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Abstract

Investigating the Energetics and Functional Properties of Quinones and Chlorophyll in

Photosynthetic Reaction Centers

by

Jennifer Madeo

!

Adviser: Professor Marilyn Gunner

The first steps for the process of converting light into chemical energy in

photosynthesis occur within membrane-bound proteins called the reaction centers (RCs).

When the RC is excited by light a series of electron transfer reactions take place. The RC

has bound co-factor compounds that are specifically tuned to accept and donate the

electron in the reaction series. The protein is responsible for creating the right micro-

environment for the proper co-factor orientations and tune the energy levels to drive the

electron transfer reactions.

Three RCs are the focus of this work. The first RC is from the purple bacteria

Rhodobacter sphaeroides. These RCs contain two chemically identical quinones

(ubiquinone-10). Electron transfer between these two quinones is favorable because the

protein modifies their environment such that QA is lower potential than QB. The

negatively charged semi-quinone binds more tightly and dissociates more slowly than the

neutral quinone. The binding affinities and rate constants for thirteen quinones (eight
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neutral and five negatively charged) at the QA site were measured. It is shown that a

negative charge leads to a different binding mechanism as well as slower binding rate.

The shift in pKa of hydroxyl containing quinones and the relative affinities of

anionic quinones was determined and compared both experimentally and

computationally. The computational method is Mulpti-Conformational Continuum

Electrostatics (MCCE). The good agreement between experimental and computational

results confirms that electrostatics is the dominant way that the QA site modifies quinone

chemistry.

The second two RCs come from cyanobacteria, which contain two RCs (PSI and

PSII). The primary electron donor, a chlorophyll a dimer, is the same for both PSI and

PSII. Despite this the redox potentials of the co-factors bound to these RCs are very

different (about 600mV). Only PSII has a high enough potential to oxidize water. MCCE

was used to calculate the redox midpoint potentials of the co-factors bound to PSI and

PSII in effort to understand the role that electrostatics plays in fine-tuning these midpoint

potentials. These results are compared with experimental results in an effort to

understand how the protein modifies the co-factor environment.

!
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Chapter 1: Introduction and Background

I) Introduction

1-A) Significance and Applications

In the process of photosynthesis light energy from the sun is converted into

chemical potential energy. Complex protein structures optimize this energy flow leading

to efficient solar energy conversion and storage. Sunlight is the largest source of power

on Earth, providing 1.2x1017 Watts (Lewis and Crabtree 2005). This solar resource can be

exploited through solar electricity. This is a process in which sunlight is converted into

electricity via photovoltaic cells and solar fuels, the conversion of solar energy into

chemically useful energies. To date, no artificial system can match the efficiency and

complexity of biological organisms. Elucidation of the molecular mechanism of

photosynthesis is essential for optimizing and designing high efficiency natural, artificial

or synthetic photosynthetic components. Some current areas of research addressing the

challenges for harvesting the energy from the sun and converting it into useful energy are

genetically engineering plants and bacteria to be more efficient so that less land area is

needed to produce the energy, designing low-cost artificial photosynthetic systems with

high efficiency and chemically synthesizing components that can mimic photosynthesis

by absorbing sunlight and converting it to useful fuels such as CH4 and H2 (Janouskova

and others 2005; Tani and Barrington 2005; Trommer and others 2005). Efficient solar

fuel generation requires efficient light absorption, charge separation and use of the

separated charges in fuel-forming reactions. A major challenge for all this research is to

increase the efficiency of light harvesting and converting light energy into chemical
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energy. Light harvesting systems are currently being designed and there is continuing

research to optimize these designs (Lidell 2004; Seth 1996; van der Boom 2002).

Reaction centers (RCs) are the proteins in which the first photoeletrochemical

step of photosynthesis occurs (Okamura and others 1982). A special pair of chlorophyll

molecules, bound to the RCs, are excited by light to begin the process of electron

transfer, which stores the photon’s energy in the form of charge separation. A donor-

acceptor triad contained within a spherical nanoscale lipid compartment has been used to

pump protons and drive the synthesis of ATP (Steinburg-Yfrach 1998). Thus this energy

transfer has been measured. Also a multi-step electron transfer cascade with a potential

high enough to oxidize an Mn complex has been designed (Sun 2001). Basic research

focusing on the electron transfer reactions that take place in proteins is a necessary

contribution to the future of these designs. Any research focused on discovering how the

protein fine-tunes the energy levels of its bound redox-active co-factors is useful for

increasing the efficiencies of these designs.

The most successful designs will be those that most closely mimic biological

supramolecular structures. For example, it has been shown that generating multiple

charge carriers from the absorption of one photon (similar to RCs) leads to more efficient

solar cells (Nozik 2002; Schaller 2004). To further meet this criteria there must be an

understanding of the intermolecular forces that hold biological structures together, and an

understanding of the interactions between proteins and their bound co-factors. To design

a nano-material with high efficiency, control of the nano-architecture is needed. The

efficiency of photoelectrochemical cells increases when they are nano-structured, thus

understanding interactions on this scale are important (Gratzel 2001; Hagfeldt and
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Gratzel 2000; O'Regan 1991). Understanding electron transfer at the molecular level, on

natural systems, plays an important role for designing these photoelectrochemical cells

(Nelson 1999).

Proteins are not just inert scaffolds for their redox active co-factors because they

actively promote, enhance and control the electron transfer reactions that take place in

them. Biology has reached the ideal photochemical design due to the active environment

created by the protein. For a successful design the redox active co-factors must be in

matrix that can alter their electronic properties, just as they are in natural proteins. Thus

biophysical research on photosynthetic systems may show how to apply these concepts in

artificial systems. In RCs the environment is dynamic and is constantly adjusting to

minimize the energy penalty of charge separation. Specific motions of individual amino

acids are important for controlling electron flow (Jeuken 2003; Nonella and Schulten

1991). In addition the electrostatic environment of the RCs provides site-specific redox

potentials for bound co-factors, which controls the direction of electron flow (Alexov

2003; Rabenstein and others 2000). The big challenge in the design of artificial

photosynthetic systems are to mimic the structural dynamics and electrostatics of RCs in

order to more efficiently convert the captured the light energy. Current research will

focus on the interplay between charge separation and the protein environment (Baxter

and others 2004a; Baxter and others 2004b). Biophysical methods are important to

advance these areas. A state-of-the-art example of this is the temporal and spatial imaging

of electron density disturbances associated with charge and electrical-field disturbances

in water (Abbamonte and others 2004). This method monitors changes due to oscillating

molecular dipoles. Advances in this technique could provide opportunities to map
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electronic responses in solar fuel cells in the future (Brixner and others 2005) (Schotte

and others 2004).

Since photosynthesis is the primary source of food on the earth, research

concerning its molecular mechanism can impact agriculture and the food industry.

Herbicides are chemicals used to reduce the growth of unwanted crops thus enhancing

food production. Inhibitors that block quinone electron transfers in reaction centers are

good herbicide candidates (Ginet and Lavergne 2001). Without this electron transfer step,

photosynthesis in the unwanted crop ceases. These inhibitors must bind tightly in the

quinone pocket in order to displace the native quinone. Understanding the interactions

between the protein and the quinone will help to develop more effective herbicides

(Draber and others 1991; Stein and others 1984).

1-B) Non-cyclic Photosynthesis in Plants

Photosynthesis is responsible for all life on earth. During this process plants trap

solar energy and use it to synthesize carbohydrate. The basic reaction for green plants is

deceptively simple as follows:

H2O + CO2 Æ (CH2O)n + O2

In this redox reaction water is oxidized to molecular oxygen and carbon dioxide is

reduced to carbohydrate (Xiong and Bauer 2002). The oxygen byproduct diffuses into the

atmosphere and hence permits aerobic metabolism on earth (Blankenship and Prince

1985). The energy for this highly endothermic reaction is provided by light. The

mechanism of photosynthesis is complicated and requires the interplay of many proteins

and co-factors.
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Harvesting the energy of light and converting it to a chemically useful form

makes photosynthesis the most intriguing process on earth. The amount of solar free

energy captured by photosynthetic organisms per year is more than the amount of fossil-

fuel energy consumed world-wide (Peter Raven. 1999). Furthermore, the process of

photosynthesis involves coupled electron and proton transfers across biological

membranes (Cramer and Crofts 1982; Feher and others 1989; Govidnjee 1982). This

mechanism is also used in oxidative respiration hence discovering the mechanism of

photosynthesis is a central goal of biochemical research.

Photosynthesis takes place in chloroplasts, a membrane-enclosed organelle found

in plant cells (Peter Raven. 1999). Although the reaction above is shown as a single redox

equation, the processes of water oxidation and carbon dioxide reduction are separate. The

separation is based on the dependence of light. The light dependent process is water

oxidation (Barber 2002; Barter and others 2003). This process takes place in the

chloroplast inner membrane. Pigment molecules, mainly chlorophyll, absorb the light and

become excited to a higher energy state. This drives a series of electron transfer reactions

that result in storing the light energy in chemical bonds. The light independent process is

where the energy stored by the light dependent reactions is used to reduce CO2 to

carbohydrate. This process takes place outside the membrane. I will only elaborate on the

light dependent reactions because they are relevant to my research.

The steps of the light dependent process in plants are illustrated in Figure 1-1. The

process requires the cooperation of two highly organized protein-pigment complexes

known as photosystems (PSI and PSII) (Nelson and Ben-Shem 2004; Nugent 1996;

Youvan and Marrs 1987). Each photosystem can be independently excited by light. The
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photosystems are subdivided into two main components; a large antenna complex and a

central reaction center (RC). The chloropyll pigments of the antenna complex gather the

light energy and direct it to the RC. These pigments become excited by the light and

transfer the energy among themselves by a process called resonance energy transfer.

There is no redox chemistry in this light gathering step. The RC contains a special pair of

chlorophyll molecules (P). P is special because it is the only pigment that becomes

oxidized after being excited by light energy.

Figure 1-1: The light dependent reactions in plant photosynthesis.

1) Light excites chlorophyll molecules of antenna proteins in PSII.; 2) Energy is

directed to the reaction center where P680 gets excited and then oxidized.; 3) An electron

transport chain eventually reduces the cytochrome b/f complex.; 4) The cytochrome b/f

complex pumps protons to generate the electrochemical gradient needed for the synthesis

of ATP.; 4) Light excites antenna of PSI and energy is funneled to its reaction center.; 5)
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P700 gets oxidized and starts another electron transport chain.; 6) The result of this chain

is that NADP gets reduced to NADPH. Both the ATP and NADPH are used to fix CO2

into carbohydrate in the Calvin cycle. For plants, water splitting into O2 extracts the

electrons to re-reduce P680 and a mobile electron carrier, plastocyanin, re-reduces P700

(Peter Raven. 1999).

Figure 1-1 shows how the two photosystems work together. Oxidation of P680, the

special chlorophyll pair of the PSII RC, leads to a series of electron transfer reactions

(Nelson and Ben-Shem 2004). The final electron acceptor in this series is a plastoquinone

(QB ), a compound containing two carbonyl groups (Feher and others 1989). This quinone

is reduced to a quinol by two electron transfers and the addition of two protons. The

quinol dissociates from the reaction center and is replaced by another quinone from an

outside pool (Feher and others 1989). The reduced quinol carries these electrons through

the membrane and delivers them to the cytochrome b/f complex. Electron transfers in the

cytochrome b/f complex provide the energy for pumping protons (H+) against their

concentration gradient (Cramer and others 2004). This achieves an electrochemical

potential across the membrane. Dissipation of this gradient provides the energy to drive

the synthesis of ATP in the process of photophosphorylation (Bianchet and others 2000)

(Abrahams and others 1994).

Oxidation of P700, the special pair of the PSI RC, leads to another series of electron

transfer reactions (Fromme and others 2001). The final electron acceptor is the coenzyme

NADP. NADP is reduced to NADPH by two electron transfers and a proton. The

NADPH and ATP are used later, in the light independent reactions (the Calvin cycle) of
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photosynthesis, to reduce CO2 to carbohydrate (Moller 2001). P700 is re-reduced by

plastocyanin, the final electron acceptor of the cytochrome b/f complex. Plastosyanin is a

mobile carrier that transports electrons from the cytochrome b/f complex to PSI (Fromme

and others 2001).

The process described above for plants is known as non-cyclic photosynthesis

because the re-reduction of P680 requires extracting electrons from water molecules. As

soon as four electrons have been removed from two water molecules, oxygen gas is

generated as a byproduct. Therefore, in order to keep the process going water must be

consumed.

1-C) Cyclic Photosynthesis in Purple Bacteria

 RCs from the purple bacteria species, Rhodobacter sphaeroides undergo cyclic

photosynthesis. In contrast to plants, photosynthesis in this species requires only one RC,

bacteriochlorophyll as the special pair and no oxygen byproduct is evolved. Also this

process takes place in the cell membrane, rather than the chloroplasts in higher plants

(Peter Raven. 1999). Instead of extracting electrons from water, the special pair, P870, is

re-reduced by a mobile protein called cytochrome c2 (Adir and others 1996).

Antenna complexes, LHI and LHII, collect the light energy and funnel it to the

RC. P870 is excited and loses an electron (Fleming and van Grondelle 1997). This

oxidation leads to a series of electron transfer reactions. The final electron acceptor is a

bound quinone (QB). As in PSII this quinone is reduced to quinol (QH2) by two electron

transfers and two protons. QH2 dissociates and carries the electrons to the integral

membrane bc1 complex (Fyfe and others 2002). Electron transfer reactions in the bc1
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complex are coupled to proton pumping, generating an electrochemical gradient similar

to the cytochrome b/f complex in plants. The electrochemical gradient is dissipated to

form ATP.

The final electron acceptor for the bc1 complex is cytochrome c2 (Adir and others

1996). Cytochrome c2 carries electrons from the bc1 complex and donates them  back to

the P870 in the RC. Two cytochrome c2 molecules are needed to make one doubly

reduced quinol. This is the opposite redox chemistry of the mobile quinol. The quinol

carries two electrons from RC to the bc1 complex. This whole process is called cyclic

photosynthesis because all of the reactants and products are recycled hence there is no

evolving byproduct (Cramer and others 2004).

1-D) Crystal Structure of Bacterial Reaction Centers, Photosystem I and Photosystem II

The bacterial reaction center is the first integral membrane protein whose three

dimensional structure was solved at the atomic level via X-ray crystallography (Stowell

and others 1997). RCs isolated from Rhodobacter sphaeroides contain three membrane-

spanning protein chains (L,M and H) and ten co-factor molecules. Figure 1-2-A shows

the three-dimensional structure obtained from X-ray crystallography (pdb file 1AIG). The

L chain contains 266 residues, 15 alpha helices and 11 beta turns. Five L chain helices

span the membrane. The M chain contains 296 residues, 16 helices and 22 beta turns.

Five helices of this chain also span the membrane. The L and M chains appear to be

derived from a single ancestral gene that underwent duplication. They have 33%

sequence similarity (Abresch and others 1997). The L and M chains are evolutionarily

related to PSII in green plants. The L and M chains are structurally related to each other
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by a 180-degree rotation about a twofold axis (c2) normal to the plane of the membrane.

Lastly, the chain H contains 237 residues, 7 helices and 9 beta strands. The bulk of the H

chain is located on the cytoplasmic side of the membrane and it contains only one

transmembrane alpha helix.

The co-factor molecules bound to the RC span the membrane and are the active

players in the electron transfer reactions. The protein plays an important but passive role.

The protein is responsible for creating the right micro-environment for the proper co-

factor orientations and tune the energy levels to drive the electron transfer reactions.

These co-factors form two branches (A and B) that are symmetrical about the c2 axis.

This is shown in Figure 1-2. The A branch is associated with the L chain and the B with

the M chain.

The co-factors are four bacteriochlorophylls, two bacteriopheophytins, two

quinones and a non-heme Fe2+ ion. Two of the bacteriochlorophylls form the special pair,

P. From the periplasmic to the cytoplasmic sides of the membrane each branch consists

of a bacteriochlorophyll monomer (BA and BB), a bacteriopheophytin (HA and HB) and a

ubiquinone-10 (QA and QB). The iron is found between the two ubiquinones (Fig. 1-2).

Crystal structures of PS I (2.5 A) (Jordan and others 2001) and PS II (3.5 A)

(Ferreira and others 2004) from cyanobacteria Synechoccus elongatus have been resolved

and deposited in the protein data bank. PSI and PSII are much larger than the RC from

purple bacteria each containing more than 10 protein subunits. Similar to RCs from

purple bacteria, there are two main subunits that bind each branch of the redox-active co-

factors: PsaA and PsaB in PS I and D1 and D2 in PS II. Also similar to RCs from purple

bacteria, the crystal structures reveal that the redox-active co-factors in both
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photosystems are arranged in two symmetric branches related by a pseudo-axis

perpendicular to the membrane (Fig. 1-2).

Electron transfer in PSI starts with primary donor (P700), which is a heterodimer

containing chlorophyll a (Chla) and its C132-epimer chlorophyll a’ (Fromme 1996;

Fromme and others 2001; Webber and Lubitz 2001). Upon excitation P700 gives its

electron to either of the two adjacent chlorophyll a monomers. Electron transfer can occur

either down the A or B co-factor branch (Brettel and Leibl 2001; Guergova-Kuras and

others 2001). The monomeric chlorophyll gives its electron to phylloquinone. Both the A

and B branch contain a phylloquinone. From the phylloquinone the electron reaches the

first iron sulfur cluster Fx located on the pseudo-symmetry axis (Fig. 1-2). Two more iron

sulfur clusters follow Fx (FA and FB, which are not shown in Figure 1-2). At FB the

electron is transferred to the water soluble electron carrier ferrodxin which use it to get

reducing power.

 In PS II ET always occurs along the co-factor chain bound to D1 (Barter and

others 2003; Rutherford and Faller 2002). The primary donor is a chlorophyll a

homodimer, P680 which gets excited and gives its electron to pheophytin. Pheophytin

donates to the first plastoquinone (QA) and then QA•- passes the electron to QB, bound to

D2. Similar to RCs from purple bacteria, both QA and QB are the same chemical species,

plastoquinone. Between the two quinones, there is a non-heme iron atom. For both PSI

and PSII, the Chla monomers that make up the special pairs are named according to the

branch they are closest to; PA and PB for P700 and PD1 and PD2 for P680.

Despite their similar geometry, the redox active co-factors of PS I and PS II have

very different potentials (Li and others 2004; Rappaport and others 2002). PS II, with its
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ability to extract electrons from water (Em = 820mV), is the most powerful oxidizing

agent known in biology, while the role of PS I is to generate strong reducing equivalents,

thus its co-factors are much lower potential. The redox potential of P700  is 470mV

(Webber and others 1996) while P680 is on the order of 1150 to 1260 mV (Nugent 1996;

Rappaport and others 2002). Thus these photosystems provide very different

environments for their co-factors. The electronic structure of the oxidized primary donor

and interactions with the protein environment determine the redox potential in both

photosystems (Rutherford and Faller 2002; Webber and Lubitz 2001). The crystal

structures have shown that the major organizational difference between P700 and P680 is the

distance between the chlorophylls (6.34A for P700 and 8.15A for P680). Thus P680 is less

coupled and may be monomeric (Mulkidjanian 1999; Rutherford and Faller 2002;

Rutherford and Nitschke 1996) while P700 behaves more like a dimer. Furthermore P700 is

a heterodimer where PA is Chla’, the C-132 epimer of PB (Chla) (Jordan and others 2001).

No chlorophyll isomers are found in PS II.

The reasons why P680 is about 600mV higher potential than P700 and

plastoquinones in PS II are about 500mV higher potential that the phylloquinones bound

to PS I are a mystery. Factors that could play a role include electrostatic interactions with

the surrounding protein, ring torsion, hydrogen bonding and the dimeric quality of the

primary donors. The work presented here uses multi-conformational continuum

electrostatics (MCCE) to investigate the role of electrostatics in tuning the redox potential

of P700, A1A and A1B in PS I and P680, QA and QB in PS II. The differential interactions

between these co-factors and their protein environment have a significant effect on their

electrochemistry.
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Figure 1-2: Crystal structures of the three RCs focused on in this research. Left: the

crystal structure revealing the protein subunits and highlighting the embedded co-factors.

Right: shows the co-factors without the surrounding protein.

A) Bacterial RCs from the purple bacteria Rhodobacter sphaeroides (PDB 1AIG)

B) Photosystem I (PSI) from cyanobacteria Synechoccus elongatus  (PDB 1JB0)

C) Photosystem II (PSII) from cyanobacteria Synechoccus elongatus  (PDB 1S5L)
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II) Methods

II-A) Measuring Light Induced Absorbance Changes in Real Time:

Flash photolysis is a technique where samples are irradiated with short, high

intensity light and then short-lived intermediates are followed in real time (van Mourik

and others 2001). Fast optical absorption measurements are used to follow the changes

with time (Boxer and others 1989). Light induced absorbance changes are measured in

our laboratory using a flash spectrophotometer designed by the University of

Pennsylvania Biomedical Instrumentation Group (Xu and others 2002; Xu and Gunner

2001). A 10us flash actinic light from a xenon flash lamp excites the reaction centers.

The measuring light reaches the sample perpendicular to the actinic light. A continuous

quartz-halogen tungsten lamp (QHT) provides the measuring light. The measuring light is

sent through a monochromator. The monochramtor can be set to illuminate the sample

with a chosen wavelength. This wavelength is set depending on which electron transfer

reaction you want to follow in time (Baciou and others 1990).

For the work presented here, the monochromator is set to 430nm to follow the

change from oxidized to reduced P (Xu and others 2002). The light induced absorbance

changes due to this electron transfer event give the largest amplitude at this wavelength.

It is therefore the easiest signal to follow (Xu and Gunner 2000). A photomultiplier tube

(PMT) detects the transmitted light. The data is then sent to a digital oscilloscope for

recording and storing. The oscilloscope also receives input from the flasher to

synchronize the flash with the measurement. Synchronized, single turnover

measurements are made (Li and others 1998; Li and others 2000). This allows for signal

averaging hence maximizing the signal to noise ratio. As shown in Figure 1-3, the output
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of the oscilloscope is a kinetic trace of voltage versus time. The amplitude is directly

proportional to the number of reaction centers excited by the flash (or in other words, the

amount of oxidized P that was formed) (Xu and others 2002).

The software IGOR Pro (WaveMetrices) is used to further analyze the kinetic data

from the oscilloscope. The kinetic traces are fit with exponential functions (Figure 1-2).

A0 is usually only about 5% of the total amplitude and hence is ignored in the analysis

(Xu and others 2002). The cause of this residual amplitude is probably some decay that

cannot be detected on this timescale (Xu and Gunner 2001). The number of exponentials

needed to fit the data reflects the number of kinetic phases in the reduction reaction. The

amplitude of each phase is also obtained from the fit.

For the work presented in these studies, QB is removed and charge recombination

from QA back to P is observed (Gao and others 1990; Okamura and others 1974). This is

because charge recombination is about 1000-times slower than the forward electron

transfer reactions, thus removing QB eliminates the fast reaction and allows the charge

recombination from QA to be observed (Allen and others 1998; Baciou and others 1990;

Feher and others 1985).
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Figure 1-3: Kinetic Trace Output From Oscilloscope

The re-reduction of P is watched in real time at 430nm. The amplitude is proportional to

the amount of P that was oxidized by the flash of light. The trace is fit with the shown

exponential equation. The number of exponential terms needed to best fit the trace

indicates the number of electron transfer reactions that are re-reducing P.

II-B) Multi-Conformational Continuum Electrostatics (MCCE)

MCCE is a computational method that combines continuum electrostatics and

molecular mechanics to uncover protein structure/function relationships (Georgescu and

others 2002; Mao and others 2003; Zhu and Gunner 2005). This method starts with the
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atomic coordinates of a protein from the protein data bank (PBD) (Berman and others

2000) and calculates the electrostatic pairwise interactions between residue side chains

and the residues with the backbone. PARSE charges and radii are used to get the atomic

partial charges of the side chain and backbone (Sitkoff and others 1994). Each specified

side chain and ligand position and charge is called a conformer (Alexov and others 2000).

The method differs from ordinary electrostatic calculations in that multiple side chain

positions are generated to better simulate the conformational freedom of the side chains

in the protein structure. The assumption that the protein is a static structure identical to

the x-ray crystal structure is a serious limitation (Gordon and others 1999). This also

allows for the analysis of changes in protein conformation that accompany changes in

ionization state (Song and Gunner 2004). The dielectric relaxation that accompanies a

change in charge is very important for understanding the atomic level function of RCs

because the bound redox-active co-factors can be neutral or ionized during electron

transfer (Bashford and Case 2000). With MCCE there can be several conformers for any

given residue or group (Georgescu and others 2002).

Classical electrostatics is used to get the interaction energy between all the

conformers. The finite difference method, DelPhi (Nicholls and Honig 1991), is used to

solve the Poisson-Boltzmann equation (Das and others 1995) to give the potential field of

the protein due to each conformer.

e(r) is the position dependent dielectric constant. In MCCE the dielectric constant of the

protein material is 4 and the surrounding aqueous material is 80 (Elcock and McCammon

1997). If there are any cavities in the protein structure (space that are not occupied by a
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side chain, backbone or bound co-factor) MCCE treats that space as dielectric 80. f(r) is

the potential field (the position dependent potential (voltage)). r(r) is the charge density.

The k2 term accounts for the effect of electrolytes on the potential field. In regions of ion

accessibility, k2 =8pe2I/e(r)kT, where I is the ionic strength, e is the charge, k is

Boltzmann’s constant and T is the temperature. This term accounts for the exponential

decay of the potential due to the electrolyte (Bashford and Case 2000; Murphy 2000).

MCCE calculations are done with an ionic strength of 150mM salt and at a temperature

of 27°C.

One DelPhi calculation is done for each conformer in the protein structure

(Georgescu and others 2002). Each DelPhi has atomic partial charges only on one

conformer (the atomic charges for all other atoms are set to zero). This gives a charge

distribution that generates a potential at the positions of all the other atoms in the

structure (Nicholls and Honig 1991). Thus the potential is collected at the atoms for all

the other conformers. Pairwise interactions are obtained by multiplying this potential with

the partial charges of the atoms at their respective positions (Mao and others 2004).

In addition to pairwise interactions MCCE calculates the reaction field energy of

every conformer. This is free energy of transferring the conformer out of the high

dielectric aqueous surroundings (e = 80) to the low dielectric protein environment (e = 4).

Charged groups and dipoles tend to be better solvated in the high dielectric medium, thus

the reaction field energy is unfavorable (a positive number) (Bader and others 1997). This

energy is determined by a second set of DelPhi calculations with all the residues in their

original positions (uncharged) except for the conformer of interest (charged). All of these

electrostatic energies are stored as look-up tables in the program. The non-electrostatic
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energy components include torsion (DGtorsion) and Lennard-Jones interactions (DGnonel).

Torsion is the energetic cost of rotating atoms around covalent bonds. Lennard-Jones

interactions are the distance dependent attractions and repulsions between non-bonded

atoms due to induced dipolar effects (Freindorf and Gao 1996).

Once the electrostatic calculations are finished Monte-Carlo (MC) sampling

(Colominas and others 1999) is used to determine the equilibrium distribution of

ionization and conformational states. Monte Carlo samples microstates, where a

microstate is defined as having one conformer for every side chain, co-factor and water

(Ahlström and others 1988). MC sampling is done over a defined range pH or Eh values.

The occupancy of each conformer is determined for each pH or Eh value. For a particular

redox active group or acidic or basic group MC gives rise to a titration curve. The

midpoint of the curve gives the pKa or Em of the group. Figure 1-4 gives an overview of

the MCCE method
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Figure 1-4: Overview of the MCCE method.

The atomic coordinates are obtained from the protein data bank. Multiple conformers are

generated in order to better simulate protein dynamics. Partial charges and atomic radii

are set according to pre-defined values. DelPhi calculations are run to generate energy

look-up tables. Self-energies include the reaction field energy, torsion, Lennard-Jones

and the intrinsic affinity of the group for its proton or electron (if the group is redox

active, acidic or basic). MC sampling is used at different Eh (or pH) values to generate a

titration curve yielding the Em (or pKa) of a group of interest.
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The free energy of microstate x (DGx), at a given pH and Eh, is the sum of the

electrostatic and non-electrostatic energy terms  (Mao and others 2003).

where kbT is 0.59 kcal/mol (25.8 meV), M is the number of conformers, dx(i), is 1 for

conformers that are present in the state and 0 for all others, g(i) is 1 for base and –1 for

acids, and 0 for polar groups and waters, n is the number of electrons gained or lost in

redox reactions, F is the Faraday’s constant, pKsol,i is the pKa of the ith group in solution.

Em,sol,i is the midpoint potential of the ith cofactor in solution (Alexov and others 2000;

Mao and others 2004; Song and Gunner 2004). DDGrxn,i is the difference between the

conformer reaction field energy (desolvation energy) in solution and protein, which was

influenced by the protein structure, size and the position of the amino acids. DGtorsion,i is

the conformer torsion energy. Each conformer has a pair-wise electrostatic interaction

with the backbone and with side chains that have no conformational degrees of freedom,

this polar energy is summed for each conformer as DGpol,i. For each conformer, Lennard-

Jones interactions with the backbone and with all side chains with no degrees of freedom

were summed and added to the torsion angle energy as DGnonel,i. DGij is the sum of the

electrostatic and non-electrostatic pair-wise interaction between all possible conformers.
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Chapter 2: Modeling Binding Kinetics at the QA site in Bacterial Reaction Centers

2-A) Introduction: Bacterial reaction centers (RCs) catalyze a series of electron

transfer reactions reducing a neutral quinone to a bound, anionic semiquinone. The

association rates of thirteen tailless neutral and anionic benzo- and naphthoquinones for

the QA site were measured and compared. The Kds for these quinones range from 0.08-90

mM. For the eight neutral quinones, including duroquinone (DQ) and 2,3-dimethoxy-5-

methyl-1,4-benzoquinone (UQ0), the quinone concentration and solvent viscosity

dependence of the association rate indicate a second order rate-determining step.  The

association rate constants (kon) range from 105-107 M-1s-1. Association and dissociation

rate constants were determined at pHs above the hydroxyl pKa for five hydroxyl

naphthoquinones. These negatively charged compounds are competitive inhibitors for the

QA site. While the neutral quinones reach equilibrium in milliseconds, anionic hydroxyl

quinones with similar Kds take minutes to bind or dissociate. These slow rates are

independent of ionic strength, solvent viscosity and quinone concentration indicating a

first order rate-limiting step. The anionic semiquinone, formed by forward electron

transfer at the QA site, also dissociates slowly. It is not possible to measure the association

rate of the unstable semiquinone.  However, since the protein creates kinetic barriers for

binding and releasing anionic hydroxyl quinones without greatly increasing the affinity

relative to neutral quinones, it is suggested that the QA site may do the same for anionic

semi-quinone. Thus, the slow semi-quinone dissociation may not indicate significant

thermodynamic stabilization of the reduced species in the QA site.
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Photosynthetic reaction centers (RCs) are integral membrane proteins that

catalyze light initiated electron transfer reactions across the membrane. In the bacteria

Rhodobacter sphaeroides, RCs have nine bound co-factors embedded in three

polypeptide chains (L, M and H). These cofactors are arranged in two symmetric

branches spanning the membrane (Stowell and others 1997). The primary electron donor

P, a bacteriochlorophyll dimer, absorbs a photon obtaining the energy to reduce the active

branch bacteriopheophytin (HA). The reduced HA
•- in turn reduces the primary quinone,

QA, resulting in the P•+QA
•- state, separating charge 25Å across the cell membrane. QA

•-

reduces the secondary quinone, QB, yielding P•+QB
•-. In isolated RCs, charge

recombination, reducing P•+, competes with forward electron transfer.  This can occur

from QB
•-, from QA

•- when the QB binding site is empty, or from HA
•- if the QA site is

empty (Gunner 1991; Kirmaier and Holten 1993).

 In Rb. sphaeroides RCs the quinone in the QA and QB sites are both ubiquinone-

10 (UQ10).  The QA and QB binding sites have different affinities for the various UQ10

redox states, allowing them to play different functional roles.  Thus, electron transfer

from QA
•- to QB is favorable despite their chemical identity (Zhu and Gunner 2005). QA

accepts only one electron, forming the semiquinone, while two cycles of electron transfer

forms the doubly reduced quinol at the QB site (Okamura and Feher 1995; Wraight 2004).

The quinol dissociates rapidly allowing another free quinone to bind the QB site and

restart the cycle (Graige and others 1996; McPherson and others 1990).

The redox midpoint potentials (Em) for semi-quinone formation are difficult to

measure in water because quinones are reduced directly to the dihydroquinone, without

formation of a stable semi-quinone intermediate (Rich and Bendall 1979; Zhu and
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Gunner 2005).  However, a variety of studies place the Ems for UQs higher in the QA and

QB sites relative to aqueous solution (Ishikita and others 2003; Warncke and Dutton

1993b; Woodbury and others 1986; Zhu and Gunner 2005). A shift in Em requires that the

product semi-quinone bind more tightly than the neutral reactant quinone (Zhu and

Gunner 2005). However, since semi-quinones are not stable in solution, their affinity

cannot be measured directly by titration.  Previous studies measuring the semi-quinone

lifetime in the binding site have shown that the anionic semi-quinone dissociates more

slowly than the neutral quinone (Diner and others 1984; Kalman and Maroti 1994).  As

long as kon slows less than koff, the semiquinone Kd would be tighter than the neutral, in

agreement with the Em being higher in the protein.

Hydroxyl quinones at pHs above their pKas are stable anionic inhibitors at the QA

site whose association and dissociation rates can be directly measured. The work

presented here measures the association rate constants for functional neutral and anionic

hydroxyl quinones at the QA site of RCs from Rb. sphaeroides. The binding mechanism is

determined and the correlation of affinity with dissociation rate is compared. Parallels

between binding the anionic hydroxyl quinones and the semi-quinone formed in the QA

site by the electron transfer reaction are explored.
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2-B) Methods and Materials

Reaction Center Isolation and Activity: Rb. sphaeroides poly-histidine-tagged

RCs were isolated as described previously (Goldsmith and Boxer 1996). The RCs were

purified on Ni-NTA (nitrilotriacetic acid) resin. The Ni-NTA column was washed with

0.05% LDAO in 10mM Tris buffer and the RCs were eluted with 40mM imidazole in

0.05% LDAO at pH 8. QA removal (Okamura and others 1975; Woodbury and others

1986) yielded RCs with less than 10% of the native ubiquinone left in the QA site and

empty QB sites. The RC concentration was determined given e802 = 0.288 mM-1cm-1. A

10ms xenon flash excited the ground state RCs and formed the charge separated state,

P•+QA
•- (RCQ±). A photomultiplier tube monitored the P•+ signal at 430nm. The

concentration of RCQ± was obtained from the initial amplitude change ≈100 µs after the

flash obtained given e430 =8.69*103 ∆OD/M.

Determining QA Binding Affinity: The amplitude of the ∆A430 is directly

proportional to the RCQ concentration.

where RCT is the total RC concentration. ∆Amin the flash induced amplitude change found

before quinone addition due to the 5-10% residual ubiquinone-10 left in the QA site.

∆Amax is the amplitude when all RCs have bound a functional quinone. The best-fit for the

dissociation constant (Kd) was determined from equation 2 using the dependence of ∆A430

on the total quinone concentration (QT) using the Levenberg-Marquardt fitting program in

IGOR Pro (WaveMetrics).
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Eight neutral, active quinones (2-bromo naphthoquinone (2-Br-NQ), 2,3-dimethyl

naphthoquinone (2,3-diMe-NQ), 2-methoxy naphthoquinone (2-MeOx-NQ), 2-methyl

naphthoquinone (2-Me-NQ), tetramethyl-benzoquinone (duroquinone, DQ), 1,2

naphthoquinone (1,2-NQ), 1,4 naphthoquinone (1,4-NQ) and 2,3-dimethoxy-5-methyl-

1,4-benzoquinone (UQ0)) and five hydroxyl quinones (5-hydroxy-3-methyl-

naphthoquinone (5-OH-3-Me-NQ), 5-hydroxy-naphthoquinone (5-OH-NQ), 2-hydroxy-

3-isopropyl-naphthoquinone (2-OH-3-Iso-NQ), 2-hydroxy-3-methyl-naphthoquinone (2-

OH-3-Me-NQ) and 2-hydroxy-naphthoquinone (2-OH-NQ)) purchased from Sigma were

studied.

Hydroxyl quinones at pH's above their pKa are anionic competitive inhibitors of

the QA site. KIs were determined by the ability of the inhibitors to displace the functional

duroquinone (DQ) from the QA site, diminishing ∆A430.  The equilibrium amplitude of

active RCs was determined as a function of the inhibitor concentration with 30 µM DQ

(Kd = 0.4 µM), 1 µM RCs and 0.005% LDAO, 10 mM buffer.  Tris was used at pH 7.8

and Caps for measurements at pH 10.2.  The KI was obtained fitting equations 3 and 4

with Mathematica 4.2.  Here RCQ is the concentration of duroquinone-bound RCs and

RCI is the concentration of hydroxyl quinone-bound RCs.
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Determining Hydroxyl Quinone pKas in solution: The pKas for the five hydroxyl

quinones were determined using the difference absorbance spectra of the ionized species

relative to the neutral measured between 450nm and 530nm. Succinic acid (pH 3-5), Mes

(pH 5.5-6.5), Tris (pH 7.5-8.5), Ches (pH 9-10) and Caps (pH 10.5-11.5) were used as

buffers.  The data was fit to equation 5 where DA is the absorbance relative to that found

at pH 3 and DAmax is the absorbance at pH 11 minus that at pH 3. The pKa values and

wavelengths monitored for each quinone are listed in table 2-2.

Quinone Association Rate Constants: The change in RCQ± monitored by ∆A430

following a second flash was used to derive the second order association rate constant

(kon) for the active, neutral quinones (See legend to Fig. 1 and appendix for a more

complete description of the model). The sample has 0.9-1.1 mM RC, 10mM Tris, 0.005%

LDAO at pH 8 and the QB site is empty. The small concentration of RCs with

ubiquinone-10 was subtracted from the total RC concentration to accurately reflect the

number of available QA sites. The additional RCQ± found on the second flash was

determined at flash intervals of 50ms, 100ms and 200ms. The rate of reforming the

ground state from RCQ± (kAP) was determined from an exponential fit to the charge

recombination kinetics in RCs saturated with added quinone after subtraction of the

contribution of the UQ-10 containing RCs. The signal was averaged 10 times. The data

was fit with model A in the appendix.

The association rate of the slower binding hydroxyl quinones was measured from

the loss of DQ activity with time. The RC concentration was 1mM with 30 mM DQ.  The

hydroxyl concentration was varied from 7 to 300 mM. The time dependent DQ activity
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was measured at 0.5 to 1.0 minute intervals until equilibrium was reached and there was

no change in the RCQ± formed by a flash.

The Viscosity Dependence of kon: The second order association rate constant (kon)

is predicted to be inversely proportional to the solvent viscosity (see equation below)

(Xavier and Willson 1998).

kon
0 and kon

v are the association rate constants and h0 and h are the solvent

viscosity in the absence and presence of the viscosity modifier, respectively. A and B are

fitting parameters where A = 0 and B = 1 in the case for an ideal diffusion-limited

interaction. The solvent was modified by adding 10-60% (w/w) glycerol. The values h0

and h were taken from the CRC Handbook of Chemistry and Physics (David 1995)
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2-C) Results

Measuring binding kinetics of active, neutral benzo- and napthoquinones.  The

association rate constants (kon) were measured by a double flash method (Fig. 2-1).

Quinone concentrations were chosen so there is a mixture of RCs with occupied (RCQ)

and empty (RCF) QA binding sites. Since there was no indication of QB activity, the QB

site is assumed to be empty. The sample starts off at equilibrium with the quinone freely

associating and dissociating from the protein with rates kon and koff (Fig. 2-1a). The first

flash forms the charge separated P•+QA
•- state (RCQ±) from RCQ, depleting RCQ and

leaving RCF unchanged.  Since QA
•– dissociates much more slowly than QA (Kalman and

Maroti 1994), the system is no longer at equilibrium. This depletion of RCQ causes

association to be much faster than dissociation (kon [RCF] >> koff*[RCQ]), thus additional

RCQ is formed, denoted RCQbind, which can be detected by a second actinic flash.

Simultaneously, charge recombination within the RCQ± state reforms RCQ at kAP, moving

the system back towards equilibrium (see appendixfor a detailed description). Once

charge recombination is complete the equilibrium concentrations are restored.

The double flash measurements were carried out at increasing quinone

concentration (Fig. 2-2). The second flash, delivered 50, 100 and 200ms after the first

generates additional RCQ (RCQbind).  The extra amplitude depends on the time delay, the

quinone concentration, light saturation, and kAP all of which can be determined

independently and on the association rate constant (kon). The amplitude of the second

flash initially increases (when association is the dominant process) and then goes back to

the value of the first flash as the delay time becomes longer (Fig. 1).  RCQbind is always

small.  When Kd is smaller then the RC concentration at sub-saturating quinone there is
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little QF left to bind.  The decay back to the ground state at kAP provides a short window

for observation. In addition, the sub-saturating flash means that RCQ is not completely

depleted on the first flash.  Under conditions used here RCQbind is less then 10% of the

total RCs.  However qualitatively, formation of RCQ by association between flashes can

be seen in the tighter apparent affinity of RC for quinone on the second flash (Fig. 2).

The kon yielding the set of curves that best overall fit to the concentration dependence at

the 3 delay times is determined. For duroquinone (DQ) with a Kd of 0.40mM and kAP of

3.4 s–1 has a kon of 5.5± 1.5*107 M-1s-1 and a koff of 3.3s-1 (given koff = kon*Kd). The kons for

2,3 dimethoxy-5-methyl BQ (UQ0) and the other seven tailless 1,4-napthoquinones range

from 105-107 M-1s-1 while koff varies from 0.2s-1 to 6s-1 (Table 2-1).

Figure 2-1: Double flash assay to measure the binding kinetics of the neutral quinones.

(a) (1) Initially the sample is at equilibrium with kon[RCF][QF] = koff[RCQeq]. [RCQeq] is

the equilibrium concentration of RCs with bound quinone given [RCT] and [QT]. (2) The

first flash initiates electron transfer forming the charge separated state (RCQ±) with

semiquinone bound at the QA site, depleting RCQ to (1-l)*[RCQeq] where l  is the

fraction of RCs that absorb a photon on a flash (see supporting information). Now the

association rate is faster than dissociation, kon[RCF][QF] >> koff[RCQeq]. (3) RCQ is re-

formed by association of RCF and QF and by charge recombination from RCQ±  at kAP. As

these two processes take place, a second flash measures the additional RCQ formed due

to binding. When charge recombination is complete the initial equilibrium concentrations

are re-formed (1) so a second flash now generates as much RCQ± as the first.  (b)

Concentration of RC populations as a function of time given l=1. At the time of the first
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flash (t=0), all RCQeq is transformed into the charge separated state (RCQ±), thus [RCQ]

= 0 and [RCQ±] = [RCQeq]. Net association of RCF and QF yields RCQbind depleting RCF.

Simultaneously, charge recombination reforms RCQ from RCQ± at kAP. When charge

recombination is complete [RCQ] = [RCQeq], [RCQ±] and [RCQbind] = 0. A second flash

monitors how [RCQbind] changes with time. For this simulation the QA sites are 50%

saturated, [RCQeq] = [RCF] = 

† 

1
2 [RCT] and [QT] =

† 

1
2 [RCT] + [Kd];. Kd=0.6mM, RCT=1.0mM,

kon is 8*106 M-1s-1, and kAP is 3.5s-1.

a
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Figure 2-2: The concentration of quinone bound RCs (RCQ = RCeq + RCQbind) as a

function of DQ concentration (QT) is plotted for the first flash (black), and at delay times

for the second flash of t=50ms (red), t=100ms (green) and t=200ms (blue). For time t=0,

RCQbind is zero (RCQ=RCQeq).  The data is corrected for 10% residual ubiquinone-10 at

QA and for light saturation, l, of 85%. The solid lines are solutions to model A (see

supporting information) with kon of 5.5*106 M-1s-1, Kd of 0.4 µM and kAP of 3.4 s–1.

Conditions: 0.93 µM RCs in 10mM Tris at pH 7.8, LDAO=0.005% at room temperature.

b
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Table 2-1: Binding Rates and Affinities for Neutral Quinones at the QA Site of RCs

Quinone Kd (mM) kon x 10-6 (M-1s-1) koff (s-1) kAP (s-1)

1 UQ0 86 ± 16 0.07 ± 0.01 6.0 10

2 1,2-NQ 13 ± 3.0 0.07 ± 0.06 0.9 8.3

3 1,4-NQ 7.4 ± 1.2 0.6 ± 0.03 0.6 7.1

4 2-MeOx-NQ 0.5 ± 0.1 0.3 ± 0.1 0.2 12

5 2-Me-NQ 0.6 ±  0.1 2.6 ± 1.0 1.6 7.4
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6 DQ 0.4 ± 0.1 5.5 ± 1.5 3.3 3.4

7 2,3-dMe-NQ 0.1 ± 0.02 9.4 ± 3.0 1.3 6.7

Numbers are used as labels in figure 8. Kd was obtained from the amount of RCQ±

formed after a single flash as a function of the concentration of added quinone (equation

1), kon was measured with the double flash assay (as shown for DQ, Fig.2), koff is derived

from Kd = koff/kon and kAP is the QA
•– to P•+ charge recombination rate constant.

Measuring binding kinetics for inactive, anionic hydroxyl naphthoquinones: The pKas for

the hydroxyl quinones range from 4.0 to 9.4 (Table 2-2). Above their pKa none of these

quinones reconstitute QA function.  Their binding is measured by their competition with

the active DQ. The KIs, at pHs above their pKas, vary from 0.04 to 5 mM. The neutral 5-

OH-2-Me-NQ does bind rapidly and will reconstitute QA activity (manuscript in

preparation). Measurement of the association of neutral 5-OH-2-Me-NQ is complicated

because the QA site downshifts the pKa so the bound quinone is not fully protonated even

at pH 7.2.

The pKa of 5-OH-2-Me-NQ is 9.4.  At pH 10.2 the ionized species is a

competitive inhibitor at the QA site.  Its slow association rate was determined from the

time dependent loss of DQ activity (Fig. 2-3a). In a sample with 70-80% of the QA sites

occupied by DQ, 90-300 mM 5-OH-2-Me-NQ was added. Activity is lost as DQ is

displaced from the QA site with the system reaching equilibrium in 6-10 minutes (Fig. 2-

3a). The dependence of the equilibrium DQ activity on the inhibitor concentration
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provides a KI of 5 ±3mM (Table 2-2). To determine the reversibility of binding, the

dissociation rate constant, koff, was measured directly from the time dependent increase of

activity when DQ is added to a sample is pre-equilibrated with the hydroxyl quinone.

Ionized 5-OH-2-Me NQ displays completely reversible binding with a koff of 1.7*10-4 s-1

(Fig. 2-3b).

Figure 2-3: Time dependence of DQ dependent activity in the presence of 5-OH-2-Me

NQ at pH 10.2.  (a) Loss of activity following addition of 160 µM 5-OH-2-Me NQ at t=0

to 1µM RCs with 30µM DQ. The line the best fit to the first-order binding model E (see

supporting information) with a kuni of 1.7*10–2s–1. (b) Restoration of DQ dependent

activity following the addition of 30µM DQ to 1µM RCs preincubated with 160µM 5-

OH-2-Me NQ for 30 minutes at pH 10.2. The solid line is the best fit to model C (see

appendix) with a koff of 2.0*10-4s-1.

a
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Determination of the binding mechanism: The anionic hydroxyl quinones bind in

minutes, much slower than the 106 to 109 s–1 expected for a diffusion-dominated process.

They bind at least 1000 times slower than the neutral quinones with comparable Kds

(Tables 2-1 and 2-2). The quinone concentration dependence of the rate constants can

clarify whether the rate-limiting step is bi- or uni-molecular. For a second order rate-

determining step, the association rate constant kon (M-1s-1) is independent of quinone

concentration, while the apparent first order rate constant kuni (s-1) is a linear function of

concentration with kuni = kon*[QT] + koff (Duggleby and others 1982). On the other hand,

for a first order rate-determining step, kuni (s-1) is independent of quinone concentration

while the apparent kon (M-1s-1) is a reciprocal function of concentration, kon = A +

b
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kuni/[QT], where A is the observed second order rate constant at saturating quinone

concentration.

Concentration dependence of the neutral quinones association rate: For the active

fast binding neutral quinones the change in amplitude on the second flash at 3 different

delay times at a single concentration was fit to a second order model (A in supporting

information), providing kon, and with a first order model (D in supporting information),

providing kuni. The kon for DQ measured in this way gives a mean value of 6.9*106 M-1s-1

(Fig. 2-4a) in reasonable agreement with 5.5*106 M-1s-1  found by a global fit of the data

(Fig. 2-2). The neutral quinone kons are concentration independent, as shown for DQ (Fig.

4a), indicating a second order rate-determining step. As expected, kuni is a linear function

of quinone concentration. The slope of the concentration dependence of kuni for DQ is

2.4*106 M-1s-1 (Fig. 2-4b), which is in reasonable agreement with the measured kon (Fig.

2-2). The y-intercept (Fig. 2-4b) is not in good agreement with the koff
 obtained from

Kd*kon (Table 2-1).  For example, 2-Me-NQ has a negative y intercept (data not shown).

However, it is not unusual that this analysis does not provide accurate values for koff

(Duggleby and others 1982).

Concentration dependence of the hydroxyl quinone association rate: The

association data for the slow binding anionic hydroxyl quinones (Fig. 3) was fit with a

second order model (B in appendix) providing kon and with a first order model (E in

appendix) providing kuni. 5-OH-NQ and 5-OH-2-Me-NQ show a first order rate-

determining step. For 5-OH-2-Me-NQ kuni is concentration independent (Fig 2-4d) with

the average value of 0.017s–1 while kon depends on [QT]—1 (Fig. 4c). The kuni derived from
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fitting the concentration dependence of the observed second order rate (kon) is 0.008s–1 in

reasonable agreement with the directly determined value.

Figure 2-4: Dependence of the derived first and second order rate constants (kuni and kon)

on quinone concentration. (a-b) DQ, a neutral quinone. The DQ concentrations tested

yield 30-85% saturation of QA binding sites; (a) Concentration dependence of the second

order association rate constant, kon derived by fitting the double flash data at the three

delay times (50, 100 and 200ms) at the given quinone concentration (A in supporting

information). The dashed line is 6.9*106 M-1s-1, which is the mean value of 6 fits. (b) Fit

dc

ba
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of data with first order model (D in supporting information) provided kuni. The solid line

is the best-fit obtained by linear regression with slope = 2.4*106 M-1s-1 and y-intercept =

0.52s-1. The experimental conditions are 1mM RCs in 10mM Tris and 0.005% LDAO at

pH 7.8. (c-d) 5-OH-2-Me-NQ, an anionic quinone inhibitor. (c) The second order rate

constant (kon), (B supporting information), displays a reciprocal concentration

dependence, as expected for a first order rate-determining step. The solid line is kon(M-1s-1

) = 26 + 0.008/[QT]. (d) The first order rate constant (kuni) (E supporting information) is

independent of the hydroxyl quinone concentration. The dashed line at 0.017s-1 is the

average kuni for all the measurements. The experimental conditions are 1mM RCs in

10mM CAPS and 0.005% LDAO at pH 10.2.

Table 2-2:  Binding Rates and Affinities for Anionic Hydroxyl Quinone at the QA Site of

RCs

Quinone pH KI

(mM)

kunix102

(s-1)

koffx104

(s-1)

pKa Wavelength*

(nm)

9 2-OH –NQ 7.8 0.1 ± 0.05 7.0 ± 2.0** 3 ± 0.7 4.16 540

10 5-OH -NQ 10.2 0.6 ± 0.2 2.2 ±0.2 1 ± 0.5 9.12 530

11 2-OH-3-Iso –NQ 10.2 4.0 ± 2.3 0.7 ±0.1 2 ± 0.3 5.85 480

12 5-OH-2-Me–NQ 10.2 4.5 ± 1.4 1.7 ± 0.7 2 ± 0.6 9.4 520
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Numbers are used as labels in figure 8. pH: KIs and first order association and

dissociation rate constants measured at a pH above the hydroxyl group pKa.  KI is

obtained from the concentration dependence of equilibrium DQ activity.  *Wavelength

used to measure absorbance difference between neutral and ionized hydroxyl quinone to

determine the pKa in aqueous solution.  **Measured above 25mM where kon is

independent of quinone concentration (Fig 2-5).  ND: Dissociation of 2-OH-3-Me could

not be detected (Fig 2-6).

Both 5-OH quinones show completely reversible binding that is consistent with a first

order rate-determining step.  Thus, kon can be determined by loss of activity after the

quinone is added to RCs reconstituted with DQ  (Fig. 3a), while koff can be determined

from the restoration of activity when DQ is added to RCs pre-incubated with the

hydroxyl quinone (Fig. 2-3b).  The same KI is derived from the concentration dependence

of the long time asymptote is both measurements and this is consistent with the value

determined from kuni/koff.

The three quinones with an ortho-hydroxyl group present data that is more

difficult to interpret. The apparent second order rate constant (kon
obs) for 2-OH-NQ fits a

model similar to 5-OH-2-Me-NQ (Fig. 4c) with kon
obs = 900M–1s–1 + 0.05s–1/[QT]  (Fig. 2-

5a) suggesting the rate-determining step is first order. On the other hand, the observed

rate (kon
obs) of 2-OH-NQ is quinone concentration dependent at low concentration,

becoming independent at higher concentrations (Fig. 2-5b). This indicates that the rate-

determining step itself is concentration dependent. Thus the rate was treated with a model

consisting of two barriers, one is first order and the other second order (their sequence is

unspecified) (Xu and Gunner 2002). At low concentration the second order association
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process limits the rate, with kuni
obs being concentration dependent (Fig. 5b). However, the

reaction cannot proceed faster then the first order step, which is rate-limiting at high

concentration. Thus kuni
obs = kuni/(1+Kbi/[QT]), where kuni is true rate constant for the first

order step and Kbi is the dissociation constant for the second order process (Fig. 5b).

Fitting the data to this model yields kuni = 0.089s-1, comparable to the values found for the

other anionic quinones, and Kbi = 4.5 µM.  The affinity of the initial encounter is

significantly weaker then the overall Kd of 0.1µM (Table 2), indicating that protein

conformational changes in the subsequent first order step may tighten binding. There is

reasonable agreement between the kuni obtained from concentration dependence of the

rate (0.089s-1) and from the apparent second order model  (0.05s-1) (Fig. 2-5).

a

a
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Figure 2-5: a) Concentration dependence of second order rate constant (kon) for 2-OH-

NQ. The solid line is the best-fit curve, kon
obs = 900M-1s-1 + 0.05/[QT]. b) Concentration

dependence of first order rate constant (kuni) for 2-OH-NQ. The solid line is kuni
obs =

0.089s-1/(1+4.5/[QT]). The rate-determining step becomes independent of concentration

when kuni = 0.089s-1. The experimental conditions are 1mM RCs in 10mM Tris and

0.005% LDAO at pH 7.8.

If DQ is added to a sample pre-equilibrated with an anionic hydroxyl quinone, full

activity can be recovered with 2-OH-NQ, 5-OH-NQ and 5-OH-2-Me-NQ (Fig. 3B). For

these quinones the directly measured koff matches the value derived from kon*KI.

However, for 2-OH-3-Me-NQ, the addition of DQ does not restore any activity (Fig. 6).

b
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This is consistent with KI being in the sub-nanomolar range.  There are no changes in RC

spectra that would indicate significant changes in structure due to incubation with 2-OH-

3-Me-NQ. Similar measurements with 2-OH-3-Iso-NQ shows only 50% of the activity is

recovered and koff is slower than kon*KI, indicating that the dissociation mechanism is not

just the reverse of association.

Figure 2-6: Binding of 2-OH-3-Me.  Solid squares: At t=0 23µM of 2-OH-3-Me was

added to 30µM DQ in equilibrium with 1µM RCT (pH 7.8). The time course for the

inhibition of DQ activity yielded the measured kuni of 8*10s-1. Empty squares: 30µM DQ

is added to a sample with 1µM RCT pre-equilibrated for 30 minutes with 23µM 2-OH-3-

Me (in 10mM Tris at pH 7.8). No DQ activity was detected.

Viscosity dependence of kon: For a second order rate-determining step, diffusion plays a

dominant role thus the rate constant is predicted to be inversely proportional to the
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solvent viscosity (h) (Kramers 1940). Using glycerol as a solvent modifier, the viscosity

dependence of kon for DQ and 2-Me-NQ was determined (Fig. 2-7a). The dashed lines

represent the ideal diffusion controlled reaction, where the product kon*h is constant. The

kons for these two neutral quinones have strong viscosity dependence (Fig. 2-7a),

consistent with a second order rate-determining step. For DQ the association rate

becomes slower than expected as the viscosity increases, as kon is above the dashed line in

Fig. 2-7a. The reason for this is not clear but it may be due to solvent osmotic pressure,

which has been observed previously when glycerol is used as a solvent modifier (Xavier

and Willson 1998). On the other hand, the second order rate constants (kon) for the

anionic 5-OH-2-Me-NQ and 2-OH-NQ are independent of viscosity (Fig. 2-7b)

supporting a first order rate-determining step for the hydroxyl-quinones. 

Ionic Strength Dependence of kon and kuni: Binding kinetics were measured at

NaCl concentrations of 0 to 300 mM. Ionic strength will affect the binding rate if

electrostatic interactions between RCs and quinone are important for the rate-determining

step. Neither kon, for the neutral quinones, nor kuni, for the anionic quinones depend on the

ionic strength (data not shown). Thus, electrostatic interactions do not govern the rate-

determining step. For the hydroxyl quinones, this is further evidence of a first order rate-

determining step since solution counterions would be expected to shield electrostatic

interactions between the anionic inhibitor and the RCs.
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Figure 2-7: Viscosity dependence of the second order association rate constant (kon). The

dashed line has a slope of 1 representing the expected trend for a second order diffusion

controlled association reaction (equation 6). Each data point represents the average kon

a

b
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measured with 1mM RC in 0.005% LDAO at 20%, 50% and 70% binding saturation for

each quinone. (a) open squares: DQ, filled circles: 2-Me-NQ measured in 10mM Tris at

pH 7.8. (b) open squares: 5-OH-2-Me-NQ (measured in 10mM CAPS at pH 10.2), filled

circles: 2-OH-3-Me-NQ (measured in 10mM Tris at pH 7.8).

Comparing binding rates and equilibrium affinity: The Kds for the fast binding neutral

quinones and the KIs for the slow binding hydroxyls are in the same range (0.1 to 90mM)

yet their dissociation rates differ by 103 to 104-fold (Fig. 8a).  For the neutral quinones the

association rate (kon) correlates with Kd, thus an increase in binding strength is

predominately due to faster association (Fig. 2-8b). 2-MeOx-NQ deviates from this trend

as its kon is slower than expected given its Kd. Methoxy substituents lower the quinone

partition coefficient, preferring the aqueous phase, which can increase the energy barrier

for association (Rich and Bendall 1979). The QA site interacts strongly with the methoxy

group keeping the Kd tight in spite of the association barrier.
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Figure 2-8: Binding affinity vs binding rate constants for neutral and anionic quinones.

(a) Comparison of the dissociation rate (koff, s-1) and the binding affinity (K is Kd for

a

b
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neutral quinones and KI for hydroxyl quinones in units of mM). The anionic hydroxyl

quinones (9-11) dissociate about 10,000-fold more slowly than neutral quinones (1-8)

with comparable Kds. (b) Comparison of the second order association rate (kon, M-1s-1) and

the binding affinity (Kd, mM) for the neutral quinones. The dashed line has a slope of –1

showing the correlation between Log[Kd] and –Log[kon]. The quinone labels from Tables

1 and 2. 1: UQ0, 2: 1,2-NQ, 3: 1,4-NQ, 4: 2-MeOx-NQ, 5: 2-Me-NQ, 6: DQ, 7: 2,3-

diMe-NQ, 8: 2-Br-NQ, 9: 2-OH-NQ, 10: 5-OH-NQ, 11: 2-OH-3-Iso-NQ, 12: 5-OH-2-

Me-NQ.

2-D) Discussion: The comparison of binding of neutral and anionic quinones to

the QA site of RCs show that the negatively charged hydroxyl quinones dissociate about

104-times more slowly than neutral quinones with comparable Kds (Fig. 8a). In addition

these quinones have different mechanisms for binding. The linear dependence of the

apparent first order rate constant (kuni) on quinone concentration shows that the rate-

determining step for the neutral quinones is second order (Fig. 4) (Kurz and others 1987;

Steyaert and others 1991; Xavier and Willson 1998). The dependence of Kd on the second

order kon shows that the association rate plays the dominant role in controlling affinity

(Fig. 8).  The solvent viscosity dependence indicates this is a primarily diffusion-

controlled process (Fig. 7).  The measured rate constants of these quinones (105 to 107

M–1s–1) are typical of the association of large proteins with small ligands, where only a

small fraction of the protein surface can form an active encounter complex (Schreiber

2002; van Holde 2002).
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 The anionic hydroxyl quinones are slow binding inhibitors at the QA site.  In

addition to binding more tightly, many transition-state analogs bind slowly, indicating

that there are large barriers for binding these high-energy reaction intermediates (Bulow

and others 2001; Dharmasena and others 2002; Jiang and others 2002; Lohse and others

2000; Merkler and others 1990; Morrison and Walsh 1988; Yiallouros and others 1998).

While slow kinetics has been observed in systems with a single step, second order

association mechanism (Bulow and others 2001; Lohse and others 2000), this is not a

good description of the association of anionic hydroxyl quinones with the QA site. The

concentration independence of kuni (Fig. 2-4) and solvent viscosity independence of the

second order rate constant kon (Fig. 2-7) supports a first order rate-determining step for

these quinones. This requires a two-step binding process, for which there are two possible

paths (Figure 2-9). In one (P1), unbound reaction centers exist in an equilibrium mixture

of RCF and RCF
*. RCF

*, which has very low equilibrium occupancy binds rapidly and

tightly to the anionic inhibitor, IF
–. Here the rate-determining step is the slow

conformational change from RCF to RCF
*. Along P2, an initial encounter complex, RCI-,

is formed rapidly. This is followed by the slow change from RCI to RCI-*, the more

thermodynamically stable complex. The RCI complex samples many conformational

states until the one that can best stabilize the anion is found. Protein rearrangement as the

source of slow binding kinetics is commonly observed for enzyme inhibition (Dash and

others 2002; Pandhare and others 2003). Both pathways have been found in studies of

other proteins (Dash and others 2002; Merkler and others 1990). In either case the

measured Kds reflect the overall affinity for formation of RCI-* from RCF and I–
F.
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Figure 2-9: Two pathways (P1 and P2) for the binding of anionic hydroxyl quinones with

a slow first order rate-determining step (kuni). The fast, reversible binding process is

governed by the second order rate constant kon.

The quinone concentration and solvent viscosity dependence of the rate establish

the order of the rate-determining step but cannot distinguish between P1 and P2. However,

the correlation between kuni, koff and Kd can provide some clues. P2 should show an initial

burst phase of inhibition due to the rapid formation of RCI- before the slow isomerization

to form RCI-*. This is not observed but cannot be ruled out given the difficulty of

obtaining early time measurements. The amplitude of the burst would be dependent on

the affinity of I– for RCF, which may be low. Along P1, the slow conformational

rearrangements only involve RCF. Here the anionic hydroxyl quinones behave as
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transition-state analogs that bind rapidly to the high-energy configuration (RCF
*). Since

RCF
* has a low equilibrium occupancy, the overall association rate is slow. The inhibitor

affinity depends on the rate at which the RCI*- changes back to the low affinity RCI-. A

similar mechanism was used to describe the results for the slow-onset inhibition of Yeast

AMP deaminase (Merkler and others 1990).

The binding of 5-OH-NQ and 5-OH-3-Me-NQ show a first order rate-determining

step indicating that quinone association is too fast to be observed.  On the other hand, the

binding of 2-OH-NQ shows kinetic evidence for both steps in formation of RCI–*. Here

the second order process is rate limiting at low quinone concentration while the first order

process becomes rate limiting at higher concentrations (Fig. 2-5).

2-OH-3-Me binds irreversibly to the QA site (Fig. 2-6). Slow irreversible binding

could imply the formation of a covalent bond in the active site (Bretscher and others

2003), or that the encounter complex denatures at a rate faster than dissociation. No

change in the RC near-IR absorbance spectra is found after incubation with this quinone

thus denaturation is unlikely. The observed irreversible binding could also indicate that

the affinity is in the sub-nanomolar range.  Adding a methyl group at the 3 position

would need to increase the affinity of 2-OH-NQ (KI=0.1mM) by at least 100-fold to keep

DQ from displacing it under the experimental conditions employed here. The neutral

diortho-substituted 2,3dMe-NQ does bind ≈6 fold more tightly than the mono-substituted

2-Me-NQ (Table 1), showing that the addition of an ortho-methyl group tightens binding.

In contrast, 2-OH-3-Iso-NQ (KI=4.2mM) binds more weakly than the mono-substituted 2-

OH-NQ (Table 2). However, it is likely that the branched isopropyl group weakens
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affinity (Gunner unpublished results).  Continuum electrostatic calculations do indicate

that ionized 2-OH-3-Me-NQ binds 40-fold tighter than 2-OH-NQ.

Anionic hydroxyl quinones as models for the semiquinone:  Previous studies of

difference FTIR (Breton and others 1994a; Breton and others 1994b), electrochromatic

shifts following QA
•- formation (Steffen and others 1994), Em shifts in replacement

compounds (Warncke and Dutton 1993a) and mutational analysis (Takahashi and others

2001; Wells and others 2003) indicate that it is the negative charge on the quinone that

causes the protein response following formation of QA
•–. Thus, even though the anionic

hydroxyl quinones are not radicals, they can serve as models for the study of

semiquinone binding. The results presented here show that a negative charge causes slow

binding kinetics at the QA site. At pH 7.8, neutral 5-OH-2-Me-NQ with a pKa of 9.4 is a

fast binding neutral compound that can reconstitute QA activity (manuscript in

preparation), while at high pH the anionic quinone dissociates slowly Semiquinones

dissociate slowly from the QA and QB sites (Diner and others 1984). Ferrocene, an

external electron donor of P•+, creates RCs in the state PQA
•–.  For a number of tailess

semiquinones in the QA site this state is trapped for seconds (Kalman and Maroti 1994).

Semiquinone disappearance was attributed to the accessibility of external oxidants, and

preliminary results indicate that in O2 depleted samples the semiquinone lifetime

increases (data not shown).  These results put an upper limit on semiquinone koff of 0.5s-1

for DQ•–, 1000-fold faster than the anionic hydroxyl quinones but 10-fold slower then the

neutral DQ (Table 2-1). Thus, the slower dissociation of the hydroxyl quinones could

provide a better limit for the semiquinone lifetime in the absence of external oxidants.
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The observed rate of anionic hydroxyl quinone binding is slow. Physiologically,

slow conformational changes cannot be required for formation of the QA
•-, which accepts

an electron from bacteriopheophytin in 150ps (Kirmaier and others 1985). However,

relaxation stabilizes the RCQ± charge separated state once it is formed (Brzezinski and

others 1992; Okamura and Feher 1992; Tiede and Hanson 1992; Xu and Gunner 2000;

Zachariae and Lancaster 2001). Events such as proton uptake, internal charge transfer and

the reorganization of internal dipoles have been proposed to stabilize QA
•- (Alexov and

Gunner 1999; McPherson and others 1988; Nabedryk and others 1990). Furthermore,

changes in a cluster of acidic residues near the QB site help stabilize QA
•- (Kalman and

others 1998; Miksovska and others 1996), perhaps though shifts in their ionization

(Alexov and Gunner 1999).

The relative affinity of quinone and semiquinone for the QA site determines how

the in situ Em differs from that found in solution (Fig. 2-10). While it is difficult to

measure Ems for single electron reductions of quinone in water, some have been estimated

(Rich 2004; Rich and Bendall 1979; Swallow 1982a).  The Em,sol! for UQ/UQ–! is ≈–145

mV  (Swallow 1982b; Wraight 1998; Zhu and Gunner 2005) while it is  –45 (Dutton and

others 1973) to –75 mV (Rutherford and Evans 1980) in the QA site at pH 7.  This 70 to

100 mV Em shift indicates the semiquinone binds 15 to 45 times more tightly then the

quinone.  Inhibitor binding at the QB site also shows that the semiquinone binds more

tightly than the quinone or dihydroquinone (Diner and others 1984). The work presented

here allows comparison of the relative affinity of neutral and anionic quinones.  The koffs

for the anionic hydroxyl quinones are 104 times slower than the neutral compounds (Fig.

8a). If the semiquinone off rate slowed this much with no change in association kinetics,
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this would corresponds to an Em shift of +240mV. However, the results presented here

show that anionic compounds also associate slowly. The anionic hydroxyl and neutral

quinones have different binding mechanisms, so their association rate constants cannot be

directly compared. However, a comparison of the rate of formation of the bound complex

at 50% saturation shows the average kon for the neutral quinones is in the range of 106 to

107 M-1s-1 (Table 2-1) while, using 5-OH-2-Me-NQ as an example, kuni/[QT] is 3500 to

5500 M-1s-1.  Thus, the anionic quinones associate 180 to 2800 times more slowly, while

koff slows by 104 compared to the neutral quinones. Assuming the same shift in the

binding kinetics of the quinone and semiquinone predicts a ~33 to 100mV increase in Em,

in good agreement with the measured Em shift. Since there is no free semiquinone in

either membrane or solution, slow semi-quinone association would not affect RC activity.

The slow koff helps preserve the unstable, high energy semiquinone QA
•–, minimizing

energy loss and free radical damage.  This analysis assumes all anionic quinones are

stabilized by the same amount.  The Em shift moving from the aprotic solvent

dimethylformamide (Prince and others 1983) to the QA site is not the same for all

compounds indicating that specific protein interactions can also play an important role

(Warncke and Dutton 1993a; Woodbury and others 1986).
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Figure 2-10: Relationship between quinone binding energy and redox midpoint potential.

DGs,bind and DGn,bind are the association free energies for the semiquinone and neutral

quinone. nFEm,prot and nFEm,sol are the free energies for semiquinone formation in the

protein and in aqueous solution, n is the number of electrons transferred (here n=1) and F

is Faraday’s constant. DGs,bind = nRTlog(kon, semi/koff, semi) = DGn,bind - nF(Em,prot – Em,sol).

The measured Kds for the neutral and anionic hydroxyl quinone (Tables 2-1and 2-

2) reflect the free energy difference of the quinone in solution and in the QA site. There is

a loss of solvation energy incurred by transferring the quinone from the high dielectric

environment of water (e=80) into the low dielectric protein, and loss of motional degrees
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of freedom in the binding site (Zhu and Gunner 2005). Charged compounds interact with

water more favorably than neutral ones do. Thus the anionic hydroxyl quinones need to

have additional favorable interactions with the protein to have Kds that are similar to the

neutral quinones. The partition coefficient (P) provides a quantitative measure of the

energy of transferring the quinone out of water and into a non-interacting solvent such as

cyclohexane (DGtrans = 2.3RTlogP) (Radzicka and Wolfenden 1988).  While some neutral

quinones have measured partition coefficients (Braun and others 1986; Rich and Bendall

1979) anionic quinones do not. The difference in the partition coefficient (DlogP) of

ionized and neutral forms of 5-OH-NQ in octanol was calculated with a fragment-based

method (www.molinspiration.com) (Abraham and Leo 1987; Hansch and others 1991).

Octanol is a more polar solvent than cyclohexane  thus this provides a lower limit of the

free energy for transferring the anionic quinone from water. The DlogP was 2.2

corresponding to a DDGtrans of –3 kcal/mol (130 meV). Previous electrostatic calculations

have shown that the protein interacts –2.5 kcal/mol more favorably with QA
•– compared to

QA, corresponding to a 72-fold tighter Kd favoring anion binding (Zhu and Gunner 2005).

Favorable interactions with protein side chains, the backbone dipoles and the non-heme

iron were found to stabilize anion binding.

Anthraquinone (AQ) and substituted derivatives have smaller Em shifts from

solution values in the QA site than benzo and naphthoquinones (Woodbury and others

1986). These semiquinones should therefore be more weakly bound relative to the neutral

quinone and could show faster dissociation rates. Preliminary results using the double

flash method with 1-Cl-AQ and 2-Cl-AQ showed that the amplitude decreases rather than

increases on the second flash, consistent with semiquinone dissociating between flashes.
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These low potential quinones have fast charge recombination kinetics making it difficult

to model the binding kinetics on the same timescale as the other neutral quinones in this

study.
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Chapter 3: Quinone pKa and Em Shifts in the QA site of Bacterial Reaction Centers

3-A) Introduction Photosynthetic bacterial reaction centers (RCs) use bound co-

factors to transfer electrons over long distances. Thus the co-factor binding sites are able

to accommodate both the neutral and charged forms during activity. The role of the

protein environment in determining the relative stability of the neutral and deprotonated

species of three hydroxyl quinones bound at the QA site of RCs from Rhodobacter

sphaeroides was investigated and compared with the native QA (ubiquinone-10). The

neutral species of 5-hydroxyl-2-methyl-naphthoquinone (5-OH-2-Me-NQ) is an active

electron acceptor, while its deprotonated species is an anionic competitive inhibitor. Thus

the formation of the charge-separated state (P+QA
-) was used to experimentally determine

the pKa in the QA site (7.6 ± 0.3). The measured pKa is downshifted by about 1.8 pH units

relative to the value measured in aqueous solution (pKa = 9.4) indicating that the QA site

favors the anionic species. In addition to experiment, Multi-Conformational Continuum

Electrostatics (MCCE) was used to calculate the in situ pKa, pKa,protein, of 5-OH-2-Me-NQ

(pKa,protein = 7.1), 2-hydroxyl-naphthoquinone (2-OH-NQ, pKa,protein = 0) and 2-hydroxyl-3-

methy-naphthoquinone (2-OH-3-Me-NQ, pKa,protein = 1.2) based on the pKa shift relative

to solution. While the Kds for ionized 2-OH-NQ and 5-OH-2-Me-NQ at the QA site were

previously determined experimentally, the Kd for ionized 2-OH-3-Me-NQ could not be

determined presumably because it binds too tightly to detect dissociation from

competitive inhibition with duroquinone (Madeo). Here MCCE was used to compare the

relative affinities of these three ionized quinones and results are compared with

experiment. The good agreement between experimental and theoretical results found here
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indicate that electrostatics is the dominant principle governing how the QA site modifies

quinone chemistry and thus allows a more detailed analysis of the important interactions.

Proteins are heterogeneous and thus contain local environments specifically

designated for different functions. By controlling the local electrostatic environment of

bound co-factors and ligands proteins can change physical properties, such as pKa and

redox midpoint potential (Em), which characterize the energetics of a change in charge

state. Factors such as long-range electrostatic interactions, dipolar interactions, hydrogen

bonding and differential solvation energy losses for the reactant and product (desolvation

penalty) regulate the free energy of protein-mediated charge transfer reactions. The

polarizability of the local environment can also play a role. Characterizing the energetics

of these processes with an atomic level structural model is an ongoing effort in structural

biology.

 RCs are important electron-transfer proteins that mediate the conversion of solar

energy to chemical energy during photosynthesis. By catalyzing a series of redox

reactions between bound co-factors, RCs store the energy of a photon in the form of

charge separation. The bacterial RC from Rhodobacter sphaeroides is an integral

membrane protein consisting of three protein subunits, L, M and H and 10 co-factors

including two ubiquinones (QA and QB). Absorption of a photon (860nm) excites the

primary donor P, a bacteriochlorophyll dimer, and sub sequentially changes the protein

from a redox state where all of the co-factors are neutral to a state with a charge

separation of 25A across the cell membrane. QA is singly reduced by the lower potential

cofactor, bacteriopheophytin (HA), which lives for only a few nanoseconds. QA
- donates
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its electron to the terminal acceptor, ubiquinone-10 bound at the QB site (Blankenship and

others 1995; Feher and others 1989).

The protein environment of the QA binding site tunes the energy levels of the

negatively charged (reduced semi-quinone) and neutral (oxidized) states of the bound

quinone. The relative energy level between these two states ensures that electron transfer

is favored in the forward direction, thus the differential affinity of the quinone redox

states is an important factor that regulates the free energy of electron transfer. The semi-

quinone binds more tightly than the neutral state (Diner and others 1984; Warncke and

Dutton 1993b), thus the protein stabilizes the reduced state more than the oxidized raising

the redox potential (Em) relative to solution. A larger the difference in affinity causes a

larger shift in the Em in going from solution to protein. Previous MCCE calculations have

shown that the protein stabilizes QA
- by 108 meV relative to the neutral species thus

indicating that the anionic species binds 63-fold more tightly (Zhu and Gunner 2005).

This difference in affinity is caused by differential desolvation penalties and specific

interactions between the quinone and the QA binding pocket. The backbone amides of

residues M260-271 have been shown to be important for stabilizing the negatively

charged species in the QA site (Zhu and Gunner 2005). Interactions with the backbone

dipoles are known to be important for stabilizing buried charges, especially anions since

the average electrostatic potential from the backbone is generally positive (Gunner and

others 2000).

Since both the pKa and the Em are thermodynamic parameters that express the

ratio of charged to neutral species at equilibrium, the same electrostatic interactions that

shift the quinone Em will shift its pKa. Since the QA site raises the quinone Em by favoring
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the reduced anionic state, it is expected that the pKa will be lowered due to favoring the

deprotonated anionic state. Previous calculations have shown that the QA site lowers the

pKa of the semi-quinone by 1.5 units indicating that it takes 90meV more energy to

protonate QA
- in the protein compared to in solution (Zhu and Gunner 2005). This

explains why the semi-quinone does not pick up a proton during eletron transfer.

Previous experiments measuring the rate of hydroxyl quinone binding at the QA site have

indicated that ionized hydroxyl quinones are good semi-quinone models (Madeo). The

work presented here experimentally measures the pKa of the hydroxyl quinone, 5-OH-2-

Me-NQ, in solution and in the QA site of bacterial reaction centers from Rhodobacter

sphaeroides. This experimental shift in pKa (DpKa) is compared with the calculated DpKa

of 5-OH-2-Me-NQ and the native semi-quinone in the QA site using MCCE. Furthermore

MCCE is used to calculate the DpKa of the two ortho-hydroxyl quinones 2-OH-NQ and

2-OH-3-Me-NQ. The relative affinity of the ionized species of these three quinones is

compared to experiment. The good agreement between experimental and computational

results confirms the MCCE method (Georgescu and others 2002; Mao and others 2003)

and supports the idea that the QA site is designed to stabilize a negative charge (Warncke

and Dutton 1993b).

3-B) Methods and Materials

RC Isolation and Native Quinone Removal: The isolation of Rb. sphaeroides engineered

poly-histidine-tagged RCs has been described previously (Goldsmith and Boxer 1996).

The RCs were purified on Ni-NTA (nitrilotriacetic acid) resin. The Ni-NTA column was

washed with 0.05% LDAO in 10mM Tris buffer and the RCs were eluted with 40mM
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imidazole in 0.05% LDAO at pH 8. QA removal (Okamura and others 1975; Woodbury

and others 1986) yielded RCs with less than 10% of the native ubiquinone left in the QA

site and empty QB sites. The RC concentration was determined given e802 = 0.288 mM-1cm-

1. The QA charge recombination activity was measured as described previously (Madeo).

Measurement of 5-OH-2-Me-NQ pKa: The solution pKa was measured previously by

difference absorbance spectroscopy at 520nm. The difference absorbance band was

measured from pH 4 to pH 10.5. To control pH the buffers Tris (pH 7.2-8.5), Ches (pH

8.5-10) and Caps (pH 10.5-11.5) were used at a concentration of 10mM

To determine the in situ pKa of 5-OH-2-Me-NQ, the charge separated P+QA
-

amplitude was recorded over the pH range from 7.2 to 10.2 by measuring the maximum

absorbance at 430nm. The amplitude due to the residual ubiquinone left in the QA site

was subtracted out. Since only the neutral species can form the semi-quinone at the QA

site, the charge-separated amplitude (P+QA
-) is proportional to the in situ fraction of

protonated quinone. The titration was done with 80 mM 5-OH-2-Me-NQ, 0.8 mM RCs in

.005% LDAO. Under these conditions the QA site will be saturated with ionized quinone

(Kd = 4.5mM), thus the total amplitude was determined from the total RC concentration

with the fraction of QA sites still occupied by native quinone (due to less than 100% QA

removal) subtracted out. The difference between the total amplitude and the equilibrium

amplitude represents the fraction of ionized species (fi). The fraction of ionized species

(fi) was measured as a function of pH and fit with the equation:
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pH dependence of the reaction time course: Previous results have shown that the inactive

ionized form of 5-OH-2-Me-NQ associates slowly with the QA site with the measured

rate constant 0.02s-1, while the protonated species equilibrates in seconds. The

disappearance of the P+QA
- amplitude was followed in time in a sample containing 80mM

5-OH-2-Me-NQ and 0.8mM RCs in 0.005% LDAO. Amplitude measurements were taken

at 0.5 to 1 minute intervals, in the pH range of 7.2 to 10.2, until equilibrium was reached.

The data was fit with a first order rate-determining model describing the slow single

exponential decay (rate constant, kuni) of the P+QA
- amplitude (RCQ-) to its equilibrium

configuration:

Theoretical Method: Multi conformational continuum electrostatics (MCCE) (Georgescu

and others 2002; Mao and others 2003; Zhu and Gunner 2005) calculates the equilibrium

distribution of ionization and conformational states of protein side chains, buried waters,

ions and co-factors at a defined solution Eh and pH. MCCE combines continuum

electrostatics and molecular mechanics to calculate shifts in the free energy of proton and

electron transfer reactions in going from water to the protein interior (DDGprotein). The

starting coordinates used in this study are 1AIG (Stowell and others 1997), a 2.6A crystal

structure of the reaction center from Rhodobacter sphaeroides frozen in the light (P+QB
-

state). Side chain conformers are added providing alternative positions for the hydroxyl

protons of Ser, Thr, Tyr and water, His tautomers and the different ionization states of the

acids Asp, Glu and Tyr and the bases Arg, Lys and His. Backbone and non-polar side

chains are fixed. Look-up tables are calculated for the electrostatic and non-electrostatic

pair-wise interactions between residues (DGres), between backbone and residues (DGpol)
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and reaction field energies (DGrxn). The DelPhi program solves the Poisson-Boltzmann

equation to calculate the electrostatic components (Nicholls and Honig 1991). The non-

electrostatic energy components include torsion (DGtorsion) and Lennard-Jones interactions

(DGnonel). MCCE is a multi-conformational approach, thus the electrostatic energy of

several side chain positions (rotamers) is determined during the calculations. Monte Carlo

is used to sample the possible microstates (a microstate has one conformer for every side

chain, co-factor and water) of the system at a defined pH and Eh. The interior dielectric

constant is 4 and 80 is used for the solution with a salt concentration of 150 mM. The free

energy of microstate x (DGx), at a given pH and Eh, is the sum of the electrostatic and

non-electrostatic energy terms (Mao and others 2003).

Calculation of the free energy of quinone protonation reactions: MCCE was used to

calculate the in situ pKa of 5-OH-2-Me-NQ, 2-OH-3-Me-NQ and 2-OH-NQ. The free

energy of a proton transfer reaction is related to the pKa, thus DDGprotein (the shift in free

energy in going from water to protein) is related to the difference in pKa (DpKa) between

the reaction in water and protein (DpKa = pKa,protein - pKa,sol) through (Mao and others

2003; Zhu and Gunner 2005). The relationship is DDGprotein = -2.3RTDpKa.
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Quinone pKa values obtained by Monte Carlo sampling as a function of pH (Georgescu

and others 2002) do not yield the correct free energy of protonation because of pH

dependent protein ionizations and conformational changes. This is because the protein

overall charge changes with pH thus changing the electrostatic potential at the sites of

interest. Thus the free energy of ionization does not change simply as pKa – pH as

expected in aqueous solution. These changes make the quinone pKa pH dependent when

bound to the protein. The effective pKa at pH 7 (pKa’) is how far away the protonation

free energy at pH 7 (DG7) is from zero (what it is when pH = pKa). This is different from

the pKa,protein because it eliminates pH dependent changes in the protein that could affect

the proton transfer reaction. The pKa’ is calculated from pKa’ = 7- DG7/RT

Relative binding affinities of the three quinones: The pKa,protein is governed by the relative

stability of the neutral and ionized quinone in the QA site, which in turn is related to their

differential binding affinities (Kd,neutral and Kd,ion). Given the dissociation free energy, DGd

= -2.3RTlog(Kd), the relationship is

The Kds for the ionized hydroxyl quinones at the QA site were determined previously by

competitive inhibition with duroquinone. Here MCCE was used to estimate their relative

affinities using the difference in the free energy of interactions for the ionized states.
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The quantity DGb,2 - DGb,1 is the difference of the free energy of protein interactions and

desolvation energy between 2 ionized quinones (1 and 2) bound at the QA site.

Partial atomic charges: The non-heme iron between QA and QB was fixed with a +2

charge and all other native co-factors were fixed as neutral. For both ionization states, the

partial atomic charges for the three quinones used in this study (2-OH-NQ, 5-OH-2-Me-

NQ and 2-OH-3-Me-NQ) were obtained by the Hartee-Fock type ab initio method with a

6-31G** basis set. The electronic density was partitioned into atomic charges by the

method of charges from electrostatic potential (CHELPG charges) implemented in

Gaussian 98 (Ohno and others 2001). Each quinone has a total of three ionization states,

two neutral and one ionized. The degenerate neutral conformers have their acidic protons

lying in the plane of the ring 120° apart from each other (Fig. 3-1). The partial charges

for all other co-factors are from (Parson and others 1990). PARSE charges and radii were

used for all other groups (Sitkoff and others 1994).

Quinone orientations in the QA site: The quinones were docked at the QA site in four basic

orientations. Two of the orientations (left and right) are related by a 180-degree rotation

about the axis connecting the 1 and 4 positions (A-1, Fig. 3-1). This shifts ring 1 either

within vander Waals distance (2-3 angstroms) of Met-M218 (left) or Ala-M248 (right) as

shown in figure 3-3-2. The next two orientations (up and down) are related by a 180-

degree rotation about an axis connecting the midpoint between C6 and C7 to the midpoint

between C2 and C3 (A-2, Fig. 3-1). This rotation exchanges positions 5, 4 and 3 (down)

for 8, 1 and 2 (up), respectively (Fig. 3-1). These four orientations are illustrated with
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ionized 5-OH-2-Me-NQ in the QA site (Fig. 3-2). Each orientation has two neutral and

one ionized conformer (Fig. 3-1), thus a total of 12 quinone conformers were sampled in

the Monte Carlo simulation. Each orientation has an oxygen atom in the 1 and 4 positions

(Fig. 3-1), which make important hydrogen bonds with the side chain of His-M219 and

the backbone amide of Ala-M260 (Stowell and others 1997).

Figure 3-1: Structure and atomic nomenclature for the three quinones tested in this study.

To show both neutral conformers, only the acidic hydrogen atoms are labeled explicitly.

These two degenerate conformers have their hydrogen atoms positioned in the plane of

the ring 120 degrees apart. The quinones are docked in the QA site in four orientations

related by 180-degree rotations about the axes A-1 and A-2. These rotations maintain the

important hydrogen bonds between the quinone carbonyls A) 5-OH-2-Me-NQ, B) 2-OH-

3-Me-NQ C) 2-OH-NQ.

A B C
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Figure 3-2: Atomic position nomenclature for 5-OH-2-Me-NQ docked in the QA site.

These positions also correspond to the ortho-hydroxyls. In the primed position of the

quinone rings moves closer to residue Met-M218 due to a rotation about an axis

connecting positions 1 and 4.
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3-C) Results

Experimental pKa and pH Dependence of the Binding Rate for 5-OH-2-Me-NQ: The

solution pKa for 5-OH-2-Me-NQ was determined by difference absorbance spectroscopy

at 520nm. The absorption peak at 520nm is proportional to the fraction of ionized species

(fi) thus the pH dependence of the difference peak yields the pKa. The titration was done

in the pH range of 6 to 10.2 and the data was fit with equation 1 yielding the solution pKa

of 9.4 (Fig. 3-3).

Figure 3-3: Experimental pKa measurements of 5-OH-2-Me-NQ

Open squares: pKa measured in aqueous solution by difference absorbance spectroscopy

at 520nm. The pKa is 9.4; filled circles: pKa measured in the QA site of bacterial RCs by

the pH dependence of the P+QA
- amplitude. The pKa is 7.6. The solid lines are the best fit

to equation 1.

The pKa of 5-OH-2-Me-NQ in the QA site was determined by the pH dependence

of the amount of charge separated state (P+QA
-) formed by a flash of actinic light. Only
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the neutral species can accept an electron at the QA site to form the charge separated state,

thus the amplitude at any given pH is proportional to the fraction of neutral species. The

activity was titrated in the range of 7.2 to 9.6 under saturating conditions. The pH

dependence provided the in situ pKa of 7.6 ± 0.13, a downshift of 1.8 pH units relative to

solution (fig. 3-3). In support of this, previous continuum electrostatics calculations have

shown that the pKa for ubiquinone semi-quinone in the QA is downshifted by 1.5 pK units

(Zhu and Gunner 2005).

The sample took several minutes to reach equilibrium at each pH tested. This

slow rate is attributed to the slow dissociation of the anionic quinone. It has been

previously established that protonated 5-OH-2-Me-NQ associates and dissociates rapidly

from the QA site (on the order of milliseconds) while the ionized form displays very slow

binding kinetics (on the order of minutes) (Madeo). The observed slow loss of P+QA
-

amplitude, even at pHs well below 9.4, confirms that the ionized species is formed in the

QA site, thus the pKa is downshifted relative to solution. The binding mechanism of the

ionized species was previously determined to have a first order rate-determining step and

the first order rate constant (kuni) is obtained by solving equation 2. kuni is pH independent

in the range of 7.2 to 10.2 (Fig. 3-4) providing evidence that the time dependent loss of

activity is due dissociation of the anionic quinone.
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Figure 3-4: pH dependence of the rate to reach the equilibrium amplitude of P+QA
-

The unimolecular rate constant (kuni) was obtained by fitting the time dependent loss of

P+QA
- amplitude with equation 2. The dashed line is the average value, 0.026 s-1.

Theoretical Determination of in situ pKa for 5-OH-2-Me-NQ: MCCE was used to

determine the in situ pKa of 5-OH-2-Me-NQ in the QA site. Monte Carlo sampling was

done over the pH range of 6-10. The energy difference between the ionized and neutral

species was determined to yield a pKa of 7.2. This is a downshift of 2.2 pH units from the

solution in reasonable agreement with the experimental results shown above. Thus the QA

site stabilizes the ionic species by about 3kcal/mol relative to the neutral (equations 1 and

2). This energy difference is broken up into the unfavorable loss of solvation due to

moving a charge from water into the protein (D DGrxn), the electrostatic pair-wise

interactions with the protein backbone (DGpol) and the residues (DGresidues) and the non-

electrostatic torsion and backbone Lennard-Jones interactions (DGnonel) (Table 3-1). All of

the favorable interactions come from polar interactions with the backbone and pair-wise
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electrostatic interactions with the other residues. The unfavorable reaction field energy

component is nearly cancelled out by the favorable interactions with the backbone, as is

commonly observed with anionic groups (Gunner and others 2000; Kim and others 2005)

Table 3-1: Comparison of energy contributions for the pKa shift relative to solution for

the three quinones used in this study to that of the native quinone

reaction DDGrxn DGpol DGresidues DGnonel Solution

pKa/Em

In situ

pKa/Em

pKa’

5-OH-2-Me-NQ

proton transfer

5.4 -4.8 -3.3 0.5 9.4 7.1 7

2-OH-NQ

proton transfer

4.7 -2.8 -6 0 4.0 0.5 2.1

2-OH-3-Me-NQ

proton transfer

4.3 -2.6 -4.8 0 5.0 1.81 3.4

QA
*

electron transfer

6.5 -4.6 -4.1 0 -145mV -37mV

QA
*

Proton transfer

6.7 -4.6 -3.9 0 4.9 3.4

QB
* (proximal)

Electron transfer

6.4 -6.5 -2.3 0 -145mV -7mV

QB
* (proximal)

Electron transfer

0 4.9 2.7
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The negative sign for the pKa shift indicates a downshift due to the stabilization of the

ionized species relative to the neutral. *Native quinone values are from (Zhu and Gunner

2005). Em values are given at pH 7.

The primary contribution to DGpol is from residues M250-260 and (Fig. 3-5) in agreement

with what is found with the native ubiquinone-10 (Zhu and Gunner 2005). The residues

most important for electrostatic stabilization of the ionized quinone (and thus directly

contribute to the DpKa) are the non-heme iron (due to the +2 charge, iron contributes the

highest stabilization energy for the ionized quinone), HisM219, ArgM241, ArgM247 and

ArgM253 (Table 3-2, Fig. 3-5). These 3 Arg, about 13-15 A away from O5, remain

ionized over the entire pH range of the titration and they contribute 5.5kcal/mol of the

favorable electrostatic energy stabilizing the anionic quinone. Thus, as expected for a

buried hydrophobic environment long-range electrostatic interactions are significant

(Kim and others 2005).

Theoretical Determination of in situ pKa for the ortho-hydroxyl quinones: The calculated

pKa for 2-OH-3-Me-NQ is 1.2, a downshift of 2.8 pK units from the solution value. Thus

the QA site stabilizes the ionic species by about 3.8 kcal/mol relative to the neutral

(equations 1 and 2). The calculated pKa for 2-OH-NQ is 0, a downshift of 4 pK units

from the solution value. Thus the QA site stabilizes the ionic species by about 5.4

kcal/mol relative to the neutral (equations 1 and 2). The breakdown of the energy

contributions is shown in Table 3-1. The same residues that make the strongest
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contribution to the pKa shift of 5-OH-2-Me-NQ also make the strongest contributions for

the ortho-hydroxyl quinones (Table 3-2, Fig. 3-5).

Table 3-2: Residues with the largest contribution to the DpKa in the QA site of the three

quinones used in this study.

DpKa

Residue 5-OH-2-Me-NQ 2-OH-3-Me-NQ 2-OH-NQ

Fe2+ -4.5 -4.3 -5.1

His-M219 -1.2 -1.2 -1.7

Arg-M233 -0.8 -0.5 -0.5

Arg-M241 -1.5 -0.7 -0.7

Arg-M247 -1.1 -0.7 -0.8

Arg-M253 -1.5 -0.8 -0.9

Asn-M259 -1.0 -0.2 -0.3

All ionizable residues are in their ionized form except His-M219. The negative sign for

the pKa shift indicates a downshift due to the stabilization of the ionized species relative

to the neutral.
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Figure 3-5: Residues that make the strongest contributions to shifting the pKa of the three

hydroxyl quinones used in this study. All of the Arg residues have a positive charge and

are located 12-15 angstroms away from the quinone. The box labeled ‘quinone’

represents the net space taken up by all four of the possible quinone orientations. The

amount that the side chain each of these residues shifts the pKa is given in Table 3-2.

Stabilization of 5-OH-2-Me-NQ with different orientations in the QA site: Table 3-4

shows the energy components contributing to the pKa shift of 5-OH-2-Me-NQ in the four

different orientations (see Methods for a description). In the neutral state 5-OH-2-Me-NQ

prefers the down, right orientation relative to the up, right orientation because the

hydroxyl group interacts more favorably with the side chain of His-M219 (making

DGresidues more favorable) and in the up, right orientation the hydroxyl group has a more
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unfavorable LJ interaction with the backbone of residues Ala-M248 and Ala-M260

(making DGnonel less favorable).

For 5-OH-2-Me-NQ, the left orientation is occupied only in the ionized state thus

pKa values could only be obtained for the right orientation (Table 3-3). This is because in

the left orientation there is a LJ clash with the most favored conformer (conformer 1) of

Met-M218 (Fig. 3-6). Conformer 1 of Met-M218 is favored because it has 1.2kcal/mol

more favorable LJ interactions with the backbone (residues Leu-M215 and Leu-M214)

and 1.35kcal/mol more favorable pair-wise interaction with Trp-M252 than conformer 2

(Fig. 3-6). In order for the quinone to occupy the left orientation Met-M218 must adopt

the unstable conformer 2. Despite this ionized 5-OH-2-Me-NQ occupies the left position

by 12%, forcing Met-M218 to occupy conformer 2 (the occupancy changes from 10% to

25% at the end of the titration). The energetic cost of moving Met-M218 into the position

of conformer 2 is paid back by the lower desolvation penalty of the ionized quinone in

the left orientation. A lower desolvation penalty is more important for a charged species.

The pKa in the down, right orientation is 7.8, which is 2 pH units higher than the

up right orientation (pKa = 5.8). Thus the up right orientation favors the ionized state

relative to the neutral 100-times more than the down right orientation. Different residue

pair-wise interactions (DDGresidues) in the up and down right orientations accounts for this.

The important residue interactions are with Fe2+, His-M219 and Glu-L212 (Table 3-4).

Despite that the up right orientation moves the hydroxyl oxygen (O5, Fig. 3-1) 4.6A

further away from Fe2+ than the down, right orientation (Fig. 3-2), interactions with Fe2+

lowers the pKa by 0.3 units more in this orientation (Table 3-4). This is because the acidic

protons have a partial positive charge that interacts unfavorably with the Fe2+.
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Interactions with His-M219 lowers the pKa by 0.8 units more in the up, right orientation

because the neutral quinone interacts with His-M219 2.5-times favorably in the down,

right orientation making it harder for the quinone to be ionized in this position. Lastly,

Glu-L212 interacts appreciably only in the down, right orientation because the negatively

charged hydroxyl oxygen comes close to the ionized acid. Glu-L212 has a pKa of about 8

and it is an important residue for regulating the electrochemistry at the QB site (Alexov

and Gunner 1999). Thus Glu-L212 titrates in the same region as 5-OH-2-Me-NQ in the

down, right orientation and the unfavorable interaction between the two ionized species

raises the quinone pKa by 0.5 units in this orientation (Table 3-5).

Figure 3-6: Interactions between 5-OH-2-Me-NQ and Met-M218.

 When 5-OH-2-Me-NQ occupies a right orientation (either up or down, although up is

illustrated here), Met-M218 occupies its most stable conformer (conformer 1). Conformer

1 is a more stable conformer for Met-M218 because it avoids the LJ clash with the

backbone of residues Leu-M214 and Leu-M215 and interacts more favorably with Trp-

M252. 5-OH-2-Me-NQ can occupy the left position only if Met-M218 moves out of the
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way and occupies conformer 2. Despite this conformer 2 increases its occupancy from

10% to 25% due to the ionization of 5-OH-Me-NQ.

Table 3-3: Comparison of the energies of occupied conformers for 5-OH-2-Me-NQ

net

crg

OH

position

DGrxn DGpol DGres DGnonel Occ. BK

0 8 6.1 -0.7 -6.3 -17-3 81% -3.7

0 5 5.7 -2.7 -4.5 -14-1 19% -3.7

–1 8 14 -6.6 -9.8 -17-3 48% -9.4

–1 5 13 -7.6 -8.7 -14-1 40% -8.6

–1 5' 10.4 -5.8 -9.5* -13-0 12% -5.8

*After the clash with Met-M218 is subtracted out.

Reported occupancies and DGresidues are given at pH 5.3 for the neutral and pH 9 for the

ionized conformers.
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Table 3-4: Comparing the residue interactions contributing to the pKa of 5-OH-2-Me-NQ

in the QA site in the down and up right orientations

Residue pKa (OH 8’) pKa (OH 5)

Fe2+ -7 -7.3

His-M219 -1.5 -2.3

Glu-L212 +0.5 0

Sum -8 -9.6

All numbers are given in pK units. Negative values indicate that the residue favors

interactions with the ionized quinone thus lowering the pKa. The calculated pKa for the

down, right orientation is 7.8 and the up, right is 5.8.

Stabilization of the ortho-hydroxyls with different orientations in the QA site: Unlike 5-

OH-2-Me-NQ, the left orientation is never occupied for either ionization state of the 2-

OH quinones. The stronger preference of ionized 2-OH-3-Me-NQ for the up, right

orientation (the preference is not as strong for ionized 5-OH-2-Me-NQ) makes it less

favorable to shift into the left orientation, thus it cannot pay back the energetic cost of

moving Met-M218 into conformer 2 (Table 3-5). The reason for this strong preference is

the comparably small desolvation penalty of ionized 2-OH-3-Me-NQ in the up, right

orientation (DDGrxn in Table 3-5). When 2-OH-3-Me-NQ occupies the up, right

orientation the hydroxyl oxygen is sitting in a cavity treated as a continuum of dielectric

80, thus in the ionized state, where O2 carries a partial charge of –0.76, this conformation

is stabilized. In the down, right orientation the methyl group is sitting in this cavity

instead, thus contributing to the large difference in occupancy of these two orientations in

the ionized state.
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In the ionized state of 2-OH-NQ the preference for up, right relative to down,

right is not as strong (Table 3-6). The reason for that is that when 2-OH-NQ occupies the

down, right position a hydrogen atom resides in the cavity as opposed to a methyl group

for 2-OH-3-Me-NQ. Thus the desolvation penalty for ionized 2-OH-NQ is not as large as

for ionized 2-OH-3-Me-NQ in the down, right orientation and as a result 2-OH-NQ can

more freely sample this orientation.

Figure 3-7: Space-filling surface model with ionized 2-OH-3-Me-NQ bound. This  shows

the position of the high dielectric cavity.

A) The up, right orientation has a relatively low desolvation penalty (8.6 pK units)

because O2 sits in this cavity. B) In the down, right orientation the methyl group occupies

this position thus the desolvation penalty is larger (12.4 pK units). This difference

explains the large difference in occupancy for these two conformers (Table 3-5).
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Table 3-5: Comparison of the energies of occupied orientations for 2-OH-3-Me-NQ

net

crg

OH position DDGrxn DGpol DGres DGnonel Occ.

0 2’ 3.3 -0.9 -7.0 -20 76%

0 3’ 2.7 -0.7 -6.0 -20 24%

–1 2’ 12.4 -5.3 -11 -20 8%

–1 3’ 8.6 -4.4 -10 -20 92%

Reported occupancies are given at pH 0 for the neutral and pH 3 for the ionized

conformers.

Table 3-6: Comparison of the energies of occupied orientations for 2-OH-NQ

net

crg

OH position DDGrxn DGpol DGres DGnonel Occ

0 2’ 2.9 -0.7 -4.3 -19 51%

0 3’ 2.9 -0.6 -5.5 -18 49%

–1 2’ 10.4 -5.0 -11.5 -19 28%

–1 3’ 9.5 -4.5 -11.5 -18 72%

Relative binding affinities of the three quinones: The dissociation constants (Kd) for the

anionic species of 5-OH-2-Me-NQ and 2-OH-NQ at the QA site were previously

measured experimentally. For 2-OH-3-Me-NQ dissociation could not be observed, thus
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the Kd could not be determined. Thus it was concluded that 2-OH-3-Me-NQ binds at the

sub-nanomolar level, which is too tight to be measured experimentally.  The neutral

species could not be measured due to the low solution pKas of the ortho-hydroxyl

quinones. Although MCCE cannot calculate the absolute binding affinity of a bound co-

factor, it can determine their relative binding energies (see Methods). Thus MCCE was

used to determine the relative binding energies of the three hydroxyl-quinones used in

this study.

Table 3-7 compares the experimental and theoretical relative binding energies.

The experimental value is log(Kd,1/Kd,2), which gives the free energy difference of binding

for between two ionized quinones (1 and 2) in pK units. For 2-OH-3-Me-NQ the Kd is

assumed to be 1nM (the smallest value that would be observed experimentally), thus the

smallest value of log(Kd,1/Kd,2) is obtained. The MCCE value is obtained from difference

of DGprotein in the ionized states of the respective hydroxyl quinones. The theoretical

comparison between 5-OH-2-Me-NQ and 2-OH-3-Me-NQ (1 and 2) shows that ionized

2-OH-3-Me-NQ binds 6.8 pK units more favorably which corresponds to a Kd 106-fold

tighter. This could explain the reason why dissociation could not be observed

experimentally. Most of the additional binding energy comes from the comparably small

desolvation penalty (DGrxn) and more favorable LJ interactions with the backbone.
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Table 3-7: Comparison of experimental and theoretical free energy differences between

the binding affinities for ionized hydroxyl quinones.

Experiment MCCE

DGb, 1 - DGb, 2 at least 3.6 6.8±1

DGb, 1 - DGb, 3 1.65 ± 0.4 3±1

DGb, 3 - DGb, 2 at least 2 1.5±1

Energy values given in pK units.

1: 5-OH-2-Me-NQ with experimental Kd = 4.5 ± 1.4mM; 2: 2-OH-3-Me-NQ with

experimental too tight to be determined; 3: 2-OH-NQ with experimental Kd = 0.1 ±

0.05mM.

3-D) Discussion: In photosynthetic reactions centers electron transfer reactions

are initiated by a photon of light. The reactions take place between bound co-factors

embedded in a protein medium resulting in the conversion of light energy to charge

separation across biological membranes. Quinones are important biological redox agents

whose chemistry is modified significantly by the protein environment in which it is

bound. In bacterial RCs, both quinone binding pockets (QA and QB) are occupied by

ubiquinone-10. Despite this electron transfer is favorable only from Qa to Qb with nearly

100% quantum yield. Thus the protein environment is of critical importance. Studying

the protein-quinone interactions that take place in the binding sites is a necessary step for

characterizing the role of the protein environment. Since semi-quinones are unstable free
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radicals it is difficult to work with them directly. Thus in this study, the deprotonated

species of 5-OH-2-Me-NQ was used as a stable negatively charged quinone and the pH

dependence of its binding to the Qa site was characterized. The results presented here

supports the idea that the net negative charge on the quinone is the most important feature

used by the protein to regulate quinone electrochemistry at the Qa site.

In the Qa site, the bound quinone is deeply buried, about 20 A from the protein

surface. Through specific interactions with surrounding residues, the negatively charged

and neutral quinone species are differentially stabilized and properly orientated for

electron transfer. This differential stabilization is characterized by the difference in the

dissociation equilibrium constant (Kd) for the neutral and reduced species. Although the

Kd of the semi-quinone (Kdion) cannot be measured directly, it can be calculated using

equation 2, if the Kd of the neutral species (Kdneu), the Em of the electron transfer in the

protein (Empro) and in solution (Emsol) are known. By substituting pKa for Em in equation

2, the shift in pKa can be used to compute the Kd of the deprotonated species relative to

the neutral. The form of the equation is unchanged because both processes are driven by

the equilibrium occupancy of a neutral and ionized species. The equation relating this

thermodynamic cycle is Kd, ion = 10pKa, prot – pKa, sol(Kd, neu)
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Figure 3-8: Thermodynamic cycle showing the relationship between the quinone pKa

shift and relative affinities of the ionized and neutral species.

Thus, according to equation Kd, ion = 10pKa, prot – pKa, sol(Kd, neu), a shift in Em (or pKa) is

directly related to a shift in Kd and can therefore be used to characterize the differential

stability of the quinone species. A large Em or pKa shift indicates a large difference in

stability. The direction of the shift indicates which species has become more stable

relative to the other. For example, a downshift in pKa indicates that the deprotonated

species has become more stable relative to the protonated while a downshift in Em

indicates that the oxidized species has become more stable relative to the neutral.

The Qa site is a hydrophobic environment with no ionizable residues within a 12

A radius of the native quinone. The negatively charged semi-quinone bound to the Qa

site of bacterial RCs is the first stable species during photosynthesis, having a lifetime on
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the order of seconds. Thus, despite the hydrophobic nature of the environment a buried

negative charge is stabilized. The Qa site is also non-polarizable. The response of the

protein to the change in charge upon Qa reduction are believed to occur at distant sites,

such as the H subunit where proton transfer takes place and the residues surrounding Qb.

The Qa site is, therefore, a low dielectric medium, thus long-range electrostatic

interactions are important. The desolvation penalty is the energy loss due to the

unfavorable reaction of transferring a charged or polar species from the high dielectric

medium of water to the low dielectric medium of the protein interior. Thus the

desolvation penalty is larger for the charged species because it interacts more strongly

with water. Depending on how buried the binding site is, this desolvation penalty alone

can shift pKas up to 5 pK units or Ems up to 300mV. Favorable interactions between the

anionic semi-quinone and the protein compensate for this. Although the quinone reaction

studied here is a proton transfer, the energetics are similar to the differential stability of

ubiquinone-10 in its reduced and oxidized forms, where the ionized species binding

energy is about 2 kcal/mol more favorable than the neutral.

Binding affinities for the hydroxyl quinones:

Although the quinone concentration dependence of the P+QA
- amplitude is the

standard way to measure the dissociation constant (Kd) for functional quinones it could

not be applied for neutral 5-OH-2-Me-NQ for two reasons: 1) even at pH 7.2, the charge

recombination amplitude decreases with time due to formation of the ionized species in

the QA site, thus the relationship between total quinone concentration and charge

recombination amplitude was not directly proportional 2) the charge recombination rate
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changes as a function of quinone concentration indicating that some of the quinone may

be binding at the QB site.

The ionized species for all three hydroxyl quinones act as QA site competitive

inhibitors, thus their dissociation constants (KI) were measured previously by determining

the concentration dependence DQ activity (Madeo). The KI for 2-OH-3-Me-NQ could not

be determined because association appeared to be irreversible. It was concluded that the

added methyl group at the 3 position would need to increase the affinity of 2-OH-NQ by

at least 100-fold (equivalent to two pK units) in order to not observe DQ displacement.

This is in very good agreement with the comparison found with MCCE calculations

(Table 3-7). The additional binding energy for 2-OH-3-Me-NQ comes from about a 10-

fold smaller desolvation penalty and another 10 to 100-fold more favorable LJ

interactions with the backbone (Tables 3-5 and 3-6).
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Chapter 4: Applying Multi-Conformational Continuum Electrostatics to Evaluate

the Redox Potentials of the Co-factors in PSI and PSII

4-A) Introduction: Photosystem I (PSI) and photosystem II (PSII) use similar co-

factors in a similar orientation to conduct electrons across the membrane. Despite these

similarities the redox potentials of the embedded co-factors is different in the two

photosystems. The Em of the primary donor of (P700) PSI is 450mV while for PSII (P680) is

1100mV.  The higher potential of PSII is necessary because it must oxidize water (Em

=820mV). The primary donor of both photosystems is a chlorophyll a (Chla) dimer, thus

the protein environment plays the important role of fine tuning these potentials. MCCE

(Multi-Conformational Continuum Electrostatics) is a computational method that can

calculate the shift in Em of a co-factor in moving from the high dielectric environment of

water to the low dielectric environment inside the protein. MCCE was used to calculate

the redox potentials of the primary donors of both PSI and PSII. The potential of each

monomer was also determined. In agreement with experimental results from the literature

the A chain monomer of PSI (PA) is higher potential. This indicates that the electron is

asymmetrically distributed in P700 and is more likely to be found on PA. The role of

electrostatics in tuning the environment is investigated. In addition both PSI and PSII

contain quinones as part of their electron transfer chain. PSI contains 2 phylloquinoes

(A1A and A1B) in the A and B co-factor branches. These quinones are very low potential

(about –600mV). PSII contains 2 plastoquinones (QA and QB) at potentials near 0mV. In

PSII the protein raises the quinone potential relative to solution, while in PSI the protein
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lowers the potential. The role of electrostatics in tuning these potential was also

investigated using MCCE.

The reaction centers of photosystem I (PS I) and photosystem II (PS II) are the

two membrane–bound protein pigment complexes responsible for the conversion of solar

energy into chemical energy during photosynthesis in cyanobacteria, green algae and

higher plants (Nelson and Ben-Shem 2004). Numerous pigments harvest light and funnel

it to the primary electron donors; P700 for PS I and P680 for PS II.  P700 and P680 are

specialized pairs of chlorophyll molecules whose geometry and redox potential are finely

tuned by their protein environments. The harvested photon excites these primary donors,

greatly decreasing their redox potentials and thus initiating a chain of electron transfer

(ET) reactions between bound redox active co-factors. In PS I the excited electron of P700

is transferred in sequence to A0 (a monomeric chlorophyll a, Chla), A1 (phylloquinone)

and the three Fe4S4 clusters Fx, FA and FB. In PS II the excited electron of P680 is

transferred in sequence to a pheophytin (PheoD1), QA (plastoquinone) and QB

(plastoquinone). The final electron acceptor for PS II is the bound plastoquinone (QB),

which is doubly reduced to plastoquinol and subsequently dissociates from the reaction

center (Diner and Babcock 1996). For PS I the final acceptor, ferredoxin, is a separate

iron-sulfur protein that docks to the reaction center and uses the electron to reduce NAD

to NADPH. P700 is re-reduced by the mobile electron carrier plastocyanin. P680 is re-

reduced by the PS II residue Tyr161D1, which is subsequently reduced by the bound

oxygen-evolving center (OEC) where the ultimate source of electrons comes from water.

Crystal structures of PS I (2.5 A) (Jordan and others 2001) and PS II (3.5 A)

(Ferreira and others 2004) from cyanobacteria reveal that the redox-active co-factors in
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both photosystems are arranged in two symmetric branches related by a pseudo-axis

perpendicular to the membrane (Fig. 4-1). Each branch is bound to a particular

membrane-spanning subunit; PsaA and PsaB in PS I and D1 and D2 in PS II. Electron

transfer can take place along both branches in PS I, although at different rates, until the

electron reaches Fx located on the pseudo-symmetry axis (Fig. 4-1). In PS II ET always

occurs along D1 until QA•- passes the electron to QB, bound to D2. The Chla monomers

that make up the special pairs are named according to the branch they are closest to; PA

and PB for P700 and PD1 and PD2 for P680.

Despite their similar geometry, the redox active co-factors of PS I and PS II have

very different potentials. PS II, with its ability to extract electrons from water (Em =

820mV), is the most powerful oxidizing agent known in biology, while the role of PS I is

to generate strong reducing equivalents, thus its co-factors are much lower potential. The

redox potential of P700  is 470mV (Webber and others 1996) while P680 is on the order of

1150 to 1260 mV (Nugent 1996; Rappaport and others 2002). Thus these photosystems

provide very different environments for their co-factors. The electronic structure of the

oxidized primary donor and interactions with the protein environment determine the

redox potential in both photosystems (Rutherford and Faller 2002; Webber and Lubitz

2001). The crystal structures have shown that the major organizational difference

between P700 and P680 is the distance between the chlorophylls (6.34A for P700 and 8.15A

for P680). Thus P680 is less coupled and may be monomeric (Mulkidjanian 1999;

Rutherford and Faller 2002; Rutherford and Nitschke 1996) while P700 behaves more like

a dimer. Furthermore P700 is a heterodimer where PA is Chla’, the C-132 epimer of PB

(Chla) (Jordan and others 2001). No chlorophyll isomers are found in PS II.
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The reasons why P680 is about 600mV higher potential than P700 and

plastoquinones in PS II are about 500mV higher potential that the phylloquinones bound

to PS I are a mystery. Factors that could play a role include electrostatic interactions with

the surrounding protein, ring torsion, hydrogen bonding and the dimeric quality of the

primary donors. The work presented here uses multi-conformational continuum

electrostatics (MCCE) to investigate the role of electrostatics in tuning the redox potential

of P700, A1A and A1B in PS I and P680, QA and QB in PS II. The differential interactions

between these co-factors and their protein environment have a significant effect on their

electrochemistry. About 50% of the potential gaps between PS I and PS II can be

accounted for by electrostatics.

4-B) Methods: Atomic charges: For all oxidation states of chlorophylls and

quinones and the two protonation states of 1,2-dipalmitoyl-phosphatidyl-glycerole (LHG

in PS I, PDB 1JB0) and bicarbonate (BCT) the partial atomic charges were obtained by

the Hartee-Fock type ab initio method with a 6-31G** basis set. The electronic density

was partitioned into atomic charges by the method of charges from electrostatic potential

(CHELPG charges) implemented in Gaussian 98. The net charge for LHG and BCT was

–1 for all redox titrations. For the Mn4O4 cluster (PS II) each oxygen atom was assigned a

charge of –2, two of the Mn atoms were assigned +4 and the other two +3 and +2 as

suggested for the S0 state in the Babcock hydrogen-atom abstraction model (Tommos and

Babcock 1998). PARSE charges and radii were used for all other groups (Sitkoff and

others 1994).
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Reference Em values: MCCE calculates the shift in the free energy of ionization

when moving from water (e=80) to protein (DDGprotein). The in situ Em is given by Em = Em,

sol - DDGprotein/nF. Em,sol is the reference redox potential of the group in solution. For Chla,

Em, sol for the one electron oxidation reaction is 500mV (Suponeva and others 1995). The

Em, sol of a one-electron reduction, in a protic solvent, for plastoquinone (QA and QB of PS

II) is –170mV and for phylloquinone (A1A and A1B of PS I) is –240mV (Swallow 1982a).

4-C) Results:

Redox potential of P700 of PS I: The calculated Em for P700 is 565mV, a shift of

+65mV (DDGprotein = +65meV) relative to the solution value. Table 4-4-1 shows the

energy components that contribute to the Em of P700. (DDGprotein is broken up into the loss

of charge stabilization in moving from the high dielectric environment of water into the

low dielectric of the protein ((DDGrxn), the electrostatic pair-wise interactions with the

backbone ((DGepol), the torsion and Lennard-Jones interactions ((DGnonelec) and the residue

pair-wise interactions with other conformers ((DGresidues). The positive values in Table 4-

4-1 indicate contributions that destabilize the ionized species, thus raising the potential

for P700. The reported values are the average between the two monomers. Table 4-4-1

shows that (DDGepol destabilizes the oxidized primary donors, thus contributing to raising

their potentials. This is not surprising because the backbone dipoles tend to stabilize

anions not cations (Gunner and others 2000). (DGresidues is the only energy component that

lowers P700 potential. Thus favorable electrostatic interactions between P700 and the

surrounding side chains significantly stabilize the oxidized state overcoming the

unfavorable repulsion of the backbone and the desolvation penalty. Buried ionized
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residues in the P700 binding site can account for this. Electrostatic interactions are

effective over long ranges in the low dielectric medium of the protein, thus buried

charges are important for maintaining functional pKas and Ems in many protein systems

(Kim and others 2005). Interactions up to 25 A away influence the Em of P700. Our

calculations show that the His ligands (His-A680 and His-B660) lower the potential of

their respective chlorophyll monomers by about 80mV, in agreement with mutational

analysis in Chlamydomnas reinhardtii (Krabben and others 2000).

Redox potential of P680 of  PS II: The calculated Em for P680 is 820mV, a shift of

+320mV relative to solution. At the end of the titration, PD1 was almost fully oxidized

(96%), while PD2 was only 4% oxidized. Thus PD1 is appears to be the primary donor in

PS II. Since essentially only PD1 was oxidized when both monomers were free, PD1 and

PD2 were titrated independently and while one was titrating the other was fixed in its

neutral state. These are the values reported in Table 4-1.

The main difference influencing the gap between P700 and P680 is the pair-wise

interactions with other residues (Table 4-1). The OEC, with a net charge of +6, has the

largest pair-wise interaction raising the potential of P680 (300mV).
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Table 4-1: Summary of energy components for primary donors and quinones

Co-factor Em (mV)

† 

DDGrxn

† 

DGpol

† 

DGnonel

† 

DGresidues

P700 (PS I) 565 +236 +84 0 -246

PD1 (PS II) 822 +211 +127 0 -30

PD2 (PS II) 907 +225 +114 0 +65

QA (PS II) -43 +218 -111 0 -233

QB (PS II) 0 +271 -151 0 -291

A1A (PS I) -221 +345 -227 0 -134

A1B (PS I) -227

All calculations were done at pH 7 and 100mM salt. Energy values are given to the

nearest millielectrovolt (meV). Negative values indicate a more favorable interaction

with the ionized species, thus contribute to lowering the potential of the primary donors

and raising the potential of the quinones.

Redox potentials of PA and PB of P700: At the end of the titration for P700, PB is 83%

oxidized while PA is 16% oxidized indicating that PB is lower potential than PA. To get a

better understanding of how the protein environment contributes to lowering the potential

of PB relative to PA, the Em of each monomer was calculated independently by switching

off the charges of the other monomer (Table 4-2). The difference in Em between the two

monomers is 36mV with DGpol contributing 67% and pair-wise interactions with the

residues contributing the other 33%.
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The most important residue for direct hydrogen bonding to PA is Thr-A743. When

the hydroxyl hydrogen of Thr-A743 is fixed in the position with the best orientation for

hydrogen bonding to PA the Em of PA is 640mV (38mV higher than when it is free to

sample all positions), thus this hydrogen bond acts to raise the potential of PA relative to

PB. The only likely hydrogen bond donor to PB is hydroxyl hydrogen of Thr-B726, which

is 4.68A from the 133-ester carbonyl. Fixing this hydrogen in the most optimal hydrogen

bonding position raised the Em of PB by only 9mV. Thus hydrogen bonding is more

important for tuning the potential of PA as compared to PB, in agreement with other

studies (Breton and others 2005).

Table 4-2: Difference in environment between the monomers of P700

Co-factor Em (mV)

† 

DDGrxn

† 

DGpol

† 

DGnonel

† 

DGresidues

PA 603 +236 +96 0 -232

PB 566 +238 +72 0 -244

Redox potential of QA and QB in PS II: PS II contains the benzoquinone plastoquinone

(PL9) as both QA and QB. QA is lower potential than QB thus permitting forward electron

transfer.  In these calculations, each quinone was titrated independently while the other

was fixed in the neutral reduced state (Table 4-4-1).

The calculated Em for QA is -43mV in good agreement with published values

(Johnson and others 1995; Krieger and others 1995; Rappaport and others 2002) and
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about 168mV higher than the reference value. The structure of the QA site resembles that

of purple bacteria. Similar to the reaction centers in Rhodobacter sphaeroides one

carbonyl oxygen of QA is hydrogen bonded to the non-heme iron ligand His-D214 (His-

M219 in Rhodobacter sphaeroides) and the other to the backbone (Allen and others

1988). In our calculations the electrostatic pair-wise interaction between His-D214 and

QA is stronger in the reduced state, thus this hydrogen bond contributes to raising QA

potential. The backbone hydrogen bond is formed with Phe-D261. In our calculations the

interaction between QA and the backbone dipole of Phe-D261 is unchanged upon QA

reduction. The geometry of the QA site is suitable for p-p interactions between the

quinone ring and Trp-D253. The importance of these interactions for setting the QA Em is

unknown. FTIR studies suggest that these interactions do not influence the Em (Noguchi

1999).

It appears that Tyr-D244 uptakes a proton upon QA reduction. Upon QA reduction

Tyr-D244 changes from 68% ionized to 16% ionized. Ser-D262 and Thr-D217 change

their preferred hydroxyl hydrogen positions upon QA reduction. These alterations do not

have a significant effect on the Em but may be important for facilitating proton motions

and protein relaxations due to the change in charge. PS II uptakes a total of 0.6 protons

upon QA reduction.

Similar to the reaction centers of purple bacteria, larger conformer occupancy

changes were observed upon QB reduction compared to QA (Alexov and Gunner 1999). In

the reduced state (QB
-), the most occupied conformer of Ser-A264 (95%) has the

hydroxyl hydrogen in the most optimal position for forming a hydrogen bond with the

quinone carbonyl oxygen (Fig. ). In the oxidized state the occupancy of this conformer is
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reduced to 7% and the interaction energy is reduced from -2.4 to -1.2 kcal/mol. Thus the

hydrogen bond between QB and Ser-A264 is important for stabilizing the semi-quinone

(raising the QB Em) and it plays a role similar to Ser-L223 in the reaction centers of

Rhodobacter sphaeroides (Alexov and Gunner 1999). The ionization of His-A252

changes from 0 to 28% in going from oxidized to reduced QB. In addition the proton

positions of His-A252 reorganize such that the position most optimal for hydrogen

bonding with Ser-A264 (Fig.) changes its occupancy from 7% to 67% upon forming QB
-.

To better understand the effect of the proton positions of Ser-A264 and His-A252

on the Em of QB, monte carlo sampling with the hydroxyl proton of Ser-A264 fixed in the

hydrogen bonding position (Fig). The Em when the proton is free to sample all possible

positions is –63mV, which is 20mV lower potential than QA (Table 4-4-1) thus forward

electron transfer would be unfavorable. With the Ser-A264 proton fixed the Em is raised

to 0.0mV permitting forward electron transfer. This 43mV gap between QA and QB is in

good agreement with experiments, thus we assume that 0.0mV is the correct Em for QB

and the energy results for this calculation is reported (Table 4-4-1). It is likely that the

hydrogen bond between Ser-A264 and QB
- is stronger than the electrostatic interaction.

Table 4-1 shows that the potential gap between QA and QB can be account for by the

differential interactions with the residues (DGresidues) in the different binding sites.

The ionization of His-A252 changes from 0 to 28% in going from oxidized to

reduced QB and this is independent of the proton positions on Ser-A264. This is also

similar to the reaction centers of purple bacteria where a proton transfer was observed in

the QB site upon QB
- formation (Alexov and Gunner 1999). In addition the proton
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positions of His-A252 re-orientate due to QB reduction, which may be important for

protein relaxation in response to the change in charge.

Redox Potential of A1A and A1B in PS I: Electron transfer in PS I occurs from A1 to

Fx and currently there is conflicting data about the relative importance of electron transfer

down the A and B branches. Despite the EPR studies suggesting that only the A-branch is

active in electron transfer (Bittl and Zech 1997; Yang and others 1998), there is a lot of

experimental evidence supporting the bidirectional electron transfer model (both

branches are active) (Guergova-Kuras and others 2001; Hastings and Sivakumar 2001;

Joliot and Joliot 1999; Santabarbara and others 2005). Our calculations show that the

redox potential of A1A are both –230mV, thus supporting the bidirectional model.

FTIR experiments suggested that Glu-A699 and Glu-A702 are affected by A1A
-

formation and Glu-B679 and Glu-B682 are affected by A1B
- formation (Hastings and

Sivakumar 2001). Thus these conserved glutamic acid residues are likely to be important

for modifying the phylloquinone Ems. Our calculations show that Glu-A699 and Glu-

A702 are ionized and lower the potential of A1A by 170mV (Fig). Glu-B679 is ionized

and lowers the potential of A1B by 100mV while Glu-B682 is 90% neutral thus does not

significantly affect the potential. Glu-B679 is ionized because of favorable electrostatic

interactions with the positively charged residues Lys-A569 (-13kcal/mol) and Lys-A555

(-12kcal/mol). Glu-B682 is not involved in such favorable pair-wise interactions thus its

driving force for ionization is not as strong.
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Previous electrostatic calculations by Ishikita et. al. suggested that Asp-B575 is

predominantly (85%) ionized and hydrogen bonded to the crystal water (HOH-37) when

A1A is neutral (Ishikita and Knapp 2003). The hydrogen bond between Asp-B575 and

HOH-37 was necessary to keep the acid ionized and the resulting interactions lowered the

potential of A1A by 100mV and A1B by 85mV (Ishikita and Knapp 2003). In our

calculations Asp-B575 is never more than 2% ionized, even with HOH-37 modeled

explicitly, because of unfavorable interactions with ionized Asp-B580. These two Asp

residues are coupled and cannot be ionized at the same time. Asp-B580 prefers to be

ionized (rather than Asp-B575) because it has more favorable interactions with Arg-B712

and LysB-556 and less unfavorable interactions with the nearby anionic Cys residues that

ligate FX (Fig. ). The unfavorable interaction energy between reduced A1A and ionized

Asp-B580 is 44% less than for ionized Asp-B575 thus Asp-B580 is less able to influence

the redox potential.

To address the influence of the electrostatic interaction between ionized Asp-

B575 on the redox potential of A1, this acid was fixed in the ionized state during A1

titration. The presence of ionized Asp-B575 changed the occupancy of the HOH-37

conformer optimal for forming a hydrogen bond with its carbonyl from 11% to 90%. This

agrees with the idea that a hydrogen bond with this crystal water is important for

maintaining the ionized state of Asp-B575 (Ishikita and Knapp 2003). Furthermore, the

ionized Asp lowered the potential of A1A by 100mV (Em = -335) and A1B by 60mV (Em =

-291mV).

The crystal structure of PS I (1JB0) contains three bound 1,2-dipalmitoyl-

phosphatidyl-glycerole molecules in the vicinity of the phylloquinones (Saenger 2002).
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These lipids are intrinsic structural components of PS I which are important for reaction

center oligomerization and binding antenna to the reaction center (Domonkos and others

2004; Saenger 2002). The lipids were modeled explicitly and the negatively charged

phosphate moiety of lipid I lowered the redox potential of A1A by 85mV (Fig), while not

significantly changing the Em of A1B.   

4-D) Discussion

Redox potential of P700: MCCE calculated an Em of 565mV for the P700 dimer, a shift of

+65mV relative to aqueous solution and close to the expected value (470mV). At the end

of the titration PA is 16-18% oxidized while PB is 82-84% oxidized indicating that PB is in

a higher potential environment. High field EPR of P700•
+ studies have indicated that the

unpaired electron is mostly localized on PB (Petrenko and others 2004). Molecular orbital

calculations also indicate that hydrogen bonding will stabilize PA suggesting that the

unpaired electron resides predominately on PB (Webber and Lubitz 2001). ENDOR

experiments have estimated that PB has 5-times more radical character than PA (Kass and

others 2001). Lastly, using FTIR difference spectroscopy in chlamydomonas PS I it was

found that PB carries the bulk of the positive charge in the P700 oxidized state (Wang and

others 2003).

To get a better understanding of how the protein environment contributes to

lowering the potential of PB relative to PA, the Em of each monomer was calculated

independently by switching off the charges of the other monomer (Table 4-4-2). Under

these conditions the Em of PA is 602mV and PB is 566mV. Thus there is approximately a

40mV difference between the two environments.
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Importance of asymmetry in P700: PA and PB of P700 are interacting with different

local environments. The PS I crystal structure shows that PA is involved in an extensive

hydrogen-bonding network while no such network is observed for PB (Fromme and others

2001; Jordan and others 2001). This hydrogen-bonding network involves a water

molecule (HOH-19), Thr-A743, SerA-607, Tyr-A603 and the backbone of Gly-A739

(residues numbers from cyanobacteria, PBD 1JB0) (Fig. ). In particular, Thr-A743 is an

important residue because its hydroxyl oxygen is 2.98 A away from the 131 carbonyl

oxygen of PA, thus it should make the strongest hydrogen bonds directly to the

chlorophyll. FTIR difference spectroscopy has indicated that the hydrogen-bond network

is perturbed due to cation formation (Wang and others 2004). The hydroxyl hydrogen

position of Thr-A743 that is the most optimal for making a hydrogen bond (position 3,

Fig. ) with the 131 carbonyl oxygen is always the most preferred, decreasing slightly from

94% occupancy to 90% occupancy upon cation formation. The interaction energy is

–1.2kcal/mol. This is mostly due to the fact that in our calculations PA is never more than

18% oxidized. The difference in the interaction energy between Thr-A743 and the neutral

versus the fully oxidized PA is +0.79 kcal/mol (interaction is stronger in the neutral state),

thus a stronger perturbation should be observed if PA carried more of the charge in the

oxidized state. The most occupied HOH-19 conformers are orientations suitable for

hydrogen bonding with Thr-A743 (Fig. ), which helps to maintain the right orientation

for the hydrogen bond between Thr-A743 and PA and Tyr-A603.

The largest change in this hydrogen bonding network due to cation formation is

the position of the hydroxyl hydrogen of Ser-A607 (Fig ). The occupancy ratio of the two
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occupied positions change from 2:1 to 3:1 in the neutral and oxidized states respectively.

The preferred position interacts more favorably with HOH-19 (modeled explicitly) and is

in the best position for hydrogen bonding with Tyr-A603 (0.86 kcal/mol interaction

energy). Despite this its occupancy is lowered upon P700 oxidation due to electrostatic

repulsions with the cationic PA.

Asymmetry in P680: There is evidence that the primary electron donor in PS II is a

chlorophyll monomer rather than a dimer in which the most likely candidate is the

chlorophyll adjacent to PhD1 (Fig) (Rutherford and Faller 2002) (more ref therein with

experimental evidence of a monomeric primary donor).  

Redox potentials of A1A and A1B:  In PS I, the two phylloquinones are

symmetrically arranged and are the last electron acceptors in the PsaA and PsaB protein

subunits respectively. Each quinone is p-stacked with trytophan residues (Trp-A697 for

A1A and Trp-B677 for A1B). Since p-stacking does not influence the electrostatic field

around the quinone it does not affect the quinone Ems calculated here. The physiological

importance of p-stacking interactions in determining the in situ Em of A1 is not known.

FTIR studies have suggested that they are not important (Hastings and Sivakumar 2001),

while quantum chemical calculations suggest that they can lower the potential of A1 by

up to 150mV (Kaupp 2002). Thus this may be a source of error in the calculations

presented here.

In contrast to PS II, only one of each of the carbonyl oxygen atoms of the

phylloquinones in PS I accepts a hydrogen bond (Fromme and others 2001; Jordan and
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others 2001). This is supported by density functional calculations (O'Malley 1999), EPR

(Pushkar and others 2004) and FTIR studies (Hastings and Sivakumar 2001). The

hydrogen bond donors are the amide backbones of Leu-A722 (A1A) and Leu-B706 (A1B).

The favorable electrostatic interaction between A1A and the backbone of Leu-A722 is

1.6kcal/mol and between A1B and the backbone of Leu-B706 it is 1.5kcal/mol. These

interactions do not change significantly upon quinone reduction. FTIR difference

spectroscopic studies have indicated that the backbone amides are perturbed due to A1A

reduction (Sivakumar and others 2005). The MCCE calculations for PSI do not match the

literature values as well as PSII (Fig. 4-7). In MCCE the backbone is fixed thus if error is

imparted in these calculations if the backbone alters its conformation due to A1A

reduction. DFT calculations have suggested that each hydrogen bond to the semi-quinone

can increase the reduction potential by as much as 250mV (O'Malley 1999), thus the lack

of hydrogen bonds in A1A and A1B could contribute to their low potential. The effect of

the loss of solvent-quinone hydrogen bonds on the shift in Em in going from solution to

the A1 binding site is not considered in our calculations. This energetic penalty could

lower the potential by up to 500mV (Kaupp 2002) making the Em in the aprotic solvent

DMF (-460mV (Prince and others 1983)) a better reference value for calculating the

phylloquinones in PS I. Using –460mV as a reference potential the calculated Ems for A1A

and A1B would be –460mV, which is closer to the expected value.



105

4-E) Figures for Chapter 4

Figure 4-1: Electron transport chains in PS I and PS II.
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Figure 4-2: Approximate redox potentials of the primary donors and quinones of PS I and

PS II.

Em (mV)
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Figure 4-3 Chlorophyll molecule with the IUPAC nomenclature system
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Figure 4-4: Important residue interactions that contribute to lowering the Em of P700.

Numbers in the parathesis indicates the shift in redox potential due to the differential

pair-wise interaction between the respective residue with the oxidized and reduced states

of P700.
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Figure 4-5: Hydrogen bonding network surrounding PA (P700).

Only hydogens that are involved in the network are shown in dark color. The

dashed lines indicate hydrogen bonds. The proton positions shown are the most occupied

in the Monte Carlo sampling (there are three HOH-19 conformers and two Ser-A607).

Thr-A743 has a strong interaction (-1.2 kcal/mol) with the oxygen of the C131 carbonyl,

which does not change significantly upon P700 oxidation. The hydroxyl hydrogen of Ser-

A607 has two occupied positions (1 and 2). The occupancy ratio of 1 to 2 changes from

1:2 to 1:3 upon P700 oxidation. Thus despite the hydrogen bonding in position 1, position

2 is more favored because it shifts away from electrostatic repulsion with the chlorophyll,

which becomes more unfavorable upon oxidation.
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Figure 4-6: Hydrogen bonding network that raises the redox potential of QB (PS II).

Hydrogen bonding with Ser-A264 plays an important role in stabilizing the semi-

quinone permitting forward electron transfer from QA
-.
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Figure 4-7: Comparing MCCE calculated redox potentials of PSI and PSII to other

published values. MCCE can account for about 70% of the gap between the primary

donors of PSI (P700) and PSII (P680). The rest may come from non-electrostatic

contributions such as hydrogen bonding and quantum mechanical effects that do not

greatly affect the electric field surrounding the co-factors. MCCE calculates the co-

factors for PSII reasonable well, but is significantly far off for PSI. This could partially

be due to using the wrong reference Em value in solution (see text).



112

APPENDIX

Model A, Second order analysis of fast binding active quinones at 100% light saturation

(l = 1): In the double flash method the depletion of RCQ by an actinic flash of light

causes quinone association to be much faster than dissociation (kon*[QF][RCF] >>

koff*[RCQ]), thus additional RCQ is formed, denoted RCQbind, which is detected by a

second flash. The difference in amplitude between the flashes is used to derive the

association rate constant (kon). The data is fit assuming a second order reaction (A1).

Since Kd, the dissociation constant, is measured independently and koff=Kd*kon, the only

free parameter is kon. The mathematical model is a first order nonlinear differential

equation that is solved to obtain RCQbind as a function of time:

RCQeq = concentration of RCQ excited by the first flash at a given quinone concentration

thus forming the RCQ± state

kAP = rate constant for the larger phase of QA charge recombination (the smaller phase

is due to the residual native quinone in the QA site which does not participate in the

binding), measured from the exponential decay of P+ at 430nm.

Given

The rate of change of RCQ is:
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Conservation equations for RCF (t) and QF (t) are:

After the first flash, the formation of RCQ by charge recombination from the RCQ± state

(RCQback):

Putting the model together gives:

Setting the initial condition to [RCQbind t=0]=0, Mathematica 4.2 was used to find

numerical solutions to this equation for values of QT ranging from 0 to the concentration

needed to completely saturate the QA sites at equilibrium. The solutions give RCQbind as a

function of time at each quinone concentration. Plotting RCQeq + RCQbind against QT for

each time point generates a set of sigmoidal curves. The kon used to generate plots that

best fit for the data is the measured kon of the quinone. Figure A1 illustrates the time
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course of model A. Assuming 100% light saturation the initial conditions: [RCQbind t=0] =

0.

Modifications due to incomplete light saturation (l < 1): Each flash of actinic

light excites approximately 80-85% of the RCQ (l = 0.80-0.85) leaving the other 20% in

the ground state. Thus there is an increase in amplitude on the second flash even in the

absence of quinone binding. l  is measured from the extra amplitude formed by the

second flash at saturating quinone concentrations. The absorbance change on the first

flash (∆A1) is proportional to l*[RCQeq], where l is the light saturation (the fraction of

RCQ that received at least one photon) and [RCQeq] is the equilibrium concentration of

RCs with active quinone bound before a flash perturbs the system. On a second flash,

given at time t ∆A2(t) is proportional to [RCQbind(t)]*l + [RCQ±(t)]+(1-l)*[RCQeq],

where [RCQ±(t)] is the amount of charge separated RCs remaining at time t. l < 1 is

accounted for in the theoretical model by fixing the initial conditions for solving equation

A6 to: [RCQt=0]=(1-l)*[RCQeq],  [RCQ±
t=0]=[RCQeq]*l and RCQbind t=0=0. Thus equation

A6 is transformed to:

where,

l = percent light saturation (measured when the QA site is fully occupied

Accounting for the light saturation in the model means that the data can be fit without any

modifications. The effect that l < 1 has on the theoretical curves is shown in figure A1.
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On the other hand, l < 1 can be corrected for in the data rather than the model.

The change in amplitude between the flashes (A2 -A1) can be modified to correctly reflect

the change in amplitude strictly due to association. The modified change in amplitude is

computed as DA = A2 – p*A1

The correcting factor p is:

Correcting the data for light saturation and then fitting it to the model is important for the

analysis of the quinone concentration dependence of kon.

Figure A1: Effect of l < 1 on the time course for the double flash assay

The solid lines represent the time course for RCF, RCQ (total concentration of bound

RCs) and RCQbind (the additional RCQ formed due to association) during the double flash

analysis when l = 1 and the dashed lines are for l = 0.80. The conditions chosen here fix
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QT so the QA sites are 50% saturated, thus RCQeq = RCF = 

† 

1
2 RCT and QT=

† 

1
2 RCT + Kd;

Kd=0.6mM, kAP = 3.5s-1 and RCT=1mM. The derived kon is 8*106 M-1s-1.

Model B, Second order model for slow inhibitor binding: The inhibitor binding of the

anionic hydroxyl quinones (RCI) is monitored by the disappearance of DQ charge

recombination activity. Since KI, the inhibitor dissociation constant, is measured

independently, the only free parameter is the association rate constant (kon). DQ binding

kinetics occurs 1000 times faster and thus are ignored in the model.

RCQeq = concentration of DQ bound RCs at equilibrium given that the Kd for DQ is 05.

The rate of change of RCI is:

The conservation equations for RCF (t) and IF (t) are:

Putting the model together yields:

This equation is solved with initial condition RCI(t=0)= 0. The best fit to the data yields the

second order kon (M-1s-1).
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Model C, Dissociation of anionic hydroxyl quinones: The dissociation rate constant

(koff) for the hydroxyl quinones was measured directly by adding DQ to a pre-equilibrated

sample of hydroxyl quinone-bound RCs. The increase in DQ charge recombination

activity was followed with time. Again, DQ binding kinetics are neglected.

Given that kon = koff/KI, the rate of change of RCI is:

Incorporating equations B2 and B3 gives the final model:

Since the sample starts off with hydroxyl quinone bound at the QA site, the initial

condition is RCQ(t=0)= fRCT, where f is a number from 0 to 1 equal to the fraction of

saturation.

Model D, First order model for fast binding active quinones: With a first orderrate-

determining step, the rate of binding is independent of quinone concentration. Thus the

rate-determining step only involves changes in the RCQ complex and the apparent first

orderrate constant (k0). The initial complex RCQ relaxes to the final equilibrium state,

RCQ*.

The first order reaction is:
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The rate of change of RCQ is:

The second order step is assumed to be too fast to contribute to the rate, thus RCQ*(t) is

modeled as the RCF (t) (equation A2). Furthermore, since the data is obtained from the

double flash method, RCQ(t) is the same as in model A (equation A4). Putting this

together gives the final model:

Model E, First order model for slow binding inhibitor: The first ordermodel for the

hydroxyl quinones describes a process in which the initial encounter complex (RCI)

undergoes a first-order isomerization to form the most stable complex configuration

(RCI*). The model is a single exponential decay used to fit the observed disappearance

DQ activity with time. The rate constant describing this process is the sum of the forward

and reverse rates but the rate of the formation of RCI from RCI* is much smaller than the

forward rate, thus it is neglected in this model. The rate of change of RCI is:
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