were washed, depetiolated and then crushed with a blender in an 

isolation buffer following the same steps as described in subsection 3.1.1. After a 

filtration the suspension was centrifuged at 10,000 g's at 4°C for 10 minutes. Pellets 

were collected and resusp ended in the isolation buffer to a concentration of 2 mg 

Chl/ml. With a gentle stirring, Triton X-100 solution was added to the suspension to 

a final concentration of 25 mg/mg Chi. This ratio was chosen for the high efficiency of 

separation and the maximal conservation of OEC. Low concentration of the detergent 

causes incomplete separation of PS II particles. However, overexposure to the 

detergent may also remove OEC from the particle and damage the oxygen activity. 

The solubilization process lasted with stirring in the ice bath for about 15 min until the 

cells were lysed and PS II particles were concentrated through hydrophobic reactions 

with the detergent. The other proteins and components in thylakoid membranes 

are solubilized in the buffer. At this step the incubated suspension included soluble 

proteins, PS II particles surrounded by hydrophobic detergent molecules, and starch, 
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which is the component with the largest density. The PS II particles were isolated 

from the suspension by 3 steps of centrifugations. After the first centrifugation at 

40,000 g's at 4°C for 25 minutes, the PS II particles containing starch were collected 

and resuspended in the isolation buffer supplemented with 0.4 M sucrose, then 

centrifuged for 5 min at 2,000 g:s to remove starch. The supernantant containing the 

purified membranes was then sedimented once more for 25 min at 40,000 g's. The 

purified BBY membranes in the sediment can then be stored at 80°C over periods as 

long as six months until use [55]. 

3.2 D C P I P assay 

DCPIP is a chemical compound used as a redox-sensitive dye. Oxidized DCPIP is 

blue, reduced form is colorless. DCPIP assay is a conventional method in the study of 

rate of photosynthesis. As DCPIP is reduced and becomes colorless, and the resulting 

decrease in absorbance at around 600 nm can be measured by a spectrophotometer. 

All the procedures of DCPIP assay were carried out in dark except when illumination 

was needed. 

+ 2H + + It' 
HO HO 

CI CI 

Figure 3.2.1: The reduction of DCPIP 
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3.2.1 Photosynthetic activity 

The photosynthetic activities of the isolated PS II samples were determined by a 

DCPIP assay. With illumination, the photoreduction rate of the PS II sample in the 

presence of DCPIP was measured with Gary 5000 UV-Vis spectrophotometer. The 

spectrophotometric parameters were the same as described in section 3.1.1. Unfrozen 

PS II samples were resuspended in a pH 7.5 measuring buffer to a concentration of 

2mg Chl/mL. Vortex was used to help disperse the PS II particles. The resulting 

PS II solution was taken for the baseline. In the measurement, the photoreduction 

occurred in a solution which contained 20 pg Chl/mL of PS II particles and 0.15mM 

of DCPIP. The sample was then illuminated with a halogen lamp light from one side 

for 10 seconds. The intensity of the light was 1.5 xlO4 W/m2 . This step was repeated 

until the absorbance was below 0.2. The decrease of the absorbance at ~590 nm upon 

illumination is proportional to the rate of the photoreduction of DCPIP catalyzed by 

PS II complex, so that the photosynthetic activity can be calculated as the rate of 

photoreduction as follows: 

Photosynthet ic a c t i v i t y = :—— (3.2.1) 
e x / x V x mPS n x i 

here, AAz>CPiP is the decreased peak absorbance of DCPIP after illumination; e is 

extinction coefficient of DCPIP (2.1 xlO4 M~l cm - 1 ) , I is the width of the cuvette 

(1cm); V is the volume of the solution; mpsii is the mass of the chlorophyll in the 

PS II particles used in the measurement and t is illumination time. 
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3.2.2 Effect of PS II inhibitors on D C P I P measurement 

To study the effect of herbicides and explosives on photosynthetic activity, the rate 

of photoreduction of DCPIP was measured in the presence of explosive molecules. 

Explosives were added to the DCPIP-PS II suspension to obtain a series of increasing 

concentrations. Each time the absorbance was measured with an illumination of 10 

seconds. And the spectrum of PS II suspension was taken for the baseline during 

each concentration-dependant measurement respectively. The presence of explosives 

affects the photoreduction of DCPIP in the manner of inhibiting PS II activity. In 

this case, the residual activity of PS II equals to the ratio of the photoreduction rate 

in the presence of explosive to that in the absence of explosive which can be calculated 

as follows, 

/M. AAnrpTP(in presence of i n h i b i t o r ) „„„— ,„ n „s Residual Act ivi ty(%) = A °CPIP, - x 100% (3.2.2) 
AADCPIP (in abscence of i n h i b i t o r ) 

The data were plotted as residual activity vs. concentration of explosive. 

3.3 Immobilization of PS II particles for the 

biosensor 

The DRP-220 gold screen printed electrodes were purchased from DropSens company. 

The electrode assembly consists of a gold working electrode with the area of 0.13 cm2, 

a graphite counter electrode and an Ag/AgCl reference electrode. The immobilization 
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process should avoid damaging the activity of the PS II protein or affecting its activity 

as much as possible and therefore needs to be done in a quick and safe way. 

The procedure of BSA-glutaraldehyde matrix based immobilization was similar 

to the one described by Loranger and Carpentier [56, 57]. PS II samples were 

first dissolved in a pH 6.5 measuring buffer to obtain a PS II suspension at the 

concentration of 2mg Chl/mL. A 10% solution of BSA in the measuring buffer 

was mixed with equal amount of PS II solution. For cross-linking purpose a 

10% glutaraldehyde solution was added to a final concentration of 0.3%. The 

glutaraldehyde cross-links the -SH groups of cysteine residues to form a matrix on 

the surface of the electrodes. A droplet of 2.5 jA of the mixture was spread over the 

working electrode for its selective functionalization and incubated for 30 min at 4°C 

in dark for the matrix formation without interference. The electrodes functionalized 

with PS II were stored at -20°C in the dark for at least 6 hours before use. The 

immobilization of the photosynthetic material is visible as a green deposition on the 

electrodes. The electrode is recyclable after washing off the PS II samples with ethanol 

and drying it with nitrogen. 

3.4 Photo-electrochemical measurements 

The measurements with the biosensor were carried out at room temperature in the 

dark except for the pulse illumination. The detection of electrochemical signals on 

the PS II-functionalized electrodes was performed using the CHI630C electrochemical 
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workstation from CH Instruments, USA. The light source was either a 670 nm 7 mW 

laser photodiode or, for measurements at different wavelengths, the Spectra-Physics 

/ Sirah Matisse CW dye laser. The optimal illumination wavelength was determined 

by measuring the photocurrent signals of PS II-functionalized electrodes with a pulse 

illumination at different wavelengths. Electrochemical measurements were performed 

by placing a 50 /A droplet of the electrolyte containing analyte onto the working area 

to cover the three electrodes. 

DQ and FeCy were used as mediators with concentrations of 0.2mM and ImM 

respectively The redox potentials of the two mediators were determined by a cyclic-

voltammetry method [58]. A triangular wave form of potential sweep was applied to 

a working electrode, and gave rise to a reversible current-potential (i-E) curve during 

the reversible electron transfer step on the working electrode. Figure 3.4.1 is the curve 

of a theoretical cyclic voltammogram. The anodic and cathodic peaks on the curve 

present the oxidation potential and reduction potential respectively. The location of 

redox potential of the mediator is the midpoint of the two peaks. The measurement 

parameters are as followed: 

Potential scan rate: 1 mV/s 

Potential scan range: -1.0 V to 1.0 V 

Current sensitivity: 1 //A 
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Figure 3.4.1: Theoretical cyclic voltammogram 
Theoretical cyclic voltammogram modified from figure in [59], where ipc and ipa show 
the peak cathodic and anodic current respectively for a reversible reaction. 

In the measurement of photo-current, the working electrode of the biosensor was 

polarized at 0.62 V for DQ (0.2 m l ) or 0.36 V for FeCy (1 mAf). 

In order to detect explosives (or herbicides) in the measuring buffer, a current-

time (i-t) curve was measured while the sensor was illuminated with a light pulse. 

The signal detection was first optimized with the mediator in a pH 6.5 measuring 

buffer without PS II inhibitors to obtain a steady current baseline. The droplet 

was then carefully removed with the pipette and the biosensor was rinsed twice 

with measuring buffer before a new droplet was added. After the explosives were 

added to the pH 6.5 measuring buffer in the presence of mediator, the biosensor 

was incubated for 10 minutes in the dark until some diffusion took place and the 

photo-induced current was expected to become steady. The electrode with droplet 

was illuminated to obtain a current signal. Values of current peaks were measured to 
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calculate the relative activities. Upon the measurements of photo-induced current at 

different concentrations of analytes, a curve of relative activity versus concentration 

was obtained to characterize the inhibition mechanism. 

In order to compare the inhibition mechanism of explosives to that of herbicides, 

the detection of herbicide was performed as well through the same procedure as 

described above. 

The detection parameters are as followed: 

Sensitivity: 1 nA 

Potential with respect to reference electrode: 0.62 V for DQ (0.2 m.M) 

0.36 V for FeCy (1 mAf) 

Incubation time: 10 min 

Illumination wavelength: 670 nm 

Illumination intensity: 8 W/cm2 

Illumination time: 5 s 

In the detection of photosynthesis inhibitors, the current increases as a result 

of the light-induced redox reaction and the resulting peak current depends on the 

activity of PS II. As shown in Figure 3.4.2 the residual activity of PS II therefore 

equals to the ratio of the amplitude in the presence of inhibitors to that in the absence 

of inhibitors. 
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Figure 3.4.2: Scheme of amprometric readout upon increasing the concentration of 
the inhibitors. 
Peak (a) is a light-induced signal in the absence of inhibitors; Peak (b) is a 
light-induced signal in the presence of inhibitors. Residual activity = I(,/Ia x 100%. 

3.5 Analysis of inhibitor binding 

The residual activities of PS II vary upon the concentrations of the inhibitors. The 

residual activity vs. concentration curves were fitted with logistics equation: 

V Vmin i 
V; max yrmn Vv 

1 + (z/EC50)Hl11 sl°Pe (3.5.1) 

where, 

Ymax'- maximum residual activity 

y m m : minimum residual activity 

EC50: concentration of inhibitor which causes a 50 % inhibition of the activity 

Hill slope: coefficient which describes the cooperativity of the binding. 

The EC50 also represents the dissociation constant of the PS II-inhibitor binding. 
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The LOD was determined on the basis of 99 % confidence interval, which, assuming 

the normal distribution, corresponds to 2.6 x standard error of the measurement (a) 

[60]. Then the LOD was calculated as 

r ^ 2 . 6 x a x E C 5 0 
LOD = (3.5.2) 

100 - 2.6 x a y ' 

3.6 Components of buffers 

The compositions of various buffers used in this study are presented in Table 3.6.1. 

Table 3.6.1: Components of buffers 

Buffer Components 

Homogenizing Buffer 20mM Tricine (pH 7.5), 330mM sorbitol, 
5mM MgCl2 

Isolation Buffer 20mM MES (pH 6.0), 15mM NaCl and 
5mM CaCl2 

pH 7.5 Measuring Buffer 20mM Tricine, 0.2mM sucrose, lOmM KC1, 
3mM MgCl2 

pH 6.5 Measuring Buffer 15mM MES, 0.5 M mannitol, 0.1 M NaCl, 
5mAf MgCl2, 5x lO _ 5 M chloramphenicol 
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Chapter 4 

Detection of explosives/herbicides 

with biosensor 

4.1 Principle of detection using biosensor 

The presence of explosive/herbicide in a solution is detected as a decrease of 

photocurrent signal in the presence of mediator compared to the activity in the 

absence of the explosive/herbicide. The photocurrent is generated through the redox 

reaction of the mediators in the solution, which indirectly represents the PS II activity 

upon illumination. 

As discussed in section 2.4, when the light harvesting complexes transfer the 

excitation energy to the PS II reaction center, the PS II electron transport takes 

place. From pheophytin, the excited electron derived from the splitting of water is 

transferred to QA and then QB. QB accepts two electrons from QA and two protons 

from the stroma side of the thylakoid membrane, and then leaves its binding site as 

plastoquinol. In vivo, plastoquinol as the product of PS II electron transport donates 
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its electrons to the Cyt bef complex to connect the electron transport between PS 

II and PS I. The mediators such as FeCy and DQ in this study work as artificial 

electron acceptors instead of plastoquinone when reacting with the PS II reaction 

center. In the measurement, the working electrode is polarized at the corresponding 

redox potential of the mediator so that the reduced electron acceptor is re-oxidized and 

a current signal is observed. The mass transfer of the electrons thereby is proportional 

the PS II activity. The explosive or herbicide in the solution inhibits the access of 

mediator in to the QB pocket. The mediator cannot be reduced by plastoquinol and 

consequently no current is generated. 

Figure 4.1.1 depicts an example of DCMU detection. The signals from left to right 

are due to an increasing concentration of DCMU in the pH 6.5 measuring buffer in the 

presence of DQ. The baseline corresponds the background current of the oxidized DQ 

in the dark. The first peak is the control signal in the absence of DCMU. Then, DCMU 

was loaded into the solution and the signal induced by the light pulse was recorded. 

The decrease of the signal magnitude indicates the reduction of PS II activity by 

DCMU. The ratio of the signals in the presence and absence of the herbicide was 

calculated. 
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Figure 4.1.1: Photocurrent signals of DCMU detection 
The presence of DCMU was detected from a decrease of the photocurrent signal in 
the presence of DQ. 

4.2 Characteristics of the PS II membranes 

Stability and sensitivity, which are essentially related to the quality of the prepared 

PS II samples, are important parameters of a biosensor. In this section, factors such 

as the purity, the activity and the half life of the samples are considered. 

The PS II-enriched membranes, i.e. the BBY membranes are thylakoid 

membranes solubilized with the non-ionic detergent Triton X-100. The function of 

Triton X-100 is to separate the lamella part from the intact thylakoid by hydrophobic 

reactions and consequently to concentrate the granum stacks (Figure 2.3.1) through 

hydrophobic reactions. The PS II complex is more concentrated in the stack 

structure of the thylakoid membrane, whereas the lamella contains more PS I. The 
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spectra of PS II preparations are shown in Figure 4.2.1. Each PS II particle sample 

collected after centrifugation was diluted 100 times with the buffer used in the 

preparation. The peak absorbance of Chi a has shifted to 675 nm and 436 nm, while 

the peak of Chi b has shifted to 645 nm and 471 nm. 
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Figure 4.2.1: UV-Vis spectra of PS II particles during preparations 

The chlorophyll content of each sample in Figure 4.2.1 is calculated (Table 4.2.1). 

By comparing the ^675/^645 values it is clear that Triton X-100 treatment is efficient 

in separating PS I and PS II. The oxygen activity of BBY membrane is therefore 

significantly higher than that of thylakoid membrane. Measured by spectroscopy, 

the BBY membranes has an oxygen activity of 100 to 300 /xmol 02/mg Chl/h, and 
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the thylakoid membrane has about 50 /xmol 0 2 /mg Chl/h.It has been reported that 

thylakoid membranes were used for BSA-matrix formation on the biosensor electrodes 

and a photocurrent signal stable for long time (half life of 16.7h in the presence of 

DQ) has been observed [61, 62] . On the other hand, the half life of PS II enriched 

membrane-based biosensor is 8h in the presence of DQ, according to Koblizek et al. 

[10, 9]. The half lives of both types of the biosensors are shorter than that for the PS 

II preparation itself. The lower stability of the sensors compared to protein sample 

is probably caused by Ag+ ions released from the reference electrode, which are toxic 

for the PS II activity. This could be improved by increasing a spatial separation of 

the working and reference electrode. Thus, the Ag+ ions released from the reference 

electrode would not come into contact with the PS II particles immobilized on the 

working electrode. However, this would make the measurement less practical. 

Table 4.2.1: Chlorophyll content from spectra in Figure 4.2.1 

BBY 

Thylakoid 

BBY before 
Triton treatment 

Thylakoid before 
sonication 

[Chi a] 
/(mg/mL) 

2.0 

1.9 

1.5 

1.4 

[Chi b] 
/(mg/mL) 

0.9 

0.8 

1.1 

1.5 

[Total Chi] 
/(mg/mL) 

2.9 

2.7 

2.6 

2.9 

^675/^645 

2.9 

3.5 

2.0 

1.4 

Figure 4.2.2 compares the photocurrent signals from the biosensor with 
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immobilized thylakoid membrane (A) and BBY membrane (B). The signals are 

registered with FeCy used as a mediator to transfer the electrons from the PS II 

to the electrodes. The working electrode was polarized at 0.36V to the reference 

electrode. Both signals were obtained upon illumination for a period of 20 sec and 

with the sensitivity set to 1 nA. The sinal amplitude is calculated by subtracting the 

average baseline from the readings. 
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Figure 4.2.2: Photo-current signals of biosensor employing (A) thylakoid membrane 
and (B)BBY membrane 
The signals are registered with FeCy used as a mediator. 

The signal amplitude in Figure 4.2.2(A) is 210 nA, which is twice large as the 

amplitude of the BBY signal, despite the fact that the specific oxygen activities of 

the two types express the opposite tendency. A possible explanation is, that, because 

the concentration of the detergent used is 25 times of Chi in the preparation, in the 

presence of high-concentrated non-ionic detergent, the effective concentration of Fe3+ 
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in the measuring solution is decreased. 

Besides the signal amplitude, the response speed is also crucially important to the 

performance of the biosensor. The ideal photo-current signal should be as shown in 

Figure 3.4.2. In Figure 4.2.2 (A), the current reaches the peak 20 sec after the light is 

switched on, and recovers to the baseline in 30 sec after the end of the illumination; 

secondly, it shows that the background is noisy and the signal current fluctuates. 

In the case of BBY sample, the signal rises to the peak and recovers to the baseline 

within just several seconds after the switching of the light on or off; the signal exhibits 

low noise, and better repeatability. 

Table 4.2.2 shows the data derived from Figure 4.2.2. Only the peak-signal 

generation part was taken into account when calculating the signal RMS amplitude. 

The SNR of BBY sample is 10000, which is 23 times larger than for thylakoid 

samples. 

Table 4.2.2: Photocurrent signal performance of biosensors immobilized with 
thylakoid membrane and BBY membrane. 

Thylakoid 

BBY 

Peak-signal 
Generation 

(sec) 

20 

4 

Peak-signal 
Degeneration 

(sec) 

30 

6 

Signal RMS 
Amplitude 

(nA) 

148.5 

70.7 

Noise RMS 
Amplitude 

(nA) 

7.07 

0.7 

SNR 

441 

10000 
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By jointly considering the factors including signal amplitude, signal-respond 

ability and SNR, it is thus safe to say that the BBY-based biosensor exhibits better 

sensitivity than thylakoid membrane-based biosensor. The differences of sensitivity 

and fluctuation between thylakoid and BBY samples are apparently due to the activity 

and purity. The existence of other proteins and complexes in thylakoid membrane 

limits the effective electron transfer from the PS II comparing to the case of BBY, and 

makes the signal to noise ratio poorer as well. Summarizing, BBY sample appears to 

be more suitable for the biosensor application. 

4.3 Optimization of biosensor activity 

The detergent solubilization during the preparation of BBY membranes may cause 

some rearrangement of the acceptor side of PS II. The entrapment of BBY membranes 

by BSA-glutaraldehyde matrix is also possible to interfere with the photosynthesis. 

To ensure that these effects do not affect PS II significantly, a measurement of 

photocurrent depending on wavelength was performed at 25°C in the presence of 

0.2mM of DQ in the pH 6.5 measuring buffer (Figure 4.3.1). The maximum activity 

was obtained at 675 nm and the activities at other wavelengths show a decline, which 

is as expected assuming that the absorption spectrum of PS II has not changed as 

a result of biosensor preparation. This wavelength dependence measurement proves 

that the detergent preparation method and the immobilization procedure with BSA-

glutaraldehyde keep the PS II complex reasonably intact and active. The illumination 
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wavelength was set at 670 nm for the electrochemical experiments. 

675 687 691 

wavelength (nm) 

Figure 4.3.1: Wavelength dependence of photocurrent signals of the BBY-based 
biosensor 
Photocurrent signals are measured upon illumination by laser at different wavelengths 
at 25°C in the presence of 0.2mM of DQ in the measuring buffer. 

It is also important to select the appropriate mediator for the measurement. 

FeCy and DQ were chosen due to their moderate affinity for the QB binding site 

on Dl.In other words, they are not expected to displace explosive/herbicide from the 

QB binding site [63]. 

In the presence of FeCy as a mediator, the biosensor exhibits about three times 

higher signals as compared to the signals obtained with DQ. This is apparently due 

to the higher concentration of electron acceptor in use. However, the relatively high 

oxidizability of FeCy may affect the inhibition in two possible ways. First, in the 

presence of FeCy, there exists an alternative herbicide-insensitive pathway of PS II 
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reoxidation bypassing the QB pocket and operating at 50% of the rate in the absence 

of herbicides. It was found that about 50% of the biosensor activity could not be 

blocked when FeCy was used for the detection of herbicide by Koblizek et al [9]. 

Secondly, nonheme iron can be slowly oxidized by FeCy, resulting in the reduction 

of binding affinity of herbicides to the QB site [64, 65]. This negatively affects the 

reproducibility and sensitivity of the biosensor. In contrast, DQ can accept electrons 

only via the QB pocket [63, 66]; and does not react with other components in the PS 

II reaction center. Therefore DQ was considered better suited for the detection of 

herbicide/explosive. 
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Figure 4.3.2: Time dependence of stability of the biosensor 
Relative activities of BBY membranes immobilized on biosensor are measured at 25°C 
in the presence of 0.2mM of DQ in the measuring buffer. The 100% value represents 
the maximal activity obtained in the measurement. 

According to the conclusion from the paragraph above, BBY-based biosensor was 

used with DQ as mediator in the subsequent measurement. The time dependence of 
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stability of the biosensor using BBY membranes at 25°C in the presence of 0.2mM of 

DQ was obtained in the pH 6.5 measuring buffer (Figure 4.3.2). The activity of the 

PS II particles decreases with time in an exponential way with 70% of the biosensor 

activity remaining after 3 hours. 

4.4 Results of detection with the biosensor 

For detection of the explosive/herbicide the biosensor was subjected to a droplet 

containing the analyte, and the light induced current change was measured after 

15 minutes to stabilize the system. This incubation time has been previously judged 

necessary in case of BSA-glutaraldehyde immobilization as the analyte molecule has to 

diffuse to its binding site and that process is slow for the gel-matrix system [67]. Before 

applying next, higher, concentration of analyte, the sensor was treated with the pH 

6.5 measuring buffer. Alternatively, a fresh sensor was used to obtain the response at 

a particular analyte concentration in case of otherwise unreproducible detection. On 

starting the measurements with a new biosensor the background current was higher 

and the photocurrent signal measurements showed higher standard deviations during 

the first 30 min of the measurement. This may be referred to as a preconditioning 

phase after which the measurement becomes more stable. Thereafter the signal was 

largely stable over a period of 3 hours during which the different concentrations could 

be tested using 15 min incubation time. 
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Figure 4.4.1: Binding curves of DCMU and explosives in the presence of 0.2mM DQ 
(A) DCMU; (B) Picric acid; (C) TNT; (D) tetryl. The residual activity (in %) 
was calculated as the ratio of signals in the presence/absence of the herbicide. The 
experimental points were fitted using equation 3.5.1 yielding the EC50 values of 
8.8xlO-8M for DCMU (i?2=0.999), of 4 .4xl(T 7M for picric acid (i?2=0.999), of 
1.4xlO-5M for TNT (R2=0.997) and of I . l x l 0 - 8 M for tetryl (i?2=0.985). 

The ratio of the signals in the presence and absence of analyte was plotted against 

analyte concentration (Figure 4.4.1). Binding curves for each analyte were analyzed 

using the half-maximal effective concentration (Equation 3.5.1), which was specified 

in section 3.5. The LOD was determined on the basis of 99% confidence interval, 
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which, assuming the normal distribution, corresponds to 2.6 x standard error of the 

measurement (a). The calculation results are shown in Table 4.4.1. 

As can be seen from Figure 4.4.1 the resulting curves follow a sigmoidal tendency. 

The biosensor is highly responsive to a classical herbicide such as DCMU and only 

slightly less responsive to picric acid and tetryl. Essentially, the sigmoidal curve 

shifts towards higher concentration for picric acid and tetryl, and shifts even further 

for TNT. The range of recognition for DCMU is from 10~3 nM to 10 fiM, for picric 

acid and tetryl is from 1 nM to 1 jiM. The small recognition range of picric acid 

is due to the low SNR for concentrations higher than 1/J.M. The standard error is 

related to the SNR of the measurement. The high standard error of tetryl can explain 

the small recognition range. In the case of TNT the biosensor shows no inhibition 

of photocurrent for concentrations up to lOnAf, but the inhibition effect becomes 

apparent upon further increasing the TNT concentration. 

Table 4.4.1: Detection results based on binding curves in Figure 4.4.1 

EC5Q (M) LOP (M) R2 a Hill slope 

DCMU 8.8xl0-8 2xl0~ 9 0.999 0.9245 0.631 

Picric acid 4.4xl0~7 l x l 0 ~ 8 0.999 1.1254 1.217 

tetryl 1.1 xl0~8 2x l0" 9 0.985 5.2936 0.648 

TNT 1.4xl0-5 7 x l 0 - 7 0.997 1.8379 0.476 
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The value of EC50 obtained concides with the PS II-inhibitor dissociation constant 

according to the Langmuir adsorption isotherm. The high EC50 indicates a weak 

binding to the QB site. The EC50 of DCMU obtained is 8.8xl0~8M, which is very 

close to the result reported by Koblizek et al [9] using a flow-cell set-up. Tetryl exhibits 

EC50 of l . l x l O _ 8 M indicating a high binding affinity. The effective inhibition by 

TNT takes place at high concentration only (EC50 is 1.4xlO -4M) suggesting that 

TNT binding to the QB is weak. 

The Hill slope coefficient is an interesting parameter which is related to the 

cooperativity of a ligand binding. The slope factor describes the steepness of a curve. 

In most situations, there is no straightforward way to interpret the numerical value 

of the Hill slope coefficient in terms of chemistry or biology. Qualitatively, if the Hill 

slope coefficient is far from 1.0, the binding does not follow the law of mass action 

with a single site. The reasons for the reduced Hill slope coefficient may include the 

presence of several clustered binding sites with somewhat different affinities, but since 

the value of the Hill slope is very sensitive to experimental and curve fitting problems, 

we refrain from making any far-reaching conclusions. 

Compared to the detection limit of the biosensor system developed by Koblizek 

et al. [9], this droplet biosensor performs quite well. The LOD of picric acid 

previously reported using the luminescence quenching method is 2xlO_ 6M [68] and 

by fluorescence emission of hexaphenysilole-chitosan film as 21 nM [69]. Thus, the 

present detection limit for picric acid of 8x 10_ 9M exhibits a significant improvement 

over luminescence quenching, but is comparable to that of the fluorescence detection 
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method. The LOD of DCMU, picric acid and tetryl are at nM range with only TNT 

being an exception. In the following we attempt to explore possible reasons for such 

a low sensitivity for TNT. 

In general, the sensitivity and the detection limit of the biosensor are determined 

by the chemical structure of the inhibitor and by the architecture of the QB pocket 

[48], but are also related to the design of the biosensor and the characteristics of the 

immobilization system especially at low concentrations of inhibitors. Effort has been 

made to optimize the latter parameters. First, the PS II particles applied have higher 

specific activity compared to thylakoid membranes. Second, the BSA-glutaraldehyde 

matrix results in a very stable entrapment of PS II particles on the surface of the 

working electrode. This set-up assures a high concentration of active PS II complexes 

in the micro-environment around the electrode, which in turn, results in a good, stable 

signal. Nevertheless there is a possibility that permeability of the BSA-glutaraldehyde 

matrix to TNT is low for some reason and therefore the inhibition effect is decreased. 

The logic behind the use of Langmuir adsorption isotherm assumes an excess of the 

free compound with respect to the number of binding sites. Thus, the accessibility 

of TNT to the electrode surface and to the PS II is critical for detection, especially 

when it's at low concentration. 

Results derived from other methods such as the DCPIP assay will be discussed in 

the following section to further explore the binding of TNT. 
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4.5 Supplemental studies of T N T 

Detection of TNT was also explored in the presence of FeCy (instead of DQ) because 

of the high SNR and amplified signal currents. Figure 4.5.1 depicts the respective 

binding curve. As expected, the binding curve shows an incomplete inhibition at 

the saturated concentration of TNT (residual activity 40%) due to the properties of 

FeCy as described above. The residual activity in Figure 4.4 (C) at the maximal 

concentration is about 20%. The EC50 (5.4xl0~5M) and LOD (4.7xlO~7M) are 

similar to the result from the detection in the presence of DQ. So far it proves that 

the detection of TNT with both types of mediators has similar sensitivity. 

100 « 

10° 101 102 103 104 10s 

Concentration (nM) 

Figure 4.5.1: Binding curves of TNT in the presence of ImM FeCy 
The experimental points were fitted using equation 3.5.1 yielding the EC50 values of 
5.4xlO~6M (i?2=0.990). 

55 



To clarify the effect of BSA-glutaraldehyde matrix on TNT, a DCPIP assay was 

employed as a supplementary method. The rate of photoreduction of DCPIP was 

measured depending on the increase of TNT concentration in the pH 7.5 measuring 

buffer with DCPIP as the electron acceptor. The residual activity of PS II is equal 

to the ratio of the photoreduction rate in the presence of TNT to that in the absence 

of TNT. Experimental details have been illustrated in Section 3.2. The binding 

curve was fitted by Equation 3.5.1. The resulting EC50 is 3.7xlO~5M and LOD 

is 4.4xlO_6M. This sensitivity and binding affinity slightly declined with respect to 

those shown in Table 4.4.1 indicating that the choice of a matrix system does not 

pose significant limitations to the interaction of TNT with the PS II complex. 

103 1Q4 Iff 
Concentration (nlW) 

Figure 4.5.2: Binding curve of TNT-DCPIP assay 
Photoreduction rate is calculated as the decrease of DCPIP significant absorption 
peak (~600 nm) over illumination time. Residual activity equals to the ratio of the 
photoreduction rate in the presence of TNT to that in the absence of TNT. 

There are some differences between the two curves for TNT in biosensor detection 
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and in DCPIP assay. The DCPIP assay is not responsive to low concentration of 

TNT up to 10~6M, and the inhibition is almost complete for a saturated solution of 

TNT (solubility of TNT is 5.7xl(T4M). This is due to the significant difference of 

measuring environment. The concentration of PS II in the solution is ~2xlO~7M 

(0.5 to 1 fig Chi, ~ 1 0 - 1 1 mol PS II) in DCPIP assay, whereas on the electrode it 

is 10_5M. At low concentration of TNT, the photoreduction rate is too low to be 

recorded. However, the relatively high ratio of TNT to PS II makes the inhibition 

more completed at high TNT concentration. The natural decomposition of PS II 

during the spectroscopic measurement may be responsible for the activity loss as 

well. 

As mentioned in Chapter 1, TNT is known to have an inhibitory effect on plant 

growth. High concentration of TNT in soil has been shown to be toxic and increase 

non-photochemical energy dissipation [23]. Thus, the question may be posed if the 

inhibition shown in Figure 4.4 (C), Figure 4.5.1 and DCPIP assay is a result of 

permanent damage caused by TNT to the PS II. Figure 4.5.3 shows the photocurrent 

response of BBY-based biosensor in the presence of FeCy, to the saturated TNT 

solution, i.e. the maximum concentration possibly achievable in the experiments 

on whole plants. The first two peaks were obtained in the absence of TNT for 

reference. The photocurrent is reduced to nearly zero when saturated solution of 

TNT is added (arrow-pointed small peak). Washing the electrode surface with pH 6.5 

buffer completely (although gradually) restores the magnitude of the photocurrent. 
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Figure 4.5.3: Recoverability of biosensor after the detection of TNT 
The photocurrent signals are measured in the presence of FeCy. The first two peaks 
were obtained in the absence of TNT. Saturated TNT solution was added (small 
arrow) to observe the recovery of the photocurrent. 

The same regeneration experiment for the biosensor employed for tetryl detection 

yielded only 50% of photocurrent recovery (data not shown). Although tetryl inhibits 

the PS II activity at very low concentrations as shown in Figure 4.4 (D), the ligand-

binding effect is not fully reversible, indicating permanent damage to the PS II. 

Therefore the biosensor for the detection of tetryl is of low reproducibility. 

The above supplementary experiments on TNT exclude the environmental factors 

and prove that TNT binding to PS II is reversible. Thus, the question of low 

sensitivity of our biosensor to TNT narrows down to the chemical properties of TNT 

and its interaction with the QB pocket. One conceivable explanation is, that, TNT 

binds on some site other than QB without interrupting the electron transport of PS II. 
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This extra binding has to be reversible, and exceed the binding affinity for the TNT-

QB binding. It is difficult to predict the potential binding site considering that TNT 

is a very small ligand compared to the size of PS II complex. Second, because of the 

high hydrophobicity of TNT molecule, it is possible that the hydrophobic components 

of the membrane block TNT from contact with the acceptor-side on PS II. Note that 

both biosensor and DCPIP assay experiments were performed with PS II particles 

still retaining the membrane/detergent environment. 
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Chapter 5 

Molecular modeling of inhibitors 

binding to PS II 

The detection results show a higher inhibition effect for nitric explosives such as tetryl 

and classical herbicides such as DCMU, with the effect slightly decreasing for picric 

acid and further strongly decreasing for TNT. It would appear that the occurrence of 

a -CH3 group in TNT instead of-OH group should pose significant limitations to the 

ability of TNT to bind to the QB site, as sufficient number of hydrogen bonds cannot 

be formed. To test this hypotheses molecular modeling of binding of the inhibitors 

to the QB binding site was performed using Autodock Vina [70]. 

5.1 Introduction to Autodock 

AutoDock is a program designed to predict how small molecules bind to a receptor of 

known 3D structure. It is a suite of automated docking programs: AutoTors, which 

facilitates the input of ligand coordinates; AutoGrid, which precalculates a three-

dimensional grid of interaction energy based on macromolecular coordinates; and 
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AutoDock, which performs the docking simulation [71]. These programs are linked 

by a host of shell scripts to streamline the input of new structures, to launch AutoDock 

simulations in parallel on a cluster of machines, and to facilitate the analysis of results. 

A simulated annealing algorithm is used for searching conformations, allowing several 

torsional degrees of freedom in a flexible ligand to be searched during the docking 

experiment, but with the limitation that it may not always find the global minimum 

conformation. A grid-based technique is used for energy evaluation at each step of the 

simulation, providing a detailed energetic model at reasonable computational cost, but 

carrying with it the restriction of a rigid protein target. The computation assumes 

that protonation state of and charge distribution in the molecules do not change 

between, e.g., their bound and unbound states. The docking results in reproducing 

chemical potentials, which determine the bound conformation preference and the free 

energy of binding. It combines the consideration not only of the minima in the energy 

profile but also-of the shape of the profile and the temperature. The energy profile 

includes evaluations of dispersion/repulsion, hydrogen bonding, electrostatics, and 

desolvation. 

AutoDock Vina is the latest version of Autodock released in 2010. It has 

significantly improved speed of computation and the accuracy of the binding mode 

predictions. With a command-based operation, AutoDock Vina automatically 

calculates the grid maps and clusters the results in a way transparent to the user. 
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5.2 Docking of inhibitors by AutoDock Vina 

The receptor used in AutoDock Vina is a modified PS II PDB file downloaded 

from RCSB Protein Data Bank (PDB entry: 3bzl [72]). This file contains 

the X-ray crystallography data of dimeric PS II obtained from cyanobacterium 

Thermosynechococcus elongatus (X-ray structure of PS II of spinach is not available 

yet) at 2.9 A resolution, in which Dl subunit is coded as chain A. Plastoquinone 

molecule (code: PL9) on chain A was extracted by Pymol manually and saved as a 

ligand for future simulations. The PDB files of other ligand molecules are prepared 

by online software CORINA (Molecular Networks). For both the receptor and the 

ligands, Autodock Tools (ADT) 1.5.4 was used to add hydrogens (polar and non-

polar) and compute Gasteiger charges. Torsions of the ligands were optimized by 

ADT automatically, except for the long side chain of plastoquinone whose bonds 

were assumed to be non-rotatable bonds to simplify the computation. The center of 

the grid box was set at the center of QB pocket, which has been described in detail 

in section 2.5. The grid map parameters are as followed: 

Grid Box center: X=22.66, Y=62.917, Z=32.6 

Grid Box size: X=25, Y=25, Z=25 

Grid spacing =1.0 A 
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5.2.1 Docking of Plastoquinone 

Modeling proper docking of a plastoquinone to the QB site was not successful in our 

case. As a matter of fact, there has not been any report of successful simulation of 

plastoquinone-Qe docking so far. Takahashi et al. [73] have performed a structural 

optimization of the QB site, including the non-heme iron, Q B , and surrounding 

amino acids using molecular mechanics calculations. By cutting down the numbers 

of carbons in the side chain, the modified plastoquinone can be simulated as located 

at both ends of the QB pocket: either near the imidazole of HIS215 at one end, or 

near the -OH group of SER264, the backbone -NH- group of PHE265, and the 

backbone -CO group of ALA263 at the other end (see Figure 5.2.1). The binding 

affinity wasn't given in Takahashi et al [73]. 

% S264 

2.33 - , y 

^ 2 6 5 A 2 6 3 * 

F211">. *f274 

Figure 5.2.1: Model of binding site of PQ in the Q B pocket by Takahashi et al. 
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The long side chain on plastoquinone makes it very difficult to fit into the 

pocket spontaneously. The best-scored docking results by Autodock Vina shows that 

plastoquinone molecule with flexible side chain can bind to SER264 and PHE265 

outside the Q B pocket with a binding affinity of 148 kcal/mol. Therefore, according 

to simulations, the binding of plastoquinone on Q B site in vivo is not spontaneous. 

Figure 5.2.2: Binding of PQ in the QB pocket of PS II 

Figure 5.2.2 depicts the original conformation of plastoquinone in the pocket 

of PS II (PDB entry: 3bzl) analyzed by Pymol plug-ins. Plastoquinone is shown 

in green sticks in the center of both Figures 5.2.1 and 5.2.2. Hydrogen bonded 

residues are labeled by residue names and shown with hydrogens added. Hydrogen 

bonds are shown in dashes with bond lengths labeled in A. Some residues in the 

cartoon structures are hidden for the purpose of clarity. As mentioned above, the 
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plastoquinone of chain A (Dl) is coded by PL9 in 3bzl. Only the quinone part (the 

head side of the molecule) is located in the pocket. In this pocket, one of the -CO 

groups of plastoquinone is hydrogen-bonded to HIS215 and the other -CO group 

interacts with the -OH group of SER264 and the backbone -NH- group of PHE265. 

The bond-lengths of these polar contacts (2.8 A) from the original X-ray structure 

indicate that the binding in vivo are much weaker than the binding from the docking 

results done by Takahishi et al. 

5.2.2 Docking of explosive molecules 

The docking conformations of picric acid, TNT and tetryl are shown in Figure 5.2.3, 

Figure 5.2.2 and Figure 5.2.5 respectively. AutoDock Vina outputs results containing 

9 ligand conformations in the specified grid scored by binding affinity. The resulting 

PDBQT type files were first processed in AutoDock Tools to separate into individual 

molecules and to add hydrogen, then analyzed by Pymol. The residues on chain 

A within 4.0 A of the ligand were selected. The manually refined selected residues 

structure the binding pocket. The color codes for the atoms are: C-green, H-white, 

O-red, N-blue, Cl-green. 
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Figure 5.2.3: Binding of picric acid in the QB pocket of PS II 

Picric acid binds to the Q B binding site by two hydrogen bonds according to the 

docking results. One nitro group of picric acid binds to the backbone -NH- group of 

PHE265 with a bond-length of 2.7A; another -NO2 group binds to the imidazole of 

HIS215 with a bond-length of 2.7 A. The binding affinity calculated by Autodock Vina 

is -6.4 kcal/mol. The binding pocket of picric acid comprises of residues: PHE211, 

MET214, HIS215, LEU218, HIS252, PHE255, ILE259, TYR262,ALA263, SER264, 

PHE265 and LEU275. 

Figure 5.2.4(a) shows that TNT binds on the QB binding site by two hydrogen 

bonds. Two of the TNT nitro groups bind to the backbone - N H - group of PHE265 

and the <5-N of HIS215, respectively. Both bond-lengths equal to 2.7A. The binding 

affinity is -6.8 kcal/mol. The residues in the binding pocket are: PHE211, MET214, 

HIS215, LEU218, VAL219, TYR246, ILE248, ALA251, HIS252, PHE255, ILE259, 

ALA263, SER264, PHE265, LEU271, PHE274. 
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(a) Binding of TNT in the Q B pocket of PS II 

(b) Binding of TNT on chain C of PS II 

Figure 5.2.4: Two models of binding of TNT on PS II 
(a) Binding of TNT in the QB pocket of PS II , (b) Binding of TNT on chain C of 

PS II 

Another competitive binding site of TNT on PS II was found on Chain C, the 

light harvesting subunit CP43 (Figure 5.2.4(b)). The binding affinity of this docking 

result is -6.8 kcal/mol. One hydrogen bond (2.2 A) is built between nitro group of 

TNT and residue LYS79, while another hydrogen bond (2.7 A) is between another 

- N 0 2 group and ASN418. 
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Although the effect of this binding of TNT to the CP43 subunit is not clear so 

far, it can possibly consume the TNT molecules in the solution so that the effective 

TNT concentration to which the Q B binding site is exposed is decreased. However, 

this one site is obviously not enough to explain our observations. In the detection of 

TNT and picric acid by biosensors, the EC50 values imply that TNT should have 

much lower binding affinity than picric acid. Apparently, the presence of another, yet 

undiscovered binding site with higher binding affinity offers a reasonable explanation. 

Figure 5.2.5: Binding of tetryl in the Q B pocket of PS II 

The best docking result presented in Figure 5.2.5 of Tetryl has a binding affinity 

of -5.0 kcal/mol. Two oxygen atoms on the -NO2 of tetryl bind to the backbone 

-NH- group of SER264 and PHE265 respectively. Both of the bond-lengths are 2.3 

A. The pocket ring of tetryl on PS II contains residues: PHE211, MET214, HIS215, 

LEU218, HIS252, PHE255, ILE259, TYR262, ALA263, SER264, PHE265, LEU271, 
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PHE274, LEU275. 

5.2.3 Docking of herbicide molecules 

(a) Binding of DCMU through -NH- group in the QB pocket 
of PS II 

(b) Binding of DCMU through -CO group in the QB pocket 
of PS II 

Figure 5.2.6: Two models of binding of DCMU in the Q B pocket 
(a) Binding of DCMU through - N H - in the QB pocket of PS II, (b) Binding of DCMU 
through -CO in the QB pocket of PS II 
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We also simulated the docking of herbicides, i.e. DCMU and atrazine to compare 

with the results obtained above for explosives. DCMU exhibits two ways of binding 

to PHE265 on Dl. As shown in Figure 5.2.6(a), the -NH- group of DCMU interacts 

with -CO of PHE265 by hydrogen bond. The binding affinity in this case is -7.1 

kcal/mol, In Figure 5.2.6(b), -CO group of DCMU binds to the - N H - of PHE265, 

resulting in a binding affinity of -6.7 kcal/mol. These two binding have the same 

bond-length (2.5 A) and are both located inside the Q B pocket. 

Still another possibility is similar to the docking calculated by Takahashi et al. 

[73], in which the simulated binding for DCMU was on SER264 through the -CO 

group in a trans-amide conformation without any interaction with HIS215. The 

residues related to the binding are: PHE211, MET214, HIS215, LEU218, PHE255, 

SER264, PHE265, LEU271, PHE274. 

Figure 5.2.7: Binding of atrazine in the Q B pocket of PS II 
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The binding affinity of atrazine (-6.5 kcal/mol) is smaller than that of DCMU, 

even though two hydrogen bonds are found. The nitrogen atom on the triazine ring 

binds to -NH- of PHE265 with a distance of 2.2 A. The other hydrogen bond that 

is 2.5 A takes place between the - N H - of atrazine and -CO group of PHE265. The 

binding pocket derived from this docking is: PHE211, MET214, HIS215, LEU218, 

ALA251, HIS252, PHE255, ALA263, SER264, PHE265, LEU271, PHE274. 

5.2.4 Discussion of docking results by AutoDock 

The studies of Synechococcus PCC7942 showed that SER264 was essential for 

binding of atrazine, DCMU and quinone [74]. Instead of SER264, we found that 

PHE265 is playing an important role in the docking. Here we were using the X-ray 

crystallography data of PS II isolated from Thermosynechococcus elongatus. This is 

due to the difference of protein structures from different strains of cyanobacteria. The 

crystal structure of 3bzl shows that the -OH group of SER264 faces to the exterior 

side of the QB pocket, so that the backbone - N H - group of PHE265 is more likely to 

get involved in the binding of amides in this case. 

According to earlier research of herbicide-resistant mutants, most types of 

herbicides (i.e., urea type DCMU and triazine type atrazine) lean toward the SER264 

side, and phenolic type herbicides toward the HIS215 side of the QB pocket [15, 48]. 

Since those studies were done before high resolution X-ray structure of PS II became 

available, the model was based on the reaction center of purple photosynthetic 

bacteria, in which L and M subunits are homologies of Dl and D2 in PS II. In 
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the case of Thermosynechococcus elongatus-b&sed model, atrazine and DCMU bind 

at the PHE265 side as shown in Figures 5.2.7 and 5.2.6(b). We also found the similar 

preference for binding orientation in the case of explosives. For instance, picric acid, 

as a phenolic compound, interacts with HIS215 and PHE265 in Figure 5.2.3. 

Binding affinity and dissociation constant are two reciprocal properties of ligand-

protein binding, although they are from different expressions of binding equilibrium. 

The dissociation constant is the concentration needed to get half-maximal occupancy 

of the binding site. Thus, lower EC50 in our case means it takes less to get the same 

amount of binding - this is what one thinks of for higher affinity or stronger binding. 

We didn't find any relevant relationship between the binding affinity calculated by 

AutoDock Vina and the experimental dissociation constant in Table 5.2.1. This 

is most likely due to the limitation of AutoDock in considering the solvent effect. 

Nevertheless, it offers a technique to predict the potential conformation of binding. 
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Table 5.2.1: Modeling results of the PS II inhibitors binding to the QB pocket 

Binding Pocket 
Binding Affinity Dissociation 

of Docking Results constant (EC50) 
(kcal/mol) M 

PHE211, MET214, HIS215, 
PQ LEU218, ALA251, HIS252, 

PHE255, SER261 PHE265, 
LEU271 

PHE211, MET214, HIS215, 
Picric acid LEU218, HIS252, PHE255, 

ILE259, TYR262,ALA263, 
SER264, PHE265, LEU275 

-6.4 1.5xl0-7 

PHE211, MET214, HIS215, 
LEU218, VAL219, TYR246, 

TNT ILE248, ALA251, HIS252, 
PHE255, ILE259, ALA263, 
SER264, PHE265, LEU271, 

PHE274 

PHE211, MET214, HIS215, 
LEU218, HIS252, PHE255, 

Tetryl ILE259, TYR262, ALA263, 
SER264, PHE265, LEV271, 

PHE274, LEU275 

-6.8 

-5.0 

1.4xl0~5 

l.lxlCT8 

PHE211, MET214, HIS215, 
DCMU LEU218, PHE255, SER264, 

PHE265, LEU271, PHE274 
-6.7 8.8xl(r8 

PHE211, MET214, HIS215, 
Atrazine LEU218, ALA251, HIS252, 

PHE255, ALA263, SER264, 
PHE265, LEU271, PHE274 

-6.5 3x10 - 7 * 

The EC50 of atrazine is from the detection of herbicides by Koblizek et al. [9]. 
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Chapter 6 

Conclusion 

A biosensor based on Photosystem II-enriched particles from spinach leaves and 

inexpensive commercially available screen-printed electrodes has been developed. The 

biosensor with BBY particles immobilized with BSA-glutaraldehyde is capable of 

electrochemical detection of not only herbicides but also some explosives. The present 

biosensor also may be employed in environmental protection applications for rapid 

screening of picric acid in water samples in a few minutes. While picric acid and 

tetryl were detected in concentrations similar to those of the widespread herbicides 

(and with similar concentration dependence likely indicating QB site binding), the 

limits of detection for TNT were significantly higher (worse). Extensive modeling of 

herbicide and explosives binding to the QB binding site of the Photosystem II has 

been performed, yielding almost identical binding affinities for all compounds studied 

(except original plastoquinone). In other words, there was no meaningful correlation 

between the modeling results and measured inhibitory activity. Determination of the 

other possible reasons for low sensitivity of the PS II-based biosensor to TNT requires 
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extended research, including that involving isolated bacterial reaction centers as well 

as other types of explosives resembling different classes of herbicides (e.g. RDX versus 

atrazine). 
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