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Abstract

Electric-Field Effects in Rb. sphaeroides Chromatophores
» . o
Excitation Equilibration in Wild-Type and Mutant
Rb. sphaeroides Intr_acytoplés_mic Merhbranes
by
Jana Lee Steiger |
Doctor of Philosophy in Cheﬁﬁsﬁy
University of California, Be;keley_ |

Professor Kenneth Sauer, Chair

The purple photosynthetic bacterium Rb. sphaeroides is used to .investi‘gate
processes of photosynthesis. Electric fields are applied along the membrane normal of Rb.
sphaeroides chromatophore vesicles by the creation of a potassi;lm chloride gradient across
the membrane. The fluorescence emission is monitored as a function of the apphed electﬁc
field potential. |

The electric-ﬁeld effect on the fluorescence emission is maxi‘mum (approﬁmately
15% per 100 mV) in the Fm state, when the reaction cente_;' special pair is oxidized (P*) aﬁd
the reaction center cannot perform charge separation. The fluorescence changes We observe
under these conditions are consistent with an electric-field effect directly on the fluorescence
emission of the LH1 and LH?2 antenna complexes. This theory is supported by an electric-
field effect on the fluorescence emission of LM1.1, a mutant Rb. sphaeroides strain which
expresses LH1 and LH2 but not reaction centers. In the wild-typé Fo state, when the
reaction center is' capable of charge separation, the electric-field effect is diminished
(approiimately 8% per 100 mV). Assuming that the eicctric-ﬁeld efféct on the reaction

center is separate from the electric-field effect on the antenna complexes, subtraction of



electric-field effect on the Fm state from theelecmc-ﬁeld effect on the Fo state yields an
estxmate of the electric- ﬁeld effect on the reactlon center. Comparison of this effect with -
previous theoretlcal work supports the superexchange mechamsm of charge separation in
the reaction center. \ ‘

Excitation equlhbratron is mvestlgated in several mutant strains of Rb. sphaerozdes
Wthh lack reaction centers, as well as the wild type. The Kennard-Stepanov analysis of
absorption and ﬂuorescence spectra is applied to membrane preparations of the mutants
RC-1A, BALM/LH2, and LM1.1, which express LH1, LH2, and both LH1 and LH2,
respectively. Good agreement with the Kennard-Stepanov (KS) relation is found over the
majority of the spectral range, mdreatmg rapld and complete excnat:on equilibration prior to
fluorescence emission. One except1on is a deviation on the red edge of the spectra,
indicating a possible "dark" state in that spectral region which absorbs but does not .
ﬂuoresce with the expected mtensrty

The wild-type Rb. sphaerozdes membrane preparatlon also shows a red- edge
anomaly in the KS spectral analysis. Additionally, there is a second anomaly in the central
spectral region Which is not seen ‘for mntants lacking a reaction center. Therefore We
_ conclude that the presence of a reaction center disrupts the complete equxhbratlon of
excitation pnor to fluorescence ermssron Notably, this dlsrupt1on of excitation -

equlhbratlon is not observed in any prevnous KS analy31s of PSI and PSIL.
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Chapter One:
Introduction

"All life depends.on plants.” -

- . Inscription at Kew Gardens, England

_ Photosynthesis:

Photosynthesis is the foundation of life on earth. . in photosynthesis, sunl'ight is
absorbed by photosynthetic bacteria, algae, or plants, and these organisms convert the
absorbed light energy into chemical energy. In the reaction-center of photosynthetic
orgaﬁisms, a photon of light triggers a charge separation event; a negative electron and
a positive hole are generated within the reaction center. This charge separation event
converts the energy-of the photon into an ¢lectrochemical potential within the reaction
center. ‘The charge separation event which is initiated by light is extremely rapid and
efficient, with very little charge recombinatioh.] A full understanding of the
photosynthetic process may someéday allow us to mimic natural photosynthetic charge
separation artificially, and develop efficient solar energy technology.

In the living cell, the electrochemical potential of the electron-hole pair that is
 created by absorption of a photon is used to generote high energy chemical compounds
such as ATP, which are used as the currency of energy within the cell.? These high
energy chemical compounds drive biologicall processes within the cell, such as the
reduction of CO; into carbohydrates via the Calvin cycle.3 Carbohydrates are ingested

by other life forms, such as fungi, bacteria, and animals. Together with oxygen, these



carbohydrates are the energy source.used to drive biological processes through
respiration. Thus, phdtos_ynthjesis is the foundation for life on earth.
Photosynthesis has been extensi\}ely studied for many decades. In spite of the
great progress that has been made toward understanding photosynthesis, many |
fundamental questions remain unanswered. Photosynthétic bacteria are relatively
simple photosynthetic systems, and as such they offer a practical approach to
* - understanding general photosynthetic processes. Purple photosynthetic bacteria
contain one type of reaction center, as opposéd to two separate photosystems which are
found in oxygen-evolving plants ;cmd cyanobacteria. Purple photosynthetic bacteria
also have only one or two types of antenna complexes, while oxygcnfeVoiving-plants

may- have several types of antenna complexes. -

Rhodobacter Sphaeroides:

One of the most well-studied éﬁd well-characterized purple photbsynthetie

bacteria is Rhodobacter (Rb.) sphaeroides. Rb. sbhaeroides is a Gram-negative, .
“nonsulfur purple photosynthetic bacteria, with a rod-type cell shape approximately
‘0.7 umin diameter.'."

Thé photosynthetic apparatus of Rb. sphaeroides is located in a continu_c_ius
internal membrane called the intracytoplasmic membrane (ICM).4 In Rb. sphaeroidés,
the form of the ICM consists of multiple vesicular indentations in a continuous
‘membrane sheet. The vesicle indentations are produced by a lateral asymmetry in the
‘membrane ,biiayer. There is a higher percentage of phosphatidylglycerol (PG) -
phospholipids on the outer side of the bilayer membrane than the inner side, which

_ produces an intrinsic curvature in-the membrane.” When the cells ar_é mechanically
disrupted, for example by passage through a French press, the curved ICM

indentations seal to form membrane vesicles with a preferential orientation. The ICM



membrane vesicles are called chromatophores, and can be isolated from the remainder
of the cellular components (such as outer cell wall fragments) by differential
centrifugation as described in Chapter Two. The formation of sealed chromatophore
vesicles fl;om_;the ICM 6f Rb. spha‘eroi_dés is important for our experimenté, as will be
discussed in Chapter Three and Cl-lzipter,'qur. The ICM .contains the entire
photosynthetic apparatus of Rb. sphaeroide;v, including both of the antenna complexes
light harvesting complex 1 (LH1) and light har;'esting complex 2 (LH2) as well as the

photosynthetic reaction center.

The reaction center:
The réaction center from Rb. sﬁhaeroides has been crystallized, and the
structure has been determined at high resohvxtion.6 The reaction center consists of three
protein subunits, L, M, and H. There is a pseudo-C, symmetry of the L and M protein
subunits. See Figure 1.1 for a schematic of the reaction cenfer L and M pigment-
 protein complexes. A dimer of BChl is located on the symmetry axis, and is called the
special pair (P). The special pair absorbs light which.creates the excited state special
pair (P*). The excited state s.pecial pair originates charge separation by transferring an
electron to a photosynthetic cofactor in the reaction center. The photosynthctic_cdfactor
molecules bacteriochlorophyll a (BChl) and bacteriopheophytin (BPheo) are associated
- with the L'_subunit of the reaction center. The M subunit also contéins a BChl and
BPheo, in similar positions to those on tﬁe L Branch. Despite the pseudo-C;
symmetry, charge _separation occurs almost.exclusively along the L branch,7 The
reason for the asymmetry'ip the direction of charge separation is not yet known,
although one hypothesis is that specific amino acids near the cofactors BChl and BPheo
determine the direction of charge vseparation by influencing thc potential energies of the

charge separated states.”



L subunit M subunit

: Fe Non-heme iron
. Primary quinone - : o .
. | Qa Qg Secondary quinone
Bacterio rheo h tin |
» p py _ 0 Bacteriopheophytin
Monomeric ' Monomeric
bacteriochlorophyll a »‘B . . bacteriochlorophyll a

Special pair

Figure 1.1: Schematic of the Rb. sphaeroides reaction center, .
showing the L and M subunits and the positions of the cofactors
involved in charge separation.

* “Time resolved spectroscopic cﬁ(periments reveal that there is an electron on the
~photosynthetically active L subunit BPheo (H) with a time constant of 2.8 ps after |
. photon absorption by the special pair.g The nearest approach of the special pair (P) and
the active BPheo (H) is'approximafely 7 AS The primary chargé separation reaction is
extremely rapid for such a large distance between électron transfer éomponents;
therefore, a BChl intei‘mediary has been proposed. There are two main hypothescs
how BChl may assist electron transfer from P to H. ‘The BChl in the L subunit (B)
may serve as a distinct reduced intermediate, B". This is called the two-step or
-sequential hypothesis, bécause the electron moves sequentially to B, then to H.’
Alternately, B may serve as a virtual intermediate. This is called the superexchange

mechanism. In the superexchange hypothesis, the presence of the B electronic state



- facilitates direct electron transfer from P to H, although B is not formed asa discrete

“intermediate.”® These two _hypothcses will be further addressed in Chapter Four.-

The antenna complexes LH1 and LH2:

“The antenna éomplexes act as spectral funnels which direct absorbed light
energy to the reaction center. LH2 antenna complexes from Rhodépseudomonas
(Rps.) acidophila" and Rhodospirillum (Rsp.) molischianum 2 have been
crystallized, and the structures of these LH2 complexes have been determined. The
antenna complexes share a common motif of a circular protein ring containing closely
packed BChl molecules and carotenoids within the protein matrix. These BChl and
carotenoids' absorb light over a range of Wavelengths; the specific range of wavelengths
depends on the unique pigment-protein interactions within the specics-specific type of
antennaAcomplexv.. There are two types of antenna complexes in Rb. sphaeréides: LH2
has rﬁaxifnum absorption at 800 and 850 nm, while LH1 has maximum absorption at
875 nm. The éafotenoids in both of the antenna cdmplexes in Rb. sphaeroides absorb
light in the range between 400 and 530 nm. The BChl and carotenoids in the antenna
Both coﬁvert absorbed light energy to electronic excitation, then transfer the excitation
to the reaction center where the excitation may be used in ;hargc separation events.”

- Thus, the antenna complexes extend the range of light wavelengths that can be used for
photosynth‘eti.c charge séparétibn beyond the absorption range of the reaction center -
alone. | |

Ai.though the structure of the LH1 éntenna has not yet been successfully
determined ét high resolution, a low-resolution projection map of two-dimensional
-qustals from Rsp; rubrum LLH1 show a rihg structure with a center hole wide enough
" to accommodate the reaction ce.nter.14 One hypothesis for the three-dimehﬁona]

arrangement of pigment-protein complexes in the membrane is a reaction center



surrounded by the ring of LHI, which is in turn surrounded by the LH2 rings.: This
physical Arraﬁgerﬁent will be discussed in terms of the enérgy equilibration between the
three components LH1, LH2, and the reaction center in Chapter Four and Chapter

Five.
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Chapter Two:

Maierials and Methods

Growth conditions of wild-type Rb. sphaeroides:

Rb. sphaeroides strain 2.4.1 (wild-type Rb. sphaeroides) was obtained from
- the American Type Culture Collection (ATCC, Rockville, MD; strain #17023) ar_ldv
grown anaerobically in RCV growth media with vitamin supplements. See Appendix
A for details of the RCV. growth media and vitamin supple’fnents. The Rb. sphaeroides
cultures are groWn at 30-32 °C under low light intensity provided by five to seven 60-
watt tungsten light bulI‘)s.. Low light intensityv growth conditions of Rb. sphaeroides *
cells favbr high expression of the photosynthetic reaction center (RC) and high
expression of both antenna complexes, LH1 and LH2."? Low light vintensity growth
conditions also influence the morphology of the intracytoplasmic membrane (ICM) of
Rb. sphaeroides, by increasing the formation of multiple membrane invaginations in
the ICM.> This increases the chromatophore yield per cell.

Chromatophores are the sealed membrane vesicles that are formed frofn tﬁe
ICM when the Rb. sphderoides cell is fnechanically disrupted. The chromatophore
membrane vesicles of wild-type' Rb. sphaeroides c;)ntain the photosynthetic réaétion
center, as well as both LH1 and LH2. In éddition, these chromatophores contain the
complete photosynthetic apparatus as found in vivo, and are capable of proton
translocation.“‘ Chromatophore vesicles from wild-type Rb. sphaeroides_ form with a
-preferential orientation, sealing the periplasm inside the vesicle. This is opposite to the

orientation of the ICM in intact whole cells. In'the whole cell, the periplasm is outside



the cytoplasmic membrane, between the cytoplasmic membrane and the outmost éell
wall; the cytoplasmic space is insidg the cytoplasmic membr;ane. In'the chromatophore
preparation, the pedplasnﬂc space is inside the vesicle and the vvc'ytc,)plasmic space is
outside. Thus, chromatophores are someﬁmes called "inverted': or "inside-out”
vesicles.’ | | |

New cultures of Rb sphaeroides cells are typically inoculated with a steady-
state or late-log phase c_ultu_r¢ Qf about 10% of the new culturé total volume. The
cultures are grown in 2-liter batches and hafvcsted usually 5 to 6 days after inoculation,
in the mid-to-late log phase. In the mid-to-late log phase, the cultures are opfically
dense and signiﬁcant self-shading occurs. Seif-shading reduces the overall light

intensity experienced by the cultures.

Growth conditions of Rb. sphaeroides mutant strains:

Purple photosynthetic bacteria have a diversity 6f metabolic growth options
which allows the growth of reaction-centerless mutants which cannot rely on
photosynthesis. However, care must be taken in the g;owth.conditions, because the
growth conditions can affect the momhology of the cell and intracytqplasmic _
membrane (ICM). Well developed and vesiculated ICM are nécessary for the $ample

preparation used in our experiments (see Chapter Three). -

~ Semi-aerobic growth:

Mutants without reaction centers can be grown aerobically. Tﬁe key factor in
aerobic grbwth is the use of oxygen as a terminal electron acceptor. The aerobic
metabolic pathway is efficient and reliable, producing healthy cultures within three to
five days of growth. However, the presence of oxygen impairs bacteriochl_orophyll a

(BChl) biosynthesis® and inhibits ICM forrr_lation7 in purple photosynthetic bacteria.
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BChl biosynthésié and ICM d'e.veldpme'ntv are both necessary for our experiments. Rb.
sphderoides has a species-specific cutoff for Béhl biosynthesis above 0.66 kPa partial
pressure of oxygen, or broug-hly 1% oxygen concentration at 1 atm.5 Culturing the
bact_er'iav aerobically, but at lower oxygen partial pressures than the cutoff value for
| BChl biosynthesis, is semi-aerobic growth. |

Each reaction-centerless strain that we use i_n our study is capable of growing
uhder semi-aerobic condi"tions, and the mi;tant stfains have been cultured under semi-
aerobic conditions for some purposes. BChl biosynthesis is assayed by absorption
spectroscopy. Serrli;aerobic growth is’achieve;i in Erlenmeyer or Fernbach flasks
approximately one-third full of YCC+ media (see appendix A) at 32° C in an incubator

shaker.

Anaerobic growth of mutant strains:

Purple photosynthetic bacteria also have metabolic capabilities that permit
anaerobic, non-photosynthetic growth. One of these alternative metabolic pathways is
the use of nitrates as terminal electron acceptors. However, anaerobic growth_ of Rb.
sphaeroides using nitrates as téMnal electron acceptoré leads to morphological
| changes in the intraéytbplasmic membrane. The _ICM forms long tube-shaped

structures rather than the vesiculated mernbrane found in photo.synthctically grown
cells.® These tubules can interfgre with proper cell division and result in partially’
separated daughter cells under some conditions. The lack of vesiculated ICM renders
_this method of Rb. sphaeroides growth ineffective for our purposes. |
Another anaerobic metabolic option available to Rb. sphaeroides is the use of
dimethyl sulfoxide (DMSO) or trimethylamine-N-oxide (TMAO) as a terminal electron
acceptor. DMSO reductase is capable of redUcing S-oxides, N-oxides, or chlorate.”

DMSO reductase can be expressed in Rb. sphaeroides under certain growth conditions.



DMSO reductase contains a pterin-type molybdenum éofactor; Rb. sphaeroides grown

- without molybdenum in the medium fails to assemble functional DMSO reductase
enzymes.-'o, Because of this requirement, all éowth media for DMSO;bascd growth
are suppiemgnted with an additional 0.2 g/l of a molybdenum salt (see Appendix A).
DMSO reductase exhibits some characteristics common to molybdenum eﬁzyme;, such
as inhibition‘ by tungsten.lo Therefore, tungsten-containing compounds are exé]uded
from the media used for DMSO growth.

DMSO cultures produce invaginated intracytoplasmic membrane strucﬁire
similar to photohcterotrophicélly grown cells. The only morphological difference from
_photoheterotrophically grown cells reported in the literature is a thickening of the outer
cell envé:lope.ll The development of invaginated ICM makes DMSO growth a useful
option for reaction-centerless mutants used in our study.

There are several conditions for successful culturing of Rb. sphaeroides using
DMSO as a terminal electron acceptor. DMSO reductase is inhibited by the presence of
oxygen or nitrogen/oxygen compounds, so ihe culture must be maintained in an
anaerobic environment to prevent repression of DMSO reductase. The cultures are
continuously sparged with nitrogen gas, bubbled first through sterile water to prevent
dehydration of the cultures. Secondly, since toxic dimethyl sulﬁde_ (DMS) is evolved
as a product of DMSO reduction, the culture is continubusly purged. In practice this
means continuous stirring of the culture, providing a sterile venting port, and allowing
‘about nine times the culture volume of head space in the culture bottle.”? The evolution
of toxic DMS gas also requires venting the cultures into a hood. The culturés are
maintained at 32° C in a warm water bath. While some DMSO growth is observed
without reduced-carbon sources in the media, the growth rate is greatly improved with
reduced-carbon supplements.13 _For Rb. capsulatus, 6 grams per liter each of pyruvate

-and glucose have proved effective in stimulating growth on DMSO media."* Since Rb.

11
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sphaeroidés is incapable of metabolizing glucose, 6 grams per liter fructose is
substituted for the glucose (see Appendix A); The pyruvate and fructose supplements
are filtered through a disposable sterile Nalgene ﬁitei’ and added to the growth media
after the media have been sterilized in an Amsco 3043 autoclave for 45 minutes at 25

Ib./in.2 and 250 F.

Preparation of the chromatophore soluﬁon: ’

HarVesfing of the Rb. sphaeroideés whole cells is accomplished by
centrifugation in a GS3 rotor at 7000 rpm (8300 x g) for 20 mih. at 5 °C in a Sorvall
RC-5B refrigerated centrifuge. All breparation is doné under dim light conditions and
at cold temperatures. The sample is kept on ice and in the dark whenever possible. .
The pellet which results from the GS3 centrifugation is resuspended in 40 ml of a
buffer of 100 mM sodium phosphate and 10 mM EDTA, pH = 7.0. This buffer
reduces nonspéciﬁ'c interactions between the ICM and the outer cell wall.'> The cells
are then mechanically ruptured by three passes throﬁgh a French press (Aminco French
pressure cell #4-3396) at 96.5 MPa/m2. The resulting solution is centrifuged at 17,000
rpm in an SS34 rotor (35,000 x g) for 30 min. at 5 °C, to pellet any remaining whole -
cells and membrane aggregates. '

The supernatant is carefully decanted arjd ultracenfrifuged at 50,000 rpmina
Ti60 rotor (180,000 x g) at 4 °C for one hour in a Beckman L8-70 ultracentrifuge. The
pellet is resuspended in ice-cold buffer A and'h'ombgenized. Buffer A consists of 5
mM MgClz,‘ 5 mM HEPES, 800 mM sucrose and 100 mM KCi at pH 7.5. Any
portion of the pellet which appears white is not resuspended. The homogenized
solution is then ultraéentrifuged again at 50,000 rpm in a Ti60 rotor (180,000 x g) at 4
~°C for two hours, and resuspended and homogenized in ice-cold buffer A again. This

solution is diluted to a total volume of one liter in buffer A. This is the chromatophore
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solution. It is stored on ice overnight and measurements are typically made the next
day. | | V |

| The final concentration of BChl in the chromatophore solution is
approx1mately 1.8 ung BChl /ml. Thxs concentratlon of BChl is determined using an
extraction of the chromatophore solutxon w1th 7:2 acetone : methanol by volume. The
extinction cocfﬁcxent of BChl under thcse conditions is € = 82.4 mg'1 cml ml at 770
nm. 16 '

An alternative méthéd of mechanical disruption of Rb. sphaeroides whole cells
isa bead-beater apparatus (Biospec Products Inc., Bartlesville, OK). Wild-type Rb.
sphaeroides cells are suspended in 40 ml of 100 mM sodium phosphate and 10 mM
EDTA, pH 7.0, and combined Q_vith an equél volume of fine glass beads (0.1 mm
diamc#cr)._ iThis mixture is chilled in an ice/water jacket for 20 min. The solution is
then rapidly agitated with rotating blades for 20 séconds followed by 10 min. of
cooling in therice/watcr jacket, repeated seven times in succession. The solution is then
carefully decanted from the beads and centrifuged at 17,000 rpm in an SS34 rotor for
30 min., which pellets any remaining beads and whole cells>or membrané aggregates.
The supematént is carefully decanted, and the remainder of the preparation follows the
same protocols described in the second paragraph of the French press preparation
above. Thé bead—Beater procedure results in a lower chromatophére yield than the
French pres§ procedure. Bead-beater préparations are suspended to approximately the
same conééntration of BChl, resulting in a smaller total volume of chromatophore
solution; thé bead-beater method results in a final chromatophore solution about 1/4 the
volume of the French press method from the same amount of starting material.
Absorption and fluorescence of the bead-beater chromatophore solution are identical to

the chromatophore solution produced by the French press method.



Intracytoplasmic membranes are prepared from the mutant strains following the

‘same protocols as the French press preparation for wild-type Rb. sphaeroides wifh the

following modifications. Multiple cultures are harvested for each preparation of mutant

strains, because the mutant strains develop to a lower cell density than the wild type.
Semi-aerobic cultures are harvested approximately five to seven days'after inoculation.
DMSO cultures are harvested approximately seven to nine days after inoculation. The

preparations of the reaction-centerless mutants are made under normal room light

conditions.

Diffusion potentials across_membranés:

| The salt-jump technique, described in the next séction, creates diffusion
-potentials across chromatophore membranes of Rb. sphaeroides. .A diffusion potential
is an electrical potential across a membrane causéd by an unequal distribution of ions
on the two sides of the membrane. | | .

Prior to salt-jump measurements, 100 pl of 20 mM valinomycin in 100%
ethanol is added to the.chromatophore solution per liter, for a ﬁnél concentration of 2
UM valinomycin in the chromatoﬁhdre solution. Val_inomyéin ié a pbtassium-speciﬁc
ionophore which trahsports potassiumr across biologicval membranes. Therefore,'in the
presence of valinomycin, potassium ions are transpofted freely across the sealed
membrane vesicles of Rb. sphaeroides chromatophores.. The counierioﬁ ih solution
(chloride in our éxperiments) has a slower diffusion rate than pbtassium in the presence
of valinomycin. For example, if the concentration of potassium 6utside the »
chromatophdrc is higher than the concentration inside, valinomycin will transport
potassium aléng its own potential gradieﬁt to the inside of the vesicle. This resultsin a

-transient diffusion pofential, because the chloride counterion in the solution outside the

vesicle cannot diffuse as rapidly as potassiumn to the inside of the vesicle. The

14
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diffusion potential decays with a half time of several seconds, correlated with the rate
of counterion equilibration.'”  The diffusion potential can be described by the

Goldman-Hodgkin-Katz equation18 [2.1]:

'ZPC[CJﬁZPa[A]I
RT :
AY =—=In~& 4 . 2.1
zF nEPc[ql+2.Pa[.A]2 24
C a

In gquation [2.1], AY is the diffusion potential, R is the gas constant, T is the
temperature,  is the number of eleétrié charges of the ionic species, and F is the
Fafaday constant. The first term in the numerator of the natural log, £ P¢[C),, is a
sur'nrhation over all the different cation concentrations [C] on one éide of the membrane
(Side 2;2) multiplied by the respéctive permeability of those cations (P¢). The second
term is a summation over all the different anion concentrations [A]'multiplied by their
respective permeabili_ties (P2) on the other side of the membrahe (side 1; ;). The
denominator is the summation of the cation concentrations multiplied by their
respective pérmeabilities on side 1, plus the summation of the anion conceﬁﬁations
multiplied by their respective permeabiliiies on side 2.

If one of the ions in the solution has a high concentration and niobi]ity
compared with the concentrations of the other ions in solution, equation [2.1] reduces

to the Nernst equation:

AY = EI In LI]—Z ' [2.2]
zF (1]

Here [I] is the concentration of the most abundant ion in the solution on side 2

([I‘]z) or on side 1 ({I];) of the membrane. The Nernst equation describes the diffusion

potential generated by the salt-jump technique when the potassium concentration is



high relative to that of other ions in solution. This relation is relevant to our

experimental conditions as described below.

Salt-jump measurements:

The diffusion potentials in our_qxp_eriments are appﬁed through arapid mixing

technique, the salt-jumpk tcchniquva.19 The ﬂchromatop.hore solution is allowed to come
to room temperature and is dark-adapted for at least half an hour before measurements
. begin. During thq measurement, the chromatophore solutiqn.is continuously mixed
.with a buffer containing 5 mM MgClz,_ 5 mM HEPESV(pH 7.5), and adjustable '
concentrations of sucrose and potassium chloride (buffer B). In the presence of the
potassium-specific ionophore valinomycin the potassium mexhb_rane permeability is
‘higher than chldride permeability by several orders 6f magnit,ude.20 »In all cases the
concentraﬁons are altered in a complementary way, such that the osmotic concentration
of the buffer remains constant. Molal sucrose concentrations are determined by the
relation: | | ' ‘
[sucrose} =1 m - 2 x [KCI]. ,

The chromatophore solution is equilibrated wi}h a solution containing 100 mM
KClI, which defines the internal potassium concentration. Equil_ibration with _IOOmM
KCl means thét the potassium and chloride concentrations are large compared to those
of other ions in solution. Under these conditions, the potential difference racirb_ss' th_é
chromatophore membrane is described well by the Nernst relation for potassium
concentrations inside and outside the vesicle (see carotenoid electrochromism in
Chépfer Three). - |

Duri.ngk the course of a measurement, buffer B is.rapidly and:éontinubusly
mixéd with the chromatophore solution by means of two synchronously driven

peristaltic pump heads (Cole and Parmer Masterflex Drive 7520-25). The solutions are

16



mixed through a house-made maze connector and flowed through a tube of 12 cm
length, which facilitates complete mixing. See Figure 2.1 for a schematic of the

experimental layout.

13 x flow rate > 1 x flow rate

Chromatophore solution
in buffer A, containing
100 mM KCl and 800 mM
sucrose '

Buffer solution with
adjustable -concentrations
of KCl and sucrose

3.
X) Peristaltic pump

N1

Mixing maze

Excitation

Fluorimeter cell

Emission A/

detection

\/ Flow discard

Figure 2.1: Experimentél schematic for the salt-jump experments.
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Unless otherwise noted, for all fluorescence measurements the ratio of the flow
rate of buffer B to the flow rate of chromatophore solution is 13:1. This ﬂow_Arétio
results in a2 minimum poséib]e external potassium concentraﬁon of 7.1 mM, because
the internal potassium éoncentration of the chromatophofc solution is 100 mM. The
- chromatophore absorption after mixing is approximately Agg() =0.08. An increase in
external potassium concentration after mixing with a buffer B containing a higher
potassium cohcentfation than the chromatophore solution ([KCl in buffer B greater
than 100 mM) is defined as positive applied potential (positive at the internal

'peripvlasmic side of the chromatophore vesicle). Negative applied potentials are

achieved by dilution of the chromatophore solution into buffer B with lower potassium -

concentration ([KCH less than 100 mM).

For carotenoid electrochromism measurements made on the Aminco
_v spectrophotometer, the ratio of the flow rate of buffer B to the flow rate of
chromatophore solution is 1:1. The 1:1 flow ratio results in a minimum possible
external potassium concentration of 50 mM, because the internal potassium |
concentration of the chromatophore solution is 100 mM. For the absorption
measurements, the chromatophore absorption after mixing is _approximately Agoo =
0.5. ‘A relatively high concentration of the chromatophore solution aftef mixing is
necessary to obtain good signal to noise in the measurer’henf of the carotenoid \
electrochromism.

Optical measurements are made approximately 350 ms aftv;er rriiXing of the
chromatophore so_lution_and buffer B. Measurements are made in a flow celi~ 11 mm
long and 15 by 1.5 mm cross section (Hellma QS flow-through ceil).

-In the case of measurements made with .preillu_mination, the path from the

mixing junction to the point of measurement is 45 cm, and measurement occurs about

1.3 s after mixihg.-;-The_mixed solution flows through a secondary optical flow cell

18



prior to measurement and is illuminated with tungsten lamp light p.assed through a
water ﬁlter and an 800 nm interference filter (FWHM = 11 nm). Tﬁe duration of
illumination is app_roximately 0.9 s.. The preillumination is made in a sccoﬁdary flow
cell because actinic illumination inside the fluorimeter sample chamber results in light
scattering artifacts; these light Scattering artifacts could not be completely eliminated
with bandpass filters and baffles inside the fluorimeter sample.chamber. |
Where specified, 10 mM sodium dithionite (NazS;04, Sigma) is used to reduce
the membrane-bound prirhary quinone Q4 in the reaction center.”! Because sodium
dithionite is slowly consumed in a reaction with oxygen in solution, experiments aré
performed within 30 minutes of addition of a fresh solution‘ of sodium dithionite. The
concentration of the reduced form of sodium dithionite can be monitored with UV
absorption spectroscopy at 320 nm. There is a decrease of less than 50% in the 320
nm band within a 30 min. period under our experiméntal conditions. Purging the
chromatophore solution with dry nitrogen during the course of experiments in the
presence of dithionite showed no change in the experimental results, compared with

results obtained without nitrogen purging.

Instrumentation:

Fluorescence measurements are made with a Spex Fluorolog 1680 double
monochromat_or fluorimeter (SPEX Industries, Edison, NJ). Fluorescence detection is
atright anglés to the excitation beam. Excitation is provided by a 400 W Xenon arc
lamp (FWHM = 8 nm). Emission slits are set to a maximum of 8 nm FWHM. The
fluorescence emission passes through a Kodak Wratten red wavelength cutoff filter
#26 (Eastman Kodak Co., Rochester NY) prior to detection. This filter exhibits
negligible fluorescence. Detection is by single-photon counting with a near-infrared

extended Hamamatsu R3310-02 photomultiplier tube (Hamamatsu Industries, Japan).
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The photomultiplier tube is operated in a Products For Research TSA/RF temperature-
controlled ceramic sockc;t at-30°C (Producfs For Research, Illinois). The spectral
response of the photomultiplier tube was calibrated, together with the optical emission
f)éth of the fluorimeter, using a standard lar;xp (Optronic Laboratories Inc., model 245
C). The correction function generated from the standard lamp calibration is applied to
each fluorescence spectrum. A Spex DM 102 output discriminator is adjusted to
maximize signél to noise, resulting in dark counts of about 70 counts per second.
Excitation spectra are corrected for lamp intensity with a photodiode referenée cell.
Fluorescence measurements are made on samples in a Hellma QS ﬁdw-through cell of
cross section 1.5 mm? unless noted otherwise. Fluorescence spectra are taken at an
intérval of one nm and each data point is averaged one second unless otherwise noted.
Absorption measurements are made on one of two instruments. The
electrochromism measurements ;equire high sensitivity to small changes in absorption.
Therefore electrochronﬁs’ﬁ meésurements are made with an Aminco UV-vis
spectrophotometer in the dual-wavelength mode. In dual-wavelength mode, the
spectrophotometer excitation beam is split by a chopper and alternates rapidly between
two wavelengths, tﬁc sample wavelength and the reference wavelength. The excitation
beam passeé through the same physical spot of the sample in both wavelength modes.
This configuration allows sensitive detection of an absorption changé at one
wavelength relaﬁve to another. For carotenoid electrochromism of wild-type Rb.
sphaeroides, the sample wavelength is set at 521 nm and the reference wavelength is
508 nm. These wavelengths correspond to a maxirﬁum and a minimum in the
eléctrochronxism difference spectrum. The excitation slits are set at 2.0 nm (FWHM =
2.0 nm). A photomultiplier tube (#9558QB, Thorn EMI, Rockaway NJ) is used for
signal detection. The Hellma QS flow-through cell is used in the sample chamber for

these measurements. - .
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When actinic illumination is used, the actinic excitation is provided by a
tungsten lamp. The light is passed through an interference _ﬁltér with maximum
transmission at 800 nm and FWHM = 20 nm. The filtered light is piped into the
sample chamber of the Aminco spectrophotometer with a fiber optic cable.

The second instrument used for absorption measurements is an AVIV UV-vis-
IR spectrophotometer model 14-DS (Aviv, Lakewood, NJ), with a fixed bandpass of
0.25 nm. This instrument is used for absorption spectra over a range of wavelengths.
The sample cell used is a polystyrene cell of cross-section 1 cm? unless otherwise
noted. A baseline correction is taken with the same cell containing only buffer
solution; this baseline correction is subtracted from each absorptién spectrum. Spectra
are taken at an interval of one nm and each data point is averaged for 0.2 seconds

unless noted otherwise.
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Chapter Three:

Characterization of Rb. sphaeroides

Introduction:

The careful and thorough characterization of the Rb. sphaeroides
chromatophores used in this study is particularly important for meaningful
interpretation of the experimental results of the electric-field experiments. It is
important to characterize the ionic integrity, or the degree of seal of these |
chromatophore membrane vesicles. Ionic integrity is defined as a lack of ionic
permeability across the chromatophore vesicle on a timescale of several seconds. This
is important for the generation and measurement of the extent of an electric field caused
by potassium diffusion potentials (see Chapter Two). Additionally, the
characterization of the orientation of the chromatophore preparation is important
because the interpretation of the results of the electric-field experiments described in
Chapter Four depends on the orientation of the chromatophore membrane relatii'e to the
diréction of the applied electric field. It is therefore crucial to establiéh the orientation
of the chromatophore membranes.

Furthermore, we wish in this chapter to introduce the spectral properties of Rb.
sphaeroides. We will begin this chapter on characterization by defining the steady-state
absorption and fluorescence characteristics of the Rb. spﬁaeroides chromatophore

preparation, because it is a complex and heterogeneous system.
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Spectral characterization:

The absorption spectrum of the wild-type Rb. sphaeroides chromatophbre .

solution is shown in Figure 3.1. This is the final preparation as used in all experiments
unless noted otherwise. The buffer is 100 mM KCl, 800 mM sucrose, 5 mM HEPES
and 5 mM MgCl, with a pH of 7.5 (buffer A). The shortest waveléngth band shown,

Absorption

0.4 H

0.0 T T T T =

400 500 600 700 800 900 1000
Wavelength (nm)

Figure 3.1: Absorption specirum'of wild type Rb. sphaeroides
chromatophore preparation. Spectrum taken at room temperature
in buffer A approximately five hours after chromatophore preparation.

at 375 nm, is the overlapping Bx and By transitions of the bactcriochlorbphyll a (BChl)

‘Soret band. There is a shoulder at 422 nm, corresponding to cytochrome ¢ 'absorptiori.

The next trio of absorption bands, at 450, 478, and 510 nm, are the carotenoid
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absorption bands. In wild-type Rb. sphaeroides, the two most prevalent carotenoids
are sphaeroidene and sphaeroidenone.’ The absorption Bands of these carotenoids will
be discussed in more detail later in this chapter, in the section on carotenoid
electrochromism.

The b-:md at 590 nm is the Qx transition of BChl. At 800 nm and 850 nm are
the two bands from the Qy trahsition of BChl in the LH2 antenna. A shoulder at 875
nm is the BChl Qy transition of the LH1 antenna. The absorption ratio Ag7s : Agso
depends on the ratio of LHI : LH2 in the specific Rb. sphaeroides culture. This ratio
varies depending on growth conditions and age of the culture. The.reaction center
absorption bands occur at 760, 800, and 865 nm. The absorption bands of the reaction
center afe mostly obscured by the more intense transitions of LH2. The
chromatophore preparation is spectroscopically similar in the visible and near-IR region
to the absorptibn of whole cell Rb. sphaeroides; the same chromophores are present in
the intracytoplasmic membranes that are present in the whole cells of Rb. sphaeroides.

Fluorescence measurements are made with excitation into one of the BChl or
carotenoid absorption bands. Excitation is at 800 nm unless‘stated otherwise,
corresponding primarily to absorption in LH2. There is also some absorption into a
reaction center absorption band and into LH1 at this wavelength. .

Regardless of which absorption band is excited, the majority of the
fluorescence emission of Rb. sphaeroides whole cells or chromatophores occurs in the
near infrare;d region between 830 and 960 nm (Figure 3.2). Fluorescence occurs in
this spectral region because energy is efficiently transferred from all absorbing
chromophores to the long-wavelength spectral forms of BChl.2 The majority of the
fluorescence emission arises from LH1, which has a maximum emission at 890 nm.
Some fluorescence also arises from LH2, which is maximum at 860 nm and appears as

a shoulder in the emission spectrum.
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Fluorescence emission (au)

840 860 880 900 920 940
' Wavelength (nm)

Figure 3.2: Fluorescence emission of Rb. sphaeroides
chromatophores in the Fo state (dotted line) and the Fm state

(solid line). Fluorescence emission from LH1 is maximum at 890 nm.
Fluorescence emission from LLH2 is visible as a shoulder maximum at -
860 nm. Spectra taken at room temperature in buffer A.

Variable fluorescence:

Very little ﬁuorescence arises from the reaction center. Instead, the reaction
center uses excitation for charge separation if it is in the "open" or Fo state. In the Fo
state, the special pair (P) is reduced and the bac%teﬁopheophytin'(H) is oxidized, so that
primary charge separation can occur fbrrhing the state P*YBH-. The efficiency of RD.
sphaeroides primary charge separation in the Fo state of the reaction center is very
high, with a quantum yield of charge separation nearly 100%.? In the Fo state, the
ﬂuorescence‘from the detergent-isolated reaction center at room temperature is oniy

3 x 104, or a 0.03% fluorescence quantum yield.**
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In the "closed" or Fm reaction center state of Rb. sphaeroides chromatophores,
the special pair is oxidized (P1).® Under conditions of continuous illumination, the
oxidized state of the special pair accumulates in Rb. sphaeorides chromatophores and
the reaction center is closed. Soluble cytochrome c is responsible for the re-reduction
of the oxidized special pair. The process of chrométophore preparation eliminates
some of the soluble cytochrome c present in-.the whole cell. In the Fm state, primary
charge separation cannot occur. However, the fluorescence from the detergent-isolated
reaction center in the Fm state increases only about three times, to 103,0ra0.1%
ﬂuoresécnce quantum yield.4 The majority of the excitation in the Fm state reaction
center is lost through non-radiative pathwéys. In the Rb. sphaeroides chromatophore
vesicle, containing LH1 and LH2 in addition to the reaction center, the total
fluorescence quantum yield in the Fm state is approximately 5%.6

The oxidatiqn state of the reaction center (Fo or Fm) also affects the
fluorescence yield of the anteﬁna pigments’, both LH1 and LH2 (Figure 3.2). For the
Rb. sphaeroides chromatophore vesicle, which contains LH1 and LH2 in addition to
the reaction center, the total fluorescence quantum yield in the Fo state is approximétely

2%, and increases to approximately 5% in the Fm state.! The fluorescence emission
intensity at 890 nm typically increases by a faétor of about 2.7 in the Fm state -
compared to the Fo state. For example, if the fluorescence of Rb. sphaeroides
chromatophores at 890 nm is 1.0 in the Fo state, it increases to 2.7 in the Fm state.
Tﬁe fluorescence at 890 nm arises mainly from LH1. The fluorescence from LH2 also
increases in the Fm state relative to the Fo state, a]thoﬁgh to a lesser extent than the - -
increase in the fluorescence of LH1. For example, if the fluorescence at 860 nmis 1.0
in the Fo state, it increases to approximately 2.0 in the Fm state (Figure 3.2) The

variable fluorescence (Fvar) is defined as the difference between Fm and Fo; Fvar =
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Fm - Fo. Because the LH1 fluorescence increases more than the LH2 fluorescence in

the Fm state, the variable fluorescence has a maximum at 890 nm (Figure 3.3).

Variable fluorescence emission (au)

840 860 880 900 920 940
Wavelength (nm) ‘

Figure 3.3: Variable fluorescence emission (Fm - Fo) of
Rb. sphaeroides. Emission maxiumum of the variable fluorescence
is at 890 nm. Spectra taken at room temperature in buffer A.

The extent of the variable fluorescence is taken as an indicator of the viability
of the phptosynthctic apparatus in our préparati()ns of Rb. sphaeroides .
chromatophores. Reaction centers which are not functioning correctly do not produce
variable fluorescence. Any preparations which have a low variable ﬂuorésce_ncg (less
than double the fluorescence in thev Fm state than the Fo state at 890 nrﬁ) are not l;sed in

‘the salt-jump experiments.
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~ One way to monitor changes in the rate of charge separation in the reaction
center is to examine processes which directly compete with charge separation for
excitation. Because the antenna fluorescence isv sensitive to the state of the reaction
center oxidation, the antenna fluorescence emission is é good candidate for reflecting

charge separation processes in the reaction center.

Excitation equilibration:

The ratio of LH2 to LH1 fluorescence emission is indicated by the ratio of
fluorescence at 860 nm compared to 890 nm; Fg@ : Fggp. This ratio depends on four
major factors. First, the Fggp : Fgop ratio dépéhdé on the individual Rb. sphaeroides
sample. That is because the ratio of the LH2 to LH1 is itself variable in Rb.
sphaeroides, depending on specific growth conditions.! Second, the Fgeo : Fgoo ratio
depends on the state of the reaction center, Fo or Fm, as described in the section on
variable fluorescence. Third, the Fgep : Fggp ratio also depends on the efficiency of
excitation transfer between LH1 and LH2.

When the previous three factors are constant, within the same sample and under
the same experimental conditions, there is a fourth factor that influences the ratio of
fluorescence gt 860 nm compared to 890 nm. The fluorescence ratio Fgéo : Fgoo
depends on the illumination wavelength used to excite the fluorescence (Figure 3.4).
For example, excitation at 800 ﬁm, into one of the LH2 absorption bands, results in a
highérﬂuorescence ratio Fg.ﬁ()‘: Fggg than éxcitation into another absorption band, such
as the Soret absorption band at 377 nm, the QX band at 590 nm, or the carotenoid
absorption band at 515 nm (Figure 3.4). The fluorescence spectra in Figure 3.4 are
normalized at 890 nm. Excitation at 800 nm also results in a slight blue-shifting of the
fluorescence emission compared tb excitation at other wavelengths such as 515 nm.

This variability in the fluorescence ratio as a function of excitation
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Figure 3.4: Normalized fluorescence emission from Rb. sphaeroides
chromatophrores as a function of excitation wavelength. .

Solid line, excitation at 515 nm. Dotted line, excitation at 800 nm.
Excitation at 800 nm (into an absorption band of LH2) results in
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higher relative emission at 860 nm (the maximum emission wavelength

of LH2) than does excitation at 515 nm (into an absorption band of the
carotenoids). Spectra are taken at room temperature in buffer A.

wavelength indicates that the fluorescing species in Rb. sphaeroides are not completely

equilibrated before fluorescence emission occurs (see also Chapter Five).

The,dependence'of the fluorescence spectrum on the excitation aneIength

demonstrates a lack of excitation equilibration between LH2 and LH1. This lack of

excitation equilibration is surprising, considering that very rapid excitation transfe
from LH2 to LH1 is observed using time-resolved spectroscopic techniques.’

Excitation transfer from LH2 to LH1 in membranes of Rb. sphaeroides at room

T



temperature proceeds with two time constants, 4.6 + 0.3 ps'and 26.3 + 1.0 ps.® The
first time constant is interpreted as the excitation transfer from LH2 to LH1, and the

slower time constant is interpreted as excitation migration within LH2 preceding

transfer to LH1. These rates for excitation transfer from LH2 to LH1 are rapid on the

timescale of other excitation transfer and loss processes in the chromatophore
membrane. The fluorescence emission lifetime in Rb. sphaeroides chromatopho_res_in
the Fo state is approximately 60 ps, and in the Fm state the fluorescence lifetime
increases to approximately 200 ps.!! Trapping of excitation by the reaction center is
estimated to occur in chromatophores at room temperature with a time constant of
approximately 35-40 ps.”” Excitation transfer from LH2 and LH1 is therefore rapid on
the timescales of ﬂuorescencé emission and excitation trabping in Rb. sphaeroides
chromatophores.

One possible explanation for the dependence of the fluorescence emission on
excitation wavelength is that a portion of excitation in LH2 has a much slower
A equilibration time with LH1 than that which is observed in the time-resolved
experiments. It may be that some LH2 is at a large distance from LH1, which results
in a longer equilibration tirhe, on the order of the fluorescence lifetime. Or possibly
there is some portién of LH2 which is entirely uncoupled from LH1 and gxcitation
equilibration does not occur between that portion of LH2 and LH1. In either casc,'
excitation into an absorption band of LH2 would result in an increase in fluorescence

emission from LH2 relative to LHI.

Carotenoid electrochromism:
The carotenoids in Rb. sphaeroides, sphaeroidene and sphaeroidenone, are
long-chain poly-unsaturated hydrocarbons. The ratio of sphaeroidene to

sphaeroidenone depends on the growth conditions of the culture. When grown
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anaerobically and under low light conditions, as our cultures are, wild-type Rb.
sphaeroi'des has approximately 90% sphaeroidene and 10% sphaeroidenone.” Both
types of carotenoids can exhibit electrochromism, which is a shifting of the absorption
bands in response to the presence of an electric field in the vicinity. The electrochfomic
bandshift of the carotenoid bands has a first-derivative linesh'ape."" Because
sphaeroidenone has a very broad absorption band from 470 nm to 570 nm, the
sphaefoidenone electrochromism is very difficult to observe.' Sphaeroidene, on the
other hand, has three sharp absorption bands and thé electrochromic shift is rﬁore
easily detectable.

Electrochromism is a manifestation of the Stark effect. In the Stark effect, the
presence of an electric field changes the energy levels of the ground and excited states
of an atomic or molecular transition. Because the ground and excited states typically
have different dipole momenfs, the electric field changes the energies of the ground and
excited states to a different extent. The result is a net shifting of the transition energy
between the ground and excited states; a shift in the absorptioh band.4 | |

The Stark effect is typically quadratic with the intensity of the electric field.
However, the observed electrochromic behavior of carotenoids in Rb. sphaeroides and
other purple photosynthetic bacteria is llline’ar with applied field strength. This
discrepancy has been addressed by the hypothesis of a stfbn'g local electric field in the
immediate vicinity of the carotenoids. Such a local electric field could be generated by
charged amino acids'® in the binding pocket of the carotenoids, or By interactions
between the BChl molecules and the carot(:noidsf17 In the presence of alocal electric
field, applying an additional electric field produces a pseﬁdoJincar electrochromic
effect in the absorption of the carotenoids.v“

The extent of the observed carpténoid electrochfomic bandshift depends on the

specific species. For Rb. sphaeroides, an electrochromic shift is observed in the



absorption of the LH2 sphaeroidene carotenoids, but ié not detectable in the LH1
carotenoid pool.* This fact lends credence to the hypothesis that the immediate local
environment of the carotenoid is crucial to the observed electrochromic shift. The
electrochromic shift that is observed in Rb. sphaeroides LH2 can be modeled as an
absorption shift in a subset population of the carotenoids (33%) which are slightly red-
shifted from the majority of the carotenoid absorption.”

The electrochromic shift of the carotenoid absorption in Rb. sphaeroides has
been characterized by experiments with valinomycin and potassium.14 The linear
electrochromic shift in Rb. sphaeroides can be calibrated to describe the transmembrane
potential difference, using the Nernst equation as described in Chapter Two. The
electrochromic shift can be used as én internal voltmeter, to measure the potentiai
difference near the carotenoids inside the chfomatophore membrane. The
electrochromic shift of the carotenoids has been observed under a variety of conditions
which generate an electric field across the chromatophore membrane. These conditions
include primary charge separation in the reaction center caused by illumination,” as
well as valinomycin-induced potassium gradients across the membrane.

We have used carotenoid electrochromism of Rb. sphaeroides to characterize
our experimental system. We have used actinic illumination, as well as potassium
gradients (the salt-jump technique as described in Chapter Two) to generate charge
separation in the reaction center. First we W_ill address the results of actinic
illumination. |

Actinic illumination is provided by a tungsten lamp. The light is filtered
through an 800 nm interference filter and iﬁtroduced into the sample compartment via
an optic fiber. The sample is not flowing during the actinic illumination experiments.
The carotenoid electrochromism is measured using an Aminco spectrophotometer in

dual-wavelength mode. The sample beam is at 521 nm and the reference beam is at
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506 nm. .'I"hesé wavelengths correspond to a peak-to-trough difference in the Rb.
sphaeroides carotenoid electrochromic shift. ) R

Illumination of the sample results in an increase in the percent transmission at
the measured wévelength pair, 521 nm versus 506 nm. The direction and magnitude

 of this absorption change agrees with previously published results for Rb.

sphaeroides.*" This conﬁrms that the reaction centers in our chromatophore
preparati_on ére active and undergoing charge separation efﬁcienfly. Cessation of
illumination results in a collapsé of the absofption change and a return to baseline
absorption. |

Next we discuss the results of potassium—induéed electrochromism. Briefly,
valinomycin is added to the chromatophore solution which is pre-equilibrated with
100 mM potassium chloride buffer (buffer A). Just prior to the measurement the:
chromatophores are rapidly mixed with a second buffer containing ‘a different A
potassium chloride concentration (buffer B). This results in a transient potassium
gradient across the membrane. The sample is flowing cbntinuously during potassium-
iﬁduced electrochromism experiments. Measuremeﬁts are made at the same
wavelengths as described for the: actinic electrochromism measurements, 521 and
506 nm (Figure 3.5).

| The magnitude and directibn of the pota'ssium-inducé_d' electrochromic effect

that we observe agrees well with previously published results!6 for Rb. s'phaeroides
chromatophores. The direction of the potassium-induced electrochromic shift for
positive electric fields is the same as the direction of the light—indﬁced electrochromic
shift. A positive potential difference causes an increase in the percent transmission at
521 nm relati.ve to 506 nm. Positive potential differences result fro:m. an increase in

potassium ion (K*) concentration inside the chromatophore vesicle.

N
{
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The light-induced electrochromism results from protons (H*) bcing transported
across the chromatophore membrane. The direction of tf)e light-induced change is the
same as the d_irection of the change for increasing the K* ion concentration inside the .
vesicle, which means that light causes the vesicles to transport the H* ion to the inside
of the vesicle. This verifies that the Rb. sphaeroides chromatophore vesicles as
prepared in our hands have the same "inside-out" orientation as reported in the

literature. .

External potassium concentration after mixing (mM)

100

5§ 6 7 8 9
l'Ill

T T T I T 1
-20 -10 o 10 20 30

Transmembrane potential (mV)

Change in transmission intensity at 521/506 nm (Al/ ')

Figure 3.5: The change in the transmission intensity of Rb. sphaeorides
chromatophores under conditions of mixing with various concentrations of

potassium chloride (buffer B) in the presence of valinomycin.

Negative transmembrane potentials correspond to a decrease in the external potassium
concentration relative to the internal 100 mM KCl concentration of the chromatophores.
Positive transmembrane potentials correspond to an increase of the external potassium
concentration relative to the internal 100 mM KCl concentration of the chromatophores.
The absorption change is monitored at 521 nm with a reference wavelength of 506 nm,
corresponding to a maximum shift in the electrochromism of the carotenoid bands.



" The electrochrom_ic shift that we observe under our experimental conditions is
linear with the logarithm of the external potaésium concentration.  The electrochromic
shift is linear for both positfve and negative applied p'btentials.v The transmembrane
. potential difference can be calculated from the Nernst relation as discussed in Chapter
Two (Figure 3.5, bottom abscissa). This provides a valuable method for calibrating

the transmembrane potential that is generated under our experimental conditions.

9-aminoacridine fluorescence quenching:

9-aminoacridine (9AA) is a fluorescent amine which can be used to _detec_t
transmembrane pH gradic:rjts.22 The fluorescence emission of 9AA is sensitive to -
transmembfane pH. gradients in a vériety of meinbrane systems. 9AA fluorescence
emission responds to pH gradients across chloroplast membranes? and phospholipid
vesicles,? as well as the membranes of purple photosynthetic bacteria.® The
unprotonated form of 9AA travels freely across these membranes. Howeyer, the
protonated form aggregates at the surface of the membrane. This aggregation leads to
quenching of the fluorescence emission.” In the presence of a transmembrane pH

difference, the fluorescence of 9AA is strongly quenched.

We have used 9AA fluorescence quenching to confirm that our preparation of

: Rb sphaeroides chromatophores is composed of sealed vesicles with a high degree of
ionic integrity which are capable of proton translocation. We define sealed vesicle.s as
vesicles which have a low permeability to ions. Vesicles which are not sealed cannot
sustain a transmefnbrane pH gradient, therefore will not cause quenching of 9AA
fluorescence. It is impoft'ant to verify that our chromatophores are sealed vesicles for

the salt-jump experiments described in Chapter Four.
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Figure 3.6 shows the quenching of 9AA fluorescence in our Rb. sphaeroides
chromatophore preparation. At the arrow, the flow of chromaiophore solution is
stopped and a pH gradient is formed across the chromatophorc'membréncs from the
excitation light illumination. Excitation is at 400 nm and cm‘issipn‘is; detected at 459
nm, conespoﬁding to absorption and cnﬁssibn‘ rr.laxi'ma of 9AA (néf .BChl)‘. The
ﬂuorescencc quenchmg of 9AA emission under condmons of contmuous
chromatophore illumination is eliminated under conditions whlch abolish the

transmembrane pH gradient, such as addition of 2 mM FCCP (Figure 3.7).

Fluorescence emission of 9AA at 459 nm (au)

100 200 300 400 500 - 600
Time (sec)

Figure 3.6: Fluorescence emission of 9AA with Rb. sphaeroides chromatophores.
Excitation at 400 nm, emission detected at 459 nm. 'At the arrow, the flowing
chromatophore solution is stopped and remains in the excitation beam. Quenching
of the 9AA fluorescence emission begins as the transmembrane pH gradient forms
across the chromatophore membrane under conditions of continuous 1llummat10n
See text for details.
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Flgure 3.7: Fluorescence emission of 9AA with chromatophores in the
presence of 2 mM FCCP, a proton uncoupler Excitation at 400 nm,
emission detected at 459 nm. There is little change in the emission
intensity when the chromatophores are exposed to continuous
illumination (at arrow).

Conclusions:

In summéry, we have characterized our chromatophore preparation of Rb.
sphaeroides. The steady-state spectral properties have been presented, including
absorption, and fluorescence in the Fo and Fm state. The chromatephores have the
"inside-out" conﬁgeration reported in ‘fhe.".literature; this has bee‘n‘ determined through
the joint use of light- and i)otassium-induced carotenoid electrochromism. The extent
of the electrochromic shift agrees wel] with the electrbchromic shift reported in the
literature. Thc chromatophores are capable of sustammg a transmembrane pH
gradient,. shown through the quenching of 9AA ﬂuorescence “These experiments

' eonﬁrm that the chromatophores are tightly sealed vesicles with an “inside-out”
orientation. This characterization has laid the foundation for an interpretation of the

results from the electric-field experiments presented in the next chapter.
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| Chaptef Four:

Electric-Field Effects in
Rb. sphaeroides Chromatophores

Introduction:

In this chapter, we describe the use of electric fields to probe excitation .
dynamics and equilibration within the purple photosynthetic bacteria Rb. sphaeroides.
We show that the application of external electric fields reveals details about excitation in
the antenna complexes and charge separation in the reaction center of Rb. sphaeroides,
studied through steady-state absorption and fluorescence spectroscopy. Before we _
present the results of our experiments, the introductory section of this chapter will
1) present the Rb. sphaeroides system to be studied, 2) discuss the theoretical work of
Bixon and Jortner as applied to the Rb. sphaeroides system, and 3) give an overview
of previous electric-field experiments on photosynthetic systems.

Rb. sphaeroides is a useful photosynthetic system to study, because it is
simpler in many ways than oxygen-evolving plants. Oxygen-evolving plants contain
two kinds of photdsystems and multiple types of antenna complexes. The wild-type
Rb. sphaeroides has only a single photosystem, which includes a reaction center and
two types of antenna complexes (LH1 and LH2). The simpler photosynthetic system
of Rb. sphaeroides is a useful model for studying the processes of photosYnthesis.
Additionally, X-ray crystallography studies have revealed the stmciure of the Rb.
sphaeroides reaction center' and the structure of the LH2 antenna cbmplex froma
closely related photosynthetic bacterium Rps. acidophila.2 The X-ray crystallography

data provide information to help clarify excitation processes in Rb. sphaeroides. -
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Furthermore, mutant strains of Rb. sphaeroides are available which lack portions of the
photosynthetic apparatus. These photoéynthctic mutants can provide further

information about excitation processes in Rb. sphaeroides.

Charge separation in the Rb. sphaeroides reaction center:

- The two antenna complexes of Rb. sphaeroides, LH1 and LH2, absorb
photons and transfer excitation to tﬁe i'eact.ion center in a process called trapping.
When excitation reaches the reaction center (RC), a dimer of bacte_ri‘ochlc;rophyll' a
(BChl) called the special pair (P) is excitéd, creating the state P*BH in the reaction
center (ekcitéd special pair, P*, and neutral BChl; B, and BPheo, H). Next a dipolar,
charge-separated state is generated from this excited state. The first well-defined
isolated species in this process is P+BH-,’ which has a hole at the special péir-and an
electrqn at the bactc;ﬁopheOphytin a molecule (H) (Figure 4.1). This eventis the
primary charge-separation reaction. Subscqﬁent redox reactions stabilize the charge
separation across the reaction céhter which spans the photosynthetic membrane.

The dipolar charge-separated state PYBH- in the reacﬁbn center is oriented
within the Rb. sphaeroides cell intracytoplasmic membrane” (see Chapter Two). The
oxidized molecule, P+, is adjacent to the periplasmic spéc'e.- The reduced molecule,
H-, is closer to the cytoplasmic space (Figure 4.1).’

- As with any charge—scparatéd state, the energy of the dipolar charge-separated
state (I_’*‘BH‘) relative to the neutral state (PBH) depends oﬁ the electric charges or |
electric fields in the vicinity. For example, a positive charge near the special pair
would energetically oppose the formation of the charge-separated state P*YBH- (Figure
4.1). In a similar way, an ele'ctric field oriented in the same direction as a dipolar-state
in the reaction center will enérgetically oppose the formation of t}.\e charge-separated
state. Conversely, an electric field oriented in the opposite direction to the dipole wili

stabilize the éharge-separated state and lower its energy. Therefore, the energics of the
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Figure 4.1: Schematic of the reaction center and the antenna complexes in the

Rb. sphaeroides intracytoplasmic membrane. A possible path of charge separation

is shown with arrows. The LHI1 ring is shown surrounding the reaction center in
cross-section, and the LH2 antenna ring is shown peripheral to LH1. Center-to-center
distance between the special pair (P) and the bacteriopheophytin (H) is 20 A. The
membrane is 50 A wide. The direction of the applied electric field vector is along

the pseudo-C; symmetry axis of the reaction center, i.e., vertical in this schematic.

charge-separated states in the photosynthetic reaction center will change when an
external electric field is applied across the intracytoplasmic membrane.. A change in the
energy of the charge-separated state may be reflected in the rate of the formation-of the -
charge-separated state. An increase in the energy of the charge-separated state relative
-to the ground state will decrease the probability of charge separation, and a decrease in
the energy of the charge-separated state will increase the probability of charge-
separation. This model of the effects of an electric field on charge separation in a v
photosynthetic reaction center is based on the experiments of Dau and S_auer on

electric-field effects in spinach thylakcid membranes.9:18



Theory of electric-field effects in the photosynthetic reaction
center: S _

Brxon and Jor’mer have made calculatlons to predlct more exactly what the -
effect of extemal electrlc ﬁelds wrll be on the rate of charge separatron in the
photosynthetic reactron center The effect that an extemal electnc ﬁeld has on the rate
of charge separation depends on the specrﬁc mechamsm of the pnmary charge .
separation. The mechanism of the primary charge separatron is not known and cannot
be determined from the known structure of the reactlon center. ‘Several competing
theories of the mechanism of primary charge separation have been proposed. By
comparison of the theoretical predictions with the experimental results of an extemal
electnc field across the photosynthetic reaction center, it may be possible to determine
the mechanism of primary charge separation, or at Ieast to eliminate some possrble
- mechanisms of charge separation.

Three drfferent mechamsms of pnmary charge separatlon wrll be addressed in
this section, based on the theoretrcal work of Bixon and Jortner 5. The theoretical work
of Bixon and Jortner is developed -from the nonadiabatic electron transfer rate:

- k=(2n/h)V’F | [4.1a]

In equation [4.1a], k is the rate of electron transfer, his Planck's constant, V is
- the electronic coupling between the initial and final states, and F is the Franck-Condon
nuclear overlap factor. Two main assumptions are applied to the Franck-Condon
factor. The first assumption is that the nuclear protein mode can be approximated by -
one-average frequency, hw =.100-cmrl. The second assumption is the high-
temperature limit, meaning that hco is less than k T. Applying these assumptions, the

Franck-Condon factor can be expressed as the Marcus relation®:

. —Eaxl ' -
= (41 AKTY"? exp— : 4.1b
(4m. ) P . - [4.1b}
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In equation [4.1b], A is the reorganization energy for electron transfer, k is the
Boltzmann constant, T'is‘the ambient temperature and Ea is the activation energy for
electron transfer.

We will consider three possible mechanisms for primary charge separation in
the reaction center; the one-step, the two-step and the superexchange mechanism. The
theoretical calculations for these mechanisms take into account the effect of an electric
field on the Franck-Condon factor. | |

The first mechanism of primary charge separation that we will address is the
one¥step model. In the one-step model the excited special pair P* transfers an electron
directly to the bacteriopheophytin H, fdrmihg the state P¥BH-; no intermediate state is
involved in the process. The one-step model for bacterial charge separation is
considered to be improbable, because the distance from the special pair to the
bacteriopheophytin is large (20A center-to-center distance),! and there is a very rapid
rate of charge separatign (2.8 ps)3 The analysis of the one-step model is included here
for comparison purposes with the electric-field effect on ‘6ther models of charge
separation. Equation [4.2] describes the theoretical dependence of an external electric

field on a charge-separation process with a one-step mechanism:

ey MO8 |
XE) _ exp - [4.2]
k(0) 4AGET

. In Equation [4.2] k(E) is the rate of charge separation in. ghe presence of an
external electri‘_q;ﬂﬁeld, and k(0) is the rate of charg¢ Separation with no external electric
field. AG, is the change in free energy Between I%*BH (excited special pair) and
P*+BH- (charge-separated systém) without any exteméliy applied field. AG(E) is the
change in free energy between P*BH and P*BH- in the presence of an external electric

field, and AAG [ = AG(E) - AGy] is the difference in the free energy change between
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Figure 4.2: Potential energy curves showing the activation

" energy (Ea), change in free energy (AG), and reorganization

energy (A) for procésses in the normal Marcus region (A)
and the activationless region (B).
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~ the external electric-field condition and the zero-field condition. AAG is assumed to be
directly proportional to the magnitude of the applicdvel‘ectric field. T is the temperature
at which measurements are taken, and k is the Boltzmann constant. One assumption in
eqliation [4.2] is that the process of charge separation is activationless. -Bacterial
charge separation is often assumed to be activationless because there is a very small
_‘temperature dependence of the rate of charge sepz_xration.7 For a process which is not
activationless, a decrease in témperature usually results in a slowing of the electron
transfer r_aEé_because higher energy levels of the initial state are less populated at lbwer
temperature. For an aétivationless process, the reorganization energy A equals the
change in. free energy AG, (Figure 4.2). The lack of temperature dependence is also
conéistent with charge separation in the inverted Marcus region, which is an
intérsection of initial and final states on the left side of the initial state curve (see Figure
4.23).3

Using this theory developed by Bixon and Jortner, we have estimated the effect
that an externally applied electric field will have on the rate of charge separation in the
reaction center of Rb. sphaeroides. The value of 'AGO is not directly measurable and
must be estimated for the process of Rb. sphaeroides charge separation.. The value
uséd in our calculations is derived from the rate of charge recombination from the state
P*+BH- to PBH in the detergent-isolated Rb. sphaeroides reaction center.” From this -
method, AGO =250 meV (2,000 corl). The pr_edicted resuits for the one-step
mechanism applied to the reaction center of Rb. sphaeroides are shown in Figure 4.3
(open circles). The figure sho_ws the ratio of the rate of primary charge separation
expectcd under an applied ele¢tric field [k(E)] relative tp the zero-field rate [k(0)].
| For"b:'oth positive and negative appiied electric fields in Rb. sphaeroidés the
one-step mechanism predicts a decrease in the rate of charge separation k(E) relative to
the zero-field condition. This can be understood intuitively because the rate-limiting

step is assumed to be activationless (see Figure 4.2). The intersection of the product
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potential enérgy surface is at the minimum of the reactént potential energy surface..
Therefore, any .shiftiﬁ g of the '-p‘r’o,duc_t pbtential energy curve by an applied electric field
(in either direction) would displace the curve intersection from the nﬁnimum and result
inan increase in the activation energy. This leads to a decrease in the observ_ed rate of
charge separation for both positive and negative applied electric-f;eld directions. The

- decrease in k(E) is predicted to be symmetric around the zero-field condition, and is )

quadratic.
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| Figure 4.3: Model simulations of the effect of an electric field on the rate
of primary charge separation in the Rb. sphaeroides reaction center. AG,

is taken to be 250 meV. . Open circles, the one-step mechanism. Diamonds,
_ the two-step mechanism. - -

A second possible model of primary charge separation is the two-step model.

In the two step model, charge separation occurs first from the excited special pair state,




P*BH, to the monomeric bacteriochlorophyll, P‘*’B'H. The two-step model is more
, reélistic than the one-step model, ,bgcause the monomeric bacteriochlorophyll B) ié a
physical intermediate betWeen the special pair (P) and the bacteriopheophytin (H). The
- initial chargg)separaﬁon to B must be the slow, rate-limiting step of the reaction. It is
followed by very ra_bid charge transfcr to tﬁe bactcripphgpphytin (BPheo), creating the
state PYPBH". These rate constraints are applied bgcags_c the intermediate reduced
monomeric BChl (B-) has not been defrin‘ibtively isolated equrimentally._ Therefore, the
reduced BChl (B-) must be a very short-lived, t{ransientvintcrmediate state. Equation
[4.3] has been derived by Bixon and Jortner to describe the effect of an externally
applied electric field on the two-step model of charge separation.
, i_ ' da 1

T da 7,6
kE) - lda+dbl™
k(0) 4 AG, k T

4.3]

In equation [4.3], da is the distance between the special pair (P) and the
monomeric BChl (B) projected along the membrane noﬁnal_ vector, and db is the
distance between BChl (B) and BPheo (H) projected along the mer;lbranc normal
vector. The other symbols are as previously defined.

This approach to the two-step deél is ovefsimpliﬁcd, becéusc it does not
consider the effect of an _elect'ric field oﬁ the rate of back transfer from P+*BH- to the
ground state PBH, or the electric-field effect on the secondary electron transfer from
P*+B-H to P*BH-. More sophisticated models which do account for both these factors
yield similar results, provided that electron transfer to the monomeric bacteriochloro-
phyll (B) is the rate-limiting step.!0

_ The distances da and db were calculated from the structure of the Rb.
sphaeroides reaction center as determined by x-ray crystallography.! The résulf'.é)f the

two-step simulation for Rb. sphaeroides is also shown in 'Fi"gure 43 (diamonds). The
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predicted electﬁc-ﬁeld dépendénce is qualita'tive]y similar to that of the one-step
mechanism; a symmetrical dé‘éreasc of the charge separation rate for both positive and
| negative applied fields relative to the zero-field condition. The extent of the electric-
" field effect [k(E)/k(0)] predicted by the two-step mechanismis less than that predicted
for the One'-stéb r’hcché\niém at the same appliéd field intensity (Figﬁre 4.3).
A third possible mechianism for charge separation is the superexchange model.
In this model,vthé monomeric BChl B) mediates:éléctron transfer between the special
pair and BPheo H). Howévér, B does not itself beco,me'reduced;l the state P"‘B‘H is | h
not formed as a discrete intermediate. Instead, the electronic overlap of the initial
(P*BH) and final (PYBH-) states is increased by the preserce of a virtual state."! This
virtual state, PB-H, is hfgher in energy than the initial state P*BH by 0E (Figure
4.4). The theoretical treatment of the SUperexchange mechanism takeg into account the
effect of an electric field on the F-ranck-C'ondon factor, :;s well as the effect of an
electric field on the electronic coupling factor V. The effect on the electronic coupling
factor V is expressed through the quantity OE.
In the superexchange mechanism, the effect of an electric field is considercd on
both the electronic coupiing 'féctor (V, see equation 4.1a) and the Franck-Condon
factor. The effect of an external electric field on a superexchénge mechanism is

described to a first épprokimétion by Bixon and Jortner in Equation [4.4]:

k® __ ~ 8E. (4.4]
kO [ da 1,02 -AAGE
{8E—'|_da+deAA G} PYIAG KT

The energy of the virtual state P*B-H relative to the initial state P*BH (0E) is not
known and must be estimated. The quantity JE has a large influence on the calculated |
rate of primary charge separation in the presence of an electric field. Two simulations

“of the supérexchange mode| are presented for Rb. sphaeroides (Figure 4.5).



P*BH

Figure 4.4: Potential energy"surféces of the superexchange model.
JE is the vertical energy difference between the potential surfaces

of P*BH and P*B-H at the intersection of the potential surfaces of
P*BH and P*BH-.

In the first simulation (squares), OE =250 meV (2000 cm'!). The change in

the primary charge separation is asymmetric for positive and negative applied fields.

For positive applied potential, the electric field results in a decrease of primary charge .

separation rate, while for negative potential, the electric field results in an increase in

the rate of primary charge separation. This is in contrast to the one- and two-step

sequential models, which showed a symmetric decrease in the rate of primary charge

separation for both positive and negative applied potentials (Figure 4.3).

‘The change in the rate of primary charge separation, k(E)/k(0), is larger than
for both the one- and two-step calculations at a given applied field magnitude. In this
superexchange simulation, there is a larger absolute change in k(E)/k(0) at negative

applied potentials than at positive applied potentials.
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The second simulation has a smaller 0E; dE =110 meV (887 cm-1). The
effect of a smaller dE is an increase in the magnitude of the electric-field effect on
- k(E)/k(0) (Figure 4.5, opén circles) compared with a dE of 250 me\"' (squares). The
rate of pﬁmary charge separation has a nearly linear dependence oh the applied field
intensity for both positive and nega‘tivc potentia'ls near the zero field mark; however,

both functions are in fact qﬁadratic.
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Figure 4.5: Model simulation of the effect of an electric field on
charge separation in the Rb. sphaeroides reaction center. Both
simulations are based on the superexchange mechanism with-a AG,
of 250 meV. Open circles, dE = 110 meV. Squares, 0E = 250 meV.



Review of previous experiments:

We will next pfesént a brief bv_érview of experiments in the literature which
have usediclectric fields és a probe of éhotosynthetic systems. Electric fields are a
useful tool for studying excitation in pﬁotosynthetic systems; however, analysis of the
results has not élways been _stfaigﬁtforward. One source of complication in the
analysis is the orientational disorder of the reaction centers and pigments relative to the
external electric field in some of the studies.

Lockhart and Boxer have used electrié fields to examine both the absorption
and the fluorescence Stark effects on isolated Rb. sphaeroidés reaction centers'% "
whlch are oricntatiénally iéotropic in PVA matrices at 77 K. The difference spectrum
of the absorpﬁon Stark effect of the reaction centers resembles the second derivative of
the absorption band spectrum, in agreement with a broadening of the absorption band
under an isotropic field.

i However, the ﬂuorescenég of the reaction centers under an applied field was
observed to increase with a predominantly "zeroth-derivative” component; i.e., the
increase in fluorescence emission had the same shape as the zero-field emission band.
This was interpreted as an electric-ﬁeld.effect decreasing the rate of primary charge
separation in the reaction cent'_er,14 because fluorescence and charge separation compete
for excitation in the reaction center. A decrease in charge separation therefore is
reflected as an increase in fluorescence emission. Both the absorption and fluorescence
effects were quadratic with the applied electric-field magnitude.

Ogrodnik et al. have used transient absorption measurements to study isolated
Rb. sphaeroides reaction centers at 90 K suépended isotropically in PVA matrices
under applied electric fields."” The results éhdw different time constants for charge
recombination events under applied field conditions. The quenching of the
bacteriopheophytin bleaching (< 30 ps) is faster than the repopulation vof the excited

state P* (900 ps) during charge recombination, under the applied field conditions.
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These results were interpreted as support for a model of an electric field-induced
increase of an intefmediate charge-separated state during charge recombination,
possibly involving the monomeric accessory BChl (B).
» . Popovic et al. have used Rb. sphaeroides reaction centers embedded in
Langmuif—Bl.‘odgett films, giving a partial net orientation.'® The photo-iﬁduced
- electrical response of the film was measured as a function of external electric-field
intensity. The results were interpreted as an effect on the energy of the initial dipolar
state leading to é chang¢ in the rate of charge _separation.ls’17 _

The previous experiments reviewed here have all been pcrfofmcd on isolated
Rb. sphaeroides feaction centers; There are few ele.:ctric-ﬁel.d experiments which have
~ been pefformed on the Rb. sphaeroides antenna complexes-. "One example of an
electric-field experiment on éntenna complexes is the study of Gottfriéd e_t_ql., who
have examined thé absorption and fluorescence of photosynthetic antenna pigment-
protein complexes isotropically oriented in 50% glycerol at 77 K under applied electric-
field conditions.lr8 Rb. sphaeroides LH2 antenna complex_es aﬁd LH1 ahtenna» |
complexes from Rb. capsuldtﬁs both exhibit an unusual strong ﬂuo;e;scence que_nching
behayibr under appl_iéd elecgﬁc—ﬁe]d conditions. The ﬂuorescence‘quenching of LH2
and LH1 obsérved by Gottfried et al. will be addressed in greater dc:_tai]:]ater, in the
discussion section of this chaptgt, together with the electric—ﬁeld effect that tﬁey
observe on the absorption of LH2 and LHI1. ‘ .

Aside from Rb. sphaeroides, another photosynthetic system whichvhasv Ecen
studied through application of electric fields 1s PSIi. Dau and Sauer made electric-field
mgasq_reménts on the fluorescence of spinach thylakoid mve:_rnbrar‘le:s.S The e]ec_tric_:
fields were applied using potassium difft'xsion potentialsgenerafed by a rapid mixing
.technique; this is the salt jump method described in Chapter Two. This approach

allows measurements to be made on the pigment/protein complexes in the thylakoid

membrane, which are naturally oriented in the- membrane. Dau and Sauer measured the.
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fluorescence emission as a probe of charge separation reactions in the thylakoid,
because fluorescence and charge separation compete forvcxcitatioh. The change in
fluorescc_:ncé yield that théy observed was linear with the magnitude of the appHed
electric field for all accessible electric-field intensities; there was a éhangc m
fluorescence emission infensity of about 9% per 100 mV. ‘Fields oriented to oppose
charge separation in the reaction center.led to an increase in ﬂuorescence of the system,
and electric ﬂel.ds in the obposite direction caused a decrease in the ﬂu0réscence
emission. Time-resolved fluorescence spectroscopy of the electric-field effect
confirmed that the electric field does influence the rate of primary charge separation and
recombination in the photosystem II reaction center.”

Results from a similar salt jump technique will now be reported here as applied

to chromatophore membranes from Rb. sphaeroides.

Results

Electric-field effect on fluorescence emission:

The electric field is generated across the Rb. sphaeroides chromatophore vesicle
using a salt jump gradient as described in Chapter Two. This salt jump technique
creates an electric field which 1s normal to ihe surface of the vesicle. The orientation of
the electric field and the magnitude of the electric field are controlled by the ratio of ions
on both s.idcs of the vesicle membrane. A positive eléctric field is defined as being
positive on the inside of the chromatophore vesicle (the periplasmic side), and a
negative electric field is defined as being negative on the inside of the vesicle. The
peﬁplasmic side of the membrane is adj‘ac‘ent to the special pair, P, which is oxidized to
form P+ during charge sebaration. Therefore, a positive field, being positive on the

periplasmic side of the membrane, is defined as being a field that is oriented in the
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direcﬂoh to energeticaliy oppose charge separation in the reaction center. Conversely,
a negatxve ﬁeld is deﬁned as being a field Wthh is aligned to energetrcally stabilize
charge separatron in the reactxon center. The onentatron of the reaction center in Rb.
' sphaerozdes chromatophore membrane is dlscussed in greater detail in the sectlon on
electrochromism eXperiments in Chapter Three. | |

| We measure the fluorescence emission as a function of the electnc-ﬁeld
v 1nten51ty, because ﬂuorescence and charge separatlon are competing pathways for
excitation loss. An increase in the rate of charge separatron will be reflected as a .
decrease in the fluorescence emission ‘if ﬂuorescence and charge separation are in
direct competltron for excitation. Ideally, one could monitor the ﬂuorescence emission
of the reaction center directly. However, the reaction center of Rb. sphaeroides is only
very weakly fluorescent; the quantum yield of fluorescence from the reaction center is
only Ys=4 x 10-4 at room temperat.ure.20 |

Most of the fluorescence emission of Rb. sphaeroides chromatophores comes
from the antenna complexes, LH1 and LH2. Fortunately, the LH1 and LH2 |
fluorescence is sensitive to the state of the reaction center as seen in the variable
ﬂuorescence (see Chapter Three). The vanable ﬂuorescence is the difference in
ﬂuorescence emission between the open reactlon center state (Fo) and the closed
reactlon center state (Fm), and is maximum at 890 nm. Ifa change in the rate of charge
separarron is reflected in 'the antenna ﬂuorescence emission, the difference spectrum
will have the same spectral proﬂle as the variable fluorescence, because that is the
fluorescence which is sensitive to the state of the reaction center. .However,’it should
be noted that 890 nm is also the maximum of the LH1 antenna emission and of the
combined LH2 and LHI1 fluorescence. If the electric field directly inﬂﬁencgs the

emission of LHi and/or Lﬂ2, the electric field-induced difference spectrum will also

have a maximum at 890 nm.
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The Fb state:

First let us consider the effect of electric fields on the fluorescence emission of
Rb. sphaeroides chromatéphores in the Fo state. In the Fo state, reaction centers are
capable of undergoing the charge separation reaction. The Fo state is obtained with
dark-adapted Rb. sphaeroides chromatophore samples 1_mder continuously flowing
conditions where the sample was exposed only bﬁeﬂy to the measuring light
(approximately 30 ms exposure). Under these conditions the measuring light did not |
produce any detectable 'actinic effect. This was confirmed by slowing the pump speed
by 20% (from approximately 2 ml/sec to 1.6 ml/sec), which did not produce any
change in :tAhe fluorescence emission intensity.

| In the Fo state, positive electric fields applied across the oriented system of the
Rb. sphaeroides chromatophore result in a decrease of the fluorescence emission.
Negative e_léctric fields cause an increase in the fluorescence emission.

There is a change in fluorescence intensify over the entire fluorescence emission
band. Figure 4.6 shows the Fo state fluorescence emission spectra of Rb. sphaeroides
chromatophores with a positive (dashed line) and negative (solid line) applied electric
field. The transmembrane potential difference is 108 mV.

In Rb. sphaeroides chromatophores in the Fo stafe, fluorescence quenching
occurs for a positive electric field (dashed line in Figure 4.6). A positive applied
electric field is defined as one which is oriented to oppose charge separation in the
reaction center. Therefore, a positive applied elcctﬁc field would be expected to
increase fluorescence emission if charge separation and fluorescence emission compete
directly for excitation. Instead, a positive electric field causes a fluorescence decrease
in Rb. sphaeroides chromatophores.

The fluorescence emission difference spectrum of the electric fiéld.-induced |

change in the Fo state (Fneg-Fpos) is shown in Figure 4.7.
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Figure 4.6 The Fo-state fluorescence emission of Rb. sphaeroides
for positive applied electric fields (dashed line) and negative applied
electric fields (solid line). The transmembrane potential difference

is 108 mV.

The maximum of the electric.vfield-induced fluorescence change in the Fo state
occurs at 890 ﬁm, which is the maximum of antenna fluorescence emission. ‘890 nm is
also the maximum of the zero field variable fluorescence spectrum (Fm-Fo). The
variable fluorescence is also shown for comparison (dashed line in Figure 4;7).‘

The magnitude of the change in HUOres_éence at 890 hm in the Fo state is shown
in Figure 4.8a. This figure shows the change in fluorescence at 890 nm (AF) divided
by the fluorescence intensity at 890 nm at zero field (F) as a function of the
transmembrane potential difference; AF/F x 100 is the percent change in the
fluorescence emission.

The transmembrane potential difference was calculated from the Nernst
equation aé described in Chapter Two. The ion concentrations used in these

experiments (also described invChvapt'er Two) produce an accessible potential range of
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Figure 4.7: The electric field induced change in the Fo-state fluorescence
spectrum of Rb. sphaeroides chromatophores (solid line). The variable
fluorescence is also shown for comparison (dashed line).
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-68 mV to +40 mV. The chromatophore membrane is approximately. 50A in thickness, -

therefore the maximum potémial difference achieved in these experiments is
approximately 2 x 104 V/cm.

The magnitude of the change in fluorescence at 890 nm in the Fo state éan be
fitted as a linear function (versus the transmembrane potential difference). Negativé
| applied voltages result in an increase of ﬂliofescence yield, and positive applied
voltages result in a decrease of the fluorescence yield. The average value of tﬁe slope
of five eXperiments was 8% per 100 mV. Linear regression analysis of the- linear fit
yields an r-squared value of 0.89. However, it should be noted that the best linear fit

does not pass through the (0,0) mark.
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Percent change in fluorescence
emission (A F/Fmax) x 100 (%)
at 890 nm for the Fo state
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" Figure 4.8a: Percent change in the fluorescence émission (AF/Fmax) for the Fo -
state of Rb. sphaeroides at 890 nm. Two fits are shown, a linear fit and a
quadratic fit. The slope of the linear fit is approximately 8% per 100 mV.

‘The fluorescence changé can also be fitted with arq_uadrati_c ,ﬁmction. This
results in an improved r-sduared value of 0.95. Additionélly, the polynomial fit does
pass closely to the (0,0) mark at thc ori gin. ‘This increases the pfobability‘that the
curvature in the data set is significant. -« | |

| The linear >andvquadratic fits can be forced to pass through the origin (Figure

. 4.8b). This fitting constfair')f changes the r-squared value of the ]_ineaf fit from 0.89to

0.83. The quadratic fit, when constrained to pass through the origin, has an r;sqligred

value of 0.94. The poor r-squared value of the linear fit through the oﬁg_in enﬁancéé

the likelihood of a true curvature in the data.



Figure 4.8b: Percent change in the fluorescence emission (AF/Fmax) for the Fo
state of Rb. sphaeroides at 890 nm. Two fits are shown, a linear fit and a
quadratic fit, both constrained to pass through the origin. The linear fit (dashed
line) has an r-squared value of 0.83, and the quadratlc fit (solid line) has anr-
squared value of 0.94.

Partial trap closure:

Trap closure, or closing of the reaction centers, results in the staté P+*BH in the
reaction centers of Rb. sphaeroides chromatophores. In a fully closed-trap state (thev
Fm state) the reaction center cannot undergo further charge separation reactions.
Closing the reaction center eliminates any effect that charge separation in the reaction
center may contribute to the observed electric-field effect.

Partial trap closure was achieved by preillumination of the chromatophore
solution. The degree of trap closure in a state "F" is expressed as the ratio of the

fluorescence yield of closed and open traps, Q = (Fm-F) / (Fm-Fo). AQofl
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corresponds to open traps (Fo),v while a Q of 0 represents fully clos;ed traps (Fm).
‘ Complete trap closure was nof attainable by preillumination, due to charge
recombination and relaxaﬁon processes before the ﬂuoresgencé hieasufemcnt; it was
necéssary to illuminate outside"ghe ﬂuorimeter:'sample éofnpaftment fo prevent 'detection
of scattered light. Approximately 400 ms elaﬁsed between preillumination aﬁd
ﬂﬁoresc‘ence defection. . e |

Figure 4.9 sho‘ws that at an intermediate Q of 0.45 or 0.55, there is a slight
increase in the elc:ctﬁc-ﬁeld effect at the intermediate trap closure level. Theée results

for Rb. sphaeroides chrométophores contrast with the behavior of spinach thylakoids.
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Figure 4.9: The electric field-induced change in fluorescence (AF/Fmax, %) as
a function of trap closure for both Rb. sphaeroides chromatophores (triangles) -
and spinach thylakoids (circles). The data for spinach thylakoids, shown for
comparison, are taken from Dau and Sauer, reference 9. For all data shown,
the transmembrane potential is 40 mV. A Q of 1.0 corresponds to open traps
(Fo state), and a Q of 0 corresponds to closed traps (Fm state).
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For comparison, the results for spinach thylakoids are included in Figure 4.9 (open
circles); data taken from Dau and Sauer.? For spinach thylakoids, a decrease in the
. electric ﬁeld-;induced ﬂubrescence change was found for Q = 0.7. At a high degrée of
. trap closure, Q = 0.05, the electric-field effect is entirely abolished in sp'inach
thylakoids. bThe opposite behavior is observed for Rb sphaeroides chromatophores; at
lower Q values (higher degree of trap closure), the electric-field effect increases.
Figur;, 4.9 also displays the change in fluorescence for Rb. sphaeroides in the

. fully trép—closed state, Q = 0. This is the Fm state.

The Fm state:
The fully closed-trap state, the Fm state, is attained by stopping the pumps and
exposing the sample to continuous illumination. vUndcr these conditions an electric-
field effect persists for several seconds. This is consistent with other _obéerQations of
the duration of the electrochromic effects of the carotenoids generated l;y potassium
2122

diffusion potentials in Rb. sphaeroides chromatophores. Measurements made

within a few seconds after stopping the pumps demonstrated a large electric-field effect
(Figure 4.9). In the Fm state, the electric-field effect has a larger magnitude than in the
Fo state.

The spectrum of the electric-field effect in the Fm state is maximum at 890 nm,
...similar to that of the electric-field effect in the Fo state (Figure 4.10). The spectrum of
the electric-field effect in the Fo state is also shown in Figure 4.10 for comparison
(dashed line); the two spectra are normalized at the maximum. The magnitude of the
effect for the same transmembrane potential difference is larger in the Fm state than in |
the Fo state across the spectral range of the emission; Figuré,4.ll shows the épéctrum

of the electric-field effect for the Fo and the Fm state on the same scale.
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Figure 4.10: The electric field induced fluorescence change in the

Fo state (dashed line) and the Fm state (solid line). The transmembrane
potential difference is 108 mV. The spectra are normalized at 890 nm.
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Figure 4.11: The electric field induced fluorescence change in the Fo state
(dashed line) and the Fm state (solid line). The transmembrane potential

. difference is 108 mV.’
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| The electric-field effect on the Fm state can also be fitted with a linear function
versus the transmembram; potential difference from -68 to +40 mV, with a slope of
approximafely 15% per 1.00 mV (Figure 4.12a). This is approximately double the
magnitude of the effect in the Fo state (Figure 4.8). Two fits are shown; the linear fit
does not pass through the origin at (0,0) and reéults in an r-squared value of 0.92. The
quadratic fit passes more closely to the origin and yields an improved r-squared value
of 0.97. The Fm state fits can also be constrained to pass through the origin (Figure
4.12b). The constrained linear fit has an r-squared value of 0.91, and the constrainedv
quadratic fit has an r-squared of 0.95. These results are similar to the results of the
fits obtained for the Fo state. The percént change in fluorescence for the Fm and Fo
state as a function of the transmembrane potential difference are displayed together on

the same scale in Figure 4.13.
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Figure 4.12a: Percent change in the fluorescence emission (AF/Fmax) for the

Fm state of Rb. sphaeroides at 890 nm. Two fits are shown, a linear fit and a
quadratic fit. The slope of the linear fit is approximately 15% per 100 mV.
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Figure 4.12b: Percent change in the fluorescence emission (AF/Fmax) for the Fm
state of Rb. sphaeroides at 890 nm. Two fits are shown, a linear fit and a quadratic
fit, both constrained to pass through the origin. The constrained linear fit has an r-
squared value of 0.91, and the constrained quadratic fit has an r-squared value of
0.95. :
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Figure 4.13: The electric field-induced fluorescence change at 890 nm in the
Fo state (triangles) and the Fm state (circles). Linear fits are to both data sets
are shown for comparison.

In the Fm state of Rb. sphaeroides, the electric-field effects on fluorescence
emission are similar to those observed in the Fo state, but have a greater magnitude. In
the Fm state of Rb. sphaeroides, the special pair is oxidized and charge separation
cannot occur. Therefore, in the Fm state, a change in the rate of charge scparatioh in

the reaction center is not the origin of the observed electric-field effect.

Dithionite treatment:
Sodium dithionite is a strong reducing agent. The use of sodium dithionite as a
specific reducing agent for the primary quinone in purple photosynthetic bacteria is

frequently cited in the scientific literature. However, because sodium dithionite isa
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powerful and indiscrimin’afe reducing agent, we tested its effects on the antenna
complexes in mutant strafns of Rb. sphaeroides that do not contain reaction écnters.
.As showni in Figure 4}.14,' addition of sodium dithiOnite‘ to a final concentration 'Qf 10
" mM did rnv(')t signiﬁcan'tly change the "ﬂuorcscence emission of LM1.1, a stra_l:in_’~
containing both LHI and LH2, but lécking reaction centers. Therefore we éonclu_de
that sodium dithionite does not have an effect on the fluorescence emission from the

~ antenna complexes of Rb. sphaeroides.
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Figure 4.14: Fluorescence emission of LM1.1 before (solid line)
and after (dashed line) addition of sodium dithionite to a final
.concentration of 10 mM. Excitation at 510 nm. Fluorescence taken
at right angles in a polystyrene cuvette of cross section 1 cm.

Addition of sodium dithionite to a final concentration of 10 mM in the wild-type
Rb. sphaeroides chromatophore sample reduces the primary quinone Qp in the reaction

center, producing the state PHQA~.* The states Fo and Fm do not apply under these
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conditions, because any charge separation producing the state PYH-Qa-~ will result in 2
rapid recombination to the state PHQA™. # )

When the primary quinone is reduced by dithionite, the electric-field effect
shows a striking reversal of direction (Figure 4.15). Positive electric fields now lead

to an increase in fluorescence intensity, and negative electric fields cause a decrease in

fluorescence intensity.
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Figure 4.15: The electric field-induced fluorescence changes

" [(AF/Fmax) x100] in Rb. sphaeroides chromatophores in the
presence of 10 mM sodium dithionite. A linear and a quadratic
fit are both shown. ’ :

Two fits to the data are shown; the linear fit does pass through the origin at

(0,0) and results in an r-squared of 0.95. The quadratic fit does not pass through (0,0)
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and gives an only slightly improved r-squared value of 0.97. The magnitude of the
effect is approximately 15% per 100 mV (compare with Figure 4.13). - |

The spectrum of -électric field-induced effect unfdcr'dithio‘nite-trcated conditions
is maximum at 890 nm (Figure 4}.16).3‘ The solid line is the AF/Fmax spectrum
~averaged one sec. every nanometer and the line with diamond markers is the AF/Fmax
spectrum éveraged for a longer time (four sec. averaging at every data point), taken
every ten nanometers. Both of the AF/Fmax spectra in the presence of 10 mM |
dithionite are similar to the spectra of the electric-field effect for samples without
dithionite in both the Fo and the Fm states; the spe_ctrum for the untreated Fo state is

dispiayed for compaxiéoﬂ in Figure 4.17 (dashed lines):

(AF/Fmax){xlOO for dithionite-treated chromatophores

I — —T 1 T E—
840 860 880 900 920 940 960
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Figure 4.16: The electric field induced fluorescence change in Rb. sphaeroides

- chromatophores treated with 10 mM sodium dithionite. Solid line, one second
averaging every one nanometer. Line with markers, four second averaging every
ten nanometers. The transmembrane potential difference is 108 mV.
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Figure 4.17: The electric field induced change in fluorescence [(AF/Fmax) x 100]
for Rb. sphaeroides chromatophores in the presence of 10 mM dithionite (solid
line) and in the absence of dithionite (dashed line). Both data sets are in the Fo
state and the transmembrane potential difference is 108 mV.

LMl1.1-a .mﬁtant_ of Rb. sphaeroides without reaction
centers: - | o

To further in.vestigatc the effect of an electric field on the fluorescence emission
of Rb. sphaerofdes, mutant strains of Rb sphaeroides lacking reaction centers were
obtained as a generous gift frbrﬁ _JoAmié .Williams' lab at Arizona State University (see
Appendix B for detaii_s (;f the mutant strains). LM1.1 is a strain which expresses both
LH1 and LH2, but does not express reaction cénter polypeptides or assemble |

functional reaction centers. LM1.1 also fails to express PufX, a protein which may be
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involved with intracytoplastic membrane (ICM) topology and LH1/RC association

(see Appendix B for further details).

Membrane morphology of LM1.1:
LM1.1 is grown using DMSO as a tcrinihél electron acceptor (see Chapter
Two), conditions which are more conducive to vesicular ICM formation t_ha_n séﬁﬁ-

aerobic growth.25 ‘However, electron microscopy of LM1.1 bacteria grown

anaerobically with DMSO shows that in our hands under these conditions, LM1.1

Figure 4.18: Ultrathin section of the mutant.Rb. sphaeroides strain LM1.1 showing
sporadic vesiculation of the ICM. Two of the vesicles are indicated by arrows. The
image is taken at 33,000 times magnification.



Figure 4.19: Ultrathin section of wild-type Rb. sphaeroides showing
densely packed vesicles in the ICM. The image is taken at 25,000 times
magnification. _ v : :
exhibits only sporadic ICM vesicles (Figure 4.18). In contrast, the wild-type Rb.
sphaeroides grown photosynthetically dispiays a densely packed ICM morphology
(Figure 4.19).
The intracytoplasmic membranes of LM1.1 are isolated using the same

preparation methods applied to the wild-type strain to generate chromatophores

(Chapter Two). However, because of the difference in ICM structure in LM1.1 as
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compared to the wild type, the result of the "chromatophore preparation” from LM1.1
may not be the same oriented and jonically sealed chromatophore vesicles as found for
the wild type C

LML.1 does not express functronal reactlon centers, therefore, it is difficult to
assay the ionic integrity or degree of ionic seal of the LM1.1 membr_ane preparation. 9-
aminoacridine, which is 'used'to determine the ionic integn'ty of the wild-type
chromatophore membrane (Chapter Three) rehes on proton translocatlon across the |
membrane by the reactron center Other pH-sensitive dyes often used for this purpose,
such as oxanol dyes also depend on reaction center proton translocatxon Obviously,
these techniques do not apply to reactxon—centerless mutant stralns such asLM1.1.

However, LMl 1 does eexpress BChl i in LHl and LH2. The BChl of LH2 is
electrochromic. BChl electrochrormsm in'the w11d-type chromatophore membrane is
linear at a measured wavelength pair of 865-850 nm (measurement beam at 865 nm and
reference beam at 850 nm). The absorption i increases at this wavelength pair for
positive internal potentials, and decreases for negative internal potentials. The
magnitude of the electrochromic shift is approximately AA.= 0.6% for a SO mV
transmembrane potential difference in the wild type.26

Using potassium-induced transmembrane potentials, we have measured the
electrochromic handshift of the wild-type Rb. sphaeroides chromatophore preparation
and the LMl._l membrane preparation. For positive internal potentials, the wild-type
chromatophore preparation shows an increase in absorption at the wavelength pair
865-850 nm, in agreement with the published literature.26 However, the LM1.1
membrane preparation shows an absorption decrease at the wavelength pair
865-850 nm for positive internal potentials. The absolute magnitude of the absorption

change in LM1.1 is less than that observed for the wild type, approximately 30% of the

wild-type value.
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The fact that the electrochronﬁc absorption change of LM1.1 BChl is less than
that observed for wild type indicates that either the extent of net orieritation, or the
degrée of ionic integrity, is less for the LM 1.1 membrane preparation than for the wild-
type chromatophore preparation. The fact that the electrochromic absorption change of
LMl.l BChl is in the opposite direction from the wild type indicates that the net
~ orientation of the LM1.1 membrane preparation is inverted from the wild-type

chromatophore preparation. '

Electric-field effect on the fluorescence of LM1.1:
. A transmembrane potential is applied across the membranes of the LM1.1

preparation in the same way as described previously for the wild type. Positive applied

Fluoreségnce emission of ALM1.1 (au)

T T T T T T
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Figure 4.20: Fluorescence emission of the ALM1.1 membrane preparation
for a positive transmembrane potential (+40 mV, solid line) and a negative
transmembrane potential (-68 mV, dashed line). A positive internal potential
causes an increase in the ALM1.1 fluorescence emission, unlike wild type.
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Figure 4.21: The electric field-induced change in the fluorescence
emission of ALM1.1 [(AF/Fmax) x 100], solid line. The transmembrane
potential difference is 108 mV. The fluorescence emission of ALM1.1
is also displayed for comparison (dashed line).

potentials, defined as being'bositive on the inside of the vésicle, lead to an increase in
the fluorescence emission. Negative potentials lead to a decrease in the fluprescen(:e
eﬁﬁssion. The fluorescence change is observed across the entire vspectral range-of the
_fluorescence emission of LM1.1 (Figure 4.20). The maximum of the electric field- |
induced fluorescence change is at 890 nm (Figure 4.21). |
The direction of the electric field-induced fluorescence change in LM1.1is
opposite to the divrection. of the change observed for the wild-type chrofnatdphore :
prep_;aration. Recall also that the n:ét oﬁchtation of the LM1.1 membrane preparation is
oppbéite to thé orieﬁtation of the wild-type ¢hromat6ph6ré préparat‘idn; Taking the

orientation of the membranes into account, the electric field-induced fluoréscence



change is in the same direction for the wild type and thé reaction centerless mutant
strain LM1.1. |

vThe magnitude of the electric field-induced fluorescence change in LM1.1 is
less than the magnitude of the fluorescence change in the Wild type. Fof a -
transmernbrane potential of 100 mV, the fluorescence change in LM1.1 is
approximately 2.5 % at 890 nm (averaged value of four experiments). For the wild-
type chromatophore preparation, the electric field-induced fluorescence change is
approximately 8% in the Fo state, or 15% in the Fm state. Recall that the absolute -
magnitude of the electrochromic absorption change of the LM1.1 membfane
preparation is approximately 30% of t’l:le'lwild type, as determined from
electrochromism experiments.

The membrane preparation of _LMI.I does not exhibit the same extent of
electrochromism as the wild type, and therefore the membrane preparation of LMl.i
may have a decreased net orientation or an increased ionic permeability. Additionally,
the electrochromic data show that the net orientation of LM1.1 is opposite to the

orientation of wild type. Despite the differences in the membrane preparation between

LMI.1 and wild type, the fact that LM1.1 shows an electric field-induced fluorescence

change demonstrates that the presence of a functional reaction center is not required for

_ an electric-field effect on the fluorescence emission of this strain of Rb. sphaeroides.
The results of the electric field-induced fluorescence changes at 890 nm are

suﬁmaﬂzed in Figure 4.22 for wild-type Rb. sphaeroides in the Fo and Fm states,

"~ wild-type Rb. sphaeroides in the presence of 10 mM sodiﬁm dithionite, and LM1.1.

The percent fluorescence change [(AF/Fmax) x 100] is shown for each condition at

890 nm with a transmembrane potential difference of 100 mV.
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Figure 4.22: The percent change in fluorescence emission [(AF/Fmax) x 100}
for wild-type Rb. sphaeroides in the Fo and Fm states, in the presence of
10 mM sodium dithionite, and for the reaction-centerless mutant strain

. LM1.1. The change in fluorescence was monitored at 890 nm for a

* ‘transthembrane potential difference of 100 mV in all cases. - -
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Discussion

At this’point, let us briefly review our experimental findings.

* An elecﬁic field, which is-oriented along the membrane normal of the Rb.
sphaeroides chromatophore, causes a change in the fluorescence emission of the
chromatophore preparation. This electric field-induced change in fluorescence can.
be best fitted as a quadratic function, versus the transmembrane potential.

« Fluorescence emission increases for negative potentials (negative defined as inside
the chromatopﬁore vesicle), and decreases for positive potentials (positive inside
the vesicle).

» The effect of the electric field is greater in the Fm (P*) state than in the Fo ‘(P) state.

» The maximum of the electric-field effect is at 890 nm for both the Fo and the Fm
state. ‘890 nm is the maximum of LH2 emission, as well as the maximum of the
variable fluorescence emission.

* Addition of sodium dithionite, a strong reducing agent, reduces the primary
quinone (Q4") and causes a reversal of the direction of the electric-field effect.
Under Q4~ conditions, the electric field-induced change in fluorescence can be best
modeled as a linear function versus the transmembrane potential, and is maximum
at 890 nm.

* An electric-field effect is observed on the fluorescence emission from LML1.1, a
strain lackmg reaction centers. When the orientation of the membrane preparation
is taken into account, the direction of the electric field-induced fluorescence change
is the same as that seen for the wild type. The maximum of the electric-field effect

on LM1.1 is at 890 nm.

Any model to explain the electric-field effects seen in Rb. sphaeroides

chromatophores must be consistent with all of the above observations.
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The invérted Marecus region:

In the Fo state of Rb, sphaeroidés chromatophores, the direction of the electric-
field effect is opposite to the’difectidn predicted by electrostatic considerations of
charge separation inthe reaction center. If the Fo state reshlts were the only ‘
expcn'men-tal data available, the results might be explained by charge »séparatior_l in the
inverted Marcus region. Because charge sepération in'the inverted Marcus region has
been proposed-as a possible mechanism for primary charge separation in purple
photosyﬁtheﬁc bacteria,”® we will briefly discuss this mechanism.

| Primary charge separation in the normal region of potential energy,curve

- crossing is shown in Figure 4.23A. In this region, raising the free eﬁergy of the
charge séparated state P*BH- with an internally positivé electric field would move the
curve crossing intersection to higher energies. This would decrease the rate of charge
separation. If charge separation occurred in the inverted Marcus region (Figure
4.23B), raising the free energy of the éharge ‘separatr_ed_'state with an internally positive
electric field would bring the curve crossing closer to the activationless region and
‘increasc the rate of charge separation. Thus, charge sépafation in the inverted Marcus
region could potentie-xlly explain the direction 6f the electric-field effect seen in the Fo
state of Rb. sphaeroides chromatophores.

However, charge separation in the inverted Marcus region is not sufficient to
explain the enhanced electric-field effecf in the Fm state of Rb. sphaeroides (Figures 11
-and 13). In the Fm state, thé probability of primary charge separation is minimal and
therefore an electric-field effect on charge separation in the reaction center should aIs?
be minimal. However, in the Fn state, the electric-field effect actually increases
compared with the Fo state. Therefore, charge separation in the inverted Marcus

region is not a-valid éxplanation for all of the experimental data.
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Figure 4.23: Potential energy curves for the normal (A) and inverted (B)
Marcus regions. The effect of a positive internal transmembrane potential
on the charge separated state P+BH- is shown for both conditions. A
positive internal transmembrane potential increases the energy of the

charge separated state. For a curve crossing in the normal (or activationless)
Marcus region, raising the energy of the charge separated state moves that
state farther away from the activationless curve crossing. However, for the
inverted Marcus region, raising the energy of the charge separated state
brings the curve crossing closer to the activationless region.
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Model of the electric-field effect in Rb. sphaeroides
chromatophores: |

Our model of the électric-ﬁeld effect in Rb. sphaeroides chromatophores is
based on the fact that the fluoréscence emission that we monitor in the experiment
arises primarily from the antenna‘comple_xeé, and nét directly from the reaction center.
Therefore, we must consider the possibility that the externally applied electric
field may have an effect directly. on the ﬂuorescence emission of the
antenna c‘_omplexés themselves, independently ffoni an electric-field eff_ect on the \
reaction center. -

Another consideration in our model is how excifation is shared Between the -
reaction centervand the antenna complexes in the wild type. Because the reaction c.entcr
is very weakly fluorescent i_tself,19 any electric-field effect on the reaction center Will be
evident only through the fluorescence emission from the antenna. Conditions which
impair back transfer of cxcitaﬁon -ﬁfor'n the r_eactioh center to the antenna may decrease
the extent of any observed electric-field effect on the reaction center. Conversely,
cond_itiohs which enhance the rate of back transfer from the excitg:d state reaction center
to the antenna complexes may cause an électric-ﬁeld effect on the reaction cénter to be
more pronounced in the fluorescence emission from the antenna.

‘Figure 4.24 is a schematic of a qualitative model which fits all our data for the
effect of an applied electric field on the fluorescence cmissibn of Rb. sphaeroides
chrorriatophores. We propose that the electric field has an effe.ctv directly on the
_ﬂu.ovrescence emission from the éntcnna,pigmcnts.' A' ThlS hypéthesis is consistent with
the observed electric-field effect on LMI.1, a strain of Rb. sphaeroides that is lacking
reaction centers: | »

In ihe wild type, the effect 6n the antenna ﬂuoresccnc_c emissioh is m addition
toa Separatc electric-field effect on the rate of charge separation in the reaction cenvte'r.

Figure 4.24 addresses the effect of an external electric field for three different
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Figure 4.24: Schematic model of the electric-field effect in wild-type Rb. sphaeroides.
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o conditions of the wild type, which are presented separately in the three rows. The
first c'b'ﬁd_itién, in the top row (1), is the Fm state of the reaction center. The second
condition, in the middle row (2), is thé .Fo’ state of the reacﬁon center. The third
condition, in tﬁe bottom row (3), is the primary quinone reduced by additibn of sodium
dithionite. o o |

In Figure 4.24, the perceﬁt électric-ﬁeid inducéd'change in fluorescence
(AF/Fmax) is ipdicated by vertical arrows below the antenna pool, in the lcﬁ (aﬁt_énna
pool) column; the reaction céhter, in the middle '(reactibn center) columﬁ; a.mvd"trhéb_nét
observed electric-ﬁe]ﬁ effect, in t'heb right coluran. The change in ﬂﬁoréscencc in
Figure 4.24 is shown for a positive applied potential (positive inside the vesicle),
which is defined as being oriented to energetically oppose charge separation in the
reaction center. The direction of the electric field-induced fluorescence change'
(increase or decrease relative to .the zeio field condition) is inciiéated by the direction of
the arrow (ﬁp or down). The magnitude of the eléctric field-induced fluorescence
chaﬁge is qualitatively indicated'by the length of the grrow.

The electric-field effect on only the fluorescence emission of fhe gmte’nna B
complexes is shown in the left (antenna pool) column of Figure 4.24. For all th;ée
conditions, Fo, Fm, and reduced primary quinone, the electric field has the same effect
on the antenna fluorescence emissioﬁ. The antenna fluorescence dccrcas;_és by the same
percent (AF/Fmax) for each of these three conditions. The three different conciitions
(1,2 and 3) affect the reaction centef and the tr?nsfer of eXcitétiQn between the rcaction
center and the antenna, but do hot affect directly the electric-_ﬁeid effect on the antenna
ﬂuoresccincev emission alone.  The hypothesis of an electric-field effecg directly on the
fluorescence of the antenna complexes themselves is strongly supported by the R
experimental observation of an electric-ﬁeld effect on-the ﬂuorescenée of the membrane

preparation of LM1.1, a mutant which expresses both antenna complexes but does not

express functional reaction centers. -
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The electric-field effect on the charge separation in the reaction center is shown
in the center column of Figure 4.24, as it would be reflected in the fluorescence
emission.- In,the Fm state (case 1, PFBHQ,), where the probability of charge |
separation in the reaction center is minimal, the electric field has no effect on the rate of
charge separation in the reactio;x center. In the Fo state (case 2, PBHQ,), a pqsitive
field which is defined as a field oriented to energetically oppose charge separation,
~ causes an increase in fluorescence emission; a decrevasc in the rate of charge separation
is reflected by, an increase in fluorescence emission. |

Finally, in the Qa- state of the reaction center (case 3), the extent of the effect of
the electric field on charge separation in the reaction center is increased. In the Qa~
state, the reduced primary quinone itself opposes charge separation in the reaction
center. Charge separation occurs from the excited state of the special pair, PYHQa", to
the state PYH-Q4"~ with a decreased time constant of 5.6 p829 (versus 2.8 ps for charge
separation to the stéte PtH-Qa).3 The presence of the reduced quinone slows the rate
of charge separation in the reaction center. An electric field oriented in the same
direction, a positive electric field as indicated in Figure 4.24, therefore has an even
greater effect on the charge separation in the reaction center than in the Fo state (case
2). ,

Befor%wé discuss the net observcd‘ electric-field effect under these three
conditions (shown in the third column), the excitation back transfer from_ the reaction
center to the.antenna must also be considered. Excitation transfer is represented in
Figure 4.24 by. horizontal arrows between the antenna and reaction center. The
direction of excitation transfer from between the antenna complexes and the reaction
center is indicated by the direction of the arrows, and the extent of this excitation
transfer is qug!j;ativcly‘ indicated by the thickness of the arrows. In the Fm state
(case 1), the electric field-induced effect on charge separation in the reaction center is

assumed to be negligible because the Fm state reaction center has a very low



probability of charge separation. Furthermore, in the Fm state thefe is no back transfer
of ‘excitation from the excited state special pair (P*) to the ar.ltem'la,' because P* is not
formed in the Frn state (15+). Therefore, the net observed electric-fieid éffect in the Fm
state (the third c'olumxi in Figﬂre 4.24) is the effect of the electric field only‘ on the
antenna ﬂu’or‘éscénce emission. | ' ' |

v Inthe Fo state (case 2), the antenna transfers excitation efﬁ‘ciéntly tothe
reaction center (thick arrow). In our model, the rate of back transfer in the Fo sate of
Rb. sphaeroides is estimated to be 25% + 5% (thin arrow), simi.l'ar tothe case
measured for the closely related purple photosynthetic bacteria Rs. rubrum. * The net

observed electric-field effect in this case is estimated as: -

[A antenna] + (0.25 x [A reaction center]) - 45

In equation 4.5, [A antenna] i$ the electric field-induced chénge in the .
fluorescence from the antenna, and [A reaction center] is the electric field-induced
changé in fluorescence caused by an electric-field effect on charge separation in the
reaction center. It should be noted that multiplication of [A reaction center] by 0.25 is
orﬂy an estimated scaling factor, and is not a rigorous number. The model that we are
presenting is a qualitative model, to explaiﬁ the direction and relative magnitude of the
effect of the electric field on the fluorescence efniésion.

Because the electric field affects the fluorescence ernission in opposite
directions in the antenna and the reaction center, the net observed ele_ctric-ﬁeid effect is
actually a subtraction of the effect.on the antenna from the effect on the reaction center
(i.e., one of the terms [A antenna] or [A reaction center] is negative, depending on the
direction of the applied electric field). Because the direction of the electric-field effect
is reversed between the antenna and the reaction cehter, the net observed elecfrié-ﬁeld

effect on the fluorescence is smaller in the Fo state than in the Fm state. In the Fm

86



87

State; only the electric-field effect on the antenna ﬂuoreﬁcence is observed. In the Fo
state, the electric field affects both the antenna fluorescence and the rate of charge
separation in the reaction Acenter.’ | |

In the Q4™ state (case 3), the back transfer of excitation from the reaction center
to the antenna is enhanced. When the primary quinone is reduced, the rate of back
transfer from the reaction center to the antenna increases from 25 + 5% to 40% + 5% in
Rs. rubrum.24 Assuming that a similar situation holds in Rb; sphaeroides, the net

electric-field effect is now estimated by:

~ [A antenna].+ (0.40 x [A reaction center]) 4.6

Terms in eqﬁation 4.6 are as defined 'iareviously. The scaling factor has
increascd to 0.40, to reflect the increased extent of back transfer of excitation from the
reaction center to the antenna. In the Q™ state (case 3), the effect of the electric field
on charge separation in the reaction center is magnified in the final observed net
electric-field effect relativé to the Fo state (case 2), where the back transfer of excitation
is approximately 25%. Additionally, the electric—ﬁeld effect in the reaction center itself )
is enhanced relative to the Fo state by the presence of the reduced quinone, as
discussed previously. The net observed electric-field effect under these conditions is
dominated by the change in fluorescence arising from an electric-field effect on charge
separation in the reaction center. Therefore, the observed electric-field effect for the
Q4" state is in ;he opposite direction to that .observed in vthc Fm state (case 1) and Fo
state (case 2). | |

This model is also consistent with the observed behavior of Rb. Sphaeroides
fluorescence in the absence of any externally applied electric field. Fluorescence in the
Fm state is greater than in the Fo state, because in the Fo state a larger portion of the

excitation from the antenna is siphoned to the reaction center (thick arrow in the Fo -
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state versus thin arrow in the Fm state). -In thke primary quinone reduced staté (case 3,
Qad), back‘ transfer from the reaction center to the antenna pool is increa&ed-_(thick
arrow), c;insistent with the experimental observations of increased back transfer under
. these conditions.2%
The preceding model accounts for the magnitude and direction of the changes in'.
fluorescence observed in Rb. sphaeroides chromatophores-under conditions of

externally applied electric fields.

Other support for an electric-field effect on the antenna
fluorescence emission: |

Our model of the electric-field effect in Rb. sphaeroides prdposes that there is
an electric-field effect difectly on the antenna fluorescence emission. There is evidence
in the literature to support the theory of an electric-field effect directly on antenha
fluorescence emission. Gottfried et al. have studied LH2 isolated from Rb.
sphaeroides and LH1 isolated from Rb. capsulatus under conditions of externally
applied electric fields.1” | |

LH2 antenna complexes from Rb. sphaeroides, suspended isotropically in 50%
glycerol at 77 K, show small changes in absorption (approximately 0.2% at 850 nm)
under an extemélly, applied electric field of 2.8 x 10° ‘V/em. The majority of these
~ small absorption changes can be accounted for by the Stark effect, which describes the
difference in polarizability and dipole moment between the ground and excited states of
a molecule. The Stark effect is manifest as a first or second derivativé of the zero-field
spectrum. However, in the fluorescence of LH2, Gottfried et al. find that there is a
strong quenching‘of the fluorescence emission upder an applied electric field.!” The
fluorescence emission of LH2 decreases by 1.2% ina field of 2.6 x 105 V/cm. This

Strong quenching cannot be described by a Stark effect.



LH1 antenna complexes isolated from Rb. capsulatus (which is closely related
to Rb. sphaeroides) orientationally disordered in 50% glycerol at 77 K also show a
strong ﬂuoréscence quenching under an applied electric ﬁe}d.” LH1 fluorescence
emission decreases by approximately 1% in a field of 2.2 x 103 V/cm. Similar to the
case for LH2, the absorption changes of LH1 under an applied field of 1.9 x 105 V/cm
are much smaller (approximately 0.1% at 889 nm) than the electric-field effect on the
fluorescence emission, and can be explained by a Stark effect on the absorption.
However, the fluorescence quenching of LH2 under an applied field cannot be
explained by a Stark effect. The explanation that Gottfri¢d et al. have proposed for the
electric-field quenching of LH1 and LH?2 fluorescence is an electric-field chhanced
coupling to an excited state of the antenna which has a very high rate of non-‘radiativc
decay.

These experiments show tHat there is an electric-field effect directly on the
fluorescence emission of isolated LH1 and LH2. However, there are several
differences between the isolated antenna studies and our experiments which must be

noted. In the work of Gottfried ef al., the antenna complexes are isolated with

detergents and suspended in 50% glycerol, and the experiments are conducted at 77 K.

The antenna complexes are oriented isotropically with respect to the applied electric
field. The fluorescence quenching of LHI and LH2 is observed to be quadratic with
applied field intensity. The electric field-induced fluorescence quenching is observed
between 1.7 x 105 V/cm and 106 V/cm; below 1.7 x 10° V/cm no results are reported.
In our experiments, the antenna corﬁplexes are in the native intracytoplasrrﬁc
membrane of Rb. sphaeroides, and our experiments are conducted at room
| temperature. The antenna complexes are oriented with respect to the applied electric
field. The higﬁest transmerhbrane_ potential difference attainable in our experiments is
épproximately 2 x 104 V/cm, about an order of magnitude less than the lowest field

intensities reported for Gottfried et al.
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The near-linear change in fluorescence that we observe‘in our experiments with
oriented samples would mostly cancel for an isotropically disordered sample. This is
consistent with the fact bth‘a't at the electric-field intensities that are accessible in our
experiments (2 x 10* V/cm), no electric-field effect was reported for the isotropic
samples. Our experimental results for the electric field-induced change in fluorescence
on the antenna (the Fm state results) are best fitted with a quadratic function. This is
also consistent with the quadratic results from Gottfried ef al. For example, assume
that the quadratic function y = ax2 + bx + ¢ is the function which gives the best fit to
our experimental Fm state results. If the same experimental data were determined from
an isotropic experiment, the function would have the form y(x) + y(-x) = (ax2 + bx +
c¢) +(ax? - bx + ¢) = 2ax2 + 2¢. This function derived from the isotropic experiment is
also a quadratic function. Therefore, the quadratic change in fluorescence emission
observed in thevisotropic experiments of Gottfried et al. is consistent with the quadratic

results obtained in our oriented experiments.

Speculation on the nature of the antenna state affected by the
electric field: ‘

One vhypothesis that is consistent with both the results of Gottfried et dl. and
our own GbserVafions, invokes a second excited state of the antenna which is coupled
to the initial antenna excited state. This second antenﬁa excited state has a high non-
radiative decay rate and is 'energétically shifted in an externally applied electric field.
The second antenna state may be a subset of bacteriochlorophyll or an excitonic state
within the manifold of excitonic.statcs.“ | .

'Consid'er,'a_ls shown in Figure 4.25, an initial excited state of the antenna [Ant
1*] (dark solid line) and a second excited state of the antenna [Ant 2*] (light solid line)
Which haé a very high rate of non-radiative excitation loss. The second excited state

[Ant 2*] is energetically shifted by the presence of an external electric field. The
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relative positions of the curves shown in Figure 4.25 are shown merely as one possible
example; the energetic positions of the states are not known.

For small values of the electric field (short dashed lines in Figure 4.25), such
as those attained in our salt-jump experiments, the electric field-induced change around
the zero-field condition is small and in the pseudo-linear region of the curve crossing.
The extent of the coupling between the initial state and the secondary state is enhanced
for the direction of the electric field, which brings the secondary state closer to the
activationless region (reducing the activation energy necessary to cross between states).
Increased coupling to the secondary state results in more excitation being lost through
non-radiative paths, and thus a quenching of fluorescence from the antenna.
Conversely, the oppesite orientation of the electﬁé field raises the secondary state in
energy, and decreases the extent of excitation reaching [Ant 2*]. Thus, less excitation
is lost through non-radiative channels and the fluorescence emission increases in
intensity. Because the direction of the energetic shift of [Ant 2*] depends on the
orientation of the electric field, these small, approximately equal changes in
fluorescence emission cancel for an isotropic orientation as in the experiments of
Gottfried et al.

_ However, when the magnitude of the external electric field is large (long
dashed lines in Figure 4.25)_, the state [Ant 2*] is shifted to an even greater extent. An
eicctric field orientation which raises the energy of [Ant 2*] increases the level of the
curve crossing well beyond the thermal energy available to reach the level of the curve
crossing, and additional increases in energy do not further affect the fluorescence
emission; the non-radiative path through [Ant 2*] is now energetically inaccessible.
However, electric fields oriented in the opposite direction continue to increase the
coupling to the non-radiative state (until the curve crossing is in the activationless
region). Thus, the fluorescence quenching effect increases quadratically for an

isotropic sample under very high electric fields.
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It may be possible to test tﬁe model presented in Figure 4.25 by changing the
excitation wavelength used to stimulate the emission in the iéotrbpic’ E_:xperim’ent of
Gottfried et al. If the proposed model is correct, a higher excitation energy (for
“example, in;b the Soret band (;f BChl or into a blue edge of the Qy band) may increase
the energy available in the ini_tial antenna excited state [Ant 1*], compared with the
amount of energy available with a long-wavelength excitation (for example, into the
center or red edge of the Qy band of BChl). If the rate of excitation transfer between
the tWo states [Ant 1*] and [Ant 2*] is on th¢ same timescale as intramanifold
relaxation within [Ant 1*], the onset of fluorescence quenching as a function of the
transmembrane potential difference will be shifted to higher field intensi_;ies; More -
energy in the initial excited state of the antenna [Ant 1*] will allow access to higher
energy states of [Ant 2*]. Therefore, for an isotropic orientation, the effects from
positivé and negative oriented fields will cancel for a-l’afger range of electric field
‘magnitudes. For high energy excitation, larger electrié fields would be required to
producc the same quenching of the fluorescence emission that is observed for lower
energy excitation. - |
What is the origin of this secondary excitéd state [Aﬂt 2*] in the antenna
complexes? One poésible explanation why thé energy of [Ant 2*] is affccted'by an
electric field is that [Ant 2*] is a subset of BChI within the antenna that has substantial
charge-transfer character. For example, a closely éoupled ‘dimer of BChl méy p‘roducév
an excited state containing a partial charge separation between the BChl molecules; the
excited state wavefunction may have some .charécter of BChI*BCHhl-. Or possibly one
of the excitonic states within the antenna manifold may have a partially charge
separated character. Such a state would be energetically shifted by the presence of an
electric field. While the ideﬁtity of such a subset of BChl is not known, it is possible

that the red-shifted subset 6f BChI, which has been proposed for the LH1 and LH2



antenna complexes,32 is the same subset with charge-transfer character in the excited

state (see also Chapter 5).

Potential Energy

Reaction Coordinate

) Figure 4.25: A théoretical‘ second antenna state with a high

non-radiative rate which is energetically shifted in the
presence of an electric field. Dotted lines, low field intensity, -
dashed lines, high field intensity.
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Comparison with theoretical work on charge separation:

| If the model presented in Figure 4.24 is an accurate description of the origin of
the fluorescence changes in Rb. sphaefoidés under an applied field, then comparisons
can be made with the théoretical predictions made by Bixon and J ortner, as they relate
~ to the mechanism of charge separation in the Rb. sphaeroides reaction center.

Our model proposes that the observed electric-field effect on the fluorescence is
composed of two factors: the electric-field efft_:ct on charge separation in the reaction
center, and the electric-field effect Oh the antenna complexes. Therefore, fﬁe effect o_f
an electric field on the ;ilarge‘-separation in the reaction center can be estimated by
subtraction of the electric-field effect on the antenna complexes (AFm) from the net
observed electric-field effect (AFo). This préc_ess produces an estimate for the change
in fluorescence arising from the effect of an external electric field on charge separation
in the Rb. sphaeroides reaction center (Figure 4.26). The fluorescence competing with
charge sepa;atidn increases for positive applied potentials and decreases for negatvive
applied potentials. The change in fluorescence arising from the electric-field effect in
the reaction center is approximately 11% per 100 mV.

In comparison with the theoretical predictions of an electric-field effect on
- charge separatiop, the one- and two-step models predict that the rate of charge
separation will decrease for both positive and negative applied potentials, quadraticélly
and symmetrically around the zero-field mark (Figure 4.3). Because charge separation
and ﬂuorescénce re.mission compete for excitétion, this indicates that the ﬂuorescenc¢
emission will increase for both positive and negative potentials. This is cleérly not the
case observed experimentally; instead, the change in the fluorescence emission arising
from an electric-field effect in the reaction center increases for positive potentials and

decreases for negative potentials (Figure 4.26). .
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Figure 4.26: The electric field-induced change in Fm (circles), Fo (diamonds)
and RC (squares), AF/Fmax x 100. RC points represent the effect on the
fluorescence emission arising from an electric field-induced change in the rate
of primary charge separation in the reaction center. RC is estimated from

Fo - Fm. ' :

In the superexchange case, the change in the charge separation rate is
theoretically predicted to be asymmetric around the zero field mark. The
superexchange theory predicts that the rate of charge separation in the reaction center
vs}ill increase for negative applied potentials, and decrease for pbsitiv.e appli_egi
potentials. QOur data is consistent with the superexchange rather than the two-step
theory of charge separation in the reaction center. The compatibility.of our
experimental results with the superexchange model are not consistent with other

experiments in the literature which identify a transient reduced bacteriochlorophyll
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anion (B,a~) absofption band at 1020 nm33.34 ‘These experiments by Zinth ef al.
suppott the two-step theory of charge separation. We have no expl%tnation for the
. discrepancy between thc'sé expeﬁmenfél results and our own at‘this :time. _ |

. For comparison of our results with the theoretical predictior;; of Bixo_n: and
Jortner,s it is n:éc‘essary to cofnveft the ﬂuoreséenéé data from the foi'm AF/Fmax x 100
(or [F(E) -F(0)]/ F(O), which is a per_c;;ahtj change in fluorescence emi_ssion),_ to
F(E)f(O) (a ratio of the fluorescence under conditions of an applied ;elécnic field to the
zero-ﬁ;:ld ﬂuores_cencé). Funhermore, since the charge scparafidn rate and the. |

fluorescence vary inverseiy from one another (an increase in the charge éeparﬁtién rate
is reflected as a decrease in the fluorescence), the data for the_ﬂuoféscence‘ cﬁange are
invértea to F(O)Y/F(E) for comparison with the ratio of rate constants k(E)’k(0) This
direct Cc_imparisoh between the superexcliérige theory (open circles van'd squares) and the
experimental data for tHé fluorescence éhahge caused by an electric-field effect on the
reaction centers of Rb. sphaeroides (filled circles) are displayed in Figure 4.27.

Two cases are shown for the superexchange theory in Figure 4.27,
corresponding to different values of JE. ‘Recall that JE is the energy diffe_rence
between the virtual state PYB-H and the initial sv_t;_ige P*BH (Figure 4.4). The value of
dE is not known and is a free parameter in the fitting. The open circles représent adE
of 110 meV, and the squares represent a oF of 250 mg:V. The AG,, was estimated to .bc

250 meV for both cases, based on charge recombination data for detergent-isolated Rb.
sphaeroides reaction centers.8 |

‘The experimental data [F(0)/F(E), filled circles] agree well with the
superexchange predictions for the change in the fate of charge separation in the Rb..
sphaeroides reaction centér.‘ A quadratic fit to thé_ 'exéei’ifnental data is also shown in
Figure 4.27 (solid curve). The best fit between the experimental data and the-
superexchahge theoreti(;al modél was obtained for-a BE of 250 meV; fits were

attempted for 9E values between 110 meV and 300 meV.



The experimental data provide an excellent fit to the superexchange model,
especially since the only parameter in the theoretical model that was allowed to vary

was the energy of the virtual state P+B-H relative to the initial state P*BH (3E).

K(E)/k(0); open symbols
F(0)/F(E); filled circles
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Figure 4.27: Comparison of the superexchange theory for the effect of an
applied electric field on Rb. sphaeroides reaction centers (open symbols)
and the experimental results on the change in fluorescence caused by an
electric-field effect on Rb. sphaeroides reaction centers (closed symbols).
Open.squares, dE = 250 meV. Open circles, o0E = 110 meV. AG, =250
meV for both cases. See text for details.
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Conclusions

Ektemal]y appiied eiéciﬁc fields do influence the fluorescence emission of
Rb. sphaeroidés chromatophores. However, the fluorescence éhanges do not feﬂect a
simple electric-field effe.ct only on the rate of chérge separation in the reaction éenter. _
Instead; our results aré consistent with an aaditiénal electric-field éffect directly-on the
fluofgscence emission of LH1 and LH2 antenna complexes. The electric-field effect on
the antenna compléxes is observed most clearly in the Fm state of Rb. sphaeroides,
when the probability of charge separa_tion in the reaction center is minimal. .'j'I'n the Fmn
state, the fluorescence change is best fit as a quadratic function for all acéessible
voltages (+4_0 mV to -68 mV); the fluorescence emission increases for négative
potentials and decreases for f)ositive potentials. The change in fluorescence from the
antenna complexes under conditions of an externally applied electric field is -
approximately 15% per 100 mV.

Support for the hypothesis of an electric-field effect dire'ctly on the antenna
complexes of Rb. sphaeroides is provided by an elcém’c field-induced change in the
fluorescence emission of LM1.1, a mutant Rb. sphaeroides strain which expresses
LH1 and LH2 but does not express functional reaction ?:éhters: Additional support for
this hypothésis is found in the published literature; isolated antenna complexes from
Rb. sphaeroides and Rb. -capsulatus display strong fluorescence quenching under
applied electric-field _condiiion‘s which cannot be modeled by a Stark effect on the
ﬂuorescenc%:.”

Our model for the observed fluorescence changes in Rb. :sphaérbidei
chromatophores (see Figure 4.24) postulates that the elect_ric-ﬁeld effect on the antenna
ﬂuoresceﬁce is separate from the électric-ﬁeld effect on charge separation in the

reaction center. Thus, the electric-field effect on the charge separation rate inthe



reaction center can be extracted from the observed data in the Fo state by subtraction of
the electric-field effect on the antenna complexes in the Fm state.

The change in the'ﬂuorescénce caused by an electric-field effect on the reaction
center extracted from the Fo and Fm state data is estimated to be 11% per 100 mV.
The fluorescence charnge shoWs an asymmetﬁc, quadratic relation between the> change
in charge separation rate and the transmembrane potential difference. Comparison with
theoretical predictions about t'hc4me‘cha'n‘ism of charge separation in the reaction center
show good agreement with the superexch:ingc model of charge separation. Based on

this model, the value of OF is eétimated to be 250 meV from our experimental results.
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Chapter Five:

- The Kennard-Stepanov relation applied'to |
Rb. sphaeroides wild type and mutant strains

Introduction:
The Kennard-Stepanov relation is a useful means of examining energy transfer
and equilibration processes in a variety of systems.".> Because the energy transfer and
‘equilibratioﬁ processes in Rb. sphaeroides are not yet fully understood, we will use the
Kennard-Stepanov relation to examine these processes in Rb. sphaeroides wild type, as
| well as in seVeral. Rb. sphaeroides mutants. The availability of Rb. sphaeroides mutants _
provideé a unique opportunity to investigate excitafion equilibration in greater depth for
this photosynthetic system. The mutants used in thié study are lacking parts of the
photosynthetic apparatus; one of the light harvesting complexés (ILH1 or LH2), and/or
the reaction center. These Rb. sphaeroides mutants selectivel); remove components
from the photosynthetic apparatus. We can then investigate the effeét of femoVing that
photosynthetic component on the excitation transfer and equilibration among the
remaining components. Deconstructing the photosynthetic system in this way will give
us insights as to how the different components of the Rb. sphaeroides photosynthetic
system function in the process of excitation transfer and energy equilibration.
The Kennard-Stepanov (KS) relation is deﬁved from the Einstein coefficients
“for absorption and spontaneous emission 3. ' There are several key assumptions which
form the foundation of the Kennard-Stepanov relation, and these assumptions must be
met by the experimental system for the KS relation to be valid for that system. These

assumptions include: the system is homogenous,’ the Franck-Condon principle is
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obeyed, the absorption and fluorescence transitions are strongly allowed, and the -
excited state is _completcly thermally relaxed befo;e fluorescence emission occurs.

When these conditions are met, the KS relation describes a linear relétiqnsh_ip between
~ the absorption and ﬂuérescence_spectra. |

The Kennard-Stepanov temperature, T*, can be deducéd from the slope of the
KS rel_ation.‘ If all the assumpﬁbns underlying the KS relation are valid, T* should
match the ambient tem;;_erature T. Strictly speaking, all of the assumptions hold only
.f‘or very simple systems, such as the absorption and fluorescence of single atoms. Even
for relatively simple systems, such as fluorescent dyes, the KS relation is not always
valid.>" Despite this fact, the Kennard-Stepanov relation has been applied to much
more complicated systems including chlorophyil,® bactcriochlor'ophyll,9 and pigment-
protein corriplexes such as phycobilisomes,'® photosystem I (PSI)"' and photosystem IT
(PSIN).”?  These are complex, non-homogenous systems which do not fit.all of the
assum;;tions of the KS relation. Nevertheless, these éystems frequently do display a
linear relation between absorption and fluorescence as predicted by the KS relation. In
addition, the calculated KS temperature T* is often close to the ambient temperature at
which the measurements are taken. Close agreement with the KS relation is generally
taken as an indication that the excitation in the system has reached a therrhally relaxed
. equilibrium before fluorescence emission occurs: that excitation equilibration throughout
the entire system is rapid on the time scale of fluorescence emission. |

The Kennard-Stepanov relation itself may be expressed in various forms. A

useful representation of the relation is:
F(v) = In [hc I(v) / 8nv4o(v)] = - hev/kgT* + D(T) [5.11

where h is Planck's constant, c is the velocity of light, kg is Boltzmann's constant, T*

is the Kennard-Stepanov temperature, D(T) s a term that depends only on temperature,



o(V) is the absorption spectrum on a frequency scale, and'l(v) is the ﬂuorescence
spectruni in photons / [second (nm bandwidth)] ona freque:ncf/ scale.’ A plof of F(vj
versus v will give a slope- of -hc/ kBT*. Since h, ¢ and kﬁ are conStants',' the Kennard.-
Stepanov temperature, T*, can be extracted from the slope. If éll- the assur’npﬁons that
arevuse(.i in the derivation of the KS relation are valid, T* will be the ambient

temperature.

. The calculated T* is an average value over the slope of the line derived from the . -

overlapping portion of the absorption and fluorescence emission spectra o(v) and I(v).
Of course, the slone derived from the KS relation is most accurate' over the regions of -
highest signal-to-noise in the experimental absorption and fluorescence spectru.'-This is
‘the Stokes region. Away from the maxirna of the spectra, wnere the absorption or
fluorescence are near zero, F(v) becomes unreliable.

Deviations from the Kennard-Stepanov relation in the Stokes region can_be :
instructive. There are several possible reasons for such deviations. One reason is that
the éxcitation has not reached thermal relaxation before ﬂuorescence emission occurs.

* This is kriown as warm ﬂuorescence A characteristic of warm fluorescence is that the
apparent temperature given by the KS relation increases with increasing excitatio'n.
_ energy. |

Another possxble reason for deviation from the KS relation is an mhomogenelty
in the system This may be caused by an impurity or multlple species in the system.
Inhomogenous broadening 'of a pure system will also cause deviationis‘from the ideal
KS relation. Inhomogenous broadening may be caused by solvent-pigment
interactions, protein-pigment interactions, or multiple configurational states of the
system either in the ground or excited states. _

A third possibility is the presence of non-equilibrated subsystems within the

system. In-this case, two or more su'bsystems within the system may not come to full
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equilibrium with each other before fluorescence emission occurs. Each individual

subsystem, however, may obey the KS relation independently.

Extended Kennard-Stepanov theory:

More information can be extracted from the absorption and fluorescence spectra
of a system by looking at the local slope of the Kennard-Stepanov relation’as it varies
across the frequency v. This is c_alledv the extended KS theory as chcloped by Sawicki
and Knox.'> This local slope of F(v) often reveals interesting_ structﬁre, such as flat
plat_eaﬁs which correspond to spectral regions where the T*(v) is a constant value. The
local slope can also show peaks or valleys, where the T*(v) changes sometimes
dramatically in a particular spectral region. Sawicki and Knox have proposed one -
model to explain some of the peaks that may be seen in the T*(v) plots. We will briefly
review this model. |

The Sawicki-Knox model!! is composed of two or more subsystems which
ixidependenfly obey the KS relation, but which have not reached complete equilibrium
between themselvcé before fluorescence occurs. These subsystems may represent
distinct molecular species, or may rebresent two states of a single unimolecular system.
Their model calculations have shown that the position and magnitude of the peak in
T*(v) depends on the relative position of the subsystems' absorption and fluorescence,
the oscillator strength of each component, and the rate of excitation transfer (k) between
- the subsystems. Of course, as the rate of excitation transfer between the two
subsystem_s increases, the subsystems come closer to excitation equilibration and the
magnitude of the T*(v) peak decreases. Their model requires a rate constant for
excitation transfer between the two subsystems less than 10 times the fluorescence rate

constant to produce a noticeable peak in T*(v).
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We will apply the Sawicki-Knox method of extended Kennard-Stepanov’
analysis to the absorption and fluorescence spectra of intracytoplasmic membrane

preparations from Rb. sphaeroides mutants and wild type.

Kennard-Stepanov apphed to photosynthetic systems:

" ‘Béfore presenting our data, however, it will be instructive to review the results
e of applymg the KS relation to related systems. The Rb. sphaeroides system is complex
and mhomogenous Because even smgle molecules can produce comphcated T*(v)
plots, it may seem ambltlous to apply the KS analysis to inhomogenous pigment-protein
compie*eei However, interesting information can be extracted even from complex |
systems, such as Rb. sphaeroides.

Bactenochlorophyll a (BChl), the bacteriochlorophyll pigment that is found in
Rb. sphaeroides wild type as well in the mutant strains, has been investigated as a
single molecule in a variety of organic solvents. Becker et al.” examined the absorption
and fluorescence spectra of BChl in five polar solvents and found that the' KS
temperatures are higher than the ambient temperature (296 K) by 20 to 40 dégrees '
Kelvin. Becker et al. also examined bacteriopheophytin a (BPheo), another plgment
which is found in the reaction center of Rb. sphaeroides wild type, in two polar
solvents. BPheo alSo had a KS temperature elevated above ambient temperature by 20
to 40 degrees Kelvin. The elevated K temperatures are explained as being caused by
inhom_ogenous broédening and vibronic'mixing in the excited state. -

Bellacchio and Sauér'* have also investigated the spectral pro‘penie'c of BChl in
severat orgé.nic solvents. At low temperatures, they find that the Kennard-’Ste.panov‘
relation bfeéks dcv'm"dramatically in hydrogen-bond donating solvents such as 1-
propanol. At room temperature, the catculated KS temperature in a variety of organic
solvents is 'only slightly elevated. from the ambient temperature (296 K) by about 10 tc

30 K. The measurements at room temperature are most relevant to the following



discussion because our Kennard-Stepanov measurements on Rb. sphaeroides wild type
and mutants are all performed at room tempcrature Bellacchlo and Sauer also calculate
the local slope of the KS relatlon, T*(v). The local slope of T* calculated for BChI in
l-propanol at room temperature (296 K) 1s,ﬂat across the region of maximum overlap
. between the absorption and ﬂuorescence spectra, but elevated at the red and blue edges
of the spectra up to 400 K (100 K above amblent temperature). |
Chlorophyll a (Chl a) has also been investigated through apphcatlon of the

Kennarc_l-Stepanov relation.”” Most recently, Knox et al.'® have examined the
absorption and fluorescence spectra of Chl a in various polar organic solvents, as well
as in peridinin - Chl a protein complexes. They find that the T*(Vv) deyiates‘si.gniﬁcantly
from the ambient temperature on the red edge of the ﬂuorescence spectra for Chl aina
variety of solvents. The local slope of the KS temperature ln this region is extremely
elevated above ambient temperature, into the thousands of Kelvins. The increase of -
T*(v) on the red edge of the ﬂuorescence spectrum is also presentin the peridinin-Chl a
protein complexes. The ma)timum of the elevated T* occurs near an energy of 1.8 eV,
in a region where the absorption intensity is very low. However, a signiﬂcant increase
in KS temperature is evidenteven at higher energy, in a spectral region where there is
still appreciable absorption. Knox et al. hypothesize an electronic triplet state belo_w the
, ,S_rso ﬂuores_ggpce transition wh_ich contributes to fluorescence ernission on the red

~edge. This electronic state is proposed to explain the elevated T* on the red edge of the
_ fluorescence emission. | _

Chlorophyll has also been investigated through the KS relatlon in Photosystem

II (PSII). Daui and Sauer have studied exciton equilibration in PS II using membrane
particles from s_pi.nach.10 These membrane particles contain Chlb as well as Chl alin a
large pi g’ment-jprotein complex. There are approximately 200-300 chlorophyll
molecules per PS II complex, and there are at least six distinct spectral species of

chlorophyll evident from gaussian deconvolution of the absorption and fluorescence
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bands. The PS II system is spectrally heterogeneous and COrnplex " However, PS is
>'1n good agreement wrth the predrcted Kennard-Stepanov relation. At room temperature

Dau and Sauer find that the KS temperature matches very closely the ambient
temperature (295 K) over the entire wavelength range of the chlorophyll absorption
(700'.'to 645 nm). Dau and Sauer also note that the ﬂuerescence emission spectra of PS
II are identical regardless of the wavelength of the excitation light. Because PS II
ﬂuore’scenceis insenéiﬁve to excitation wayelength, and because PS1II obéys the
Kennard-Stepanov relation closely at room temperature, Dau and Sauer conclude that
excitation in PS II reaches a complete cquilibrium across all spectral components before
fluorescence emissicn occurs. . |
Chlorophyll has also been studied through application of the KS relation to |
Photosystem I (PS I). Croce et al.11 e;taimined detergent-isolated PS I with a full
antenna complement (LHCI), which has a total of about 210 Chl per P700 (P700 is the
primary donor species in PS VI). Croce et al. use the KS ‘r'elation to calculate the "ideal”
fluorescence emission from the absorption spectrum. This ideal fluorescence is that
which would be observed if the KS relation were valid for the PSI - LHCI complex.
The fluorescence Spectrum calculated from the KS relation at room temperature isin
very' close agreement with the experimental room temperature fluorescence emission of
the PSI1-LHCI complex.‘ Therefore, at room temperature the KS relation deecribes the
'sy'.s'ter‘nvwell, and Croce et al. conclude that the PSI - LHCI.ch'mplex_ did reach complete
thermal equilibrium before fluorescence emission occurred. In contrast, at temperatures
below about 200 K, the agreement with the calculated KS fluerescence emissien is lost.
 The authors postulate that at low temperatures, thermal equilibfration of excitation in the
- antenna and core complex of PSI is not attained on the time scale of fluorescence
emission. | '
In conclusion, KS analysis provides valuable information about even 'complex

photosynthetic systems. Although these systems are inhomogenous,' many



bhq_tbsjnthetic systems show good agreement with the Kennard-Stepanov predictions.
These systems have very rapid excitation equilibration among all the photosynthetic

- components on the timescale of fluorescence emission.

Kennqrd.—Stepanov applied to Rb. sphaeroides_ strains:

Next we will turn our attention to the Kennard-Stepanov relation at room
temperature as applied to Wild-type and_ mutant strains of Rb. sphae_roides. In order to
make thesé _ééasurements, chromatophores are isolated from the different Rb.
sphae:r_oide.‘_vv strains as described in Chapter Two. The buffer used for washing and
resuspension of the chromatophore_membraﬁes is Buffer A as described in Chapter
Two: 5 mM MgCly, 5 mM HEPES, 800 mM sucrose and 100 mM KCl at pH 7.5.
However, the concenﬁaﬁon of the chromatophore solution is much more dilute than the
solution used for the electric-field experiments described in Chapter Three. The
absorption of the chromatophore solution is approximately Aggo =0.01. This low
concentration is used to prevent self-absorption of the fluorescence emission, which
could produce artifacts in the KS relation. Because of the very low concentrations used
in the KS experiments, it is necessary to average the absorption and fluorescence
emission for rglatively long periods of time. Several scans are summed to improve the
signal-tq-q_czi{ggiv _ . L

Abépféﬁon measurements are performed on an AVIV UV-vis-IR
spectrophotgxﬁeter model 14-DS, with a fixed bandpass of 0.25 nm, in the

_ configuration_d__escﬁbed in Chapter Two. Measurements are made every 1 nm, averaged
for 1 second per nm, in a polystyrene cell of cross-section 1 cm?. Eight to ten scans are
summed to_gg.t_};lér to generate the final absorption spectrum. A sample cell conta’inin g
buffer orﬂy is measured before each scan as a background correction. The buffer scan

is subtracted from each absorption scan.
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' Fluorescence measurements are made on a Spex Fluorolog 1680 doublé
monochromator, in the configuration described in Chapter Two. .Measdremeﬁ'is'"avrve
made every 1 nm, averaged for 5 séconds per hm, in‘a polystyrene cell of cross-section
1 cm2. Five to ten scans are summed together to generate the final fluorescence
spectrum. Both excitation and emission slits are set at or below 2 nm FWHM for both
excitation and emission. The wavelength dependence of the fluorimeter émission path
and photomulfip]ier’ tube is correcied with a standard lamp calibration, as'deser'i'bed in
Chapter Two. The background counts, averaging between 30 and 90 counts per |
second, are subtracted from the ﬂuorescenee'e'irﬁssioﬁ"spectra as a baseline correction.
The ambient temperatire is determined with a merchry thermometer inside the
sample compartrheht of the fluorimeter aﬂd_abéorption'spectrophotometer..' The ‘ambient
temperature is23°C+2°C, or approxxmately 296 K |
- The Kennard -Stepanov relation is calculated from the areas of maxxmum overlap
between the absorption and fluorescence spectra. The edges of the spectra, less than

5% of the intensity of the maximum, are not used in the KS calculations.

RC-1A results (LH1 only):

" The mhtant RC-1A expresses LH1 complexes, without LH?2 or reaction centers.
Fluores_cence emission can be generated by excitation at Various'wavelengthe'. Lo
Excitation at 510 nm e);cites electronic transitions primarily in the carotenoid molecules
asseciated with LH1 (and LH2 if present). These carotenoid molecules transfer
excitation energy efficiently to BChl in LH1. Excitation at 375 nm is‘primarify into the
Soret ai)sorbtion band, consisting of both the Bx and By bands of BChl. Excitation at
590 nm is primarily into the Qx band of >BC:hl. These excitation wavelengths (510,
375, or 590 nm) all generate nearly identical fluorescence spectra in the long-
wavelength region, between 800 and 1000 nm. The long-wavelength ﬂuorescence

emission in this region arises from the Qy transition of BChl. Over almost all of this



111

1.0

- ex =510
--- ex =375
— ex =590

Normalized fluorescence (au)

i L | | - ]
800 850 900 950 1000
Wavelength (nm) '

Figure 5.1: Fluorescence emission of RC-1A (expressing LHI) excited by

three different excitation wavelengths. . Excitation at 375 nm (dashed line),
510 nm (dash/dot line) and 590 nm (solid line). The spectra are all taken at room

temperature and normalized at the maxima. The same sample is used for all

excitation wavelengths. See the text for details of the fluorimeter configuration,

buffer and concentration.

léng-wavelehgth rcgion; _thé 'ﬂuoréscence spéctfa generated by diffeljént excitation
Wa_veléngths are‘ ivndis‘tingu'ishable'within the detection limits of our equiprhé'nt (Figure
5.1). Thereisa slight deviation at véry long wavelength (greater than 950. nm) where
the intensity of the fluorescence emission is low; deviation in thig'region does not affect

the KS calculations. The fact that the spectra are so very well matched for different



112
excitation wavelengths is one indication that, before fluorescence emission occurs, the
excitation in the LH1 complex of RC-1A has reached an equilibrium distﬂﬁufion.

Both the fluorescence emission and ébsorption spectra of RC-1A afe shown in
-Figuré 52, as a function of frequency rather than wavelength. Excitation at 375 nm is -

used to generate this fluorescence emission. The fluorescence spectrum represented as
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Figure 5.2: The fluorescence and absorption spectra of RC-1A, plotted as a function

of frequency and normalized at the maxima. This fluoréscence spectrum ‘was generated

with excitation at 375 nm. The fluorescence spectrum has been divided by a correction

factor of v* as described in the text. The Kennard-Stepanov relation for RC-1A is

plotted against the right axis (open circles). The straight line is a least-squares fit to the

Kennard-Stepanov relation in the Stokes region. The slope of the line corresponds to a
. T* value of 330 K; the spectra were taken at 296 K.



a function of frequency has been divided by a factor of vZ; F(v) = F(A) / v2. This
correctiop is necessary because the fluorescence spectrum is recorded on an instrument
as a function of wavelengm, with a fixed bandpass, but the bandpass is variable with
frequency. This correction factor converts the fiﬁorescence measurement from photons
per wavelength interval to energy per frequency interval. The correction is applied to all
fluorescence spectra in this chapter which are presented as a fqnction of frequency. The
absorption and fluorescence spectra have both been normalized at their.; maxima to a
value of 1.00. The area of maximum overlap between the two spectra llies_1 |
 approximately between'10,750 cm-! and 11,750 cm!. At higher frequency, the
inteﬁsity of the fluorescence spéctrum is very low; at lower frequency, the intensity of
the absorption spectrum is small. |

Figure 5.2 also shoWs the Kennard-Stepanov relation calculated for RC-1A,
plotted against the right axis, as a function of frequency (open circles). Within the area
of maximum 6verlap between the two spectra, to first approximation the KS relation |
represents a straight line. A least-squares fitting of the KS relation in the region of
maXimum spectral overlap yields a slope corresponding to a KS temperature of 330 K.
Both the fluorescence and absorption spectra are taken at 296 K. The calculated KS

- temperature is about-30 K higher than predictcd from the ideal KS relatiqn. -

The local slope of the KS relation, T*(Vv), is plotted in Figure 5.3 as a function
of frequency for all three excitation wavelengths. For all T*(v) spectra, the window
used to calculate the local derivative is nine data points. At the edges of the spectra,
where either the absorption or fluorescence intensity is very low, the calculated T*(v)
has been truncated. This is because in regions of low spectral intensity the KS relation
becomes unreliable, which leads to large fluctuations iﬁ the T*(\{) plot.

The three T*(v) spectra generated by the three different excitation wavelengths

show many similarities. The three fluorescence spectra which are generated by three
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Figure 5.3: A) The local slope of the Kennard-Stepanov relation, T*(v), for

RC-1A s_hbwn on a temperature scale. Three different T*(v) are shown,
corresponding to three excitation wavelengths. Circles, excitation at 590 nm;

~ squares, excitation at 375 nm; triangles, excitation at 510 nm. The absorption
and the three fluorescence spectra generated by those three excitation
wavelengths are plotted against the nght axis. The horizontal line indicates
ambient temperature, 296 K. -

‘B) An expanded view.of T*(v) for RC-1A from 11,000 cm’*
to 11,750 cim’’. The horizontal line indicates ambient temperature, 296 K.
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different excitation wavelengths (375, 510, and 590 nm) are displayed together in
Figure 5.3. Across the midrahge of frequency values (11,000 cm-! to 11,500 cm1),
T*(v) is mostly flat and featureless and is just slightly ele;/ated abové the room
temperature value of 296 K (dashed line). However, on the red edge of the spectra
below 11,000 cm-1, T*(v) shows a definite and strong peak of nearly 1000 K. The
peak at the red edge is very reproducible for all the excitation wavelengths. In this
‘region the fluorescence and absorption specfra intensity are both quite significant, and
therefore the peak in the T*(v) plot is not due to fluctuations in the KS relation arising
from low spectral inténéities. There is also a small feature on the blue edge of thé
spectra. The feature on the blue edge is not reproducible. There is a small peak present
for excitation at 375 which is less prominent for 590 nm excitation, and is .replaced by a
vsmall red-shifted negative feature with 510 nm excitation. -
It is possible to generate an ideal KS fluorescence spectrum, I*, based on the
absorption spectrum and the ideal KS relation. This I* fluorescence spectrum is the
fluorescence that w;)uld be generated if the experimental system fully obeyed all the
assumptions used in the derivation of the Kennard-Stepanov theory. The KS theory
predicts a mirror-image relationship between the absorption and fluorescence spectra.
The calculated I* fluorescence emission for RC-1A is shown in Figure 5.4. The
experimentally observed absorption and fluorescence (dotted lines) are also displayed in
- Figure 5:4. The I* fluorescence spectrum is truncated at 10,600 cm-1, because at lower
frequency the absorption inten’sity is low and the KS relation becomes unrel_iable.

The I* fluorescence of RC-1A is slightly red-shifted from the éxperimentally
observed fluorescence and broader on the red edge. The largest differepce from the
experimental fluorescence is on the red edge of the fluorescence, in the region where the
large T*(v) peak is observed. On the red edge of the emission, the expeﬁmental

fluorescence has a much lower intensity than is calculated from the ideal KS relation.
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This may indicate that a Iong-wévclcngth component in that red-edge -ifégion is not as

highly fluorescent as predicted by the ideal KS relation. -

Fluorescence and absorption (au)

; |
100 - 105  11.0 1156 = 120  12.5x10°

Wa_yenumber (cm-1)

Figure 5.4:. Experimental absorption and fluorescence of RC-1A° -
(dotted lines), and the I* fluorescence calculated from the experimental
absorption and the ideal Kennard-Stepanov relation at.296 K (solid line). -

BALM/LH2 results (LH2 only):

4 The mutant BALM/LH2 contains LH2 Complexes, without LH1 or reaction
centers. Four wavelengths (375, 510, 590, and 800 nm) are used to generate
fluorescence emission, shown in Figure 5.5. Absorption at 375 nm, 510 nm, and 590
nm are into absorption bands as deséribed in the pre'viotis section. Ex‘civtation at 800 nm
is in one of the Qy transition bands of LH2 BChl ébsorp‘tion. Each of these four

excitation wavelengths produces nearly identical fluorescence emission from
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BALM/LH2 in the long-wavelength region (800-1000 nm). On the very low-intensity
blue edge below 825 nm thérc is a slight variation in the fluorescence emission; this is.
outside the range used fof the KS calculations. Over the majoﬁty of the spectrum,
ﬂuore_scenc; produced by dif_fgrent excitation wavelengths is indisﬁnguishable within
the limits of our detection. This is one indicafion that before ﬂuofescence emission
occurs in the Rb. sphaeroides mutant BALM/LH?2, the excitation in the LH2 complex

has reached an equilibrium distribution.
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" Figure 5.5: Fluorescence emission of BALM/LH2 (expressing LH2) excited

* by four different excitation wavelengths. Excitation is at 375 nm (solid line),
510 nm (dotted line), 590 nm (dashed line) and 800 nm (dash-dot line). The
spectra are all taken on the same sample preparation at room temperature, and
normalized at the maxima.
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The KS relation for BALM/LH2 is plottcd in Figure .5.6, together with the _
absoi‘ptiéh and the ﬂudrgscenée spectra for excitation at 510 nm. The KS temperature
T*, calculated from the Siope of the leaSt-squﬂfes fit to the most Iinehr central region of -
the KS relation, is 340 K; the KS temperature is approximately 40 K hig‘ﬁer than the

experimental ambient temperature.
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Figure 5.6: The fluorescence and absorption spectra of BALM/LH2, plotted as a
function of frequency and normalized at the maxima. This fluorescence spectrum
was generated with excitation at 510 nm. The Kennard-Stepanov relation for -
BALM/LH2 is plotted against the right axis (open circles). The straight line is a
least-squares fit to the Kennard-Stepanov relation in the Stokes region. The slope
of the line corresponds to a value of 340 K. The spectra were taken at ambient.
temperature, 296 K. ' ' , '
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The T*(v) plots for all four excitation wavelengths (375, 510, 590 and 800 nm)
are shown in Figure 5.7. Similar to the results from RC-1A, a peak in T*(v) appears
on the red edge of the spectra where the absdfption intensity is significant. The peak
seen fbr BALM/LH2 ranges between 1500 K (for excitation at 375 nm) and 3000 K
{for excitation at 590 nm). The variationr_in the magnitude of the T*(v) peak is within

the predicted error for the T*(v) plot. As we will discuss in the section on error

— éstimation, the error bars for the T*(v) func'_ﬁbh increase at the edges of the fluorescence

and absorption spectra. The position of the réd edge T*(v) peak is very reproducible

_ for all of the excitation wavelengths.

There is a smaller peak in T*(v) on the bi'ue edge of the spectra, ranging

- between 450 K (for excitation into the carotenoid absorption band at 510 nm) and 900

K (for excitation into BChl absorption at 375 or 800'nfn). This blue edge peak is also
reproducible in its position. This blue edge T*(v) peak may be due to contributions |
from a second absorption band, In BALM/LH2, there are two absorption bands
associated with LH2; one band is at 800 nm, and the other is at 850 nm. In the region
of the blue edge T*(v) peak, the tail of the 800 nm absorption band overlaps with the
850 nm absorption band. This overlapping ébsorption bandv,may be responsible for the
deviation ffom the ideal behavior of the KS relation in this specfral region.

The calculated I* ﬂuorescc’nce spectrum of BALM/LH2 is slightly r'e_d-shiftcd.
and broadened compared to the experimental BALM/LH2 fluorescence spectrum
(Figure 5.8). This is similar to the I* ﬂuorescenc¢ calculated for RC-1A (Figure 5.4),
which is also red-shifted and broadened from the experimental fluorescence. Again, the
largest deviation from the experimental ﬂuovresce_nc'e spectrum is on the red edge; the
region of the large T*(v) peak. The expeﬁment;l _ﬂuorescencévon the red edge is not so

Intense as that-predicted by the ideal KS relation. The I* fluorescence is truncated at
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Figure 5.7: A) The local slope of the Kennard-Stepanov relation, T*(v) for

BALM/LH?2 shown on a temperature scale. Four different T*(v) are shown
corresponding to four excitation wavelengths. Circles, excitation at 375 nm;
triangles, excitation at 510 nm; squares, excitation at 347 nm; plus signs,

excitation at 800 nm. The absorption spectrum and the four fluorescence spectra
generated by those four excitation wavelengths are plotted agamst the right axis.

The horizontal line indicates ambient temperature, 298 K.
B) An expanded view of T*(v) for BALM/LH2 from 11,500 cm™ to
11,900 cm™. The horizontal line indicates ambient temperature, 298 K.
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Figure 5.8: The experimental absorption and fluorescence emission (excitation
at 510 nm) of BALM/LH2 (dashed lines), and the I* fluorescence (solid line),
which is calculated from the experimental absorption and the ideal Kennard-

Stepanov relation at 298 K. The I* spectrum is truncated at 11,300 cm’’
because at lower frequency the absorption intensities are very low.

11,300 cm! because at very low absorption intensities the KS relation is no longer

accurate.

L.M1.1 resuilts (LH1 and LH2):

The mutant LM1.1 contains both antenna complexes LH1 and LH2, but lacké
reaction centers. Excitation at 800 nm, into the Qy band of LH2 BChl ébsorption,
produces a fluorescence spectrum different from that exéited at 590 nm, into the Qx

BChl absorption band (Figure 5.9). The two different spectra are normalized at their
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Figure 5.9: Fluorescence emission of LM1.1 (expressing LH1 and L.LH2) excited
by two different excitation wavelengths. Excitation is at 590 nm (dashed line) and

- 800 nm (solid line). Excitation at 800 nm produces greater emission intensity at
860 nm than excitation at 590 nm, when the two spectra are normalized at their
maxima. The same sample is used for both excitation wavelengths, and spectra are
taken at room temperature. . Excitation at 375 nm or 510 nm produce identical spectra
as excitation at 590 nm within the detection limits of the mstrumentatlon for clarity

these spectra are not mcluded

'ﬂuorescence -emission maxima at 890 nm. This is the first example in this chapter ofa
Rb. sphaero:des mutant’ Wthh has a change in the fluorescence emission spectrum asa

function of the excitation wavelength
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Excitation at 800 nm (into the LH2 BChl absorption) produces a more
pronounced shoulder at 860 nm (which corresponds to emission from LH2) than does
excitation at 590 nm (Figﬁre 5.9). Excitation at 375 nm and 510 nm produce
ﬂupresceﬁce spectra identical té that resulting from excitation at 590 nm. The
difference in ﬂuorqéccncé emission spectra as a function of excitation wavelength is one
indicatién that the excitation has not reached a complete equilibrium distribution in
ILM1.1 Before emission occurs.

For clarity, only 800 nm and 590 nm excitation are presented in the KS plot of
LM1.1 (Figure 5.10). Both excitation wévelengths résult in similar KS temperatures
from a least-squares fitting c;f the central linear region. Excitation at 800 nm results in a
T* of 325 K, and 590 nm eXcita;ion results in a T* of 320 K. Despife the difference in
the shoulder régioﬁ of the-fluorescence spectra (around 11,600_cm'1), both excitation
wavelengths also produce ;__§i'rv_'nil‘ar T*(v) plots (Figure 5.11). Over most of the central
region of the spectra, the T*(v) valués are in excellent agreement with ambient
temperature (296 K). The T*(v) plot generated from 800 nm excitationis slightly
beléw ambient temperature in the shoulder region of the ﬂuores‘cence emission. Atvthe
red edge, at 11,000 cml, there is a large peak in T*(v) for both excitation wavelengths.
The peak is approximately 1000 K for 800 nm excitation and 2200 K for 590 nm
excitation. There is a small peak on the Blue edge, which may be caused by the tail of
the 800 nm absorption band in that region, sirrﬁlar to the case for BALM/LH2.

The calculated I* fluorescence for LM1.1 is once égain slightly red;shiftcd and
broadened compared to the experimental ﬂuorcécence generated‘from either excitation
wavelength (Figure 5.12). These are the same trends as seen in the I* fluorescence of
RC-1A andlBALM/LHZ. The I* fluorescence is truncated in Figure 5.12 belo'y.v'

10,900 cm-! because of low absorption intensities at lower frequency.
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Figure 5.10: The fluorescence and absorption of LM1.1, plotted as a function of
frequency and normalized at the maxima. These fluorescence spectra were generated
with excitation at 590 nm (dashed line) and 800 nm (solid line). The Kennard-
Stepanov relation for LM1.1 is plotted against the right axis for both fluorescence
emission spectra; open circles for excitation at 800 nm and open squares for
excitation at 590 nm.. The two straight lines are least-squares fits to both Kennard-
Stepanov plots in the Stokes region. The slope of the fit for excitation at 800 nm
- corresponds to a T* value of 325 K, and for excitation at 590 nm thé slope of the

fit corresponds to a T* value of 320 K. All spectra were taken at 296 K. :
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Figure 5.11: A) The local slope of the Kennard-Stepanov relation, T*(v), for

L.M1.1 shown on a temperature scale. Two different T*(v) are shown,
corresponding to two excitation wavelengths. Circles, excitation at 800 nm, and
triangles, excitation at 590 nm. The absorption spectra and the two fluorescence
spectra generated by those excitation wavelengths are plotted against the right axis;
800 nm excitation, solid line, and 590 nm excitation, dashed line. The horizontal
line indicates ambient temperature, 296 K.

B) An expanded view of T*(v) for LMI1.1 from 11,200 cm’' to
11,900 cm™. The horizontal line indicates ambient temperature, 296 K.
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Figure 5.12: The experimental absorption-(dash-dot line) and fluorescence spectra .
of LM1.1. For the fluorescence spectra of LM1.1, excitation is shown at both

800 nm (dashed line) and 590 nm (dotted line), together with the I* fluorescence
(solid line), which is calculated from the experimental absorption and the ideal

Kennard-Stepanoy relation at 296 K. The I* spectrum is truncated at 10,900 cm’,
because at lower frequency the absorption intensity is very low.

Wild-type results (LH1, LH2 and RC):

' Wﬂd-fype Rb. sphaeroides contains both antenna complexes LH1 émd LH2, as
.wel'l és the rcactioﬁ vcgnt»fe_r. The wild-type sample that will be investigated in this section
has a relatively high content of :I;HI relative to LH2; tﬁc absorption éf the two bands is
appfoximately equal (Figure 5.14). The ratio of LH1 to LH2 iﬁ Rb sﬁhaerbides

depends on grow’th conditions, light intensity -an'd age of the culture. While the high



LHI1 to LH2 ratio is not typical for every sample, identical experimental results are
obtained for cher wild-type preparations with alower ratio of LH1 to LH2.

In wild-type Rb. sphaeréides, the reaction center functioné as an excitation sink.
Excitation is energetically funneled from the antenna to the reaction center where the
excitation is used in charge separation if the reaction center is open, the Fo state.
Alternatively, the excitation is qlienched by the reaction center if the reaction center
vcannot perform charge separation, for example if the reaction center is in the Fm state
(see Chapter Three). The quenching of excitation in the Fm state is Iess efficient than
excitation quenching in the Fo state. These two states of the reaction center, Fm and

Fo, result in two configurations of the wild type that must be considered separately.

The Fm state

First we will address the Fm state.” In the wild type, as in LM1.1, different
excitation wavelengths produce different emission spectra. Excitation at 800 nm results
in an increase in the shoulde_r of the fluorescence emission at 860 nm, compared to
excitation at 375 nm, when the spectra are normalized at the.max.ima (Figure 5.13).
This is identical to what is seen in LM1.1; excitation into an LH2 absorption band
produces an.increascd fluorescence emission from LH2 relative to fluorescence
emission froni?LHl. Excitation at 510 nm and 590 nm broduce the same ﬂuores_cence
spectra as excitation at 375 nm. qu clarity we present only the data from 375 nm and
800 nm excitation. Thé difference in fluorescence emission as a function of excitation
wavelength"is one indication that the excitation has not fully equilibrated in the Fm state
of wild-type Rb. sphaeroides before fluorescence emission occurs.

In the Fm state, excitation at 375 nm leads to an average calculated T* of 372 K,
about 75 K hiéher than ambient temperature (Figure 5.14). It is apparent on first
examination that the KS relation deviates significantly from a single valu.e in the region

of maximum overlap between the fluorescence and absorpﬁon spectra. In contrast to

127



1.0 - o
---ex=375nm
—— ex:=800 nm
0.8
=
ERR
¢ 0.6
[&]
C
[\}]
(3]
[72]
s
g 0.4+
[T
0.2
0.0 I T T T I T T 1

820 840 860 880 900 . 920 1 940.. 960 980 1000
' Wavelength (nm)

Figure 5.13: Fluorescence emission of wild type Rb. sphaeroides (expressing
LH1, 1.H2, and reaction centers) in the Fm state, excited at two wavelengths;
375 nm (dashed line) and 800 nm (solid line). The two spectra are different -
in the shoulder region at 860 nm, which corresponds to emission from LH2.
Excitation at 800 nm produces more emission at-860 nm relative to-890 nm
than excitation at 375 nm. The fluorescence spectra are taken at room
temperature on the same sample and normalized at the maxima.

the mutants of Rb. sphaeroides thét we have discussed, the wild type appears to have
two separate linear regions in the KS plot, with a transition arqund 11,600 cm-!. Least;
squares fitting to the low-energy region (11,000 cm! to 11,400 cm-!) results in a T* of
340 K. Fitting to the linear high-energy region (11,800 cm-! to 12,000 cm-!) results in
a T* of 362 K. These t_Wo separate values of T* indicate that there may be incomplete
energy equilibration in the wild type before ﬂuoresceﬁce emission occurs. Two

separate linear regions in the KS plot are present for all excitation wavelengths used,
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Figure 5.14: Absorption and fluorescence (excitation at 375 nm) of wild type

Rb. sphaeroides in the Fm state, plotted as a function of frequency and normalized
at the maxima. The Kennard-Stepanov relation for the wild type is plotted against
the right axis (open circles). There are two linear regions in the Kennard-Stepanov

plot, with a transition between them in the region of 11,600 cm L

including 510 nm, 590 nm, and 800 nm as well as 375 nm. The two separate linear
regions in the KS plot are also present in four distinct preparations of wild-type Rb.

sphaeroides chromatophores, and they are present regardless of the ratio of LH'I to LH2

in the absorption spectrum of the preparation.

The T*(v) plot.(Figure 5.15) of wild-type Rb. sphaeroides chromatophores in
the Fm state shows a large peak oﬁ the red edge of the spectra, identical to the T*(v)

plots of the mutant Rb. sphaeroides strains. The maximum of the red-edge peak is in a
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Figure 5.15: -A) The local slope of the Kennard-Stepanov ‘re'lation-,iT*(v), for wild
type Rb. sphaeroides in the Fm state, shown on a temperature scale. The

absorption spectrum and fluorescence spectrum for excitation-at 375 nm are plotted

against the right axis.- The horizontal line indicates ambient temperature, 296 K.
B) An expanded view of T*(v) for the wild type from 11,000 cr"ri“l to
11,850 cm™* . The horizontal line indicates ambient temperature, 296 K.
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 region of the spectra where the absorption has significant intensity, at 10,850 cml. In
addition to the red-edge peak, there ié a second peak in the Stokes region at
11,600 cm-1l. This peak .is'not observed in any of the T*(Vv) plots from the mutant
strains of Rb. sphaeroides, including strain LM1.1 which contains both LH1 and LH2.
The maximum of the Stokes region peak in the T*(v) is approximately 450 K. This
peak occurs in the region of transitioﬁbetween the two linear components in the wild-
typ\e T* plot. |

We have presented results of the KS analysis for excitation at 375 nm in the Fm
state. Excitation at 800 nm in the Fm state produces a fluorescence emission spectrum
different from that produced by exéitation at 375 nm, with a higher fluorescence
emission ratio of LH2 to LH1. Despite the different fluorescence spectrum generated
by excitation at 800 nm, the results of the KS analysis (Figure 5.16) are similar to those
obtained for excitation at 3_75 nm. Again, there are two separate linear regions in the
KS plot, which corfespond to different T* temperatures. Least squares .ﬁtting to the
low energy linear region results in a T* of 348 K, and the high energy region produces
a T* of 312 K. The T*(v) plot (Figure 5.17) shows a peak on the ‘red edge of the
spectra at '10,850 cm!, and a second peak in the Stokes region at 11,600 cm'l. The

height of the second T*(v) peak for excitation at 800 nm is approximately 525 K, about

75 K higher than the peak generated by excitation at 375 nm.

The Fo state v

In the Fo state charge separation in the reaction center is very efficient, sd the Fo
siatc reac't'i“(mfé:éhter is a more efficient drain of excitation than the Fm state reaqtion
center. Thc Fo state of the reaction écnter also produces a fluorescence emission .
spectrum from Rb. sphaeroides chromatophores which is distinct from the fluorescence
emission of Rb. sphaeroides in the Fm state, when the same excitation wa.velength is

used. Figure 5.18 shows the Fo and Fm state fluorescence spectra, normalized at the
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Figure 5.16: The fluorescence and absorption spectra of wild type Rb. sphaeroides
in the Fm state, plotted as a function of frequency and normalized at the maxima.
This fluorescence spectrum was generated with excitation at 800 nm. The Kennard-
Stepanoy relation for the wild type is plotted against the right axis (open circles).

‘The straight line is a least-squares fit to the Kennard-Stepanov relation in the low -
energy Stokes region. The slope of the line corresponds toa value of 348 K. The
spectra were taken at 296 K. =
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Figui'é 5.17: ‘A) The local slope of the Kemiard-Stepanov relation, T*(v), for

wild type Rb. sphaeroides in the Fm state shown on a temperature scale.

The absorption spectrum and fluorescence spectrum for excitation at 800 nm are
plotted against the right axis. The horizontal line indicates ambient temperature,

296 K.

B) An expanded view of T*(v) for the wild type from 11,000 cm’! to
11,850 cm’'. The horizontal line indicates ambient temperature, 296 K.
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Figure 5.18: Fluorescence emission of wild type Rb. sphaeroides in the:

Fm state (dashed line) and Fo state(solid line). Excitation is at 375 nm. The
fluorescence spectra are normalized at the maxima. The same sample is used
for both the Fo and Fm state, and spectra are taken at room temperature.

maximum, both for excitation at 375 nm. .In fhe Fo stéte, the ratio of emission at 860
nm to 890-nm is greater than in the Fm state; the same trend holds fo} excitation at any
other wavelength. Compared -with»_tﬁé Fm state, fn the Fo state a greater relative amount
of fluorescence arises from LH2 (860 nm) compared to LH1 (890 nm). The order of
increasing 860 nm to 890 nm fluorescence ratio is: Fm 375 nm ex'citati‘on, Fm 800 nm
excitation, Fo 375 nm ex_c’itgti_on', FoSOO _mh éxcitation. As we will see, the iarger the
ratio of 860 nm to 890,nrﬁ ﬂUoféscence, the larger the Stokés region peak becomes in
the T*(v) plots. .

Figure 5.19 shows the KS relation for the Fo state of wild-type Rb. sphaeroides |

with excitation at 375 nm and 800 nm. The KS analysis produces similar results as for
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Figure 5.19: The fluorescence and absorption spectra of wild type Rb. sphaeroides
in the Fo state, plotted as a function of frequency and normalized at the maxima.
Two fluorescence spectra are shown, with excitation at 800 nm (dashed line) and
375 nm (solid line). The Kennard-Stepanov relation for both excitation wavelengths
is shown for the wild type in the Fo state, plotted against the right axis;

circles, excitation at 375 nm, and triangles, excitation at 800 nm.

the Fm state caléﬁlations, and shows two separate linear regions for each excitation
wavelength. Fbr excitation at 375 nm; the low-energy region T* is 358 K and the high
energy region T*-is 367 K. For excitation at 800 nm, the low energy region T* is 370
K and the high energy region T* is 310 K. |

The Tf(v) plot for both gxéitation wavelengths in the Fo state (Figure 5.20)
reveals the sarhe red-edge peak at 10,850 cm-! and a second peak in the Stokes region at
11,600 cm-!. For excitation at 375 nm, the Stokes region peak has a maximum of 550

K, and for excitation at 800 nm, the Stokes region peak has a maximum of 700 K.
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Figure 5.20: A) The local slope of the Kehnérd-Stepandv relation, T*(v), for

wild type Rb. sphaeroides in the Fo state shown on-a temperature scale.

T*(v) is shown for both excitation at 800 nm (triangles) and 375 nm (circles).
The absorption spectrum and fluorescence spectrum for excitation at 800 nm
(dashed line) and excitation at 375 nm (solid line) are plotted against the right

axis. The horizontal line indicates ambient temperature, 296 K.
B) An expanded view of T*(v) for the wild type from 11,000 cm™ to
11,900 cm’* . The horizontal line indicates ambient temperature, 296 K.
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Figure 5.21 shows the I* calculated fluorescence spectrum together with the
experimcnfal fluorescence for excitation at 375 nm in the Fo and Fm states. The
calculated fluorescence sbectrum for the wild type is slightly red-shifted from the
experimental fluorescence in either the Fo or Fm state. The I* spectrum has a much

lower intensity than the experimental fluorescence in the shoulder region of the

fluorescence emission, near 11,750 cm1.
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Figure 5.21: The I* fluorescence spectrum of wild type Rb. sphaeroides (solid line),
calculated from the absorption spectrum (dash-dot line) and the ideal Kennard-
Stepanov relation at 296 K. Two experimental fluorescence spectra are also shown
for comparison with the I* spectrum, both with excitation at 375 nm; Fo state

(dotted line) and Fm state (dashed line). The I* spectrum is truncated at

10,700 cm’', because at lower frequency the absorption intensity is very.low.
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In summary, in both the Fo and Fm state of wild-type Rb. sphaeroides, the KS
analysis presents a structure that is more complex than that of the mutant Rb:
. sphaéroides'stthirns. For all excitation waveléngths, in addi'tioh_!-to the peak on the red -
edge of the T*(v) spectra that is seen in mutant strains lacking a reaction center, there is
also, in the wild type, a second peak in the Stokes region at 11,600 cm-l. The peak in :
the Stokes region increases in magnitude with an increasing ratio of fluorescence
emission of 860 nm to 890 nm; the ratio of LH2 to LH1 fluorescence. The highest
magnitude for the second peak is in the Fo, open reaction center state, with excitation at
800 nm into an absorption band of LH2 (T* =700 K); this state has the highest 860 :
890 nm ratio of fluorescence. The ideal KS calculated fluorescence spectrum vis red-
shifted from the experimental fluorescence, and has a lower intensity than the

experimental fluorescence in the shoulder region.

Error Ahalysis:

There are a variety of factors that contribute to error in the absorption and
fluorescence spectra. These factors are difficult to estimate précisely and fo propagate
fhrough the KS calculations. Alternatively, we have employed an empirical method for
estimation of errors in the KS spectra, through estimation of the error in the absorption
and fluorescence spectra used in the KS analysis. The errors in the KS. speétra are
‘calculated ffom the variation in the data sets USéd to generate the fluorescence and |
absorption spectra. An envelope around the data is calculated, which corresponds to the
scatter of the data points collected during each experiment. The max_imum and
minimum'spec'tr_a of the ﬂuoreséence a‘_md absorption are created from the enveloi)e
around the: da‘tav sets. 'As a representative dqta sample, we will présent the error analysis :
for RC-1A. Figure 5.22 shows a detail of the absdrption énd fluorescence raw data of
RC-1A together with the error bars used to generate the maximum and minimum

spectra. These spectra are then used together in combinations to produce four
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. Figure 5.22: A detail of the RC-1A fluorescence and absorbtion raw data
(light lines) and averaged spectra (heavy lines), together with error bars
empirically estimated from the scatter in the raw data. The envelopes
created around the error bars are used to generate the maximum and
minimum spectra of the absorption and fluorescence as seen in Figure 5.23.

alternative KS error spectra, shown for RC-1A in Figure 5.23. In the regions where
thé ﬂuorescence or absorption are very low, the KS error spectra (solid lines) deviate
most extremely from the experimental KS spectrum (dots). Least-squares fitting to the
linear region of each KS error spectra produces T* values ranging from 310 K to 347
~ K. T* for the KS experimental spectrum of RC-1A is 330 K; thus the error estimation
gives a T* value of 330 +/- 20 K. |
In the T*(v) spectra, the error analysis produces values that deviate most from
the experimental value at the edges of the spectra (Figure 5.24). Possible structure on
the blue edge of the RC-1A spectra is not reproduced in the error spectra. However, thc.
red-edge spectral peak is reproduced in all of the error spectra and varies in magnitude
from 550 K to 1900 K. The error analysis of RC-1A is rgpresentative of the errors

found in all data sets.
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Figure 5.23: Four Kennard-Stepanov error spectra (solid lines) for RC-1A,

-together with the experimental Kennard-Stepanov spectrum (open dots) for
RC-1A. The maximum and minimum absorption and fluorescence spectra used
to generate the Kennard-Stepanov error spectra are plotted against the right axis
(dashed lines). A least-squares fit to the linear central region of the four Kennard-

- Stepanov error spectra give T* values ranging between 310 K and 347 K.

The slit width of the fluorimeter is an"important factor in the error analysis.

Larger slit widths lead to greater uncertainty in the'poéition of the fluorescence spectra

as‘a function of frequency: Any siit width greater than 2 nm FWHM produced

variations in the fluorescence data sets that resulted in large distortions in the

(ne) uondiosqe pue asussssion|d

measurement. All data sets used in these experiments are taken with slit widths less

than 2 nm FWHM.
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Figure 5.24: A) The local slope of the four Kennard-Stepanov error funétions

shown in figure 5.23 (solid lines), T*(v) for RC-1A, together with the experimental
Kennard-Stepanov function for RC-1A (open dots), shown on a temperature scale.

The absorption spectrum and fluorescence spectrum for excitation at 375 nm are
plotted against the right axis. The horizontal line indicates ambxent temperature, 296 K.
B) An expanded view of T*(v) for RC-1A from 10,800 cm’! to :

11,800 cm’ . The horizontal line indicates ambient temperature, 296 K.



142

Discussion:

Fxrst we will prescnt a model of the photosynthetxc components in Rb.
sphaero:des to facilitate the interpretation of the cxpenmental results. The LH2 antenna
complex from Rps. acidophila has been cryStallized, and its structure is known to high
resolution."” This LH2 complex is closely relzi_;tféi'i to the LH2 compiex of Rb.
sphaeroidés; therefore, we will take the Rps. qciégophila LH2 structure as a template for
 Rb. sphaeroides LH2. Based on this structur»é,'LHZ is a torus-shaped protein, circular
With a hole in the center. Within the protein, fw_d rings of BChl are densely paéked
together in a ninefold symmetrical varrangen'lént. The close pécking of BChl within the
LH2 prétein results in very rapid excitation trénsfer between BChl molecules, with a
time constant on the order of 100 fs for excitation transfer within the B850 ring,"® and
0.9 ps for excitation transfer from the B800 ring to the B850 ring." Theoretical
calculations for the rates of excitationvtransfcr have also been made using Forster theory |
and the known atomic structures of the antenna complexes and the reaction center.2’
The distribution of excitation in the B850 ring is m;deled well by strong Coulombic, or

2.2 This causes delocalization of the

exciton, coup_ling of the BChl molecules.
excitation-in the antenna over multiple pi gmeﬁts, alfhough delocalization is not complete
over the entire antenna becails_e of static and dynamic disorder.” Excitorﬁé coupling
within the antenna will not affect the validity of tﬁe KS analysis, so long as the
excitation reaches a complete equilibrétion between all of the excitonic bands prior to
fluorescence emission. .

thle the LH1 antenna complcx hasnot yet bcen crysta]hzed low—resolutlon
electron densxty mappmg mdxcates that 1t also has a torus- shaped protein structure and
closely packed BChl.24 Excitation transfer within LH1 is also rapid, on the order of 80
ps.18 Exciatioh in LHli is also well modeled by excitonic delocalization. > The hole in

the center of LH1 is large enough to accommodate the reaction center. Our working

model for the arrangement of the complexes is a reaction center surrounded by LH1,
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with rings of LH2 on the periphery of the LH1 ring. This model is based on that of
Papiz et al.?® There are two measured time constants for excitation transfer from LH2 to
LH]1; 4.6 ps and 26.3 ps.'27 The first time constant is interpreted as direct excitation
transfer from LH2 to LH]1, and the second time constant is interpreted as excitation
migration within LH2 prior to transfer.to LH1. - In this study, it was also noted that "a
significant fraction of excitation remained in B850 (LH2) for considerably longer |
times."26

The rate of energy transfer from LH] to the reaction center is not known at room
temperature, because the measureme-n't is.complicated by the thermal equilibration of
excitation in the antenna complexes. However, at 77 K, the time constant of energy
transfer from LH1 to the rcaétioh center can be measured in Rb. sphaeroides as 35 ps.® |
Asa ﬁrsf épproximation, 35 pscanbe considered to be the time constant for excitation .

transfer from LH1 to the reaction center (RC) at room temperature. -

.

B875 to
B875

80 fs
LH1 —<—>

B875t0 RC
B800 to, . . 5 ps
8850:1
0.9 ps ‘
| . B850 to B875
B850 to , o i 422 28 ‘Z‘
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<>

100 fs
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In this model, excitation transfer within antenna complexes, both LH1 and LH2,1 '
-“is very rapid, on the fs timescalé. Direct excitation transfer from LH2 to LH1 occurs
with a time constant of 46 ps; however, a longer time constant of 26.‘3 ps is also
associated with excitation transfer, and even on that timescale excitation transfer from

~ LH2 toLH1 is not complete. The time constant for éxcitation transfer from LH1 to the

RC is estimated t6 be 35 ps;

" The T* of the mutant strains:
We consider first the results from the three mutant strains of Rb. sphaeroides.
The three mutants RC-1A, BALM/LH2 and LM1.1 represent the light harvesting
' _comolexes LHvl, LH2, and both LH1 and LH2, respectively. The overall T* values for
tl1es_e strains have been determined. Itis clear that a single averaged number such as T*
extracted from the Kennard-Stepanov analysis is an oversimplification, and that more
mformatmn may be obtained from the local slope of T*(v). However the single T*
values are included here for comparison with previous KS analyses on photosynthetic
systems. The T* values calculated from least-squares ﬁtting to the linear region of the - ‘ i
KS plots of the Rb. sphaeroides mutants are elevﬂated above ambient temperature by 20
-to 40 K. There is no systematic variation in the. T* value as a function of excitation
wavelength. Higher excitation energies did not lead to higher T* ,v/alues; thus the warm
fluorescence t;li'ehomenon is not observed in the Rb. splzae‘roides mutant strains.
The'ele;/ation of T* by 20t0 40K is in goofi agreement with the T* values
calculated for isolated BChl moleculés in a variety of organic solvents.” Such close
agreement with reSults obtained from isolated BCh.l may seem at first surprisiné
| because BChl in the lrght harvestmg complexes have various complex pr igment-protein
interacnons not found for 1solated BChl molecules Plgment-protem mteractrons may
cause mhomogenous broademng, which is a cause of elevated T* temperatures 6

Inhomogenous broadening can be modeled as a dlstnbutron of energetically distinct !»
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species, each with individual absorption and fluorescence spectra. The KS relation is
 then an integrated function over the distribution of spectra.6 F;om this treatment, the
- KS temperature T* becomes: _ o

™= @ + b2)/a2] T [5.2]

Where a is the gaussian width parameter of the homogenous absorption, b is the
distribution of the electronic energy of the distinct species, and (a2 + b2)1/2 js the
gaussian width parameter of the observed abSorptionﬁ 'fherefore, in the case of
inhomogenou.sv broadening, the observed .KS temperature T* is greater than the ambient
temperature T. . | _ | |

. The relatively low KS temperaturé of thev mﬁtani stréinszind.i{cates that the various
chromophores in the light harvesting complexes transfer excitation very rapidly among
themselves. Such rapid excitation sharing allows the coniplex to appear functionally as
a single chromophore in the KS analysis. Rapid trénsfer of >excitation within the light
harvesting complexes supports the model of Rb. sphaeroides prescnted above. The
liféti_me of fluorescence emission for the mutant strains lacking reaction centers is
approximately 650 ps* Therefore, excit%ation equilibration processes within (on a fs
timescale) and between (on a 4.6 - 23.6 ps timescale) the light harvesting complexes are
very rapid on the timescale of fluorescence emission. In this way, the antenna systems
..of the mutant Rb. sphaeroides strains are similar to other phdtosynthetic systems such

as PSII, which also show good experimental agreement with the Kennard-Stepanov

relation.10

The T*(v) of the mutaxit strains:

The T*(v) plots revgal the structure of T* as a function ;)f frequency. 'All three
~ Rb. sphqeréides mutaﬁt strains pfoduéed a T*(v) near tﬁe ambient temperature ;)ver the
majority .of the spectral range. _Again, there is little variation observed in the T*(v)asa

function of excitation wavelength, ruling out a warm fluorescence. This result is
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‘ somewhat snrprising for LM1.1, which has a different fluorescence spectrum
depending on excitation wavelength. Despite the difference in fluorescence emission,
all T*(v) of LM1.1 were similar. 'Ihe reason for this similai’ity'is not known.

On the red edge of all three mutant strain spectra, for all excitation wavelengths,
there isa strong peak in the T*(v) plot ThlS peak differs in magnitude but is very
reproducrble in posmon approx1mately 300 cm'! to the red of the fluorescence ermssion ,
maximum. ThlS is near the edge of the absorption spectrum intensity. At the edges of
the spectra, where the 1ntens1ty is low the error analysis reveals that the T*(v) is very
sensrtive to small changes in the absorption and fluorescence spectra Howevcr while
the magmtude of the red~edge peak ﬂuctuates it is always present in the same posrtion
in the error analysrs ' '

What is the ongm of the red-edge peak that is seen in all of the Rb. sphaerozdes
mutant strams" |

One possibility is the presence of subsystems that have not reached complete
equilibrium within the light harvestlng complexes.  The modeling studies of Sawicki
and Knox show that two systems with 1ncomplete equrllbration between them do
produce a sharp peak in the T*(v) plot 13 The position and magmtude of the peak '
depend on the relatlve spectral posrtlons of the two systems and the rate of excrtatlon '
transfer between them. One possrble cause for the observed red-edge peak is a subset
of extreme red-shifted BChl wrthm the hght harvestmg complexes. The ex1stence of
such a subset, such as B896, has been postulated based on time-resolved vani'sotrzopy
studies and modelmg of exciton dynamics in both light harvestmg complexes A

related explanation for ultrafast relaxation data in B850 of LH2 of Rb. sphaerozdes
postulates a low energy exciton band, ansmg from excxton sphttmg of delocalized
energy in the BChl n'ng'.3i A low energy red ved'ge exciton\band has also been proposed
on the basis of hole-buming experiments in LH2.** This low lying exciton band may

appear functionally in the'Kennard—Stepanov analysis as a distinct red-shifted subset.
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If a low energy, red edge population of BChl has an incomplete equilibrium
with the majority of the BChl in the light harvesting complexes, the system would shoW
a peak in the T*(v) according to the modeling simulations of Sawicki and Knox. »
Alternately, if the red edge subset hag an altered or diminished fluorescence Such;that it
is not in agféement with the KS prediction, a peak in the T*(v) may result. The low
energy exciton band invoked in thg%analysis of ultrafast relaxation of B850 is proposed
to be "dark’, i.e., to have a diminished fluorescence.26 ,

A red-edge peak in the T*(v) similar to that which we observe in the light |
harvesting complexes has also been observed in chlorophyll molecules in organic |
solvents.14 In the case of Chl a, the red-edge peak is ascribed to low-lying triplet states
below the 0-1 transition band of Chl a. In isolated BChl studies in organic solvents, at |
room temperature there is not an intense peak observed on the red edge in thg T*(v) as
there is in Chl a. However, there is a broad increase in the T*(v) of BChl on the red
edge of the spectra, reaching approximately 400 K (about 100 K above ambient
t‘e:mperat'ure).14 This red-edge rise in the T*(v) of BChl may possibiy have the same
origin as the red-edge peak seen in Chl a. Thus it is possible that the red-edge peak
observed in the T*(V) of the light harvesting complexes is an intrinsic feature to BChl

-and Chl a, and that this is the same feature we observe in the light harvesting =
complexes. ;I"iie spéciﬁc origin of the red-edge peak in the isolated molecules has not
yet been conclusively determined.

Inhomogenous broadening is another factor that can lead to elevated T* values.
However, the modeling studies of Sawicki and Knox show that inhomogenous

broadening in test systems causes an.increase in T*(v) over the entire range, rather than

a sharp peak.!3
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The ideal fluorescence (I*) for the mutant strains: |
© I*is the fluorescence calculated from the experimental abébrﬁtidn' spectrum and
the ideal KS relation. The I* spectra for the Rb: sphaeroides fnﬁtanf strains show a
djstiﬁct trend; i.e., a slight red-shift and a broadening on the réd ‘edgc'of ‘t‘hbe' spectra,
relative to the experimental 'ﬂuoresé’c'ncqspectréf The éxperiméht‘al' 'ﬂhdreséén'ce'
spectrum is narrower and blue-shifted from the ideal fluorescence predicted by the KS
relation. This data may be viewed as a deficiency of fluorescence emission on the red
edgé; that statés whichi are absorbing light on ‘th;e red edge of the absorption spectrum
are not fully contributing to the fluorescence emission. This may be caused'by a -
quenching of fluorescence on the red edge, or an efficient non-radiative excitation decay
' path'on the red ‘edg.e. Altem'a-tive]y',‘ these red edgé states in the absorption speétrum
" may not receive excitation'eﬂerg’y efficiently from higher energy states, and thus do not
fluoresce efficiently. In this casé;"tﬁe red edge low enérgy states are not in full
equilibrium with the higher energy states. These data are consistent with a red edge
subset or low energy red edge exciton band in thé light'h‘arvestingdcomplexes which is

not so highly fluorescent as predicted by the ideal Kennard-Stepanov relation.

The wild-type T*:

The wild-type Rb. sphaeroides differs from all the mutant strains previously
discussed because it contains a functional reaction center. This‘:fcactién centér quenches
excitation energy in the antenna both in thé Fo and the Fm states. In the Fo-state, the
fluorescence lifetime in the antenna is 60 ps.** In the Fo state, part of the excitation
energy in the antenna is used for charge separation in the reaction center. In the Fm
state, the antenna fluorescence lifetime is 250 ps.17 The Fm state still quenchés
| éxcitation energy in the antenna effectively. In the absence of functional reaction

centers, the antenna fluorescence lifetime is approximately 650 ps,** much ionger than.



in the presence of even closed reaction centers which do not undergo charge separation
| (the Fm state).

A single. T* value in the linear region in the KS plot for the wild-type Rb.
sphaeroides is a particularly poor fit. For all excitation wavelengths, and in bothvth_e Fo
and the Fm states, wild-type Rb. sphaeroides displays a split T* plot with two separate
linear regions in the area of maximum overlap between the fluorescence and absorption
spectra. . Forcing a fit to a single T* value in this region gives very high values, about
80 t0:200 K above room temperature. The reason for this poor fit and the lack of

agreement with.ambient temperature becomes obvious in the T*(v) plot.

The wild-type T*(v):

The T*(v) plot of the wild type reveals the same red-edge peak as is present in
the analysis of the mutant strains. Itis also approximately 300 cm! to the red of the
fluorescence emission maximum, as in the mutant strains. The height of the red edge
T*(v) peak varies between 700 and 900 K, but is always present in the same position.
The presence of a reaction center therefore does not correct‘ this deviation from the ideal
Kennard-Stepanov relation on the red edge. The origin of the red-edge peak in the
wild-type Rb. sphaeroides is probably the same as the origin of the red-edge peak seen
in the mutant Rb.. sphaeroides strains (see previous discussion).

In addition to the red-edge peak, there is also a second peak in the Stokes region
of the wild—tyge;Rb. sphaeroides T*(v) plot. This'secend_peak is the reason for the
elevated T* value when a single value is extracted from the KS analysis. On either side
of ihe second peak, the T*(v) approaches closely to the ambient temperature. The
presence of the.T*(v) peak indicates that the absorbing and fluorescing components
have not reached an equilibrated state before ﬂuorescence occurs. The magnitude of the

T*(v) peak in the Stokes region is directly related to the intensity of fluorescence
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‘emission at 860 nm compared to 890 nm (Fgeo : Fgoo); that is, the ratio of LH2 to LH1
fluorescence. h '
' “What is the origin of the Stokes region peak in thé wild type?" Our model

| postulatés that the RC is surrounded by LH1, and that LH2 is more distant from the

" reaction ¢ehtér than LH1. In this model, the reaction centet is draining excitation more
efficiently from LH1 than from LH2. The timescale df éner’gy transfer from LH1 to the
RC is approximately 35 ps, while energy transfer from LH2 to LH1 is occin.'ring'1 ona |
s}imilar‘ timescale (263 ps). Therefore, the presence of the reaction center energy x
siphon prevehts complete éxcitat‘ion'equilibration within Rb. sphaeroides and increases
the relative fluorescence emission from LH2 compared with LH1.

Excitation wavelength has a direct effect on the magnitude of the T*(v) peak "
(Table 5.1). Excitation at 800 nm (into LH2) produces a higher Fgeg : Fgoo ratio than
cx'citatioﬁ at 375 nm (into the Qx band of both LH1 and L.H2). Direct excitation into
LH?2 increases the extent of excitation in'LH2 that is not transferred completely to ILH1
prior to fluoreSCénce.' That lack of equilibration is reflected in 'aﬁ increase in the

' maghitudé of the T*(v) peak, from 450K at 375 nm excitation to 525 K at:800 nm
excitation (in the Fm state).

The state of the reaction center also has an veffcct on thev'magnitu.dc of the T*(v)
peak. In the Fo state, the Teaction center drains excitation more efficiently than iri the
Fm state. The lifetime of fluorescence in the wild type is 60 ps in the Fo state as
opposed to 250 ps in the Fm state. Therefore, the incré_ased rate of éxcitation" ‘drai_"n*in'
the Fo state causes an increased lack of equilibration, which is evident in the higher -
Fgeo : Fgog ratio in the Fo state relative to the Fm state. This lack of equilibrationis =
reflected in an increase in the magnitude of the T*(v) peak, from 450 K in:the Fm state »
to 550 K in the Fo state (for 375 nm excitation). The magnitude of the T*(v) peak in
the Stokes region of wild-type Rb. sphaeroides is a direct indication of the Yext_ent of

non-equilibration between LH1 and LH2.
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... | Fm; ex¥375nm Fm; ex=800nm | Fo; ex=375nm | Fo; ex=800nm
Stokes T*(v) ‘ '
magnitude .- 450K 525K 550K 700 K
Red edge T*(v) v '
magmtude 900 K 700K 900K 750 K

Table 5:1: The magnitude of the peaks in the T*(v) spectra for wild-type Rb.
sphaeroides in Kelvins. The top row shows the magnitude of the T*(v) peak

in the Stbkes region, and the bottom row shows the magnitude of the T*(v) -
peak at the red edge for comparison. The magnitudes of the peaks are shown
for the Fm and Fo state, and for excitation at 375 nm and 800 nm.

The ideal fluorescence (I*) for the wild type:

The ideal fluorescence (I¥), calculated from the absorption of Rb. sphaeroides
~ wild type and the ideal K relation at 296 K, is slightly red-shifted from the
experimental fluorescence and also has a much lower intensity in the shoulder region of
the emission. The difference on the red edge of the spectrum is similar to that seen for |
the mutant strains, and is consistent‘ with a diminished fluorescence from a red edge
BChl subset. or low energy exciton band. '

The difgerence in the snoulder region of the I* in the wild type is not seen in the
I* spectrum for the mutant LM1.1, which also has both LH1 and LH2. The shoulder
region corresponds to the maximum of emission from LH2. Thus, in the wild type, the
experimental emission from LH2 is higher than \;'hat is predicted by the ideal Kennard-
Stepanov relatlon This is consistent with our model in which the reaction center

~siphons energy from LH]1 on the same timescale as excitation transfer from LH2 to

LHI, resulting in an incomplete excitation equilibration in wild-type Rb. sphaeroides.



152

Conclusions:

"The Kennard—Stenanov felatidn is a useful means of exanﬁning energy transfer
and equilibration processes, even in complex phdtosynthetic syste_tns. ‘We have ’
describeci the Kennard-Stepanov analysis as applied to Rb. sphaeroides wild type and
several strains of Rb. sphaeroides mutants. '

None of the mutant strains that we have exarmned in this study expresses )
reaction centers The Kennard—Stepanov analysis of these mutant strains shows that
each of these photosynthet_xc systems has very rapld‘exmtatlon_ equilibration across the
majority of the spectral range of the light harvesting complexes, showing excellent
agreement with the KS relation. However, on the red edge of the fluorescence emission
there is a peak in the T*(V) for all strains at all excitation wavelengths. This peak is
consistent with a subsystem such as a red shifted pool of BChl or a low energy exciton
band, that is not in complete equilibrium with the bulk BChl There is other evidence
for such a red edge subsystem from hole burning?” and time resolved experiments26 on
antenna cornplexes of Rb. sphaeroides. The experimental fluorescence has a lower
" intensity on the red edge of the enﬁs_sion than the I* fluorescence calculated from the
absorptien spectrum and the ideal KS -relation. This _is consistent with a diminished
fluorescence or "dark” state for the red-shifted component. |

The wild-type Rb. sphaeruides also has a peak on the red edge of the T*(v)
speetrum, like the mutant strains. However, the wild type alsQ 4shows a second peak in
| the Stokes region. The presence of a reaction center in the wild type dramatically
changes the excitation equilibratien processes in the Rb. sphaeroides photosynthetic
system. Wild-type Rb. sphaeroides at room temperature does not show good
‘agreement with the Kennarel-Stepanov predictions; in‘-this way it behaves quite
dxfferently from other heterogeneous photosynthetnc systems with reaction centers, such

as PSI!! and PSII 12 ‘ ;.



On the basis of our working model, the reaction center fﬁnctions as an efficient
excitation sink, siphoning excitation from LH1 more efficiently than LH2 and
disrupting equilibration in the system. The extent of the disruption of excitation
equilibration _q_cpcnds on the excitation wavelength (whether éxcitatipn is only into LH2
or both LH1 and LH2) and the state of the reaction center (Fo or Fm, which affect tﬁe
degree of excitation drain by the reaction center). Notably, the reaction centers in PSI
and PSII do not have such an effect on the excitation equilibration in those systems.

Itis clgér that the relatively "simple” photosynthetic system Rb. sphderoides is
not actually simple. In some ways, Rb. sphaeroides is more complex than the more
highly heterogeneous PSI and PSII systems. The individual components of the Rb.
sphaeroides photosynfhetic system, LH1 and LH2, are in very good agreement with the
Kennard-Stepanov relation, with the exception of a deviation on the red edge of
fluorescence emission. However, wild-type Rb. sphaeroides is more complex and
presents a picture of a system which has not reached completé equilibration, in spite of
very rapid excitation transfer within and between components of the system. ft is
evident that time resolved studies showing rapid excitation transfer are not sufficient
evidence for complete excitation equilibration within a conipl_ex system sgch as Rb.

sphaeroides.
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Appendix A: Growth media

RCV (2 Liters)

Distilled water 1750 ml -
10% (NH7)SO4.. [50g/500mi] : 20 ml
10% malic acid/NaOH [50g malic acid; 30 g NaOH] 80 ml
super salts ‘[see below] 100 ml
phosphates [20g KH,POy; 3OgK2HPO4 anhyd 1 30 ml
add phosphates last to prevent precipitation
adjust pH to 6.8
super salts:
1% EDTA [1g/100mi] 20mt
20% MgSO,4 - THp0O [20g/100ml] - 10 ml
7.5% CaCl, - 2H,0 [7.5g/100ml] 10 ml
-0.5% FeSO4 [0.15g/25ml] : 25 ml
trace elements 10 ml
trace elements: :
Distilled water ) 250 ml
MnSO, » 040 g
“H3BO3 ¢ ' 0.70g
Cu(NO3), ) 001 g
'ZnSO4 - TH,0 : 0.06 g

Na2M004 . 2H20 ) 0.20 g

Vitamin supplements:

50 ml distilled water

100 mg thiamin

50 mg biotin

100 mg niacin (add niacin last)
Adjust pH to 6.8 with NaOH

Sterile-filter vitamin solution and add after autoclaving RCV
2 ml vitamin solution per liter of RCV

For DMSO cultures:

Use RCV recipe with triple-distilled water

Add: .

NasMoO4 - 2H,0 ’ 0.20 g/
Fructose 6 g/l ‘

Pyruvate 6 g/l
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YCC+ (1 Liter)

940 ml distilled water
20 ml phosphate buffer -
30 ml ammonium succmate
5 ml metals 44 :
5 g yeast extract
6 g casamino acids - - -
.pH = 6.8 with NaOH

Phosphate buffer
one liter distilled water
115 g KoHPOy,
45g KH2PO4

Ammomum succinate
118 g succinic acid
750 ml distilled water
"~ pH = 6:8 with about 140 ml NH4OH. ,
bring fmal volume to one liter :

Metals 44 _

- -four liters distilled water

. 28.4 g tetrasodium EDTA
4.0 g ZnSO4 - TH,0
0.16 g CuSOy4 - 5H,0
0.08 g NaB4Oy - 10H,0
0.12 g CoCl; - 6H;0
10.0 g nitrilotriacetic acid
0.08 g Na,MoOQ4 - 2H,0
27.6 g Ca(NO3); - 4H,0
160 g MgSO, - 7TH,0
3.0 g FeSO4 - TH,0-

Add biotin vitamins and antibiotics after autoclaving YCC+ media -

2 ml biotin vitamin per liter of YCC+ -
Biotin vitamins .
- 100 ml distilled water
100 mg niacin
50 mg thiamine-HCl
2 ml of Img/ml biotin in 50% ethanol:H,O
sterile-filter vitamins before adding to YCC+ media

Antibiotics
2.5 pg/ml tetracycline -
25 pg/ml kanamycin

et
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| Appendix B: o
Genotypes and Phenotypes of
Rb. sphaeroides Mutant Strains

Introduction:

The mutant strains of Rb. sﬁhaeroid_es used in these studie‘s::wcre ‘generous gifts
from Dr. JoAnne Williams at Arizona State University. All deveiopmént and
construction of the mutant strains was acconlplished by Dr. Williariis' lab at ASU.

This appendix is a brief summary of some of the most importaht considerations in the
construction of the mutant strains that have a bearing on the experiments discnssed in

this dissertation.

The genetics of purple photosynthetic bactetfia:. .

The genes expressing the photosynthetic coxnponents of Rb. sphaeroides are
located on the largest chromosome (chromosome I). Sequencing of the
Rb. sphaeroides chromosome has been aided by homology to a similar region in
Rb. capsulatus. In 1976 Yen and Marrs! discovered a grouping of pigment |
biosynthesis genes on the chromosome of Rb. ‘capsuvlatus that was later found io also
contain genes coding for the reaction center and LH1 polypeptides. It is now called the
photosynthesi's gene cluster. | _

The sequence of the 46 kB photosyntheéis’ gene cluster in Rb. c’ap.:sula'tus has
been determined.? Knowledge of this sequence, and the high degree of noxnology
between purple photosynthetic bacteria, has allowed for oligonucleotide-directed
mutagenesis of Rb. sphaeroides which permits the insertion of restriction sites at

desired positions (see Figure B.1). These restriction sites enable diges-t'ion of the DNA
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by restriction enzymes at novel positions and deletion or modification of genetic

material in the photosynthesis gene cluster.

The puf operon

‘Refer to Figure B.1 for i-l‘lust:ratviuon of the folloWiﬁg discussion. Ther’e are two
regions of the Rb. sphaeroides chr(_)mosomc'rel'evant‘ to the mutaﬂt strain development, .
- the puf operon and the puc operon. The puf operon contains genes which express the
reaction center polypeptides L and M, and the LH1 polypeptides o and B. Digestion
by restriction enzymes enables tixe replacement of the genes coding for the LH1 B and
o polypeptides (pufBA) and/of the reaction center L and M polypeptides (pufLM) with
antibiotic resistance markers. The products are known as delétion mutants. In addition
to these genes, other géncs are present on the puf operon which are essential to
photosynthetic growth.

The pqu gene is located at the 5' end of the puf 6peron, upstream of pufBA.:
PufQ codes for a hydrophobic 77-amino acid protein which is believed to stimulate.
bacteriochlorophyll synthesis, poésibly very early in the biosynthetic pathway.3 In the
absence of pqu, normal wild type lévels of light h‘arv'evsti.ng' complexes do not -
assemble.
‘ Another gene present on the _p_uf operon is pufX, located downstream atvthe 3
end of the operon. The pufX gene product has an M(r) of 8—10,000 Da and éopuriﬁes
with the RC/LH1 complex.4 Copuﬁfication with RC/LH1 suggests an affiliation with
PufX in vivo.5 Hydropathy plots indicate a single transmembrane helix structure,
similar in dimension to the o or B subunit of LH1, but which binds no pigménts.6
One PufX polypeptide is estimated to associate with each LH1/RC complex.” In the.
absence of PufX, Rb. sphaeroides with functional reéction centers and LHi is reported
to be photosynthefically incompetent, although pufX deletion is ﬁot lethal 8

Photosynthetic grdwth capability is restored by a variety of secondary suppressor

1 {
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strain chromosome
phenotype ' ~ puc operon,
puf operon, LH1 and RC genes LH2 genes
Wild type _ , . _
RC, LH1
’ L M.
& LH2 p“fHIH_ | H Hﬁ{
Pyull Nrul
ALM1.1
LH1 & LH2 puf j BA L kanamycin puc jﬂ
Pvull Nrul
ARC* : | , i :
LH1 &tH2  puf (@ [BA L kanamycin puc EH
Kpnl
\/KpnI
plasmid
puf g L M
pRKENBAK
BgllI BamHI Stul
ABALM puf H - spectinomycin H puc | kanamycin
Bglll BamHI Stul
ABALM/LH2 : i o
LH2 puf H spectinomycin H puc | kanamycin
. Stul  BamHI
. i l
plasmid
puc |BA
pRKE105 :

Figure B.1: A schematic presenting the genetic alterations in mutant strains of Rb.
sphaeroides. Modifications are shown within the pisf and puc operons, together with
any supplemental plasmids which contain genetic material. Restriction sites are shown
in bold. Note that all plasmids also express tetracycline resistance. See reference 16,
Williams and Taguchi, for further details. Figure B.1 continues on the next page.
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BamHI

chromosome
phenotype puc operon,
puf operon, LH1 and RC genes LH2 genes -
Xbal BamHI
- AQBALM ; y
LH2 puf kanamycin puc |E
o ‘ Xbal BamHI
AQBALM/Q — T
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Figure B.1, continued: A schematic presenting the genetic alterations in mutant strains
of Rb. sphaeroides. Modifications are shown within the puf and puc operons, together
with any supplemental plasmids which contain genetic material. Restriction sites are
-shown in bold. Note that all plasmids also express tetracycline resistance. See
reference 16, Williams and Taguchi, for further details. Figure B.1 begins on the

previous page.
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* mutations acting on LH1, including mutations which prevent the assembly of LH1.

Strains without pufX (pufX- mutants) express higher levels of LH1 than wild type,
and electron flow to the cytochrome be 1' complex is inhibited under multiple flash
cbnditionsﬁ PufX- mutants have a lower turnover réte of Q/QH; exchang\e at the Qp
site,10 possibly indiéating a role for PufX in mediating the accessibility of that site by
permitting diffusion of the quinol. PufX méy alsa be involve& with the dimerization of
LH1/RC complexes.’ |

Another effect of pufX cielction is d change in the morphology of the ICM. It
has been reported that certain pqu- mutants have ICM 50% larger than wild typé,“
and that the chromatophores obtained from pufX- mutants are not sealed vesicles,!2 or
have a decreased degree of orientation. These factors are of course crucial to our study
which relies on differential salt gradientsv across oriented sealed vesicles for producing

an electric field across the membrane.

The puc operon

Physically distant from the puf operon is the puc operon, which codes for the
-polypeptides in LH2. In Rb sphaeroides, the pué operon consists of pucBAC, which
code for the B and o subunits of LH2, as well as PucC, which appears to be involved
with the stable assembly of LH2.13 Deletion of the puc operon can also lead to
changes in membrane morphology, althohgh the relation is not definitive. Some
mutants missing pucBA or pucBAC show extended tubes or sheets!4 in the ICM rather
than vesiculatioﬁ, but not all pucBAC- mutants follow this pattern. Some pucBAC
mutants appear normal.!5- Some mutants missing only pucC may have an altered
morphology. It should be noted that Rs. rubrum, whiéh lacks pucBAC and does not
express any LH2, does form vesicular intracytoplasmic membrane structure and intact

sealed chromatophores.
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Plasmids |
. Besides deletion strains lacking puf or puc operons, additional genetic
' -manipulations can be aéhievgd through‘incorporat'i_on of plasmids which conta;'n
supplementary or alteréd genetic material. For Rb. 5phaerofdes, a_broad-host-range
plasmid called pRK serves as a convenient vector for gene insertion. The number of
plasmids present in any given bacterial cell depends on the specific bacterial strain as
well as the type of plasmid, and is known as the copy- number. For Rb. sphaeroides
there are typically 4-6 pRK plasmids per cell, while for Rs. rubrum the copy number
for the sarhe plasmid can be as high as 14.16 A high copy number may sometimes, but
not always, result in overexpression of the gene product on the plasmid felative to wild
type. The plasmids used in the construction of the Rb. sphaeroides mutants contain an
antibiotic resistance marker which insures thevplasmid presence in the host cell under
conditions of selection;.i.e., when the cells are grown in the presence of the specific |
antibiotic. In the absence of antibiotic or other selection, up to 50% of Rb. sphaeroides
cells lose all pRK plasmids in just six to eighf doublings; this process of plasmid loss
is known as "curing the strain". |
Three plasmids have been used in development of the strains thaf will be

discussed here. The first, pPRKENBAK, contains the entire puf operon coding for
'LH1 and the reaction center; as well as pufQ and pufX. The reaction center L subunit

-has been modified by a deletion of 172 base pairs, and as a result the plasmid does not
assemble functional reaction centers (assayed by absorption spectroscopy and
bleaching experiments). The second plasmid, pRKQ, contains only the supp]ementary
gene pufQ. The third plasmid, pRKE105, contains the LH2 genes on the puc operon,
pucBAC. All three plasmids express tetracycline resistance. Tetracycline is unstable
‘when 'expoSed to light and decomposes to a toxic form. Since loss of plasmids occurs
without antibiotic selection, maiﬁtenance of these strains therefore requires growing the

strains with plasmids in the absehce of light.
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Mutant strain genotypes and phenotypes:

Following is a discussion of the genotypes of the individual mutant strains
which are used in this study. Refer to Figure B.1 for illustration. Note that none of
these mutants express functional reaction centers. ,

ALM1.117is a deletion mutantm-which contains pufQ, pufBA, and pucBA on the
chromosome, and this expresses normal wild type levels of LH1 and LH2. It has a
kanamycin resistance marker in place of pufL, pufM and pufX; therefore it will not
‘exprcss a functional reaction center. The absence of pufX may cause morphological
changes in the ICM and lead to chromatophores different from the wild type as

" discussed above.

ARC* is based on ALM1.1 and supplemented with plasmid PRKENBAK,
"expre.:ssing pufQBAMX. PufL is not expressed in its wild type form from this plasmid
due to a deletion of 172 base pairs at residue 58, and functional reaction centers do not
assemble. This strain expresses LH1 and LH2 genes from the chromosorhé. ARC*
also has a supplemental copy of LH1 on the plasmid, and overproduces LH1 relative to

the wild type.

ABALM!S is a deletion mutant which has 'a-speétinomycin resistance marker in
place of the pufBALM gene sequence, and thus is incapablc of producing reaction
centers or LH1. PufQ and pufX are present on the genc; hbwcver, the spectinomycin
reéistance marker ends with a stop codon so pufX is probably not expressed; and this
strain may hz;ve an altered membrane morphology as discussed above. :ABALM also
has a kanamycin resistance marker in place of the pucBA genes and so cannot express

LH2 polypeptides, making it a "blank™ in terms of light harvesting complexes.

ABALM/LH2!8 is based on the ABALM deletion mutant and in addition
contains the plasmid pRKE105, which codes for the LH2 o and 3 polypeptides. This

is an LH2-only mutant which probably does not express pufX due to a stop codon
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terminator in the spectinomycin resistance marker. Therefore ABALM/LH2 may hai'c
an altered intracytoplasmic menibrane morphology as discussed above. |

ARC-1Ais also den'ved from ABALM and is complemented with the plasmid
pRKENBAK, expressing pufQBAMX. PufL is not exﬁfesseql 1in its wild type form
from this plasmid due to a deletion of 172 base pairs at residue 58, and functional
reaction centers do not assemble. This strain produces LH]1 as well as the pufQ and
pufX gene products from the plasmid. | |

AQBALM is a deletion strain which carries a kanainycin resistance marker in
place of pufOBALM. PucBA is unaltered on the chromosome, and therefore this Strain
should express LH2 polypeptides as well as the pufX gene produci. Hc_Mever, the
absence of pufQ inhibits formation of wild type levels of LH2.

AQBALM/Q is derived from AQBALM and éupplemented with pRKQ, a
plasmid which expresses _pqu. PucBA is expressed from the chromosome as well as
pufX. This strain produces LH2. |

In Summary, the genotypes and phenotypes of seven rcacﬁon centerless
mutants of Rb. sphaeroides bacteria have been .presénted._ One is a blank, expressing
no antenna complexes (ABALM), one expresses only LH1 (ARC1A), and two express
LH1 and LH2 (ALM1.1 and ARC¥). ARC* also ove;éxpresses LHI. The remaining
three mutants express LH2 only (ABALM/LH?2, AQBALM, and AQBALM/Q); |
although AQBALM does not synthesize wild type levels of bacteriochlorophyll because

 of the loss of pufQ.
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Appendix C

The effect of ferricyanide o
on the fluorescence emission of Rb. sphaeroides
wild-type and mutant membrane preparations

Ferricyanide is a chemical oxidant. Addiﬁon of ferricyanide has been frequently
cited in the literature as a means of oxidizing the primary electron donor (the special pair,
P) of various species of purple photosynthetic-bacteria.‘'2 Under these oxidized
conditions (P*BHQ ), the'special pair canno longer initiate charge separation. The
chemically oxidized state of the special pair is identical to the state whiéh occurs under
conditions of prolonged continuous illumination (P'BHQ,). In this state, because
excitation is not being used for charge separation, the ﬂubrescence has a maximum
value. This state is called the Fm state (see Chapter Two). Oxidizing the special pair is
of interest for our experiments on the rate of charge separation in the reaction center of
Rb. sphaeroides (Chapter Four), because the Fm state is the control state in which
charge separation cannot occur.

However, in our hands, the addition of potassium ferricyanide to chromatophores
of Rb. sphaeroides does not produce a state of maximum fluorescence emission.
Instead, addition of ferricyanide results in a strong quenchiﬂg of the fluorescence
emission of Rb. sphaeroides chromatophores (in the Fm state) across the entire
emission wavelength range (Figure C.1a). The maximum extent of quenching is at 890
nm, which is also the emission maximum of LH1 (Figure C.1b). _

The addition of ferricyanide, which causes strong fluorescence quenching, does
not have a large effect on the Rb. sphaeroides absorption in the near-IR region (Figure
C.2).  Small decreases in absorption are evident at 800 nm vand_ 865 nm, consistent with

the oxidation of the reaction center pigments.” However, the maximum absorption
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' change is only approximately 2%, while the fluorescence emission change is

approximately 85% at 890 nm.
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Figure C.1a: Fluorescence emission of Rb. sphaeroides wild-type
chromatophores before (top curve) and after (bottom curve) addition of
potassium ferricyanide (final concentration 3.5 mM). Excitation at 800 nm.

.
8 2004
[0)]
(4]
5
Q 150 —
e
(o]
3
£ 100
£
(]
2
© 50"‘
L
G
0—e— T T T T T

-840 860 880 900 920 940
' ~Wavelength (nm)

Figure C.1b: Difference in the fluorescence emission spectrum (top
spectrum minus bottom spectrum in Figure C.1a) after the addition of
potassium ferricyanide (final concentration 3.5 mM).
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Figure C.2: Change in the near-IR Rb. sphaeroides absorption caused
by 5 mM femcyamde

The fluorescence quenching caused by ferricyanide (which produces oxidizing
conditions) is partially reversed by the subsequent addition of ferrocyanide (Figure C.3).

Addition of ferrocyanide partially re-reduces the chromatophore solution.
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Figure C.3: Untreated Rb. sphaeroides chromatophore fluorescence emission
(dashed line, top); fluorescence emission after addition of potassium. ferricyanide -
- to a final concentration of 3.5 mM (dotted line, bottom); and partial recovery of
fluorescence emission after addition of potassium ferrocyanide to a final concentration
~ of 0.1 mM (solid line, middle). Excitation at 800 nm.



172

However, fhere is some degree of hysteresis in the felfriC);anide-induced oxidation of Rb.
- sphaeroides chromatophores. When ferﬁcyémide (final concentration 5 mM) is added
to Rb. Sphaerofdes.chromvatophor_es first, followed by addition of ferrocyanide (final
concentration 2 mM), the extent of fluorescence quenching is greater than if the same

_solutions of ferricyanide and ferrocyanide are added simultaneously (Figure C.4).

Fluorescence (au)

840 860 880 900 920 . 940
Wavelength (nm)

Figure C.4: Fluorescence emission of Rb. sphaeroides with 5 mM
ferricyanide alone (dotted line, bottom); 5 mM ferricyanide followed
by 2 mM ferrocyanide (dashed line, center); and 5 mM ferricyanide
with 2 mM ferrocyanide added simultaneously (solid line, top).

The results preéenfcd v‘thus far have all been from the Fm sfate of Rb.
sphaerbide;v; _whi;:h is obtained when the chfomatophore solution remains in the
excitaﬁbn beam of the ﬂuoriméter for the duratiop of the measurement. Ferricyanide
also quenches the fluorescence of Rb. sphaeroides in the Fo, open trap state, which is
obtained whe:r;the chfofnatophores are continuously flowing in the excitation beam of
the fluorimeter during the measurement. The fluorescence quenching in the Fo state

with 5 mM ferricyanide is shown in Figure C.5.
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Figure C.5: Fluorescence emission in the Fo state of Rb. sphaeroides in the
untreated state (top curve) and with 5 mM ferricyanide (bottom curve).

The change in fluorescence can be titrated as a function of the redox potential in
solution, which increases with each subsequent addition of ferricyanide. The Fm and Fo
state fluorescence of Rb. sphaeroides are shown in Figqre C.6 as a function of the fedox
potential. The Fo state fluorescence increases slightly with increasing ferricyanide |
concentration, until a solution potential of approximately 200 mV is reached, as
measured versus an Ag/AgCl electrode. This is the potential at which the special pair
becomes oxidized. Atredox potentials greéter than 200 mV versus Ag/AgCl_,_ the Fo
state fluorescence decreases. The Fm state fluorescence also shows two regions of
change. At redox potentials less than 200 mV versus Ag/Agél there is a gradual |
decrease in the fluorescence emission, and at redox poteﬁtials greater than 200 mV

versus Ag/AgCl there is a sharp decrease in fluorescence emission (Figure C.6). |
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Figure C.6: The Fm (solid squares) and Fo (open circles) state ﬂuorescénce

emission at 890 nm as a function of solution potential. The solution potential is

increased by addition of ferricyanide. ‘Excitation at 800 nm.

Ferricyanide-induced fluorescence quenching is also seen in mutant strains of
Rb. sphaeroides which lack a reaction center. .LM1.1, a strain which has both LH1 and
LH2, shows a strong fluorescence quenching in the 'pr.esence of 476 mM ferricyaﬁidc
(Figure C.7).______:’I"_hc extent of quenching is maximu'rh at 890 nm, identical t6 the wild type
fluorescence éli.lénching. At 890 nm, the LM1.1 fefricYanide—treated >ﬂuor'escence_ is
approximately',;‘\l.l% of the untreated fluorescence. The fluorescence can be partially
recovered by subsequent addition of ferrocyanide, final éohéentfétion 5 mM, to
approximatcl'y‘?65% of the original intensity.

The é):c.t;nt of fluorescence quenching is not as strong in-Rb. sphaeroides mutant
BALM/LHZ, which lacks both reaction centers and LH1, but expresses LH2 (Figure
C.8). The ﬂuorescénce emission at 860 nm (th'é maximum emission of LHZ) in the

* presence of 4.76 mM ferricyanide is appréximately 77% of the untreated
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Figure C.7: Fluorescence emission of the Rb. sphaeroides mutant LM1.1
(which lacks reaction centers) in the untreated state (solid line, top); after addition
of 4.76 mM ferricyanide (dashed line, bottom); and partial recovery of
fluorescence after subsequent addition of 5 mM ferrocyanide (dotted line,
middle). Excitation at 800 nm.
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Figure C.8: Fluorescence emission of the Rb. sphaeroides mutant BALM/LH?2
(which lacks reaction centers and LH1, and expresses LH2) in the untreated state
(solid line, top); after addition of 4.76 mM ferricyanide (dashed line, bottom);
and partial recovery of fluorescence after subsequent addition of

5 mM ferrocyanide (dotted line, middle). Excitation at 800 nm.
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fluorescence, and after subsequent addiﬁon of 5 mM ferrocyanide, the ﬂuorcsccnce is
restored to approximately485% of the untreated fluorescence intensity.
A third mutant, RC-1A, expresses LH1 but does not express LH2 olj reaction
centers. This mutant shows strong quenching in the presence of 4.76 mM ferricyanide. '
. The fluorescence is appréximately 18% of its initial intensity at 890 nm (Figure C.9).
Fluorescence emiséion can be recovered by the subsequent addition of 5 mM
ferrocyanide, to a level approximately 75% of the initial fluorescence at 890 nm.. These‘ |

 results are similar to those seen for LM1.1 and wild-type Rb. sphaeroides membranes.
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Figure C.8: Fluorescence emission of the Rb. sphaeroides mutant RC-1A
(which lacks reaction centers and LH2, and expresses LH1) in the untreated state
(solid line, top); after addition of 4.76 mM ferricyanide (dashed line, bottom);
and partial recovery of fluorescence after subsequent addition of

5. mM ferrocyanide (dotted line, middle). Excitation at 375 nm.

The results from the mutant Rb. sphaeroides strains are consistent with a

ferricyanide-induced oxidation of pigments in the membrane-bound antenna complexes
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of Rb. sphaeroides chromatophores, particularly pigments in the LH1 complex. This
hypothesis is consistent with previousiy published results. In the literature, ferricyanide
has been shown to oxidize bacteriochlorophyll in light-harvesting complexes which have
" been isolated with detergents from purple photosynthetic bacteria.>%’ Fot example, in
one of these experiments, 10 mM potassium ferricyanide causes a very mild bleaching
of the Rhodobium marinum LH1 complex absorption (2-3%), but a large quenching of
the fluorescence emission (50%).5 While these eA'Xperiments'are performed on isolated
antenna complexes, the results on the isolated LHI1 complex are very similar to what we
observe for the membrane-bound Rb. sphaeroides LH1 complex in both wild-type and
mutant strains.

Regardless of the origin of the fluorescence quenching caused by ferricyanide,
the electric-field effect on the fluorescence emission (see Chapter Four) persists under
ferricyanide-quenched conditions. Figure C.9 shows the electric-field induced change in
fluorescence for wild-type Rb. sphaeroides chromatophores in the presence of 10 mM
ferricyanide. See Chapters Two and Four for experimental details. Under these
oxidizing conditions, the special pair may be at least partially oxidized (the P* state), and
the fluorescence emission from LH1 is greatly attenuated. Under these circumstances,
the electric—ﬁeld effect is still evident, with a maximum at 890 nm of approximately 5 %
per 100 mV (Figure C.10). |

The electric field peréists in both the Fo and Fm state. Figure C.11 compares the
electric-field induced change in fluorescence emission in the Fo and Fm states for
untreated chro_matophdrgs with the cleCtrié—ﬁeld induced change in the Fo and Fm states
in the presence of 10 mM ferricyanide, for an electric field intensity bf 100 mV. The

electric-field induced fluorescence change, AF/Fmax, is reduced but present under

ferricyanide-treated conditions.
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~ Figure C.9: Electric-field induced change in the wild-type Rb. sphaeroides
fluorescence under oxidizing conditions of 10 mM ferricyanide. Positive .
applied field (top line, solid) and negative applied field (bottom line, dashed).
Applied field strength 100 mV. Excitation at 800 nm. See Chapters Two and
Four for experimental details.
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Figure C.10: The difference spectrum of the electric-field induced
change in the Fo-state fluorescence spectrum of wild-type Rb.
sphaeroides chromatophores in the presence of 10 mM potassium
ferricyanide. .
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Figure C.11: Comparison of the electric-field induced change
(AF/Fmax) in fluorescence for untreated Rb. sphaeroides
chromatophores (left side, Fo and Fm) and chromatophores with

10 mM ferricyanide (right side, Fo and Fm), all cases for 100 mV
electric-field potential, excitation at 800 nm.

Summary of experimental findings:

Potassium ferricyanide leads to strong fluorescence quenching in
chromatophores of wild-type Rb. sphaeroides. Ferricyanide does not cause large
changes in the near-IR absorption spectrum of Rb. sphaeroides chromatophores. The
fluorescence quenching is maximum at 890 am and fluorescence emission can be
partially recovered by re-reduction of the solution through addition of potassium

ferrocyanide.
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F.en’icyanide-ihduced fluorescence quenching is also observed in membrane v
preparations of iutant strains of Rb. sbhaeroides which lack reaction centers. The
ﬂuore'scence-quenching ié strongest in fhose strains which express LH1, and the
quenching ié maximum at 890 nm which is-the emission maximum of LH1. These
results are consistent with ferricyanide-induced quenching of ﬂuores_cence from the
membrane-bound LH1 cqmpleX of Rb. sphaeroides.

. Under these conditions, an electric-field effect still persists. The. éxtent of the
electric-field induced fluorescence change in the Fo state is approximately 5% per 100
mV, and in the Fm state approximately 10% per 100 mV. The maximum of the electric-
' field induced change is at 890 nm, despite the quenching of fluorescence at that

wavelength.
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