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ABSTRACT

KINETIC STUDIES OF ELECTRON TRANSFER FROM QA to Q IN
PURPLE BACTERIA REACTION CENTERS

by

Jiali Li

Advisor: Professor Marilyn R. Gunner

Reaction center (RC) function and electron transfer kinetics were measured
following changes in the protein environment at the Qp site by mutation

and changes in the QA- energy level by quinone exchange.

A mutant with M220-M261 from the Q4 site substituted for L193-L.227
in the Qp site in Rb. capsulatus RCs were studied. Despite the huge change
in the QB pocket, secondary quinone function still can be reconstituted. The
UQ4 dissociation constant for the Qp site in the mutant is only 2 times
larger than in the wild type RCs. The electron transfer rate of the mutant
from Qa- to QB is 14/s, 3 orders of magnitude slower than the wild type
RCs. The equilibrium constant between Qa-Qp and QaQpg" is bigger than
200 in the mutant compared to 10 in the wild type, showing a large

stabilization of Qg-.

Electron transfer from PtQA-Qp to PYQAQB- was measured in R-26 Rb.
sphaeroides RCs where Qa was substituted with different naphthoquinones
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(NQA), QOB was ubiquinone (UQB) in all cases. These substitutions change
the redox midpoint potential of QA and therefore change the driving force
(AGAB) for electron transfer. The absorption change provides a direct
monitor of the electron transfer from NQA- to UQg. The electron transfer
rate is heterogeneous. In RCs with 2-methyl-3-phytyl-1,4-naphthoquinone
(MQ) substituted at Qa, three rates are observed: T1=3usx0.9us, 12
=80+20us, and 13 =0.4+0.2ms at pH=8 and 22°C. Analysis of the time
correlated spectra shows that the changes at ] are mostly due to electron
transfer, electron transfer and charge compensation are mixed in T2, while
little or no electron transfer occurs at T3 in MQAUQB RCs. The activation
energy for electron transfer is AG=3.5 kcal/Mol for both t; and t2. With
different NQs at Qa, 7| is found to be free energy dependent with a
reaction reorganization energy of 850+100 meV. The slower phase T2 is

free energy independent.
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1. Abbreviations:

P, or P870 bacteriochlorophyll dimer which is the electron donor in the
reaction center protein

BPhj,, bacteriopheophytin near QA on the L branch of the protein

BPhp, bacteriopheophytin near Qg on the M branch

MQ, 2-methyl-3-phytyl-1,4-naphthoquinone

UQ, Ubiquinone-10: 2,3-dimethoxy-5-methyl-6-decaisopropyl-1,4-
benzoquinone;

P+Q- difference spectrum is the absorption of P+Q- minus that of PQ;

Q- spectrum is the semiquinone minus quinone spectrum;

kapB is the rate constant of the electron transfer from P+Qa- to form P+QpR-,
this includes all associated processes.

Lifetimes for reactions:

TAP for PYQA-->PQa

TBp for PYQR- ->PQB

TaB for P*QaA-Qp ->PtQAQR-. TaB Was analyzed as sum of 3 exponentials
with lifetimes 71, T2 and T3 and respective amplitudes A1, A2 and A3

DMNQ=2,3-Dimethyl-1,4-naphthoquinone

MK4=2-methyl-3-tetraisoprenyl-1,4-naphthoquinone

TMNQ=2,3,5-trimethyl-1,4-naphthoquinone

TEMNQ=2,3,6,7-tetramethy-1,4-naphthoquinone
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Chapter 1
INTRODUCTION

Nature's most sophisticated and important solar energy storage system is
found in photosynthetic organisms, including plants, algae and a variety of
types of bacteria. Photosynthesis is arguably the most important biological
process on earth. It is essential to life and it is the primary energy source of
almost all the living world. These natural "technologies" have been
developed over several billion years. So research into photosynthesis is
vitally important. Through understanding it, we may learn to control the
complexity of the photosynthetic processes. This knowledge may allow us to
use the basic chemistry and physics of photosynthesis for many purposes,
such as to enhance production of food, fiber and to enhance solar energy

conversion, and the construction of molecular electronic devices.

The first steps of photosynthetic light-energy conversion: light absorption
followed by a series of electron transfer reactions, takes place in protein
complexes located in photosynthetic membranes. The membrane serves as a
means of storing electrochemical free energy by allowing the creation of
transmembrane proton (Apy) and electrical (Ay) gradients. The energy
stored in the gradients can be used to drive energy requiring processes such

as manufacturing ATP which are necessary to the life of the cell (1).

The photosynthetic apparatus used to perform the conversion is both
complex and highly efficient. Two initial steps of photosynthesis are energy
transfer and electron transfer. Light absorption results in the formation of

the lowest excited singlet state of bacteriochlorophyll (BChl) of the light-
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harvesting system. This electronic excitation energy is transferred to a
special dimmer of BChl in the protein-cofactor complex called the reaction
center (RC), where is the site of the initial photosynthetic electron transfer

reactions.
1.1 Photosynthetic reaction center: Function and Structure

The success of studying photosynthetic electron transfer comes from the
many technical advantages of working with the reaction centers from purple
nonsulfur bacteria. The reaction centers of several species are readily
isolated in high yield and in most cases are stable for days in the dark at

room temperature or indefinitely when frozen (2, 3).

Studies of the electron transfer reaction have focused on the RC from Rb.
sphaeroides strain R-26 since it was isolated from this source by Reed and
Clayton in 1968 (4, 5). In addition, the structure of this RC is available at
atomic resolution, permitting sophisticated analysis of the relationship
between the protein's structure and its function. So this RC is a very good
model for the study of functional, high efficiency, long range electron

transfer in proteins.

With the x-ray diffraction data and other analytical techniques, the structure
of the reaction center of Rb. sphaeroides R-26 was determined in
considerable detail (Fig. 1.1). Like all reaction centers, this one consists of
two main systems: the protein and the donor-acceptor complex. The protein
is made up of three distinct subunits, L, M, and H, which have 281, 307, and

260 amino acids, respectively. The donor-acceptor complex is embedded

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



';F

A 4

<< BT
N/ S

TN Y

L)

N
77

FIGURE 1.1. Structure of the reaction center protein
of the purple bacterium Rhodobacter sphaeroides. The

complex consists of three protein subunits called M, L
and H.
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primarily in the L. and M components. The H protein has one hydrophobic
helix that traverses the membrane and the L and M proteins each have five.
The H protein also has a hydrophilic region that "caps" L and M proteins on

the side of the membrane that faces the inside of the cell.

The donor-acceptor complex is a group of bound cofactors which is directly
responsible for the activity of reaction center, absorbing light and
participating in a series of electron transfer reactions. The cofactors contain
four bacteriochlorophyls (BChl), two bacteriopheophytins (BPh), two
ubiquinones, and a nonheme F2*. Of the total molecular weight of the RC
protein 52% is contributed by these cofactors (6). None of these cofactor
molecules are covalently bound to the RC protein. Two of the BChls are
close to the symmetry axis near the periplasmic side of the RC. They are in
van der Waals contact and closely coupled, reacting as a single unit, known
as the special pair ([BChl]2,P870 or P). One of these two is associated with
the L subunit and the other with the M subunit. The remaining two BChls
are referred to as the bridging or accessory BChls. One is complexed with
each subunit (BChly and BChlyy). Similarly, one BPh is associated with each
subunit (BPhy and BPhy). Q4 is in a loop from the M subunit, and QB is
mostly surrounded by residues contributed from L. Only the iron, which is
between and is closely associated with both ubiquinones, does not have a
corresponding pair. The L subunit, the M subunit, and the donor-acceptor

complex are related by an approximate two fold C3 axis of symmetry (7, 8).
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1.2. The Theory of Electron Transfer in Protein

Electron transfer is one of the most fundamental processes in chemistry and
biology. Many levels of electron transfer theory incorporating semiclassical
to fully quantum mechanical multi-mode approaches can be used to obtain a
phenomenological description of electron transfer processes. In the non-
adiabatic (weak coupling) limit, derived from quantum mechanical
perturbation theory, the electron transfer rate is expressed in terms of
Fermi’s Golden Rule:

k, =2—:-V§(FC) )

where h is Planck’s constant, V is the electronic coupling and FC is the
Frank-Condon (vibrational overlap) factor. where V,"g, the electron tunneling
matrix element, is a measure of the quantum mechanical matrix element
coupling reactant and product electronic wavefunctions. For nonadiabatic
electron transfer, where the coupling is weak by definition, the overlap of
donor and acceptor electronic wavefunctions will simply follow an
exponential decay with distance:

Vi = V5 exp(-BR) (1.2)
here V¢ is the maximum electronic coupling, R is the center of edge atom
of donor to center of edge atom of acceptor, B is the exponential coefficient
for decay of electronic coupling with R. The value of B lies in the range of
0.6-1.5 A-1 in condensed media as has been determined by both experiment

and theory (9).

FC, the Frank-Condon weighted density of states, is the integrated overlap

of donor and acceptor nuclear wavefunctions of equal energy. The Frank-
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Condon factor is commonly expressed in terms of the driving force (-AG) of
the reaction and the reorganization energy (A ). the reorganization energy
consists of changes in bond lengths, bond angles, and distance or orientation
of the donor, acceptor, and the medium. Quantum mechanical theories
express the Frank-Condon factor in terms of vibrational modes of the
participants, and how strongly these modes are coupled to the electron
transfer event. The Marcus classic expression for overlap of classical

harmonic oscillator wavefunctions with identical frequencies is:
(-AG" = 1)’ (1.3)

1
Gt et

here A is the reorganization energy, which is the energy required to distort

the nuclear configuration of the product state into the geometry of the
reactant state without electron transfer. -AG" is the free energy difference

between reactant and product state.

There are three regions of interest in assessing the magnitude of the Frank-
condon factor: (1) the normal, or activated region (-AG<A ) where the rate
of electron transfer increases as the driving force increases; (2) the
activationless region (-AG=A) where the rate of electron transfer reaches its
maximum for a given electronic coupling; and (3) the so-called inverted
region (-AG>A). Semiclassical theory predicts a rapid decrease in rate as the
driving force increases in the inverted region, while quantum mechanical
treatments predict a more gradual decrease in the rate with increasing -AG

when high-frequency modes are coupled to the reaction.

Combining equation (2) to (4), the electron transfer rate is:
2 VR
2rnv, PR (-AG -Q) 1 (1.4)

k, = ———=—2—H¢ P exp—
“ = pnJAmAk,T T
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This relationship predicts that the rate of reaction will be maximal when
~AG =2, and will fall off at smaller and larger values of AG® (Fig. 1.2).

The activation energy Ej is a measure of FC and is given by

E, =(-AG - 1)’ /42 (1.5)
10° =
8
10
e
2407 -
c
8
N
S 6
S 10 7
3+
o
10° -
i 1 | | |
0 500 1000 1500 2000

AG [meV]
Figure 1.2. Free energy dependence of electron transfer rates. A is assumed
1000meV here.

When -AG =4 , equation (1.5) has E, =0, the reaction is "activationless" and
essentially depends only on the electronic factors (Vg). In fact, the
theoretical temperature dependence is slightly negative, due to the pre-
exponential factor of Equation 1.4. As the temperature is lowered, this
corresponds to the settling of the reactant state thermal distribution into the
lowest vibrational levels. This yields the fastest rate, so the reaction speeds

up as the system is cooled! The temperature dependence is approximately
T7* (from Eq. 1.4) (9, 10).
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The long-range electron transfer through proteins depends on several
factors:

* the driving force, i.e. the redox potential difference, AG

* the distance between and relative orientation of the donor and acceptor
» the relaxation energy associated with the conformational changes that

accompany the change of redox state.
1.3. Electron Transfer in Reaction Center Protein
It is well-established that the in vitro rates of the intra-protein electron

transfer reactions and the yields of the various charge-separated

intermediates are essentially the same as in vivo. The initial electron transfer

reactions of photosynthesis have been best studied in the reaction centers of
the purple nonsulfur bacteria (11, 12, 13, 14). Though many of the
mechanistic details of the process remain unclear, the overall reactions are
well known. Figure 1.3 summarizes the pathways and rates of the electron
transfer reactions in this protein. Each of the intra-RC electron transfers has
a characteristic driving force (varying from 0.06 to 1.2 eV), distance (from
7 to 25 A (edge to edge)), and reaction rate (varying by 109). These
reactions occur even at cryogenic temperatures (except the electron transfer

from QA to QB in RCs cooled in the dark).
The reaction sequence starts when an electron on the primary electron

donor, P, is promoted to the excited singlet state P*. Thus a series of

electron transfer reactions is initiated (Fig.1.3).
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PHQAQg

Figure 1.3. RC electron transfer pathways in the bacterial RCs. First an
electron on P is promoted to the excited singlet state (P*) by absorption of a
photon. Initial charge separation, over 15 A to BPh with -AG=160 meV,
occurs in 4 ps forming PtBPh-. In 200 picoseconds the electron moves to the
tightly bound primary quinone Qa, 10.1 A from BPh with -AG=670 meV.
The subsequent electron transfer from Qa- to the secondary quinone, QB,
14.5 A from Qa with -AGAp=60 meV: has been measured to occur within 3-
200 microseconds yielding P+Qp- . If there is no exogenous donor to donate
an electron to P+, the electron on the acceptors will go back to P+ in a
charge recombining, back reaction. The back reactions from Qa- or QB- to
P+ (22.5 and 23.4 A respectively) each have two pathways: kgp or kap
where the electron goes back directly to P+; and kgap or kggp where the
electrons go back indirectly to P+ via a higher energy state. The
intermediate state is P+Qa-Qp for P+Qp- and P*H-QAa for P+QA-.
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A. Electron Transfers Between P and BPh
After excitation of P, the charge separation of P+BPhy - occurs in 4 ps over
a distance of 10.1 A (center of edge atom of P to center of edge atom of

BPhy ). No reduction of BPhy, is observed. The electron transfer is

activationless, with the rate increasing by 2 to 3 fold as the temperature is

decreased to 5 K. The charge recombination of P+BPhy - to the ground state
PBPhy occurs in T=20 ns. The —-AG’ is approximately 160 meV and
—AG = A for the native reaction. The reaction is unidirectional, with electrons

going exclusively down the L branch of the reaction center (11).

B. The Electron Transfer From BPh-to Qa

This reaction occurs over about 10 A with a life time of approximately 200
psec. More than 98% of the RCs that absorb a photon reach the state P+Qa-

(15). The reaction -AG" is about 670 meV. the reaction slows 3 to 4 fold as
the temperature is increased from 5 to 300 K. When the native UQjg is QA.
the rate is the fastest and ~AG = 4. In the absence of Qg and an electron
donor to P+, P+QA- decays to the ground state at kap. In native Rb.
sphaeroides reaction centers this occurs by direct electron transfer 22.5 A
across the protein. The decay time constant is 100 ms at 300 K and 33 ms
below 100K (11). This rate increases as temperature lowered consistent with

Marcus electron transfer theory (equation 1.4).

C. The electron transfer from Qa_to OB

In many respects, the electron transfer between the two quinones is the most
complex reaction that occurs in the reaction center. Unlike the other electron

transfers that occur between one-electron carriers in a nearly solid-state

10
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configuration, QB is a two electron carrier and electron transfer is linked

both to proton uptake and binding of quinone to the Qg site.

The rate of electron transfer from Qa to Qp has been measured. It is about
5000 s-! across the 14.5 A distance. The -AG., between Qa-Qp and QAQB-
has been determined in Rb. sphaeroides RCs by a variety of methods. All
methods provide a —AG,, value for electron transfer from Qa- to Qg of 60
to 80 meV at pH 7 to 8. The —AG., for the second reduction of QB (QaA-QB-
to QAQBH?) appears to be about 90 meV at pH 8.

D. Charge Recombination
If there is no exogenous donor to donate an electron to P+, the electron on

the quinone acceptors will go back to P+ in a charge recombining, back
reaction. The back reactions from Qa- or QB- to P+ each have two pathways:
kgp or kap where the electron goes back directly to P+; and kgap or kpyp
where the electrons go back indirectly to P+ via a higher energy state. (Fig.
1.3). The intermediate state is P*Qa-Qpg ,for P+Qg- and P*H-QA for P+Qa-.
Electron transfer pathways and charge recombination kinetics associated
with QA and QB can be calculated (Appendix 2). The computer simulated
kinetics based on the analytical solution then can be used to help to
understand reaction mechanism underlying the measured kinetic data. In the
thermally activated, uphill reactions, the reaction rates are proportional to
the free energy difference between the initial and intermediate states.
Therefore these rates can provide a measure of the relative free energy of

different states.

11
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Chapter 2
Absorption Spectroscopy

2.1 Absorption Spectroscopy

Measurements of absorbance and of light-induced changes of absorbance
have been very useful tools to study photosynthesis. This is one of the basic
methods to obtain information about the characteristics of photosynthetic
proteins. In absorption spectrophotometry, the fraction of incident light
transmitted by a sample is measured over a selected range of wavelengths.
Modern instruments measure the transmittance (T) and the optical density

(0.D.), which are related by
0O.D. =logjo (1/T)

An O.D. range of 0-4 corresponds to a change T from 1 to 0.0001. The
absorbance (A) is used to designate the contribution of absorption alone to
optical density. The ideal absorbance of a dilute solute in a transparent

solvent follows the Lambert-Bouguer-Beer law:
=gcd=logio (Io/Ix)

where € (Liters/mole-cm or ml/mM-cm) is the molar extinction coefficient

of the solute at the wavelength of measurement, ¢ (moles/Liter or mM/ml) is
the molarity of the solute, and d (cm) is the optical pathlength. Ip and Ix are

the light intensities before and after passing through the sample. The

concentration of a solute can be calculated by measuring A, when € is known

at the measurement wavélength. Fig. 2.1 shows the absorption spectra of

13
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isolated RC from Rhodobacter sphaeroides taken by a spectrophotometer
(SHIMADZU UV160U).

1.6

14

1.2

1.0

0.8

O.D.

(Bchl),=P

0.6

0.4

0.2

300 400 500 600 700 800 900 1000
wavelength (nm)

Fig. 2.1. Absorption spectra of reaction centers isolated from carotenoidless
mutant Rb. sphaeroides. Bands due to bacteriochlorophyll (Bchl),
bacteriopheophytin (Bphe), are labled.

2.2 Instrumentation

Flash photolysis is a major application of absorption spectroscopy. In this
technique, the system of interest is irradiated with a short, intense light flash,
and the short-lived intermediate states are identified and followed in real

time by making fast optical absorption measurements.
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Figure 2 .2 shows the typical instrumental set-up of our time resolved light-
induced absorbance change experiment. Light-induced absorbance changes
were measured using a flash spectrophotometer designed by the University
of Pennsylvania Biomedical Instrumentation Group. Actinic light was
provided by a 5 ns, 532 nm pulsed YAG laser pumping the fluorescent dye
LDS 751 (Exciton). The peak of the fluorescence was at 750 nm. The
measuring light, placed perpendicular to the excitation light, was from a
100W quartz-halogen-tungsten lamp (ORIEL) with appropriate neutral
density and interference filters. A shutter placed before the RC sample was
only opened during measurement. The transmitted light was detected using a
Thorn EMI 9798QB or 9128B photomultiplier. The output from the
photomultiplier was amplified by a Stanford Research System model SR445
or Comlinear Model E103 fast amplifier. For measurement of the P+*QA-Qp
to P+*QAQB- electron transfer, the amplified signal was sent to a LeCroy
(model 9310M 300 MHz and 9304A 250 MHz) digital storage oscilloscopes

recording and averaging different time scales.

16
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Chapter 3

CHARACTERIZATION OF A SYMMETRIZED MUTANT RC WITH THE QB SITE
MADE MORE LIKE QA.

ABSTRACT

Rb. capsulatus RCs from a photosynthetically competent reverent of the
mutant with M220-M261 in the Q4 site substituted for L193-L227 in the
Qs site have been investigated. Despite the huge change in the QB pocket,
secondary quinone function still can be reconstituted. The UQ4 dissociation
constant for the QB site in the mutant is only 2 times larger than in the wild
type RCs. The rate of charge recombination from P+Qg-, kBP, is less than
0.05 st vs 1s-1 in wild type RCs at pH 7.3. The equilibrium constant between
Qa~Qp and QA Qp- is bigger than 200 in the mutant compared to 10 in the
wild type, showing a large stabilization of Qg-. In the wild type RCs, kgp
increases above pH 9.0 and decreases below pH 6. In the mutant, kgp is pH
independent from pH4.6-10.3. The electron transfer rate of the mutant from
Qa~ to Qp (kap( =14/s) is 3 orders of magnitude slower compared to the
wild type RCs (104 s-1). Only 50% P*+Qg" is formed, as determined by the
back reaction kinetics, when the Qg site is saturated with quinone, again
supporting a very slow electron transfer rate from Qa to Qg. Given the
stabilization of Qg- in the mutant, the charge recombination from PtQaAQB-
to PQAQB may occur by a direct tunneling rather than by repopulating the
P+QA- state as in the wild type RCs.

17
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INTRODUCTION

Rhodobacter(Rb.) capsulatus is one of the purple bacteria with an amino
acid sequence which is very close to that of Rb. sphaeroides RCs [Williams,
1986 #77]. The electron transfer pathway, rates, and thermodynamics are
almost the same for Rb. capsulatus and Rb. sphaeroides RCs. Furthermore,

the methods to do mutations are well developed in Rb. capsulatus.

The isolated reaction center complex (RC) from the purple photosynthetic
bacteria Rb. capsulatus has three protein subunits, L, M, and H, and four
bacteriochlorophylls (BChl), two bacteriopheophytins (BPh) and two
quinones, Qa and Qg. When a RC is activated by light, a special pair of
BChls (P) is excited and an electron is transferred by way of BPh to Qa
forming the semiquinone (Qa-) producing the state P*Qa-Qg. Qa- reduces
the quinone bound at the Qg site to form P*QaQp-. The two quinones are
both UQj0. However, they are functionally different presumably because of
differences in their binding sites. Qa, tightly bound, in a relatively
hydrophobic environment, is a one electron acceptor. Qp, is loosely bound,

in a more polar region, and functions as a sequential two electron acceptor.

The amino acid residues near the Qg site are mainly from the L subunit of
the protein surrounded by residues from the M and H subunits. Coleman et.
al. produced a genetically engineered Rb. capsulatus RC where the 42
residues, M220 to M261, from the Qa binding site replace the 35 residues,
L193 to L227, in the Qp binding site (1) (Figure 3.1). This produces a

protein where many of the residues near Qp have been replaced by residues
18
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from the Q, site. The original mutant was photosynthetically inactive.
A6D1 is a photosynthetically active revertent (1) which retains the Qa

@,
ST

LB OS5
N
Iy

1190228 ((/M217-265

Figure 3.1. The QAoQA mutant was generated by replacing the HisL190-
GlyL228 Qp segment with the HisM217-GlyM265 Q4 segment. The two

compensatory mutations found in the photosynthetically competent revertent
of QAQA (mutant A6D1) lie between Qg and BPhyt (MetM144->11e,

AlaM145->Ser).
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insert intact, but has the additional changes MetM144 _> [le and AlaM145 --
>Ser. This mutant RC provides a very good system to study how changing
the Qg site to be more like the Q4 site effects the photochemical cycle, the
Qg affinity and the Qg dependent electron transfer rates.

In RCs, a special pair of BChls (P) is excited by absorption of a photon and
an electron is transferred by way of BPh to the quinone Qa to form a
semiquinone(Qa-) and the state PYQA-Qg. The Q4" then reduces the quinone
at the Qg site to form P+QaQBs-. Figure 1.3 shows the charge recombination
process in the absence of an exogenous donor. Scheme I shows the
photochemical cycle of reaction centers in the presence of an electron donor

to P: (in vivo the donor is cytchrome ¢ )

Scheme I:
hY D \e: k(i%
PQAQ3 _>P+Q;.QB —=> PQQs T P QaQg Y
o)
d ﬁ : <N
Q BHZ + D
Hg, -

PQQH, )KP QA(QBH)'T PQQpg~— P+Q;Q_B
k

+
Hp AB

The mutant RC A6D1 provides a very good system to study how the more
symmetrized QA and QB pockets will effect the whole photochemical cycle

including the charge recombination process, the electron transfer and proton

20
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uptake reactions. In this study, we compared the following properties of this
mutant with wild type Rb. capsulatus (Wt), which shows how the changes in
structure change:

1. The binding at the Qp site.

2. The rate of electron transfer from Qa- to Qg (KAB)-

3. The pH dependence of the back reaction rate.

4. The semiquinone oscillation and proton uptake.

5. The cytochrome c turn-over rate.

MATERIALS AND METHODS

Sample Preparation. Details of the techniques involved in generating
A6D1 mutant of Rb. capsulatus have been described by Coleman and Youvan
(1). The wild type and mutant cultures were grown in the dark. Reaction
centers were isolated by the protocol of Prince and Youvan (2) with some
modification. Lauryldimethylamine N-oxide(LDAQ) was used to solubilize
chromatophore membranes, followed by ion-exchange column on DEAE
Biogel-A. For the A6D1 mutant, RCs were eluted from the column with
150mM KC1/0.05% LDAO/10mM Potassium Phosphate/pH=7.3. Purified
wild type RCs had about 1.1-1.2 quinones/RC as indicated by slow back
recovery kinetics (kgp), but A6D1 RCs had no Qg activity .

Spectroscopy. Mutant RCs were characterized by optical spectroscopy
performed on a flash spectrometer designed by University of Pennsylvania
Biomedical Instrumentation Group. The activation light was provided by a

10us xenon flash lamp.

21
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Methods. The kinetics of P+Qa- ->PQa and PtQaQp~ ->PQAQp charge
recombination were measured at 425 nm where P+-P has an absorption
maximun. The semiquinone signals of Q4~ and Qg- were monitored at 450
nm where Q--Q has an absorption maximum, with 100uM ferrocene as the
donor to P*. Cytochrome c (cyt ¢) oxidation was monitored at 550 nm
where cyt c2+-cyt c3+ has an absorption maximum, with 20 uM horse heart

cytochrome c.

Flash-induced proton uptake was measured spectroscopically using pH-
indicator dyes (3, 4) at the P+Q4" isosbestic wavelength near 575 nm. The
unbuffered assay solution contained 50mM KCl, 40uM pH indicator dye,
100uM Q4, 0.03% Triton x-100, 100uM ferrocene, and 1uM RC. Samples
were degassed under nitrogen. Similar measurements were also made with
10mM buffers, and the net proton uptake was derived by subtracting the
buffered traces from the.unbuffered traces. Calibration was performed with

standard HCl.

Theoretical model of distribution of reaction center states after successive
flashes. In the presence of an exogenous electron donor (cyt c2+ for
example), P+ is reduced and the electron is trapped on the quinone acceptors
following the first flash. With successive flashes electrons are added to the
quinones as long as Q4 is unreduced. RCs in the state PQAa- are
photochemically inactive on the time scale of the reaction with cyt c2+. The

mixture of states present after the first two flashes are shown below:

1st flash: Q,0,—9<=¢<" ;90 < 0,0;
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0,0; 28 0°0° > 0,08
0;0, = 0,0;

2nd flash: {
Chemicals. UQ4 was obtained from Sigma and was solubilized in alcohol.
pH buffers used were Caps, Ches, Tris, phosphate, and Mes depending on the
pH. Horse heart cytochrome c was from Sigma and was reduced by Sodium
Borohydride (Sigma). Ferrocene (Aldrich) was diluted in alcohol. pH

indicator dyes chlorophenol red and cresol red were from Sigma.
RESULTS and ANALYSIS

1. The Rate of Charge Recombination from Q4- and Qg-.
When quinone occupies only the Qj site, charge recombination from P+Qa-
to reform PQp occurs as a nearly single exponential process with a rate

(kap) of 8 s-1 in both wild type and mutant RC (data not shown). Thus, the

large scale modification of the Qg site has little or no impact on the function

of QA-

Charge recombination (Figure 3.2A) from P+Qg- to reform the ground state
(kgp) was determined in the presence of excess UQ4 (100-200 UQ4/RC). kgp
for the mutant is significantly slower (<0.05 s-1) than for the wild type (0.85
s~1). If charge recombination from P+Qg- occurs via P+¥Q- then the
difference between kap and kgp can be used to derive the equilibrium
constant between Qa and Qg (5). Kap = kap/kgp -1, Kap is =10 for the wild
type and at least 200 for the mutant RCs. Thus, the Qg- state is stabilized by
at least 80 meV in the mutant RC relative to the wild type protein. The
removal of Glu L 212, and Asp L.210 and L213 near Qg may stabilize the
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Figure 3.2. Charge separation and recombination monitored by the
absorbance change at 425 nm as a function of time. pH=7.3, 0.04% LDAO,
0.5uM RCs, 100 UM UQy. The rate constants (1a): Wt, kap=7.6 s-1,
kgp=0.85 s-1; mutant, kap=7.4 s-1, kgp=0.027 s-1 . 1b. mutant RCs

repetitively excited at an interval of 0.2 s.
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negative charge on Qg in the mutant. A slow rate of charge recombination
from P*+QR- is also found in L.212/.213 double mutants with Rb. capsulatus

and Rb. sphaeroides (3, 6).

2. QB Reconstitution

When UQy4 is added to RCs to reconstitute Qp, charge recombination is seen
to be biphasic with rates kap and kgp. The reconstitution of UQ4 to the Qg
site can be determined by the fraction of the RCs that exhibit the slow rate
kgp. In addition, the ratio of cytochrome c oxidation on the first and second
flashes can discriminate between RCs with and without Qg. In the RCs
without Qg, if Q4 is oxidized by the first flash, no additional cytochrome ¢

oxidation occurs on latter excitation (7).

Figure 3.3 shows the UQj4 titration curves with wild type and mutant RCs.
The dissociation constants (Kp) of the UQ4 at Qp site is calculated by

=N S A e A

Here the %QB is the percentage of RCs with quinone bound to the QB site.
In order to fit the data in the Figure above, we have modified the equation
by a factor that accounts for the asymptotic values of the %Qp being less
than 100% and some Qg left after the protein purification for the wild type
RCs. Using the fraction of slow back reaction as a monitor, the K4 value for
the wild type is 4.4+0.5 uM and 11.910.6 uM for the mutant. When the RCs
are saturated with UQ, 90% of the wild type and 50% of the mutant RCs
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



100
[
80~
Wt
o 60 |- A
G L
R
40
20—~
h
AN A mutant
0 Qllllll '\4_}1 llJllllC L ?l llllll 1 1 lllllll 1 L1 llllll L 11 llllll
0.01 0.1 1 10 100 1000
100 |-
80 |~
60 -
m
(@) -
R
40 —
20 -
i 44—
OT:nul L lJllllll L 1 lllllll 1 1 lllllll L 1 lllllll i | lljllll
0.01 0.1 1 10 100 1000
[UQ4]added uM

Figure 3.3. UQq titration of the Qg site of RCs from Wt (top curve) and
mutant (bottom curve) RCs. Conditions were the same as Figure 1. (A).
Using the fraction of slow back reaction as a monitor, the Kds for the Wt is
4.4+0.5uM and 11.910.6uM for the mutant. (B). Cytochrome ¢ oxidation
assay method, the Kd’s are 7.84+0.9uM and 11+0.6uM respectively for wild
type and mutant RCs when the flashes are spaced 0.5s apart.
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show slow recombination kinetics followed one flash. With the cytochome ¢
assay, with flashes spaced 0.5 s apart, the Kg's are 7.8+0.9 uM and 11+0.6
UM with an asymptote of 98% and 90% respectively for wild type and
mutant RCs (Figure 3.3B). Thus, despite the large scale rearrangement of
the Qg site, the affinity of the binding site for UQ is weakened by less than a
factor of three. However, the yield of P+Qp- is significantly smaller in the
mutant RCs than in the wild type protein.

3. Cytochrome C Turn Over Rate.
The overall rate of the photocycle (Scheme IT) was measured by monitoring
the oxidation of cyt c at 550 nm (8, 9) in the presence of excess UQ4 under

continuous illumination (I=300mw.cm-2 with a long pass filter >700 nm).

RCs were illuminated from a direction perpendicular to the measuring beam.
The rate of cyt ¢ turn-over (Fig. 3.4) was determined from the absorption
change at 550 nm normalized to the absorption change at 550 nm after a
single flash (representing one cyt ¢ oxidized per RC). Slowing any one of the
electron and proton transfer can result in a decrease of the cyt ¢ turn-over
rate, The steady state turn- over rate will be limited by the rate of this step
(Scheme I).

The measurent of the Wt RCs shows a fast cyt ¢ turn over rate of 120 (cyt
c/RC)/s, This is consistent with previous results (10) for the Wt Rb.
capsulatus (Figure 3.4). The mutant shows a fast oxidation of about 0.8
cyt/RC followed by a slower steady-state turn-over rate of 24 cyt c/RC)/s.
This suggests that the fast formation of the state P+Q4- oxidizing one cyt ¢
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Figure 3.4. Cytchrome c (cyt ¢) photooxidation in the Wt and the mutant
RCs. The measurement was monitored by the absorbance change at 550 nm
in the presence of exogenous UQ4 and cyt ¢ under continuous illumination.
Conditions: RC=0.6uM, 0.04% LDAO, 20uM cyt c, [=600 mW, 100uM
UQg4, at 24 °C.The normalization to (cyt/RC) was determined from the

absorbance change at 550 nm after a single flash (representing 1 cyt/RC).

per RC is followed by a slow electron transfer process from P¥Qa-Qs to
P+QaQB- (K{ ).

4. The Forward Electron Transfer Rate.

The small yield of reaction centers in the P+Qg- state following a single flash

appears to be due to a rate of electron transfer from Qa- to Qg that is
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comparable to the rate of electron transfer from Qa- to P+. Figure 1b
shows the result of repetitive excitation under conditions where the RCs are
saturated with UQq4. After the first flash approximately 50% of the charge
recombination is at the faster rate (kap) and 50% at kgp. On each additional
flash half of the population that showed kap now shows the slower
recombination rate characteristic of RCs in the state P+¥Qpg-. Thus, the low
yield of P+Qg- after the first flash does not indicate that half the RCs have an
incompetent Qg site. Rather the quantum yield for formation of P+QB- is
50% for all of the mutant RCs. If kap is 8 s-!, a quantum yield of 50%

suggests the rate of forward electron transfer kap is =8 s-1.

To test this hypothesis, the effect of flash repetition on the oxidation of cyt ¢
with the mutant and Wt RCs was measured (Figure 3.5). Since cytochrome ¢
oxidation is not seen if Q, is still reduced, the ratio of cytochrome c
oxidized on the first and second flash can be used to assay the electron
transfer rate from QA to Qp. This was measured by the absorption change
due to oxidation of cyt ¢ after the 2nd and 3rd flash to the st one: AA/AA,
and AA3/AA ;. This reflects how fast the QB gets one and two electrons
within the time between two flashes (At), which in turn depends on if Qa is
photoactive (with its electron already transferred to Q) with At, thus the
electron transfer rate can be measured indirectly. In the presence of cyt c as
an electron donor to P+, the percentage of Qa photoactive at time At after
the first flash can be expressed:

% Qa available=1-exp(-K{) *At)=AA2/AA1 (after time At)
Varying the time interval, At, between the first and second flashes, the

observed rate of electron transfer from Qa- to Qg (kaB+kpa) was
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Figure 3.5. Electron transfer rate of the mutant calculated from the ratio
AA2/AA of the absorption change of cyt ¢ at 550 nm as a function of the
repetition rate of the flash lamp. The electron transfer rate was calculated to
be kap(1)=14/s for the mutant. The curve for the Wt was simulated using the

kas(1)=15,400/s from Basiou et al (6).

determined to be 14 s-1.

5. pH Dependence of the P*QAQp- Decay Rate.

The pH dependence of the P*QAQB- recovery rates kgp for Wt and mutant
RCs are shown in Figure 3.6. In the range of pH4-11, Wt RCs exhibited two
regions of significant pH dependence of kgp: below pH6 and above pH9.

30

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



This is consistent with the result measured by Maroti et al. for wild type
capsulatus (11). In contrast, the charge recombination rate kgp for A6D1
RCs is essentially pH independent from pH4.6-10.3, with a rate constant kgp
~0.02 s-. Similar results have been found both in the Ala-L212/Ala-1.213
double mutant in Rb. capsulatus RC (11) and the L212EQ/L213DN double
mutant in Rb. sphaeroides RC (3) where the electron transfer occurs by

direct reduction of P+.

For the Wt RCs, at pH<7, the slow phase in the presence of 100uM Q4, in
thoroughly dark-adapted fresh samples, the maximum amplitude of the slow
QB phase reached about 90%. At high pH, the level of reconstitution
appeared to fall. The relative amplitude of the slow phase decreased to 30%
at pH 9 and above. However, for the mutant RCs, the relative amplitude of

the slow phase was a constant at 50%.

6. Semiquinone Stability and Proton Binding.

In the presence of the exogenous donor Ferrocene, the oscillation of the RC
semiquinone signal (12) was measured by monitoring the absorption change
at 450 nm following multiple flashes. Typical absorption oscillation for
every two flashes (Figure 3.7A) are seen for the wild type (6, 12): the first
flash forms the semiquinone QAQB-, the second flash form the
dihydroquinone QpH?3 as seen from the disappearence of the semiquinone
signal, was not observed in the mutant (Figure 3.7B) at pH 5.9 and 8.0. No
stable semiquinone signal was observed, the semiquinone signal decayed

with a rate about 7s-! to the ground state after each flash in the mutant RCs.
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Figure 3.6. pH Dependence of the PYfQaAQB- Decay Rate (top Figure).
Conditions: RC=0.3 UM, UQ4=100 mM, 10 mM buffer. For the Wt RCs, at
pH<7, the maximun amplitude of kgp reached about 90% (bottom Figure).
The relative amplitude of kgp decreased to 30% at pH 9 and above.

However, for the mutant RCs, the relative amplitude of kgp was constant at

=50%.
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To better understand the reasons for the semiquinone signal disappearance,
flash-induced proton binding by the mutant and the Wt RCs was measured
optically using pH-sensitive dyes at 575 nm, pH6 and pH8 , as shown in
Figure 3.8.

The proton uptake behavior in the Wt RCs (Fig. 3.8) is similar to the
measurements in the native RCs of Rb. sphaeroides (3, 13, 14). For the
mutant RC, both at pH6 and pHS8, proton uptaken was very small compared
to the Wt.

DISCUSSION

1. The Pathway of PtQ,Qg- Recombination. The charge
recombination rate of Kgp in the mutant RCs was slow (Kgp <0.05 S-!) and
essentially pH independent. The rate Kgp <(0.05 S-! is smaller than the
upper limit of 0.1 s-1 obtained by Kleinfield et al(15). These authors
suggested that if the observed charge recombination rate is <0.1 s-1, then the
equilibrium constant between Qa-—QB, K} = (k; / k) =12 U%)_S -1=200,
thus the electron transfer from QB may go back to P+ directly instead of via
the PtQA-Qp state. The pH independence of the charge recombination
reaction rate kgp in 4.5<pH<10.6 also supports this.

The very slow charge recombination rate kgp was also found previously in
the L.212/1.213 double mutants with Rb. capsulatus and Rb. sphaeriodes (3,
6). Takahashi et al. (3) indicated that although the decay rate in the mutant

RCs was quite slow, adventitious donors to P+ that could compete with
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Figure 3.7. Changes in the optical absorption at 450 nm of semiquinone
anion in response to a series of actinic flashes. Semiquinone oscillation in
RCs (0.5uM) from Wt (A) and the mutant (B) at pH 6 and pH 8. Conditions:
0.04% LDAO, 100 um Q4, and 100 uM ferrocene, 10 mM buffer. (See the

Method section for the mixture of states present after the first two flashes.)
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Figure 3.8. Proton uptake experiment for Wt and the mutant RCs.
RC=1uM, 0.03% Triton, Q4=150 um, 100 uM Ferrocene, SO0 mM KCL. At
pH 6, Chlorophenol red dye=50 uM, measured at 575 nm. At pH 8, Cresol

red=50uM, measured at 555 nm.
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recombination from Qg- only can contribute a minor part of the decay to
P+. The very slow rate kgp was also found previously in the RCs without an
H subunit in Rb. sphaeriodes (16). However a Protein Chip Array
(Ciphergen Biosystems, Inc) assay has shown that all three subunits are
present in the mutant RCs (data not shown). Another possibility was that Qp-
escaped from the mutant RCs, leaving a long-lived P+Q,4 state, however this

rate would be expected to be strongly pH dependent.

The direct electron transfer from Qp- to P+ is the most likely path for
charge recombination. The observation that the rate of kgp is slower than the
low-pH limit value of the Wt data supports this point. This would place a
value on kpp of about 0.05 s-1 in Fig. 1.3. The electron transfer equilibrium
between QA and Qg: Keq(l)=k,, / k,,=200, also suggests that direct
recombination route contributes significantly to the P¥Qp-. Assuming that
the redox midpoint potential of Qa/Qa- unchanged in the mutant,
Application of the relationship AE,=KT In Keq yields a Em for Qg/Qp=137
mV in the mutant while for the Wt RCs, the Em(QB/QB-)=54mV at pH close
to 8 (11), So the Em for the mutant is at least 80 mV higher than in the Wt.
This is consistent with the slow decay of a more stabile Qp-.

2. The Electron Transfer Rate from Qa-—Qsg. The rate of the
elelctron transfer is at least 104 s-! in the Wt RCs (6). Several lines of
evidence show that for the mutant the electron transfer rate is only =10/s.
(1). The quantum yield for the charge recombination is about 50% even at
high quinone concentration. Kleinfeld et al. predicted (15) if the parameters
in Figure 1.3 have the relation: k,p, kag»kpa, ksp; when the kap and kap are
of the same order of magnitude, a charge recombination of the state P+Q4-

Qg occurs as the electron is transferred to Qg. The ratio of the amplitudes of
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the component with rate kaop to the component with rate kgp is about
kap/kap, independent of the charge recombination pathway of PTQaQp".
Theoretical simulation of the electron transfer kinetics are in agreement with

this (see Appendix 2).

(2). Cyt ¢ Turn-over Rate. Based on Scheme I, Figure 3.5 shows the first
electron transfer rate from Qa- to QB is the limiting step in the steady state

turn over rate.

(3). Titration Curve. The 40% higher values of the %QB with the cyt c
oxidation method than the dynamics analysis method (Fig. 3.3) can be
explained by that the presence of cyt c as a electron donor to P+ makes all
electrons go forward. Thus makes charge recombination of P¥Q4- can no

longer compete with the forward electron transfer to QgB.

Based on the above observations, the electron transfer rate of kap of 14 s-1
was measured indirectly by measuring the effect of flash repetition on the
oxidation of cyt c. The relative amplitude of the slow phase doesn’t change
with pH, which indicates that the electron transfer rate of ks is pH

independent.

3. One Electron Gate Property. For the Wt RCs, the semiquinone
absorption change at 450 nm shows oscillations with a period of two flashes.
This finding supports the two-electron gate hypotheses (12). Thus in Wt RCs
Qg leaves after taking two electrons and protons instead of one. The stable
semiquinone signal after the first flash shows the Qg- stays inside the protein

and the uptake protons H* go to the residues near Qp instead of going to the
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QB- directly. The disappearance of the semiquinone signal after the second
flash shows the Qg- takes another electron, and gets protonated (2 H*), then
leaves the RC in the form QHp>. In the mutant, there are two differences
from the Wt: (a). the semiquinone signal behaves is the same after every
flash at 450 nm and the proton binding to the RC for each flash is always
very small. This suggests the semiquinone absorption oscillates with a period
of one flash in the mutant instead of two flashes in the Wt RCs. This leads to
a one-electron gate model. (b), the semiquinone signal decays with a slow
rate of about 7 s-! that is close to the rate of Qa- disappeareace. Since proton
binding to the mutant RC is very small and the electron transfer from Q- to

Qs is pH independent, this indicates the proton uptake from solution can not
be the rate-limiting step. It appears that kaB is close to the electron transfer
rate from Qa-—Qpg. This again supports the electron transfer from QAa to
QB as the rate limiting step. So if the semiquinone disappearance rate is the
electron transfer rate from Qa- to Qg, and the electron does go to the QB
site based on the binding data (Fig. 3.2), then the electron on QB may be
protonated quickly when there is a electron donor to P+. This proton can not
be from solution since proton uptake is very small. There are protons inside

the protein near the Qp can donate a proton to the QB and this proton tansfer

could be fast or could be rate limiting.
A one-electron gate hypothesis as Scheme II can be proposed, that means the
second quinone Qg in the Q4 like pocket takes one electron, and gets

protonated.

Scheme II.
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The pH independence of kgp in the mutant is similar to that found in the
double mutant [.212/1.213 (3, 11). This implies that the hydrogen bond from
the protein to the quinone related to these two residues L212/L.213 may not
exist. So one of the carbonyls might be "suspended" in the Qg site and this
might be related to the : one-electron gate" system. Comparing the structure
of Qa pocket and Qg pocket of the Wt RCs, there is a cluster of acid residues
close to the Qp which form a buffer to transfer protons in response to
electron transfer to Qg in Wt RCs (17). but the Q4 site doesn't have this
buffer capability. This may be the case in the Qp site in the mutant and might
be responsible forthe first proton could go to Qg directly instead of going to

the buffer residues.

4. Why is kag so slow?

The mutant RCs described here represent a large scale rearrangement of the
Qg site. The affinity of Qg is surprisingly unchanged. The P+Qg- state in
the mutant appears to be at least 80 meV more stable than in the wild type
protein, a result also found in a number of mutants that change only selected
residues in the Qg site (18). Thus, this mutant and the other L212/1213

double mutants show comparable results. However, the largest change in the
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mutant is to slow the electron transfer from Q4 to Qg. In the wild type this
reaction occurs in a multiphase process with rates from 103 to 104 (6, 19).
In contrast, in this mutant the reaction occurs at 14 s-t, 100 to 1000 times

slower.

It is not clear why the electron transfer rate is so much slower in the mutant
than the wild type RCs. The reaction has a larger, favorable AG than in the
wild type protein. An increased electron transfer distance between Q4 and
Qg because the quinone is bound at an alternate site could contribute to the
slower rate (20, 21). In addition, the large change in rate points to some
required change in protein conformation or proton transfer that is more

difficult to accomplish in the mutant RCs.
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Chapter 4

Kinetic Phases in the Electron Transfer from P+QA-QB to
P+QAQB- and the Associated Processes in Rhodobacter
sphaeroides R-26 Reaction Centers

ABSTRACT: Electron transfer from P+Qa-Qp to form P¥QAQp- was
measured in Rb. sphaeroides R-26 reaction centers (RCs) where the native
primary quinone, ubiquinone-10 (UQA), was replaced by 2-methyl-3-phytyl-
1,4-naphthoquinone (MQ4a). The native secondary quinone, UQ-10, was
retained as UQB. The difference spectrum of the semiquinone MQ - minus
UQB- absorption is very similar to that of MQ- minus UQ- in solution (398-
480 nm). Thus, the absorption change provides a direct monitor of the electron
transfer from MQa- to UQB. In contrast, when both Qa and QB are UQ-10 the
spectral difference between UQA- and UQBR- arises from electrochromic
responses of RC chromophores. Three kinetic processes are seen in the near
UV (390-480 nm) and near IR (740-820 nm). Analysis of the time correlated
spectra support the conclusion that the changes at Ti=3 s are mostly due to
electron transfer, electron transfer and charge compensation are mixed in
T2=80 Us, while little or no electron transfer occurs at 200-600 Lts (T3) in
MQAUQB RCs. The 80 us rate has been previously observed, while the fast
component has not. The fast phase represents 60% of the electron transfer
reaction (398 nm). The activation energy for electron transfer is AG=3.5
kcal/Mol for both T1 and T2 between 0-30° C. In isolated RCs with UQa4, if
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there is any fast component, it appears to be faster and less important than in
the MQA reconstituted RCs.

INTRODUCTION

Reaction centers (RCs) of purple non-sulfur photosynthetic bacteria
store the energy of a photon by a series of electron transfer reactions (1, 2, 3).
Following absorption of a photon by a dimer of bacteriochlorophylls (P), the
primary quinone (QAa) is reduced in 200 ps forming P+*Qa-. Electron transfer
from QA to the secondary quinone QB has been measured to occur within 200
microseconds yielding P+Qg-. Sub-stoichiometric proton uptake by the protein
occurs at this step (4, 5). When there is an available electron donor to P+ such
as cytochrome c the absorption of a second photon yields a dihydroquinone at
the QB site as QB- accepts a second electron with the concomitant binding of 2
protons onto the quinone. It appears that proton transfer precedes the second
reduction of Qg (6). The final product of two cycles of electron transfer in vivo
are two oxidized cytochromes in the cell periplasm and reduced dihydro-
ubiquinone in the cell membrane. Thus, RCs use the quinones in the Qa and
QB sites to create a 2 electron gate where the single electron donors and
acceptors cytochrome c, P and QA yield a doubly reduced, protonated product
QsH2 (7, 8).

The electron transfers from Qa to QB have been the subject of much
study (9, 10). This reaction starts the process of coupling electron and proton
transfer in RCs and has been used as a model of this crucial step in the
vectorial energy transfer and storage process (11, 12). RCs are one of the few

energy-coupling, intrinsic membrane proteins where the atomic resolution
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structure is known. In addition, as this is a photosynthetic protein, single
turnover reactions can be measured. The reaction has been studied by site
directed mutagenesis (10, 13), by a variety of spectroscopic techniques (14),
and by theoretical analysis (15, 16). It is well established that the first electron
transfer does not involve proton binding by Q- as indicated by optical (17),
EPR (18), and ENDOR (19) measurements. The reaction does result in sub-
stoichiometric proton uptake from the surroundings and proton rearrangement
within the protein (4, 5, 20-23). The electron transfer from QA to QB is the
only intra-RC electron transfer that shows significant temperature and pH
dependence (2, 24). In this it is different from the other intra-RC reactions that
proceed with less than a five fold change in rate from room temperature to 1K.
Thus, analysis of the quinone dependent reactions must consider that protein or
proton motions may control the electron transfer rate.

The basic problem with studying the electron transfer from Qa to QB in
RCs from Rb. sphaeroides is that the same quinone, Ubiquinone-10, is found
in both quinone binding sites. In the near-UV region of the spectra, the light-
induced absorbance changes are almost identical for the reduction of UQA or
UQB and are similar to that obtained for ubisemiquinone in alcoholic solution
(17, 25). Therefore, there is no primary optical marker to distinguish between
the semiquinone states UQa- and UQB-. Instead, secondary signals have been
used including: (1) changes in the spectrum of the bacteriopheophytins
adjacent to the quinones at 750 or 770 nm (17, 26); (2) small differences in the
absorbance of UQA- and UQg- at 397 nm (7, 17, 27, 28); (3) changes in the
protein and quinone vibrations monitored at 1430-1780 cm-1 (20, 21); and (4)
the recovery of P's competence to initiate a second turnover of electron

transfer, a process which cannot occur until Qa- has been oxidized by QB (29,
44
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30). All measurements show a process with a lifetime between 100 and 300 us
(3300 to 10000 s-1) at room temperature and pH 7-8 in native RCs of Rb.
sphaeroides that has been assigned to the first electron transfer from Qa- to
Qs (7, 17, 30). Recent measurements have shown that the reaction has other
phases, with both faster (26) and slower (27) components. Unfortunately, the
secondary, electrochromic markers which monitor the charge distribution can
not easily distinguish between electron transfer or secondary processes such as
proton transfer or protein rearrangement. However, the direct optical
observation of electron transfer from Qa- to QB in Rb. sphaeroides RCs can be
made if the ubiquinone-10 (UQ10) in the QA site is substituted by 2-methyl-3-
phytyl-1,4-naphthoquinone (MQA), while UQj is retained as Q. The
spectrum of menasemiquinone (MQ-, Amax at 400 nm) is different from
ubisemiquinone (UQ-, Amax at 450 nm) (31-33) providing a direct monitor of
the electron transfer from MQA- to UQB.

The replacement of UQA by MQA4 is expected to modify the Qa-to QB

electron transfer very little. Although MQ is 140 meV harder to reduce in
aqueous solution than UQ, in the Rb. sphaeroides Qa site MQa and UQA have
reduction potentials that differ by only 30 meV (34). In addition,
crystallographic structures (35) and FTIR measurements (36) show MQAa and
UQA have very similar interactions with the protein. The use of MQA and
UQB mimics the native quinone complement in Rps. viridis RCs (33).
Specific quinone substitution succeeds because the QA site in Rps. sphaeroides
RC:s has a preference for MQ over UQ (37). In addition menaquinone will not
function as QB when QA is UQ or MQ, so only electron transfer from MQA- to
UQB occurs (38).
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MATERIALS AND METHODS

Protein Isolation. Rb. sphaeroides R-26 reaction centers were isolated
following standard procedures using Lauryldimethylamine-N-oxide (LDAO,
Calbiochem) detergent extraction followed by purification using ammonium
sulfate and DEAE chromatography (39). Qa and QB were removed with
orthophenathroline using the method of Okamura (40), with minor
modifications (34). This typically yields RCs with no Qp and =5% Qa. The
RC concentration was measured at 802 nm or 865 nm given the extinction

coefficients: £g92=0.288uM-lcm-! or eg65=0.135uM-1cm-1.

Quinone Reconstitution. The long tailed quinones are effectively
insoluble in water, but become soluble when detergent is added. However,
detergent weakens the affinity of quinone for the binding sites. The method of
Wraight (41) using quinone dissolved in Triton X-100 was the basis of the
most effective and reproducible method of reconstitution. Quinone solutions
of 1 mM MQ (2-methyl-3-phytyl-1,4-naphthoquinone, Vitamin K1, Fluka) or
10 mM UQj¢ (Sigma or Fluka) were heated for 5-10 seconds in a microwave
oven to dissolve the quinone. The MQ used here is a close analog to MQ4 or
UQg4, however, the tail has one isoprenyl unit and three isopranyl (saturated
isoprenyl) units on the end of the tail. A final concentration of 1.2-1.6 MQ/RC
was added to a 4-5 UM RC solution with 0.02% Triton X-100 at room
temperature. Complete MQA reconstitution was verified by comparing RC
light initiated electron transfer at 430 nm before and after addition of 2-
Methyl-1,4-naphthoquinone (MQg). The water soluble MQg rapidly fills any

empty QA sites, increasing the activity. Samples were also checked for
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recovery of the ground state from the P+Qa- state with TAp=~75 ms,
characteristic of electron transfer from MQa-to P+. If UQ is Qa, Tap is 100
ms. Following complete reconstitution of the Q4 site, the QB site was
reconstituted with UQjp at =15 UQ/RC. The final UQR occupancy was above
95%.

Due to the competition between MQ3 and UQ1q for the Q4 site, a small
fraction of the QA sites were occupied by a UQ1¢. The fraction of MQ3 as Qa
was determined from the charge recombination kinetics given the different
kBp's in PYUQAUQR- and in PtMQAUQR- RCs. Approximately 85% of the
QA binding sites contain MQ3 with 15% UQ o occupancy. The different kgp
rate constants were fixed during the 2 exponential fitting.

Charge recombination kinetics were measured at 430 nm, pH8.0, room
temperature (22+2°C), 10 mM Tris, 4-5 uM RC, with 0.02-0.03% Triton X-
100 for 4 types of RCs. Without Qg tap is 75 ms (kap=(13.3+0.6/sec) from
P+MQA-; 108 ms (9.3+0.2/sec) from P+UQA- (1.5 stigmatellin/RC added to
remove any UQpB (Fluka)). When Qp is present, charge recombination at Tgp
is 2.8s (kp=0.36%0.4/sec) from PtMQAUQg-; 1.19s (0.8440.01/sec) from
P+UQAUQB-. The driving force (AG) for electron transfer from Qa- to QB
can be calculated from the charge recombination rates kap and kpp (30, 42).
The pathway for charge recombination in PtQg- RCs is via QA" (at kap) so
that P*QaA-Qg and P+QAQB- come to equilibrium (KAB) and then return to the
ground state at

kBp=kAP/(KaB+1) (4.1)
In UQAUQB RC:s the reaction AG is 60 meV; in MQAUQB RCs it is 93 meV.
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Optical Measurements. Light-induced absorbance changes were
measured using a flash spectrophotometer designed by the University of
Pennsylvania Biomedical Instrumentation Group. Actinic light was provided
by a 5 ns, 532 nm pulsed YAG laser pumping the fluorescent dye LDS 751
(Exciton). The peak of the fluorescence was at 750 nm. The laser intensity was
adjusted to provide 80-90% saturation of the P+ signal. The measuring light,
placed perpendicular to the excitation light, was from a 100W quartz-halogen-
tungsten lamp (ORIEL) with appropriate neutral density and interference
filters and was controlled by a shutter placed before the RC sample which was
only opened during measurement. For Kinetic measurement of QA to QB, the
shutter was opened for less than 10 ms. The transmitted light was detected
using a Thorn EMI 9798QB photomultiplier. The output from the
photomultiplier was amplified by a Stanford Research System model SR445 or
Comlinear Model E103 fast amplifiers. For measurement of the P+Qa-Qp to
P+QAQB- electron transfer, the amplified signal was sent to 2 LeCroy (model
9310M 300 MHz and 9304 A 250 MHz) digital storage oscilloscopes recording
and averaging different time scales. The time resolution of the measuring
system was limited by the 80 ns rise time of the photomultiplier tube. The time
between flashes was 1 to 4 minutes and 50-60 kinetic traces were averaged.

Semiquinone spectra were measured 25 ms after a single saturating
flash, in the presence of 200 ferrocene/RC. Ferrocene (Aldrich) was diluted in
alcohol. With ferrocene as an electron donor to the bacteriochlorophyll dimer,
charge recombination froin P+Qa- or P*QAQB- was prevented. Instead, a
stable PQA- or PQAQB- state is created which decays slowly allowing clear
observation of the semiquinone signal (43, 44). The time between flashes was

10 minutes. 3-5 kinetic traces were averaged.
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The measurements of time-resolved electrochromism associated with

the formation of quinone anions at 760 nm were performed as described by
Tiede et al. (26).

Data Analysis. The Levenberg-Marquardt algorithm, a non-linear least-
squares fitting in IGOR Pro (WaveMetrics) was used to analyze the kinetic
traces by fitting to 2 or 3 exponentials plus a constant using the standard

expression:

A(t)=Ao+A1*Exp(-t/11)+A2*Exp(-t/12)+A3*Exp(-t/13) 4.2)

Two sets of data were recorded simultaneously by the two digitizing
oscilloscopes. In the time range 0-20 us, 2000 data points were collected.
This kinetic trace was fit to a single exponential. In the time range 0-2 ms,
20,000 data points were collected. This data was averaged nonlinearly so that
each kinetic component has similar data density to provide a total of 2700 data
points. Thus, more data points were retained at early times. The fitting of the
longer time scale data depended on the results of fitting the fast trace. If a fast
component was seen in the 20 us data, the longer data set was fit with 3
exponentials. The fastest rate was fixed from the early time data. If there was
no fast phase, the longer data set was fit to 2 exponentials. The following
fitting methods were used for the different spectral components.

1. P*MQA- or PtUQA- show no changes at 398 nm for at least 1 ms.
At times greater than 1.5 ms, the charge recombination of P+Q- begins to be
observed. Analysis of the changes that depend on the presence of Qg at this

wavelength is carried out on the raw data.
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2. At wavelengths other than 398 nm, the kinetic signal associated with
QA" to QB electron transfer is very small compared to the difference between

the P+ and P signal. In addition, the large AA from the flash induced oxidation
of P produces a small reproducible hysteresis in the PMT tube (t=200 us).
Therefore, analysis of the kinetic processes associated with Q- requires
subtraction of P+QA - kinetic traces from those obtained with a matched
P+QAQB- sample. The samples, with QA alone and both Qa and QB present
were reconstituted with QA in the same tube and then split. UQB was added to
one sample. The concentration difference between the two samples is less than
1%.

RESULTS

The spectrum of P+*Qa-, Qa-, and Qp- in the near UV. From 398 to 480
nm the change in absorbance going from the ground state (PQAQB) to the
P+QA- state (denoted the P+QA- spectrum) or to the P+Qp- state (the PTQp-
spectrum) is dominated by the changes in absorbance of P as it is oxidized.
Replacing the native ubiquinone by menaquinone has little effect on the P+QA-

spectrum (Fig.4.1). The small increase in absorbance below 435 nm in the

P+¥MQA- spectrum arises because MQ- absorbs more than UQ- in this region
(Fig. 4.3a). The contribution of QA- or QB- to the spectra can only be seen
clearly by the addition of an electron donor to P+, such as ferrocene. The
semiquinone minus quinone difference spectra of UQA-, UQAUQR- (Fig. 4.2a)
and MQAUQBRB- (Fig. 4.2c) are very similar. Each of these intra-RC UQ
species bears a strong resemblance to the UQ- spectrum in solution (Fig. 4.3a)

(31).
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FIGURE 4.1. Light minus dark absorbance spectra of RCs without Qg where
QaisUQjo ( A )orMQs3( @ ), RCs with MQAUQ5 ( o ). Change in
optical density (AOD) measured 10 us after the flash, with 4 UM RCs in
0.02% Triton, 10mM Tris, 2.5 mM KCl at 22 °C, pH 8.0. The RC
concentration was determined from the static extinction coefficients at 802

and 865 nm: €30>=0.288uM-lcm-! or €g65=0.135uM-lcm-!.

The peak of the UQ- spectrum at 445 nm in solution (Fig. 4.3a) is red
shifted by 5 nm when it is UQA- and by only 2 nm as UQR- (Fig. 4.2a). The
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main features of the UQpB- spectrum is independent of which quinone is in the
QA site (Fig. 4.2a and 4.2c). Thus, the peaks at 420, 445 and 460 nm in the
(UQA)-(UQAUQR-) difference spectrum (Fig. 4.2b) can be obtained simply
by subtracting a solution spectrum shifted by 5 nm from one shifted by only 2
nm and multiplied by =1.2. The only significant difference between the
solution spectrum and the intra-RC UQA- and UQRB- spectra is the peak in the
UQA- spectrum at 398 nm, which is not found in the UQpg- spectra. The
amplitude of the absorbance difference between UQAa - and UQg- (Fig. 4.2b) is
small compared to the changes associated with the oxidation of P (see Fig.
4.1). The UQA- peak at the P+ minus P isobestic point near 400 nm provides
the best window to follow QA to QB electron transfer coupled processes.
Unfortunately, this peak represents a still unassigned electrochromic shift of
the quinone or other protein cofactor. It will be seen that this wavelength
monitors later events as well as the electron transfer itself.

While in the native Rb. sphaeroides RCs, Qa and Qp are the same
compound so there is no primary difference in their spectra, there is a
significance difference in the semiquinone spectra of UQ and MQ. The
maximum MQ- absorbance is at 400 nm in RCs and in solution, while the
maximum for UQ in solution, or in the QA or QB sites is near 450 nm. The
absorbance difference of (MQA- ) minus (MQAUQB") in MQA reconstituted
RCs (Fig. 4.2d) looks very much like the difference between MQ- and UQ- in
aqueous solution (Fig. 3b) with the same peaks, and troughs. There are
additional features near 400, 420 and 465 nm. These peaks are found in the
UQAa- - UQB- spectrum. However, the =15% of the RCs with UQA does not
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FIGURE 4.2. Light minus dark difference spectrum of 1 uM RCs with 200uM
Ferrocene measured 25 ms after excitation flash. This provides the
(semiquinone) -( quinone) spectra for: (a) PUQA-( ® ), PUQAUQg-( 0 ); (c)
PMQa-( ¢ ), PMQAUQg ( © ). Double difference spectrum of (b) PUQAx-
minus PUQAUQg-; (d) PMQ4- minus PMQAUQg-. The Qp occupancy was
normalized to 100%. 3-5 measurements were averaged. Buffer conditions are

the same as in Fig. 4.1.
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FIGURE 4.3. Semiquinone - quinone difference spectra in solution measured
by pulse radiolysis in aqueous solution. (a) 100 uM MQ- (solid line) S M
isopropyl alcohol pH=6.4; 100 uM UQ- (dotted line) 7M isopropy! alcohol,
pH=8. (b) Double difference spectrum of MQ- minus UQ-. Data taken from
Patel and Willson (31).
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fully account for the magnitude of the changes indicating small shifts of the
MQ- spectrum as it binds to the protein, or changes in the protein spectrum in

response to formation of Qa-.

Absorption Changes Associated with QA-QOpto QaQ0p Electron
transfer. When RCs were reconstituted with MQ at the QA site and UQ at the
QB site, at 398 nm three kinetic components were observed following
formation of P*MQA-UQg (Fig. 4.4, summarized in Fig. 9a). A fast
absorbance change: T1=3.5 £ 0.9 us (3.3x105 s-1) with A1=45%, an
intermediate phase, T0=80%15 s (12,500/sec) with A2=~25%, and a slow
phase, ©3=260£50 us (3800/sec) with A3=30%. These transients depend on the
presence of UQR. With MQ at the Q4 site and no QB, there is no change in the
optical absorption for 1 ms. In P+MQA- RCs only charge recombination to the
ground state at TAp= 75 ms is seen. Stigmatellin, a competitive inhibitor of Qp,
removes all sub-millisecond components in MQAUQB RCs. Thus, these three
components are associated with electron transfer from MQA- to UQgB-.

The two slower rates, T2=80 s and 13=260 s, have been previously
reported in UQAUQBRB RCs (26, 27) (Fig. 4.9). T is faster than previously
reported in isolated RCs. However, as seen in Figure 4 the fast phase is a
significant fraction of the processes that occur on electron transfer from QAa- to
QB. The fast phase is clearly part of this reaction since the initial absorbance
amplitude for P+QAa- to P+Qg- electron transfer kinetics must equal the
absorbance of the starting state which is P*QA-. Having the same initial
amplitude in a closely matched pair of samples with and without Qg is the best

way to check that none of the QA- to QB reaction occurs faster than the time
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FIGURE 4.4. The kinetics of light-induced absorbance changes at 398 nm,
pH=8. (a) First 10 us: RCs reconstituted with MQ, only (top), with both MQa
and UQg (bottom). T; of 3.5 us was obtained by single exponential fitting to
the bottom trace. (b) The same transient monitored for 200 ps. T2 is 87 ls

obtained when 7, is fixed at 3.5 us. Measurement conditions as in Fig.4.1.

resolution of the measurements. When only the slower components are
analyzed =50% of the absorbance change at 398 nm occurs as a burst phase
(Fig 4.4b). A predicted absorbance change on reaction can also be derived
from the difference in the absorbance of ferrocene trapped MQA - and UQB-
(Fig. 4.2) which is 4.020.4 AOD/mM at 400 nm (normalized to 100% Qg
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reconstituted) . The sum of the initial amplitudes of the T2 and T3 components
is only 60% of the predicted value. Adding the Tj contribution, the value is
within 90% of that expected.

The transient absorbance difference in MQAUQRB RCs was also
measured at 757 nm at 6°C (Fig. 4.5). Three phases are seen: T1=6.3 £1.2 s,
T2=205 %55 ps and 13=950 £180 us with relative amplitudes of 0.53, 0.39 and
0.08, respectively. These rates are similar to the rates observed at 398 nm at
5.2°C where 11=6.6 £0.5 us, 70=120 £12 us and 13=1.1 +0.1 ms with relative
amplitudes of 0.41, 0.27 and 0.32, respectively (see Fig. 4.6 and 4.9b).

The time course of the absorbance changes associated with the UQA" to
UQB electron transfer reaction were also measured at 398 nm. At this
wavelength, the two slower rates T2=65+25 s and 13=260150 us seen in
MQAUQEB RC:s are clearly observed. A fast absorption change at < 1 s,
representing approximately 15% of the total amplitude may also be seen.
Unfortunately, this fast rate is at the limit of the instrument response time. No

absorption changes are seen at 398 nm from 2-40 us following the formation
of P¥QA- in UQAUQB RCs. The same results are found in RCs where both

QA and QB are reconstituted with UQjg as well as in RCs when UQA is

retained duing the purification procedure. Thus, the quinone extraction and
replacement is not the cause of the difference between the MQa and UQA
RCs. 2 or 3 Exponential Curve Fitting. The rate constants obtained by fitting
kinetic transients depend to some degree on the analysis method. The fast
component 7] is 23 times faster than 13 so it is clearly seen in MQAUQB RCs.
In contrast the 2 slower components differ by only 3 fold so are harder to
resolve. Fitting a kinetic trace obtained at room temperature, 398 nm, and pHS,
(Fig. 4.6) to 3 exponentials yields T's of 3.5, 78, and 260 pus. Fitting the
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FIGURE 4.5. Absorbance changes in MQAUQg RCs at 757 nm and 6°C.
Amplitude normalized to AOD(865 nm, O us) = 1. Solid line fit to 3
exponentials: 7;=6.3 £1.2 s, 7,=205 55 us and 13=950 £180 pus with relative
amplitudes of 0.53, 0.39 and 0.08.

same date with 2 exponentials, gives T's of 3.5 and 130 us. The improvement
with the third component is small (see residuals in Fig. 4.6). However, at
lower temperature (5.2°C) (Fig. 4.6-bottom), T2 and T3 are better separated.
Here a 2 exponential fit shows substantially more error than when 3
exponentials are used. The results at both low temperature and high pH (data
not shown) where the second (t2) and third (t3) components are better

separated demonstrate that there are at least 3 phases of absorbance changes. In

addition, as will be seen below 12 and 13 have different spectra. Therefore, all
kinetic traces with Qp were fitted to 3 exponentials.
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FIGURE 6. Kinetics of absorption change at 398 nm at 22 °C and 5.2 °C.
Residuals of fitting 22 °C data with (d;) 2 exponentials (3.5, and 130 us) or
(d2) 3 exponentials (3.5, 78, and 260 us) and 5.2 °C data with (d3) 2
exponentials (7, and 490 us) or (d4) 3 exponentials (7, 120 and 1100 ps). 3
exponential fitting on data.
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The Spectra of the Three Kinetic Components. The wavelength
dependence of each kinetic component (the transient absorption difference
spectrum) can provide the information to identify the reaction occurring at this
rate. In MQAUQB RCs, the shape of the transient absorption spectra with
lifetimes of 3 us and 80 us (Fig. 4.7a) largely matches the shape of the MQ-
minus UQ- spectra in solution (Fig. 3b). Thus, 60% of the electron transfer
from MQA- to UQg occurs with a lifetime of 3 s while the remaining 40% of
the MQA - transfers its electron to UQR in 80 ps. In contrast, T3 (200 -600 us)
is only measurable near 400 or 450 nm. Thus, the slow rate monitors other
changes in the protein occurring after electron transfer. This slow phase
accounts for 30% of the total change at 398 nm in MQAUQB RCs.

The sum of the three components are in reasonable agreement with the
difference spectrum predicted from ferrocene trapped MQA - minus UQg- (Fig.
4.7c), especially around 400 nm and 450 nm. At other wavelengths, while the
shape of the spectrum matches qualitatively, there are differences between the
amplitudes of the two curves (Fig. 4.7c). The reason for the mismatch is
unknown. One explanation for the static difference of MQAa - minus UQp-
being bigger than the amplitude change obtained from the kinetic results (Fig.
4.7c) is that the trapped semiquinone spectrum was measured 25 ms after the
flash rather than being limited to the 2 ms observed in the kinetic
measurements. Thus, the static states of MQa - and UQg- in RCs where charge
recombination is blocked may include additional proton uptake or protein
conformational changes that add to the difference spectra.

In UQAUQB RCs, the only evidence for the fast component 71 is found
near 400 nm where the expected absorbance changes are the largest. The
shape of the 65 us (12) component (Fig. 4.7b) is very close to the spectrum
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predicted from the ferrocene trapped semiquinone spectrum (Fig. 4.2b). While
the amplitude at T3 has a spectrum similar to T2 in the 398-435 nm range, its

amplitude is close to zero at wavelengths longer than 450 nm (Fig. 4.7b). The
398 nm peak in the 12 and 13 difference spectra do show the oxidation state
change of UQA- (Fig. 4.7b). However, the lifetime correlated spectra shows
that these kinetic components show different shifts in the free-radical anion or
protein spectra near 450 nm. The sum of the amplitudes at T2 and 13

qualitatively matches the spectrum predicted from the static Qa- and QB-
spectra (Fig. 4.7d).

The Temperature Dependence of Processes Associated with the
Electron Transfer from Q4 to Op. The temperature dependence of the kinetic
components was measured between 0 and 27°C in both MQAUQB and
UQAUQB RCs (Fig. 8 and table 1). The pH of Tris buffer changes from pH 8
to 8.6 over the temperature range 22 to 5 °C. However, measurement of the
rate as a function of pH shows that this should have negligible effect. In
MQAUQB RC:s the proportion of the electron transfer that occurs at T1 does
not change with temperature (Fig. 8b). The activation energy of T} is 3.8+1.1
kcal/mole (Fig. 8a) with a pre-exponential factor of (2.240.3)x108 s-1. The

activation energy of 12 is 3.440.6 kcal/mole with a pre-exponential factor of
(5.0+0.3)x106 s-1 (Table 4.1). The activation energy of 13 is 7.1£1.3
kcal/mole.

61

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



A0D (mM” em’)

o
™

-1
cm )

o
F

AOD (mM”
(@]

o

S
'

O
o

l 1 i 1 | 1 I 1 L

400 420 440 460 480

L L B

T
(b) .

r

| | L 1 ' [

400 420 440 460 480

Wavelength (nm)

o
o

)
W
o o

-1
o
o

-1

AOD (mM cm

o
o

-t
o

L
(o)

N
)

- | 1 | I l 1 | L | X

400 420 440 460 480

L I 1 I T l L

T
(d)

-l l 1 J i l I [ 1 I

400 420 440 460 480
Wavelength (nm)

FIGURE 4.7. The spectra of each kinetic component. (a) MQaUQg RCs: A,
(®),A(0),A3( 5 ). () UQaAUQgRCs: Az ( ® ), A3( & ).(c).
MQAUQg RCs: Aj+A+A;3 ( 0 ); double difference spectrum measured with
ferrocene as an electron donor from Fig. 4b ( @ ). (d). UQAUQg RCs: Ax+Aj3 (
a ) double difference spectrum from Fig. 2b ( A ). Resultsincand d
normalized to 100% UQs.
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FIGURE 4.8. Temperature dependence of each kinetic component. The
activation energies (E,) are in Kcal/Mol. MQaAUQB RCs: (a) Arrhenius plot for
ki=1/t; ( m ), k=11, ( ® )andks=1/13 ( 0 ). (c) Percentage of the total AA
(=A1+Ax+A3)at A; (m),A;( @ Yand A3 ( 0 ). UQAUQg RCs: (b)
Arrhenius plot for ko=1,1; ( @ ) and k3=1,t3 ( 0 ). (d) Percentage of the total
AA (=Ay+Aj3) at A ( @ ) and A3 ( o ). The conditions were the same as in

Figure 3 and all data were measured at 398 nm.
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Table 1. Summary of Activation Energies (Ea)
RC\Time constant T1 T2 13
at22 °C (3.5 us) (80 us) (200-600Ls)
MQAUQg (kcal/mole) 3.8+1.1 3.4+0.6 7.1£1.3
UQAUQg (kcal/mole) 2.7+1.2 9.5+1.4
DISCUSSION

Biphasicity of QA-QB -> QA QB- Electron Transfer

Electron Transfer from Qa-to Qp when Q4 is MQ. The analysis of the kinetic
components of the spectral changes in the 398 to 480 nm region reveals

3 time scales for events connected to the electron transfer from MQAa- to UQB
(Fig. 4.9). Electron transfer in MQa RCs occurs in the 2 faster phases, with
lifetimes of 3.5+0.9 s (t1) and 80%15 us (12) at 22°C. The lifetime correlated
difference spectra in RCs (Fig. 7a) look like the static MQ- minus UQ-
spectrum in solution (Fig. 4.3b) (31). This clearly identifies these components
as individual phases of electron transfer2. The rate and pH dependence (not
shown) of the 80 Us component is close to the traditionally assigned single
lifetime for the electron transfer from UQa-to UQB of 100 to 300 us (7, 17,
30). However, the 3 us phase is faster than has been previously described in
isolated UQA containing Rb. sphaeroides RCs (Fig. 4.9), although similar rates
and amplitudes for biphasic UQa- to UQp electron transfer have been seen in
chromatophores (45, 46). Similar fast rates have been reported for native Rps.
viridis RCs, with electron transfer from MQa- to UQB, occurring with

lifetimes of 6 us at pH7 and 30 ps at pH8 in membrane fragments (47) and 18
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us in whole cells (48) at pH 7. Possible mechanisms that can yield these
distinct rates will be considered below.

Both T1 and 17 are also seen in the electrochromic response of the BPh,
measured at 757nm in MQA RCs. This wavelength is near the isobestic point
for the P+QA- spectrum, and as discussed previously (26, 45, 46), it monitors
the electrostatic perturbation of the BPh optical absorption associated with the

T (s) ]| (a) Rb. sphaeriodes v?r?ds:s (b)  Rb. sphaeriodes
mMa, | uq, uQ, A MQ, | UQ, uQ,
i M (Y I R
- | v |
103
— [ ]
N | =
104
- == == —
NN w—
-3
10 = NN
Ref. This work i, 2, 3 4 5 6. This work 8, 9

FIGURE 4.9. Summary of measured time constants of electron transfer from
Qa- to Qp and associated processes: (A) at room temperature; (B) at 4-6 °C.
Black boxes are assigned to electron transfer and hatched boxes are assigned to
proton uptake or protein rearrangement. The possibility of a fast T; in UQa RCs
is shown by the dashed border. The grey boxes are from measurements where
the process monitored by a kinetic transient has not be assigned. Single
exponential fit to data at 750 nm: 1. Verméglio and Clayton (17); 2. Wraight (7);
3. Kleinfeld et al. (30). Double exponential fit of data at 757 nm: 4. Tiede et al.
(26). at 397 nm: 5. Takahashi et al. (27). Double flash method: 6. Leibl et al.
(48); 7. Mathis et al. (82). FTIR measurements at 1725 cm-!: 8. Hienerwadel et
al. (20); 9. Hienerwadel et al. (21).
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formation of the Qp- state. Charge compensating events will attenuate this
signal, and differences between the electron transfer and charge compensating
events will add kinetic complexity. However, the close correspondence
between the lifetimes determined in the near UV and at 757 nm supports the
interpretation that changes at this near IR wavelength primarily detect electron
transfer. The relative amplitudes of the kinetic components in the near UV and
at 757 nm need not be the same, since the near UV and 757 nm signals need
not have the same dependence on dielectric and protonation state changes in
the cofactor surroundings.

There is a third kinetic component present near 398 nm, t3= 200-600 iLs
(22 °C), which also depends on the presence of a functional Q. The spectrum
of the absorbance changes associated with 13 shows clearly that this is not
electron transfer (Fig. 7a). Thus, electron transfer and slower protein
responses are kinetically well-separated in MQ4 containing RCs. A Kkinetic
separation is also seen in the near IR transient spectra. Measurements at 770
nm (data not shown) with lifetimes at 6° C of approximately 60 Us and 2 ms
show a distinct lag compared to those at 757 nm where the lifetimes are 6.6
s, 205 ws, and 950 pws. Previous measurements in chromatophores have
shown that the 770 nm transients reflect quenching of the electrochromism
associated with the QgB- state, while transients at 757 nm monitor both electron
transfer and charge-compensating events (45, 46). Hence, measurements in
the near UV and near IR both support the conclusion that the changes at T] are
mostly due to electron transfer, electron transfer and charge compensation are

mixed in T2, while little or no electron transfer occurs at T3 in MQAUQB RCs.
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Electron Transfer from Qa-to Qp when Q4 is UQ. Measurement and
assignment of QA - to Qp- electron transfer and accompanying non-electron
transfer events is significantly more difficult with RCs containing UQAUQB
than those containing MQAUQR. Rather than a change in the primary optical
signal the UQA - absorbance is simply red shifted 3 nm relative to UQp-. UQA-
is also associated with an absorption peak near 398 nm, which is an isobestic
point of the P+-P signal. The origin of this peak is unknown, but it appears not
to be a property of the UQ- itself, and hence apparently arises from an
electrochromic response of another RC cofactor to the oxidation state of QA .
In addition, the assignment of changes at 398 to processes occurring after
electron transfer must be considered in UQAUQB RCs since this wavelength is
seen to report non-electron tranfer events in the MQaAUQB RCs.

Optical transients in RCs with UQAUQRB show kinetic components
comparable to T2 and 73 in MQAUQgB RCs(Fig. 7b). In contrast, to the results
in MQAUQB RCs, there is less distinction between the spectra of T2 and 13
(Fig. 7). The coincidence of the kinetics of electron transfer and charge
compensating events in UQAUQgB RCs is also supported by measurements in
the near IR. These show equivalent, complex kinetics occurring on the time
scales of T2 and T3 throughout the near IR region, including measurements at
757 nm monitoring both electron transfer and charge compensation, and at 770
nm which responds selectively to charge compensation events (45, 46). A
small fraction of the changes at 398 and 757 may occur faster than can be
measured (<1 us). However, any burst phase accounts for at most 15% of the

signal.
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Non-electron Transfer Events occurring at T2 and T3. It is not possible
to assign the source of the non-electron transfer components from the near IR
or near UV spectra. However, previous studies have identified processes such
as proton transfer and protein relaxation occurring with lifetimes similar to 3
which may underlie the spectral changes observed here. Thus, Hienerwadel et
al. (20, 21) have made time-resolved IR measurements in native Rb.
sphaeroides RCs (4 °C, pH 7-7.5) under conditions where T2 here is 12015
us and 13 is =1 ms (Fig. 9b). Several peaks between 1780-1430 cm-1 change
with life-times of =170 us (t1/2 = 120 us). The carboxylic acid group of Glu
L212 (1725 cm-1) was protonated in 260 ps (25%) and 1.4 ms (75%) (21). The
170-260 us component, comparable to T2 here, was assigned to events that
occur with the electron transfer itself and the slow component (T3 here)
represents later proton transfers or conformational changes. In addition, pH
indicator dye shows H+ uptake at 104-103 s-1 following P+Qa-formation (49).
Other methods also show transients on the time scale of T3 that appear to be
protein relaxation following electron transfer. The electrochromic shift of the
BPh absorbance that monitors Qg- formation is diminished at 100-300 pus

=20°C). This is indicative of protein relaxation screening BPhy from QB-
(45). Brzezinski et al. observed a voltage change with =200 us (at 20°C)
following formation of P+Qa- or P+*Qg- (50). This component diminished the
total voltage change for formation of P+Qa- (a 23 A distance) by about 10%.

The Activation Energy of the Events Associated with Electron Transfer
from Q4- to Qp. Both phases of the electron transfer reaction have relatively
small activation energies of 3 to 4 kcal/Mol while E, is significantly larger for

13 (Table 1). There are few earlier published values for the activation energy of
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the electron transfer from Qa-to Q. Mancino et al. (42) measured a value of
14.3 kcal/Mol (tAB=200 ps at 750 nm), significantly larger than the E, for 1.
Their measurements were modeled by a single exponential, mixing T2 and T3.
A single component fit of the data reported here from 0-2 ms yields a value of
8.1 kcal/Mol. Recent measurements at 757 nm in UQA RCs are in better
agreement with the results reported here, with an Eg=4.5 kcal/Mol (t=25-40 s
at 20°C) and Eg=11 kcal/Mol (t=210-240 us at 20°C) (26), identified with T

and 73 respectively.

Kinetic Models That Yield 2 Rates for Electron Transfer from Qa- to Qp

The electron transfer in MQ A RCs has two distinct, temporally well
separated, kinetic components: 3.5 + 0.9 us (60%) and 80 *+ 15 us (40%) Two
different kinetic schemes can account for the observed rates each of which
requires two populations of RCs. In a series or gated mechanism (Scheme 1),
the 80 ps phase represents transformation from an inactive (RC3) to an active
(RC}y) state which then undergoes electron transfer in 3 ps. Initially 60% of
the RCs are in the active state. In a parallel mechanism (scheme II), both
populations undergo electron transfer at 3 us (RCj) and 80 us (RC3)
respectively. The equilibration of the two forms of RCs would occur on a time
scale much longer than 80 us. While the data appears to favors a gated

mechanism, we cannot yet rule out the parallel scheme.
Data supporting the gated mechanism. Here electron transfer occurs in

3 us, while changes in the inactive fraction of protein required for electron

transfer determine the 1 lifetime. As described above while spectral changes
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in the near UV show electron transfer occurs at both t1 and T2 there are no
changes at 7] at 770 nm, a wavelength which only monitors protein relaxation

but does not respond directly to electron transfer. However, changes at 770 do

occur at t2. Thus,

[Scheme 1
Electron
. Gate transfer
P*Q, QB(z)m P*Q,"Qg(1) -(35—>) P*QpQg7(1)
40% B so% M 100%
Scheme 2 il or (3.5
tron t .
P*Q,"Qg(1) ectron transfer (3.5 us L P*Q,QgT(1)
60% N 60%
Population
exchange ?
(>>80 ps)
i Electron transfer (80 us) -
PtQ, Q2 > P*Q,Qp"(2
4005 A 8@ Tov A%e @

changes such as proton distribution or protein conformation occur in the
second phase of electron transfer. In the gated model these changes are

required and determine the rate for electron transfer in RCy RCs.

Data opposing the parallel mechanism. Charge recombination from the
P+QAQgB- state (kpp) can measure KaB, the equilibrium constant between QA-
QB and QAQB- (Eqn. 1). kpp in the MQAUQB RCs is close to a single
exponential, so there is little difference between KB in the populations of
RCs that react at T; and t2. The most straightforward explanation is that there
is only one P+QAQB- state, supporting the gated mechanism. The parallel
mechanism requires either similar Kog's in RC| and RC3 or a conformation
change after formation of QB- but before charge recombination (<1 s) yielding

..one PtQAQg-state. The 60:40 population of RC3.and RC]. would need to be

restored during the 2 minutes between flashes.
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Data opposing the gated mechanism. Much of the data supports a
mechanism where the electron transfer occurs from one population of RCs.
However, two pieces of data are difficult to accommodate in this mechanism.
The E; for the 80 us component is only 3.4 kcal/Mol, the same as for the 3 us
phase. Thus, whatever changes occur at T2 to transform RC2 to RC; must be
accomplished with only a small activation energy although there may still be a
substantial entropy of activation. Also, the relative amplitude of the 2 phases
does not change with temperature (Fig. 8). This requires a negligible enthalpy
difference between RC) and RC> to maintain the temperature independent

equilibrium constant.

Variation in the kinetic parameters that distinguish RCj and RC>. If
electron transfer is rate limiting for T then electron transfer theory can provide
a rough estimate of the differences between RC] and RC3 that could yield a 20
fold slower T2. In the simplest formation of the theory by Marcus kap = Ce-BR
exp(-(AG-L)2/4AkpT)), where C =1013/s, AG is the free energy difference
between reactants and products; A the reorganization energy; r the distance
between the electron donor (Qa) and acceptor (QB); B the fall off of the rate
with distance; T the temperature and kg Boltzman's constant (51-54). For this
reaction the -AG of 60-90 meV is much less than A which is estimated to be
700-1300 eV (53, 55). The rate will increase as -AG approaches A. A reduction
in A of =300 meV or increase in exothermicity of =200 meV could increase the
rate by 20 fold. Alternatively if B is 1.4 A-1 (53), a 2.7 A change in distance
from QA to QB could account for the difference in rates extrapolated to -AG=A

of 2.2x108 s-1 (for t1) and 5.0x106 s-1 (for t2) (see results). The rates
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extrapolated to infinite temperature provide the estimates of the rates at -AG=A

(Fig. 8).
What Might Yield RCs with Different Electron Transfer Rates

Electron transfer from Qa- to Qp occurs at more than a single rate in all
RCs. The rates vary by at least 20 fold. If electron transfer is mixed into the
processes occurring at 13 the rate would vary by more than 100 fold. We do
not yet know what causes RCs to switch from one rate to another. However, a
number of perturbations have been found to change the distribution of rates.
In UQAUQB RC:s the electron transfer rate changes from faster and clearly
biexponential in chromatophores, to slower, more nearly single exponential in
purified UQa RCs (26, 45, 46). At room temperature electron transfer and
relaxation events are mixed in this single phase. Since relaxation processes
have a larger activation energy on cooling electron transfer becomes more
clearly separated from other events (Fig. 6) (26, 45). Dehydration of isolated
UQA RCs by increasing the solution osmotic strength shifts the electron
transfer towards the more native faster t; and 7 lifetimes (26). These are
global changes to the protein surroundings and so do not point to a specific
molecular switch between the RC forms where electron transfer is at T; and 13
or those where it is at T2 and t3. For reasons that are not yet understood,
reconstitution of MQ into the Q4 site in isolated RCs yields electron transfer
kinetics that appear to be closer to the in vivo reaction than found in isolated
UQA RCs. The similarity of the kinetics could be fortuitous, or it could be a
reflection of the preference of the site for MQ. MQ binds more tightly than
UQ to the QA site in isolated RCs (37). and is preferred at this site in bacteria
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such as Rps. viridis, which synthesize both quinones (33). Alternately,
reconstitution with the larger MQa may remove bound water producing
effects similar to that seen in isolated RCs at high osmolarily where T is seen
(26). The ability to switch the proportion of fast and slow reacting RCs by
quinone replacement will provide an opportunity to characterize the changes in

the RCs that yield the different rates in future experiments.

Differences between RCs with MQa and UQa The distinctly different
patterns of transient near UV and near IR spectra for UQAUQB RCs and
MQAUQB RCs suggest that these RCs differ in the rate-determining steps for
electron transfer from QA-to QB-. Inisolated UQAUQR RCs at room
temperature both electron and non-electron transfer events are distributed over
the T2 and t3 lifetimes, while in MQAUQB RCs electron transfer occurs at T
and T2, while non-electron transfer events occur at T2 and t3. This difference
is unexpected. Many previous experiments have shown that MQa RCs behave
similarly to UQA RCs. Structural comparisons show: (1) similar interactions
between Qa and the protein in the crystal structures of Rps. viridis RCs where
MQ is the native QA and in Rb. sphaeroides RCs with UQp (35); (2) the same
hydrogen bonding pattern and cofactor orientation in Rb. spheroides RCs with
native UQA or reconstituted MQAa (personal communication, Guenter
Fritzsch); and (3) similar protein changes for both UQa and MQA in QA-
minus QA FTIR difference spectra in Rb. sphaeroides RCs (56). In addition,
functional studies show: (1) the free energy for electron transfer from MQAa- to
UQB is only 30 meV more favorable then with UQ4; (2) the quantum yield
for electron transfer from BPh- to MQA is 100% even at cryogenic

temperature where the quinone must be rigidly held in the binding site (57);
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and (3) electron transfer from MQA- to P+ is as well characterized by a single
exponential as in native RCs even at cryogenic temperatures (58). FTIR
measurements of the hydrogen bonding of MQA and UQp show the clearest
differences between the quinones. One of the UQ carbonyls shifts by >30 cm-
L and the other by < 5cm -1 when it is bound to the Q4 site. Thus, UQA"
appears to make only one, strong hydrogen bond, probably with the proximal
carbonyl (O4) (59, 60). In contrast, MQAa - carbonyls each shift by =10-20 cm-
1 0 it appears to make two hydrogen bonds (56). This raises the possibility
that the second hydrogen bond could fix QA firmly in the correct position for

rapid electron transfer.

Possible Sources of Heterogeneity in the Q4 Pocket. Measurements of
the electron transfer between P and QA suggest there is only small functional
heterogeneity for Qa (61-64). Extensive analysis of the charge recombination
to the ground state in P+*UQA- RCs at room temperature shows the kinetics for
this reaction can be fit with two rates that vary by at most a factor of 3 (62, 65,
66). The free energy of the QA- state can be estimated from the rate of the
charge recombination in P+¥QAa - RCs reaction when Q4 is replaced with
quinones =150 meV lower in potential than UQA (34, 65-69). Heterogeneity
in the QA- free energy of = 20 meV in Rb. sphaeroides (65) and = 30 meV in
Rps, viridis RCs (66, 70) have been found. It seems unlikely that this small
difference in reaction free energy is sufficient to account for the 20 fold
difference between t1 and 1.

Differences in hydrogen bonding of the quinones could change the
electron transfer rates. Only one of the two QA carbonyls is needed for

function (57, 58, 71, 72). A Qa- with stronger hydrogen bonds will be more
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rigidly held in the site, which may reduce A, facilitating faster electron transfer.
His M219, the proximal hydrogen bond donor is a ligand of the non-heme iron
connecting the QA and Qp sites (35, 54, 73). Differences in this bridge for
electron transfer, in RCj and RC; could modify the rate by changing ¢#® (53,
54).

Possible Sources of Heterogeneity in the Qp Pocket. Two electron
transfer rates, each with =50% of the total amplitude could result from two QB
binding sites with similar quinone affinities. In the parallel mechanism both
sites would be active, in the gated mechanism movement from inactive to
active site occurs at T3. Several distinct binding sites have been shown. FTIR
measurements in Rb. sphaeroides RCs suggest 25% of QBs have weak
interactions between the protein and quinone carbonyls, while 75% have
strong interactions (74). X-ray crystal structures of Rps. viridis RCs show two
sites for the competitive inhibitor o-phenanthroline, and 7 sites for ubiquinone-
1 (75) (for review see (35)). For Rb. sphaeroides RCs Allen et al. (76) and El-
Kabbani et al. (77) located Qp at a position close to where it is found in Rps.
viridis RCs (35) in an inner binding site. In contrast Ermler et al. (78) and
Stowell et al. (79, 80) have found QB =3.5 A further away from QA in the
hydrophobic entrance of the Qp binding pocket. The quinone is in the inner
site in light activated RCs and the outer site in dark adapted protein.

In the gated mechanism the quinone must move between the binding
sites that distinguish RC; from RC3 in 80 us with an Eg of only 3.5 kcal/Mol.
There are negligible differences in the protein in structures with and without
QB (35) or with the quinone in different locations (80). This is consistent with

a low barrier for quinone relocation. However, the position of the tail in the
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‘light' and 'dark’ adapted structures shows the quinone flipped by 180° along an
axis between the quinone C3 and C3 (35, 80). In the inner site O4 is hydrogen
bonded to His L.190, while O is closer to the His in the outer site. For this
rearrangement to convert RC2 into RCj it needs to occur in 80 us with a 3-4
kcal enthalpy of activation. The large difference between the quinone
orientations in the light and dark structures may make this difficult. In the
parallel mechanism both binding sites would be active. However, KAB must be
similar at each active sites to maintain a single rate for charge recombination
from P+Qg- (kgp). This seems unlikely since there are two possible hydrogen
bonds to Qg in the inner site, and one in the outer site (78, 79, 80). The
electron transfer could occur to both locations, with the semiquinone moving

to occupy one site. This also requires release of Qp- from the pocket so that it

can flip over.

Possible Sources of Heterogeneity in the Protein. The complexity of the
electron transfer kinetics from Qa- to Qg may reflect heterogeneity of the
electrostatic environment of Q. This region of the protein is characterized by
an interconnected group of acidic residues including Glu L212, AspL.213, and
GluH173 (15, 16, 22). Calculations of the proton occupancy of these residues
show several protonation states with similar energies indicating RCs may exist
in a variety of sub-states. Glu L212 is the nearest acid in the cluster to Qg and
its ionization is predicted to destabilize QB- disallowing electron transfer (15,
22). Calculations predicted a role for this acid in the formation of Q- (22),
subsequently confirmed by FTIR and time resolved IR

measurements showing the acid undergoing sub-stoichiometric protonation
(0.3-0.6 H+*/RC) at =12 (21, 23). These measurements could support a role for
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GluL212 in a gated mechanism where protonation of this site controls the rate
of the electron transfer at T2. The remaining fraction, if it is protonated in the
ground state, could react at 71 (15, 16). In addition, T2 depends on pH, slowing
above pH 9. Thus, proton uptake is important in this phase of electron transfer
(7,27, 30, 81). In contrast, no significant pH dependence at T; is observed
from pH 6 to 11 (data not shown). Interestingly, the fast, s electron transfer

from MQA to UQp in native Rps. viridis RCs also shows only a weak pH
dependence (48, 82).
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Chapter 5

AGS, and pH Dependence of the Electron Transfer from P+QA-QB to
P+QAQB- in Rhodobacter sphaeroides Reaction Centers

ABSTRACT

Electron transfer from P+Qa-Qp to PTQaAQp~ was measured between 390 and
500 nm in R-26 RCs where QA was substituted with several different
naphthoquinones, QB was ubiquinone (UQB) in all cases. These substitutions
change the redox midpoint potential of Qa and therefore change the driving
force for electron transfer. The electron transfer rate is heterogeneous. In RCs
with 2-methyl-3-phytyl-1,4-naphthoquinone (MQ) substituted at Qa (MQA).
three rates are observed: T1=3us+0.9us, 12 =80+20us, and 13 =0.4+0.2ms at
pH=8 and 22°C. In the MQAa RCs, no significant pH dependence of the fast
kinetic phase 1) is observed from pH 6-11. In contrast, T2 slows above pH 9.
Measured at 400 nm, 406 and 470 nm, T is found to be free energy dependent
and changes by a factor of 10 as the free energy difference for electron
transfer from QA- to Qg is varied by 100 meV. The free energy dependence of
the rate provides a reorganization energy of 850+100 meV. The slower phase
T2 is free energy independent. When the isoprene tail length is increased from
2 to 10 isoprene units for the naphthoquinones at the QA site (NQAa), the

fraction of T decreases.
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INTRODUCTION

The electron transfers between QA and Qg have been the subject of much
investigation which has begun to shown how proton and protein motions can
control electron transfer reactions. The electron transfer from Qa- to the
secondary quinone, QB, has been measured to occur within 3-200
microseconds yielding P+QB- (1, 2, 3, 4, 5, 6). It is this reaction that will be

the subject of the work reported here.

If there is no exogenous donor to donate an electron to P+, the electron on the
acceptors will go back to P+ in a charge recombining, back reaction. The back
reactions from Qa- or Qp- to P+ each have two pathways: kgp or kap where
the electron goes back directly to P+; and kgap or ksyp where the electrons go
back indirectly to P+ via a higher energy state(Fig. 1.2). In the thermally
activated, uphill reactions, the reaction rates are proportional to the free
energy difference between the initial and intermediate states. Therefore these

rates can provide a measure of the relative free energy of different states.

The early, fast electron transfer reactions show little temperature or pH
dependence indicating that these reactions can occur in a relatively rigid
protein. In contrast, the slower electron transfer from QA- to Qp have
significant temperature and pH dependence (7, 8), suggesting that protein and
proton motions may be important for this reaction. While recent studies

provide evidence for direct protonation of the semiquinone state Qp- in
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chromatophores at low pH, in isolated RCs at physiological pH's neither the
semiquinone Qa- or Q- binds a proton(9, 10).

An electron transfer from QA- to Qp that occurs at =100 pus has been studied
intensively. The reaction is pH independent from pH 6 to 9 and is faster at
lower and slower at higher pH. In the intermediate pH range there is sub-
stoichiometric proton binding on formation of P+QA -, but little proton uptake
from solution is required on electron transfer from Qa-to Qg (11, 12, 13, 14,
15, 16). Studies of the 100 us reaction shows that this electron transfer rate
constant k{; does not change with AGS,. This finding provides strong
evidence that the electron transfer itself does not control kY ; rather some
other process provides a conformation gate determines the rate (3). The
enthalpy of these electron transfer has been shown recently to be =3.5 kcal (4,
5, 6); although earlier measurements had provided larger values. Thus, the

conformational gate appears to have a modest enthalpy barrier.

When the ubiquinone-10 (UQjq) in the Q4 site is substituted by 2-methyl-3-
phytyl-1,4-naphthoquinone (MQ4 ), while UQ |0 is retained as Qg, the
electron transfer from QAa- to QB is heterogeneous with time constants of
T1=3us+0.9us (60% of T1+12 ), T2 =80+20us, and 13 =0.41+0.2ms at pH=8 and
22 °C (6). Since the spectrum of menasemiquinone (MQ-, Amax at 400 nm) is
different from ubisemiquinone (UQ-, Amax at 450 nm) (17, 18, 19), these
measurements can provide a direct monitor of the transfer of the electron from
MQAa- to UQB. Analysis of the time resolved near UV spectra and the
electrochromic response of BPh in IR suggests that the changes at T are

mostly due to electron transfer, electron transfer and charge compensation are
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mixed in T2, while little or no electron transfer occurs at T3 in MQAUQgB RCs.
Similar rates of electron transfer are found in UQAUQBg chromatophores (5),

but no fast electron transfer rate is found in isolated RCs with UQA and UQB.

Since the well studied 13 is a gated electron transfer reaction, the
charactersicts of the electron transfer reaction itself have not been studied. In
this work, the driving force AG,, pH, and isoprenal tail length dependence of
the faster reaction (t1) were determined and compared with the process at 2.

The free energy was changed by substituting quinones with different redox
potentials for ubiquinone at Q4 in R-26 RCs and in a Q4 site mutant M265IT.
The - AGS, is varied by more than 200 meV.

MATERIALS AND METHODS

Protein Isolation. Rb. sphaeroides R-26 reaction centers were isolated by

standard procedures as described before. QA and QB were removed and the

RC concentration was determined at 802 nm or 865 nm using the extinction

coefficients: €802=0.288uM-lcm-1 or €g65=0.135uM-lcm-1.

M?265 mutant: The mutant RCs with isoleucine at M265 replaced by threonine
(M265IT) were prepared in a carotonoid containing Rb. sphaeroides,
background. The mutation lowers the in situ Ep of Qa by about 120 meV,
increasing the free energy of electron transfer from QA to QB (AGS;). The

isolated protein was a gift of E. Takahashi and C.A. Wraight.

Estimation of - AG;, for P+XQA-UQB to P+XQAUQpB-.
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The - AGj,can be estimated by two methods: (1). determine - AGS, by the back
reaction from Qg- if the pathway is via Qa~. (2). determine the in situ redox
pbtentials Em(QAp) of different quinones in the Q4 site, then the -AG), in the
P+XQA-UQB to PtXQAUQBg- reaction can be calculated as AGS,=En(QA-
/QA)- Em(QB/QB) assuming E(QB/QR) is a constant of -50+10 mV.

(1). Determine - AG;, when the back reaction from Qg~ is via QA" . The driving
force (AG) for electron transfer from Qa-to Qg can be calculated from the
charge recombination rates kap and kap (22, 23). The pathway for charge
recombination in P+Qg- is via Q- (at kap) with P+¥QaA-Qp and P+QAQRB-

remaining at equilibrium (KaAB). The observed rate will be:

kpapr=kap/(KAB+1) (5.2)

Then AG=exp(-Kap/kT). In UQ;oUQj0 RCs the reaction -AG is 60 meV; in
MQAUQoRCsitis 93 meV, in NK2, NQ4 and NQ10 RCs, the -AG is 86, 94

and 94 meV respectively.

(2) Determine the in situ redox potentials Em(Qa) of different quinones in the

QA site which takes advantage of reactions where P+*QA - equilibrates with a

higher energy state P*BPhe- of the protein. Em(QA) can be obtained by two

different measurements.

A. Delayed Fluorescence. PtQa- and P* are at equilibrium during the
lifetime of P+QA-. Single photon counting can monitor the concentration of

P* from the amplitude of the fluorescence that has the same lifetime as P+QA-
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. This provided the energy of DMNQ and TMNQ relative to P* in the Q4 site
which were compared with values in UQg as Qa RCs (20).

B. Charge recombination, kagp. There are two routes for charge
recombination from the P*Qa-state. A direct tunneling reaction at kap and an
uphill reaction where P+QA - preequilibrates with P+H- which decays in a
quinone independent reaction. The observed reaction will occur at the sum of
the 2 rates. The relative proportion of the direct and uphill reactions depend
on the energy levels of P+Qa- states. The tunneling rate has only a weak
dependence on the free energy of the reaction. However, the rate of the

indirect path increases by a factor 10 for each increase in the energy of the

P+QAa- by -58 meV. The uphill reaction is slower than the direct route for the
native quinone, but becomes increasingly important as the QA Em is lowered.

The XQa midpoint relative to that of the native RC UQ g was calculated by
21)

Em(XQ)-Em(UQ0)=-58 log(kap-7.0)-53.3 meV, (pH=7.3) (5.1)

A value of Em (TEMNQ)-Em(UQ10)=-120 meV was calculated from the
eq.5.1 using observed value, kagp=21.1 s-1.

When -AGAB is greater than 100 meV the indirect route for charge
recombination via Qa becomes slower than the direct tunneling reaction at
kgp. The direct route is relatively insensitive to AGAB, so no longer provides a
monitor of the free energy of the P+Qpg- state. This is found when the QA site

in native RCs in reconstituted with low potential quinones and with the
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M265IT mutant with UQ in the QA4 site. The free energy of the P+Qp- state
was assumed to be unchanged from the wild type in these mutants. The free
energy of the P+QA- state was obtained from the rate of charge recombination

at kaygp as described above.

Quinone Reconstitution. The long tailed quinones are effectively insoluble
in water, but become soluble when detergent is added. However, detergent
weakens the affinity of quinone for the binding sites. The method of Wraight
(24) using quinone dissolved in Triton X-100 was the basis of the most
effective and reproducible method of reconstitution for long tailed quinones.
All other quinones were solubilized in ethanol before use. Quinones were
obtained from the following sources: MQ (2-methyl-3-phytyl-1,4-
naphthoquinone, Vitamin K1) was from Fluka, UQO, UQI1, UQ2, UQ4 and
UQ10 were from Sigma , MQ2, MQ4, MQ10, and TEMNQ were gifts from
C.C. Moser and P.L. Dutton. TMNQ and some TEMNQ were gifts from M.S.
Graige and M.Y. Okamura.

The assay solution contained 4-5 UM RCs with 0.02% Triton X-100, 2.5 mM

KCl, 10 mM Tris buffer at pH7.8-8.0. The lifetime for recovery of the ground
state from the P+QA- state (Tap), is monitored at 430 nm. If UQ is Qa, Tap is

100 ms.

Following complete reconstitution of the Q4 site with the replacement

quinone, the sample solution is split to provide 2 matched samples for the
purpose of comparison and obtaining the difference signal of Qa and QAQB

containing RCs. Qp was reconstituted in one of the samples with UQ (UQB).
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UQBgB was either UQ g reconstituted with =12-15 UQ;o/RC if a MQ or a
tightly bound NQ was at Qp (tightly than UQjg); or UQ; using 2-6 UQ/RC
if other losely bound NQs were at Q4. The final UQp occupancy was about
95% for UQ10, and more than 80% for UQ);.

The different quinones XQ and UQ compete for the QA site, In addition, UQ
binds more tightly to the QA site than to the Qp site and binds more tightly
then XQ to the QA site. Thus, a fraction of the Q4 site was occupied by a UQ.
The goal is to prepare samples with the maximum fraction of RCs with XQAaA
and UQB, Too much UQg will displace XQAa, too little will leave a large
fraction of RCs without Q. The optimal concentration of UQ to be added
was calculated given a concentration of XQ near the solubility limit of the
exogenous quinone using the known dissociate constant for the quinones for
the QA and QB sites (25) (appendix 1). As described in the results section, the
kinetics of charge recombination was used to determine the relative

occupancy of each quinone in each binding site.

Optical Measurements. Transient absorption kinetics were measured and
the data were analyzed as described previously (chapter 4). For higher time
resolution, a 10 us (full width at half-maximum) Xenon flash provides a more

intense short time measuring light. The absorption change is then calculated

by AA(r) =log(*“% () where Ip and Iy represent transmitted light through the

RC sample without or with an activating laser flash.
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RESULTS

Determination of Quinone Occupancy of Q4 and Qg Site. Because of the
competition of UQA with XQ4, it is not possible to get complete
reconstitution of UQp without having some UQ4 as well (see appendix 1).
When XQ and UQ are added, a mixture of RCs results which contains:
XQaUQg, UQAUQR, and when the Qp site is empty, XQa and UQa. RCs
with XQp are considered to be unimportant for several reasons. The
occupancy of the Qg site by XQ is considered to be negligible given the
concentration of XQ. In addition, studies with any other naphthoquinones
added have shown that there is never electron transfer from NQa to NQg.

Lastly, the reaction from UQa to XQp would be uphill and so will not

contribute to the results.

The kinetics of P* reduction is used to determine the distribution of quinones
in the Qa and Qp site. RCs with each quinone configuration have a different,
well defined rate constant of charge recombination at 430 nm, a maximum for
the P+-->P signal in the near UV region (see Fig 5.1). The kinetics can be fit
by a single exponential only when a single type of quinone is added. Adding 2
quinones produces 4 reactions: PtUQa" --> PUQa, P+¥XQa-->PXQa,
P+UQAUQp- -->PUQAUQB and P+*XQAUQpB™ --> PXQAUQg. The first 3
rates can be measured in samples with only UQ or XQ added. In analyses of
mixtures of quinones, these pre-established rate constants are fixed with only
the rate constant of the last process unassigned. The kinetics of UQAUQg,
MQAUQg, TMNQAUQsg in R-26 RCs and MQAUQg in M265IT mutant RCs

are shown in Figure 5.1. Rates for the different quinones for kap range from 6
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FIGURE 5.1. Charge recombination kinetics kp*..p monitored by light minus dark
absorbance change of the donor (P) recovery at 430 nm. (A). Indirect charge recombination
P*Q,0; & P00, — PQ,0, at 0.85 s'! in RCs with UQy in both binding sites (top
curve), at 0.36 s-! in RCs with MQ i Q4 and UQq in Qg binding sites (80% MQAUQg)
(bottom curve). (B). In the sample with TMNQ and UQ); in R-26 RCs, the charge
recombination is multiphases and can be fitted with rates of 6.9 s-! for UQ; at Q4 with no
Qs (10%), 16 s°! for TMNQ at Q, with no Qg (15%), 1.7 s! for UQ; at both binding sites
(14%) and 0.19 s-! for TMNQ, UQg RCs (61%) (top curve). The rate constants for the
analysis of TMNQ and UQ; at Q4 with no Qg and (UQ)A(UQ1)g were determined in

seperate samples and then fixed for curve fitting here. In the sample with MQ and UQ g in
M265IT RCs (the binding of MQ at Q4 is much tighter than UQj¢ and MQ does not bind
to Qg site) , the charge recombination rate is 0.1 s-! in 95% RCs (bottom curve). Conditions

in all samples: =4 uM RCs in 0.02% Triton, 10mM Tris, 2.5 mM KCl at 22 °C, pH 8.0.
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to 400 s-1, for kgp from 2 to 0.1 s-1 (Table 5.1). From the ratio of the
amplitude of each component, the fraction of RCs with XQaAUQg was
estimated for R-26 RCs to range from 45% to 80% (Table 5.1).

For the mutant M265IT RCs, it is impossible to determine the fraction of
XQAUQB and UQAUQR RCs from the kinetics of charge recombination.
When both QA and QB site is occupied by UQ10, the estimated free energy for
- AGS, is greater than 160 meV so that charge recombination occurs at by
direct electron transfer to P+ at kgp rather than indirectly via QA-.

Substitution by XQa now does not change the charge recombination rate.

2. Determination of 4 in XQaAUQB RCs. Time resolved absorption
difference spectra of P*XQa-UQB --P*XQaUQg" in the R-26 and M265
mutant RCs were measured at 400, 406 and 470 nm after a laser flash. Thus,
the initial state immediately after the flash is P*XQa~-UQpg. This state either
evolves into P+*XQaUQg- (at kaB) or returns to the ground state (at kap) The
rate kap is determined in matched samples without UQ added. The isobestic
point for UQA- minus UQAUQR- are at 406 and 470 nm. Thus, at these
wavelengths only the desired reaction in the XQAUQB RCs will be seen. The
semiquinone difference spectra of XQa~ - UQ- has its maximum at 400nm.
However there is also a significant contribution from the UQa~ to UQp

reaction at this wavelength.

The absorption change in the RCs containing TMNQ as Qa with UQ| as QB
(Fig.5.2a &b), shows a fast absorption change with 7;=0.39 us (k;=2.6x100 s-1).
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Qa kap (s1)
DMNQ 8.2+0.1
UQio 9.340.2
MQ 13.610.6
MQ 13.610.6
NQ2 15.5+0.8
MQ 13.610.6
MQ 13.620.6
NQ4 15£1.0
TMNQ 15.5+0.9
TEMNQ 25+0.2
DMNQ 29+1
MQ 38+3

TMNQ  400£10

Qs
UQ1
UQuo
UQ1
UQ2
UQ10
UQ4
UQ10
UQ10
UQ1
UQ1
UQ1
UQ10

UQ1

kap (s1) RCtype AGap Rate (S°1) (A1)

0.88
0.85
0.81
0.77
0.50
0.47
0.38
0.45
0.16
0.19
0.37
0.1

0.438

R-26

R-26

R-26

R-26

R-26

R-26

R-26

R-26

R-26

R-26

M265IT

M265IT

M265IT

meV
60

60
72
73
86
87
93
94
130
160
180
213

250

constant
0.103e+06 (0.3)

0.098e+06(0.27)
0.173e+06(0.46)
0.114e+06(0.45)
0.094e+06
0.286e+06(0.6)
0.159e+06 (0.4)
2.3e+06 (0.75)
1.7e+06 (1)
4.9e+06
3.3e+06

1.3e+06

Table 5.1. Summary of dependence of k{) on - AG;, with

Napthoquinones as QA and Ubiquinones as Qp RCs.
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FIGURE 5.2. Optical absorbance changes associated with electron transfer from
XQA to UQp with TMNQ at QA and UQ at Qp in R-26 RC at 400nm. The
kinetic traces were measured with a 2 s (at 400 nm) flash lamp as measuring light.
(A) Change in optical absorption after formation of PHTMNQ)a-, This sample
contains TMNQ only (top curve); change in TMNQAUQ|B RC (bottom curve).
(B) Double difference of PHTMNQ)a- minus PHTMNQ)A-UQB -->
PHTMNQ)AUQB-; the data is fit to a single exponential (solid line) with 1,=0.39

us (k1=2.6x10-6 s-1). This set of data was measured by using a 3 s flash lamp as

measuring light.
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Figure 5.2 (C). At 470 nm which is the isobestic point of UQA" and UQgR-, the
double difference of PHTMNQ)a- minus PHTMNQ)A-UQB -->
P+HTMNQ)AUQ]B- can be fitted with two exponential with T; =0.52 s or
k1=(1.9410.22)x10-6 s-1 (75%), T2 =199 us (25%). A CW lamp was used as
the measuring light in this case. 60 measurements were averaged. Buffer

conditions are the same as in Fig. 1.

This transient depends on the presence of UQ] in the QB site. With TMNQ
alone at QA4 site and no Qg, there is no change in the optical absorption for 1
ms at 400 and 470 nm (data not shown). At 470 nm, the isobestic point for
UQAa- and UQg-, two kinetic components were observed following the
formation of PH(TMNQ)A-(UQ1)B (Fig.5.2¢): a fast component,
k1=(1.94£0.23)x106 s-1(1,=0.52us), A1=75%; k2=(5.03£0.44)x103 s-1
T2=199us, A2=25%. Thus, there is a fast optical transient (T;=0.45s)
following a laser flash that can be assigned to the XQa- to UQg electron
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transfer. The rate constant kag's and the fraction of each the reaction at each

rate are listed in table 5.1 for RCs with different XQas.

Effects of the free energy AG), on the electron transfer kinetics. The rate
of the fastest phase (k1) is compared for RCs with ~-AGag from 60 to 250
meV. The variation in AGaR is obtained by use of different NQs as Qa. This
rate is dependent on - AGY,, increasing by a factor of 10 for each 100 meV
(Fig.5.3). As found previously (3) the rate constant ky was independent of the
electron transfer driving force AG;. It has an average value of
k2=(9.1£2.6)x103 s-1 (=110us). The reactions were determined at the UQ4- to
UQg isobestic point (406 or 470 nm) where the slow component k3 is not

seen (6).

Effects of the free energy AG,, on the amplitude of the fast phase. The

fraction of the reaction occurring in the fast phase is found to increase with
the reaction’s driving force AGS, (Fig.5.4) in R-26 RCs. No fast component
(t1) was observed when UQ;g was both Q4 and Qg. This may be consistent

with the relatively small driving force for the reaction. However, no fast

component is found from UQA to UQg in the M26S5IT mutant which should

have appropriate driving force.

The influence of the number of menaquinone isoprene units at the QA

site. There is little or no variation in the midpoint potential of menaquinones
with different tail lengths. Thus, with menaquinone 2, 4 and 10 at QA kap are
the same. In addition, when these RCs are reconstituted with UQ g at QB, the
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FIGURE 5.3. AGS, dependence of the rate constant of the fast phase (t;) and

slow phase (1) at 22+1°C . See the text for the assumptions in evaluating the

free energy changes. When several measurements were available, the average
value of the rate constants has been plotted. The experimently observed rate
k1 as a function of AGS, was fitted by equation 5.3 with 1=759+31 meV

and T,, =1.1x10%s™ (theoretical estimated by C.C. Moser and P.L. Dutton,
here V(r)=7.6x10"* eV), or 1=931£32 meV and T,, =5x10%s" (Measured
from Magnetic Coupling by Calvo et al. , here V(r)=17x107 eV).
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FIGURE 5.4. The fraction of the electron transfer reaction that occurs in the

fast phase A as a function of - AG),. Most of these data were measured at

406 or 470 nm.

kpaps are the same within experimental error (see table 1). So AGaB is the
same in this series of RCs. Changing the tail length of the menaquinone at Qa
does produce a small affect on the rate constant kj and its relative amplitude.
The rate constant k| increases by a factor of 2 as the tail lengthens from 2 to
10 isoprene units (Fig.5.5). At the same time the fraction of the reaction that

occurs at k| decreases and that at kj increases (Fig.5.5).
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Influence of number of ubiquinone isoprene units at the Qp site on the
rate of electron transfer from XQa- to UQp. When ubiquinone with 0, 1, 2,
4 or 10 isoprene units as Q4 the rate of charge recombination (kap) changes
from 6.9 to 9 s-1. With the same series of quinones at both the Qa and Qp
sites kgap ranges from 1.7 s-! to 0.86 s1. Using Eqn. 5.1 to determine AGAB a
small dependence of AGaB on the UQp tail length is found. Measurements of
kpap with MQ (VK1) at QA shows the same variation of the midpoint of
UQg with the tail length. Thus when MQ is Qa, -AG?, increases from 72
meV with UQj to 93 meV with UQ|g as QB (Table 5.1). With MQ as Qa, k|
increases as the number of the tail of UQp is lengthened ( -AGS, increases).

The rate of the slower reaction (k2) is independent of the tail length of UQg.

The electron transfer to UQg is slow and shows a negligible amount of
electron transfer at k|. This is because the affinity of this quinone for the QB
site is so small that the site is not fully occupied. Here binding to the Qp site
is the rate limiting step, and the electron transfer rate is now concentration

dependent (24).

pH Dependence of the Electron Transfer from Qa to QB in MQAUQg
RCs. The fast reaction was measured as a function of pH in MQAUQg RCs.
The rate is pH independent (6-11.2) (Fig.5.7). This is similar to the behavior
of the 20 us phase of electron transfer in Rps. viridis chromatophores where
MQA4 is the native quinone(26). This indicates that proton binding is not the
rate limiting step. The slower components are pH dependent, k3 is essentially

constant =104 s-! at low pH and decreases when pH is higher than 8. At high
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FIGURE S.5. Influence of number of napthoquinone isoprene units at the Qa
site in R-26 RCs. Condition: Q4: menaquinone with different tail length, Qg:
UQ10. Measured at 400 nm and pH 8. Plot of (A) Life time t; (=1/k)) and
Life time 12 (=1/k2), (B) Ratio of A| and A7 as a function of number of

napthoquinone isoprene units.
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FIGURE 5.6. Influence of number of ubiquinone isoprene units at the Qa
site in R-26 RCs. Condition: Q: MQ (VK1), Qp: Ubiquinone with different
tail length. Measured at 406nm and pH 8. Life time Taul (=1/k) and Life

time Tau2 (=1/k2) as a function of number of napthoquinone isoprene units.

pH, the rate constant k3 decreases at high pH (the life time is on the order of
ms). The pH dependence of the k2, k3, A2 and A3 are consistent with previous

studies (23, 27).
DISCUSSION

In this work, we investigated the reaction P¥Qa-UQp -->PtQAUQg",to

determine whether the rate constants of the 2 electron transfer phases (t1 and
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T2)(6) change with the driving force AG),, with pH and tail length of Q4 and
Qg, This was accomplished by substituting naphthoquinone molecules with
redox potentials lower than that of native UQ into the Q4 site in the R-26 and
M26SIT RCs. The naphthoquinones have to bind at least several times tighter
than the UQ (used to reconstitute Qp )does at the Q4 site. The experimental
results show that the rate constant of the fast phase (k;=1/1) is dependent on
the electron transfer driving force AGS,, the slow phase (k2=1/17) is
independent of AGS,(Fig.5.3). In MQAUQB reaction centers, the rate constant
k] is pH independent, k3 is pH dependent. The results for kp are consistent
with previous measurements on the dependence of AG;, (3) and on the

dependence of pH (23, 28).
Analysis of k1 Dependence on AGS,.

Many electron transfer studies in the RC protein have been modeled by

theories derived from Marcus electron transfer theory (Equation 1.4) (29, 30):

_4riveR o [(AGy +4)? 53
o = Ak, T P [ aAk,T | (5-3)

where AGy; is the free energy for electron transfer (defined as the energy of
the final minus the initial state, AG;;, in this work), V(r) is the electronic
coupling factor between the initial and final states. In this model, it is assumed

that the electron transfer process is in the high temperature limit, where the

thermal energy (k,7) is much larger than the energy of the modes coupled to

the process (av) (i. €. k,T>>hv ).
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FIGURE 5.7. pH dependence of rate constants of the electron transfer
components in MQAUQB RCs. (a) and (c¢), rate constant changes with pH:
(e )x =3us;( &4 )xy=80usand ( » ) k3. (b) and (d), amplitudes change
with pH: ( 0 ) A1, ( 2 )JAzand ( v ) A3. Measured at 400 nm.
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If we assume that only the driving force is changed in the NQ substituted R-26
or M265 mutant RCs due to the altered midpoint potentials, the calculated free
energy difference between the final and initial states, AG?, ranges from -50 to
-240 meV. Then the relationship between the rate of electron transfer, ket and

AGY, can be modeled using conventional electron transfer theory

Equation (x) can be simplified as:

0 2
kD =k exp-| BGw*t A | :
AB max exp [ 4/1](37.. (5 4)

here k_ _ is the maximum rate of electron transfer from Qa to QB when the

atoms of the system are correctly arranged for reaction (when -AGS,=1).

With AGS, varying from -50 to -240 meV, we can not fit freely to extract a
reasonable reorganization energy. So the estimated values of the maximum
rate of electron transfer from QA to QB were used here. The experimentally
observed rate k| as a function of AGS, was fitted by equation (5.4) with
A=759%£31 meV andk, =11x10%s"" ( estimated by C.C. Moser and P.L.
Dutton where V(r)=7.6x10"® eV), or A=931£32 meV and k,, =5x10%s""
(Measured from Magnetic Coupling by Calvo et al. Biophysical J. A392, here
V(r)=17x107 eV). The estimated errors are based upon standard deviations
of the least squares fit. The electronic coupling matrix element V(r) here is
larger compared with the V(r) used to fit the results for 1,, and 4,, (31, 32,
33). This is expected given the 14A distance between Q4 and Qp compared
with the =23A distance from the quinones to P. The results show that k; is rate
limited by electron transfer. The independence of k| on pH (Fig. 5.6) indicates
that kj is not rate limited by proton binding to the RC.
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Analysis of k> dependence on AG?, and pH.

The experimental results show that the rate constants of k2 =110 s are
independent of the electron transfer driving force AG?, within the range of
experimental error (Fig. 5.3). This is consistent with the results measured by
Graige et al. with a similar method (3). Thus k3 is not rate limited by electron
transfer. The dependence of k3 on pH (Fig.5.7), independent below pH 8.5
and slow down at high pH, suggests that ko may be limited by proton uptake
to the RC or rearrangment inside the RC. Both experiment (34) and
calculation shows that protonation state of residues changes with pH in both
QA~ and QR- states. This implies that the gating of k» may be the proton

uptake or rearrangement in the vicinity of QA or QB pocket.

Structure Change and Tail Length Of UQB.

Structural changes has been found by comparing the x-ray crystal structure of
the RC cooled to cryogenic (90K) temperatures under illumination (light
structure, P+QAQg-, proximal state) with the structure of the RC cooled in the
dark (dark structure, PQaQB, Distal state) (35). In the light structure, Qp had
moved closer to QA and undergone a 180° propeller twist about the isoprenoid
chain. The movement of Qg from distal state to the proximal state could be a
light initiated reaction, it may happen after the laser flash and before the
electron transfer from QA- to Q. The X-ray structure showed that the UQ3
binds closer to QA site than UQ . Graige et al. had proposed that the

conformational change or the QB movement controlled 4! (k2 here) (3). One
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hypothesis is that the need for the propeller twist of Qp suggested that the Qg
could move and flip faster with shorter ubiquinone tail. We tested this
hypothesis with UQ1, UQ2, UQ4, UQ0 at Qp site and with MQ at QA site.
The results (Fig. 5.6) showed that k7 is independence of the tail length. This is
consistent with results from McComb et al. (24). This implies that the
movement and the flip may not be the rate limiting step for kp, or there is no

relation between the movement and the tail length, or that the movement and

the flip is much fast than k».

Kinetic Models That Yield 2 Rates for Electron Transfer from Qa-to Qp

Based on the arguments above, electron transfer may be the rate limited step
for k1, and proton uptake or rearrangement at QR site may be the rate limited

step for k. The fraction of k| and k3 is found to change with AGS,.

Models can be constructed that may explain the connection between the
faction of the RCs that react at k; and AGag. We assume: (1). before electron
transfer to Qg, QB has two protonation states, protonated and unprotonated at
pH 8. This is supported by both experiments and calculations (36). (2). The
fraction at each protonation state is sensitive to the Qa midpoint potential.
This becomes reasonable since several studies have indicated that the quinone
protein pockets functionally interact with each other (37, 38, 39, 40). It was
recently reported that residue L212Glu, situated near the secondary quinone
acceptor QB, modulates the free energy level of the reduced primary quinone
molecule QA" at high pH. Even though the distance between L212Glu and QA

is 17A, the interaction energy between L212Glu and QA is significant
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(30meV) (34). Kalman et al also reported that there were interactions of Q-
and the cluster of ionizable residues around L212Glu in the Qg binding
pocket(41). More important, that the proton uptake after formation of PQA-
changes at high pH when the native ubiquinonel0 was replaced by different
NQs or AQs with different midpoint potentials or when the key protonable
residues (L212Glu and L213 Asp) were replaced by non-protonable alanines in
the QB binding site. This leads to the model (Scheme 5.1).

Scheme 5.1.

ET at k; QB/HA
/
\%

Q [ &

ET at kz

In this model, the RC with pre-protonated state at Qp favors fast electron
transfer k. In the unprotonated state, the electron transfer is rate limited by

other processes, probably proton uptake or conformational gating. This model
can explain the pH data for ko above pH9. but it requires that when the - AG},

is larger, the faction of k| increases or the fraction of protonated states

increases.
An alternative, Scheme II can explain the observed branching ratio where the

faction of k| increases when the - AGS; is larger, here the Q- is formed in a

state that is capable of electron transfer to Qg at k;. However, within
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microseconds Q4" induces changes in the protein that block this electron
transfer. This requires that the relaxation or the conformation change rate kc is
comparable to kj. Since 50% of the protein reacts at T; when T; is 3 Us this
implies that the relaxation occurs in ~3s. In this model, if k| increases as the

free energy - AG3, increases, the fraction of k increases.

Scheme 5.11.

Q. Qs

E’I'a\tl(l§
Kc % relaxition

QaQs ET at k,

Qg

Electron transfer from t; is conformationaly gated. This occurs at 80-100

microseconds in a process that is very weakly dependent on the quinone in the
QA4 site or the free energy of the reaction. This latter process does depend on
pH above pH 9. This indicates the role of proton transfers may contribute to
the gated process. It may be that below pH 9 protons transfers involve only
intra-protein protons. At higher pH proton uptake from solution is required to

stabilize the Qg- state.

Why The Fast Phase (<20uS) Was Not Observed In The Native UQAUQg

RCs? The following reasons can be helpful to explain why: A. There is no
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reliable signal from UQp to UQg. B. The longer the isoprene tail at Qa site,
the smaller the fraction of the fast phase (Fig. 5.4). C. The driving force is
small in isolated RCs (AG?,=60 mV). Electrochromic response measurements
on chromatophores of Rb. capsulatus and Rb. sphaeroides (5) have found that
electron transfer events were faster than in isolated RCs. These authors have
observed a fast component of 4 [us (60%-70%) in chromatophores RCs. Roger
prince and P.L. Dutton showed in the 1970’s that the operating redox
midpoint of Q4 is lower in chromatophores than isolated RCs. At pH 8, in
chromatophores Em (Qa) =-95 mV as opposed to about -50 mV in detergents
(42, 43). The redox potential of Qp doesn’t change. Thus the driving force is:
AG3;=105 mV in chromatophores.
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Appendix 1-competitive binding to QA and QB.
The model for XQ and UQ binding to QA and QB site can be simplified by

The problem to prepare samples with the maximum fraction of RCs with XQa
and UQg is: XQ and UQ compete for the Q4 site, In addition, UQ binds more
tightly to the QA site than to the Qp site and binds more tightly then some XQs to
the QA site. Thus, a fraction of the Q4 site was occupied by a UQ. The
calculation is done to help to find the best ratio of XQ and UQ to achieve the
maximum fraction of RCs with XQaAUQBg. The equilibrium dissociation constants
(Kq) are known for XQ at Qa site (Kx), UQ at QA site (Ky) and UQ at Qp site
(Kbp). In this calculation we assume: (1). The binding of a UQ to QB does not
depend on whether a UQ or XQ is at Qa. (2). the possibility of a UQ binds at QB
and with QA site unoccupied is close zero. (3). Naphthoquinones (XQ) do not bind
to the QR site or the binding of XQ to Qg is negligible. The binding equations and

conditions at equilibrium are written by

X+Re—Rx (XQ binds to Qa) KX=%
U+Re——Ru (UQ binds to Qa) Ku= U';e'f -
U+ (Rx+ Ru)«—>Rb (UQ binds to QB) Kb = Uf'(R;; o
Rt = Rf + Rx+ Ru
Xt =Xf + Rx
Ut=Uf+Ru+Rb

115

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(Rx+ Ru), = Rx+ Ru—Rb

Here X is the concentration of XQ, R is RC, Rx is the RC with XQ bound at Qa,
K is dissociation constant, U is UQ, Ru is RCs with UQ bound at Qa, Rb is RCs
with XQ or UQ bound at QA and UQ bound at Qg, Rt is the total RC
concentration, Rf is the RCs with no quinone bound, Xt is the total XQ quinone
concentration in the solution, Xf is the free quinone XQ concentration, Ut is the

total UQ quinone concentration, Uf is the free quinone UQ concentration. The
percentage of XQAUQB RCs is -

Rearranging so that the unknowns are at same side

Rf =Rt— Rx—Ru (1)
Xf = Xt — Rx (2)
Uf =Ut— Ru—Rb 3)
Rf-Xf=K, - Rx 4)
Rf-Uf =K, -Ru (5)
Uf -(Rx+ Ru— Rb)=K, - Rb (6)

Simplified further,

— Ry—_ Ph = K- Rb
Ut—-Ru— Rb (Rx+ Ru-Rb) (7)
Rt—Rx—Ru=Ku‘Ru(Rx+Ru—Rb) (8)
Kv-Rb
Xt — Rx = Kx-Kb-Rx-Rb (9)

Ku-Ru-(Rx+ Ru— Rb)

Equation for Rx:
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O=—(b*c’s?)
+(abc’rs —2b%c*rs + 3b°c’s® +2bc3s® + 2bctrs® — betrst)Rx
+(=2abcrs +4b%crs — ac’rs + 3bc*rs — acr’s + 4ber’s — 3b*cs? — 6bcs® - ¢’s®
—4bcrs® —2c7rs® — cr’s® + acr’t — ber*t + 2berst + c2rst + crist)Rx2

2 2 2 2 2 3 2.2 2

+(abrs —2b°rs +2acrs — 6bcrs —c’rs+ar’s—4br°s —3cr°s—2r’s+ b~s* + 6bcs
+3c’s” +2brs® +dcrs® + r’s* +ar’t+ brit+crit+r’t — brst — 2crst — r’st)Rx3
+(—(ars)+3brs+2crs+3ris — 2bs® = 3¢s> = 2rs* = rit+ rst)Rx#

+(—(rs)+s*)Rx5

Where a=Ut, b=Rt, c=Xt, r=Kx, s=Ky, t=Kp. The numerical solution can be

obtained by Mathematica.

_ Rt-Rx—(Rt+ Xt+ Kx)- Rx+ Rx’

Xt— Rx
Ku-Rx-(Rx+ Ru)

T (Rt— Rx-Ru)-Rb+ka- Rl

Ru

Letting Rt=1 uM, XQ=20uM (TMNQ)

Qa: Kx=0.06 uM (TMNQ), Kuy4=0.00024uM (UQ4), Ky1=0.085uM (UQ1)
Qg: Ku4=0.002uM (UQ4),  Kuyi=1uM (UQ1)
Plot Rx, Ru and Rb as a function of a=Ut given the b=XQ concentration fixed
(limited by solubility). The concentrations of RCs with TMNQ as XQ, UQ1 and
UQ4 as UQ are shown in the Figure below.
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Appendix 2-Electron Transfer Kinetics

A simplified electron transfer scheme in RC is shown below

PQQ,

A INTERMEDIATE

STATES \.|I A,
\\

The rate equations governing elelctron transfer kinetics after a single

flash in reaction centers for the scheme depicted in Figure 1 are given

by:

%=k4P-A2+kBP-A3

ﬁ=—(kAP+kAB)-A,1-i-lozaA-A3,? (1)
%:k,w-A,z—(kl.?P-i-kBA)-A3

Let kap=ki, kgp=ko, kag=ks and kga=ky, so that

d A 0 k, k, A
dr A4 |=|0 —(k+k) k, 4 (2)
A, 0 k, —(k, + k) N\ A
The general solutions of above equations are:
3
A‘i = ZBirGre—lr,
i=l
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=B,0,e™™ + B,0,e* + B0, (3)

(3) to (2)

3 B, 3 0 k, kz B,
DAY B, 10, =Y10 —(k +k;) k, B, |©.*
= B, ~=o k, —(k, +k,) \ B,,

or

(A k, k, B,

Y10 A —(k+k) k, B, |©,e*" =0 4)
=0 k, A, = + k) )\ B,
The secular equation is

A, ki k,

0 A, —(k +k) k, =0

0 k, A, —(k, +k,)

or when expanded
A LA =k +ky + ks + k), + (kk, + Kok, + kok,)] =0

The three solutions for A, are

2,=0
12.3 _ kl +k2 ';k3 +k4 i_\/(kl +k1 ’;’k3 +k4 )- —(klk4 +k216_,’ +]C,.kl) (2'2 = l+ here)
from (4), the equations for Bjr ae given by
2“r kl ]C‘,_ Blr
0 A —(k+k) k, B, |=0
0 ks A, = (ky + k) \ By,
or
A'rBlr +le2r +kZB3r = O
(A'r—kl_k))B’lr-{_k-tBSr:O (5)

ijZr +(A’r _]C’_ —k4)B3r =0
Letting B,=1 (B, is arbitrary) then
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B = Ak,

7 (A'r —ky —k;)k, — kk,
_ A,k —k)

i (A, —k - ky )k, = kik,

For the general solution
3

A=) BOe™
i=l

Initial condition: after a saturated short flash, at t=0, all electrons
are at PtQAa-QB state, that is
A (t=0)=[PQ,0,1=0 A}(t=0)=[P'Q;Q,]1=N, AJ(t=0)=[P"Q,0;1=0

so at t=0,
0,+0,+0,=0
B,,0, + B,;&; =N,
B;,0, + B;;0, =0

at t=co, with 4,=0, A (t=«)=N,, so

O, =N,
) B‘B—B‘.".’
1+ B
O, = Np| —=2
3 0[37 -Bzzil

So with B1r=1, B21=B31=0, the solutions of the equations are

A =0, +0,e* +0,e™
A, =B,0,e* + B, 0. 9)
A, = B,0,e™*' + B,,@,e™*

The charge recombination process P+->P we monitored is A1 as a function

of time t.
Example of computer simulation of electron transfer reaction starting from

QA in RC protein is shown bellow:
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Simulated reaction kinetics in UQAUQB RCs. Parameters are given: No=1,
k1=kap=10 s-1, ko=kpgp=0.12 s-1, k3=ka=5000 s-1, ka=kpa s1. A1(t)=P+QA"
QB(t) (4), A2(t)=P+QAQB (t) (*), A3(t)=PQAQB(t) (*).
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