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Berkeley, California

October 1972

ABSTRACT

Circular dichroism (CD), a measure of the asmeetry of a system,
is used to probe‘materials from the photosynthetic apparatus. The

research can be divided into three parts.

(1) To provide a sound understanding for interpreting the CD
spectra of complex photosynthetic membranes a theoretical study was
first undértaken to calculate the CD properties of in vitro ch1ofophy]1
and related molecules. Agreement between calculated and observed ro-
tationa]vstrengths for solution monomers of chlorophyll, bacterio-
chlorophyll, and related molecules has been improved over that obtafned
in a previous study (Houssier, C. and Sauer, K. (1970), J. Am. Chem.
Soc. 92, 779) by an order of magnitude through the use of a model
which distributes the m-n" transitions over the porphyrin ring.
Usingfthé.Kirkwood-Tinoco coupled oscillator apbroach, the electroﬁic
transitions are described using point monopoles located at the.por-

phyrin macrocycle nuclei.
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(2) In order to exp]bre the nature of the interactions among
the chlorophyll molecules of the photosynthetic apparatus, a bacterio-
chlorophyll-protein complex which functions in vivo to transfer
electronic excitation energy is studied. This bacteriochlorophyll-

protein complex from the green bacterium Chloropseudomonas ethylica

has previously been shown to consist of four subunits, each of which
contains five bacterioch]orophy1] a molecules. Interaction among
the bacteriochlorophyll a molecules produces exciton splittings ob-
servable at 77°K in the long-wavelength (809 nm) absorption band of
the bacteriochlorophyll-protein. An exciton contribution to the
rotational strength results in five components in the CD spectrum in

this region. The total exciton band splitting is 490 .

The
separation of bacteriochlorophyll a molecules is estimated to 12-15 A

in one subunit of the protein.

(3) Reaction centers of photosynthetic organisms, complexes
containing the primary photoreactants of‘photosynthesis, are known
to exhibit - 1ight-induced, reversible absorption changes due to chloro-
phy1l oxidation. We have found changes in the CD which accompany the
absorption changes.“These light-induced CD changes are examined in

three different classes of photosynthetic organisms.

Preparations from a higher plant enriched 10-fold in the Photo-
system I reaction center chlorophyll, P700, have been studied'by
observing the changes which occur in both the absorption and CD upon
illumination. The results suggest that there are at least two chloro-

phy1l a molecules within the reaction center and that a significant
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exciton interaction exists among them. Upon photo-activation, one
moiecule within the array becomes oxidized, leading to the lcss of
exciton interaction.

The absorption and CD spectra of reaction centers from the purp]e_

photosynthetic bacteria, Rhodopseudombnas viridis, Rhodospirillum rubrum,

~and Chromatium are compared with those previously reported for Rhodo-

Q§eudomohas spheroides. The reaction centers, with the exception Qf

those from R. viridis, appear spectrally very similar. The spectral
properties of the bacteriopheophytin present in the reaction centers

give no indication that the bacteriopheophytin is strongly interacting

- with the reactfon center bacteriochlorophyll and imply that the bacterio-

pheophytin has no function in the transfer of electrons.
A photochemically-active complex from the green bacterium Chlorobium

thiosulfatophilum has been isolated and shown, on the basis of spectral

. measurements, to be structurally very similar to a complex previously

obtained - from Chloropseudomonas ethylica. The reaction center contains

only a small portion of the BCh1 in this macromolecule with the BCh1:P840
ratio‘being abdut 100:1. This P840-containing reaction center is
characterized in terms of light-induced changes in the absorption and
CD spectra.

On the basis of light-induced spectral changes the reaction centers
from highef plants, purple bacteria, and greeh bacteria are comparéd
with one another. It is concluded that significant structural diffe-
rences exist among the reaction centers from these three classes of

photosynthetic organisms.
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I. INTRODUCTION

The initial acts of photosynthesis - the absorbtion of light
energy by chiorophyll (Chl) and the stabilization of this energy -
take place within organized membranes of photosynthetic organisms.
The intimate details of the architecture of these membranes are,

-with few exceptions, unknown. Although gross structures such as the
grana'and étroma lamellae of chloroplasts can be detected by electron
microscopy and can be physically separated from one another (Sane
et gl,,.1970), knowledge of these membranes on a finer scale remains
to be elucidated. Specifically, an understanding'is needed about
the nature of the proteins and Tipids which make up the membrane,
the orgahization of these components with respect to one another,
and the relationship of this organization to the electron transport
reactions of pgotosynthesis. |

Con?urreﬁt with this are problems concérning the state of Chl
molecules within the membréne. Questions related to this area of
much active research are: Does the Ch] associate more closely with
Tipid or with protein? Do the Chl's aggregate With one another and,
if so, what is the nature of this aggregation and_the strength of
Chi—Ch] interactions within the aggregate? What is the méchanism of
electronic excitation energy transfer amongst the Ch]'s?_ What is the
mechanism which enables a specific Chl molecule to become oxidized
upon excitation? Answering questions at this level of.examination is

the purpose of the bulk of this thesis.



A. The Photosynthetic Unit

It is known that Chl molecules are arranged in what is known as
photosynthetic units. This concept originated with the experiments
of Emerson and Arnold in 1932. These investigators measured the
oxygenv(a by-product of photosynthesis) evolved by the green alga
Ch]ore]]a in response to brief (m]O'5 sec) flashes of light of varying
intensity. They found maximal yields of oxygen évo]ution-at Tight
intensities far too weak to excite all of the CH]. From these experi-
ments it was inferred (and later confirmed) that'phbtosynthesis operated
in units with a large majority of fhe Chi's serving as "antenna" or
light-harvesting pigment for a chemical reaction center. The photon
energy of the antenna Chl would be collected at the reaction center
and cénverted there into stable chemical energy. The discovery of
small light-induced reversible absorbance changés-in photosynthetic.
bacteria (Duysens, 1952) and higher piants (Kok, 1956) led to the con-
cept that the reaction center contained a small number of BChl or Chl a
molecules in an unspecified special environment. The small absorbance
changes were interpreted as being due to the oxidation of a BChl or Chl
molecule as an excited electron was given up to the primary acceptor
of photosynthesis. These light-induced absorption'changes, commonly
referred to as P870 and P700 in purple bacteria and higher plants,
respectively, could also be produced in the dark by using a chemical
oxidant such as ferricyanide. Oxidation-reduction titration curves of
these photo-active pigments show that they both have reversible mid-
point potentials at about 0.43 V as they undergo one-electron oxidations

(Kok, 1961; Kuntz, Loach and Calvin, 1964).

TS s s e e



-3-

Chl;s of the photosynthetic unit could now be conceptually
separated into two functional types: antenna Ch1's which functioned
to absorb photons and transfer this energy, and reaction center Chl's
where photochemistry was initiated. These experiments served as an
impetus to reséarch on the nature of in vivo Chl. " The nature of the
environments of antenna and reaction center Chl's remained to be
explored.

To help solve this problem, photosynthetic mehbranes have, in
recent years, been subjected to a wide variety of ffactionation proce-
dures. Methods of cell disruption (French press, sonication, detergent
treatment) followed by separation techniques (column chromatography,
u]tracehtrifugation) have been used in an attempt to break the membranes
into their component parts. Such approaches have resulted in the iso-
lation and characterization of several Chl-proteins. That is, homo-
géneous proteins are found with a specific number of non-covalently
bound Chl molecules per macromolecule. Consistent with the concept of
the photosynthetic unit, both light-harvesting Chl-proteins and reaction
center Chl-proteins have been isolated. The best known of these are
the light-harvesting BChl-protein, characterized by Olson (1966), from

the green bacterium Chloropseudomonas ethylica and the BChT—containing

reaction center from the purple bacterium Rhodopseudomonas spheroides
studied by Clayton (1966a). Details of these (and other) protein com-
plexes will be discussed below in conjunction with the CD experiments.
Electron microscopy studies, primarily those of Park and co-workers
(Park and Pon, 1963; Park and Biggins, 1964) have found some evidence
for a morphological expression of the photosynthetic unit. Small par-

ticles, about 200 R in diameter, can be seen on the inner surfaces of



4-
ch]orop]ést membranes. These particles, called "quantasomes" by Park
(1963), were calculated to contain about 230 Chl.molecu1es (Park and
Biggins, 1964); approximately the amount of Chl which the photosynthetic
unit is thought to contain (Kok and Businger, 1957); Other workers
(Howell and Moudrianakis, 1967; Karn and Moudrianakis, 1969) have dis-
puted the existence of quantasomes, claiming that Park was actually
observing ATPase particles on the outer membrane surface. Investigations
have continued (Park and Pfeifhofer, 1969) in attempts to determine the

relationship of quantasomes to photochemical activity.

B. Energy Transfer and Exciton Interaction-

One immediate consequence of the‘photosynthetic unit concept is that
photon enerqy absorbed by one Chl molecule must be transferred via some
mechanism to the reaction center Chl's. Energy transfer by diffusion of
atoms, radicals, or molecules has been ruled out as a feasible mechanism.
This is clear from the fact that light energy can be efficiently trans-
ferred to a reaction center extremely rapidly at temperatures as low as
1°K (CTayton, 1962). Mechanisms of energy tranéfer'based on the diffusion
of electrons and holes following the photoionization of an antenna Chl
molecule as proposed by earlier experimenters (Arno1d and Maclay, 1959)
also seemed unlikely. Experiments indicate that the efficiency of

in vivo Chl photoionization is extremely 1ow,'probab]y less than 0.1%

(Clayton, 1966b).

It seems probable that energy reaches the reaction center Chl's in
the form of electronic excitation. That is, the Chl's of the photosyn-
thetic unit are interacting through electric forces arisina from the

redistribution of charges in q@te]ectronic transition and, as a result




of .this, the photon energy absorbed by one Chl is made accessible to
other Chl molecules. This energy transfer must océur from either the
singlet or triplet excited state of the molecule. Although efficient
enefgy fransfer by the triplet state is possible in molecular crystals
(Robinson, 1963), the presence of triplet state ehergy traﬁsfer in
photosynthetic tissues'is improbable (but not impossible) on the basis
of f]uorescence experiments (Clayton, 1966b) and considerations of
excited state lifetimes (Robinson, 1966).

C]ayfon reports that the fluorescence yield of in vivo antenna
BCh1 1néreases as the reaction centers become safurated with incoming
energy. - Such Variations in the decay of the singlet state would not
be expected if the excitation is converted to the'trip]et state and
then transferred to the reaction center. This leaves the excited
singlet state as the dominant mode for the migfation of photon energy
in the photosynthetic unit. |

Although this is agreed upon by most current researchers, the
exact mechanism for the transfer of excited singlet state energy among
the Ch]'é of the photosynthetic unit is a subjeét of some debate.
This type of energy transfer is usually described by one of three quite
different models depending largely on the strength of intermolecular
interaction. The three types of interaction responsible for energy
transfer are the strong exciton, the weak exciton, and inductive :
resonance, and the coupling between molecules in each case is des-
cribed as strong, weak, and very weak, respectively. The criteria
which separate these cases are:

- 2U >> Ae strong
Ae >> 2U >> Ae' weak
Ae'>> 2U very weak
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where U is the interaction energy between molecules, Ae is the Franck-
Condon band width equal to the width of the entire absorption band of
the isolated molecule, and Ae' is the width of a single vibronic Tevel.
te is usually taken to be about 1000 cm'] and Ae'ris about 10 cm'].

It is the strength of interaction, U, between molecules which
determines the rate at which energy is transferred. In the case of
strong excitons, the coupling between molecules is so strong that it
is impossible to excite an individual molecule. The excitation is de-
localized over the array of interacting mo]ecujes which now has an
excited state wave function characteristic of the aggregate of mole-
cules. It is incorrect to speak of a rate of energy transfer since
the excitation is never localized on a particd]ar molecule. The strong
exciton is sometimes descriptively referred to as a free exciton.

In the weak exciton situation the excitation resides on a molecule
for a time longer than the period of a nuclear vibration (about 10']4
sec) but less than the time needed for vibrationaf relaxation (about

]O~12

sec). Thus, the excitation transfer can take place from an
upper vibrational level of the excited mo]ecu}e. The weak exciton is
sometimes called the Tocalized exciton.

In the case of energy transfer by inductive resonance the exci-
tation can be considered to be localized on one molecule for a time
long enough to allow the molecule to relax into a lower vibrational
level before energy transfer. This is the case often referred to as
F8rster transfer or vibrational-relaxation resonance transfer. [The

nomenclature of Flrster designates inductive resonance as the weak

interaction case (1960) or as a very weak coupling case (1965).]

el
b
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InductiVé\resonance energy transfer has an R'6_distance dependence as
opposed to the R'3 dependence of both strong and.weak exciton energy
transfer. |

The three cases are often difficult to disfinguish from one
another. In practice assignment is usually not made by use of the
band width comparison criteria mentioned above. The strong exciton
produces noticeable characteristic spectral effects such as the
splitting of absorption bands into several components ("Davydov
splitting"). The transition probabilities of each of these components
will be determined by the geometrical arrangemént of the interacting
molecules. Strong coupling also results in abnérrowing of the absorp-
tion components and in a characteristic CD spectrum (Tinoco, 1963).
These CD effects will be deécribed and put to use in later sections
to help identify strong eXcitons in photosynthetic materials.

The spectral effects observed in absorption and CD disappear as
the strength of the molecular interaction decreases and they become
unobservable for both the weak exciton and inductive resonance cases.
Theoreticé]]y these cases are distinguishable by the difference in
the dependence of the rate of energy transfer on intermolecular dis-
;5).

tance (R'3 vs. R Obviously this criterion is difficult to apply

to an in vivo photosynthetic material, where both the distance between

Ch1 molecules and the rate of energy transfer are only very approXi-

mately known. Resonance transfer applies generally to energy transfer
between dissimilar molecules or between like molecules in dilute
solution. This probably does rot apply to photosynthetic membranes

where Chl concentrations run in excess of 0.1 M (Dratz et al., 1966).
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Nevertheless, many authors, on 1ittle firm expérfmenta1 basis, have
assumed that resonance transfer dominates among in vivo Chl molecules
(e.a., Hoch and Knox, 1968). This is not to say that resonance transfer
has no role in photosynthesis. For example, it is probably the correct
mechanism for describing energy transfer from accessory pigments, such
as carotenpoids to Chl and from Chl b to Chl a.

The recent evidence that Chl is not homogeneously distributed in
the photosynthetic unit but rather is located inside specific proteins
implies that perhaps more than one type of enerqy transfer operates
in vivo (Philipson and Sauer, 1972). For example, strong excitons
could dominate among the Chl's within one protein subunit and weak
exciton and inductive resonance transfer might compete as the mechanism
of energy transfer between Chl's in different proteins.

The information on electronic excitation transfer and exciton
coupling in this section was taken from the following references:
Davydév (1948), Simpson and Peterson (1957), F8rster (1960), Kasha
(1963), Hochstrasser and Kasha (1964), Férster (1965), Kasha et al.
(1965), Clayton (1965), Pearlstein (1966) and Robinson (1966). The
reader should be wary, however, that the notation Qsed by these authors
ié not a]Ways uniform. The criteria used in these references should
always be examined $o that the reader will know which of the above
cases is being discussed. In later sections when the term "exciton"
is used in explaining absorption band splittings and other optical

effects it will always refer to the strona exciton case described above.

o



C. The Aggregation of In Vivo Chlorophyll

It is the degree of aagregation and orientation of in vivo Chi which

determines the mechanism of energy transfer. Little is known about the
exact nature of this aggregation. For example, the distances between
Ch1 molecules and the forces which hold the Chl's in specific relation-
ships to one another are matters of conjecture. - Fluorescence pé]ari-
zation (Olson et al., 1962) and linear dichroism (Sauer and Calvin,
1962) experiménts on oriented chloroplasts or fragments reveal little
long-range organization of the Chl molecules, although recent experi-
ments on photosynthetic systems oriented by a magnetfc field indicate
greater Chl orientation thaﬁ<previdus1y suppoéed (Geacintov et al.,
1972). |

The resolution of the long wavelength absorption bands of bacterial
chromatophores (Vredenberg and Amesz, 1966) and higher plant chloroplasts

(French and Prager, 1969) into several components, especially at low

| temperafures, has been attributed to the existence of several BChl or

Chl ”forhs“. It hasubeen a challenge, however, to determine the cause
of these djfferent_spectra] forms. That is, the multiple absorption
components in these systems could be due either to exciton splittings
among aggregated Chl molecules or to Chl molecules in different lipo-
protein environments. To choose between these two cases some detailed
information on the system under examination is neeqéd. The number of
different Ch]—proteiﬁs contributing to the spectrumtand.the number of
Chl's per protein would be.he]pfu1 information ﬁn this regard;u We shall

seebthat CD spectroscopy, in certain cases, has been a potent tool in

helping to distinguish the two cases.
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Researchers,'for many years, have made models of the internal
membranes of the chloroplast. Typically, the Chl is considered to be
organized in two dimensional arrays between layers of 1ipid and protein.
The porphykin riné of the Chl is in contact with the profein and the
phytyl chain extends into the lipid layer. These models have become
more detailed and sophisticated (Weier et al., 1966 Kredtz, 1970), but
generally the evidence supporting any particular model is overextended.
The recent isolations of different Ch]-profeins imply that most
of the Chl is imbedded within the protein component of the membrane.
Models of Chl molecules organized in homogeneous layers are no longer
feasible. Future research must determine the interactions and relation-
ships of the Chl-proteins so that more realistic models of the photo-

synthetic apparatus can be developed.

D. Outline of Research

Absorption -and circular dichroism (CD) spectroscopy are the tech-

niques used in this study. Optical spectroscopy, in all of its different
forms, has been used for a long time in the study of photosynthesis, but
only re;ent]y has optical activity (as measured by CD or optical rotatory
dispersion (ORD)) been used to probe the photosynthetic apparatus.
Initial reports of ORD in photosynthetic membrane fragments were made
independently by Sauer (1965) and Ke (1965). Sauer suggested that
Ch1-Chl interactions were largely responsible for the observed spectra. >
Since then a number of CD studies on photosynthetic materials (Sauer, g
1972) have been done. (CD and ORD spectra theoretically contain

identical information; CD, however, is more easily interpreted.)
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Photosynthetic materials are very amenable to study by optical tech-
niques, especially CD. The highly colored Ch1 molecules are within
essentially colorless 1ipid and protein, and the Ch] serves as a probe
to its surrounding environment. Optical activity, sensitive to
chromophore-chlorophore or chromophore-protein interactions, has proven
to be (as will be seen in this thesis) a potent tool for probing the
photosynthetic apparatus.

The work to be presented can be divided into two main parts. In
the first an attembt is made to understand more fui]y the optical acti-
vity of isolated Ch (and related molecules) in so]utibn in the monomeric

form. It was felt than an understanding of these properties was needed

before CD spectra of more complicated systems could be interpreted

with confidence.‘ Calculations are made to see if the observed CD of these

molecules can be accounted for in terms of existing theory (Philipson et al.,

1971).

In the second part, the CD of materials closer to their natiVe bio-
logical state is studied. The CD spectra of Chl- or BChl-protein |
complexes of two distinct functional types are presented. The absorption

and CD properties of a BChl-protein from a green photosynthetic bacterium,

which functions to transfer electronic excitation energy, is studied in

detail at room and liquid nitrogen temperature (Philipson and Sauer,
1972). It is Conc]uded on the basis of these experiments that the mode
of energy transfer among the BChl molecules within this protein is via
an exciton interaction, and that the BChl molecules within a subunit
of this protein are located within 12-15 R of one another.

The other type of Chl-protein examined is the reaction center.

These complexes contain the primary photoreactants of photosynthesis
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and are known to exhibit light-induced, reversible absorption changes
when a Chl or BChl molecule within the reaction center loses an electron
to a primary acceptor. Reversible CD changes can also be induced in
these materials and useful information can be obtained from interpre-
tation of these signals. Below, the reversible CD signals from the
reaction centers of green bacteria, purple bacteria, and higher plants
are discussed in detail (Philipson et al., 1972; Olson et al., 1972;

Philipson and Sauer, 1973).

-
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11. THEORETICAL CALCULATION OF THE CYRCULAR DICHROISM OF CHLOROPHYLL

AND RELATED MOLECULES

A. Introduction to Circular Dichroism

Circular dichroism, the difference in absorption between left and
right circularly polarized light (AL-A ), is a measure of the asymmetry
of an electronic transition. To be optically active (i.e., to exhibit
CD) a molecule must be non-superimposable on its mirror image (e.q., a
carbon étom with four different substituents). Optical activity is
deterﬁined by the geometrical arrangement of the parts of the molecule
with respect to one another. This is what gives CD its extrememsensi-
tivity to molecular geometry and makes it a powerful tool forégéudying
structural relationships.

The fundamental equation of CD is (Rosehfe]d, 1928):

RAzlm&m'EMO. (11-1)
where RA is the rotational strength (a measure of the area under a CD
curve) for a transition, Im means "the imaginary part of", HoA represehts
“the electron dipole transition moment for the transition A « O where 0
is the ground state, and mAO is the magnetic dipo1e transition moment for
the same e]ectronic transition. C]assiéa]]y, Qhat this equation means
is that in order for a transition to be optically active, j;g,,'RA # 0,
there must be a circular component (a magnetic dipole) in the motion of
the electrons undergoing the transition in a plane perpendicular to a

Tinear component (an electric dipole) of electronic motion. These
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criteria describe a helical motion. In other words, a molecule must
possess a helical asymmetry to be optically active, although, in
many cases, the helical nature of an optically active molecule may
not be obvious from its structure.

This is shown pictorially, for a classical case, in Figure f.
Consider the electric field, E, of a plane polarized light wave im-
pinging upon a helically shaped molecule in which the electrons are
constrained to move along the spiral path of the molecule. Let the
vector g_bé parallel to the long axis of the molecule. An electric
dipole moment, yu, will arise from the displacement of the electrons
under the influence of the field E. For both the right-handed and
left-handed helical molecules, y will be parallel to the helix axis
and pointing in the same direction. The circd]ar motion of the elec-
trons, however, will be in opposite directions for the mirror-image
helices as the electrons are induced to move along the molecules.

For the right-handed helical molecule (looking down the helix axis)
the electrons will move in a clockwise manner és they are forced down
the helix by the electric field vector, E. In the case of a left-
handed helical molecule, this métion will be counter-clockwise. The
magnetic dipoles, m, induced by E will again be paraliel to the helix
axis but will point in opposite directions (és shown in Figure 1). R
(a classical analogy to rotational strength), equal to the dot product
of u and m, is non-zero and is of opposite sign for right- and left-
handed helical molecules. We see that a helix possesses the necessary
asymmetry to produce optical activity and that for this case and for
all mirror image molecules rotational strengths of equal magnitude and

opposite signs will be observed.
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Figure 1. Classical representation of the optical activity of a

helical molecule. E is the electric field vector of a plane polarized

light wave directed parallel to the helix axis. u and m are electric

and magnetic dipoles induced by E. R is a classical analogy to

rotational strength. See text for details.
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Sources of optical activity in molecules can be divided into two
limiting cases. The first is the case of the inherently asymmetric
chromophore. Thé classic example of this is hexahelicene, a molecule
which consists of six benzene rings fused into a left- or right-handed
helix resembling a lock washer. Transitions are de]oca]ized over the
entire molecule, possess the needed helical quality, and demonstrate
a huge optical activity (Moscowitz, 1961).

The second source of optical activity in molecules is the case in

which an inhereht]y symmetric chromophore is perturbed by an asymmetric

environment. This asymmetry may be either inter- or intra-molecular.

An example of optical activity induced by interaction with an asymmetric

1ntramo]écu1ar perturbation is the 300 nm ketone carbonyl transition
in steroids (Djerassi, 1960). The carbonyl transition by itself is
symmetrical. It is only by interacting with the environment provided
by the rest of the steroid molecule that the chromophore becomes opti-
cally active. The isolated Chl molecule falls into this category of
optical activity (Houssier and Sauer, 1970; Philipson et al., 1971).
This will be discussed in detail below.

The CD induced in.the transitions of the symmetric heme group by
its protein surroundings in either myoglobin or hemoglobin (Hsu and
Woody, 1971) is a good example of optical activity induced by inter-
molecular interaction. A special case of this source of optical
activity exists when the asymmetric interaction is between identical
or very similar chromophores. This is the exciton interaction and can
result in striking effects in the CD spectrum (Tinqco, 1963). It is

these characteristic effects which will be utilized below to interpret

g




-17-

CD spectra of bhotosynthetic materials and fo identify the existence
of Ch1-Chl interactions.

Reviews of various aspects of optical activity can be found in

Kauzmannvg£<gl. (1940), Moscowitz (1962), Tinoco (1962), Sché]lmann

(1966), and Deutsche et al. (1969).

B. Circular Dichroism of Chlorophyll and Related Molecules Calculated

Using a Point Monopole Model for the Electronic Transitions

THe_app]ication of éircular dichroism measurements to materials
of photosynthetic origin promises to provide important information about
the internal organization and structure of the photoactive pigmented
membranés (Sauer, 1972). In order to provide a sound basis for inter-
preting the CD spectra of these complex biological materials, it is
important to develop a bettér understanding o%ﬁthe.corresponding proper-
ties of the individual (isolated molecules). ‘

The present study is an exténsion of .a-previous investigation of
the origihs of molecular optical activity ih-Ch] and related molecules
(Houssier énd Sauer, 1970). These molecules consist of an extended,
planar porphyrin chromophore, whose symmetry can be considered to be
perturbed by substituents placed asymmetrically around t%é periphery.
The absoltute configuration at the asymmetric centers in many of these
molecules is known (Fleming, 1967, Brockmann, Jr., 1968), which enables
them to provide a rigorous test for the theoretical treatment. The
agreement between experiment and cé]cu]ations uti]iiing a model in-
vdlving a point monopole approximation for the electric transition

moment is a considerable improvement over that resulting from the use
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of point dipole transition moments, but there is still some discrepancy

in the quantitative nature of the calculations.

1. Theory
In the Kirwood coupled oscillator model, the origin of optical

activity is the interaction potential between electric transition di-
poles Tocated asymmetrically with respect to one another (Kirkwood,

1937). The equation needed for the calculation of the rotational strength
(RA) of a Ch1-1ike molecule can be derived (Tinoco, 1962) from the funda-

mental equation of optical activity described above:

RA = Im Eoa © Mao (I1-1)
The electronic transition dipole moment
Mop = € vy I ¥y dr (11-2)

and is a measure of the electron redistribution which occurs during the

transition A « 0.

Mao = 7mc 7 ¥alr x g do (11-3)

and, classically speaking, represents the angular momentum of the elec-
trons during a transition. e is the charge on the electron, m is its
mass, and c is the speed of light. The integrations are carried out
over all space. r is a position vector operator and p is the linear
momentum operator. B

A molecule must possess nonperpendicular electric and magnetic di-
pole moments in order to be optically active [Eq. (II-1)]. Electrically

allowed transitions of planar aromatic chromophores, such as the Q
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transitions of the simple porphyrins, cannot‘possess the required mag-
netic dipole from symmetry considerations. The nécessary magnetic
dipole, in the case of Chl and related biological pigments, is supplied
as a perturbation resulting from interaction with‘asymmetrica]]y—p]aced
substituents.

The magnetic dipole moment is origin-dependent and has two_contri¥

butions:

m=2Zmt Ir;xpy (11-4)

z
J
Each group, j, of a molecule makes two contributions to the angular
momentum. ~ There is the angular momentqm of the group itself plus the -
product of the Tinear momentum of the group and its distance from an
origin. We are treating the molecule as if it can be divided into inde-
. pendent groups. This tréatment is valid if there is no significant
electron exchange between Qroups. This is almost certainly true for
. Chl-Tike molecules where the electronic wave function for the porphyrin
| chromophore would not overlap with the wave functions of the asymmetri-
cally-placed side groups. These are either aliphatic in nature or, in
the case of esters, they are separated by insulating aliphatic linkages.
Using first-order perturbation theory and the substitution (Bohm,

1951),

Pop = - (2min/elv, g (11-5) -

we can now calculate the magnetic transition dipole moment for the

whole molecule (Tinoco, 1962):

= (i .
Mo = - {&5) LA [Vioas0b(R5Ri) X wyop vpd
h[va?—vaz)]

(I1-6a)
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. V. . .
—(310 . ( ioa;job mgbo) (11-6b)

bX
ey 2 2
j#i b#a h[?va/(vb v, )]

The summations are over all groups, j, except i (the porphyrin ring)
and all transitions, b, except a (e.g., one of the Q transitions of the

porphyrin). This indicates that the transition of interest, Li0a° is

interacting with all of the transitions of each of the asymmetrically-

placed substituents. v is the coulomb potentia] energy due to

ioa;job
the interaction of transition charge densities in group i with those in
group j. This will be discussed in greater detail below. Bjoh and LT

are the electric and magnetic transition dipoles for the transitions of

group, j, in the static field of the surrounding molecule (Tinoco, 1962).

h is Planck's constant and Vq and vy, are the frequencies of transitions
a < o0 and b« o respectively. Bj and R, are position vectors of the jth
and ith grdup, respectively.

The two terms (II-6a and II-6b) are due to the interaction of

electronic and magnetic transition dipoles, respectively in the asymme-

trically-placed side groups with the electronic transition dipole of

transition a « o on group i (a Q transition of the porphyrin macrocycle).

We have assumed that the transitions of interest (Q transitions of Chl)
are non-degenerate and magnetically forbidden, and the origin of the
mo]e;u]e has been placed at the center of group i. This results in the
dropping of some terms from the more general equations of Tinoco (1962).

The predominant contribution to the electronic transition moment of
the Chl, ¥ga° will be from the transition localized in the porphyrin

ring, u We will take these quantities to be equal

ioa’

HoA T Hjoa (11-7)
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Now, multiplying Eq. II-6a and Eq. II-6b, above, with Eq. II-7, we ob-

tain the pertinent equation:

R,=-[ 2% ; 3 Vioa;jobva“b(Bj'Bﬁ)'(Ejob X Ujoq)
A C 5. (I1-8a)
j#i bfa , 2 2
h(\)b '\)a ) .
Im V. oa:i0b%akioa ~ Mib
+2 1. 3 joasjo 2a 1ga —jbo ] (11-8b)
Jj#1 b#a h(vbv-va )

The second term in this formula is extremely difficult to calculate
and is usually ignored. It is expected on theoretical grounds (Moffitt;
1956) to be much smaller than the first tehm.and one explicit calculation
(Jones, 1961) has it accounting for about 1/10 of the observed rotational
strength in cyclopentanone derivatives. Hence, only the more familiar
first term, equivalent to the Kirkwood contribﬁtion, will be considered
in this discussion. |

For each of the pigments, the long wave]ength Qy and Qx transitions
are examined (Gouterman, 1961; 1959). These electrically allowed fran—
sitions are m-n" in nature and are de]oca]iied over the porphyrin
chromophore. For each of the mo]éculés considered here the Qy band is
lower in energy and has a greater absorption intensity (Table 1). The
x and y axes are defined in Figure 2. Typical absorption and circular
dichroism spectra are shown in Figure 3. The band assignments are from
experimental studies of fluorescence polarization and linear dichroism
(Goedheer, 1966; Gouterman and Stryer, 1962), and from the theoretical
studies of Gouterman (1961; 1959). Each of the bands is slightly compli-
cated by higher vibrational components. These components, however, are

not strongly polarized (Gouterman, 1959), due to mixing with higher



Table 1. Experimental Values of Absorption and Rotational Strengths (in Ether)

max

max
Band width, Aw, cm—]

-3 -1
107 ey (mo1/1.) " cm

-1

Oscillator streggth
f=4.33x107 s e(w)dw

Rotational strength,
1080 Ry, cgs

Chl a

661

575

15,130
17,390

390
760

o« w

0.155
0.024

-8.7
0

pyroChl a

661
578

15,130
17,300

420
780

80
8

0.155
0.029

-14.3
0

BCh1
770
570

12,987
17,540

550
910

96
22

0.309
0.110

pyroBCh]
770
583

12,987
17,150

490
920

96
22

0.30
0.110
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Figure 2. Molecular structures of Chl a, pyroChl a, BChl, and pyroBChl, showing XBLT709-5392

the absolute configurétion of the asymmetrically placed ring substituents, R = phytyl.
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Optical activity of Chl-ag and pyroChi-g in ether
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Figure 3. Circular dichroism and absorption spectra of Chl a and

pyroChl A in ether (Houssier and Sauer, 1970)."
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electronic states. Because of this, the higher vibrational components
tend not to contribute to the circular dichroism and are ignored in
the cé]cu]ations. The shorter wavelength Soret bénds (occurring in
the range 350-450 nm) overlap one another strongly, and no calculations
were attempted on them.

The specific molecules for which calculations were done are chloro-
phy11l a (Chl a), pyrochlorophyll a (pyroChl a), bacteriochlorophyll a
(BCh]);.ahd pyrobacteriochlorophyll a (pyroBChl). Calculated rotafiona]
strength is compared with experimental éircu]ar dichroism (CD) results
for the first three of these for both the Qy and Qx bands. The relevant
experimental absorption and CD data for these molecules are shown in
Table 1. The molecular structures of these molecules differ in two
important respects: (1) fﬁe number of asymmetric substituents, and
(2) the number of ring§ which have reduced outer bonds. As shown in
Figure 2, BCh1 has five porphyrin ring carbon atoms subs;ituted asym-
metrically at positions C-3, C-4, C-7, C-8, and C-10. In pyroBChl, the
carboxymethyl group is replaced with a hydrogen atom and so the C-10
position is no longer asymmetrically substituted._ Likewise Chl a and
pyroChl a are asymmetrically substituted at positions C-7, C-8, C-10,
and at C-7, C-8, respectively. The absorption spectra of these mole-
cules, in contrast to the CD, are relatively insensitive to the nature
of the asymmetric substituents and are more a fuhction of the extent of
unsaturation of the pyrrole rings. Therefore, it is expected, and‘fodnd
~experimentally, that the absorption spectrum of Chl a closely resembles
that of pyroChl a. The same relationahip holds between BChl and pyroBChl.

In a previous model used to calculate the interaction potential,

v p Was evaluated by treating the porphyrin transitions as point

ioa;jo
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dipoles, substituting a dfpo]e-dipo1e interaction expreision in Eq. II-8a
and then using the Kirkwood polarizability apbroximation (Houssier and
Sauer, 1970). The actual »-n~ transitions involved, however, are de-
localized over the entire porphyrin ring, which has a radius of the

order of 5 R, while the distance between the asymmetric centers and the
nearest carbon of the aromatic part of the porphyrin ring can be as small
as 2 Kf Thus, a more realistic attempt must take into account the effec-
of this delocalization of the transition on the interaction potential.
For the results presented here, this was done by considering the tran-
sition dipole to be the sum of transition eiectric monopole moments
located at each of the cbnjugated atoms of the ring. The potential can
then be determined by treating separately the interaction of each of

the monopoles of the porphyrin ring with the effective transition dipoles

of the asymmetric centers according to the equation

q

. B_ PRI T
V. . = _ ¥ itoa—itoa;] -job (11_9)
ioa;job t IR |
—itoa;j '
where % toa is the electric transition monopole located at the tth atom

for transition a < 0 (the Qy or Qx transition) for group i (the porphyrin
ring) and Bﬁtoa;j is a position vector from the jth asymmetrically-placed
substituent to monopole t.

The transition monopoles were obtained from the self-consistent
field molecular orbital calculations of Weiss (unpublished data), who
used the configuration interaction method of Pariser, Parr, and Pople
(SCMO-PPP-CI) (Parr, 1963). Good qualitative agreement with the visible
and near-UV absorption spectra was obtained. The monopole charge at the

tth atom of a = system is proportional to Ctoc 3 for a transition from

t
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vfhe ground state to a singly excited state, a, where Cto and Cta are,

th

respectively, the molecular orbital coefficients at the t- center for

the ground- and excited-state molecular orbitals. The monopoles (Table
2) for BCh1l and pyroBChl were derived from a calculation for 2,6-

dicarbony]'OPP-tetrahydroporphin and those for Chl a and pyroChl a from
2-vinyl-6-carbonylchlorin. The calculated monopoles were scaled so that

the summation

E Bitoaqitoa

equaled the experimental value for yu In order to improve the

=ioa’
approximation to the transition charge densities of n-type orbitals,
each monopole strength was separated into two parts. New monopoles,
with magnitudes equal to 1/2 those of the calculated monopoles, were
placed 1 R above and below the tonjugated atom (Woody, 1968). The
number of monopoles used, therefore, was actua]]y'twice the number of
conjugated atoms. Molecular orbital calculations on protochlorophyll
were not.veky successful. For this more symmetric molecule polarized
transitions for the Tong wavelength absorption bands, in contrast to
experiment (Houssier and Sauer, 1970), were not‘predicted and therefore
a rotational strength ca]cu]ation was not atfempfed.

If we ndw substitute Eq. II-9 into Eq. II-8a,

2n ‘a"b %itoa

R, = -= 1 z b X
c .o, 2 2 : 3
j#i b#a t h(vb -v_.°) ,Bitoa;j'

a

)] (11-10)

(Bitoa;j ’ Ejob) [Hjob '(Bioa;j X Yio0a
we find that any calculation would be extremely difficult, because know-

ledge of the transition dipoles of each of the asymmetric groups, j, for



Table 2. Atomic Coordinates and Transition Monopoles

Transition monopolesC

a Coordinates, A, forb‘ BCh1 Chl a
Atom methyl pheophorbide a Qx Qy Q, Qy
N1 (0.20, -2.01, 0.02) -0.035 0.007 -0.049 0.001
N> (2.10, 0.00, -0.04) 0.001 -0.115 0.005 -0.055
N3 (-0.13, 2.07, -0.04) 0.035 -0.007 0.047 0.004
Ng - (-2.16, -0.06, 0.06) -0.001 0.115 0.004 0.109
Co (2.33, 2.46, -0.03) 0.035 -0.129 0.107 -0.112
Cg (2.63, -2.40, 0.03) -0.033 -0.124 -0.086 -0.136
Cy (-2.30, -2.45, -0.02§ -0.035 0.129 -0.054 0.108
Cs , (-2.57, 2.35, 0.03 0.033 0.123 0.044 0.109
Gy (-0.85, 4.25, 0.02) -0.051 0.037 ~0.039 0.029
Cs (0.52, 4.26, -0.01) -0.046 -0.035 -0.028 -0.041
C3 (4.26, 0.83, 0.07) 0.000 0.000 0.040 0.027
Cy (4.36, -0.54, 0.07) 0.000 0.000 -0.046 0.017
Cg -(0.80, -4.20, -0.02) 0.051 -0.037 0.045 -0.037
Cg (-0.61, -4.11, -0.03§ 0.046 0.035 0.036 0.031
C7 (-4.83, -0.92, 0.30 0.000 0.000 0.000 0.000
Cg (-4.46, 0.61, 0.01) 0.000 0.000 0.000 0.000
Cg (=1.83, -4.88, -0.09) 0.000 0.001 -0.001 0.002
C1o (-3,02, -3.81, -0.13) 0.000 0.000 0.000 0.000
C1y (-0.93, -2.73, -0.02) 0.081 -0.078 0.067 -0.079
Cyp (1.30, -2.89, 0.02) 0.09 0.070 0.075 0.059
Cy3 (2.99, -1.06, 0.01) 0.112 0.055 0.069 0.062
Ciz (2.85, 1.13, 0.01) -0.103 0.063 -0.084 0.050
Cis (1.00, 2.87, -0.02) -0.081 0.078 -0.085 0.050
C]G (-1.26, 2.84, 0.00) -0.091 -0.070 -0.075 -0.085
Cy7 (-3.01, 1.00, 0.04) -0.112 -0.055 -0.111 -0.058
Cig (-2.92, -1.19, 0.08) 0.103 -0.063 0.106 -0.056
Cig (1.43, 5.43, 0.00 0.000 -0.001 0.000 0.000
Copd (1.12, 6.61, -0.22 -0.015 -0.008 0.000 0.000
04 (-2.01, -6.09, -0.11) 0.015 0.008 - 0.019 0.010

aSee Figure 2 for numbering system. DSee Fischer (1969). CFrom Weiss (unpublished data).
dC20 is replaced with an oxygen in BChl.

_82_



-29-
all transitions, b « 0, is needed. A majority of these transitions occur
in the far-ultraviolet region and have never been classified. To over-

.come this, we use Kirkwood's polarizability approximation.

(2/hvo) L mjopityon = lagg = ayp) 5858, (11-11)

where Vo is an average frequency of the transitions, a3q and ayp are

the polarizabilities parallel and perpendicu1af to the axis of symmetry
for each group (assuming cylindrical symmetry), and gj is a unit vector
pointing along the axis of cy1indrica1 symmetry. Each covalent bond in
an asymmetric center is considered in the calculations to be a group, j.
A polarizability anisotropy (a33 - u]])j is associated with each bond,
and its mégnitude is based on values found in the literature. By con-
sidering each bond separately, and therefore distributing each asymmetric
substituent in space, better results can be expected than if each group
is approximated by a single polarizability value. Bond polarizabilities
are difficult to determine and considerable variation in values is found
in the literature. The values used for C-H (Vickery and Denbigh, 1949;
Yoshiﬁo and Bernstein, 1958; Amos and Hall, 1966) C-C (Bunn and Daubeny,
1954; LeFevre and LeFevre, 1955), C=0 (LeFevre and LeFevre, 1955;
Denbigh, 1940), and C-0 (LeFevre and LeFevre, 1955; Denbigh, 1940)

bonds are shown in Table 3 and are judged to be the best available.

By putting Eq. II-11 into II-10 and by using the good approximation

We obtain our final equation



v_q.
- _T a'itoa
W T b K a33 = apy)j X
J —itoa;]
(Ritoa;5 ~ &) [g5 " Ry - Rygy) X mjo]  (11-12)

Table 3. Bond-Bond Polarizabilities

Polarizability anisotropy

Bond 1024-(a33 - aq)s cm’
C-C 0.71

C=0 1.24

C-0 ' 0.96

C-H -0.312

Coordinates for the molecules (Table 2) are taken from a recent cry-
stal strugture determination of methylpheophorbide a (Fischer, 1969)
(Ch1 a with the cehtra14Mg atom removed and with a methyl group replacing
the phytol chain). Thus, the geometry of the side groups in solution is
taken to be the same as that in the crystal. Although this may seem to
be a érude approximation, molecular models show that each side group has
significant steric hindrances. Thus, the assumption used is that, even
in solution, the side groups are unable to rotate freely. Because
Eq. II-12 predicts a dependence of rotationé]_strength on the inverse
square of the distance of separation, the part of the side group which
makes the greatest contribution to the optical activity is expected to
be that which is closest to the conjugated ring, and it is precisely

this part of the group which will feel the bulk of the steric forces.
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Calcu}ations in which all side groups were allowed to rotate freely
(Table 4) were also attempted. In all caées the agreement with experi-
ment was not so good as that in which the "crystal conformation in
solution" was assumed. In certain cases the results did not even agree
with the sign of the experimental rotational strength.

The phytol chain islignored in the calculations. This probably
introduces no serious error since this substituent is a 1érger distance
from the porphyrin king than any other group, thereby decreasing its
interaction potential. Evidence from NMR measurements (Sauer et al.,
1966; Closs et al., 1963) indicates that the phytol does not strongly
interact with the other substituents. Measureménts in this laboratory
show that fhe CD of methy]chlorophy]]ide a is identical with that of |
Chl a, implying that the phytol may safely be'ignored in a theoretical
treatment. This result would seem to resolve a cohf]ict between the
results of Houssier and Sauer (1970) on pheophytin a and those of
Briat et al. (1967), on methylpheophorbide a (pheophytin a with a methyl
replacing the phytol). The difference in the magnitude of the CD re-
ported for these molecules can most 1ikely be attributed to a calibration
~problem of one of the spectrometers or to a partial epimerization of the

substituents at C-10, as has already been suggested (Houssier and Sauer,

1970).

2. Results

Results of the calculations are given in Table 4. All experimental
measurements (Hodssier and Sauer, 1970; Coyhe, unpub]isﬁed data) were.
made on solutions in ether and, to account for the dielectric effect of

the solvent (Moscowitz, 1962}, all calculated rotational strengths were



Table 4. Comparison of Calculated and Experimental Rotational Strengths

Point monopole model

Point dipole = Calculated Ry x 1040 cgs contri- Calculated
Tran-  model a—RA X bution for each asymmetry center suw Ra x Experimental,
Molecule sition 1040 cgs -3 C-4  ¢-7 _ c-8 c-10 1040 cgs R, x 1040 cgs
BCh1 o +1.8 1.9 1.9 -3.3  -2.3 5.2 3.4 5.0
Qx -1.0 -0.005 -0.31 0.4 0.20 -3.1 -3.1 -4.4
pyroBChl Q 0 1.9 1.9 -3.3  -2.3 -1.8
Qx 0 -0.005 -0.31 0.14 0.20 0.03
Chl a Qy 0.5 -2.9 -2.1 3.6 -1.4 -8.7
Qx 0.02 0.07 0.1 -1.6 -1.4 ~0
pyroChl a Q -0.4 -2.9  -2.1 -5.0 -14.3
@, 0.3 0.07 0.1 .2 "0
BCh1 (monopoles Q 3.2 3.9 -5.0 -4.1 5.2 2.8 5.0
in plane) y
Ch1 a (with BChT | | 16 1.0 2.4 -0.2 _8.7
monopoles) . y ' - ) ' ) ' )
BCh1 (with freely
rotating side Qy 0.1 0.8 -0.4 -0.8 0.4 0.1 5.0

groups)

-ZE-

8Calculated from data in Houssier and Sauer (1970).
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multiplied by (n2 + 2)/3, where n is the refractive index of the solvent.
In all cases there is qualitative agreement between the theoretically
derived rotational strengths and the experimental values. In the
previous study (Houssier and Sauer, 1970), in which the Q transitions
were approximéted by a point dipole, the experimenta] measurements gave
larger rotational strengths than the ca]culations by factors from 8 to
40. In one case (Chl a; Qy transition) the wrong'sign was predicted.
In the point monopole calculations (Table 4) the range of discrepancies
is reduced to 1.5-6 and the signs are all correctly predicted. Most of
the improvement reported here can be attributed to the use of monopoles
and the use of a fixed geometry for the substituents. It is clear that
in calculations such as these, a highly delocalized transition cannot
be accurately represented as a point dipole.

Results are also presented for a calculation in which all mondpoles
were placed in the plane of the chromophore (for all other calculations,
monopoles weré divided by two and placed 1 R above and below the plane;
see above). It is seen that this can change the contribution of an
individual asymmetric center by as much as a factor of 2. The impli-
cation_from this is that if the true wave function (with the transition
chargé densities distributed continuously through space) were used to
calculate the interaction potential, the result would be an improvement
over that obtained by using monopoles (even if the monopoles were an
extremely accurate set). That is, there is still an inherently large
approximation in the use of point monopoles. |

A calculation is presented for Chl a in which BChl monopoles were

used. This changes the result by a large amount and appreciably reduces

~ the agreement with experiment. Since Chl a and BChl are closely related
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molecules with meonopole patterns which are rather similar, this test
shows that relatively small changes in monopo]es,cah cause large changes
in the calculated rotational strengths. Fairly accurate monopoles are,
therefore, essential for this type of ca]éu]atioh.

Attempts were made to prepare and to obtain a CD spectrum for
pyroBChl. For this molecule the contribution to the rotational strength
induced by the groups at C-3 and C-4 is expected approximately to cancel
the contributions of the asymmetric centers at C-7 and C-8 (these groups
are related by an approximate center of inversion) and a small CD signal
is expected. However,_the rotational strength of the Qy transition of
pyroBChl was observed to be generally greater than that for BChl and
with a large variability from sample to sample. Although the infrared
spectrum confirmed the absence of the C-10 carboxymethyl group following
pyrolysis and the visible and near-infrared absorption was virtually
indistinguishable from that of BCh1, the CD results lead us to doubt
whether we had the correct molecule. As a consequence, the experimental

rotational strengths for pyroBChl are not included in Table 4.

3. Conclusions

The nature of the optical activity of the chlorophyll molecules
studies can now be considered to be understood qualitatively. The
general features of the CD spectra can be accounted for jn terms of the
interactions described by the Kirkwood-Tinoco approach. It is possible
that this type of calculation may prove useful in assigning absolute
configurations to molecules where this information is not known.

The ofﬁgin of the circular dichroism of chlorophylls in photosyn-

thetic membranes differs from that described here. Exciton interactions
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between éh]orophyi]s cause rotational strengths of a much larger magni-
tude than those exhibited by monomers. Nevertheless, the theory for
such interactions has much in common with that presented here. The
results pfesented above thus make calculations on more complicated

systems feasible,
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ITI. EXCITON INTERACTION IN A BACTERiOCHLOROPHYLL-PROTEIN

FROM CHLOROPSEUDOMONAS ETHYLICA

Photosynthetic organisms typically contain one or more types of
chlorophyll-related molecules incorporated into a protein or a lipo-
protein matrix. The nature of the binding of the chlorophyll and the
relative orientations and distances between chlorophylls inside the
protein are largely unknown. Questions closely related to these
relationships are the strength of the interaction between chlorophylls
and the mode of electronic excitation energy transfer in vivo. Since
the detailed structure of no chlorophyll-protein is known, models for
the pigment-lipoproteins have been constructed primarily on the basis
of theoretical considerations (Weier et al., 1966;. Kreutz, 1970).

The chlorophyll-protein which has been studied in most detail and
which has been best characterized is the bacteriochlorophyll-protein

(BCh1-P) complex from the green photosynthetic bacterium, Chloropseudo-

monas ethylica (Cps. ethylica) (Olson, 1966; Thornber and QOlson, 1968;

Olson, 1971). This BCh1-P is crystallizable and has four subunits,

each containing five bacteriochlorophyll a (BChl a) molecules. The
complex is blue-green in color and has a molecular weight of 152,000.

In vivo the BChl a in the prdtein accepts excitation energy from chloro-
bium chlorophyll (which forms the bulk of the éntenna pigment in green
bacteria) and transfers this energy to the reaction center bacterio-

chlorophyl1, P840.

e A 8o
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The BCh1-P from Cps. ethylica is water soluble and, unlike most

chlorophyll-containing proteins, can be isolated without the use of
solubilizing detergents, which might alter its structure. Electron
microscopy of BCh1-P crystals {Labaw and Olson, 1970) suggests that

the shape of the protein is a noncompact sphere of 81.5 R. The resis-
tance of the BCh1-P to pheophytinization at low pH implies that the

BCh1 a molecules are imbedded within the protein (Ghosh et al., 1968)
rather than Tocated on its surface. The BChl a molecules are apparently
bound by peptide chain folding and not by covalent bond linkages
(Thornber and Olson, 1968).

In this section we present the results of optical studies on the
BCh1-P. Absorption and CD spectra at room temperature and at liquid
nitrogen temperature have been measured for the long-wavelength Qy and
Qy transitions of the BChl a chromophores. The fact that BCh1-P has
been relatively well characterized enables us to interpret the thica]
spectra with some confidence. The resolving power of CD, especially at
Tiquid nitrogen temperature, gives direct evidence for the presence of
five components in the Qy (809 nm) transition of the BCh1-P. The five
transitions are interpreted as the result primarily of exciton inter-
actions among the five BChl a molecules located within each of the sub-
units of the protein. From the magnitude of the splitting between
component peaks of the dbsorption band we estimate the distances befween
BChl a molecules to be 12-15 A. These results imply that, at least
within a subunit of the BCh1-P, energy transfer is by exciton coupling

rather than by a Flrster resonance transfer mechanism (Kasha, 1963).
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1. Materials and Methods

The BCh1-P from Cps. ethylica was prepared (Olson, 1971) in the

laboratory of J. M. Olson and was stored as a solid precipitate in an
ammonium sulfate solution. Before use, the samb]e was resuspended in
0.01 M Tris buffer (pH 7.5) with a salt concentration of 0.2 M NaCl.
The absorbance ratio A809/A37] has been used as ‘a ériterion for the
integrity of the complex (Olson, 1971), and for all spectra shown here
this ratio was 2.15 or larger. Concentrations were determined by using
154 mM” ! ém'] as the extinction coefficient of the 809 nm peak (Olson,
1966). The BCh1-P demonstrates a marked hyperchromism for the transi-
tion at 809 nm. The measured oscillator strength is 0.40 (Olson, 1966)
per BChl a molecule, whereas this number is 0.309 for BChl a in solution
(Philipson et al., 1971). This is presumably due to interactions of
the BCh1 a molecules with the surrounding environment (Rhodes, 1961).

In order to obtain satisfactory spectra at 77°K, a solvent must be
used which forms a clear glass and does not denature the protein or
otherwise introduce artifacts into the CD spectrum. A solvent which
meets tﬁese_criteria is a mixture of 75% potassium glycerophosphate in
water (K &.K Laboratories)-aqueous solution cdntaining the sample of
interest-glycerol (Baker analyzed reagent) (2:1:0.5) (Vredenberg, 1965).
For the 77°K spectra reported here, samples were immersed rapidly in
liquid nitrogen.

Unfortunately, the BCh1-P is of limited solubility in this solvent
and CD spectra of the weak Qy band of the BCh1-P could not be obtained

at 77°K. A 50% mixture of glycerol and water (a common solvent for low-

temperature absorption measurements on biological materials) was

B U
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unsuitable for CD measurements, as it produced a large baseline shift
and excessive noise as the temperature approached 77°K. The CD spectrum
of the Qy band of the BCh1-P at. -120°C was taken in glycerol-water. At
this temperature the baseline shift did not occur.

A1l absorption spectra were recorded on a Cary 14R spectrophotof
meter. The CD spectra in Figures 4, 5, and 6 were recorded on an
instrument built in this laboratory (Dratz, 1966). The CD spectrum in
Figure 7 was recorded on a Durrum-Jdasco J-20 CD spectrometer with far-
red sensitivity extendqd to 1000 nm. The magnitude of the CD signals
was calibrated with an aqueous (1 mg/ml) solution of (d)-]O;camphorsul-

fonic acid. For all spectra the spectral bandwidth was 3 nm or less.

2. Results

The CD and absorption spectra of BChl a in its monomeric form in
ether are shown in Figure 4. The long-wavelength Qy transition at 769 nm
and the Qy transition at 573 nm are electrically allowed and are polarized
nearly perpendicularly to one another. The band assignments are from
fluorescence polarization measurements (Goedheer, 1966) and from theore-
tical considerations (Gouterman, 1961). The short wavelength shoulder
on each band is due to higher vibrational components. The separation of
these electronic transitions from other absorption bands enables the

effects of perturbations to be studied without the complications of

‘band overlap. The CD band in the Qy region of the BChl a spectrum is

a weak positive peak barely above the noise level of the measurement.

The Q, CD is a small negative peak. The small rotational strengths ob-
served.are the result of perturbations supplied by interactions of the
asymmetrically placed side groups with the inherently symmetric porphyrin

chromophore (Houssier and Sauer, 1970; Philipson et al., 1971).
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In Figures 5 and 6 we show the absorption and CD of the Qy tran-
sition of BCh1-P at room and liquid nitrogen temperatures, respectively.
A detailed interpretation of these spectra is reserved for a later
section but several features are of note. The abéorption peak in
Figure 5 is shifted to longer Wévelength (809 nm) compared to that of
BCh1 a in solution (Figure 4), but the shape of the absorption band at
room temperature is little altered by the change in environment. The
CD, however, has changed drastically; its magnitude is greater in the
BCh1-P by more than an order of magnitude, and three components are
clearly Visib]eb(at 822, 808, and 778 nm). A similar spectrum has pre-
viously been reported (Kim and Ke, 1970). At 775K (Figure 6) increased
resolution uncovers more structure. Absorption reveals four_reso]ved
components (at 789, 804.5, 813.5, and 824.5 nm) (Olson, 1971); the'Qy
transition of monomeric BChl a in solution shows no hint of having more
than one peak at 77°K -(Olson, 1966). At 77°K the CD spectrum exhibits
four components (786, 799.5, 811.5, and 823 nm) and a shoulder (817 nm)
imp]yihg.the existence of a fifth component. The magnitudé of the CD
for BCh1-P at 77°K is more than double that at room temperature. This
is mostly due to band narrowingrwhich jncreases the amplitudes and de-
greases the overlap of neighboring positive and negative peaks.

Similar effects are seen in the weaker Q, band (603 nm) of the
BCh1-P at room teﬁperature (Figure 7). The single small negative CD
peak of BChl a in ether (Figure 4) is replaced by a complex band of
three components (593, 605, and 616 nm). The effects of temperature
lowering are not so drastic in this case as with the Qy band. At tem-

peratures down to -120° the CD shows no evidence of additional peaks.
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The absorption at liquid nitrogen temperature shows the main peak with
‘weak shoulders on both its long- and short-wavelength sides (Olson, 1971).

Comparison of the spectral properties of the BCh1-P with the
BCh1 a monomers makes it clear that specific interactionsvwith the pro-
tein matrix are perturbing the BChl a chromophores.

The CD of the BChl-P shows small variations from one sample to
another with respect to exact position and magnitude of its component
peaks. We attribute this to small conformational differences of the
protein (see Discussion). _

Thé absorptioh and CD spectra of the Qy band of'the BCh15P at 77°K
(Fig. 6) were computer resolved (see Appendix) into component peaks (Fig.
and Table 5). Since the absorption peak of monomeric solution BChl a is
asymmetric (the half-width of the short-wave]ength side is significantly
larger than the long-wavelength gide), gaussian curves of asymmetric
shape were used for the fitting. The computer program did simultaneous
fitting of the absorption ‘and CD:" Initially we required that each
absorption component have a corresponding CD component at the same
wavelength and of the same half-width. With these restrictions we

were unable toxgbtain a precise fit of the experimental data. The re-
quirement that tE@ centers of the absorption and CD components occur at
the same wavelength was then relaxed, and it was required only that
corresponding absorption and CD components have the same half-width and
skew (a measure of the asymmetry of the gaussian curve used for the fit).
In this manner the computer fit shown in Figuré 8 was obtained. The
Tong sloping line in the upper half on Figure 8, which is the tail of a
gaussian curve centered at 770 nm, is intended to represent the contri-
butions from the absorption of higher vibrational components and from a

small amount of scattering. It is needed to 1Mprove the fit in the



XBL7110-5407
Figure 8. The absorption and CD of the Qy band of the BCh1-P at 77°K re-
solved into asymmetric gaussians. See text and Table 5. Experimental

data, o; gaussian component, ---; sum of gaussians, —.
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Table 5. Parameters of the Computer-Resolved Components of the Absorp-
" tion and CD Spectra of the Qy Band of the BCh1-P at 77°K (see Figure 8)
and Data on the Qy_Band of BChl a in Acetone at 299 and 180°K.

Rotational Full-width

A {nm) Dipole . strength? at half-
—————  strength? (debye max imum b
Abs €D (debye?) magneton) (nm) Skew

BCh1-P at 77°K

792 787 9 -0.6 13.2 0.65

804 800 26 1.3 9.8 0.65
813 812 25 2.5 6.6 0.75
817 814 2 1.6 6.6 0.65

824 823 9 -1.2 8.3 0.82

BChl a in Acetone at 299°K®

770 772 49 0.06 44.0 0.69

BCh1 a in Acetone at 180°C®

771 ' 50 ' 36.5 0.74

bHa]f—width of long-wavelength side of .

per mo]etu]e of BChl a.
gaussian = (skew) x (half-width of short-wavelength side).

€J. R. Lindsay and K. Sauer, 1966, unpublished data.
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short wavelength region of the absorption spectrum. The CD spectrum also
exhibits its poorest fit in ;he short wavelength region. As seen in
Table 5, the gaussian curves used to fit the shortest wéve]ength absorp-
tion and CD components are of a much larger half-width (13.2 nm) than
needed to fit any of the other components. This is probably due to the
effect of the higher vibrational components. Ffor all five of the major
components the CD component was placed by the computer a few nanometers
(from 1 to 5 nm) to shorter wavelength than the corresponding absorption
component. This is outside the range of likely discrepancies in the
wavelength calibration of the spectrometers used. It has been found in
this laboratory that the position of absorption and CD bands for mono-
meric chlorophylls, where there is only one component to the electronic
transition band, do not always correspond; the direction of the discre-

pancy varies from case to case (see the spectra in Houssier and Sauer,

1970, for examples).

3. Discussion

The multiple components in the absorption and CD spectra of the
BCh1-P are most readily interpreted in terms of an exciton model. We
define an exciton state as the collective excitation of an assembly of
molecules, by contrast with the localized excitation of each individual
member of the assembly. This is the mo]eﬁular exciton model of Kasha
(Kasha et al., 1965), first formally developed by Davydov (1948). The
1ike molecules are resonantly coupled to one anbther so strongly that
it is not possible to excite one molecule individually. The source of
this coupling is in electrostatic interactions between transition charge

distributions usually approximated as transition dipole-transition dipole
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interactions. These interactions result in the splitting of energy
1eve1s, where the number of new levels equals the number of molecules
interacting. Each of these enérgy levels will have a characteristic
transition probability; i.e., the dipole strength will be redistributed
among these new energy levels as determined by the géometricaT relation-
ships among the molecules (Kasha, 1963; Kasha et al., 1965).

The equations for calculating these exciton spectral properties
~{assuming that the spectroscopic properties of the isolated molecule
are known) are relatively straightforward (Tinoco, 1963). The wave
function for an exciton state is written as a linear combination states

in whith the excitation is localized on one of the molecules of the

aggregate:

By = C'K v, (K=1..... N) . (ITI-1)
whére N equals the number of identical molecules in the assembly, vk is
the wave function for each of the K exciton states, wj is the wave
function for the assembly with the excitation localized on the jth
molecule with all the other molecules in their ground state. The co-
efficients CjK and the frequency of trahsition, Vi of each of the
exciton states are obtained as the eigenvalues and eigenvectors'of the
perturbation matrix, Vij,'whose elements are the transition interaction
energies amcng all of-the like nolecules.

Once tﬁe perturtalion matrix has been selved and the energy levels
obtained, the optica] properties of the moleculaer aggregate can be

characterizcd by the dipole strength, Dr, and rotational strength, RF

ot each frogquency vy
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N N
, *
D’< P (: CjK ‘ij ) (E CJK E-j ) (111-2)
j=1 j=1
RK = Im Ly ’ mK =
N N "
z C.., u. . { I . ] . P -
Im (Ji] jKk _L{J ) tj:]CJK (Trvo ‘I/C)(RJ X LJ)} (I11-3)

where K is the transition electric dipole moment of molecule j, Im means
the imaginary part of, my represents the transition magnetic moment for
the Kth transition level of the aggregate, Yo is the molecular absorption
frequency'before exciton interaction, and Bj is a vector to molecule j
from an arbitrary origin.

As seen from the vector dot and cross products in Eq. III-3, the
CD band resulting from exciton interaction will be highly dependent on
the spetific geometric arrangehent of the interacting molecules. This
equation recpresents a new source of rotational strength which has been
introduced to the system; the CD is now more a function of the asymme-
trical arrangement of the interacting molecules of the aggregate than
of the inherent asymmetry of the individual molecules. The CD spectrum
over the electronic transition band is now characterized by having mul-
tiple components of both positive and negative sign. The exciton contri-
bution to the rotational strength is conservetive (Tinoco, 1962),
meaning that the rotational strength must sui to zero over the exciton
band (i.e., E RK = 0). Thus, it is characteristic of exciton inter-
actions that the different components within the one electronfc band

will be of cpposing sian.
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Other contributions, besides exciton interaction, to the rotational
strength of the BChl a transitions within the protein include the asym-
metry of the individual molecules (roughly of the same magnitude and
sign as seen in Figure 4) and asymmetric interactions 6f each of the
BCh1l a molecules with transitions in the protein matrix and with non-
degenerate transitions in the other BChl a MOhecu1es. The magnitudes
and signs of these last contributions are difficult to estimate (Hsu
and WOddy, 1971a,b) without knowing the detailed molecular structure of
the BCh1-P, but evidence is given below which imb}ies that they are not
the major_source of the BCh1-P rotational strength.

The absorption bands which result from exciton interaction also
depend on geometrical considerations. This dependence is through the
perturbation matrix, Vij’ which determines the coefficients, CjK’ in
Eq. III-2. The effect of the exciton interaction is to remove the
degeneracy which exists among the like mo]ecu]eé and to create new
energy levels. The number of component peaks observed will be equal
td or less than (in the case where adjacent components are not suffi-
ciently resolved from one another) the number of molecules interacting
(or, more rigorously, the number of molecules per unit cell in the
lattice (Hochstrasser and Kasha, 1964). Each allowed component will
have its own characteristic transition probability proportional to‘DK
in Eq. I111-2. Thus, anpther characteristic of exciton interaction is
the redistribution of dipole strength amongst the exciton energy levels
dependent on the specific geometry under consideration.

As mentioned above, the interaction potential is most simply cal-
culated by a point dipole approach. That is, thé porphyrin transitions

are approximated as point dipoles located at the ring center and the
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interaction with other point dipoles or other molecules is then calcu-
lated. Thé n-n" transitions actually involved, however, are delocalized
over the entire porphyrin ring with radius of the order of 5 R. Thus,
more realistic calculations must take into account the effect of this
de]ocaiiiation on the interaction potential. Ih the calculations to be
presented below this was done by considering the transition dipole to
be the sum of transition electric monopole moments located at each of
the conjugated atoms of the ring. Each of the elements of the pertur-

bation matrix can then be determined by:

q;.9.

Vis - r‘%s TB:—:LBEZI (111-4)
where i is the electric transition monopole located at conjugated atom
r on molecule i, and 'Bdr'Bjsl is the distance between monopoles q, . and
qjs' The monopoles for the Qy and Qx transition$ of BChl were calcu-
lated by Weiss and are described by Philipson et al. (1971).

The molecular exciton model pfovides a consistent explanation 6f
the band splittings observed in the BChi-P spectra. Five resolved com-
ponents are visible in the CD of Figure 6. The CD for both the Qy and QX
bands is greatly enhanced as compared with the BChl a solution monomers
(Figure 4) and the characteristic positive and negative components of a
conservative exciton contribution to rotationé] strength are present.

In the past, multiple components in absorption spectra of photosyn-
thetic materials have been assigned to chlorophylls in different environ-
ments (Vredenberg and Amesz, 1966; Clayton, 1966). We feel that our data

are better explained by exciton interaction than by BCh1 a molecules

being in different local protein environments. If the primary
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perturbation on the BChl a molecules which causes the band splitting
at 77°K (Figure 5) is the specific protein environment of each BChl a,
then it would be expected that each of the component absorption peaks
would be of approximéte1y the same area. Studieé of various chloro-
| phylls in solution show that the dipole strengths (absorption inten-
sities) are virtually invariant in different solvents, although the
band maxima may differ in position by 10-20 nm (Seely and Jensen, 1965;
Sauer ggl_l., 1966). Although multiple protein environments are un-
doubtedly present for the differently situated BCH] a molecules in
the BCh1-P, the exciton model provides the only satisfactory explanation
for the widely different intensities (band areas) found for each of the
absorption components shown in Figure 6 and ]1sted.in Table 5.

Using Eqs. III-1 through III-4, calculations were undertaken to see
if the distances between BChl a molecules could be estimated. For these
model calculations the centers of the five BChl a molecules were arbi-
trarily fixed at the coordinates of a regular array (either a trigonal
bipyramid or a linear array). The distance between molecules was
allowed to vary and for each different distanéé, five orientations of
each BCh1l a molecule were supplied in a random manner by the computer
program. Using these geometries and the monopoles for the Qy transi-
tion (Philipson et al., 1971), the calculated exciton bandwidth (the
energy difference between the highest and 1owestfcomponents) was then
compared with that found experimentally (490 cm-]) for the BChl-P.
Agreement between the calculated and experimenté] band splitting was
found only when the molecules were between 12 and 15 R apart, regard-
less of their orientation. On this basis we estimate the distance

between BChl a centers to be between 12 and 15 K. We consider this
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estimate to be reliable unless the BChl a molecules are in an unusual
geometrical arrangement (e.g., all transition oscillators oriented
approximately parallel to one another) such as to cause inordinately
large or small band splittings. The CD and absorption are inconsistent
with highly symmetrical molecular arrangements, however.

The diameter of this noncompact, spherical protein, as mentioned

earlier, is 81.5 K and its molecular volume is 193,000 K3 (01son and ?

Thornber, 1971). The calculated diameter of one subunit (assuming a
spherical shape) of the protein is, therefore, 45 A. These dimensions
for the subunit will suffice to hold five molecules of BChl a with
centers 12-15 A from one another. Thus, the distances estimated from
the exciton calculations above are consistent with what is known about
the protein structure. Because of the dependence of the interaction
potential on the inverse cube of the distance, exciton interactions
between BChl a molecules in adjacent subunits are unlikely to result in
additional observable optical effects. This assunies that BChl a mole-
cules are not located very near the intersubunit interfaces.

The magnitude of the observed splitting indicates that we are
dealing with strong coupling according to the criteria of Simpson and
Peterson (1957); this case is designated weak coupling by F8rster (1965).
Qualitatively, this requires that the exciton bandwidth be greater than
the bandwidth for an individual molecule and implies that excitation is
delocalized over the array. Additional mechahisms for energy transfer
(e.g., localized exciton migration or Frster's inductive resonance)

must exist in vivo, where some of the intermolecular distances are

greater and the interactions are not so strong as within the BCh1-P

subunits. In most photosynthetic organelles there is probably a

. «
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heterogeneous arrangement of the photosynthetic pigments, with strong
exciton delocalization pkedominant among chlorophylls in close contact
and F8rster resonance transfer occurring among the more widely sepa-
rated subunits. |

In order to fit the shoulder on the long-wavelength negative com-
ponent in the CD (Figure 6), it was necessary to use two large gaussian
curves of opposite sign almost on top of‘one another. These are the
components in Figure 8 (Tocated at 812 and 814 hm) which largely can-
cel one another. This feature is interesting in that it would seem to
explain the variability (see Results) which is sometimes found in the
cD speétké of different samples of the BCh]tP.' That is, if there are
large components in the spectrum which largely cancel each other, a
small shift in protein conformation which s]jght]y alters transition
energies would result in relatively large changes in this sensitive
regioh of the CD spectrum. The computer curve resolution implies that
two of the CD components may be only 2 nm apaktf_ This small separation
leads to an observable inflection in the 77°K CD spectrum (the 817 nm
feature.in Figure 6) and is an impressive demonstration of the superior
ability of CD to resolve components which are undetectable in absorp-
tion measurements. '

The narrowness of the gaussian curves (Table 5) used in the reso-
lution of the spectrum is unusual. The half-widths of these components
(as small as 6.6 nm) are less than would be expecfed on the basis of
Studies of the spectrum of monomeric BChl a as a function of temperature.
The half-widths of the Qy band of BChl a in etﬁeh at 299 and 180°K are
44.0 and 36.5 nm, respectively (Lindsay Smith and Sauer, unpublished

data). The very narrow components in the BCh1-P may be the result of
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the rigid protein matrix or an exciton effect (Kasha, 1963). In cases
of strong coupling, where the excitation is spread over several mole-
cules, the internuclear distances will be 1ittle affected by excitation
into vibrationally excited components of the upper electronic state.
That is, it is incorrect to think of the excitation residing in one
molecule long enough for the molecule to relax into an excited state
internuclear configuration. By the Franck-Condon principle, this will
mean that the 0-0 vibrationless electronic transition will tend to pre-
dominate and a characteristic band narrowing will be observed. Thus,
the surprisingly small bandwidths found for the BCH]-P may be another
manifestation of the strong exciton interactions present in this system.

The possibility of electronic excitation energy transfer by an exci-
ton mechanism and its implications within the photosynthetic unit have
been discussed in. a theoretical paper by Robinson (1966). Recent work
on various chlorophyll-proteins provides evidence that exciton inter-

actions play an important role in vivo. In particular, the absorption

and CD of reaction center preparations from the purple bacteria Rhodo-

pséudomonas spheroides (Sauer et al., 1968) and Rhodospirillum rubrum
(Philipson and Sauer, 1973) have been interpreted in terms of excitonb
interactions among three BChl molecules in the reduced form and between
two molecules in the oxidized form. Spectral changes accompanying the
protochlorophyllide to chlorophyllide transformation in holochromes
indicate exciton effects (Schultz and Sauer, 1972).

CD has proved to be a useful tool in detecting exciton interaction,
owing both to its sensitivity to intermolecular interaction and to its
ability to resolve closely spaced components. Since CD closely reflects

the geometric arrangement of molecules, it should also prove useful in
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detecting similarities between chlorophyll-proteins from different
organisms. Using this method, reaction centers from R. spheroides and

R. rubrum appear to be similar and a BCh1-P from Chiorobium thiosulfato-

philum has been found to be closely related to the BCh1-P from Cps.
ethylica (Olson et al., 1972) discussed here. Thus, a CD study can
reveal more detailed similarities than would be possible through bio-

chemica]'téchniquest
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IV. EXCITON INTERACTION IN THE REACTION CENTERS OF -

PHOTOSYNTHETIC ORGANISMS

The Ch]l molecules found within the membranes of photosynthetic
organisms are of two distinct functional types. The large majority of
pigment molecules are antenna, or bulk, Chl's, and a smaller fraction
is contained in what is known as the reaction center. The function of
the antenna Chl's is to absorb incident Tight photons and to tranéfer
this energy, in the form of electronic excitation, to the reaction
center Chl's where the primary photoproducts of photosynthesis are
found. These reaction centers are complexes containing protein, Chl,
and other primary photoreactants of photosynthesis} The reaction
center exhibits Tight-induced, reversible absorption changes when a
Chl molecule within the reaction center loses an electron to the pri-
mary acceptor.

Photosynthetic organisms can be divided into three categories
according to the nature of the absorption changes which accompany
light-induced oxidation. (1) Algae and higher b]ants comprise the

first category with an absorption decrease at about 700 nm (referred L

to as P700) due to Chl oxidation. (2) In purple bacteria the rever-
sible, long wavelength absorption changes have a characteristic complex
shape with three components.. There is a large trough in the light-
minus-dark difference absorption spectrum of reaction centers from

these organisms at approximately 870 nm (referred to as P870). (A
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notable exception to this is Rhodopseudomonas viridis, a purple bac-

terium, in which this long wavelength trough occurs at about 960 nm.
The overall shape of the absorption difference spectrum from this
organism, however, is chéracteriétic of the purple bacteria.)

(3) Green bacteria make up the third category of photosynthetic or-
ganisms, although the absorption changes in these organisms have been
studied less than those of higher plants and purple bacteria. BChl
oxidation in the reaction centers of green bacteria results in a de-
crease in absorption centered near 840 nm (usually called P840).

We have found that the absorption changes which accompany the
oxidation of reaction center pigments also result in an altered CD
spectrum. These reversible CD changes provide’a uéefu] probe of
reaction center structure. In the following sections, we discuss,
in turn, the observed reversible CD changes of higher plants, purple

bacteria, and green bacteria.

A. Higher Plants

A light-induced reversible absorbance change. at 700 nm in higher
photosynthetic organisms, initially reported by Kok in 1956, has been
associated with the oxidation of a specific Chl a molecule (P700)
within the reaction center of Photosystem I (Kok, 1956). The concen-
tration of P700 within the chloroplast, however, is Tow (ca. 1 P700
per 400-600 Chl's) and, despite much effort, Tittle is known of the
molecular architecture of this reaction center.

The use of organic solvents and solubilizing detergents to ex-

tract the bulk Chl's has allowed the preparation of fractions enriched
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in P700, greatly facilitating the examination of this photoactive
reaction center pigment. In contrast, however, to bacterial systems
from which highly purified reaction centers have been obtained
(Clayton, 1963), no completely purified preparation of green plant
reaction centers has yet been achieved. Recent preparations contain
Chl to P700 ratios of 15-30/1 (Sane and Park, 1970; Ogawa and Vernon,
1969; Yamamoto and Vernon, 1969). This has presented a serious ob-
stacle to the characterization of P700 within the reaction center, for
the presence of large amounts of bulk Chl often presents difficulties
in the interpretation of optical data.

Studies of purified bacterial reaction centers have shown that
circular dichroism spectroscopy can provide new insights into the
organization of pigments within the reaction center (Sauer et al.,
1968). These studies on the BChl's of purple bacteria suggested a
model in which the reaction center consists of at least three strongly
interacting BCh1 molecules, one of which is oxidized by light.

In this section the results of some similar studies with CD and
absorption spectroscopy on a highly enriched preparation of green plant
reaction centers are considered. The spectral changes observed upon
illumination of these P700 particles strongly support a model for the
Photosystem I reaction center which involves exc{ton interaction be-

tween at least two molecules of Chl a.

1. Materials and Methods

Preparations of enriched P700 particles (HP700), fractionated
from spinach by treatment with organic solvents, Triton X-100, and

sucrose density centrifugation were described by Yamamoto and Vernon

o e e
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(1969). We found, however, that the use of 0.025% Triton X-100 in
tricine buffer for the initial detergent treatment of the hexane/
acetone extracted chloroplasts was sufficient to release residual
accessory pigments and bulk Chl. The 0.25% Triton concentration re-
ported by Yamamoto and Vernon frequently resulted in low yields of the
HP700 fraction, presumably due to the harsher action of the higher
detergént concentration. Purified preparationé were stored in darkness
at -20°C, under which conditions they were stable for two weeks. Samples
obtained had Ch1/P700 ratios df 37-60/1.

Absorption spectra were measured on a Cary 14R recording spectro-
photometer fitted with a 150 Watt tungsten lamp for side illumination
of the sample cuvette. For the light-minus-dark spectra, the photo-
multiplier was shielded with a Corning 2-58 filter, and the sample
illuminated with actinic 1ight filtered through a Baird Atomic 436 nm
interference filter and a Corning 5<60 filter. The resultant light
had an intensity of 5 x 104 ergs cm'2 sec']. Samﬁ]es were chemically
reduced with an excess of sodium ascorbate added in the solid form.

The Chl to P700 ratio was determined by difect]y comparing the
absorbance at 672 nm with the magnitude of the 1ight-induced absor-
bance change at 697 nm.

CD spectra were recordéd on a Durrum-Jasco J¥20 CD spectrometer,
also adapted for side illumination. The same filter combinations and
light intensity cited for the Cary spectrophotometer were used here.
The CD spectra are given in terms of AL'AR’ where AL and AR equal the
absorbance for left and right circd]ar]y polarized light, resbectively.

Because it was found thatitontinua] i]]uminafion of a P700-

N N
containing samplegfor the duration of a CD spectral scan resulted in
o :
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some irreversible bleaching of the sample, the light-minus-dark dif-
ference CD spectra were recorded in the following manner. Each
ascorbate-reduced sample was allowed to equilibrate in the dark for
several minutes, after which the dark CD signal at a particular wave-
length was recorded. Actinic illumination was then begun, and the
change induced in the CD signal of the sample monitored. The i1lumi-
nation period was approximately two minutes. Following illumination,
each sample was allowed to recover in the dark, while the return of
the CD signal to the dark level was recorded. This procedure was re-
peated at intervals of a few nanometers in order to determine the
light-minus-dark difference CD spectrum.

Because of the small signal size [A(AL-AR) Y 2.5 x 10'5], special
care was taken to exclude the possibility of signal artifacts created
by the illumination procedure. Samples known to possess no photo-
activity were subjected repeatedly to the dark-light-dark sequence
described above, with no indication of CD changes induced by the

procedure.

2. Results

Absorption and CD of reduced HP700. The absorption spectrum of

an HP700 preparation which has been reduced with ascorbate is given
in Figure 9. The peak of the absorption is at 672 nm, as compared
with the 680 nm normally seen in intact chloroplasts. This shift to
shorter wavelengths in the HP700 fraction is consistent with that re-
ported by Yamamoto and Vernon (1969), although they found the peak at
676 nm. There is also a rather large Chl b absorption shoulder at

645 nm, indicating a higher concentration of this pigment in our

-
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Figure 9. Absorption and circular dichroism spectra of reduced HP700

- particles; phosphate buffer (pH 7.4, 0.01 M KC1); 1 cm pathlength and
25°C; Ch1 to P700 ratio is 60 to 1.



-64-
preparation than has been prévious]y reported (Yamamoto and Vernon,
1969). The absence of any absorption around 500 nm, however, does
indicate the removal of carotenoids from this fraction.

It should also be noted that the detergent treatment.results in
an HP700 preparation which exhibits very little turbidity.

The CD spectrum of an ascorbate-reduced HP700 preparation is shown
in Figure 9, and three bands are apparent in the long wavelength region.
These components are at 688 nm(-), 672 nm(+), and 654 nm(+), where (+)
and (-) indicate the signs of the CD signal. Although the CD spectrum
does vary from one preparation of HP700 to another (as does the ratio

of P700 to total Chl), these basic features are retained.

Light-minus-dark absorption and CD. The light-minus-dark absorp-
tion and CD spectra are both given in Figure 10. The absorption dif-
ference spectrum reveals two bands, a major decrease at 697.5 nm, and
a smaller change at 680 nm. Both components are light-induced absor-
bance changes which are reversible in the dark. Although there is some
variability in the size of the 680 nm feature, as is also noted by other
investigators (Vernon et al., 1969), the reversibility of the absorbance
change strongly suggests that the peak does not represent non-specific
bleaching of bulk Chl. It is significant that the asymmetry in the long
wavelength component of the spectrum is not normally observed for this
Chl absorption band.

The shape of the absorption difference spectrum given here is con-
sistent with that reported for P700 by several other laboratories work-
ing on different types of preparations. The shape of the difference
spectrum (one major band near 700 nm, another minor band near 680 nm)

appears to be the same in preparations ranging in purity from untreated
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Figure 10. Absorption and CD difference spectra of HP700 particles.
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25°C; Chl to P700 ratio is 60 to 1; see text for details.
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chloroplast fragments (Kok and Hoch, 1961) to the enriched HP700 par-
ticles (Ogawa and Vernon, 1969; Yamamoto and Vernon, 1969), although
there is a shift of the major peak to shorter wavelengths (703 nm in
chloroplast fragments, 697.5 nm in HP700) in fractionated preparations.
The light-minus-dark CD spectrum of the HP700 particles (Figuré 10)
exhibits two components at 696.5 nm(+), and 688 nm(-) of approximately
equal areas but of opposite sign. Like the absorbance changes, these
changes in the CD upon illumination are also reversible in the ensuing
dark period. We observed similar changes in hexane/acetone-extracted
chloroplasts which had not yet been subjected to detergent. Thus, this
effect is not an artifact of the Triton X-100 treatment. Attempts to
observe the effect in unextracted chloroplast fragments, with low P700
concentration, were limitedly instrumental sensitivity. The long wave-
length positive CD change could be seen, but excessive noise, due to
rising sample absorbance, made the accompanying negative change un-

observable.

3. Discussion

Several laboratories have been successful in preparing highly en-
riched fractions of P700 which range in purity from 1 P700/80 Chl
molecules (Kok, 1961) to 1 P700/15 Chl molecules (Sane and Park, 1970).
Optical studies on the P700 of both ch]orop]astffragments (Kok and Hoch,
1961) and the enriched preparations are consistent in revealing the
light—minUs-dark difference spectrum with the shape shown in Figure 10.
On the basis of the two bands (680 nm and 697.5 nm) evident in this
difference spectrum, several workers (Murata and Takamiya, 1969;

D8ring et al., 1968; Vernon et al., 1969) have suggested a model for

.
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the Photosystem I reaction center which involves at least two molecules.
Characterizétion of the oxidation-reduction proberties of the absorbance
change at 680 nm (Murata and Takamiya, 1969) revealed extensive simi-
larities to those found at 700 nm. These two absorbance changes exhi-
bited very similar kinetic behavior (D5riﬁg et al., 1968). From these
observatiqns it has been suggested that the absorbance change at 680 nm
is another expression of that seen at 700 nnm.

Using the technique of difference circular dichfoism spectroscopy,
we have obtained results which imply that at 1ea$t two Chl a molecules
are involved in the Photosystem I reaction center; thesé molecules are
apparently boup]ed by an exciton interaction (Kasha et al., 1965).
Under the conditions of exciton coupling, the electronic interaction
among the chromophores is so strong that photonvabéorption results in
the excitation of the array of reaction center Chl molecules. Thus, it
is not possible to excite an individual Chl mo]ecuTe within the array.
A splitting of energy levels occurs as a result of this interaction,
with the number of new energy levels (i.e., absorption bands) equalling
the number of molecules involved. The signs and rotational strengths
of the CD band components resulting from exciton interaction are deter-
mined by the specific geometric arrangement of the interacting molecules
with respect to one another, rather than by the inherent asymmetry of
the individual molecules. The exciton contribution to the rotational
strength is conservative (Tinoco, Jr., 1963), meaning that its confri-
bution to rotational strength should sum to zero over the exciton band.
Thus, it is characteristic of exciton interactions for the different

components within the one electronic band to have both positive and

negative signs.
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The presence of two components of approximately équa] area but
opposite s{gn in the light-minus-dark CD spectrum (Figure 10) strongly
implies that an exciton interaction exists among the pigment molecules -
of the reaction center iﬁ the reduced state. Upon illumination, the
oxidation of a specific Chl a within the reaction center results in the
loss of resonant coupling; the exciton states no longer exist. Thus,
the conservative CD, due to exciton interaction in the reduced reaction
center, must disappear upon light oxidation. The loss of this exciton
contribution will be reflected in a conservative light-minus-dark CD
spectrum. .

The magnitude of the CD change [A(AL—AR) Y 2.5 x 10'5] which is seen
in the HP700 particles isvappreciable. Because the spectrum shown in
Figure 10 was obtained from a preparation containing only 1 P700 per 60
Chl's, the fraction of chromophores in the sample which actﬁal]y contri-
bute to the signal is quite small. In addition, tﬁe magnitude of the
difference CD signal is further reduced by the Qver1ap of components of
opposite sign. As can be seen from the curve resolution shown in
Figure 11, this results in cancellation of a major part of the CD compo-
nents. A CD change of this magnitude is consistent with a loss of an
excitdn contribution upon light oxidation.

We wish to emphasize that the foregoing discussion is based upon - .
an analysis of a CD difference spectrum, in which advantage is taken of .
the reversible Tight-induced properties inherent in a photosynthetic
reaction center. The CD of the reduced HP700 particles (Figure 9) pro-
vides Tittle information about the reaction center itself; it is pri-
marily an expression of the large number of bulk Chl's present in the

preparation. It is also important to note that the long-wavelength Qy
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Figure 11. Resolution into components (----- ) of curves ( ) which are
representative of the experimental absorption and CD difference spectra
for HP700 particles. The components in the aA spectrum are at 683(-),
686(+) and 698(-) nm; the latter has a half-width of 16.6 nm. For the ACD
spectrum the components are centered at 689(-) and 695(+) nm. Both compo-
nents have half-widths of 13.3 nm. The experimental results could nat be
resolved well into Gaussian components, partly due to scatter in the data
points; thus, the sums of these components ( ) are not quantitative
fits of the actual data. See text for details.
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transition of Chl a is electronically allowed and non-degenerate. This
excludes the possibility of multiple CD components arising from one mole-
cule; there is at least one molecule present for each component observed.
Thé light-induced absorbance changes exhibited by the HP700 particles
are consistent with the existence of an exciton interaction which is lost
upon oxidation of one Chl molecule. Two negative components (680 nm and
697.5 nm) are seen in the absorption difference spectrum (Figure 10), the
larger of which exhibits a marked asymmetry with the steep portion on the
short-wavelength side. These spectral properties can be accounted for by
the Tight-induced disappearance of the two observable exciton components
and the associated appearance of a new absorptioﬁ band due to a remaining,
non-interacting Chl. The bleaching of the excitén components is respon-
sible for both negative changes. It is suggested by the skewed shape of
the change at 697.5 nm that the absorption band of the non-interacting
Ch1 overlaps, and is therefore cancelled by, the larger negative»compo-
nents. A diagrammatic representation is given in Figure 11 (upper curves).
The inflexed curve centered at 684.5 nm represents the band shift to
longer wavelengths that has been previously reported to accompany P700
photooxidation (Vernon et al., 1969). We interpret this feature to repre-
sent the simultaneous disappearance of a short wavelength exciton component
of P700, located at approx. 683 nm, and the appearance of a band at approx.
686 nm owing to the remaining unoxidized Chl molecule in pP700". This

process can be summarized by the equation

P700 ( —v 5 py00t (ch1*-chT)

Ch1-Ch1)eg3 697 686

The apparent bandwidths (5.5 nm) associated with the shift centered at

684.5 nm seem anomalously narrow when compared with the 16.5 nm band-

i ‘
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width of the trough at 697.5 nm. This confirms the proposal that a
rather small difference (2-3 nm) exists between'the two components in-
volved in the “band shift". This apparent nafrowing associated with
the canceling of overlapping features is also evident in the analysis
of the}CD spectrum (Figufe 11, lower curve).

Although the exciton model is in agreement with the suggestion of
other investigators (Murata and Takamiya, ]969; Ddfingvgi_glg, 1968;
Vernon gg_gl,, 1969) that at least two Chl molecules are involved in the
reaction center, it differs significantly in several respects. Unlike
these previous models, which have not specified the nature of the relation-
ship among the associated Chl's, our proposal involves strong electronic
coupling of the Chl's within the reaction center. Thus, both the 680 nm
and 700 nm absorbance changes must be considered characteristic of the
aggregate of chromophores; the 680 nm change cannot be assigned to a
separate pigment molecule which is only loosely associated with an oxi-
dizable Chl. Studies of the ig_ngg_and in vitro EPR 1inewidths have
been interpreted in terms of strongly coupled Chl molecules in the
reaction centers of both higher plants (Norris et al., 1971) and bacteria

(McElroy et al., 1972). The optical results presented here are consis-
tént with and complementary to these proposa]s.i

Although the spectroscopic evidence presenfed here does not exclude
the possibility that conformational changes of reaction center proteins
may cause the observed optical effects, we feel thét the size and shape
of the difference CD spectrum are most simply explained by the presence
of exciton interaction.

The model of a Photosystem I reactibnvcentef containing two Chl's

should be regarded as a simplest hypothesis. Because of the presence of
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a large amount of antenna Chl, we do not know the absorption andACD pro-
perties of either the reduced or the oxidized reaction center pigments.
This ié by contrast with the purple bacterial reaction center of R. 'J
spheroides (Sauer et al., 1968), where the CD spectrum of the reduced
form provides strong evidence for the participétion of at least three
BCh1 molecules. For purple bacterial reaction centers the light-minus-
dark difference CD spectra (following section) have rather similar
shapes to that observed for the HP700 preparation, except that the signs
of the long- and short-wavelength components are reversed. Thus, while
it is possible that the HP700 preparation reaction centers contain three
instead of two participating Chl molecules, the sign reversal demonstrates
that the geometries of the bacterial and higher plant reaction centers
are substantially different from one another. A comparison of CD diffe-
rence spectra of reaction centers from the diffefent classés of photosyn-

thetic organisms can be found in section IV.D.

B. Purple Bacteria

Associated with the reaction centers in purple photosynthetic bac-
teria there are normally 40-100 antenna BChl molecules, which function to §
transfer light excitation energy to the reaction center. Several puri- ]
fied or enriched reaction center preparations have been made from these
bacteria (Reed and Clayton, 1968; Reed, 1969; Gingras and Jolchine, 1969;
Thornber et al., 1969; Thornber, 1970; Smith et al., 1972). This is in
contrast to green photosynthetic bacteria and higher plants from which

purified reaction centers have not yet been isolated. Only samples en-

riched in photoactive pigments have been obtained from these two classes
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of photosynthetic organisms (Fowler et al., 1971; Olson et al., 1972;
Kok, 1961; Vernon et al., 1969; Sane and Park, 1970).

Despite much effort, Tittle is known about the detailed structure
6r mechanism of action of the photéactjve BChT-proteins.- In vivo the
reaction centers. of purple bacteria are membrane-bound within the chroma-
tophore and isolation procedures require the use of a detergent to release
and solubilize the reaction center complexes. The presence of detergent
in the reaction center preparations is a hindrance to many biochemical
analyses such as molecular weight determinations. Even the number of
pigment moTecules present per protein remains unresolved. Recent measure-
ments (Feher, 1971; Clayton et al., 1972) indicate that reaction centers

from thdopseudomonas spheroides contain two molecules of bacteriopheophytin

(BPh) and either three, four, or five molecules of BChl. Whether the BPh
plays in important role in theelectron transfer reactions remains unknown.
Molecular weight approximations of reaction centers from R. spheroides
(Feher, 1971), R. viridis (Thornber and Olson, 1971), and R. rubrum
(Smith et al., 1972) give estimate; ranging from 37,00C to 110,000
daltons.

The CD of reaction centers from B;_sgheroiggglin both the oxidized
and reduced states has previously been analyzed by Sauer et al. (1968).
They concluded, dn.the basis of Targe changes in the CD spectrum upon
oxidation, that the reduced reaction center contains three or more
closely coupled BChl molecules which exhibit exciton interaction. In
the oxidized state one of these molecules has been converted to a BCh]+
radicé]land the CD evidence for exciton intéf@ction has disappeared.

A model for the structure of the reaction center was proposed in which

g
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the oxidizable BChl was located between the other BCh1 molecules. Thus,
in the oxidized form, the remaining BChl molecules are separated by a
BCh1+,_the'distance between BChl molecules has increased, and resonance
interactibn can be significantly attenuated. More recent research
(Philipson and Sauer, 1972; Schultz and Sauer, 1972: Philipson ggggl.,
1972) has confirmed the existence of exciton interaction in photosynthetic
materials. EPR measurements (Norris et al., 1971; McElroy et al., 1972)
are consistent with the concept of interacting reaction center molecules.

In tHis section we examine absorption and CD spectra of reaction
centers from R. viridis and R. rubrum and of a preparation enriched in
reaction centers from Chromatium (Fraction A) (Thornber, 1970). These
spectra are compared with one another and with the previous results from
R. spheroides. The reaction’centers from purple bacteria appear spectrally
very similar, except for those from R. viridis which show some marked dis-
similarities, especially in fhe low temperature absorption spectrum. No
CD evidence of interaction between reaction center BPh and BChl is
detected, indicating that the BPh probably does not actively participate

in the electron transfer reactions.

1. Materials and Methods

The reaction centers from R. viridis and Chromatium Fraction A were
prepared in the laboratory of J. M. Qlson, using the methods of Thornber
(1970, 1971). Key steps in the isolation procedures involve the use of |
the detergent, sodium dodecyl sulfate (SDS), for solubilization, and
hydroxylapatite chromatography. The R. rubrum reaction centers were
prepared by W. R. Smith in the laboratory of C. Sybesma (Smith et al.,

1972) using SDS and sucrose density gradient centrifugation. All samples



QU ud 9w Uyt

-75-
were stored in the freeze-dried stafe and were resuspended in the appro-
priate buffef just prior to the experiments.

Absqrption spectra were recorded using a Cary 14R spectrophotometer
and CD sﬁ;ctra were recorded using a. Durrum-Jasco J-20 spectropo]arf—
meter with sensitivity extended to 1000 nm. Light-hinus-dark difference
spectra were obtained in both instruments using side i]lumination at
530 nm by a projector equipped with a 150 W tungsten lamp. The wavé]ength
of illumination was defined By an in%erference filter and a‘Corning 4-94
fi]ter; The incident light intensity was measured to be 1.5 x 105 ergs
cm'2 sec']. The photomultipliers were shielded from stray light with a

Corning 2-64 filter.

2.  Results

The room téﬁperature absorption and CD spectra for a dilute suspen-
sion of R. rubrum reaction centers in both the chemically reduced and
chemically oxidized states aré shown in Figure 12. The spectra result
from the long wavelength, non-degenerate, Qy transitions of BChl and
BPh a. Three distinct peaks are seen in the reduced absorption spectrum.
Those at 802 and 865 nm are attributed to BChl a transitions and the peak
at 755 nm is usually assigned to BPh a (but see Feher, 1971). The 802 and
865 nm components are commonly referred to a§ P800 and P870 respectively.
Upon oxidation there is a b]eaching of the 865 nm absorption band and a
blue shift of the 802 nm component. These spéctfa] effects, caused by |
oxidation (whether induced by light or chemicals), are qualitatively
similar in all purple bacteria reaction center preparations and produce

a characteristic oxidized-minus-reduced absorption difference spectrum

(e.q., Figure 16b).
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Figure 12. Absorption and CD spectra of R. rubrum reaction centers.

Reduced ( ) and oxidized (----- ). T =24°C, 1 cm pathlength, 50 mM
Tris buffer (pH 8.0). Solid sodium ascorbate added to reduced sample

and potassium ferricyanide crystals added to oxidized sample.
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The CD spectrum (Figure 12) for this samp]é shows components at
860(+),v810(—), 795(+), and 745(-) nh. (The symboTs (+) and (-) after
the wavelength values indicate the signs of the CD components.) Oxida-
tion céuses the ‘860 nm peak to disappear, the 810 nm trough largely to
disappear, and an increase in magnitude of the 795 nm peak. The CD (in
the region of BChl a absorption) has thus changed from a three to a two
component spectrum. The spectra shown in Figure 12 for R. rubrum
reaction centers are very similar, apart from some wavelength differences.
in the oxidized CD spectrum, to those previously described for B; theroides
reaction centers (Sauer et al., 1968). |

The reduced and oxidized absorption and CD spectra for the 600 and
535 nm (QX) transitions of BChl a and BPh a, respectively, are shown in
Figure 13 for the R. rubrum reéction centers. In.these spectra the only
significant changes-owing to chemiéa] oxidation occur in the region of
the BChl a transition. Here, the CD is significantly affected by the
redox state of the photoactive complex, going from a positive component
at 605 nm to a negative one at 595 nm uponvferricyanide addition. ' The
presehce of scattering is resﬁonsib1e for a portion of the absorption in
this region, and it is possib]e that the negatively displaced baseline at
650 nh in the CD spectrum of the reduced reaction centers is due to a
scattering artifact.

The absorption and CD results (Figure 14) for R. viridis reaction
centers at room température qualitatively resemble those for R. rubrum.
The major difference is the much longer wavelengths at which the chromo-
phores absorb. Here the photoactive pigments are P830 and P960 by con-
trast with P800 and P860 in R. rubrum. Part of this wavelength shift is

explained by the presence in R. viridis of BCh1 b rather than the more
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Figure 13. Absorption and CD spectra of R. rubvum reaction centers.
Reduced {(

) and oxidized (----- ). T = 24°C,_] cm pathlength, 50 mM
Tris buffer (pH 8.0), A802 = 0.52. Sodium ascorbate added to reduced

sample and potassium ferricyanide crystals added to oxidized sample.
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Figure 14. Absorption and CD spectra of R. viridis reaction centers.

Reduced (———) and oxidized (----- ). T =24°C, 1 cm pathlength, 50 mM

Tris buffer (pH 8.0). Samples reduced with solid sodium ascorbate and

oxidized with crysta]]ine potassium ferricyanide.
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common BCh1 a; in acetone BChl a and BChl b absorb at 771 and 794 nm
respectively (Eimhjellen gﬁ_gl., 1963). The.structure of this molecule
(Brockmann and Kleber, 1970; Baumgarten, 1971), although not completely
known, is closely related to that of BChl a. Also, in this reaction cen-
ter, there is no clearly resolved absorption peak due to BPh b. The 790(-)
nm component in the CD (Figure 14) implies, however, that this pigment is
present; the analogous component, at 745(-) nm, in R. rubrum is clearly
associated with the BPh a absorption peak.

Significant differences in the absorption properties of R. viridis
and R. rubrum reaction centers are found at 77°K (Figure 15). In R.
viridis (Figure 15a) the low temperature absorption spectrum reveals much
new structure. In the reduced state five components are resolved. P960l
is split into two components absorbing at 929 and 987 nm and P830 shows
peaks at 833‘and 816 nm and a shoulder (probably due to the BPh b) at
790 nm. Chemical oxidation causes bleaching of both long wavelength
bands and leaves two resolved components at the shorter wavelengths.

The R. rubrum reaction centers (Figure 15b) show no new structure at
liquid nitrogen temperature. The 865 nm band is shifted to 890 nm, and
P800, in both reduced and oxidized states, is narrowed but does not reveal
any new components. Feher (1971) has reported that second derivative
spectroscopy shows two components in the reduced P800 of R. spheroides
reaction centers at 77°K. The small peak at 890 nm in the chemically
oxidized spectrum is probably due to incomplete oxidation.

Chromatium Fraction A is a BChl-protein with a molecular weight of
about 500,000 and with one photo-oxidizable (P880) molecule per approxi-
mately 45 BCh1 a molecules (Thornber, 1970). Since the absorption and

CD (Figure 16a) spectra in this case are mostly a function of the bulk
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Figure 15. Low temperature absorption spectra of R. viridis (a) and

R. rubrum (b) reaction centers. Reduced (——) and oxidized (----- ).
T = 77°K, 3 mm pathlength, glycerol:50 mM Tris (pH 8.0)(1:1, v/v). Samples

reduced with sodium ascorbate and oxidized with potassium ferricyanide.
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BCh1 molecules rather than of the reaction center itself, more infor-
mation about the reaction center is obtainable,froh the light-minus-dark
absorptioﬁ (Figure 16b) and CD (Figure 17d) difference spectra. The
absorption difference spectrum (Figure 16b) has the familiar shape of a
purple bacteria] reaction center with components P800 and P880. The CD
difference spectrum (Figure 17d) fof this enriched fraction can be com-
pared with difference spectravcalculated from the data for the purified

reaction centers of R. viridis, R. rubrum, and B; theroides (Sauer et al.,

1968) (Figure 17a,b,c). Again the Chromatium reaction center appears to

be quite similar to other purple bacteria reaction centers.

3. Discussion

The CD spectrum of a BChl-protein is a sensitive measure of BChl-BChl
interaction withfn the protein. A perturbation of the protein which
affects the spatial'arrangement of BCh1 molecules with respect to one
another can result in large changes in the CD.. Furthermore, if the inter-
action is strong enough, i.e., an exciton interaction (Kasha et al., 1965),

as it appears to be in many photosynthetic materials (Philipson and Sauer,

t al., 1972), theory predicts a

19725 Schultz and Sauer, 1972; Philipson
characteristic CD spectrum with multiple components of both positive and
negative sign (Tinoco, 1963). For non-degenerate transitions the number
of resolved components will always be less than'or equal to the number
of interacting molecules. Pure BChl in solution exhibits a small CD with
a single positive component in the long wavelength region.

- Since CD is more sensitive than absorption spectroscopy to protein
conformation and intermolecular interaction, a comparison of the CD
spectra of reaction centers from different organisms can reveal similari-

ties or differences between the BChl-protein complexes that may be
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undetectable in absorption experiments. We find that R. spheroides and
R. rubrum reaction centers are spectrally extremely similar and may
even have identical configurations.

The techniques of absorption aﬁd CD difference spectroscopy show
that the reaction center in Chromatium Fraction A also has much in common
with the R. spheroides reaction center, the main.difference being the
shift of the long-wavelength transition from 865 to 885 nm. The source
of this is probably a slightly altered arrangement of reaction center
BChl a md]écules, possibly due to the presence of the antenna BChl a in
this preparation.

B;_viridis‘reaction centers exhibit unique spectral properties, es-
pecially at liquid nitrogen temperature where five resolved components
are found in the reduced absorption spectrum. The five component spectrum
implies at lgast five reaction center pigment molecules (both BChl b and
BPh b). From the shape of its absorption and CD spectra (Figure 14) and
from its spectral behavior upon oxidation (Figures 14 and 17a) it is ob-
vious that the reaction centers from the BChl b-containing R. viridis
have much in common with those from other purple bacteria. It is thus
possible that more components are present, but unresolved, in the reaction
centers from the other purp]e bacteria. The fact that two components at
929 and 987 nm (Figure 15a) are bleached in the oxidized states raises the
possibility that R. viridis contains two different reaction centeré. If
this is correct, it remains to be determined whether both reaction cen-
ters reside simultaneously on the same protein or whether they are separate
proteins which can be isolated from one another. Experiments must also
determine whether both photoactive components, P930 and P990, play iden-

tical roles in the electron transport pathways. Anomalous titration curves



-86-
(Thornber and Olson, 1971) for R. viridis reaction centers have already
‘pointed to the presence of reaction centers with.different midpoint
potentials.
BPh a, originally thought to be a contaminant (Clayton, 1966c) in
reaction center preparations, has been found in stoichiometric amounts
in more recent preparations (Clayton et al., 1972) and is now considered

to be an intrinsic part of reaction centers. What'function, if any, these

molecules play is unknown. The 745(-) (Figure 1) and 790(-) nm (Figure 14)

CD components of the R. rubrum and R. viridis reaction centers, attribu-
table to BPh, undergo no significant changes upon Qxidation, implying
that the BPh molecules are not interacting strongly with the oxidizable
BCh1 molecules. This conclusion is further supported by the spectra of
the R. rubrum reaction centers in the Q, region (Figure 13). The 535 and
600 nm absorption peaks are well ®parated and can be assigned with confi-
dence to BPh and BChf respectively. In the CD spectrum the component

due to BChl a changes dramatically with oxidation, while the BPh a spec-

trum remains essentially unchanged.

C. Green Bacteria

The photosynthetic unit of green bacteria is unusually large. There
are approximately 80-100 BChl a molecules and about 1000 Chlorobium Chl
molecules per reaction center BChl, P840 (Fowler et al., 1971). The

majority of the BChl is associated with the BChl-protein complex dis-

cussed in Chapter III. In vivo, the Chlorobium Chl functions to transfer

electronic excitation energy to the BChl-protein compiex which in turn
transfers this energy to the reaction center to produce the P840 spectral

change (Sybesma and Olson, 1963; Sybesma and Vredenberg, 1963).

e e e
¥ .
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The photosynthetic apparatus of green bacteria is located within
egg-shaped vesicles surrounded by a'single—layered membrane only 20-30. &
thick (Cruden and Stanier, 1970). This is unjque among photosynthetic
organisms in that the photosynthetic apparatus is not made up of a
lamellaf unit-membrane system. Apparently the forces holding the vesi-
cles of green bacteria intact are also unique since strong treatment is
not necessary, as in other organisms, to fractionate the photosynthetic
unit. Thus, it is possible to obtain two types of water-soluble BChl a
containing complexes from these organisms without the use of detergent.

The first of these is typified by the well chéracterized_BCh1-protein

from Chloropseudomonas ethylica (Chapter III; Olson, 1966). This homo-

geneous protein fraction contains 20 BChl molecules per protein macro-
molecule with a molecular weight of 152,000 dalton (Olson, 1971). A

BChi-protein very similar to that from Cps. ethylica has also been iso-

lated from the .green bacterium Chlorobium thiosulfatophilum (0Olson and

Romano, 1962; Olson et al., 1972).

A second tybe of complex, first isolated by Fowler et al. (1971),

from Cps. ethylica, contains 80-120 BChl a molecules and has a molecular

6 daltons. This "heavy" fraction is photochemi-

Weight around 1.5 x 10
cally active with 1ight-induted absorption changes of cytochrome 553 and
of the reaction center pigment, B40. The absorpfion properties of this
BCh1-Reaction-Center (BCh1-RC) complex at room temperature are very

similar to those of the BChl-protein complex in the long wavelength, Qy,
region of the spectrumi The only notable difference is the presence of

a small, lTong wavelength shoulder on the absorption peak'of the BCh1-RC

complex.
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In this study we have isolated a very similar BCh1-RC complex from

C. thiosulfatophilum and observed its optical properties (Olson et al.,

1972). Using the CD and a low temperature absorption spectrum we are
able to compare structural properties of the BCh1-RC complex with those
of the BChl-protein (see Chapter IIl). The light-minus-dark CD and
absorption spectra are also studied in an attempt to learn something

of the nature of thelBChl molecules which make up the reaction center

component of this complex.

1. Materials and Methods

Crude preparations of BCh1-RC complex were prepared from C. thiosul-
fatophilum by a modification of the procedure devised by Fowler et al.

(1971) for Cps. ethylica. Frozen cells (approx. 100 g) of C. thiosulfato-

philum were thawed and then resuspended (homogenized) in 200 ml of 10 mM
Na/K phosphate (pH 7.5). The suspension was centrifuged at 10,000 x g

for 10 min to sediment the cells, and the supernatant (wash) was discarded.
In this manner the cells were washed 2 or 3 times to get rid of the alum
used to harvest the cells. The washed cells were again resuspended in

10 mM phosphate. Solid Na ascorbate was added to a concentration of 10 mM,
and the cell suspension was passed through a French pressure cell at
20,000 psi 2 or 3 times to break the cells and also to break up the
vesicles. The effluent fromthe pressure cell was centrifuged for 90 min

at 40,000 x g to sediment unbroken cells and intact vesicles. The super-
natant, which is enriched in BChl relative to Chlorobium Chl, was then .
centrifuged on a layer of 40% sucrose (10 ml) in a Spinco swinging bucket
rotor SW27 for 22 hours at 27,000 rpm to concentrate the BCh1-RC complex

in the 40% sucrose. Fractions (1 ml) were collected from the bottom of
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the centrifuge tubes and examined in the speétrophotometer to determine
the ratio of BChl (810 nm) to aggregated Chlorobjum Chl (745 nm) in
each fraction. The first fractions containing the highest ratio of
BCh1 to aggregated Chlorobium Chl were pooled and stored in the freezer.
In the first preparation of crude BCh1-RC complex the ratio of A745
(Chlorobium Chl) to A810 (BCh1) was 0.73; in the second preparation the
ratio was negligibly small. Al preparations contained large amounts
of Chlorobium pheophytin which has an absorption peak at 670 nm. The
presence of Chlorobium pheophytin,’however, did not interfere with either
absorption or CD measurements in the region of the Qy band of BChl.
Absorption spéctra were recorded on a Cary 14R spectrophotometer.and
CD spectra were recorded on a Jasco-Durrum spectropolarimeter Model J-20,
with extended red_sensitivity. For Tow temperatdre absorption spectra
(T = 100°K), samples were mixed with glycerol to give a 50-50 mixture by
volume. The path]enéth was either 2.5 mm or 3 mm in a sandwich type
cell constructed of copper with plexiglass windows. The samh]e in the
cell was maintained at approximately 100°K in a copper block in contact
with Tiquid N,.
Absorption difference spectra (1ight-minus—dark) in the long wave-
length region were obtained in the Cary 14R.usjng side illumination at
530 nm by a 150 W tungsten lamp through an interference filter and;a
. Corning 4-94 filter, with the photomultiplier prdtected by a 2-64 filter.
A similar illumination was used for the light-minus-dark CD spectra,
but measurements were made at a series of fixed wavelengths owing to the

small magnitude of the change induced in the CD spectra.
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2. Results
The absorption spectrum of the Qy band for the BCh1-RC complex fromv

C. thiosulfatophilum at room temperature (Figure 18, upper curve) is

very similar to the spectrum from the BCh1-RC complex from Cps. ethylica

[see Figure 2 in Fowler et al. (1971)]. Both exhibit an absorption
maximum at 810 nm with a shoulder at about 835 nm that is not present in

the spectra of the purified BChl-proteins.

The room temperature CD spectrum of the Qy band of the C. thiosulfato-

philum complex shown in Figure 18 (lower curve) implies the presence of

multiple exciton components in this region. Distinct differences are

seen from the CD spectrum of the BChl-protein (Figure 5) from Cps. ethylica

(the optical properties of the BChi-protein from Cps. ethylica are very

similar to those of the corresponding BChl-protein from C. thiosulfato-
philum), particu]ér]y the presence of a trough atv806 nm and a small

peak at 837 nm in the CD spectrum of the BCh1-RC complex. The Tow tem-
perature absorption spectrum (Figure 19) of the complex also exhibits
clear evidence to support the presence of exciton components. Taken
together, the room temperature CD and the low temperature absorption
spectra imply the existence of at least five distinct spectral components

in the BCh1-RC complex from C. thiosulfatophilum. These are summarized

in Table 6.
Evidence for photochemical activity in the BCh1-RC complex from

C. thiosulfatophilum was demonstrated by measuring 1ight induced absor-

bance changes. The light-minus-dark absorption spectrum in the region of
the Qy band of BCh1 are presented in Figure 20 (upper curve). The light
induced decrease in absorption is maximal at 830 and 840 nm. This spec-

trum has a very similar shape to that observed by Fowler et al. (1971)

-

. SO
.
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Figure 18. Absorption (upper curve) and CD (lower curve) spectra of

BCh1-RC complex from C. thiosulfatophilum. Pathlength, ].0'cm; tempera-
ture, 24°C. Sanple prepared by diluting the centrifuge fraction (in 40%
sucrose) eightfold with 10 mM phosphate (pH 7.5), 2 mM KC1 solution.
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Figure 19. Low temperature absorption spectrum of BCh1-RC complex from

C. thiosulfatophilum. Sample dissolved in a glycerol, 10 mM Tris

(p 7.5) + 0.2 M NaCl (1:1 v/v) matrix; spectrum measured at approxi-

mately 100°K; pathlength, 2.5 mm.
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Table 6. Components of Exciton Splitting of Qy Band of BCh1-RC Comblex

From C. thiosulfatophilum

Absorption

spectrum, X, nm (790) 804.5 814 (823) 833
100°K :
ch A, nm 795 806 814 825 837
spectrum, _ _
24°C : Sign + - o+ - +

(Shoulders indicated as approximate wavelengths.)

using the Cps. ethylica BCh]QRC. The chemically oxidized-minus-reduced

(ferricyanide vs. ascorbate) absorption spectrum for the BCh1-PC complex

from C. thiosulfatophilum was essentially identicai to the light induced

absorption spectrum shown in Figure 20 (upper curve). Unlike the

measurements of Fowler et al. (1971) on the Cps. éthy]ica BCh1-RC, we

did not observe a relatively greater oxidized-minué-reduced absorption
change at 790 nm as compared with the change observed in the light
induced difference spectrum.

[t was possible to observe very small photoinduced CD changes by
illuminating the ascorbate-reduced sample from the side with short wave-
length actinic light. The CD changes were obtained as dark—]ighf-dark
signals while the instrument monochromator was fixed at a particular
wavelength in the region of interest. From a series of measurements
carried out in this fashion, the data plotted in Figure 20 (lower curve)
were observed. A decrease in the CD centered at 842 nm is observed;
.thjs decrease is reversed upon turning off the actinic light. No
measurable CD changes were observed af 830 nm. The magnitude of the CD
change is a(A, -A )842 = 2.4 x 10'5 for a sémple concentration giving

LR

Agyn = 1.07.

810
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Figure 20. Light-induced absorbance (upper curves) and CD (lower curves)

changes of the BCh1-RC complex from C. thiosulfatophilum at room tempera-

ture. Samples used exhibited A809 = 1.07; pathlengths 1.0 cm. A small
amount of solid Na ascorbate was added prior to the measurements. See

text for additional experimental details.
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3. Discussion

~ On the basis of the absorption (Figure 18) and light-induced ab-

sorption difference spectra (Figure 20) it can be seen that the BCh1-RC

complex isolated from C. thiosulfatophilum is very similar to the "heavy

fraction" from Cps. ethylica described by Fowler et al. (1971). This
is made clear from a comparison of Figures 18 and 20 above, and Figures
2 and 3 in'Fowler et al. (1971). Thus, both green bacteria appear to
have identical structural apparatus for performing initial photochemistry
at the reaction center.

A comparison of the optical properties of the BCh1-RC from C. thio-

sulfatophilum with those of the non-photoactive BChl-protein (Chapter

II1) from Cps. ethylica reveals both marked similarities and differences.

(Both the absorption and CD properties aré very much alike for the BChl-

proteins from C. thiosulfatophilum and Cps. ethylica,) CD and low tem-

perature absorption spectra (compare Figures 19 and 20 with Figures 5
and 6) of the BCh1-P and the BCh1-RC both exhibit multiple components
implying exciton interactions. The CD spectrum, however, is qualitatively
different for the BCh1-RC with peaks and troughs in altered positions.
We had anticipated greater similarity in the spectral propertieg,
thinking that the BCh1-RC consisted of perhaps four aggregated BChl-
proteins, containing 80 BChl's plus a few reaction center BChl molecules
absorbing to longer wave]engtﬁs. In light of fhe'CD evidence, however,
this model must be modified. The BCh1-RC complex may contain three
BCh]Qproteins plus a different BChl-protein with an altered molecular
structure. Like the normal BChl-protein it may also contain 20 BChl
molecules a few of which, because of a different local environment, méke

up the reaqtion center of the complex. At the moment, this is Just
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hypothesis, but it can serve as a working model for future research
on.the photosynthetic apparatus of green bacteria.

The light-minus-dark difference absbrption spectrum (Figure 20),
with its two negative components, implies the interaction of at least
two BCh]vmo1ecu1es wfthin the reaction centers of green bacteria, al-
though the difference CD spectrum (Figure 20) reveals but a single
small component. These experiments were done on BCh1-RC samples con-
taining only one photoactive BChl per about one hundred BChl molecules.
At this concentration it is difficult to obtain much spectral evidence
on the nature of the reaction center and preparations are needed which

are more highly enriched in the photoactive pigment, P840.

D. Comparison of the Light Induced CD Changes of Reaction Centers from

Different Classes of Photosynthetic Organisms

The light-minus-dark CD difference spectra due to changes in the
reaction centers of higher plants, purple bacteria, and green bacteria
have been examined and are discussed above. Tﬁe Photosystem I reaction
center from spinach chloroplasts appears to have at ieast two Chl a
molecules coupled by exciton interaction. The light-minus-dark diffe-
rence CD spectrum for the enriched P700 preparation has two components
of opposite sign, similar to what is found for purple bacterial reaction
centers. The signs of the long and short wavelength components for the
chloroplast preparations are reversed relative to those from bacteria,
however. 'Although the spinach and purple bacterial reaction centers
may resemble one another in having strongly interacting chromophores,
the detailed arrangement of pigments within these different reaction

centers is significantly different.
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The reaction centers from green bacteria appear to be fundamentally
different from those in purple bacteria or higher plants. Although the
difference absorption spectrum for the green bacteria has two negative
components, the difference CD spectrum shows only a single negative com-
ponent. Thus, the CD studies of reaction centers‘from three major
classes of photosynthetic organisms reveal significant differences

among the different classes of reaction centers on this sensitive level

.of examination.
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V. CIRCULAR DICHROISM AND FUTURE PHOTOSYNTHETIC RESEARCH

It is hoped that the preceding discussions have made clear the
usefulness of CD as a probe of photosynthetic materials. CD has pro-
vided detailed information abéut the nature of fnteractions within
Ch]—proteins which serve as reaction centers and as light harvestors.
Exciton interaction has been identified as the mechanism of energy

transfer among the BChl's of the BChl-protein from Cps. ethylica, and

an estimate has been made of the intermolecular distances among these
BCh1's. The photoactive pigments of reaction centers have been shown
to consisf of strongly interacting Chl molecules. Knowledge about
photosynthetic materials of this nature has preQious]y been lacking.
The question exists as to what future use CD will be in helping to
elucidate further the photosynthetic apparatus. Some areas amenable

to future study are outlined here.

(1) Since the optical activity of a Chl-protein may be primarily
a function of the specific geometrical arrangement of interacting Chl's
with respect to one another, the question arises as to whether one can
calculate this structure from the experimentally obtained CD spectrum.
Using the low temperature CD and absorption spectra of the BChl-protein

from Cps. ethylica (Chapter III), calculations of this sort were

attempted. The goal was a determination of the arrangement of the

five BChl molecules within a protein subunit. Unfortunately, the
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cé]cu]ations were too complicated and this overambitious project was
discontinued. Before such a calculation becomes feasible on a Chl-
protein some restrictions are needed on the possible molecular arrange-
ments to be expected. In this manner, an abproximate Chl a dimer
structure was calculated by Dratz (1966). Use was made in these
calculations of restrictions on possible structdres provided by NMR
experiments and studies on the chemical nature df dimers. As smaller
- Chi-proteins are isolated and further.characterized it is hoped that
1nf0rmation will be obtained, perhaps from NMR, which will suggest
models for the Chl arrangements. At that time theofetica1 CD calcu-
lations may provide insight into the correct three-dimensional arrange-

ment of Chl-protein structures.

(2)_ A]tﬁough the CD spectra of Chl-proteins strongly suggest the
presehée of exciton interactions within the protein, this assignment
is often equivocal.v' There are effects, other than exciton interaction,
which can cause changes in the CD spectrum. Examples are the effects»
of the protein environment and of interactions with nondegenerate
transitions in other Chl molecules. The magnitude of CD change from
these sources is difficult to estimate. Theoretical calculations such
as those done on hemoglobin and myoglobin by Hsu\ahd Woody (1971a) and

further experiments should shed some light on this probliem.

(3) CD spectra have set a lower limit of three BChl molecules in

the reaction centers'of purple bacteria (Chapter 1V, B). FChemical

analyses of these reaction centers for BChl content {(Clayton et al.,

1972), as was mentioned, have been contradicfory. Low temperature CD

spectroscopy may be able to resolve the presence, or absence, of more
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than three reaction center BChl components. This experiment is
feasible for the near future despite some technical problems in the

low temperature method. This technique should also be useful in

analyzing the anomalous reaction center from R. viridis (Chapter IV, B).

(4) As photosyhthetic membranes are fractionated by various pro-
cedures, the question arises of whether artifacts are being introduced
to the system of interest. In particular, there is concern over
Whether the conformational propertieé of componént Chl-proteins are
changed by current isolation techniques. CD should prové useful in
probing this question. This could be done by studying CD spectra
taken of the various fractions obtained in the isolation procedures.
The question of interest would be whether the CD of an intact photo-
synthetic apparatus could be accounted for in terms of the CD of its
parts. This approach and related studies may supply fruitful and

unexpected results.

(5) The technique of difference CD spectroscopy described here

(Chapter IV) is potentially useful for studying other photoactive com-

ponents of photosynthetic systems besides reaction center Chl molecules.

Electron transport components such as cytochromes and ferredoxin
exhibit light-induced absorption changes. A study of the in vivo CD
signals of cytochromes might supply data on the conformational state
of these components as a function of redox potential. Light-induced
CD changes from in vivo ferredoxin might be used to help establish
whether ferredoxin serves as the primary acceptor of Photosystem I

in chloroplasts. The information available from the in vivo light-

induced CD changes of these components has so far been untapped.
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APPENDIX

The computer program for curve resolving, using Gauss's method of
non-Tinear least squares, did simultaneous fitting of the experimental
absorption and CD spectra. That is, the program was set up so that
corresponding components in the absqrption and CD resolved spectra
could be required to have equal half-width, position, and skew. It
was found that asymmetric gaussien curves gave better fits than normal

gaussians where an asymmetric gaussian curve is defined as one in which

the half-width of the long-wavelength side is different than the half-

width of the short-wavelength side. The skew is a méasure of this
asymmetry. For the resolved spectra in Figure 8 the half-width and
skew of corresponding absorption and CD compoﬁents_were required to
be equal. ‘ V

In resolving the cdmponents of a CD spectrum one is often unsure
of.the re]atidnship of the final resolved components to reality. Often
several different solutions fit equally well. ‘The advantage of simul-
taneous fitting of absorptioﬁ and CD spectra is that the additional
requirements eliminate many possible solutions. It is still difficult,
however, to be certain of the uniqueness of the resultant resolved

spectra.
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