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INTRODUCTION: EARLY PHOTOSYNTHETIC REACTIONS AND THE STRUCTURE OF THE

PHOTOSYNTHETIC APPARATUS IN BACTERIA

a7 Introduction

The photosynthetic bacteria fall into three taxonomic categories,
viz. the Thiorhodaceae, the Athiorhodaceae and the Chlorobacteriaceae.
The Thiorhodaceee, which are purple, and the Athiorhodaceae, which are
purple or brown, contain Bchl a. There are two species of Athiorhoda-
ceae known however, which are green and contain Bchl b. The Chloro-
bacteriaceae, which are green, contain mainly chlorcbium chlorophyll,
and a little Bchl a (ref. 56). The experiments to be communicated in
this thesis were done with Rhodopseudomonas spheroides and Rhodospi-
rillum rubrum, which belong to the Athiorhodaceae. We will confine our
discussions to the purple and brown bacteria belonging to the Thiorho-
daceae and Athiorhodaceae. In this chapter we will give some data con-
cerning the earliest photosynthetic reactions and concerning the
structural organization of the photosynthetic system in these bacteria.

The photochemical reactions in bacteria result in the reduction
of NAD' (ref. 25) and in the phosphorylation of ADP to ATP (ref. 27).
The photosynthetic system is located mainly in an intracytoplasmic
membrane system (ICM) which arises probably (see below) as an invagin-
ation of the cytoplasmic membrane (CM). When species, which are able
to grow both in photosynthetic and in respirative growth conditions,

are grown at normal oxygen pressure in the dark, the ICM is absent
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(e.g. R. rubruth) or present in only small amounts (e.g. Rps. capsu-
lataho). In that case the ICM develops after transfer to photosynthe-
tic growth conditions. The appearance of ICM under the electron micro-
scope depends upon the taxonomic species and upon the growth condit-
ions. For example, under photosynthetic growth conditions it is vesi-

cular in R. rubrum19’Th and Rps. spheroides7h and lamellar in Rps.

25

palustris In Rps. capsulataho it is vesicular under photosynthetic

growth conditions and tubular under aerobic growth conditions.
Chromatophores will be defined as the isolated membrane fragments

26,27
’

which are capable of carrying out photochemical reactions and

which arise from the ICM during the breakage of cells (see below). They
appear as closed vesicles under the electron microscope (e.g. ref. 1),

On the basis of function the different compounds present in chro-
matophores and required for photosynthesis can be divided into three
categories, viz. (1) light-harvesting pigments, Bchl and carotenoids,
(2) electron transfer components, e.g. P8T0 (to be defined in the next
section), cytochromes, ubiquinone and non-heme iron protein, and (3)
coupling factors (ATP-ase), which couple ATP-synthesis to electron
transport through specific sites.

The light absorbed by the light-harvesting pigments is transferred
to & pigment called P870; the photooxidation of P870 is the first of

: 3 : - : +
a series of reactions which result in photophosphorylation and NAD

reduction.

1.2 Early photosynthetic reactions

The primary photochemical reaction results in the bleaching of a
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pigment22 called P890 (ref. 76) or P870 (ref. 15). This bleaching

gives a difference spectrum with & minimum at 870-890 nm, the exact
wavelength depending upon the taxonomic species. The bleaching at about
870-890 nm is accompanied by a blue shift of a pigment absorbing at
about 800 nm (ref. 22), designated as PB00. It was suggested that P800
and P870 are Bchl molecules in a special environment2h. This was con-

firmed later13’h.

3 : 5 = : - . 2k
The light-induced bleaching of P8T0 signifies its oxidation ’30.
This photooxidation is a one-electron reaction resulting in the form-

46,47

ation of the Bchl radical cation . The quantum efficiency for this

reaction is high, approaching 1 electron transferred per absorbed light

hh’6. The photobleaching of P8T0 occurs within 50 nsec after

quantum
absorption of light65, and at temperatures as low as ik (ref. 2).
This indicates a tight coupling between P8T70 and the substance which
functions as the primary electron acceptor during the photooxidation
of P8T0.

Another reaction occurring in whole cells and chromatophores is

the light-induced oxidation of cytochrome”’23

. There are several cyto-
chromes present in photosynthetic bacteria, which can be characterized
by their absorption spectra, by their differential absorption spectra
(reduced minus oxidized) and by their midpoint potential. (For a review
see ref. 28). The oxidation of a cytochrome c is coupled to the reduct-
ion of photooxidized P870 (ref. 57). The half time of this reaction at
room temperature varies between 0.3 and 40 usec depending upon the

taxonomic species38. At T7° K the rate varies from 2 psec (Rps. species

NW) to 2 msec (Chromatium)38. This indicates that at least in some spe-
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cies there is also a tight coupling between this cytochrome and P870.

In Chromatium at room temperature, the electron transported in the

primery photoreaction is transferred from the primary acceptor to a
secondary acceptor in a reaction with a half time of 80 usec (chroma-
’cophores)58 or 300 psec (cells)sg. This reaction does not occur at TTO
K (ref. 58,20). At this low temperature the electron moves from the
primary acceptor to the photooxidized P870 in a direct back reaction

with a helf time of 20-25 msec20»21558

. This occurs only if the (faster)
rereduction of oxidized P8T0 by cytochrome ¢ is inhibited; this can be
accomplished by raising the redox potential of the medium in order to

oxidize cytochrome ¢ chemically before the onset of light.

1.3 The arrangement of functional chromatophore subunits

As a reaction center we will now define a pigment-protein complex
combining in vivo the functions of "energy-trapping" and "energy-con-
version" center. More specifically, a reaction center is a pigment-
protein complex containing a small number of specific pigment molecules,
which function in vivo as a trap for light-energy absorbed by other
pigment molecules not belonging to the reaction center.This "trapping"
function is correlated with the "energy-conversion" function of the
reaction center and arises from the capability of a specific (pair of)
pigment molecules of the reaction center to photoreduce another sub-
stance in a one-electron reaction, which is commonly called the
"primary reaction of photosynthesis". The pigment molecules mentioned
here may be chlorophyll or bacteriochlorophyll, depending upon the

taxonomic category. The words between brackets refer to a problem which
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will be discussed in Ch. IV, namely, whether the electron donor (in our
case P870) is a monomer or a monovalent dimer.

Reaction centers have been isolated from chromatophores of certain
Athiorhodaceae and separated from light-harvesting components and
coupling factors. This was done first by Reed and Cl&yton61 and Reedéo.
Reaction centers from purple or brown Athiorhodaceae contain minimally
P8T0 as electron donor, P800, Bph and a substance functioning as an
electron acceptor during the "primary reaction". Other electron trans-
fer components (e.g., cytochromes) may also be present.

P800 and Bph do transfer excitation energy to P8T0 as will be
shown in Ch. III. The reason for classifying P800 and Bph nevertheless
as reaction center pigments, as against light-harvesting pigments, is
not only because P800 and Bph always accompany P8T0 when this is iso-
lated, but also because in chromatophores P800 and Bph transfer energy

to P8T0 rather than to light-harvesting Bchl, as will be discussed in
Ch. III. Apparently Bph, P800 and P8TO are associated more tightly with
one another than with the remaining, light-harvesting pigment molecules.

Incubation of chromatophores from Rps. spheroides R-26 (a carote-
noidless mutant) with a low concentration of Triton X-100 resulted in
the release of particles of 9 nm diameter with ATP-ase function (coupl-
ing factor)62. At higher Triton concentrations reaction center parti-
cles were released, appearing as flakes of 12 nm diameter62. The remain-
ing fragments containing light-harvesting Bechl could be split into

particles of 5 nm diameter by treatment with SDSGZ. This would cor-

62

respond to a molecular weight of 50 kilodaltons. Reed and Raveed’: de-

termined also the ATP-ase activity and the Behl, P8T0 and protein con-
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tent of chromatophores from the R-26 mutant of Rps. spheroides cultur-
ed at different light intensities. The result indicated that chromato-
phores contain per reaction center, which had a molecular weight of
Lho kilodaltons60, one ATP-ase particle with a molecular weight of
about 280 kilodaltons, and (depending upon the culture conditions) a
variable number of light-harvesting Bchl-protein complexes containing
protein to a weight of 10 kilodaltons per molecule of Bchl. These
three types of particles accounted for all of the chromatophore protein.

61,60

The reaction centers isolated from Rps. spheroides R-26 con-
tained P870 and other electron transfer components present in chroma-
tophores but no light-harvesting Bchl. However, it is also possible

to convert chromatophores from R. rubrumh2 and Rps. spheroidesh3 into
small particles, in which all the light-harvesting Bchl is still
attached to P870, but which presumably have lost a number of electron
transfer components. This was suggested by the low molecular weight of
these particles and by the release of protein, observed during the
preparation of these particleshQ’u3.

Th R-26 mutant of Rps. spheroides contains only one type of
light-harvesting Bchl, in contrast to the wild type, which contains
three types of Bchl, called B800, B850 and B870 after their absorp-
tion maxima in the near-infrared. Chromatophores from wild type Rps.
spheroides cells grown under different light intensities contained
per reaction center a fixed amount of B870 and a varieble amount of
BB00 and B850. The ratio of B800 : B850 was constant, however1. After
fractionation of Rps. spheroides chromatophores treated with Triton,

10

we found in accordance with earlier results that P870 was recovered
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in a fraction containing predominantly B8T0. Another fraction contain-
ed BB00 and B850 only. Light absorbed by B800 in this fraction was
still transferred to B850 with an efficiency close to 1 (Slooten, un-
published).

An analogous situation may exist in Chromatium, which also contains
several types of light-harvesting Bchl, designated75 as B800, 8'800,
B820, B850 and BBY0. After detergent treatment and fractionation of
chromatophores the reaction center was found to be associated with

B890 only73.

1.4 The photosynthetic unit: lake model or separate unit model

The chromatophore pigments can be thought to be arranged in photo-
synthetic units consisting each of a reaction center and the average
number of Bchl (and carotenocid) molecules found per reaction center.
These units'may or may not occur as separate entities.

The excitation energy absorbed by Bchl can either be used for
photochemistry (the oxidation of P870) or it can be lost in non-
photochemical deexcitation including fluorescence. If P8T0 is oxidized
it does not function as an energy trap and consequently the fluorescence
yield (¢f) of light-harvesting Bchl increases. Working with whole cells

of R. rubrum, Vredenberg and Duysens76

showed that 1/¢f decreased
linearly with an increasing ratio of oxidized P870/total P870. This
was consistent with a so-called "lake-model" in which a light-harvesting

Behl molecule is able to transfer its energy to any one of a large

5 L P 4 p
number of nearby reaction centers. Clayton1 found that this situation

occurred only in aerobic cells and in fresh chromatophore preparations
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of R. rubrum. In other conditions deviations from the Vredenberg-
Duysens relationship occurred, some of which were consistent with a
"separate unit" model, in which reaction centers and 1light-harvesting
pigments are arranged into units in such a way that each pigment mole-
cule is able to transfer excitation energy only to the reaction center

which belongs to the same unit as this pigment molecule.

1.5 Membrane conformation in chromatophores

ATP-ase (coupling factor) is located at the outside of chromato-
phores, where it can sometimes be seen under the electron microscope
as protruding knobs62’h5.

After thin-sectioning and negative staining the chromatophore
membrane, like other membranes, shows up as a double layer. Freeze-
fracturing of membraneous material usually yields fractures in the
plane of a membrane. This results in exposure of the two inmer faces
of a double membraneT’TT’h9. The two outer faces can be exposed in
addition by subsequent etching (see Fig. 1.2). Upon freeze-fracturing
of chrometophores from Rps. spheroides R-26 (ref. 62) and Thiocapsa

. 1 s
roseopers1cana7 , the concave inner menbrane face appeared to be

covered with many particles with a diameter of about 13 nm in Rps.

. . . 1 . .
spheroules62 and about 6-8 nm in 'I‘hloca.psa.T . The convex inner side

contained very few particles. It is perhaps too early to relate these
particles to reaction centers.

Chromatophores, like most other biomembranes, contain predominant-
ly proteins and lipids. These compounds account for 85 - 90% of the

total dry weight of chromatophores (For detailed analyses see ref. 55).




Cell wall ICM

Fig 1 Fig 2

Fig. 1.1 Schematic representation of part of a cell of R. rubrum or Rps. sphe-

roides. The "inside" of the ICM is continuous with the "outside" of the CM.

Fig. 1.2 (A) Schematic representation of the fracture planes occurring in 3
chromatophores as a result of freeze-fracturing, according to BrsntonT. A
concave (left) and a convex (middle) inner membrane are exposed.

(B) Subsequent etching (sublimation of water to the level of the

dashed line) reveals a convex (left and middle) and a concave (right) outer

membrane face.

The weight of proteins is about twice the weight of lipids in chroma-

tophores. The ratio of polar to apolar aminoacids (as classified by

Hatch36) in chromatophore protein from Th. roseopersicanaYe, Rps.

32 32

spheroides and R. rubrum™ is 1.18. Such a low ratio is often found

in globular proteins with a compact internal volume and e high helix

36

content™ . The lipids in chromatophores are mainly phospholipidsss.
About 80% (w/w) of the lipids from Rps. spheroides chromatophores

congists of C,g and C,g fatty acids (data from ref. 31).

Apart from these specific data, some general remarks can be made
concerning the arrangement of these membrane constituents.

Membranes are generally hydrophilic at the membrane-water inter-
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face, as follows from low surface-tensions, measured at the membrane

34,35,16

surface As mentioned above the fracture obtained by freeze-
fracturing of membraneous materials occurs preferentially in the plane
of a membrane, resulting in exposure of the two inner membrane faces.

In lipid-extracted chloroplasts however, the fracture plane occurs at
random through the thylakoids and membrane faces are rarely obtainedg.
This indicates that lipid-soluble substances are responsible for the
weak hydrophobic bonds which are apparently broken during freeze-
fracturing of normal membranes, and suggests (see above and Fig. 1,2A)
that the membrane interior consists largely of lipid-soluble substances.

17,70 of the hydrophobic

This finding is in line with earlier hypotheses
nature of the interior of cytoplasmic membranes. These hypotheses were
based on measurements of the permeasbility of compounds of different
hydrophobicity.

The particles seen after freeze-fracturing of membranes (including

chromatophores) are probably not lipid micelles because these do not

exist at the low temperatures (-100o C) at which the replicas are made.

Lipid micelles undergo a transition to lamellar gels below a eritical

temperature63’39’12. Rather, we favor the suggestion8’37 that the Dani-

elli-Davson model18 is still applicable to membranes, including chroma-
tophores, in that the membrane consists basically of a double layer of
lipids, of which the polar heads are turned outwards. The particles seen
at the concave inner membrane face (see above) are thought to be proteins
embedded in the outer membrane half in a lipid matrix. Such a mosaic
distribution of proteins and lipids was also suggested to occur in cyto-

plasmic membranes from Mycoplasma. Here it was possible to induce a
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phase transition (from gel to liquid crystal) of the lipids in the mem-
brane without changing the protein conformationég. Alternatively it was
possible to denature the proteins without bringing about a phase
transition in the lipidseg. This indicates that there was no extensive
hydrophobic interaction between the proteins and lipids. Similar results
(refs 41,29) and conclusions29 were obtained with red blood cell

membranes.

The particulate nature of mitochondrial33 and chloroplast3’78 mem—
branes, as revealed by negative and positive staining techniques in elec-
tron microscopy have been interpreted alternatively in terms of a model
in which membranes consist of a monolayer of lipoprotein subunits. These
models imply extensive hydrophobic interactions between proteins and the
fatty acid chains of the lipids. As indicated above, recent results are
not in favor of such interactions on an extensive scale. Another argument
against the lipoprotein subunit model is the occurrence of a preferential

fracture plane, in the freeze-etching technique, in the plane of a mem-

brane.

1.6 The relation between cytoplasmic and intracytoplasmic membrane

Cytoplasmic and intracytoplasmic membrane (CM and ICM) seem to form
a continuum in the cell and to develop out of one another. The evidence
can be summarized in the following U4 points.

1) The ICM is sometimes directly visible under the electron micro-
scope as an invagination of the CM (see e.g. refs. 71,5).

2) The membrane faces exposed by freeze-fracturing and freeze-

etching are recognizable by their being covered with either few or many
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particles of a typical size. The situation of these membrane faces on
the CM and ICM of Th. roseopersicana were also consistent with the idea

that the ICM arises as an invagination of the CM71. (

Compare Fig. 1.1
and 1.2)

3) There is no qualitative difference between CM and ICM. Photo-
synthetic and respiratory functions are present in either one of these
membrane types, only the ratios are different. The ICM contains oxidative
functions such as oxidative phosphorylationSL or NADH oxidase activity
(refs 54,53). The proteins and functions associated with respiration are
present in small or large amounts depending upon the culture conditionsho
For instance, the amount of proteinsSL associated with respiration, and
the rate of certain respiratory reactionss2, were high in the ICM of
R. rubrum just after a transition from aerobic to anearobic growthj; sub-
sequently they decreased in time. Conversely, after a transfer of the
cells from anaercbic to aercbic growth the proteins53 and functions52
associated with respiration increased with time in the ICM. On the other
hand, the CM contains some Bchlso and under special conditions it is the
only place where Bchl occurs. (viz. just after a transition from aerobic
to anaercbic growthso).

4) Intact cells of R. rubrum6h, whether grown under photosynthetic
or respirative growth conditions, behave like mitochondria148 as far as

the polarity of H+-transport is concerned: during photosynthetic or

respirative electron transport protons are driven out of the cell. But

chromatophores6h take up #" from the medium. This is easy to understand

if one assumes that the ICM is an invagination of the CM. After cell
breakage the ICM is separated from the CM and closes in such a way that

what was outside now becomes inside. (compare Fig. 1.1)
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: f 2 This work

In this thesis we will describe experiments done with reaction center
preparations isolated from chromatophores of Rps.spheroides and R.rubrum.
Similar preparations were made by other authors and we shall relate our
data to those obtained by these authors. Our results have been partly
published elsewhere66’67’h’68.

The isolation of reaction center particles can be done with several
aims in mind: (1) It may answer questions about the organization of the
chromatophores into subunits. Examples have been given above62’72’h2’h3.
Our work does not give much new information on this point. (2) The iso-
lation of particles allows the study of properties which cannot be
studied easily in vivo because they are masked by the properties of
other chromatophore constituents. Such properties are described in Ch. II
(absorbance spectra and results of chemical analysis), in Ch. III (trans-
fer of light-energy to P870 and fluorescence of P870 and P800) and in
Ch. IV (analysis of the absorbance spectrum of reaction centers).

(3) Finally, the isolated particles allow the study of partial reactions,
which are not seen in chromatophores; this may be because the product
formed during the reaction is rapidly consumed in a subsequent reaction
in chromatophores, but not in the isolated particles; alternatively,

the bartial reaction" may be an artifact, a side reaction which simply
does not occur in chromatophores. Ch. V describes the function of
endogenous ubiquinone as a (primary or secondary) electron acceptor for

the photooxidation of P870 in reaction centers. Ch. VI evaluates

literature data pertinent to the question whether this reaction occurs

in vivo.
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CHAPTER 1II
ISOLATION AND SOME SPECTRAL AND CHEMICAL PROPERTIES OF REACTION CENTERS

2.1 INTRODUCTION
During the last few years much attention has been paid to the

treatment of bacterial chromatophores with agents that yield so-called
reaction center particles, (defined as in Ch. I, section 1.3), which

do not contain the bulk or light-harvesting Behl components normally
present in chromatophores. In these relatively simple systems, spectral
investigations can be done more precisely, and one may hope to be able
to identify the primary electron acceptor of P8T0 through successive
purification steps of the particles.

Kuntz et al.31

treated chromatophores with iridic chloride, which
bleaches most of the bulk Behl of Chromatium D and Rhodospirillum
rubrum, and all of the bulk Behl in Rhodopseudomonas spheroides.
Beugeling6 in an independent study, bleached the bulk Bchl of R. rubrum
chromatophores completely with ferricyanide. In both cases, the
reaction center Bchl could be oxidized completely in the light.

Another line of investigation is treatment of chromatophores with
detergents. Bril9 used Triton X-100 to disrupt chromatophores of Rps.,
spheroides into two types of fragments, one containing B800 and B850
and the other containing B870. Garcia et 31.29’21-23 working with four

other species of bacteria added Triton X-100 to chromatophores and

obtained a particulate fraction, consisting of small particles,

sometimes in a linear or planar arrangement, and a membrane fraction.




The membrane fraction was always photochemically less active than the

53

particulate fraction, and in some cases was not active at all. Thornber
used the detergent sodium dodecyl sulphate to fragment chromatophores
of Chromatium. After separation on a hydroxylapatite column he obtain-
ed particles of different pigment composition, achieving a partial
separation of the various Bchl types. One of the particles contained
P870.

Reed and Claytonh2 and Reedh1 isolated reaction center particles
from a carotenoidless mutant of Rps. spheroides by means of Triton X-100,
followed by density gradient centrifugation. At about the same time
Gingras and Jolchine2h reported the isolation of a reaction center part-
icle from & carotencidless mutant of R. rubrum , using Triton X-100.
Thornber et al.sh made & reaction center preparation from a wild strain
of Rps. viridis, using SDS as detergent.

In this Chapter we will describe the isolation and some spectral
and chemical properties of reaction center preparations from wild strains
of Rps. spheroides and R. rubrum. While this work was in progress, other
authors succeeded also in preparing reaction center particles from Rps.

37,51,56

spheroides (refs 28,48,45,18,19,13,43) and R. rubrum and we

shall compare our data with the results obtained by these authors.
22 MATERIAL AND METHODS

2.2.1 Preparation of the reaction center particles

Rps. spheroides and R. rubrum were cultured anaerobically in a

: - h - g
medium after Cohen-Bazire et al.1 supplied with yeast extract and
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peptone. After 3-U days of growth the cells were harvested by centri-
fugation, washed in 0.05 M Tris (pH 8.0) and stored at liquiad nitrogen
temperature until use.

Fragmentation of the cells was carried out by sonication with a
Branson type 8125 sonifier during 10 min at 8 A. The temperature was
not allowed to rise above 8°C during sonication.In some cases the cells
were passed through a French press at 5000 kg/cm2 after precooling of
the pressure cell to 4° C. The suspension was centrifuged for 30 min
at 20000 x g to remove cell debris. CsCl and MgS0), were added to the
supernatant to give final concentrations of 27% and 0.05 M, respectively,
and the suspension was centrifuged for 1.5 h at 144000 x g.

This resulted in the precipitation of light brownish material,
presumably cell wall fragments, and of whitish, perhaps ribosomal
material. Omission of this step resulted in a much higher protein
content of the reaction center particles (see section 2.3.5). The chro-
matophores floated at the top of the solution after this centrifugation.
This top layer was diluted, sedimented by centrifugation during 1 h at
200000 x g, resuspended in 0.05 M Tris (pH 8.0) containing 0.01 M MgClP,
and dialyzed overnight against the same buffer.

The absorbance of the chromatophore suspension at 590 nm was
adjusted to 12.5/cm and 0.11 vol. of 3% SDS was added. (At lower con-
centrations of Bchl the SDS-concentration was taken proportionally
lower.) After 2 h of incubation at room temperature NaCl was added to
give a final concentration of 0.2 M (this was done because it stops the
working of SDSg), and the suspension was layered on a 0.5 M sucrose

solution in 0.05 M Tris (pH 8.0) supplied with 0.2 NaCl. After L h of
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centrifugation at 200000 x g the chromatophores were sedimented and a
greenish band containing the reaction center particles remained in the
supernatant layer on top of the sucrose solution. This treatment was
also successful with chromatophores of Rps. viridis (cf. ref. 54), and
of R. rubrum. The reaction center particles were dialyzed for 2 days
against three 25-vol. quantities of 0.05 M Tris (pH 8.0), to which

0.01 M MgCl, was added in order to improve the reversibility of the

2
1ight-induced absorbance changes (see below). The reaction center
fraction was purified further by centrifugation at 200000 x g on a
0.4-2.0 M linear sucrose density gradient. This procedure resulted in
the separation of a small fraction of less purified reaction center.
The purified reaction center was dialyzed against 0.05 M Tris (pH 8.0)
containing 0.01 M MgC12 to remove sucrose. The reaction center prepar-

ation purified in this way will be called hereafter SDS-RC.

A further purification was obtained by & procedure analogous to

the so-called AUT-treatment used by Loach et al.Bh for chromatophores.

SDS-RC preparations were adjusted to a concentration corresponding

with an absorbance of 1 per cm at 803 nm and layered in 4-ml quantities
on top of a linear 0.1-1.0 M sucrose gradient in 0.05 M Tris containing
0.3% Triton X-100 and 1 M urea. The pH had been adjusted to 10.0 after
the addition of urea. At lower concentrations of reaction centers, the
Triton concentration had to be taken correspondingly lower, because &
higher Triton/reaction center ratio resulted in the destruction of Bchl.
The gradients (8 ml) had been prepared in tubes for the 50-Ti rotor of
the Beckman L2 ultracentrifuge. After 6 h of centrifugation at 200000

x g the original preparation had been separated into an upper green
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band and a lower brown band. Both bands were situated about halfway
down the sucrose gradient. The lower band consisted of the purified
reaction center preparation and contained about 85% of the amount of
Behl recovered after the centrifugation. The recovery of Bchl in the
two fractions was about 80% of the original amount. Both fractions
were dialyzed against three 25-vol. quantities of 0.05 M Tris (pH 8.0)
containing 0.01 M MgClg. The reaction center particle purified in this
way will be denoted AUT-RC. The reaction centers were stored at L° ¢
in 0.05 M Tris (pH 8.0) containing 0.01 M MgCl. This will be referred
to hereafter as Tris buffer. No significant loss of activity was ob-
served after a storage of several months.

Mg ion was present throughout the purification procedure because
this had a favoursble effect on the reversibility of the light-induced
absorbance changes. After some publications had come to our attention
which described an Mg-dependent binding of ribosonal material to mem-
38,3

braneous fractions we did one experiment in order to check whether

ribosomes or other proteinaceous components were bound to reaction
center particles. In this experiment 1 mM EDTA was present in stead of
10 mM MgCl throughout the preparation Procedure, to start with the

sonication of the cells. The EDTA was removed from the SDS-RC by dia-

lysis. However, the protein content of the SDS-RC particles obtained

in this way was not significantly lower than when Mg was present during

the preparation.

It should be noted that the success in isolating reaction centers

seems to depend on many factors of which not all are understood. For

instance, it appeared to be obligatory to freeze the cells of R. rubrum



32

and thaw them again prior to the SDS-treatment. With cells of Rps.
spheroides this was not necessary during the first year of our experi-
ments but later the yield of reaction centers was much lower if the
cells were not given a cold treatment. Apart from these difficulties

the yield of SDS-RC and AUT-RC fractions was gquite reproducible.

2.2.2 Chemical and physical methods

Protein was measured by the method of Lowry et al.3s. Cytochrome

was measured with the ferrihemochrome method as used by Cusanovitch
and Kamen16. Ubiquinone was determined by the method of Pumphrey and
Redfearnho, as modified by Takamiya and Takamiyasz. PBT0 was estimated
from the absorbance at 804 nm and 867 nm in reaction centers, using
specific extinction coefficients of 272 oM .om™! and 113 ol Viom !
for the absorbance at these vavelengths12, or it was estimated from
the maximum light-induced bleaching at 867 nm, using a differential
extinction coefficient of 93 oM .om | (ref. 8).

Iron was determined with the ferrous o-phenanthroline complex

30. The

methodh7 after a mineralization procedure as used by Konings
sample was concentrated to near dryness at 1200, then 0.2 ml conc.
HZSOh (Merck, p.a.) was added and the samples were heated at 170°

for 2 h. They were then heated on a Bunsen burner while HCth was added
dropwise until a bright yellow colour appeared and disappeared again.
This was a rather delicate step because the presence of too much per-
chlorate in the sample resulted in the precipitation of a reddish

47

ferrous-orthophenanthrolin-perchlorate complex It appeared however

that if this was done carefully and ample time was allowed for
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digestion, the final amount of perchlorate was low as indicated by the
fact that no precipitate was formed when rubidium chloride was added
to an aliquot of the digested sample, and a normal colour development
took place with orthophenanthrolin, provided the tubes were shaken
immediately after addition of orthophenanthrolin and after ad justment
of the pH.

Absorbance spectra were measured on a Cary model 14 R spectro-
photometer. Light-induced absorbance changes were measured with a
split-beam differential spectrophotometer described earlierI, or with
& similar apparatus built in this laboratory, with which absorbance
changes were measured at two wavelengths simultaneously. Actinic light
was provided by a 250 W quartz-iodine lamp in front of which suitable

filters were placed.

2.3 RESULTS

2.3.1 Absorbance spectra and absorbance difference spectra

Fig. 2.1A (solid line) shows the absorbance spectrum of chromato-
phores from Rps. spheroides. The light-harvesting Bchl types B800, B850
and B870 (see Ch. I, section 1.3) are apparent by their respective

maxima and shoulder in the near-infrared. The maxima at 590 and 375 nm

are also due to Bchl; those at 440, 475 and 505 nm are due to carotenoid

(mainly spheroidene, see refs 26 and 36).

The dashed line of Fig. 2.1A shows the absorbance spectrum of the

same chromatophore preparation after 2 h incubation at room temperature

with SDS (final concentration 0.22%). The dilution factors have been
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Fig. 2.1A Solid line: Absorbance spectrum in & 1 mm cuvette of a chromatophore pre-
paration from Rps. spheroides in Tris buffer. No additions. Dashed line: same pre-
paration, but the chromatophores had been incubated with 0.11 vol. 2.2 %

SDS for 2 h at room temperature. The spectra represent equal concentrations of

chromatophore material.

Fig. 2.1B Absorbance spectrum of an SDS-RC preparation from Rps. spheroides in Tris
buffer. Solid line: 100 uM ferricyanide present. The ferricyanide contribution was
subtracted by putting 100 uM ferricyanide also in the reference cuvette. Dashed line:

100 yM ferricyanide and 2 mM ferrocyanide present.

chosen such that these spectra represent equal concentrations of chro-
matophore material. The SDS-treatment did not change the amount of
Bchl significantly, judging from the 375 and 590 nm peaks, but the 800

nm peask had become much lower and the shoulder at 870 nm had also




decreased somewhat. Small sbsorbance increases were observed around

770 and 690 nm. This may reflect the formation of solubilized and oxi-
dized Bchl, respectively. The 850 nm peek was not much affected.
Usually we used higher concentrations of SDS and Bchl (see section
2.2.1) and this had about the same effect, except that BB70 disappear-
ed to a larger extent.

Fig. 2.1B shows the sbsorbance spectra of an SDS-RC preparation
isolated from another batch of chromatophores, and suspended in Tris
buffer. The solid line shows the absorbance spectrum in the presence
of 100 uM ferricyanide, which caused a maximal bleaching of P870. (The
ferricyanide contribution has been subtracted already from this
spectrum.) Upon addition of ferrocyanide to a final concentration of

| 2 mM the absorbance around 870 nm due to reduced PBT70 was completely
restored.Other wellknown features are the blue shift of P800 from 80k
to 800 nm (see Ch. I, section 1.2) and the bleaching at about 600 nm
concomitant with the bleaching of P870. Prolonged illumination causes
the same absorbance changes as chemical oxidation (see below). The
absorbance spectrum of Fig. 2.1B indicates the presence of Bph (with
maxima at 756 and at about 540 nm) and of carotenoid (with maxima at
440, 475 and 510 nm). The maximum at about 600 nm is due to P800 and

P8T0 (see Ch. IV). The maximum at 367 nm and the shoulder at 390 nm

are caused by P800, P8T0 and Bph (see Ch. IV, Fig. L4.6). The absorp-

tion band at 690 nm was probably due to one or more degradation pro-

ducts of Bchl. The shoulder at 410 nm was associated with this ab-

sorption band (see below).

Fig. 2.2 shows the sbsorbance spectrum of an AUT-RC preparation.
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Fig. 2.2 Absorbance spectrum of an AUT-RC preparation in Tris buffer. No additions.

The main difference with an SDS-RC preparation was that the peak at
690 nm and the shoulder at 410 nm were absent from the AUT-RC pre-
paration. At one occasion we measured the difference in absorbance
between the upper and lower fraction which arise in the centrifuge

tube during the AUT-treatment (see section 2.2.1). Fig. 2.3 shows the
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Fig. 2.3 Spectrum of the difference in sbsorbance between the "upper" and the "lower"

band, respectively, which arise during the AUT-treatment in the centrifuge tube. The

"upper" band was put in the sample cuvette and the "lower" band in the reference

cuvette. The concentration of PBT0 was equal in both cuvettes. The absorbance at 80k
nm was 0.025. This spectrum reflects probably & mixture of products

vhich arise during the oxidative degradation of Behl.
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difference in absorbance of the upper and lower fraction, as observ-
ed after dilution to equal concentrations of P870. It is difficult
to estimate how much of this sbsorbance was due to the substance(s)
of which the fluorescence excitation spectrum is shown in Fig. b.1.
The absence of carotenoid and Bph from the spectrum of Fig. 2.3 in-
dicates that the AUT-treatment affected neither the carotenoid nor
the Bph content of reaction centers significantly. As will be shown
in Ch. III, literature data indicate that Bph is an integral part of
reaction centers in vivo.

The procedure used for the isolation of reaction centers from
Rps. spheroides was also successful when applied to R. rubrum. Fig. 2.4

shows the absorbance spectrum of an SDS-RC preparation from R. rubrum.
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Fig. 2.4  Absorbance spectrum of an SDS-RC spectrum from R. rubrum in Tris buffer.
No additions. The spectrum was taken in a 5 mm cuvette from 9LO - 450 nm and in & 2 mm

cuvette at shorter wavelengths.

Fig. 2.5 shows kinetics of the light-induced absorbance changes
at 600 nm and 767 nm observed in reaction centers from Rps. spheroides.

The absorbance changes showed biphasic kinetics both in the light and
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0 50
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Fig. 2.5 AUT-RC preparation from Rps. spheroides in Tris buffer. No additions.
Kinetics of the light-induced sbsorbance changes observed in a 1 mm cuvette at 867 nm
and 600 nm.Actinic illumination 20 sec with light of sbout 400 - 540 mnm, intensity
about 3 nEinstein.cm-z.sec-1. The light was switched on and off at the times indicated
by the upward and downward pointing arrows, respectively. The vertical bars represent
an absorbance change of 0.001 optical density units. A downward deflection means an

absorbance decrease.

in the dark. This will be discussed in detail in Ch. V, section 5.3.1.
Fig. 2.6 (triangles, circles and solid line) shows a spectrum of the
light-induced sbsorbance changes. The blue shift of P800 (around 800 nm)
is coupled to the bleaching of P8T0 around 870 and 600 nm (see below).
P8T0 could be bleached quantitatively after a sufficiently long illu-
mination time. The light-induced difference spectrum was practically
the same as the chemically induced difference spectrum (ferricyanide
minus no addition) at wavelengths above 550 nm. The latter difference
spectrum is shown by the dashed line of Fig. 2.6. The absorbance changes
below 600 nm will be discussed in Ch. V.

Above 600 nm, the difference spectra obtained with reaction centers
of Rps. spheroides were about the same as those observed in chromato-

phores (see Fig. 2.7) except that in the latter a red shift of B850 was

superimposed on the bleaching of P8T0 (cf. refs.55 and 11). However
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Fig. 2.6 Solid line: spectrum of the absorbance changes observed after 2 sec of

illumination. Further legends see Fig. 2.5. The open symbols refer to measurements

done with the AUT-RC preparation used for Fig. 2.5. The solid symbols represent
measurements done with another preparation. Dashed line: chemically induced differ-
ence spectrum (ferricyanide minus no additions) observed in an SDS-RC preparation
from Rps. spheroides. The final concentration of ferricyanide was 100 pM, The

spectra were matched at 867 nm.

this red shift could be largely abolished by a combined treatment of

5 min heating at 65° C eand addition of Antimycin A to a concentration
of 10 yM (ef. ref. 20). This did not affect the bleaching of P8T0 and
the blue shift of P800. (The red shift of B850 was found to be correlat-
ed to the light-induced red shift of carotenoids under several experi-

55’2'20. This is probably because both phenomena are

. . . . 21"2
correlated to an intermediate in the photophosphorylation process Doty T-,

mental conditions

this "intermediate" may be a membrane potential formed during the photo-

synthetic electron transportQY’so.)

Another difference between reaction centers and chromatophores is

of course that in reaction centers 85% of the absorbance of 867 nm
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Fig. 2.7 Spectrum of the light-induced absorbance changes observed in
chromatophores from Rps. spheroides suspended in Tris buffer. Solid line,

normal chromatophores, no additions. Dashed line, 10 uM Antimycin A; the
chromatophores had been heated for 5 min at 65° C. Illumination 2 sec with light

2 -1

of 430 nm, intensity 0.6 nEinstein.cm —sec

could be bleached by illumination (compare Fig. 2.1B). The maximum

1ight-induced bleaching at 867 nm in chromatophores was not more than

a few percent of the total absorbance.

2.3.2 The origin of the 600 nm absorbance change
The 600 nm absorption band in reaction centers is due to P800 and
P870, as will be shown in Ch. IV. There are several indications, outlined

below, that the light-induced or chemically induced bleaching around 600
nm is due to the oxidation of P870. Firstly, the light-induced absorbance
changes at 600 nm and in the near-infrared region have almost identical
kinetics in reaction centers under a variety of conditions, such as long
or short illumination times (cf. Fig. 2.5) and illumination in the pre-
sence of an exogenous electron donor or electron acceptor (see Ch. V).

(A small portion of the near-infrared absorbance changes had different
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kinetics. This concerns at most 4% of the total absorbance change at
867 nm. (See Ch. V,section 5.3.5 for a further discussion.) Secondly,
redox titrations of the light-induced asbsorbance changes in Chromatium
chromatophores at 600 nm, 883 nm and 435 nm yielded the same titration
curves, both at the high potential side, where the P/P+ couple was
titrated (midpoint +470 to +490 mV ) and at the low potential side,
where the attenuation of absorbance changes due to the P870 photooxi-
dation was caused by cytochrome ¢ acting as a fast electron donor to

P 870 (refs 49,17,15) (see also Ch. I, section 1.2). Furthermore it has

12
been shown that P800 and P870 are Bchl a molecules U

Finally, the
spectrum of the light-induced and chemically induced absorbance changes
(see Fig. 2.6 and Ch. V) are, with exception of the blue shift around
800 nm, similar to the difference spectrum (oxidized minus reduced) of
Bchl33.

All these data indicate that the bleaching around 600 nm is due
to oxidation of P870. However it does not seem unlikely that there
occurs also a small blue shift of the 600 nm absorption band due to

P800, concomitant with the blue shift of P800 around 800 nm, which ac-

companies the oxidation of P870 (see below).

2.3.3 Analysis of the 600 nm sbsorption band

For experiments to be discussed in Ch. III we needed an analysis
of the 600 nm absorption band observed in reaction center preparat-
ions.

Fig. 2.8A shows absorbance spectra of an AUT-RC preparation from

Rps. spheroides around 600 nm. The solid line shows the total ab-
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Fig. 2.8 (A) Solid line, absorption spectrum of an AUT-RC preparation, with P8T0
reduced (no additions); dashed line, same with P870 oxidized (0.1 mM ferricyanide);
-.-.-, absorption band due to P800. ...., absorption due to Bph (from Fig. 4.6,

Ch. IV). (B) (a) ---, absorption difference spectrum (ferricyanide minus no
additions) of Behl in methanol (data from ref. 25); (b) -.-.-, same as (a) but the

band width was narrowed by a factor 2.0 and the whole spectrum was shifted 0.5 nm

towards shorter wavelengths; (c) , absorption difference spectrum (ferricyanide
minus no additions) of the AUT-RC preparation shown in (A). (C) — and ----:
absorption spectrum of reduced and oxidized P870, respectively, of the AUT-RC

shown in (A). These spectra were calculated from the spectra of reduced and
oxidized Behl (ref. 25), using the same transformations as in Fig. 2.8B(b). Note

that in this analysis it is assumed that no shift of the P800 absorption band

occurs concomitant with the bleaching of the P870 absorption band.

sorption, due to Bph (see Ch. IV, Fig. 4.6), P800 and reduced P8T0
(no additions). This spectrum has a maximum at 598 nm. The dashed

line, with a maximum at 595 nm, shows the total absorption due to
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Bph, P800 and oxidized P8T0 (ferricyanide added). The difference be-
tween these two spectra (Fig. 2.8B, solid line) has a minimum at

601 nm. These data were insufficient to resolve the spectra into
absorption due to P800, oxidized P8T0 and reduced P870. However, as
discussed already, oxidized minus reduced difference spectra (Fig.
2.6) and light minus dark difference spectra of reaction centers
from Rps. spheroides (e.g. Fig. 5.5) and R. rubrum (Fig. 5.11) are
rather similar to the oxidized minus reduced difference spectrum of

Behl in methanolzs.

In all these difference spectra there is an ab-
sorption decrease centering around 600 nm, and an absorption in-
crease at shorter wavelengths. (The maximum at about 540 nm in the
difference spectra of reaction centers from Rps. spheroides (e.g.
Fig. 5.5) and R. rubrum (Fig. 5.11) is perhaps analogous to the maxi-
mum at about 515 nm of the difference spectrum of Behl in MEthaHOIQS-)
Because of the similarity of the difference spectra, we supposed that
around 600 nm the absorption spectra of reduced and oxidized P8T0
would be similar to the absorption spectra of reduced and oxidized
Behl in methanol. This hypothesis led us to the analysis outlined
below, in which we considered 2 alternative possibilities: (12 There
is no blue shift of P800 in this region; (2) There is a blue shift
of the 600 nm absorption band of P800, concomitant with a bleaching
of the 600 nm absorption band of P870.

Assuming that no blue shift of the P800 absorption band occurs,
we compared the oxidized minus reduced absorbance difference spec-
trum of an AUT-RC preparation (Fig. 2,8B, solid line) with the oxi-

dized minus reduced difference spectrum of Behl in methanol"’ (Fig.
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2.8B, dashed line). The difference spectra obtained with Behl in
methanol and with AUT-RC preparations, could be made to correspond
fairly well with each other if the following transformations were
carried out with the difference spectrum of Bechl in methanol: (1)
The whole difference spectrum was shifted over 0.5 nm to shorter
wavelengths; (2) Without further changing the location of the mini-
mum, the band width was narrowed by a factor 2.0 (see Fig. 2.8B).
It was assumed that the absorption spectra of P870 (reduced and
oxidized) can be obtained from the corresponding absorption spectra

25

of Behl in methanol®” by carrying out the same transformations along
the wavelength axis (see Fig. 2.8C). It was found that reduced P8TO
had a peak at 601 nm and a half width of 25 nm. The ratio of the
peak heights of reduced P870 and reduced AUT-RC was 0.3:1. The ab-
sorption peak of P800 was obtained by subtracting the absorption of
P870 and of Bph (see Fig. 4.6, Ch. IV), from the total abserption of
the AUT-RC preparation. In this way an gbsorption band of P800 was
found with a maximum at 595 nm and & half width of 31 nm (Fig. 2.8A).
From the product of the absorbance at peek value and the half width,
we estimated that the area under the absorption band of P800 was about
2.7 times larges than the area under the absorption band of reduced
P8T0.

In the second approach we assumed that the P800 absorption band
shifts to shorter wavelengths concomitant with the bleaching of the
P870 absorption band. A good fit to all data was obtained by assuming

that when P870 is reduced, the P800 absorption band and the P8T0 ab-

sorption band have the same shape (with a half width of 28 nm) and the
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same peak location (at 598 nm), but that the P800 absorption band is

two times larger than the PBT0 absorption band (see Fig. 2.9). This

enabled us to calculate the P8T0 absorption band and thus, by comparison

with Behl in vitro as asbove, the oxidized minus reduced difference
spectra of P870. The discrepancy between the calculated difference
spectrum (of P870, with a minimum at 599 nm) and the observed differ-

ence spectrum (of an AUT-RC preparation, Fig. 2.8B, solid line) could

003+

Absorbance

001+

$60 580 600 620
——= Wavelength (nm)
Fi16.2.9

Fig. 2.9 Analysis of the 600 nm sbsorption band (shown in the solid line of

Fig. 2.8A) into the following three components: : reduced P870; -.-.-: PB0O,
as found when P870 is reduced; ----: residual absorption due mainly to Bph (from
Fig. 4.6, Ch. IV). In this analysis it was assumed that at any wavelength in this
region P800 absorps twice as much as P870 when the latter is reduced. This Figure
shows also the spectrum of oxidized P870 (....), as calculated in a way similar
to the spectra shown in Fig. 2.8C. This analysis leaves open the possibility that

& blue shift of the PBO0 sbsorption band occurs concomitant with the bleaching of

the PB70 absorption band,
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be explained largely by assuming that the absorption band due to P800
shifts 1-1.5 nm to shorter wavelengths concomitant with the bleaching
of the absorption band due to P8T0.

Both approaches yielded the result that when P8T70 is oxidized about
15% of the area under the absorption band between 575 and 620 nm is due
to oxidized P870, and suggested that the 600 nm absorption band due
to P8O0 had a 2 to 2.7 times larger area than the 600 nm absorption
band due to reduced P8T70. The latter result was somewhat surprising
because it appeared that in the near-infrared region the area under the
800 nm absorption band due to P800 (when plotted on a wave number scale)
was 1.2 times larger than the ares under the 870 nm absorption band

due to P8T0. We cannot explain this discrepancy.

2.3.4 Chemical data

Table 2.1 gives results of chemical analyses of reaction center
preparations and chromatophores, as reported by us (first four columns ),
and by other authors (last four columns).

If we look at our results with Rps. spheroides (first three columns) ,
it appears that SDS-RC particles contained on a P8T0 basis a smaller
amount of protein and of ubiquinong'than chromatophores, whereas the
amount of cytochrome c, and probably also of iron (ef. Reedh1) was not
affected. Cytochrome b was present in chromatophores: a chemically
induced difference spectrum, dithionite minus no additions, indicated
the presence of 0.5 moles of cytochrome b per mole of P870, based on a

5 2 - - e -1 -1 . -
differential extinction coefficient of 30.mM .cm in the maximum at

560 nm (refs 5,39,46). No cytochrome b could be detected in SDS-RC part-

icles.




Rps.

spheroides R, rubrum

Rps. spheroides R-2

6

R. rubrum

chromato-

phores

reaction centers

reaction centers

protein

0.

-

15-0.25"

cytochrome ¢

ubiquinone

iron
B e S g

Reference cited

20"

R e

this work

Table 2.1 Chemical composition of chromatophores and reaction center preparations
The quantities are expressed in moles per mole of P870, except protein,

uMole of P870. The values reported in this work are an averege of three

® one determination

#% 3ix determinations

indicated.

from Rps. spheroides and R. Rubrum.
which is expressed in grams per

determinations, unless otherwise



48

AUT-treatment of SDS-RC particles from Rps. spheroides resulted

in the formation of two colored bands about halfway down the sucrose

rd

gradient (see section 2.2.1).Table 2.1 (3 column) gives data concern-

ing the composition of the lower band. In this fraction the amounts of

protein, cytochrome and ubiquinone were even further reduced on a P8TO

basis. Table 2.2 shows that the recovery yield of protein and of ubi-

quinone were about 80% of that of P8T0 in the two colored bands which

were formed during the AUT-treatment, suggesting that these components
were mainly particle-bound in SDS-RC fractions.

The splitting of SDS-RC fractions into two colored bands, viz. a
lower one containing "purified" reaction centers and an upper one con-

taining some P870 and relatively large amounts of protein, ubiguinone

AUT-RC AUT-RC Recovery

(upper band) (lower band)

P 870
ubiguinone
cyt ¢

protein

Table 2.2 Recovery of some SDS-RC components in the two colored bands, which
arose in the centrifuge tube during AUT-treatment of an SDS-RC
fraction (see section 2.2.1).
Absolute amounts are expressed in pMoles, except protein which is

expressed in milligrams.
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and cytochrome, did not occur when Triton was omitted during the AUT-
treatment. Two incompletely separated bands were found when Triton was
present and urea had been omitted.

The protein content of reaction center preparations was rather
variable, especially with SDS-RC preparations from Rps. spheroides in
which we found values mostly between 0.15 and 0.25 g protein per uMole
of P870. Values between 0.3 and 0.5 g/uMole were found in SDS-RC pre-
parations if the CsCl centrifugation step of the chromatophores had
been omitted (see section 2.2.1).

In SDS-RC preparations the absorbance at 276 nm relative to the
absorbance at 867 nm was correlated to the protein/P870 ratio as de-
termined by the Lowry method. At a protein/P8T0 ratio of 0.20 g per
uMole of P870 we found an A 276 nm/A 867 nm ratio of 7.8. In one SDS-
RC preparation we found 0.096 g protein per uMole of P8T0 by the
Lowry method and here the A 276 nm/A 867 nm ratio was 4.6. Similar re-
sults were obtained with an SDS-RC preparation from R. rubrum (compare
Fig. 2.4 and the fourth column of Table 2.1). These data are in fair
agreement with data published earlier on ultraviolet absorption and

41,28

protein content of reaction center prepargtions In AUT-RC

particles the absorbance at 276 nm was due for a large part to the
presence of Triton X-100, which could not be removed by dialysis.
Finally we may mention some experiments done in collaboration with
Dr T.Beugeling and Mrs P.G.M.M. Barelds-van de Beek in order to deter-
mine the chemical nature of the pigments present in reaction centers.

To this end AUT-RC particles from Rps. spheroides were dialyzed against

distilled water, freeze-dried, extracted with methanol and subjected
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to thin-layer chromatography. The three largest spots obtained in this
way were due to Bchl (blue), Bph (purple) and carotenoid (yellow).
Ubiquinone was also present. Comparison of absorbance spectra and Rf
values with literature data indicated that we were dealing with Bchl a,
Bph a, spheroidene and ubigquinone-10, respectively. For details see

refls Ts
2.4 DISCUSSION

Table 2.1 gives also the results of chemical determinations carried
out by other authors on reaction center preparations (last four columns).
The method used for the isolation of reaction centers was similar in all
cases reported: chromatophores were incubated with a detergent and were
then fractionated by centrifugation.

. L
The reaction centers prepared by Reed, Raveed and Israel 4 (see

also Reedh1) are the most "complete" particles that have been obtained

so far. In this case it appeared that the reaction center particles,
after their detergent-induced release from the chromatophore membrane,
were stripped of the light-harvesting Behl-protein complexes and of
ATP-ase, but they contained all of the remaining chromatophore proteinh3,

L1,kh (

including cytochrome b and cytochrome c see Ch. I, section 1.3).
Other preparations, including those prepared by us, had a lower

content of proteins and electron transfer components. Cytochrome b,

which could not be demonstrated in our reaction center preparations,

vas also absent from other preparations (refs 18,37,51,19): Cytochrome

¢ was present in some preparations (our SDS-RC particles from Rps.
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spheroides, and refs 4k and 51), and absent in other preparations18’37.

Our SDS-RC fractions from R. rubrum and AUT-RC fractions from Rps.
spheroides had only & low content of cytochrome c¢ (see Table 2.1).

10,6 to function as

Ubiguinone, which has been postulated earlier
the primary electron acceptor during the photooxidation of P870, was
present in most cases investigated (refs 44,19,51 and this work). A
Jlow ubiquinone content (1ess than 1 mole per mole of P870) has been

37

reported in only one case” .

Iron and magnesium were shcwn18 to be the only metals present in
more than trace amounts in purified reaction centers from Rps. spher-
oides. ESR measurements reported recently suggested that iron func-
tions as the primary electron acceptor in Chromatium chromatophores32
Photoreduction of iron was also suggested by ESR measurements with
reaction centers obtained by Feher18 which contained about 1 mole of
iron per mole of P870. From these particles Feher et al. prepared

19

"iron-free" reaction centers ”, which showed photoreduction of ubi-
quinone in a one-electron reaction (see Ch. VI, section 6.1). Our SDS-

RC particles from Rps. spheroides had & high iron content, as was also

the case with the particles obtained by Reed et al.hh (see Table 2.1).

The iron content of AUT-RC particles from Rps. spheroides was not check-
ed, but in later experiments we got indications for photoreduction of
ubiquinone in all types of reaction centers, but not for photoreduction
of iron (see Ch. V).

It should be noted that so far no case has been reported of react-
ion center particles containing neither iron nor ubiquinone. This
leaves room for speculation that one of these two serves as the primary

electron acceptor in vivo. (See Ch. VI).
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CHAPTER III

TRANSFER OF EXCITATION ENERGY TO P870 IN REACTION CENTERS FROM

RPS. SPHEROIDES

3.1 INTRODUCTION

In this Chapter we will describe experiments on transfer of
electronic excitation energy, carried out with reaction’ center
preparations from Rps. spheroides. The transfer of excitation energy
from various pigments to P8T0 was studied by a comparison of the
efficiency of light of different wavelengths in eliciting either the
bleaching (indicating oxidation) or the fluorescence of P870. Some
characteristics of the fluorescence from P870 will be given, viz.
(1) emission spectra under different conditions (2) kinetics of the
fluorescence changes in comparison with light-induced absorbance
changes and (3) the fluorescence yield and lifetime. Moreover an
estimate is given of the yield and lifetime of the fluorescence from
PBO0. The results indicate that transfer of energy from P800 to P8TO
may proceed by a faster mechanism than that of Forsters inductive
resonance transfer. The lifetime of the fluorescence of P8T0 was 3-8
picosec when the reaction center was photochemically active. This is
difficult to reconcile with recent measurements of the lifetime of

the fluorescence of chromatophores of which all reaction centers

were photochemically active (50 picosec, according to refs. 5 and 6).




3.2 MATERTALS AND METHODS

The preparation of the reaction center particles was described
in Ch. II, section 2.2.1. Light-induced absorbance changes were
measured with a splitbeam apparatus described earlierl. The fluor-
escence measurements described in section 3.3.2 (Fig. 3.4) were also
done with this apparatus, In this case a 4-side clear cuvette of 1 cm
thickness was put at the place of the sample cuvette, The fluorescence
was excited with weak, chopped light of 590 nm (band width 20 nm);
the fluorescence yield of the sample was modified by irradiation with
strong, continuous blue light. The light emitted by the sample was
filtered by 2 far-red cut-off filters and a broad-band interference
filter (maximum transmission at 905 nm) put in front of the photo-
multiplier. The photomultiplier tube was colled with ethanol of So
C in order to improve the signal-to-noise ratio. The signal from the
photomultiplier was fed into an AC amplifier (Brookdeal) which
transmitted a band of 10-1000 Hz. The light-induced sbsorbance
changes in the experiment of Fig. 3.4 were measured under similar
conditions: The 1-cm cuvette was placed at sample side of the cuvette
holder, and the actinic light was provided by the two light beams
which served as excitation and actinic beam, respectively, in the
fluorescence set-up. Both beams were continuous and the intensity of
the first beam was adjusted to the same average value as used in the
fluorescence set-up (where this beam was chopped).

The other fluorescence experiments described in this and the

next Chapter were done with an apparatus similar to one described
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earlier12. The excitation light, chopped at 50 Hz, was provided by
a 900 W Xenon lamp or a 600 W Tungsten-Iodine lamp and passed through
a Bausch and Lomb grating monochromator (1200 lines per mm grating).
An image of the exit slit of the excitation monochromator was focus-
sed upon a 1 mm glass or perspex cuvette. This image was focussed
upon the entrance slit of a second, analyzing monochromator. The
image of the grating of the analyzing monochromator was focussed
upon the cathode of a photomultiplier with an S1 type of response
which was operated at -80° C. The excitation and analyzing mono-
chromators transmitted pass bands of T and 8.5 nm width, respectively.
Tt was usually necessary to place additional filters both in the
excitation beam and in the emitted beam, in order to cut off "false"
light and stray excitation light, respectively. The intensity of the
excitation light was measured with an RCA photocell type 925, which
was calibrated against a YSI-Kettering Radiometer (model 65) of
which the sensor was put in the place of the cuvette. The radiometer
was calibrated against a standard thermopile. The base line for the
excitation and emission spectra was provided by the signals obtained
with water instead of sample in the cuvette. These signals, due to
"palse" excitation light, were usually less than 10% of the signals
obtained with the sample in the cuvette.

The emission spectra were corrected for the wavelength-
dependence of the relative sensitivity of the detecting system by
putting a surface covered with powdered MgO instead of the cuvette

in the sample holder. This surface was illuminated with light of a
25

calibrated tungsten band lamp with known intensity distribution
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A correction for resbsorption of the emitted light was carried out
using an equation as given by Duysensl1, with a modification to
account for the different geometry of our apparatus. The absorbance
of the samples at the maximum at 803 nm did not exceed 0.14 in a

1 mm cuvette.

3.3 RESULTS

3.3.1 The gquantum yield for the photooxidation of P870

Transfer of light energy from the different pigments present in
reaction center preparations to P870 was studied first by comparing
the quantum efficiencies of light of different wavelengths for the
P8T0 photooxidation. This photooxidation was illustrated already in
Fig. 2.5 (Ch. II). The difference spectrum for this reaction had &
minimum at about 600 nm (Ch. II, Fig. 2.6 and section 2.3.2).
Assuming that the differential extinction coefficient of P8T0

1

(reduced minus oxidized) at 867 nm is 93 mM~ com ! (ref. L4; see also

Ch. IV, DISCUSSION), we derived a differential extinction coefficient
of 16.3 mM '.cm ! for the oxidation of P870 at 600 nm. With actinic
light of 870 nm, the initial quantum efficiency for the photooxidation
of P8T0 was independent of the light intensity within the measured

1).

The values found for the initial quantum efficiency for the

range (0.35 - 16 nEinstein.cmfg.sec-

photooxidation of P8T0 varied somewhat in different reaction center
preparations, but our results were in general agreement with the data

l x -
of Bolton et al. and of Yau28, who also worked with reaction center
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particles from Rps. spheroides. Light of 872 nm had a quantum
efficiency ranging from 0.86 - 1.19. Light of 803 nm seemed to be
slightly less active than light of 872 nm. In order to eliminate
systematical errors involved in these calculations (errors in the
estimation of the molar extinction coefficient of P87T0, in the
measurement of the actinic light intensity, and in the calibration
of the magnitude of the absorption decrease) the quantum yield of
803 nm light was expressed relative to the quantum yield of 872 nm
light for the bleaching at 600 nm. Putting the gquantum yield of
872 nm light equal to 1, we derived a quantum yield of 0.89 * 0.05
for 803 nm light as an average for T different preparations. This is
taken to be the efficiency of the energy transfer from P800 to P870.
Bacteriopheophytin was present in all reaction center
preparations studied so far. The amount was rather variable, but the
minimum amount (observed repeatedly) was such that the ratio of the
absorbancies at 756 and 867 nm was approximately 0.9 : 1. In
preparations containing such a low amount of Bph, light absorbed by
Bph was transferred to reaction center Bchl with a high efficiency.
Light of T64 (absorbed mainly by Bph), 803 and 872 nm had a relative

quantum efficiency of 1.21 + 0.07, 0.87 + 0.06, and 1, respectively,

for the bleaching at 600 nm (average for three different preparations).

The low efficiencies measured by Yau28 at about 760 nm were probably
due to contaminations which absorbed in that region and did not
transfer energy to P8TO (see DISCUSSION and Ch. IV).

The question arose whether transfer of excitation energy was

possible between pigment molecules within one reaction center only,
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or wether energy could be transferred from one reaction center to
another. To answer this question we studied the initial quantum
yield of 803 nm light (Q803) for the photooxidation of P870 as a
function of the fraction of P8T0 which was reduced at the time of
the onset of the actinic light.

Fig. 3.1 shows schematically how the experiment was carried out.

The dark decay of the light-induced absorbance change was biphasic;
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Fig. 3.1 SDS-RC preparation from Rps. spheroides suspended in Tris-buffer. No
additions. Schematic representation of the kinetics of the 600 nm absorbance
change caused by actinic light of 803 nm (band width about 15 nm). Upward and
downward pointing arrows indicate when the light was switched on and off,
respectively. Actinic intensity, (1) 1.0 nEinstein, (2) 3.1 nEinstein, and (3)
6.0 nEinstein.cm 2.sec .
Fig. 3.2 Initial quantum yield of 803 nm light for the photooxidation of P870
(measured at 600 nm) as a function of the fraction of P8T0 which was reduced

at the time of the onset of the light (see text).




62

the reason for this will be discussed in Ch. V. By choosing the dark
time after a light period long enough, it was possible to obtain a
reliable base line for the slope of the subsequent 1ight-induced
absorbance change. From this slope we determined Q803. It was
confirmed (1) that the amount of actinic light absorbed did not
depend on the redox state of P870; (2) that the maximum 1ight-
induced bleaching obtained in this way corresponded to the total
amount of P8T0 present in the preparation; this enabled us to obtain
the fraction of photooxidized P870 from the abscissa of Fig. 3.1.
The result is shown in Fig. 3.2. It sppeared that Q803 was
proportional to the fraction of PBT0 which was reduced.

This result indicates that there was little or no "spill-over"
of absorbed energy. Spill-over may be defined here as a process
whereby a P800 molecule which has asbsorbed a quantum of light can
transfer this energy to another reaction center, especially if its
"own" PBT0 is oxidized. In that case light absorbed by P800
associated with oxidized P870 would also have some effect in photo-
oxidizing P870, and the result of Fig. 3.2 would have been & curved
line, with all values of Q803, except those at the extremes
(at Pred/Ptot = 0 and 1, respectively) lying above the diagonal of
Fig. 3.2.

Thus, the fact that Q803 was directly proportional to the
fraction of reaction centers in which P870 was reduced at the time
of the onset of the actinic light, indicates that there was no

measurable energy transfer between different reaction centers,

suggesting that each P800 molecule was coupled tightly to its "own
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P8T0. Measurements of circular dichroism22 suggested a strong
interaction between specific P800 and P8T0 molecules, and seem

therefore in agreement with this notion.

3.3.2 Emission spectra and kinetics of the fluorescence from P870

Before proceeding to give excitation spectra for the fluor-
escence from P8T0 (see section 3.3.3) we will show in this section
that a fluorescence band centered around 910 nm originates from
P870, and we will give some characteristics of the emission
spectrum.

Fig. 3.3 shows an emission spectrum obtained with an SDS-RC

preparation from Rps. spheroides by illumination with light of
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Fig. 3.3 Fluorescence emission spectra of an SDS-RC preparation from Rps.

spheroides suspended in Tris buffer. ———-- : No additions., : with 15 mM

ascorbate. Excitation light, 370 nm, intensity 8.4 nEinstein.cm-e.sec-‘. For the

ordinate scale see the legends to Fig. 3.9.
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370 nm. Without additions (dashed line) PBT0 was kept photooxi-

dized by the excitation light. The tail which is seen below about

12000 cm | when P870 is oxidized (dashed line) is probably due to

a degradation product with an emission maximum at 860 nm. The
excitation spectrum for the fluorescence of this impurity has

peaks at about 845 nm, 760, 690 and 590 nm, and also small
carotenoid peaks at 510, 475 and 445 nm (Slooten, unpublished). The
location and relative magnitude of these peaks indicated that the
tail in the emission spectrum below 12000 cm'-1 was not due to
photooxidized P870. It is suggested that it was due to reaction
centers with degraded pigments. In the presence of 15 mM ascorbate
(solid line) both P870 and the primary acceptor were reduced in the
excitation light (see Ch. V). Below 12000 em™ | the difference
between these two spectra represents the emission due to reduced
P870 in the presence of reduced endogenous electron acceptors (see
below). This emission has a peak at about 910 nm. The emission peaks
with maxima at 700 and 772 nm were due to oxidized Bchl and to Bph,
respectively. These will be dealt with in Ch. IV.

To obtain further evidence that the emission band around 910 nm
is due to P8T0, we compared the kinetics of light-induced absorbance
changes (at 867 nm) and fluorescence changes (at 905 nm) in an
AUT-RC preparation from Rps. spheroides. These measurements were all
done with the apparatus normally used for the measurement of light-
induced absorbance changes as described in section 3.2. The results
are shown in Fig. 3.4. In the presence of 40 uM ferricyanide and

400 uM ferrocyanide all reaction centers were in a state with
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reduced P8T0 prior to the onset of the orange light (as indicated by

the absorbance spectrum). Weak orange light caused a partial bleach-

ing of P8T0, which reached a steady state after about 20 sec (top

left part of Fig. 3.4). The blue light which was switched on sub-

sequently caused a complete bleaching of P8T0 after 15 sec of
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Fig. 3.4 AUT-RC preparation from Rps., spheroides suspended in Tris buffer.

Left: kinetics of absorbance changes at 867 nm, induced by orange (0) and blue

(B) light. Right: kineties of fluorescence at 905 nm, observed upon excitation
with orange (0) light. Top row, 40 uM ferricyanide plus 400 uM ferrocyanide
present. Bottom row, 40 uM ferricyanide plus 40 mM ferrocyanide present. Upward
and downward pointing arrows indicate when the light was switched on and off,
respectively. The time scale is indicated at the bottom of the Figure, Vertical
bars (left colummn) indicate an absorbance change of 0.02 OD units.The fluorescence
measurements are all on the same scale as indicated by the vertical bar represent-
ing a R(elative)U(nit). The average intensity of the orange light (580 - 600 nm,
selected with a Schott 596 AL filter) was 0.L2 nEinstein.cm 2.sec™ ', The intensity

of the blue light (selected with Corning CS 4-97 and CS 4-76 filters) was about

20 nEinstein.cm 2,sec” .. Further details see section 3.3.2.
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illumination. After switching off the blue light the bleaching
decayed with a half time of 6 sec to the level occurring prior to
the onset of the blue light. The kinetics of the 905 nm fluorescence
elicited by orange light were very similar to the kinetics of the
light-induced absorbance changes, indicating that the variable part
of the 905 nm fluorescence was due to reduced P870 (top right part
of Fig. 3.4). The fluorescence started from a level F1 and de-
creased probably to a minimum level Fo during irrediation with
strong blue light (stray light reaching the photomultiplier did not
permit us to measure fluorescence accurately while the actinic blue
was on).

In the presence of 40O uM ferricyanide and 40 mM ferrocyanide
weak orange light caused a small bleaching of P870 (bottom left
part of Fig. 3.4). After switching on the strong blue light a large,
but still incomplete bleaching of P8T0 occurred. The absorbance at
867 nm attained a minimum value after sbout 1 sec of illumination
and increased subsequently to a somewhat higher level while the
light was still on. After switching off the blue light the bleaching
decayed within a second to the level occurring prior to the onset of
the blue light.

On the other hand, the 905 nm fluorescence elicited by orange
light, which started from the same level F1 as sbove, increased
slightly during the irradiation with orange light (bottom right part
of Fig. 3.4). The fluorescence increased to an even higher level
during illumination with blue actinic light (not shown) and, after
switching off the blue light, decayed from a level F2 to a lower

level, with a half time of 3 sec.
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In the presence of 10 mM dithionite light-induced absorbance
changes did not occur and the 905 nm fluorescence elicited by orange
light was high (at a level F3 in Fig. 3.6) and was not modified by
irradiation with strong blue actinic light.

Similar results were obtained earlier by Zankel et 31.29 and
Reed et a1.21, and later by Clayton et al.g. These results give
additional support for a scheme of the electron transport cycles
operating in isolated reaction centers, which will be discussed in

detail in Ch. V. For this reason we will now give only an ad hoc
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Fig. 3.5 Reaction scheme explaining the results shown in Fig. 3.4, Arrows
indicate the direction of the electron transport. The light quantum is indicated
by hv. R The letters g, b, c and d have been used here as in Ch. V (Fig. 5.3).

Further details see text.

Fig. 3.6 Schematic representation of the fluorescence kinetics discussed in

connection with Fig. 3.4. The orange excitation light is switched on at zero

time. B, blue actinic light. Curve (1), 40O uM ferricyanide and 400 uM ferrocyanide;

curve (2), 40 uM ferricyanide and L0 mM ferrocyanide; curve (3), 10 mM dithionite.
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explanation (see Fig. 3.5). In this scheme, P is P870 and X and A
are endogenous electron acceptors. P can be oxidized to P+ and X
and A can be reduced to X and A”. As far as we know (see Ch. V and
VI), the primary reaction is the photoreduction of X by P8T0
(reaction a). As shown above (see also Fig. 3.3), oxidized P8T0 does
not emit fluorescence at 905 nm. It has been shown21’9 that reduced
P870 in reaction centers in the state PX is "weakly" fluorescent
because fluorescence competes with photochemical activity. Reaction
centers in the state PX are photochemically blocked and therefore
P870 is "strongly" fluorescent21’9. (The actual yields will be
discussed below.)

Without additions (not shown) only the reactions a, b, ¢ and d
occurred, and of these the reactions b and d were in this preparation
very slow compared to the reactions g and ¢. In other words we were
dealing slmost only with the photoreduction of an acceptor X by P8T0
(reaction 8); this reaction was reversible in the dark (reaction ¢).
Reaction ¢ has a half time of about 0.2 sec. For further details see
Ch. V.

In the presence of 40 pM ferricyanide and 400 uM ferrocyanide,
reactions a, g and f occurred. In this case, reaction g (P+X— + Fe3+
___—->P+X “+ Fe2+) was apparently faster than reaction ¢ (P+X- e
PX), as indicated by the absence of a decay component with a half
time of sbout 0.2 sec, whereas reaction f was still rather slow

. ; + -
(half time 6 sec). As & result, reaction centers in the state PX

did not accumulate under our experimental conditions and the net

reaction was a photoreduction of ferricyanide by P870 (reaction &
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and e) which was reversible in the dark (reaction f£). This

explanation was supported later by measurements of light-induced

absorbance changes at 325 nm under the same conditions (compare Ch. V).

The results were similar to those shown in the middle row of Fig. 5.1.

The fluorescence, coming only from reaction centers in the state PX

in this case, was proportional to the fraction of P870 which was

reduced. Our results indicated that F1 and FO were fluorescence
levels observed when all reaction centers were in the state PX and
P+X, respectively (top right part of Fig. 3.4). The invariable
fluorescence level FO was probably caused partly by the spectral
component shown in Fig. 3.3 (dashed line), and partly by false light,
or by stray actinic light, which was difficult to exclude in these
measurements.

In the presence of 4O uM ferricyanide and 40 mM ferrocyanide
reaction g was slower and reaction f was faster than in the former
case. After P8T0 had photoreduced X in reaction &, it was itself
rereduced by ferrocyanide (reaction £), so that in the light an
equilibrium was established where all reaction centers were in the
state PX, PX or P+X-. The fluorescence level observed in this
mixture was higher than the level F1, observed when all reaction
centers were in the state PX (as was the case prior to the onset of
the orange light). After switching off the blue light reaction a
became much slower and the state PX was largely restored. The
fluorescence decrease observed after switching off the blue light

was probably due to the reaction PX + ferricyanide —> PX +

ferrocyanide.
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After addition of dithionite all reaction centers were in the
state PX prior to the onset of the orange light. As a result the

fluorescence was at an invariant high level F

3°

The conclusions from these experiments were that the "variable"

fluorescence centered around 910 nm originates from reduced P87T0,

21,9

and that, in accordance with earlier results , reaction centers

in the state PX have a higher fluorescence yield than reaction

centers in the state PX. (See Fig. 3.6). We found that F3 =

(reflecting the fluorescence yield of PX ) was 6-8 times higher than
F1 - Fo (reflecting the fluorescence yield of PX). From these
numbers one might conclude (see e.g. refs. 9,18) that the quantum
yield of light absorbed by P870 for the primary photochemical
reaction in reaction centers in the state PX was 0.84-0.88 in this
preparation. Since, however, the addition of dithionite caused the
preparation to become slightly more turbid, it is possible that the

high fluorescence level F_ was caused partly by an increase of Fo’

3
due to an increased amount of false light or stray actinic light.
The shape of the emission spectra of reaction centers in the
state PX and in the state PX , respectively, was the same within
the limits of accuracy, as is shown in Fig. 3.7. The left hand part
shows the kinetics of the decrease in emission of 920 nm light, as
observed in an SDS-RC preparation, suspended in Tris-buffer, upon
excitation with light of 510 nm. Without additions the fluorescence
yield decreased from a level Fq to Fo. The variable part of the

fluorescence in this case arose from reduced P8T0 in the presence

of oxidized electron acceptors, and the fluorescence decrease
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corresponded probably with phase b of the photooxidation of P870,

as defined in Ch. V, section 5.3.1 and Fig. 5.1. (The time constant
of our apparatus was too slow to allow detection of the fluorescence
transient corresponding with phase & of the P8T0 photooxidation. )

In the presence of ascorbate the fluorescence increased to a level

F3. As discussed earlier in this section the emission difference
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Fig. 3.7TA Kinetics of the fluorescence changes measured at 920 nm upon irradiation
. = 3 B > A . - -1
of an SDS-RC preparation with light of 510 nm (intensity 31 nEinstein.cm 2.sec )5

The time constant of the detecting system was 0.5 sec.

Fig. 3.7B Same preparation. Solid line: Emission difference spectrum (reduced
minus oxidized) obtained by taking the difference between the emission spectra as
measured in the presence and in the absence of 15 mM ascorbate (left hand scale).
Excitation with light of 510 nm, intensity 31 nEinstein.cm 2.sec . Open points:
Spectrum of the variable part of the fluorescence (F'1 - Fo) as observed without
additions (right hand scale), Excitation with light of 510 nm, intensity 29

nEinstein.cm 2.sec . See the legend to Fig. 3.9 for the ordinate scales.
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(F3 - FO) arose from reduced P8T0 in the presence of reduced
electron acceptors. Fig. 3.7B shows that the emission difference

spectra corresponding with (F; - Fo) and (F. - Fo), respectively,

3

had the same shape, within the limits of accuracy.
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Fig. 3.8A Solid line: Absorbance spectrum of an SDS-RC preparation from Rps.
spheroides plotted on a wavenumber scale. Maxima have been indicated in nm. This
spectrum was analyzed into three components, viz. O—0 : Bph; A——4 : P800;
and #——~@ : P870. Dashed line: Emission spectrum of P870 (as PX ) obtained by
taking the difference in emission spectra as observed prior to, and after addition
of 15 mM ascorbate. Excitation light, 500 nm, intensity 30 nEinstein.cm-e.sec-1.
A A A : Emission spectrum of P870 calculated from the absorption band of P8T70

using the Stepanov equation (see text). The emission spectra were adjusted

arbitrarily to the same peak values as that of the P870 absorption band.

Fig. 3.8B Residual absorption remaining after the analysis of the absorbance

spectrum as explained in Fig. 3.8A.
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Fig. 3.8A (solid line) shows the absorbance spectrum of an

SDS-RC preparation from Rps. spheroides plotted on a wave number
scale. This spectrum was analyzed by hand into three components ,
P870, P800 and Bph, assuming that the bands were symmetrical. This
analysis is incomplete in that there are in the near-infrared region
| probably also weak satellite bands due to P800 and P870, but we
suppose that these bands occur mainly in the region of Bph
absorption (cf. Fig. 4.6 in Ch. IV), and do not affect the analysis
of the P800 and PBT0 bands seriously. From the absorption band of
P8T0 found in this way we calculated the emission spectrum of P870,
using the Stepanov equation, as cited by Szalay et al.gh. The
emission spectrum calculated in this way (A A A in Fig. 3.8A) was
very similar to the actually measured emission spectrum of P870
(dashed line in Fig. 3.8A). Similar results were obtained earlier

by Zankel et 31.29.

3.3.3 Excitation spectrum for the P870 fluorescence

Transfer of light energy from the different pigments present
in reaction center preparations to P870 was studied also by
measuring an excitation spectrum for the fluorescence at 920 nm due
to reduced P870.

Fig. 3.9 (upper curve) shows the absorbance spectrum of the
SDS-RC preparation of which emission spectra were shown in Fig. 3.3.
See Ch. II, section 2.3.1 for a discussion of a similar spectrum.
The preparation shown here was somewhat turbid and the zero line

runs probably between the indicated extremes. This approximation
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Fig. 3.9 : Absorbance spectrum of an SDS-RC preparation., ===-- : Extreme

values suggested for the base line of the absorbance spectrum (see text). Open
symbols: Differential excitation spectrum for the fluorescence of P8T0 (in the
state PX ), measured with the same preparation, at 920 nm (see text). Solid symbols:
Same, but with another SDS-RC preparation. The excitation spectra match the
absorbance spectrum at 800 nm. The vertical scales in Figs. 3.3, 3.7B and Fig. 3.9
(fluorescence intensity divided by the intensity of the excitation light at unit
concentration of P870), are all expressed in the same relative units. The same
scale applies also to Figs. 4.1 - 4.5 of the next Chapter.
is based on the experience that in clear preparations the absorbance
at 950 nm is zero and the sbsorbance at the 600 nm maximum is 3
times higher than the absorbance at 640 nm and 565 nm. Moreover
the absorbance spectrum of a clear preparation is almost horizontal
between 620 and 650 nm.

To obtain with this preparation the excitation spectrum for
the fluorescence of reduced P8T0 in reaction centers in the state
PX , we took the difference in emission at 920 nm as observed upon

irradiation with excitation light before and after addition of 15

mM ascorbate, respectively (compare Fig. 3.3). The result is shown
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in the open and solid circles of Fig. 3.9. The open symbols refer
to measurements with the preparation represented by the absorbance
spectrum of Fig. 3.9. The solid symbols are points measured with
another SDS-RC preparation.

As shown by a comparison of the absorption and excitation
spectra of Fig. 3.9, light absorbed by P800 at 800 nm was transfer-
red to P8T0 with an efficiency close to 1. Light of around 760 nm
was transferred to P870 with an efficiency of 0.8-0.9. This lower
efficiency is attributed to the presence of non~-transferring
contaminations (see Ch. IV), which account for 10-20% of the light
absorbed in this region. The remaining light absorption in this
region is due mainly to reaction center Bph (see DISCUSSION), which
transfers energy to P870 with an efficiency close to 1, as shown in
section 3.3.1. The peak at 690 nm suggests the presence of a
substance designated as 8690, which absorbed light of 690 nm and
transferred energy to P870. The excitation spectrum of Fig. 3.9
does not show a peak in the blue region attributable to 8690.
However, excitation spectra for the fluorescence of TO00 and T10 nm
had a maximum at 685 nm and another maximum at 420 nm, which was
larger than that at 685 nm (see Fig. 4.1, Ch. IV). This was
ascribed to the presence of a substance called P690; apparently
P690 did not trensfer energy to P870, whereas 8690 did.

Fig. 3.9 shows that light absorbed by carotenoids was also
transferred to P870, with an efficiency which was estimated to be

at least 0.7T.

The excitation spectrum shown in Fig. 3.9 was, apart from the
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peak at 690 nm, practically identical with the absorbance spectrum
of an AUT-RC preparation, shown in Fig. 2.2 (Ch. II). Excitation
spectra for the fluorescence of P8T0 were similar in AUT-RC and
SDS-RC preparations, except that in the former S690 or P690 were

practically absent (cf. Ch. II, section 2.3.1).

3.3.4 The fluorescence yield and fluorescence lifetime of P8T0

and P800
The fluorescence yield of P8T0 was measured in an SDS-RC
preparation from Rps. spheroides by comparison with chromatophores
from Rps. spheroides, in which P8T0 was kept photooxidized by the
excitation light. Both measurements were done with excitation light
of 590 nm, intensity 30 nEinstein.cm-Q.sec-1. The reaction centers
were brought in the state PX by addition of 10 mM dithionite.
Assuming that the fluorescence yield of chromatophores is 5% at
27,17

high light intensities we derived a fluorescence yield of

3

2.5 x 10°° for P870 in reaction centers in the state PX . At

another occasion, using a different batch of SDS-RC particles from
Rps. spheroides we found a fluorescence yield of 1.0 x 10‘-3 for
P8T0 in reaction centers in the state PX , indicating that the
fluorescence yield of P870 (as PX ) varied from preparation to
preparation. This was also apparent by direct comparison of two
batches of reaction centers from Rps. spheroides. A ratio of 0.4:1

was found for the fluorescence yield of P8T0 (as PX ) in these

preparations. The reason for these variations is not known.

Assuming that the ratio of the fluorescence yields of P8T0 in
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reaction centers with oxidized and reduced electron acceptors,

respectively, is 0.2:1 (cf. refs. 29 and 9 and section 3.3.2 and

Fig. 3.6 of this Chapter) we derived a value of 2 - 5 x 10_h for
the fluorescence yield of P870 in the presence of oxidized electron
acceptors.

The application of the Stepanov formule allowed us to estimate
the emission spectrum of P800 from the asbsorbance spectrum of P800
shown in Fig. 3.8A. The result was an emission band with a pesk at
814 nm (10 nm further than the absorption meximum) and a halfwidth
of 30 nm (470 cm_1). Unexpectedly, such an emission band was not

\ detected, not even when P8T0 was oxidized. From Fig. 3.3 and other

similar emission spectra we estimated that the magnitude of the

\
peak of the P800 emission band was less than 0.04 times the
magnitude of the peak of the P870 emission which was observed in
the presence of strong reductants. Since the estimated half width
of the P800 emission band was asbout 2 times smaller than the
measured halfwidth of the P870 emission band (820 cm—l), this
meant that the total emission from P800 was less than 0.02 times
the total emission from P8T0 in the presence of strong
reductants.

| Now if P870 is reduced, light absorbed by P870, P800 and Bph
contributes to the P8T0 fluorescence. It was assumed that if P870
is oxidized, only light absorbed by P800 and Bph contributes to the
P800 fluorescence. The separate absorbance spectra of P870, P800

and Bph in the region of 600 nm have been calculated in Ch. II,

section 2.3.3. Using excitation light of 596 nm (band width 20 nm)
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we concluded that the fluorescence yield of P800 was less than

=2

k.10 even when P870 was oxidized.

The fluorescence lifetime can be calculated by multiplying the
intrinsic lifetime, Ty (occurring if the fluorescence yield is

100%) with the actual fluorescerice yield. The intrinsic lifetime

T, cen be computed by a formula derived by Strickler and BergdB:
2.88 x 10-9 &,

e —— R [ . dk

_3)

(k g

av u
where n is the refractive index of the medium at the mean wavelength
of the emission band, g, and g, are the degeneracies in the upper

and lower state respectively, € is the extinction coefficient

S . =1
(M em 1) at a particular wavenumber k¥ (cm ), and

jk-B.l .dk
£
i O A <

(k
av

fIf.dk
where If is the fluorescence intensity in quanta per unit frequency
range.

For these calculations we used the absorption band of P800 as
observed when P8T0 is reduced (with a maximum at 804 nm). Apart
from a shift of 4 nm to shorter wavelengths, the results would
probably have been about the same if the P800 absorption band
(maximum at 800 nm) corresponding with oxidized P8T0 had been taken.
For the computation of (k_3)av we took the P800 emission spectrum
calculated by means of the Stepanov equation (see above). The
maximum extinction coefficient of PB00 was taken to be 136000

=1 A=
W loem! &t 804 nm (ref. 4). In the case of P8T0 we took the
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actually measured emission spectrum (see Fig. 3.8A) for the

_B)av; the maximum extinction coefficient of P8T0
1

was taken to be 113000 M~ o (ref. 4)(see however Ch. IV for a

computation of (k

discussion of these extinction coefficients). With gl/gu = 1, and
assuming that n = 1.33, we found values of 17 and 21 nsec for the
intrinsic lifetime of the fluorescence of P870 and P800,
respectively. The value for P8T0 corresponds well with the value of
Zankel et a1.29, who found 18 nsec. However, these authors omitted
n2 from their reproduction of the formula of Strickler and Berg.

29

Since Zankel et al. started from practically the same extinction
coefficients and emission spectra as used by us, we presume that
they also used a value of 1.33 for the refractive index in their
calculations.

From the known fluorescence yields of P870 (as PX ), P870 (as
PX) and P800 (see sbove), and from the intrinsic lifetimes of the
fluorescence from P8T70 and P800, we found actual lifetimes of
17-42 picosec for the fluorescence of P870 in the state PX , 3-8
picosec for the fluorescence of P870 in the state PX, and less than
0.8 picosec for the fluorescence of P800. The latter value is
probably the time within which energy is transferred to P8T0 since
this transfer occurs with high efficiency (see section 3.3.1 and
3.3.3). It should be noted however, that the very short lifetime of
the fluorescence from P800 may be in conflict with one of the
assumptions on which the calculation was based, namely, that thermal
relaxation of the vibration levels of the excited state of P800 has

been established at the time when emission takes place. This
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assumption is implicit in the application of the Stepanov equation

for the calculation of the emission spectrum of P800.

3.3.5 Distance between P800 and P870

The data obtained in section 3.3.1 and 3.3.4 were used to
estimate the distance R between P800 and P870. To this end it was
assumed (1) that the energy is transferred from P800 to P8T0 via
dipole-dipole interaction, and (2) that the vibration levels of
the excited state of P800 are thermally relaxed at the time when
the transfer takes place. With these assumptions the Fdrster
equations15 for inductive resonance transfer, in which the rate of
energy transfer varies as R_6, may be applied. These equations were
applied earlier to photosynthesis by Duysens11. It should be noted
however, that the secondassumption is somewhat doubtful, as we saw
in section 3.3.4, and it is possible that a faster type of energy
transfer than that of inductive resonance occurs from P800 to P87T0.
We did not attempt to calculate the distance between P800 and P8T0
for such a faster type of energy transfer, but it may be estimated
roughly that the distance between P800 and P8T70 is smaller than
20 & (ref. 8).

However if it is allowed to apply the Fdrster equations, a more
specific estimate can be made as follows, The distance Ro between
two molecules which transfer energy to each other via the Forster
mechanism is defined as the distance at which the rate of de-
excitation by energy transfer (Kt) equals the rate of de-excitation

by fluorescence (Ke)' Then
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in which R is the actual distance between the molecules. In the case
of energy transfer from P800 to P870, K, and Ke are properties of
P800; their ratio was determined from (cf. ref. 11):

Kt Q

x . (1.~ae

=
in which Q is the efficiency of the energy transfer from P800 to
P8T0 and ¢ is the fluorescence yield of P800 in the absence of

energy transfer. With ¢<h.10—5

(see section 3.3.4) and Q=0.89
(average of section 3.3.1) we found that R < 0.13 Ro. It should be
noted that in the above mentioned relation between Kt’ Ke’ Q and ¢
it is assumed that the internal conversion processes of the excited
state of P800 have an average rate constant which is independent of
whether P870 is reduced or oxidized, and that P800 does not transfer
energy to oxidized P8T0. We will return to this below.

The distance Ro was calculated from the overlap between the
emission band of P800 (calculated with the Stepanov equation, see
section 3.3.2) and the absorption band of P870, using the Fdrster
equation (Eqn. 9.1 in ref. 11). This equation contains factor k2
which depends on the position of the red dipoles of P800 and P8T0
relative to one another. Fluorescence polarization measurements
(ref. 14 and own observations) indicate an angle of approx. 25°
between the red dipoles of P800 and P870. This means that k2 may

vary from 0.81 to 3.2L4 and so Ro varies from T7 to 94 R and

R< 10 R if the red dipoles of P800 and P870 are situated opposite
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to one another; R < 12 { if the red dipoles of P800 and P870 are
in line.
It is difficult to understand why the fluorescence yield of

%)

when P870 is oxidized. Dimer

P800 is so low (less than 4.10°
formation can be the cause of lowering of the fluorescence yield,

indicated no interaction

but circular dichroism measurement522
between the two molecules of P800 when P8T0 is oxidized. One might
suppose that the fluorescence from P800 is quenched not only by

reduced P870, but also by oxidized P870. In that case one has to

use another relationship to calculate the ratio of Kt/Ke This is

in which ¢' is the fluorescence yield of P800 in the presence of
energy transfer. Then one arrives at a higher upper limit for R,
namely, R < 0.18 RO but on the other hand, in that case the oxidized
P8T0 has to be at a very short distance of P800 anyway to quench the
fluorescence from P800 within 0.8 x 10“12 sec.

A further correction may be necessary because the simple dipole
approximation is not correct at distances that are comparable to
the dimensions of the system of conjugated bonds of the individual
molecules. In summary, the assumption of "slow" energy transfer
(see above) leads to the result that P800 transfers its energy to
P870 along a distance which may be less than 10-12 R. Again, this
result may be inconsistent with the assumption of "slow" inductive
resonance transfer. Our results are not inconsistent with the con-

22

clusion reached by Sauer et al. on the basis of circular dichroism
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measurements, that 1 molecule of P870 and 2 molecules of P800 form

a trimer when P8T0 is reduced.

3.4  DISCUSSION

All reaction center preparations made so far from Rps. spheroi-
des and R. rubrum contain Bph. We have seen in section 3.3.1 and
3.3.3 that energy absorbed by reaction center Bph (see below) is
transferred to P8T0 with an efficiency approaching 1. One may ask
whether Bph is a degradation product formed as a result of the
procedure followed in isolating the reaction center, or whether it
occurs as such in the reaction center in vivo. Evidence in favor of
the latter idea can be collected from the literature. Firstly, the
absorption spectrum of chromatophores of Rps. spheroides strain
R-26 exhibits shoulders at sbout 760 and 800 nm; these shoulders are
absent in chromatophores depleted of reaction centersQo. Secondly,
in the same organism, the action spectrum for the photooxidation of
P8T0 exhibits shoulders at sbout 760 and 800 nm (ref. 10); these
shoulders are absent in the action spectrum for the fluorescence of
"light-harvesting" Bechl (refs. 10,27,13). These data indicate that
Bph and P800 occur as such in the reaction center in vivo and that
these pigments transfer energy to P870 rather than to "light-
harvesting" Bchl.
We will show however in Ch. IV that distinction should be made

between two kinds of Bph: firstly reaction center Bph, which is

part of the reaction center in vivo and transfers energy to P870,
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and secondly "free" Bph, which arises supposedly as a degradation
product from bulk Bchl during the preparation of reaction centers
and does not transfer energy to P870. Reaction center Bph occurs in
a fixed ratio to P870, which is exemplified by the absorbance
spectrum shown in Fig. 2.2 (Ch. II). "Free" Bph is present in
varisble amounts, but in our hands it does not exceed 1/10 or 1/5
of the amount of reaction center Bph, judging from absorbance
spectra. It has however a high fluorescence yield, in contrast to
reaction center Bph (see Ch. IV).

The quantum efficiency of light absorbed by P800 for the
photooxidation of P8T0 was proportional to the fraction of P8TO
which was reduced. This suggests that each P800 molecule transfers
energy to its "own" P870 only. This follows also from the conclusion
obtained by Sauer et a1.22, that P800 and P870 form a trimer ( 2 P800
and 1 P8T0 molecules, according to these authors. However see Ch. IV
for a discussion of these numbers).

The 1ifetime calculated for the fluorescence of P800 was
shorter than 0.8 picosec. This is probably the time within which
energy is transferred to P870. The calculated distance between P800
and P870 was 12 ® or less. Both values are probably only approxi-
mations because the results are in conflict with an assumption on
which the calculations are based, namely, that thermal relaxation
of the vibration levels of the excited state of P8T0 occurs prior
to energy transfer.

A similar situation may exist in chromatophores. Borisov and

Godik5’6 found that the fluorescence of chromatophores of several
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species, including Rps. spheroides, had two components with different
lifetimes, viz. a non-variable "background" component with a lifetime
of the order of 1 nanosec and a variable component of which the
lifetime increased with the fluorescence yield, ranging from 50 pico-
sec when all reaction centers were in a "trapping" state (see below),
to 500 picosec when all reaction centers were in a state with oxidized

p870° 6

. Apparently, when all reaction centers in the chromatophores
are photochemically active (i.e. with P870 reduced and the primary
electron acceptor oxidized), the absorbed energy is transferred within
50 picosec to the reaction center. Consequently, according to the
authors, the time within which energy is transferred from one bulk
Bchl molecule to another is "comparable with lattice relaxation

"5’6. This will be considered below.

times
An absorbed quantum of light remains during a time tm in a
photosynthetic unit before it is trapped in a reaction center. During
this time to it makes a number of "jumps" among bulk Bchl molecules
before it encounters a reaction center. We assume that if all
reaction centers are photochemically active, the quantum efficiency
for the primary photochemical reaction approaches 100%. It is also
assumed that the excitation energy has a probability approaching 1
of being trapped upon encountering a photochemically active reaction
center. lhder these conditions the number of jumps, n, which the
excitation energy made from one bulk Bchl molecule to another before
it encountered a reaction center, is determined by: n = tm/tjk’

where tjk is the jump time of excitation energy from the jth to the

t - . ”
k R bulk Bchl molecule. Once arrived in the reaction center, the
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excitation energy remains there during a time t, before trapping

t
occurs: trapping is defined here as the excitation energy dependent
transition of the reaction center pigment to a state from which no
back transfer of excitation energy occurs. The high trapping
probability which was assumed above requires that tt << trj’ where
trj is the time within which energy is transferred back from the
reaction center to a nearby bulk Behl molecule. This reguirement

reduces to tt << tjk if it is assumed that trj is approximately

equal to t.

jx° In Rps. spheroides the latter assumption (t_. ~

r) tjk)
seems reasonable in view of the similarity of the absorption and
emission spectra of P870 and the bulk Bchl species B870 (see Table 3.1).

In isolated reaction centers, t, is indicated by the lifetime of the

t
fluorescence from P870 in the state PX, and we have seen in section
3.3.4 that this was 3-8 picosec (ef. ref. 29). However, in view of the
requirement that tt << tjk’ a value of 3-8 picosec for tt in chromato-
phores is difficult to reconcile with the short jump time tjk (1.4-2
picosec) which follows from tm = 50 picosec (refs. 5,6) if the
equations derived* by Bay and Pearlstein3 are applied. There are

several explanations for this discrepancy, as enumerated below.

(1) The formulas derived by Bay and Pearlstein3 were based on random

') These equations, obtained by a "delocalized" treatment of the transfer of
excitation energy in chloroplasts, apply to separate units and give tm/tjk as a
function of the size of the photosynthetic unit, N. Thus, in a 2-dimensional array
of bulk Behl moleculesB. tm/tjk = 1.3N - Ni, and in a 3-dimensional array3,

tm/tjk = 2.4 N2/3. In chromatophores, N is about 30.
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s -1
Values in cm

Absorption band Emission band
Pigment peak half width peak half width
B870 11370 500 11150 520
P870 11550 800 11050 820

TABLE 3.1. Absorption and emission characteristics of P870 and B870. The values for
P8TO were taken from Fig. 3.8A. The values for the absorption band of B870 were ob-
tained by analysis of an absorption spectrum of a fraction from Rps. spheroides
chromatophores containing predominantly B870 and P870, and little B850 or B800.

This fraction was prepared by centrifuging chromatophores incubated with Triton as

Ts15

described earlier The values for the emission band of BB70 were obtained with

normal chromatophores, It should be noted that the absorption and emission band of
BBT0 fitted even better with the Stepanov equation than those of PBT0 (see section

3.3.2).

walk calculations assuming that the pigment system consisted of
identical molecules. A homogeneous pigment system was also assumed
by Borisov and Godik6 when they calculated jump times "comparable
with lattice relaxation times" for transfer between bulk Bchl
molecules. However, in many species of bacteria the pigment system
is not homogeneous. For instance, in Rps. spheroides, energy transfer
occurs predominantly from B800 to B850 and from B850 to B8TO (cf.
ref. 7 and the 1st alinea of page 15 of this Thesis. This may

result in a lower number of jumps, n, and a longer jump time, tjk’
between 1like pigment molecules than calculated with the Bay and

Pearlstein3 formulas.
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(2) The fluorescence lifetime of P8T0 in reaction centers in the
trapping state (indicating tt) is perhaps lower in chromatophores
than in isolated reaction centers.

(3) The values obtained by Borisov and Godik for the lifetime of
the variable fluorescence component (50 picosec at low light

7

s S Sl ¥ 1
intensities) were challenged by Govindjee et al. who found values

of about 1-2 nanosec. The reason for this discrepancy is not under-

e 1
stood. If the values of Govindjee et al. T are correct, the jump time

tjk would rise to about 30-40 picosec, according to the equations
derived by Bay and PearlsteinB. Each of the latter two explanations,

in combination with the first one, may be sufficient to meet the

requirement t_. >> t, (where t_. is assumed to be equal to t. )
r) t r) Jk

which was necessary to obtain a high trapping probability of
excitation energy encountering a reaction center.

Finally, it is interesting to compare our estimates of the
transfer time of energy from P800 to P870, and of the distance between
P800 and P8T0 molecules, with data obtained by Philipson and Sauer19
with Behl a-protein particles from Chloropseudomonas ethylicum. The
authors found that the particles consisted of subunits containing
5 Behl molecules. The Behl molecules were 12 - 15 R apart. Circular
dichroism measurements indicated a strong coupling between the
molecules, suggesting that excitation energy was delocalized over the
whole array. The authors suggested that in most photosynthetic
organelles there is heterogeneous arrangement of photosynthetic
pigments, with strong excitation delocalization predominant among

chlorophylls within subunits, and with Forsters resonance transfer

between the widely separated subunits.




REFERENCES

Amesz, J. (1964), Thesis, University of Leiden.

Barsky, E.L. and Borisov, A.Yu. (1971), J. Bioenergetics 2,

275 - 281.

Bay, Z. and Pearlstein, R.M. (1963), Proc. Natl. Acad. Seci. U.S.

50, 1071 - 1078.

Bolton, J.R., Clayton, R.K. and Reed, D.W. (1969), Photochem.

Photobiol. 9, 209 - 218.

Borisov, A.Ya. and Godik, V.I. (1970), Biochim. Biophys. Acta 223,

K41 - 443,

6 Borisov, A.Yu. and Godik, V.I. (1972), J. Bioenergetics 3, 211-220.
T Bril, C. (1964), Thesis, University of Utrecht.
8 Clayton, R.K. (1965), "Molecular Physics in Photosynthesis",
205 pPpP.s Blaisdell Publ. Cy., New York, pp. 106 - 12L.
9 Clayton, R.K., Fleming, H. and Szutz, E.Z. (1972), Biophys. J.
12, 46 - 63.
10 Clayton, R.K. and Sistrom, W.R. (1966), Photochem. Photobiol. 5,

661 - 668.

11 Duysens, L.N.M. (1952), Thesis, University of Utrecht.

12 Duysens, L.N.M. and Amesz, J. (1957), Biochim. Biophys. Acta 2L,
19 - 26.

13 Ebrey, T.G. (1971), Biochim. Biophys. Acta 253, 358 - 395.

14 Ebrey, T.G. and Clayton, R.K. (1969), Photochem. Photobiol. 10,

109 - 11T.

Forster, Th. (1948), Ann. d. Physik 2, 55 - 75.




16

17

18

19

22

23

24

25

26

28

29

90

Garcia, A., Vernon, L.P. and Mollenhauer, H. (1966), Biochemistry
5, 2399 - 2L0T.

Govindjee, Hammond, J.H. and Merkelo, H. (1972), Biophys. J. 12,
809 - 81k.

Lavorel, J. and Joliot, P. (1972), Biophys. J. 12, 815 - 831,
Philipson, K.D. and Sauer, K. (1972), Biochemistry 11, 1880 - 1885.
Reed, D.W., Raveed, D. and Israel, H.W. (1970), Biochim. Biophys.
Acta 223, 281 - 291.

Reed, D.W., Zankel, K.L. and Clayton, R.K. (1969), Proc. Natl.

Sci. U.S. 63, 42 - L6,

Sauer, K., Dratz, E.A. and Coyne, L. (1968), Proc. Natl. Acad.

Sei. U.S. 61, 17 - 2k,

Strickler, S.J. and Berg, R.A. (1962), J. Chem. Phys. 37, 814 - 822.
Szalay, L., Rabinowitch, E., Murty, N.R. and Govindjee (1967),
Biophys. J. T, 137 - 149.

Vos, J.C. de (1953), Thesis, Free University of Amsterdam.
Vredenberg, W.J. and Duysens, L.N.M. (1963), Nature 197, 355 - 357.
Wang, R.T. and Clayton, R.K. (1971), Photochem. Photobiol. 13,

215 - 22h.

Yau, H.F. (1971), Photochem. Photobiol. 14, 475 - 482.

Zankel, K.L., Reed, D.W. and Clayton, R.K. (1968), Proc. Natl.

Sei. U.S. 61, 1243 - 12L49.




FLUORESCENCE PROPERTIES AND RELATIVE NUMBERS OF PIGMENT MOLECULES

IN REACTION CENTERS FROM RPS. SPHEROIDES

4.1 INTRODUCTION

In an attempt to get an impression of the "purity" of our
routinely prepared reaction center preparations from Rps. spheroi-
des, we used fluorescence excitation and emission spectra to detect
small amounts of contaminating pigments present in our preparations.
The low fluorescence yield of P8T0 (see Ch. III) enabled us to ob-
serve small amounts of contaminating substances with fluorescence
yields of the order of 5 % or more quite easily. We will give
fluorescence excitation spectra reflecting the absorbance spectra
of one or more Bchl degradation products called P690, of Bph and of
solubilized Bchl, respectively.

The contaminating form of Bph ("free" Bph) can be distinguished
from reaction center Bph, which apparently forms an integral part
of reaction centers from purple bacteria (see Ch. I, section 135
Ch. II, section 2.3.4 and Ch. III, section 3.4). Reaction center Bph
has a low fluorescence yield compared to "free" Bph (The ratio is
smaller than 1 : 100). This is thought to be due to a high effi-
ciency of energy transfer from reaction center Bph to P8T0. Exci-

tation spectra for the fluorescence of P870 at T7° K support earlier
5

indications” for the presence of 2 molecules of Bph per reaction

center.
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Finally we analyzed an sbsorbance spectrum of an AUT-RC pre-
paration from Rps. spheroides into sbsorbances due to Bph, to
carotenoid and to P800 and P870 together. The results indicate that
there is at least 1 molecule of Bph per 2 molecules of Bchl present
in reaction centers. The number of Bchl and carotencid molecules
per reaction center is also discussed. The average number of caro-

noid molecules per reaction center is less than 1.

4.2 MATERIALS AND METHODS

Reaction centers were prepared as described in Ch. II.
Fluorescence measurements were done as described in Ch. III,
section 3.2 (second alinea). For measurements at 770 K the cuvette
was immersed in liquid nitrogen in a Dewar vessel with a trans-
parant quartz window. A correction for resbsorption of emitted
light (as described in Ch. III) was carried out only at room
temperature. At 770 K, the increased scattering by ice crystals may

have increased the optical path by an unknown factor.

4.3 RESULTS

4.3.1 Fluorescence of P690

In the sections 4.3.1, 4.3.2 and 4.3.3 we will summarize our
results concerning the identification of contaminating pigments
present in reaction center preparations. The amounts of the con-
taminations, and their respective fluorescence yields will be dealt
with in section 4.3.4. Section 4.3.5 gives an analysis of the ab-

sorbance spectrum of reaction centers.
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The emission spectrum shown in Fig. 3.3 (Ch. III) had an emis-
sion maximum at TOO nm. Fig. 4.1 shows an excitation spectrum for
this emission band (measured at 710 nm). This spectrum has maxima
at about 690 nm and 420 nm, but no appreciable absorption band be-
tween 500 and 600 nm such as are present in Bph and Bchl. The
spectrum has characteristics intermediate between those of the oxi-
dation product of Bchl, 2-desvinyl-2-acetyl-chlorophyll a and its
‘ pheophytin16. We will call the substance, or mixture of substances,

giving rise to this excitation spectrum P690.
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The excitation spectrum was measured with the preparation of which sbsorbance

Fig. 4.1 Excitation spectrum for the fluorescence of P690, measured at T10 nm.
| and emission spectra were shown in Fig. 3.9 and Fig. 3.3, respectively. No
|

additions. The ordinate scale of Figs. 4.1 - 4.5 is the same as that of Fig.

3.9.
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4.3.2 Fluorescence of "free" Bph and reaction center Bph

The maximum at 772 nm in the emission spectrum of Fig. 3.3 was
due to Bph (Ch. III, section 3.3.2). This appeared from the shape
of an excitation spectrum for the fluorescence emitted at 790 nm.
However, because in this preparation solubilized Bchl was also
present (cf. section 4.3.3), we give in Fig. 4.2 an excitation
spectrum for the emission of 790 nm light measured with another
preparation (an AUT-RC preparation). Fig. 4.2 shows that apart from
small differences in the position of the peaks, the excitation
spectrum for the fluorescence at 790 nm was virtually the same as
the absorbance spectrum of Bph in acetone2 (solid line). In the

region of 650-T770 nm the excitation spectrum was more similar to

600

— F 790/1excC.
s ADSOrbance

700
Wavelength (nm)

Fig. 4.2 0—0 Excitation spectrum for the fluorescence of Bph, measured
at 790 nm, with an AUT-RC preparation, (left hand scale). No additions.
——— : Absorbance spectrum of Bph a in acetone (from ref. 2).

: Absorption spectrum of a Bph-protein complex (from ref. 10). This

spectrum coincides with our excitation spectrum between 580 and 710 nm.
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: 14
the absorbance spectrum of a Bph-protein complex

x10 (dashed line).

Since Bph occurs probably as an integral part of reaction
centers, both in isolated form and in vivo (see Ch. I, section 1.3,
Ch. II, section 2.3.4 and Ch. III, section 3.4), one might conclude
that the excitation spectrum shown in Fig. 4.2 corresponds with re-
action center Bph. However, this was not the case, as appeared from
a comparison of the excitation spectra, in the region of 520-560
nm, for the fluorescence of Bph and of P870, respectively. As
discussed in Ch. III, the excitation spectrum for the fluorescence
of P870 (with reduced X) was given by the difference in emission ob-
served before and after addition of 15 mM ascorbate. Fig. 4.3A
shows that this differential excitation spectrum had a band at
about 540 nm due to Bph (compare Fig. 3.9 and 4.2). This band had
a somewhat truncated appearance at room temperature; at 770 K it
was resolved into 2, about equally large bands with maxima at
gbout 535 nm and 542 nm. The fact that the peaks were about 8 nm
eapart indicates that the half width of each band was at most 8 or
9 nm,

On the other hand, the excitation spectrum for the fluorescence
of Bph at 770 nm (Fig. 4.3B) and at 790 nm (not shown) had an
approximately symmetrical band with a single maximum both at room
temperature and at 770 K. The half width of this band was 18 nm at
T 5

These results indicate that the Bph which transfers energy to
P8TO (the reaction center Bph, see Ch. III, section 3.4) is

different from the Bph which emits fluorescence at 770 nm ('"free"
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Bph). Apparently the fluorescence emitted by reaction center Bph

was negligible compared with that emitted by "free" Bph (see below).

o
3

o

4

-

—e F920/lexc.

o
e F770 /1exc.
3

o

T — S0 s 560
—= Wavelength (nm) — Wavelength (nm)

Fig. 4.3A Excitation spectra for the fluorescence of P870, measured at 920 nm,
with an AUT-RC preparation. Open symbols: room temperature (left hand scale).
O0——0 : with 15 mM ascorbate; A—A : no additions. Solid symbols: T'(° K
(right hand scale). #——=# : with 15 mM ascorbate; &—# : no additions. In
the latter two cases the sample was illuminated first at room temperature for
1 min with light from a 125 W quartz-iodine lamp immediately before the sample
was rapidly frozen. This was done in order to ensure either that both P870 and
the primary acceptor were fully reduced (&———#8), or that P870 was completely

photooxidized (f——#) before freezing (cf. Ch. V).

Fig. 4.3B Excitation spectrum for the fluorescence of Bph, measured at 770 nm,

with the preparation used in Fig. 4.3A. A—A room temperature (left hand

scale); b—4A ° K (right hand scale).

4.3.3 Fluorescence of PT760

In some cases when emission spectra were taken repeatedly with
one sample, the results were not quite reproducible in the region

of T60-830 nm. This appeared to be due to the photodestruction of
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a pigment of which the fluorescence emission spectrum had a maximum
at about 790 nm. The photodestruction (probably an oxidation) occur-
red with reaction center preparations in Tris buffer without
additions, but not in the presence of 15 mM ascorbate. This enabled
us to identify the pigment concerned as indicated below. The
results suggested that it was solubilized Bechl (referred to here-
after as PT760).

The kinetics of the fluorescence decrease cobserved upon
illumination with 585 nm light were the same throughout the region
of 760 - 830 nm, as is illustrated in Fig. L4.LA. This suggests that
this fluorescence change reflected the disappearance of one
fluorescing molecular species. The kinetics of the 920 nm fluor-
escence change, due to the photobleaching of P870 were quite
different, as is also shown in Fig. L.LA,

Fig. L.LB shows the spectrum of the decrease in emission as
observed after 90 sec of excitation with light of 585 nm (intensity
23 nEinstein.cm_z.sec-1). The spectrum consists of a symmetric band
with a maximum at 795 nm and a half width of 42 nm.

In order to obtain an excitation: spectrum corresponding to the
PT760 absorption spectrum, we measured two excitation spectra for the
fluorescence emitted at 820 nm, viz. 1) in the presence of 15 mM
ascorbate, which prevented the photodestruction of P760, and 2)

without additions, after 5 min preillumination with light of 585 nm

(intensity 23 nEinstein.cm—Q.sec—1). As a result of this pre-

illumination, P760 had been destroyed and the yield of 585 nm light

for the emission at 820 nm had decreased to 47 % of the original
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Fig. 4.4A Kinetics of the fluorescence decrease at the indicated wavelengths,
induced in an AUT-RC preparation by excitation with light of 585 nm (intensity
23 nEinstein.cm_e.sec_‘). The tracings, which were copied directly from the
recording paper, have all different scales. A fresh sample was taken for each

point.

Fig. 4.4B Same preparation. Spectrum of the fluorescence decrease observed

+ . s " - & - - -1
after 90 sec of illumination with 585 light of 22 nEinstein.cm 2.sec .

Obtained from the tracings of Fig. 4.4A by correcting for the wavelength-

dependent sensitivity of the detecting system.

value.It was checked that this yield did not decrease further during
the time that the second spectrum was taken. The difference between
these two spectra, corresponding to the material which disappeared
during the preillumination without ascorbate, is shown in Fig. k4.5.
The position of the bands, their rather large width and the splitting
of the near-infrared band suggest that this is aggregated rather than
monomeric Bchl (see for example the absorption spectra of monomeric
and dimeric Behl in carbon tetrachloridege, the spectra of dissolved
and colloidal Bchl12 and the spectrum of a dry film of monohydrated

Behl trimer1
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Fig. 4.5 Excitation difference spectrum for the fluorescence change at

820 nm measured with the preparation shown in Fig. U4.k. Further details

see text.

However, it is known that chlorophyll a dimers in solution emit

2k4,15

and according to Goedheer12

no, or very little fluorescence
colloidal Bchl emits no fluorescence either. Moreover, the near-
infrared band of the excitation difference spectrum is maximal at

762 nm and half-maximum at 725 nm, suggesting a halfwidth of this
band of 60 - 70 nm. The emission difference spectrum however had a
halfwidth of 42 nm (see Fig. 4.4B). It is therefore suggested that
weakly fluorescent aggregated Bchl transferred excitation energy to
strongly fluorescent monomeric Bchl, that the emission spectrum which
is given in Fig. 4.LB was due to monomeric Bchl, and that the
excitation difference spectrum of Fig. 4.5 reflects mainly the photo-

destruction of aggregated Bchl.

4.3.4 Relative amounts and fluorescence yields of P690, Bph and PT760

The fluorescence excitation spectrum of P870 (Fig. 3.9) was
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expressed in the same relative units as the fluorescence excitation
spectra of the contaminants, P690, "free" Bph and P760 (Figs. 4.1,
4.2 and 4.5, respectively). Moreover we obtained the fluorescence
emission spectra of P870 (Figs. 3.3, 3.7B and 3.8) and of the conta-
minants, P690 (Fig. 3.3), "free" Bph (not shown) and P760 (Fig. 4.L4B).
This enabled us to determine the total fluorescence emitted by a
particular contaminant, relative to the total fluorescence emitted
by P870, upon excitation with light of a certain wavelength. The
fluorescence yield of the contaminant, relative to that of P8T0,
could then be calculated after estimating the absorbance of the
contaminant at the excitation wavelength, relative to the absorbance
of P870. The sbsorbance of the contaminant was estimated (with
possible errors of about 20 %) by comparing the absorbance spectrum
of the contaminated preparation with the sbsorbance spectrum of an
AUT-RC preparation (Fig. 2.2, see also Fig. 4.6) which happened to
contain a negligible amount of contaminants. Absolute values for the
fluorescence yields of the contaminants were obtained using a

3 for P870 as PX~ (cf. Ch. III, section

fluorescence yield of 2 x 10

3.3.4).

Thus, in the preparation used for the measurements of Fig. 3:3)
3.9 and 4.1, the absorbance at 685 nm due to P690 was estimated to
be 0.3 times the absorbance due to P8T0 at 867 nm. Since part of the
energy absorbed by P690 was transferred to "free" Bph and/or PT60 in
this preparation (not shown), the fluorescence yield of P690 would
have been more than 8 % in the absence of energy transfer.

The AUT-RC preparation used for the measurements of Fig. 4.2
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contained no detectable P760, as indicated by the absence of a peak
at 590 nm in the fluorescence excitation spectrum of Fig. 4.2. In
this preparation, the absorbance due to "free" Bph at 756 nm was
estimated at 0.16 times the asbsorbance at 867 nm, and the fluoresc-
ence yield of "free" Bph was estimated at 20 %.

Because of the strong fluorescence of "free" Bph in most
preparations, we have not been able to estimate the fluorescence
yield of reaction center Bph. An upper limit could be estimated
only, using an SDS-RC preparation of which the absorbance spectrum
did not reveal a detectsble amount of "free" Bph. In this preparat-
ion the integrated P8T0 fluorescence in the presence of 15 mM
ascorbate was 1.6 times stronger than the integrated Bph fluor-
escence, using 525 nm excitation light. Since the absorption due to
Bph was sbout 0.5 times the total absorption at 525 nm (see Fig. 4.6),
this indicates that the fluorescence yield of reaction center Bph was
at most 0.6 times the fluorescence yield of P870, or at most

142% 1073,

This means that the fluorescence yield of reaction center
Bph was less than 0.01 times the fluorescence yield of "free" Bph.
This might mean that the efficiency of energy transfer from reaction
center Bph to P8T0 is better than 0.99.

In the preparation shown in Fig. 4.5 the absorbances at 760 nm
due to "free" Bph and P760 were estimated at 0.05 and 0.09,
respectively, if the absorbance at 867 nm was put at 1. (The absorb-
ance due to "free" Bph was estimated from the fluorescence due to

Bph, assuming a fluorescence yield of 20 % for "free" Bph.) The

fluorescence yield of P760 was estimated to be at least 3 %.
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The estimates given in this section are probably fairly
representative for the amounts of contaminating pigments absorbing
in the near-infrared region, which could be found in our reaction
center preparations from Rps. spheroides. Here we should recall that
fluorescence measurements suggested that reaction centers with de-
graded pigments were present in some preparations (see Ch. III,
section 3.3.2). The concentration of this contamination was too low

to allow detection by measurement of absorbance spectra.

4,3.5 Analysis of the absorbance spectrum of a reaction center

preparation

The sbsorbance spectrum of an AUT-RC preparation (taken from
Ch. II, Fig. 2.2) was analyzed as shown in Fig. 4.6. For this ana~-
lysis first the absorption due to Bph was subtracted from the total
absorption, assuming that reaction center Bph has the same
absorption spectrum as "free" Bph, and that this absorbance
spectrum is identical with the excitation spectrum for the 790 nm
fluorescence shown in Fig. 4.2. As follows from section 4.3.2, the
first assumption may have introduced an error in the region of the
535 nm absorption band, because of the partially resolved band
splitting in the spectrum of reaction center Bph. Next allowance was
made for a small amount of P690, of which the absorbance spectrum
was taken from Fig. L.1.

Finally the absorption spectrum of carotenoid was subtracted.
This spectrum was obtained from the spectrum of a heptane extract of

& lyophilized AUT-RC preparation (unpublished). It was assumed that
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Fig. 4.6 Analysis of the absorbance spectrum ( —— ) of the AUT-RC
preparation shown in Fig. 2.2. @&——8 : Bph; ..... : P690;
-.=.= : carotenoid; —=-— : residual absorption due to P800 and P8T0

together. The amount of Bph was taken such that after subtraction there
remained a shoulder at about 760 nm, in analogy with the shoulder in the
absorption spectrum of Bchl in acetone at about 705 nm (ref. 2). The

amount of P690 was taken such that after subtraction of the Bph and P690
contribution the residual sbsorbance spectrum was approximately horizontal
in the region of 675 - 720 nm, in analogy with the region of 620 - 660 nm of

the Bchl absorption spectrum in acetone. Further details see text.

the absorption spectrum of this carotenoid was the same in vivo as
in vitro, except that in vivo the maxima and minima were shifted
along a distance of about 20 nm to longer wavelengths.

The residual absorption (=-———- in Fig. 4.6), which is due to
P800 and P870, was plotted again in Fig. 4.7, in order to compare it

with the absorption spectrum of Bchl a in acetone (taken from ref. 2).
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Fig. 4.7 Solid line : Absorbance spectrum of Bchl in acetone (from ref. 2).

Dashed line : Absorbance spectrum of P800 and P870 (from Fig. 4.6).

The similarities between these two spectra indicate that the analysis
was reasonably adequate. In both spectra there are shoulders at 385
nm, at about 450 nm and at the short wavelength side of the orange
band.

For further comparison the spectra shown in Fig. 4.7 were plot-
ted on a wavenumber scale (cm-1). The areas under the Soret bands of
Behl in acetone (from 330 to 420 nm) and of reaction center Behl in
situ (from 340 to 430 nm) had a ratio of 1.10 : 1, indicating that
these spectra represented approximately equal amounts of Bchl. In
accordance with this, the areas under the near-infrared bands of

Behl in acetone and of P800 and P870 had a ratio of 1.06 : 1.

4.4 DISCUSSION

4.4.1 The ratio of Bph to Bchl in reaction centers

The excitation spectrum for the fluorescence of P8T0 (with re-
duced X) exhibited a band splitting in the 535 nm absorption band of
Bph at 770 K. This finding was in line with an earlier o‘oservation5
that the absorbance spectrum of reaction center Bph exhibits a band

5

splitting at 71° K. Clayton et al.” proposed for this reason that




point by calculating the ratio of Bph to Behl in reaction centers,

there are two molecules of Bph per reaction center. We checked this

using the absorbance spectrum of reaction centers, and also by

considering alternative explanations for the band splitting of Bph

in reaction center preparations.

In order to estimate the ratio of Bph to Bechl in reaction

centers, we will first consider the area under the near-infrared

absorption band in different Bph preparations. Table 4.1 summarizes

the results collected from literature data. It appeared that the

area under the absorption band, as defined in the subscript of

Table 4.1, has an approximately constant value of (38 + 2) x

-1 -2 ‘ 4 5 5
103 mM .cm , despite large variations in oy
af, te 1fwidt o
re system Xmax(nm) purs hal fwidth area
-1 -1 = | =1 -2
(oM™ "em ) (em ') (oM™ '.om <)
4 q
9 Bph in chloroform 750 58 700 4o x 10°
23 Bph in ether 49 63 620 39 x 105
10 Bph-protein 756-760 36 1000 36 x 10°
this " " . -
Thesis free"Bph 756 < b2 > 910
TABLE 4.1

Spectral characteristics of the near-infrared absorption band of different
bacteriopheophytin preparations. The half width of the absorption band was calcul-
ated from figures published in the references mentioned. The area under the absorp-

tion band (last column) is defined for our purpose as the product of the extinction

coefficient in the absorption maximum (cm&x) and the half width.
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For this reason we assumed that reaction center Bph and "free"
Bph have a near-infrared absorption band with an area (as defined
-1 - :
above) of 38 x 103 mM .cm 2. This ensbled us to calculate an

extinction coefficient of at most L2 Y L

for “free' Bph, given
a half width of at least 910 cm-1 for the near-infrared absorption
band (as calculated from Fig. 4.2). Moreover we assumed (as was done
in the analysis of Fig. 4.6) that the shape of the near-infrared
absorption band is the same in reaction center Bph and "free" Bph.

Clayton and coworkerss determined the amount of Behl which can
be extracted from an aligquot of & watery suspension of reaction
centers with known absorbance at 803 and 867 nm. Knowing that the
Bchl corresponded to P800 and P8T0, they determined the sbsorbance
coefficients of reaction centers in the ebsorption maxima of P800
(at 803 nm) and of P870 (at 867 nm), assuming that there are 3 or b
or 5 molecules of Bchl per reaction centers.

We extended these calculations to the assumption of 2 molecules
of Bchl per reaction center19. The results are shown in the first 3
columns of Table L4.2. According to the analysis of Fig. 4.6, the
absorbance at 756 nm due to reaction center Bph is 0.71 times the
absorbance at 867 nm. This enabled us to calculate the absorbance at
756 nm of reaction centers (mM-1.cm-1) which was due to reaction
center Bph. This is shown in the Wth column of Table 4,2, With the
assumption that the specific extinction coefficient of reaction

-1
V. om (see above) we were able to

center Bph at 756 nm is 42 mM~
estimate the best fitting number of Bph molecules per reaction cen-

ter (last column of Table 4.2).




Assumed

Absorbance of Absorbance of Molar ratio

. - - -1 -1
molar ratio| RC (mM 1.cm 1) RC (mM '.cm ') Bph/RC

Behl/RC

due to Bph

803 nm 872 nm

756 nm

54
80

Calculation of the molar ratio of Bph per reaction center (RC), starting from
8 given number of Behl molecules per reaction center. The middle and bottom row of
the first three colums were taken from ref. 5. The top row of the first three col-

ums was obtained in the same way as in ref. 5. Further details see text.

It appears from Table 4.2 that, whatever the number of Behl
molecules per reaction center, the molar ratio of Bph : Behl is at
least 1 : 2. A 1 : 2 ratio was also reported recently by Reed and
Peter520 on the basis of extraction experiments. We favor the as-
sumption of 2 molecules of Bph per reaction center because of the
band splitting of the 525 nm absorption band of Bph at low
temperature (see below), and because the assumption of 1 molecule
of Bph is, according to Table 4.2, only compatible with 2 molecules
of Bchl per reaction center, and this leads to rather low specific
extinction coefficients of the reaction center particles in the
near-infrared. This is not likely because it would mean that the

quantum yields measured for the photooxidation of P870 (number of
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electrons transported/number of quanta absorbed) are in reality
higher than reported in Ch. IIT of this Thesis (section 3.3.1) and
in refs. 5 and 3 (i.e. higher than 1) and would approach 1.5. The
reported values were based on an extinction coefficient of 113

oM '.om™ | for the P8T0 sbsorption maximum. (A lower extinction coef-

ficient means that a certain absorbance change represents a larger

number of oxidized P8T0 molecules.)

4,4,2 The band splitting of Bph at 535 nm

Absorption spectraS and fluorescence excitation spectra (this
. : o
Thesis) of reaction center preparations measured at 77 K revealed

a splitting in the 535 nm absorption band of Bph. This could be taken

as indicating the presence of 2 molecules of Bph per reaction center
(one might assume that there are 2 kinds of reaction centers, with
slight differences in the position of the 535 mm absorption band of
Bph, but then one would have to explain why there are two kinds, and
why these two kinds always occur in a 1 : 1 ratio).

One might assume that the band splitting arises because some of
the Bph molecules are subject to pigment-solvent interactions
resulting in a shift of the 535 nm absorption band. Such interactions
are known to occur with Bchl in polar solventses, where a shift of
1 nm of the far-red absorption band (from 772 to TT1 nm) is accom-
panied by a shift of 34 nm of the "yellow" absorption band ( from
575 to 609 nm). However, Goedheer11 showed that the position of the
535 nm sbsorption band of Bph in polar solvents does not vary more

than the position of the near-infrared absorption band as a result
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of pigment-solvent interactions, and the near-infrared absorption

band of Bph in reaction center preparations does not show a split-

ting at T7° K (ref. 7).

A third possibility is that one electronic transition is res-

ponsible for two peaks in the 535 nm absorption band of monomeric

Bph in reaction centers at low temperatures. However, such a band

splitting is not apparent at room temperature in monomeric Bph

(refs. 9,23), in "free" Bph (Fig. 4.3B) and in a Bph-protein complex

(refs. 14,10), whereas even at room temperature the 535 nm

absorption band of reaction center Bph has a truncated appearance,

suggesting an unresolved band splitting, as shown in absorption

spectra (e.g. ref. 7) and fluorescence excitation spectra (Fig. 4.3A)

of reaction centers.

Therefore we favor the hypothesis6 that the band splitting in
the 535 nm sbsorption band of reaction center preparations is due to
dimer interaction between two Bph molecules. Although circular
dichroism measurement521 with reaction center preparations in the
near-infrared region did not indicate a strong interaction between
two Bph molecules, one might assume that such an interaction shows
up mainly in the electronic transition responsible for the 535 nm

absorption band of Bph.

| 4.4.3 The number of Bchl and carotenoid molecules per reaction center

The literature data concerning the number of Bchl molecules per

reaction center are conflicting. Mauzerall (as cited in ref. 5),

. : 20 - <
Straley (as cited in ref. 5) and Reed and Peters”  did extraction
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experiments showing that the stoichiometry of Bph : Behl in reaction
center is 1 : 2, according to Mauzerall the best estimate was that
there are four molecules of Bchl per reaction center. Recent analyses

17,8 i

of light-induced ESR signals in photosynthetic bacteria d

18 suggested that the electron donor molecule in photo-

higher plants
synthetic reaction centers is not a monomer, but a (bacterio) chloro-
phyll dimer. Furthermore, an analysis of the absorption spectra
shown in Fig. 4.7 and Fig. 3.8 indicates that the area under the
P800 absorption band was of about the same magnitude as the area un-
der the P8TO absorption band, when plotted on a wavenumber scale
(the actual ratio found in two preparations was 1.2 : 1). Clayton
and coworkers5 stated that the areas under the P800 and P8T0
absorption bands have an approximately 2 : 1 ratio, but from data
reported earlier by Clayton (Fig. 2 and Table 2 of ref. 4) we find

a ratio of 1.46 : 1 for these areas. All these data suggest that L
molecules of Behl (viz. 2 P8T0 and 2 P800 molecules) are present per
reaction center. On the other hand, extraction of Behl from reaction
centers with bleached and unbleached P8T0 respectively, gave molar
ratios of 2 : 3 of the amount of Bchl found, irrespective of whether
the bleaching occurred through addition of ferricyanideh or by
illumination (Straley, as cited in ref. 5). This suggests the
presence of 3 rather than L4 molecules of Bchl per reaction center
(viz. 2 molecules of P800 and 1 molecule of P870). A 2 : 1 ratio of
P800 and P870 was also suggested by the results of an analysis of
the 600 nm absorption band of reaction centers (this Thesis, Ch. II,

section 2.3.3).




The uncertainty about the number of Bchl molecules does not
allow us to estimate the number of carotenocid molecules per reaction
center. Assuming a maximum value of 150 mM—I.cm_1 for the extinction
coefficient of carotenoid - we arrive from Fig. 4.6 at a value of

0.43 or 0.58 molecules of carotenoid per reaction center, assuming

that there are 3 or 4 molecules of Behl per reaction center

respectively. Since both values are significantly less than 1, some

reaction centers apparently did not contain carotenoid at all.
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ELECTRON ACCEPTORS IN REACTION CENTER PREPARATIONS FROM PHOTO-

SYNTHETIC BACTERIA

INTRODUCTION

The primary reaction in the photosynthesis of purple bacteria
is the photooxidation of P8T0 (see Chapter I, section 1.2). The
role of primary electron acceptor during this reaction has often
been attributed to ubiquinone. However, a practical difficulty in
testing this assumption was that the reduction of ubiquinone to
ubiquinol can be monitored only by sbsorption changes in the ultra-
violet region of the spectrum. Light-induced absorption changes in
this region do occur in photosynthetic bacteria and in chromato-
phore preparations, but so far it was not clear which part of these
changes was due to reduction of ubigquinone or other substances and
to P8T0 photooxidation, respectively.

Several authors (e.g. ref. 5,3,2) assumed that all of the light-
induced absorption change at 275 nm was due to ubiquinone reduction,

3

This led to the conclusion~ that one mole of ubiquinone was reduced
per mole of photooxidized P870. However, this hypothesis was diffi-

cult to reconcile with the fact that ubiquinone requires two elec-

trons for reduction to ubiquinol, and P8T70 is a one-electron donor”4

Loach, Bambara and Ryan‘T, on the other hand, assumed that the
light-induced 275 nm absorption change was completely due to P870

S % 1 A -
photooxidation. Ke and Chaney 2, working with subchromatophore
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particles from Chromatium observed different decay kinetics at 881
and at 280 nm, respectively. This indicated that the change at 280
nm was due in part to a substance other than P870. Since, however,
these measurements were not extended to other wavelengths, they
provided no information about the nature of this substance.

Better interpretable results were obtained with reaction center

preparations. Clayton and Straley8 and Clayton6 measured light-

induced absorbance changes in reaction center particles from a
carotenoidless strain of Rhodopseudomonas spheroides in the presence
of exogenous oxidants or reductants. They found absorbance changes
that could be ascribed to reduction or reoxidation of an electron
acceptor. McElroy, Feher and Mauzera.ll18 and Feher11 working with
the same particles, observed light-induced ESR signals at 1.4° K,
which they tentatively ascribed to reduction of iron.

This Chapter gives the results of experiments with reaction
center preparations from Rps. spheroides (wild strain) and
Rhodospirillum rubrum (wild strain). The results can be summarized
by the following scheme:

PXA P et
in which P is P870, and X and A are endogenous electron acceptors.
The light quantum is indicated by hv. Absorbance difference spectra
(reduced minus oxidized) were obtained for P870, A and X or X + A.
Tt is suggested that X is ubiquinone and X is the anion of ubi-
semiquinone. P and X are suggested to occur in a complex into which

protons cannot penetrate. The function of X in vivo is discussed.




52 MATERTALS AND METHODS
Reaction center fractions were prepared as described in Chapter

IT. Light-induced absorbance changes were measured aerobically in

1-mm cuvettes with an apparatus described earlier1. The concentrat-—

ion of P870 was about 3 uM. If necessary the signals obtained at a
certain wavelength were fed into a signal averager (Nuclear Chicago,
model 7100 Data Retrieval Computer) to improve the signal-to-noise
ratio. Actinic light provided by a 150 W quartz-iodine lamp was
filtered by a Balzers B-4O 803 nm interference filter in combination

with a Schott RG10-2 and a Kodak 89B far-red cut-off filter.

5.3 RESULTS

5.3.1 Light-induced absorbance changes observed without additions

Fig. 5.1 shows the light-induced absorbance changes at a few
representative wavelengths, observed in AUT-RC particles from Rps.
spheroides, suspended in Tris buffer without additions (A), with
30 uM ferricyanide (B) and with 10 mM ascorbate (C). Fig. 5.1B and
5.1C will be discussed in section 5.3.2. Fig. 5.1A shows that
without additions the kinetics at 600 and 325 nm both in the light
and in the dark were biphasic. (The 345 nm change will be dealt with
later in this section). The fast and the slow phase in the light
will be referred to hereafter as phase a and b, respectively. The
fast and the slow phase of the decay kinetics will be called phase
¢ and d, respectively. Phase & was complete within 1 sec after the

onset of the actinic light. Phase b reached a steady state level
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Fig. S.1A

Light-induced sbsorbance changes at 325, 345, and 600 nm in AUT-RC particles
from Rps. spheroides, suspended in Tris buffer. No additions. Actinic light of 803
nm (intensity 4.5 nEinstein.cm-2.sec") was svitched on and off at the times indi-
cated by the upward and downward pointing arrows. The horizontal bars indicate &
time interval of 10 sec. The vertical bars indicate an sbsorbance change (AA) of
0.001. Each sample was illuminated only once and then allowed to stand in the dark

for at least two hours, before a second period of illumination was given.

1B Seme as Fig. 1A, except that 30 uM ferricyenide was present. In order to
avoid the exhaustion of ferricyenide, a fresh sample was taken after three illu-
mination cycles consisting of 10 sec light and 60 sec dark. Each point is the
average of three, six or nine illumination cycles.

1C Same as Fig. 1A, except that 10 mM ascorbate was present. Each sample was

illuminated only once.

after 2 - 5 min of actinic illumination. The decay kinetics of phase

n

and d were first order when plotted semilogarithmically, with

half times of 0.12 - 0.15 sec and 30 - 7O sec, respectively, depend-
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ing upon the preparation. Tn sections 5.3.1 and 5.3.2 we will show
that the reactions corresponding to the phases a, b, ¢ and 4 can be
summarized in the scheme shown in Fig. 5.2, in which P is P870 and
X and A are electron acceptors. It is implied that the rate of

reaction a is high compared to that of reaction b, which in turn is

high compared to that of reaction 4. According to this scheme, the

X
A/ c(hv F(':y/ (hv A“éc hv | V
a\.: RN A

fig 52 fig. 5.3 fig 54

Fig. 5.2

Scheme of the electron transport chains operating in reaction centers from
Rps. spheroides and R. rubrum suspended in Tris buffer. P is P870, X and A are
electron acceptors. Arrows indicate the direction of the electron transport. The
light requirement is indicated by hv. The letters a, D, ¢ and d refer to the
phases of the light-induced absorbance changes which correspond with the indicat-

ed reactions (see Fig. 1A and text).

Fig. 5.3

Same as Fig. 5.2, but in the presence of 30 uM ferricyanide.

Fig. 5.4
Same as Fig. 5.2 but in the presence of 10 - 15 mM ascorbate. Question marks
refer to the uncertainty whether the reduction of A by ascorbate proceeds in a

direct reaction or via X and P (see text).
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spectrum of the absorbance changes obtained in phase g represents

. + -
the difference spectrum (P X - PX), and the spectrum of the absor-

bance changes observed in phase 4 represents the difference spec-
4+ - . .
trum (P A - PA). These spectra are shown in Fig. 5.5. The spectra

were matched at 600 nm.

Fig. S.

Light minus dark absorbance difference spectra of AUT-RC particles from Rps.
spheroides, suspended in Tris buffer. The dark absorbance is that at the time just
before the actinic light is switched on. No additions. Actinic light, 803 nm. In-
tensity, L.5 nEinstein.cm-g.sec-1. Illumination time 10 sec. Open symbols, solid
line: difference spectrum of phase a, as observed at 0.7 sec after switching on the
light. Solid symbols, dashed line: difference spectrum of phase d, as observed at
2 sec after darkening. The illumination time was chosen such that at 600 nm phase
d was approximately as large as phase a. The circles, triangles and squares refer
to experiments with three different batches of particles. The spectra were matched

at 600 nm; the ordinate scale regers to the spectrum with the open circles.




The kinetics of the light-induced absorbance changes were

(apart from a certain small deviation, discussed in section s IS

identical in the regions of 580 - 720 nm and 780 - 950 nm, so it

Fig. 5.6
0 —— 0: AUT-RC particles from Rps.spheroides.Spectrum of {(X - X) - (A~ - A)},
as determined by the difference between the two difference spectra shown in Fig. 5.5.
The ordinate is given in molar extinction units. To this end, the spectra of Fig. 5.5
were expressed per millimole of photooxidized P870, and thus, according to our model,
per millimole of X and A, before subtraction. The differential extinction coefficient
of PBT0 at 600 nm (reduced minus oxidized) was teken to be 16 mM™ '.cm ..
® - - - ®: AUT-RC particles from Rps. spheroides. Spectrum of (X~ - X) or
{(X" = X) + (A7 = A)}, as determined by the light-induced absorbance changes observed

in the presence of 10 mM ascorbate. Actinie illumination 30 sec with 803 nm light.

Intensity 4.5 nEinstein.cm-2.sec-1. In order to ensure that P870 was completely re-
duced, the absorbance changes were measured at 1.3 sec after switching off the actinic
light. The data were expressed as the maximum absorbance change per millimole of P870
present. The concentration of P870 was determined from the maximum light-induced
absorbance change at 600 nm, as observed without additions.

Dotted line: reduced minus oxidized difference spectrum of ubisemiquinone anion

minus ubiquinone. Data from ref. 16.
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could be safely assumed that the bleaching at 600 nm was due to
P870 oxidation only (see Chapter II, section 2.3.3). Consequently,
by taking the difference between the two difference spectra shown
in Fig. 5.5, we eliminated the difference spectrum (P+ - P) and
obtained the difference spectrum {(X - X) - (A" - A)}, i.e. the
difference spectrum of X minus the difference spectrum of A. This
spectrum is shown in Fig. 5.6 (open circles). The same difference
spectrum was obtained with SDS-RC particles from Rps. spheroides
(not shown).

According to Fig.5.2, phase ¢ represents the reversal of phase
a. This was supported by the results shown in Fig. 5.7. The differ-
ence spectrum (dark minus light) of phase c (open circles) was

proportional to the difference spectrum of phase & (solid line). (The

(The dashed line representing phase d was drawn just for comparison).

The kinetics of the P870 photooxidation, as observed at 600 nm

upon illumination with 803 nm light (intensity 1.5 nEinstein cm—zsec—1),

are shown in Fig. 5.8 as a function of the illumination time. After
a short illumination time most of the photooxidized P8T0 decayed as
phase ¢, with a half time of about 0.12 sec. The remaining part de-
cayed as phase d. Upon prolonging the illumination time, the light-
induced signal exhibited biphasic kinetics (phase g and b), and the
fraction of photooxidized P8T0 decaying in the dark as phase d in-
creased with increasing illumination time. Our interpretation is
(see also Fig. 5.2) that an electron transferred from P8T0 to X in
the primary photoreaction, returns from X to P+870 either in a

direct rapid back reaction (phase g) or via a secondary acceptor A,
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Fig. 5. [

AUT-RC particles from Rps. spheroides suspended in Tris buffer without additions.
Open circles: difference spectrum of phase ¢ of the light-induced absorbance change
(see Fig. 1A), after switching off the light. The bars indicate the standard deviation
of the mean. Solid and dashed line: difference spectra of phase & and phase d, res-
pectively, as copied from Fig. 5.5. The data concerning phase ¢ were obtained with
the same samples as those of Fig. 5.5. The spectra were matched at 600 nm. At this

wavelength, the magnitude of phase ¢ was about one third of the magnitude of phase a

and d.

Since A  returns electrons to P+870 very slowly (phase d), the acceptor
A functions as an electron "trap" during the continued cyeling of
electrons which takes place during prolonged illumination. Thus after
a brief illumination period the oxidized reaction centers are mainly
in the form P+X-A, but after prolonged illumination they are mainly
in the form P'xA™.

The experiments shown in Fig. 5.8 were extended to include actinic
illumination times up to 30 sec and were done at four different light

intensities. The results are summarized in Fig. 5.9. The total amount
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Fig. 5.8

AUT-RC preparation from Rps. spheroides in Tris buffer without additions. Kine-
tics of the light-induced sbsorbance chenge at 600 nm. Actinic light (803 nm, inten-
sity 1.5 nEinstein.cm-z.sec_1) was switched on and off at the times indicated by the
upward and downward pointing arrows. A fresh sample was taken for each curve. A down-

vard deflection means an absorbance decrease.

of photooxidized P8T0 after a certain period of illumination (left)
was analyzed into the fractions decaying as phase ¢ (middle) and as
phase d (right, solid line), respectively, after switching off the
actinic light. Fig.5.9 shows that after a short illumination time
most of the photooxidized P870 decayed as phase ¢, and after 30 sec
of illumination most of the photooxidized P870 decayed as phase d.

The data fitted with a model of the form

k1.I.o k2
P X A(T—) PTXA é—k—’ Ptx A~ (Eq. 5.1)
3 L

in which the k's are rate constants, I is the incident light intensity
and o is the absorption cross section of a reaction center particle.

In this model the phases &, b, ¢ and d of the absorbance changes re-
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Fig. 5.9

Same preparation as in Fig. 5.8. No additions. Kinetics of the light-induced
absorbance changes at 600 nm (0 —— 0) and at 345 nm (A - - = A). Actinic light,
803 nm. Intensities from upper to lower curves, 4.5 - 1.5 - 0.45 - 0.15 nEinstein.
cm-g.sec-‘. Left: Total absorbance change at 600 nm, obtained in the light, as a
function of the time of illumination. Middle: Magnitude of phase ¢ of the decay of
the absorbance change at 600 nm, as a function of the time of illumination. Right:
Magnitude of phase 4 of the decay of the absorbance change at 600 nm (0 —— 0),
and magnitude of the absorbance change at 345 nm (A - - - A) as a function of the
illumination time. The values shown in the open circles were obtained by plotting
the observed decay curves on a semilog scale and extrapolating te zero time after

switching off the light. Note the inverted signs of the left and right hand scale.

present reactions indicated by k1.I.o, k2, k3 and kh’ respectively.
In fact we do not know whether A~ donated its electron to P8'{O+ (in

phase d) directly or via X, but this was of no consequence for our

model because of the widely different values of k, and k) . For the
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experiment shown in Fig. 5.9 we found by computer simulation approxi-

mate values of 0.22, 6.7 and 0.015 sec_1 for kz, k. and kh’ respect-

3

ivily, and the value of k1.I.o ranged from 0.33 to 10 sec’1. Einstein-1.

Fig. 5.9 also shows that the kinetics of the absorbance change at
345 nm (which is an isobestic point for phases a and ¢ as shown in

Fig. 5.1A) corresponded with the reaction P'X A —y P+X A

5.3.2 Light-induced absorbance changes observed in the presence of

ferricyanide or ascorbate

Fig. 5.1B shows the kinetics of the light-induced absorbance
changes observed in the presence of 30 uM ferricyanide. These
absorbance changes were reversible within 50 sec after switching off
the light. The observed kinetics could be explained with the scheme
shown in Fig. 5.3. The reoxidation of X in the light proceeded in
the presence of ferricyanide at a much higher rate than without
additions. For instance, in the presence of 20 - 25 uM ferricyanide,
an initial absorbance increase at 325 nm, due to the photoreduction
of X was still just visible but the rate of the subsequent absorbance
decrease was strongly enhanced. In the presence of 30 uM ferricyanide,
however, the rate of the reoxidation of X was so high that accumu-
lation of X was not observable and only a negative absorbance change
caused by photooxidation of P870 was observed.

Fig. 5.10 shows the light-induced difference spectrum observed
in the presence of 30 uM ferricyanide (open circles). As expected,
this spectrum was different from the difference spectrum of (P'X" - PX)

(solid line, copied from Fig. 5.5). It was however also different
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Fig. 5.10

AUT-RC particles from Rps. spheroides in Tris buffer with 30 pM ferricyanide.
The same batches as shown in Fig. 5.5 were used. Actinic light, 803 nm, intensity
k.5 nEinstein.cm “sec .

0 0 0: Absorbance changes as observed after 10 sec of illumination. e e e:
Absorbance changes after subtraction of the difference spectrum of ferrocyanide
minus ferricyanide, assuming that one mole of ferricyanide was reduced per mole of
photooxidized PBT0. —— and - - -: Absorbance changes of phase a and d, respec-
tively, as copied from Fig. 5.5. The spectra were matched at 600 nm. The light-
induced absorbance changes observed with ferricyanide were about half the maximum

absorbance changes observed with additions. Further legends: see Fig. 5.1B.

from the difference spectrum of (P+A_ - PA)(dashed line), notably at
wavelengths below 280 nm and above 460 nm. This indicated that in this
case ferricyanide had reoxidized X in the light, the net result being
a light-driven oxidation of P8T0 by ferricyanide. After subtraction
of the absorbance changes due to ferricyanide reduction there remained
a reduced minus oxidized difference spectrum which was attributable to

P8T0 alone (see DISCUSSION). This spectrum was not significantly
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different from the difference spectrum of (P+A_ - PA), except at wave-
lengths above 460 nm. This indicates that the absorbance difference
spectrum of (A~ - A) was insignificantly small except at wavelengths
above 460 nm, and that the difference spectrum {(X - X) - (A" - A)}
(Fig. 5.6) is mainly the difference spectrum of (X - X) at wave-
lengths below L60 nm.

Fig. 5.1C shows the kinetics of the light-induced absorbance
changes observed in the presence of 10 mM ascorbate. The 600 nm
absorbance change indicates that under these circumstances the photo-
oxidation of P870 by X was followed by reduction of P8’{0+ by ascor-
bate (see Fig. 5.4). Consequently, the absorbance differences observed
in the steady state at other wavelengths reflect the reduction of X,
or possibly of X and A.

Fig. 5.6 (solid circles, dashed line) shows the spectrum of the
light-induced sbsorbance changes observed in the presence of 10 mM
ascorbate, at 1.3 sec after switching off the actinic light. The
spectrum was similar to the one of o S o) o 0, Wl B - e <
open circles), and tne fact that these two difference spectra are
equal in magnitude indicates that, in the presence of ascorbate, only
1 mole of X was reduced per mole of PBT0 present. Apparently the
photoreactive pool of X is identical in size to that of P870. This
was also found by Clayton, Fleming and Szuts7.

The difference spectrum given by the solid circles was similar
in the blue region to those obtained by Clayton and Straleys. In later

experiments these e.ut.hors9 came independently to about the same ana-

lysis of the ultraviolet absorbance changes as outlined above.
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As discussed above, the solid circles represent either the
spectrum (X - X) or {(X™ - X) + (A~ - a)}. Consequently, the
difference between the open and solid cireles should give either the
spectrum (A~ - A) or (2A” - 2A). This spectrum had maxima at 515 nm
and 430 nm and a negative band below 415 nm. The accuracy was low as
can be judged from Fig. 5.6. In principle the spectrum (A~ - A) could
also be calculsted from the (P'A” - PA) and (P* - P) spectra (Fig.
5.10, solid circles, and Fig. 5.5, solid symbols, respectively), but
the accuracy of measurement would make such a calculation practically

meaningless.

2:3.3 Reaction center particles from R. rubrum

Measurement of light-induced absorbance changes in SDS-RC part-
icles from R. rubrum gave essentially the same results as in AUT-RC
particles from Rps. spheroides, except that the conversion of fast
decaying (half time about 0.2 sec) PTX"A into slowly decaying (half
time about 30 sec) P+XA_ proceeded at a 5 - 10 times higher rate. The
difference spectrum { (X~ - X) - (A7 - A)} was very similar to the
corresponding spectrum of AUT-RC particles from Rps. spheroides (see
Fig.5.11), indicating that for these two organisms X is identical.
Fig. 5.11 also shows the difference spectrum (P+A- - PA), whieh

approximates the difference spectrum (P+ - P) fairly well, as discuss-

ed above.

5.3.4 The chemical nature of X

Fig. 5.6 (dotted line) shows the difference spectrum (reduced
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Fig. 5. 11

SDS-RC particles from R. rubrum suspended in Tris buffer without additions.
Actinic light, 803 nm, intensity k.5 nEinstein.cm.z.sec-1.0 —— 0: Difference
spectrum (P+A- - PA) of the slow part of the dark decay after 3 sec of actinic
illumination. ¥ - - - V: Spectrum of { (X~ - X) - (A~ - A)}, obtained in & similar
vey as the spectrum of Fig. 5.6 (open circles), viz. by subtracting, after
normalization at 600 nm, the (P*A- - PA) spectrum from the (P’X- - PX) spectrum
that was obtained by measuring the fast part of the dark decay after 0.20 sec of

actinic illumination.

minus oxidized) of the ubisemiquinone anion minus ubigquinone, as

measured in methanol. The difference spectrum was calculated from

data given by Land, Simic and Swallow16. This spectrum is remarkably

similar to the difference spectra of { (X - X) = (A" - A)} and of
(X~ - X) or {(X - X) + (A" - A)}, obtained with AUT-RC particles from
Rps. spheroides (Fig. 5.6, open and solid symbols). One difference
is, however, that the latter spectra seem to be shifted to longer

wavelengths by about 10 nm, as compared to the ubiguinone difference
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spectrum. In addition, the absorbance changes around 285 nm and in
the region of 420 - 450 nm were smaller in the in vivo difference
spectra than in the ubiquinone difference spectrum. Apart from these
discrepancies the shape and the magnitude of the absorbance difference
spectra shown in Fig. 5.6 and 5.11 are so similar that we conclude
that presumably X is ubiquinone and X is the anion of ubisemiquinone
in reaction center particles from Rps. spheroides and R. rubrum.

The discrepancies observed in the regions of 280 nm and 420 - 450 nm
might be due to a tight coupling between ubiquinone and the reaction
center Bchl. Such a tight coupling may also be suggested by the
observation that the (X = X) or {(X - X) + (A” - A} difference
spectrum, as obtained by illumination in the presence of ascorbate,

showed small absorbance changes in the region of 730 - 900 nm (maxi-

- -1 a y >
mum AA,5 mM 1.cm as expressed on a P8T0 basis) which were inter-

pretable as small shifts in the absorption bands of bacteriopheophytin,
P800 and P870, perhaps due to electric field interactions between
these molecules on the one hand and X on the other hand (see next

section).

5.3.5 Near-infrared absorbance changes

This Chapter deals mainly with absorbance changes at wavelengths
below 600 nm. Near-infrared difference spectra corresponding with P8T0
oxidation (light-induced and chemically induced) have been presented
in Ch. II. The kinetics of the light-induced 600 nm absorbance change
were under various conditions (illumination without additions, or in

the presence of ascorbate or ferricyenide) very similar to those of
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the near-infrared sbsorbance changes (compare Ch. II, Fig. 2.5). Small
differences occurred however, depending upon the wavelength. Notably
after illumination in the presence of 10 mM ascorbate during a period
sufficiently long to ensure that all reaction centers were in a state
with reduced P8T0 and reduced X, there remained near-infrared absor-
bance changes corresponding with the spectrum of (PX - PX) (8----#
in Fig. 5.6). These near-infrared asbsorbance changes were small
(maximum AA, 5 uxJVI_].cm'_1 at 770 nm) compared to the near-infrared

absorbance changes due to P870-oxidation (maximum AA, 93 tuM-1.c111-1

at 867 nmh). The spectrum of (PX - PX) was very similar to the

spectrum given by Clayton and Straley (Fig. 6 in ref. Q). These
authors attributed these changes to shifts in the absorbance spec-
trum of Bph and Bchl associated with the reduction of the primary
acceptor. Importantly, these authors were also able to separate these
near-infrared Bchl and Bph shifts kinetically from an absorbance
change at 455 nm reflecting presumably the reduction of ubiquinone.
This indicated that the small near-infrared absorbance changes and
the 455 nm absorbance change are of a different origin. The results
suggested that under certain conditions the small near-infrared ab-
sorbance changes were associated with a secondary reaction, in con-
trast to the 455 nm which was associated with the primary reaction.
We observed similar shifts in Bph and Bchl absorbance by compar-
ing the light-induced difference spectra of phase a (P*x™ - PX) and
phase d (P+A_ - PA), as measured without additions (see section 5.3.1),
indicating that upon reduction of X the absorbance spectra of Bph and

P800 are influenced in a similar way when P8T0 is reduced (by il-
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lumination in the presence of ascorbate) and when it is oxidized (by
illumination without additions).

As discussed above, these near-infrared absorbance changes are
small and are of a different origin than the absorbance changes shown
in Fig. 5.6, and we do not believe that the former contribute much
to the latter, because in general changes in the environment of Bchl
and Bph are reflected most strongly in the near-infrared part of the
absorbance spectra of these molecules.

The fact that near-infrared absorbance changes corresponding
with (PX - PX) are small compared with the total absorbance of P8T0
(maximum at 867 nm, 113 oM o) according to ref. 4), is in line
with our observation (Ch. III, Fig. 3.7) that the P870 fluorescence
emission spectra have within the limits of accuracy the same shape

whether the fluorescence originates from PX or from PX .

5.3.6 pH-dependence of the light-induced absorbance changes

hvi

We wanted to check whether the reaction PXA €— P+X‘A was pH-

independent, and whether the reaction P X A a4 P+XA_, or the

g + - ; ;
reaction P XA —> PXA (corresponding with phase b and phase d,

respectively), involved one or more protons. To this end we measured
the pH-dependence of the light-induced absorbance changes at 600 nm

and at 325 nm of an AUT-RC preparation, over a pH-range of 4.5 to 9.7.

g
The results indicated that the reaction PXA€—— P X Awas practical-

1y independent of the pH over this range, that the reaction
e e .
P'XA—>P XA was accelerated 15-fold or less upon lowering the

PH from 6.5 to 4.5 and that the reaction P'XA™—> PXA was accelerat-—
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ed by a factor 2.2 - 2.7 upon raising the pH from 4.5 to 9.7.

A preparation dialyzed against distilled water was divided into
eight 1-ml portions to which 0.1 ml of the required buffer was added
(see subseript of Fig. 5.12A). The particles were incubated with these
buffers for two hours in the dark at room temperature prior to the
experiments. In each experiment the particles were illuminated in a

2-mm quartz cuvette for 0.38 sec with 803 nm light (intensity

55 nEinstein.cm—2.sec-1); after a dark recovery of the light-induced

absorbance change for more than 97% (in 2 - 5 min) the sample was
illuminated for 8 sec with the same light. Simultaneous measurements
were done at 600 and 325 nm. The dark decay of the 600 nm sbsorbance
change was analyzed as before (see section 5.3.1) into first order
reactions corresponding with phase c and phase d, respectively. The
results are summarized in Fig. 5.12. Each point represents one
experiment.

The magnitude of the light-induced 600 nm sbsorbance change was
slightly pH-dependent as indicated by the open circles and solid
lines of Fig. 5.12A (0.38 sec actinic light) and Fig. 5.12B (8 sec
light). The magnitude of the absorbance change at 600 nm was found
(within the error of measurement) to be proportional to the rate

of the primary reaction, when the pH was varied (the two top curves

of Fig. 5.12A). Computer simulations confirmed that these slight
pH-dependences were in the pH rangeof 5.5 to 9.7 accounted for
mainly by variations in the rate constant of the reaction
corresponding with phase b (see below).

The half time of phase d varied from 47 sec at pH 9.7 to 102 sec
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AUT-RC particles of Rps. spheroides. Kinetics of the light-induced absorbance
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changes as a function of pH. Actinic light intensity: 5.5 nEinstein.cm 2.sec A
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Fig. 5.12A: Measuring light 600 nm, actinic illumination time 0.38 sec. 0!’—'!0:

sbsorbance change at the end of the illumination time (sign inverted). & <A and
OL-O: Magnitude of the fractions of the absorbance change decaying as phase ¢ and
as phase d, respectively, after switching off the actinic light. A: Magnitude of the
fraction of the absorbance change decaying with a half time of 3.3 sec. B - - -@:
Initial rate (per 0.2 sec) of the absorbance change in phase & of the light-on
kinetics (sign inverted). The vertical bars in this Fig. represent standard deviat-
ions calculated as percentage of the mean from 8 experiments at pH 8.0 under other-
wise the same conditions. The standard deviations given do not include possible
errors made during the dilution procedures.These are estimated at 3 - 4% of the mean
values. The buffers used to attain the indicated pH values were (final concentrations
in brackets): pH L.5 - 6.5, citric acid-phosphate (2.9 - 5.5 mM citric acid); pH T:5%
Tris-HC1 (10 mM Tris); pH B.5, tetraborate-HCl (3.5 mM tetraborate); pH 9.7, tetra-
borate-NaOH (3.5 mM tetraborate).

Fig. 5.12B: Measuring light 600 nm, actinic illumination time 8 sec. 0”—”0. b—=—p
and &——9: As in Fig. A. A: Magnitude of the fraction of the absorbance change
decaying with a half time of 4 sec.

Fig. 5.12C: Measuring light 325 nm, actinic illumination time 8 sec ¥v-2—y. Magnitude
of phase g of the rise kinetics. A—g—A: Magnitude of phase g of the decay kinetics
(sign inverted). Vertical bars represent errors of the mean as estimated from the

noise level in these experiments.
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at pH 4.5 after 0.38 sec of illumination. Similarly, after 8 sec of
illumination the half time of phase d varied from 68 sec at pH 9.7

to 180 sec at pH 4.5. This will be discussed below. The kinetics of
phase ¢ were pH-independent over a pH-range of 5.5 to 9.7. First-
order kinetics were obtained during the first 0.7 sec after switching
off the light, with half times of 0.22 # 0.01 sec. At pH 4.5 a new
decay phase appeared with a half time of 3 - 4 sec (solid triangles
in Fig. 5.12 A and B). The magnitude of this decay phase was about

the same as that of phase ¢. After subtraction of this new decay

phase it appeared that at pH 4.5 phase ¢ had a half time not signifi-

cantly different from those obtained at higher pH values: 0.20 sec.

The magnitude of phase ¢ and d of the decay kinetics (extra-
polated to 0 sec after switching off the light) exhibited a marked
pH-dependence especially at pH values below 6.5, where the magnitude
of phase ¢ decreased and the magnitude of phase d increased with
decreasing pH (Fig. 5.12A and B). At pH values above 6.5 the magni-
tude of phase c was almost independent of the pH, but the magnitude
of phase d decreased with increasing pH, although not as sharply as
below pH 6.5. This was seen clearly after 8 sec of illumination
(Fig. 5.12B).

At 325 nm the magnitude of phase a of the rise kinetics was
approximately constant at pH values above 6.5 and decreased sharply
with decreasing pH at pH values below 6.5 (Fig. 5.12C, solid
triangles, dashed line). At a pH of 4.5 the fast light-induced
increase in absorbance was absent, only a slow light-induced decrease

was observed. In all cases an absorbance decrease was observed in
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phase ¢ of the decay kinetics, followed by a slow increase in phase 4.

The pH-dependences of the magnitude of phase ¢ of the decay kinetics,

as measured after 8 sec of illumination, were similar at 325 nm

(Fig. 5.12C) and at 600 nm (Fig. 5.12B). This is in accordance

with the conclusion obtained earlier that phase c represents the

reaction P'X A — PXA and that this reaction gives rise to an

absorbance change at both these wavelengths (Fig. 5.7).

The results discussed so far indicate that the rate constants

e S
of the reactions PXA€—— P X A (phase & and g respectively) were

practically independent of the pH over a range of 5.5 to 9.7. This
is consistent with the interpretation of section 5.3.l that these
are one-electron reactions. It also suggests that P870 and X occur
in a complex into which protons cannot penetrate easily, since pro-
tons would probably react rapidly with anionic ubisemiquinone to
give the neutral semiquinone. The rate constant for this reaction
in methanol™is probably 3+ 1x 10'C M '.sec”! and the equilibrium
constant is 2.5 = 5 x 10-T M, according to Land and Swallow15. The
absorbance difference spectra discussed in section 5.3.1 did not
point to the formation of neutral ubisemiquinone in phase a of the
light-on kinetics. As shown below it is also unlikely that this oc-
curred in phase b of the light-on kinetics.

The ratio of phase c: phase d of the dark decay after a certain
illumination time was strongly pH-dependent. For this reason one

might suspect that the reaction corresponding with phase b of the

.) According to Dr E.J. Land, these numbers would probably be of the same order of

magnitude in water (pers. comm.),
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light-on kinetics, which was written in section 5.3.1 as

PTXA —>ptxa”, is at low pH a protonation of anionic ubisemiquinone:
P'X" + H —> P'XH. The kinetics of the 325 nm and 600 sbsorbance
changes were at the first sight not inconsistent with this inter-
pretation, since the absorbance difference spectrum of (X - X), in
which X is ubiquinone, is similar to the absorbance difference
spectrum of (X - XH) above 300 nm. In the region of 260 - 300 nm,

the (X - X) difference spectrum is more negative than the (X~ - XH)

§ 1 s S .
difference spectrum 6. We tried to make use of this in a control

experiment with another batch of reaction centers (details below)

but the accuracy was too low to decide between reoxidation or proton-
ation of X in phase b of the light-on kinetics. However, if phase b
represents the reaction P'X + H+———9'P+XH, the rate of this reaction

- + - -
would be proportional to the H - concentration. This was not the case

as can be derived from Fig. 5.12A. After 0.38 sec of illumination,
the ratio of phase c: phase 4 of the dark decay of the 600 nm ab-
sorbance change was 7 : 1 at pH 6.5, and at least 1 : 2 at pH 4.5.
(The latter value is a lower limit obtained if the decay phase
with & half time of 3.3 sec is included in phase d). Since the rate
constant of the reaction corresponding with phase ¢ (p'x—> px)
had remained constant, this indicates that the rate of the reaction
corresponding with phase b of the light-on kinetics increased only
at most 14-fold upon lowering the pH from 6.5 to 4.5 (The rate
constant of the reaction corresponding with phase d was at both pH
values too low to be of any influence in this analysis). For this
reason we do not believe that a protonation of X occurred in phase

b of the light-on kinetics.
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These experiments were repeated with another preparation,

buffered at pH 4.6 with an acetic acid-acetate buffer (final con-

centration 20 mM of each) and at pH 6.6 with a Na, HPO, - KH,PO,

buffer (final concentration 20 mM of each). The results and conclus-

ions were qualitively the same as above, except that no "new" dark

decay phase appeared as a result of lowering the pH to 4.5, and the

reaction corresponding with phase b of the light-on kinetics was

accelerated only at most 3-fold by lowering the pH from 6.6 to 4.6,

again indicating that a protonation of X did not ocecur in phase b

of the light-on kinetics. By including absorbance changes at 275 nm

in these experiments it was checked that anionic ubisemiquinone was
not reduced and protonated to neutral ubigquinol in phase b of the
light-on kinetics. This would have given rise to an additional
absorbance decrease instead of the observed sbsorbance increase, in
phase b. (Unfortunately the rather high turbidity of the sample at
PH 4.5 and the resulting low accuracy did not permit us to exclude
directly the possibility that at pH 4.5 neutral ubisemiguinone is
formed in phase b of the light-on kineties.)

The rate constant of the reaction corresponding with phase d
(Pxa- —> PXA) increased gradually with increasing pH over a pH-
range of 4.5 to 9.7 in the experiments shown in Fig. 5.12. Moreover
this rate constant decreased with increasing illumination time (see
below). An explanation may be that during prolonged illumination the
electrons cycling through P870, X and "A" are gradually accumulated
in secondary acceptors with longer half times for the return of elec-

trons to P870. (This should give rise to inhomogeneous decay kinetics
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of phase d. One would have to check this point by measuring the decay
kinetics over periods of 5 to 10 minutes, but it was difficult to
eliminate slow instrument drifts over these periods.) The secondary
acceptor(s) may be buried in the reaction center protein. If the
number of positive charges in the protein is increased by protonation
as a result of lowering of the pH, this could enhance the rate of
the reaction P X A —>P+XA— by providing an electrostatic attractive
force working on the electron on X . This electrostatic attractive
force would also retard the return of electrons from A~ to P+. Al-
ternatively, it is possible that the lower pH brings about a structural
change in the protein so that A is removed from P and comes in closer

contact with X.

5ol DISCUSSION

The interpretation of the experiments described in sections 5.3.1
and 5.3.2 was supported by a comparison of the kinetics of the light-
induced changes in absorbance and fluorescence of P870, as described
in Ch, III, section 3.3.2. In those experiments the reoxidation of
X  was indicated by a slow decrease in fluorescence yield without
accompanying sbsorbance changes (Fig. 3.4, bottom row).

The visible and ultraviolet difference spectra (P+ - P) of Rps.
spheroides and (P+A- - PA) of R. rubrum (Fig. 5.10, solid circles,
and Fig. 5.11, open circles, respectively) correspond fairly well with

the reduced minus oxidized difference spectrum of bacteriochlorophyll

in vitro, as obtained by Loach, Bambara and Ryan17. The main discre-
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pancy is a large blue shift at about 370 nm which is present in vivo,
but not in vitro. This shift is probably due to P800, which also

shows a blue shift at about 800 nm upon oxidation of P870. In addition,
the (P* - P) and the (PTA™ - PA) difference spectra of Rps. spheroides
exhibit a few humps at 475 nm and at 510 nm which are lacking in the
(P+A_ - PA) difference spectrum of Rsp. rubrum, and which are thought
to be due to carotenoid shifts. Our data indicate that in the ultra-
violet region the difference spectrum of (P+ - P) in vivo has a mini-
mum at 265 nm, a maximum at 305 nm and another, more or less clearly
separated maximum at 325 nm, with differential extinction coefficients
of -8 to -11, +2 and -3 mM-1.cm'1, respectively.

The idea of a one-electron reduction of ubiquinone in the light
is in accordance with results of titration experiments‘g which indi-
cated that the primary oxidant is a one-electron acceptor with a pH-
independent midpoint potential. It is not necessarily at variance with
the observation by Bolton, Clayton and Reedh that there is only one
unpaired electron per mole of photooxidized P8T0 in reaction center
particles, as indicated by ESR-measurements at room temperature,
because the latter measurements seem to have been done under condit-
ions where X had been reoxidized by A or another acceptor already,
which perhaps cannot be observed by ESR-spectroscopy. This is indicat-
ed by the rate of the dark decay of photooxidized P8T0 in those ex-
periments. The direct return of electrons from X to P+ has a half
time of 0.06 sec in reaction center preparations at room temperature,

10

according to Clayton and Yau s> and 0.12 - 0.15 sec in our prepara-

- S s
tions. The dark decay of P8T0 in the experiments of Bolton et al.,
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however, had a half time of 4 sec as shown in Fig. U4 of ref. k.

Our interpretation that X (ubiquinone) is reduced in a one-
electron reaction yielding the anionic semiquinone implies (as
discussed in the previous section) that X and PBT0 occur in a complex
which is separated from the surrounding medium by a barrier through
which no proton diffusion occurs. The existence of such a proton
diffusion barrier may explain different effects observed after ex-
traction and readdition of ubiquinone: (1) The spectra given by
Clayton and Yau (Fig. T in ref. 10) may be interpreted to indicate
that their original reaction center particles were capable of light-
induced formation of anionic ubisemiquinone, but that their ubiqui-
none-depleted and subsequently reconstituted particles showed a
light-induced ubiquinol formation. This may indicate that the proton
diffusion barrier mentioned sbove was destroyed during the extraction
of ubiquinone. (2) The difference spectrum obtained by Ke et al. (Fig.
2 of ref. 13) with ubiquinone-depleted and subsequently reconstituted
Chromatium subchromatophore particles may be interpreted as reflect-
ing the light-induced formation of anionic ubisemiquinone. If this
is so, it would indicate that the proton diffusion barrier mentioned
above was not destroyed during the extraction of ubiquinone.

It may be speculated that the H*—inaccessible P8T0-ubiquinone
complex is capable of holding just one ubiquinone molecule and that
in chromatophores or in whole cells this specific ubiquinone molecule
serves as a link between the primary photoreactant(s) on the one hand

and the large ubiquinone pool on the other hand, of which the photo-
20,21

2
and R. rubrum®. This may

reduction can be observed in Chromatium
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be suggested by the positive absorbance change around 320 nm in chro-
matophores from Chromatium5 and Rps. spheroides (L. Slooten and

C. Noome, unpublished). In both organisms (ref. 13 and this thesis)
the difference spectrum of P870 (oxidized minus reduced) is negative
in this region. At least in Rps. spheroides the absorbance increase
around 320 nm cannot be explained sufficiently by taking cytochrome
oxidation and carotenoid shifts into account (L. Slooten and

C. Noome, unpublished).

The gquestion whether X is the primary or a secondary electron
acceptor in our reaction center particles cannot be answered yet. The
half time of 0.12 - 0.15 of the back reaction of X~ with P' at room
temperature (see section 5.3.1) could be taken as an indication that
X is a secondary, rather than the primary electron acceptor, since
the back reaction of the reduced primary acceptor with P870+ has a
half time of 20 - 30 msec at 770 K and lower temperatures (see Ch. VI).
The reaction center particles prepared by Clayton et al. posed a
similar problem: the half time for the reaction ptx” —> PX (in which
X appeared to be identical with our X in later experimentsg) was 60
msec at room temperature and 20 - 30 msec below 193° K (ref. 10).
Clayton and coworkers7 tried to establish the number of electron
acceptors in these reaction centers by illumination in the presence
of reduced cytochrome c. This kept P870 in the reduced state, the net
result being a light-induced reduction of electron acceptors by cyto-
chrome c. Only one electron was transferred in this way per mole of
P8T0 present. As argued by the authors, this could mean either that

only one electron acceptor was present, or that there were two elec-
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tron acceptors present per mole of P870, and that only the secondary
acceptor was photoreduced in this way. The latter possibility would
imply that the primary electron acceptor could not be photoreduced
if the secondary acceptor was reduced.

In the next Chapter we will collect more literature on the
question of the primary electron acceptor. We will discuss that in
Chromatium an iron-sulfur protein is the primary acceptor, but that
in R. rubrum and Rps. spheroides ubiquinone cannot yet be excluded

as a candidate for this function.

REFERENCES

Amesz, J. (1964), Thesis, University of Leiden.

Bales, H. and Vernon, L.P. (1963), in: Bacterial Photosynthesis,

pp 269-2T4 (Gest, H., San Pietro, A. and Vernon, L.P., eds) Antioch
Press, Yellow Springs, Ohio.

Beugeling, T. (1968), Biochim. Biophys. Acta 153, 143-153.

Bolton, J.R., Clayton, R.K. and Reed, D.W. (1969), Photochem. Pho-
tobiol. 9, 209-218.

Clayton, R.K. (1962), Biochem. Biophys. Res Comm. 9, 49-53.

Clayton, R.K. (1972), Proc. Natl. Acad. Sci. US 69, uLk-k9,

Clayton, R.K., Fleming, H.F. and Szuts, E.Z. (1972), Biophys. J.

12, 46-63.
Clayton, R.K. and Straley, S.C. (1970), Biochem. Biophys. Res Comm.
38, 111h-1119.

Clayton, R.K. and Straley, S.C. (1972), Biophys. J. 12, 1221-123k.




143

10 Clayton, R.K. and Yau, H.F. (1972), Biophys. J. 12, 867-881.

11 Feher, G. (1971), Photochem. Photobiol. 14, 373-387.

12 Ke, B. and Chaney, T. (1971), Biochim. Biophys. Acta 226, 341-353.

13 Ke, B., Garcia, A.F. and Vernon, L.P. (1973), Biochim. Biophys.
Acta 292, 226-236.

14 Kuntz, I.D., Loach, P.A. and Calvin, M. (1964), Biophys. J. L,
227-249.

15 Land, E.J. and Swallow, A.J. (1970), J. Biol. Chem. 245, 1890-189k.

16 Land, E.J., Simic, M. and Swallow, A.J. (1971), Biochim. Biophys.
Acta 226, 239-240.

17 Loach, P.A., Bambara, R.A. and Ryan, F.J. (1971), Photochem. Photo-
biol. 13, 247-257.

18 McElroy, J.D., Feher, G. and Mauzerall, D.C. (1970), Biophys. Soc.
Abstr. 10, 204.

19 Reed, D.W., Zankel, K.L. and Clayton, R.K. (1969), Proc. Natl.
Acad. Sci. Us 63, 42-46.

20 Tekamiya, K. and Takamiya, A. (1969), Plant Cell Physiol. 10,
363 - 373.

21 Tekamiya, K. and Takamiya, A. (1967), Plant Cell Physiol. 8,

719 - T30.



DISCUSSION: "THE" PRIMARY ELECTRON ACCEPTOR

6.1 Literature data concerning the identity of the primary electron

acceptor

In the previous Chapter data were presented indicating that
ubiquinone functions as an electron acceptor during the photooxidation
of P8T0 in reaction center particles from Rps. spheroides and R. rubrum.
Our data are consistent with those obtained by Clayton and Straley2’3,
who worked with reaction centers from Rps. spheroides. In neither of
these cases it had been attempted to remove either ubiquinone or iron
completely. (See Ch. II, Table 2.1). Although a one-electron reduction
of ubiquinone was also demonstrated by other authors in preparations
from Rps. spheroides and R. rubrum (see below), the function of ubi-

quinone as primary electron acceptor has not yet been proven decisively,

as will be discussed in this Chapter.

Feher10 prepared reaction center particles from Rps. spheroides,

containing on the average 1 atom of iron per mole of P870. These
particles exhibited two reversible light-induced ESR signals at i K,
indicating P8T0 photooxidation coupled to the reduction of a substance
which was tentatively identified as non-heme iron. This interpretation
was consistent with the fact that at room temperature only an ESR signal
due to P8T0 was observed, since iron would not give a detectable ESR
signal at room temperature.

After removal of iron from these reaction centers as a result of
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addition of SDS, Feher et al.11 obtained reversible 1light-induced ESR-
signals at 1.4° X which corresponded to the photooxidation of P870 and
the photoreduction of ubiquinone, respectively, in a one-electron re-
action. However, the authors stated that the photochemical activity
(probably defined as the fraction of P870 which is photooxidizable)
of the "iron depleted" reaction centers at 1.4° X was only 0.2 - 0.3
of the activity measured in the original, iron containing, reaction
centers at room temperature. Since not all the iron had been removed
from the reaction centers by treatment with SDS, it is possible that
at 1.4° x only those reaction centers were photochemically active
which contained iron., We feel that if this could be demonstrated, it
might suggest that iron is the primary electron acceptor in the iron-
containing particles; if the iron is removed, ubiquinone may adopt the
role of primary electron acceptor, at least at room temperature, but
not at 1.4° k.

Similar results were obtained by Loach et al., who prepared sub-
chromatophore particles from R. rubrum containing 2 atoms of iron per

mole of P870. These particles, as well as the chromatophores, exhibit-

ed at room temperature only one light-induced ESR signal19, correspond-

ing with the photooxidation of P870. The iron content of the subchro-
matophore particles could be reduced to 0.15 = 0.3 atom per mole of
P8T0 by electrophoresis. The particles treated in this way exhibited
light-induced ESR signals at room temperature indicating P870 photo-
oxidation coupled to the reduction of a quinone-like substancego. This
was confirmed by Feher who identified the new ESR signal as due to

anionic ubisemiquinone (see footnote in ref. 3).
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Clayton and Straley3

» Wwho tried to reproduce the experiments of
Feher et al.11 with reaction centers (see sbove), measured absorbance
changes at room temperature. Upon addition of SDS to a suspension of
reaction centers from Rps. spheroides, the absorbance changes attri-
butable to the light-induced formation of anionic ubisemiquinone were

abolished, and in contrast to the results obtained by Feher et a1.11,

0

and by Loach and Hall2

(see above), ESR-signals indicating light-
induced ubiquinone reduction did not sppear, although P8T0 was still
capable of reversible photooxidation. A possible explanation is that

SDS blocked electron transport from the primary electron acceptor (iron?)
to the secondary acceptor (ubiguinone). The iron content of these

particles before and after SDS-treatment was not checked. However, see
Ch. V, section 5.4 for a discussion of the number of trapping sites
per mole of P8T0.

23 from R.rubrum

Reaction center preparations obtained by Noel et al.
showed a reversible PB70 photooxidation and contained no ubiquinone.
The iron content of these particles was not checked.

Neither of these observations is incompatible with the hypothesis
(refs.11,20) that in Rps. spheroides and R. rubrum in vivo either ubi-
quinone or iron functions as the primary electron acceptor during the
photooxidation of P8T0 (see section 6.4). It should be noted however,
that although electron acceptors have been identified with some certain-
ty in the cases cited bove (refs.10,11,20, Ch. V of this Thesis and
ref. 3), it is not yet proven decisively that they should be qualified

as primary acceptors. The time resolution was in most cases too low

to afford such a conclusion. Perhaps the strongest indication in this
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respect was the observation ' that the "trapping" capacity of internal
electron acceptors in reaction preparations was about 1 electron per
mole of P870; this concerned reaction centers in which the light-
induced formation of anionic ubisemiquinone is suggested by absorbance
changes3 similar to those described in Chapter V of this Thesis.

More clear-cut evidence concerning the qualification of an elec-
tron acceptor as "primary" acceptor has been obtained by Leigh and
Dutton, who worked with Chromatium chromatophores. They attributed

as ESR signal, with the characteristics required for a primary acceptor,

to an iron-sulfur protein16. This was not inconsistent with results

obtained by Ke et al.13

. Subchromatophore particles prepared from
Chromatium by these authors showed a light-induced sbsorbance differ—
ence spectrum which was rather similar to our (P XA~ - PXA) difference
spectra (see Ch. V). Ubiquinone reduction was not observed. These
difference spectra were obtained with ubiguinone-depleted particles
at room temperature and at T7° K, and with untreated particles at 77° K.
Ke et al. concluded that ubiquinone is not the primary electron
acceptor in Chromatium13.

Next we will consider whether other types of experimental results
suggest that the primary electron acceptor is the same in Chromatium

on the one hand and in Rps. spheroides and R. rubrum on the other hand.

It will appear that this is not the case.

6.2 The midpoint potential of the primary electron acceptor

A parameter which may yield information about the identity of the

primary acceptor is its midpoint redox potential. In this section we
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will see that the values known for the midpoint potentials of the
primary acceptor are different in Chromatium, R. rubrum and Rps.
spheroides and therefore do not suggest that the primary electron

acceptor is identical in these three species.

The measurements reviewed in this section were done at pH values
of T.4 - 7.5 unless otherwise indicated.

Values reported for the midpoint potential of the primary electron
acceptor in reaction centers form Rps. spheroides are -50 mV (ref. 28)
and -30 mV (ref. 22). In the first case, the midpoint potential was
pH-independent. Here, the initial fluorescence yield of P8T0 was
measured as a function of the potential of the medium. This method
assumes that the initial fluorescence yield of reduced P870 is higher

when the primary electron acceptor is reduced, than when it is oxidized].

However, Clayton and Straley3 obtained data indicating that under

certain circumstances the quenching of the fluorescence yield upon
darkening was associated with the dark reoxidation of a secondary,
rather than the primary electron acceptor. The estimate of -30 mV
(ref. 22) was made by addition of various redox reagents, with known
midpoint potentials, in the oxidized state. The rationale was that these
substances would couple between X and P+ and thus accelerate the back
reaction from X to P+, provided that the midpoint potential of the
added reagent was higher than that of the couple X/X . No acceleration
of the back reaction would occur if the added reagent had a lower mid-
point potential than X. Here one might argue that the midpoint potent-
ial of another acceptor than X is measured. In spite of these object-

ions, the measured values fall in the range of most other values obtain-
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ed with Rps. spheroides and R. rubrum (see below).

In Chromatium chromatophores at room temperature, the P890 photo-
oxidation by the primary electron acceptor is followed within 2 - 3 psec
by rereduction of P+890 by a c~type cytochrom526, the net result being
the reduction of the primary acceptor by a cytochrome c. The midpoint
potential of the primary acceptor follows from the attenuation of the

cytochrome c photooxidation upon lowering of the redox potential.

Values ranging from -127 to -135 mV have been reported6’7’29.

Loach17

» working with Rps. spheroides and R. rubrum, measured
absorbance changes associated with P870 photooxidation as a function
of the redox potential. The attenuation of the light-induced signals
versus decreasing re¢ox potential was ascribed to reduction of the

pPrimary acceptor. Loach obtained the same titration curves whether the

measurements were done at 761 nm or 433 nm, indicating that oxidation

of a low potential cytochrome (C-428, ref. 12) did not occur. The mid-
point potentials found were -25 mV (R. rubrum cells), -18 mV (Rps.
spheroides cells) and -22 mV (R. rubrum chromatophores)17. Other
authors, who measured only near-infrared absorbance changes, found
about the same values in chromatophores from R.rubrum:-bi mV(ref.15),
=30 mV (ref. 24) and "a value intermediate between +50 and -10 mV" (ref.
18).

In all these cases the values obtained with Rps.spheroidesQB’gg’17

15,24,18,17

and R. rubrum
6,729

were higher than those obtained with
Chromatium . These results are not quite consistent with, and
perhaps not gquite comparable to results obtained by Cramer5 who found

midpoint potentials of -160 mV, -145 mV and -65 or -95 mV, respectively
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(at pH 8.0) sfor the primary acceptor in cells of Chromatium, R. rubrum
5

and Rps. spheroides. In these measurements” the increase in fluorescence
yield of light-harvesting Bchl at low light intensities upon lowering
the potential was taken as an indication of the reduction of the
primary acceptor.

In summary, the results mentioned in this section do not indicate

that the primary electron acceptor in Chromatium, Rps. spheroides and

R. rubrum is identical.

6.3 The rate of the back reaction of the reduced primary electron

acceptor with oxidized P870

Another parameter which one might expect to give information
concerning the primary electron acceptor is the back reaction of the
reduced primary acceptor with oxidized P870. In this section we will
see that different reduced compounds had about the same rate of react-
ion with photooxidized P870. This means conversely that a certain rate
of reduction of P+87O might at most suggest that it concerns the
reversal of the primary reaction, but it yields no additional inform-
ation concerning the identity of the primary electron acceptor.

The back reaction of the reduced primary electron acceptor can
be studied in Chromatium chromatophores at low temperatures, and only
at redox potentials at which cytochrome ¢ is oxidized prior to the
illumination (see Ch. 1.2). Chromatophores from R. rubrum pose no

problem in this respect, because cytochrome oxidation does not occur

at low temperature51b. (We confine ourselves to low temperatures because
26,27

it has been shown in Chromatium that at room temperature the elec-
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tron is transferred rapidly from the primary to a secondary acceptor).

The available data concéerning the rate of the back reaction of
reduced electron acceptors with P+870 show a striking similarity. In
Chromatium chromatophores the half time at 77° K was 20-25 msec8’9’27.
Evidence has been presented indicating that this reaction did proceed
from a primary acceptor, identified as an iron-sulfur protein, and not
from a secondary acceptor16. In R. rubrum the half time for the dark
reduction of photooxidized P870 was 17 msec at 77° K (ref. 25). In this
case the half time decreased slightly with decreasing temperature. At
38° K the half time was 15.5 msec25. In subchromatophore particles from
Chromatium the half time at 77° K was 20 msec, independent of whether
or not the particles had been extracted with non-polar solvents to such
an extent that ubiquinone had been completely removed13.

In accordance with these values are recent data obtained with
reaction center fractions prepared from Rps. spheroides strain R-26
(refs.21,4,11). Between 1.7° K and 72 K, reaction centers suspended
in 50% glycerol had a temperature-independent half time of 30 msec for
the dark recovery of photooxidized P8T70 (ref. 21). Absorbance changes
attributable to the chemically induced formation of anionic ubisemi-
quinone had been found at room temperature in these preparationse.
Other reaction center preparations, of which the absorbance changes
suggest that the P8T0 photooxidation was coupled at room temperature
to the formation of anionic ubisemiquinone (ref. 3 and Fig. 7 in ref. L),
had a half time for the dark recovery of P+870 which was temperature-

independent below 193o K, where it was 20-30 msec, even when the

particles had been extracted with iso-octane in order te remove ubi-
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quinoneh. In both cases the identity of the substance reacting with
P8T0 at low temperatures is unknown. Iron-depleted reaction centers

(containing less than 0.2-0.3 atoms of iron'1210

per mole of P8T0)
showed at 1.41° K a biphasic decay of the photooxidized P8T0, with half
times of 18 and 124 msec, respectively, for the fast and the slow
recovery phase11. In this case the back reaction proceeded from anionic

ubisemiquinone to P+870, but the forward reaction may have proceeded

from P870 via iron to ubiquinone (see section 1).

6.4 Concluding remarks

The results discussed in section 2 and 3 of this chapter are not
inconsistent with those discussed in section 1, but do not provide
much additional evidence concerning the identity of the primary elec-
tron acceptor. At low temperature, the half time for the P+870-recovery
was in iron-depleted reaction centersl1, in which electrons returned
from anionic ubisemiquinone to P+870, practically the same as in normal
chromatophores (refs. 8,27,9,25) and in normal and in ubiquinone-depleted

subchromatophore particles13

and reaction centers21’h. This may be taken
as an indication that in some preparations11 ubiquinone is located very
close to the site of the primary acceptor, but this was indicated al-
ready by the low temperature (1.4° K) at which ubiquinone can be photo-
oxidized (ref. 11).

If ubiquinone acts as a secondary electron acceptor in iron-depleted
reaction centers, its reactivity at 1.4° K would be in contrast to the
observation that in Chromatium chromatophores secondary acceptors are
8,27

not photoreduced at low temperatures . This decrepancy may be explain-
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11 220, (1) In Rps. spheroides and R. rubrum (cf. Ch. V

ed in several ways
and ref. 20) ubiquinone is the primary electron acceptor, in contrast
to the situation in Chromatium where an iron-sulfur protein is the
primary acceptor; the results obtained by Noel et a1.23 and by Clayton
and Straley3 might be explained by assuming that iron takes over the
role of primary acceptor when ubiquinone has been removed. (2) Alter-
natively one might assume that in Rps. spheroides and R. rubrum ubiqui-
none takes over the place and the role of primary acceptor (iron) when
the latter has been removed. Neither of these hypothesis can be ruled
out presently, because fortuitously no particles have been prepared
which are known to contain neither iron nor ubiquinone (see Chapter 1I),

and because insufficient data are available in the microsecond time

range of light-induced ESR or absorbance changes.
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SUMMARY

(Numbers between brackets refer to Chapter sections)

A definition of a photosynthetic reaction center applicable to photosynthetic
bacteria is (1.3): A Bchl-protein complex which functions in vivo as a trapping
center for light energy absorbed by Bchl molecules not belonging to the reaction
center, and in which light energy is utilized for the photoreduction of a low-
potential electron acceptor by a (pair of) Behl molecule(s) in a one-electron
reaction. The Bchl types present in reaction centers of purple bacteria are called
PBO0 and P870; of these, P870 is the photoreductant.

The literature review given in Ch. I deals shortly with reactions occurring
in reaction centers and givesinformation about the structural organization of the
bacterial photosynthetic system.

Reaction center particles were isolated from Rhodopseudomonas spheroides and
Rhodospirillum rubrum by centrifugation of chromatophores preincubated with SDS
(2.2.1). The particles contained P800, P870, carotenoid and also Bph, which is
probebly an integral component of reaction centers in vivo (3.4). An excitation
spectrum for the fluorescence of P70 (4.3.2) and an analysis of the absorbance
spectrum of reaction centers (4.3.5) indicated that there are probably 2 molecules
of Bph per reaction center (4.h.1, 4.4.2). The molar ratio of Bph, P800 and P8T0
in reaction centers is 2 : 2 : 2or 2 : 2 : 1 (see 4.4.3). The results of an analy-
sis of the 600 nm absorption band of reaction centers (2.3.3) favored the latter
ratio; the former ratio was suggested by the approximately equal areas under the
near-infrared sbsorption bands due to P800 and PBT0 (see L.h4).

Chemical analysis (2.3.4) indicated the presence of Bchl &, Bph a, spheroidene
and also ubiquinone-10. The molar ratio of ubiquinone : P8T70 was minimally 1.2 : 1
(assuming 1 molecule of P870 per reaction center).

The quantum yield for the photooxidation of P870 is about 1 electron per
absorbed quantum of light (3.3.1). Light energy sbsorbed by P800, Bph and carote-
noid was transferred to PBT0 with high efficiency (3.1.1 and 3.3.3). The fluor-

escence yield of P870 was 0.2 - 0.5 0/oo in reaction centers with oxidized electron
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acceptors (3.3.4). The fluorescence yield of P800 was less than 0.0% ®/oo (3.3.4),
that of reaction center Bph was less than 1.2 /g5 (4.3.4). The fluorescence
lifetime, as calculated from the fluorescence yield and the intrinsic lifetime,
was 3-8 picosec for P870 (with oxidized electron acceptors) and less than 0.8
picosec for P800. The results suggest that the mechanism by which energy is
transferred from P800 to PB70 may be faster than that of inductive resonance
(3.3.5 and 3.4). The lifetime of 3-8 picosec of the fluorescence of P8T0 in
isolated reaction centers is difficult to reconcile with the recently measured
lifetime of 50 picosec for the fluorescence of chromatophores (3.4).

The light-induced absorbance changes observed under different conditions
in reaction centers from Rps. spheroides and R. rubrum indicated that the photo-
oxidation of P8T0 was coupled to the photoreduction of an electron acceptor X.
X could either react back with oxidized P870, or it could reduce & secondary
electron acceptor A, which was then able to reduce oxidized P870 (5.3.1-5.3.4).
This scheme was supported by a comparison of the kinetics of the 1ight-induced
changes in absorption and fluorescence of P870 (3.3.2). X is presumably ubiquinone,
which is photoreduced to anionic ubisemiquinone (5.3.4). The pH-dependence of the
rates of the different reactions (5.3.6) suggested that PBT0 and X are
separated from the surrounding medium by a proton diffusion barrier (5.4).

The possibility that X (ubiquinone) is the primary electron acceptor,
either in our reaction center particles or in vivo, is discussed in Ch. VI,
In Chromatium an iron-sulfur compound has been identified recently as the primary
electron acceptor (ref. 16 in Ch. VI). However, there appears to be no reason to
maintain that the primary electron acceptor found in Chromatium is the same as

the one present in Rps. sphercides and R. rubrum.
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SAMENVATTING

(Getallen tussen haakjes verwijzen naar secties van Hoofdstukken)

Een definitie van een fotosynthetisch reactiecentrum die van toepassing is
op fotosynthetische bacterién is (1.3): een Behl-proteine complex dat in vivo
de lichtenergie wegvangt die geabsorbeerd is door Behl moleculen die niet tot het
reactiecentrum behoren, en waarin de opgenomen lichtenergie wordt gebruikt voor
de fotoreductie van een electron acceptor met een lage redoxpotentisal door een
(paar) Behl molecule(n) in een &én-electron reactie. De Bchl typen die sanwezig
zijn in reactiecentra van purperbacterién worden P800 en P8T0 genocemd. P8TO is
de fotoreductant.

Het literatuuroverzicht in hoofdstuk I behandelt in het kort een aantal
reacties die plaats vinden in reactiecentra, en geeft informatie over de structu-
rele organisatie van het bacteriéle fotosynthesesysteem.

Reactiecentrum partikels werden geisoleerd uit Rhodopseudonomas spheroides
en Rhodospirillum rubrum door het centrifugeren van chromatoforen die tevoren met SDS
waren geincubeerd (2.2.1). De partikels bevatten P800, P870, carctenoid en ook Bph,
dat waarschijnlijk een integraal bestanddeel van reactiecentra in vivo is (3.4).
Een excitatiespectrum voor de fluorescentie van P870 (L4.3.2) en een mnalyse van
het absorptiespectrum van reactiecentra (4.3.5) wezen erop dat er waarschijnlijk
2 moleculen Bph per reactiecentrum zijn (L.4.1, 4.4.2). De molaire verhouding van
Bph, P800 en PBT0 in reactiecentra is 2 : 2 : 2 of 2 : 2 : 1 (zie 4.4.3). De
resultaten van een analyse van de absorptieband bij 600 nm van reactiecentra (2.3.3)
pleitten voor de laatste verhouding; de ongeveer gelijke oppervlakken onder de
nabij-infrarode absorptiebanden veroorzaskt door P800 en P8T0, wezen daarentegen
op een 2 : 2 : 2 verhouding.

Chemische analyses (2.3.4) wezen uit, dat Bchl a, Bph a, spheroidene en ook
ubichinon-10 aanwezig waren. De molaire verhouding ubichinon : P870 was minimaal
1.2 : 1 (asannemende dat er 1 molecule PB70 per reactiecentrum is). De quantumop-
brengst voor de fotooxidatie van P870 is ongeveer 1 electron per geabsorbeerd

lichtquantum (3.3.1). Lichtenergie geabsorbeerd door P800, Bph en carotenoid werd
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met hoge efficiéntie naar P870 overgedragen (3.3.1 en 3.3.3). Het fluorescentie-
rendement van P8T0 was 0.2 - 0.5 %/oo in reactiecentra met geoxideerde electron
acceptoren (3.3.4). Het fluorescentie-rendement van P800 was minder dan 0.04 ° /o0
(3.3.4); dat van reactiecentrum Eph was minder dan 1.2 %/oo (L4.3.4). De levens-
duur van de fluorescentie, zoals berekend uit het fluorescentierendement en de
intrinsieke levensduur,was 3-8 picosec voor PB70 (met geoxideerde electronaccep-
toren) en minder dan 0.8 picosec voor P800. De resultaten wijzen erop dat het
mechanisme waardoor energie van P800 nsar P8T0 wordt overgedragen, misschien
sneller is dan het mechanisme van inductieve resonantie (3.3.5 en 3.4). De levens-
duur van 3-8 picosec voor de fluorescentie van P870 in gelsoleerde reactiecentra
is moeilijk in overeenstemming te brengen met de onlangs gemeten levensduur van
50 picosec voor de fluorescentie van chromatoforen (3.4).

De lichtgeinduceerde absorptieveranderingen die onder verschillende proef-
omstandigheden werden waargenomen in reactiecentra van Rps. spheroides en R. ru-
brum, wezen erop dat de fotooxidatie van PB70 was zekoppeld man de fotoreductie
van een electronacceptor X. X kon ofwel terugreageren met het geoxideerde P8T0,
ofwel een secundaire electronacceptor A reduceren, welke dan op zijn beurt in
staat was het geoxideerde P8T0 te reduceren (5.3.1-5.3.L). Dit schema werd ge-
steund door een vergelijking van de kinetiek van de lichtgeinduceerde verande-
ringen in absorptie en fluorescentie van PBT0 (3.3.2). X is vermoelijk ubichinon,
dat in het licht wordt gereduceerd tot het ubisemichinon anion (5.3.4). De pH-
afhankelijkheid van de snelheden van de verschillende reacties (5.3.6) wezen erop
dat P8T0 en X van het omringende medium worden gescheiden door een proton diffusie
barriére (5.4).

De mogelijkheid dat X (ubichinon) de primaire electron acceptor is, in onze
reactiecentrum partikels of in vivo, wordt besproken in Hoofdstuk VI. In Chromatium
is onlangs een ijzer-zwavelverbinding geidentificeerd als de primaire electronaccep-
tor (ref. 16 in Hst. VI). Er blijkt echter geen reden te zijn om aan te nemen, dat
de primaire electron acceptor die in Chromatium is gevonden, dezelfde is als die

welke in Rps. spheroides en R. rubrum aanwezig is.
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ABBREVIATIONS
AUT An aqueous solution of urea (1M) and Triton X-100 (0.3%) at pH 10.0
AUT-RC Reaction center particles obtained from SDS-RC particles (see below)

by treatment with AUT
Behl Bacteriochlorophyll

B800,B850,B... Becteriochlorophyll with an absorption maximum at 800,850,... nm

Bph Bacteriopheophytin

CM Cytoplasmic Membrane

ICM Intrecytoplasmic Membrane

P690 A pigment with an absorption maximum at about 690 nm, identified

as & degradation product of Bchl
PT60 A pigment with an absorption maximum at about 760 nm; presumably

solubilized Bchl

PB00 Reaction center Bechl with an absorption maximum at about 800 nm
P870 (or P) Reaction center Bchl with an absorption maximum at ebout 870 nm;

the primary photoreductant

SDS Sodium dodecyl sulphate

SDS-RC Reaction center fraction obtained by centrifugation of chromato-
phores preincubated with 8DS

Tris (hydroxymethyl) aminomethane
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