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Bacteria

The bacterial reaction center isolated from
Rhodopseudomenas viridis is the essential
site of the initial steps of photosynthetic
conversion and storage of light energy. It
is the first membrane protein from which a
three-dimensional picture at atomic reso-
lution has been obtained. The structure al-
lows the visualization of the path of the
ultrafast electron transfer events and sug-
gests the role of the protein in fine-tuning
the energy levels of the cofactors, in assist-
ing the electron transfer, and in stabilizing
the separated charges.

BACKOROUND
Photosyntheuis is the biological oxidoreduction

process by which solar enaergy is converted into

chemical energy. This is an essantial process not
only because it allows plants to grow but alsoc because
this stored chemical energy sustains all the other forms
of life on earth. The emergence of photosynthesis more
than thtee billion years ago occurred in the primitive
reducing atmosphere, so reduced sulfur and organic
compounds were used as sources of electrons. Subse-
quent evolution led to the now-dominant forms of pho.
tosynthesis in which water is the electron donor and
molecular oxygen. the ultimate oxidation preduct, is
released. The ensuing changes in the atmosphers's com-
position led the primitive nonoxygenic photosynthetic
bacteria to retreat to ecological niches in which reducing
conditions prevail, such as in sulfur springs or in the
muddy layers at the bottom of lakes and ponds. Thare
they are still abundant.

These bacteria have proved to be extremely useful in
understanding how photosynthesis works. as they rep-
rasent & simpler, less evolved form of photosynthesis
than the one found in green plants. In particular, green
plants contain two photosystems (Photosystem [ and
Photosystem II) that function in series, while phatosyn.
thetic bacteria contain only one. There exist two main
classes of photosynthetic bacteria: the green bacteria,
which bear analogies with Photosystem 1. and the purple
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bacteria, which are closer to Photosysiem I1. In recent
years considerable progress has been achieved in under-
standing the molecular structures and mechanisms in-
volved in the primary processes of photosynthesis in the
[purple bacteria rhodospirillales), and this article focuses
on thess developments.

Inside the cytoplasm of purple bacteria, an array of closed
vesicles constitutes the photosynthetic apparatus. The
membrane forming the interface of these vesicles con-
tains, in addition to lipid molecules, specialized proteins
that are directly responsible for the photosynthetic func-
tion. These transmembrane hydrophobic proteins, which
bind the bactariochlorophyll and carotenoid pigments
[Fig. 1), and which are called the pigment-protein com-
plexes, can be classified into two categories: reaction
centers and antenna complexes. The reaction center is
the site of the light-induced transmembrana charge sep-
aration. It is inserted in the membrane in such a way
that one end of the reaction center is near the inner
surface of the vesicle and the other end is near the outer
surface. Each of the many reactlon centers in a vesicle
is surrounded by a large array of other pigment-protein
complexes, the role of which is to absorb the energy of
the incoming photon and to funnel this energy very
efficiently (> 95%) to the reaction center. These pigment-
protein complexes servs {o inctease the absorption cross
soction of the reaction center and are thus called antenna
complexas. The ratio of antenna bactariochlorophylls to
reaction centers varies from species to spacies and ac-
cording to the growth conditions. It ranges typically
between 20 and t00.

The concepts and the svidence for antenna complexes
and reaction centers in photosynthetic bacteria were
derived in the 19503 from the early spectroscopic studies
of Duysens. However, it was through the pioneering
work of Reed and Clayton only 20 years ago that a
reaction center was isolated for the first time (1). The
purple bacteria from which it was derived, Rhodobacter
sphaeroides (Rb. sphaeroides), containg bacteriochloro-
phyll a as the main pigment. Since its isolation, this
reaction center has been extensively characterized in
both biocchernical and biophysical studies (2), and a large
variety of spectroscopic techniques have been used 1o
investigate both its structure and its function. From the
genetic point of view, the closaly related species Rb.
capsufatus has been characterized in detail. The reaction
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Figure 1 Structure of bacteriochlorophyll e {top) snd of a
car id moleculs (bottom) p L in Rb. sphaeroides. The
radical R in position 7¢ of bacteriochlorophyll a is a long and
ftexible phytol chain. In bacteriochlorophyll b, an athylidena
group (=CH-CH,) is attached to ring IT i position 4. In the
bacteriopheophytins, the central Mg atom is lacking.

center from still another purple bacterium, Rhodopseu-
domonas viridis (Rps. viridis), which was isolated later
(3), has also been quite extensively studied because its
major pigment, bacteriochlorophyil b, has an absorption
spectrum in the visible and near infrared that is signifi-
cantly different from that of bacteriochlorophyll a. This
gives a new set of spectroscipic data, allowing correla-
tions betwseen the prapertiss of the two types of reaction
centers to be derived. Furthermore, these two types of
reaction centers differ in that only the one isolated from
Rps. viridis functions with a tightly bound cytochrome.

CURRENT STATUS

The X-ray Struchure of the Reocton Cenfer

A major breakthrough in the field of photosynthesis
research was the recent x-ray crystallographic determi-
nation at atomic resolution of the structure of the reac-
Hon center from Rps. viridis (4). The main difficulty was
not so much the size of the protein (molecular waeight of
the order of 140 000) but the fact that, as an amphiphilic
transmembrane proteln, it requires detergenis for isola-
tion and purification. These detergent molecuies, which
somehow displace the lipid molecules normally respon-
sible for the hydrophobic interactions inside the mem-
brane snd remain firmly bound to the reaction center,
de not provide a well-defined surface costing of the
protain. This usually prevents the farmation of the very
regular thres-dimensional crystals required for high res-
clution studies. H. Michel pioneered the use of small
amphiphilic molecules to replace the detergent in those
positions in the crystals where they disturb the crystal-
line arder. This technique allowed him to obtain crystals
of this reaction center diffracting at batter than 2.5 A
resolution. Normal photochemical activity of the crystal-

line material has besn demonstrated. The X-ray struc-
ture, solved by |. Deisenhofsr in R. Huber's laboratory,
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Figure 2 Protein subunits [repr d as ribbons) and proa.
thetic groups in the reaction center from Aps. viridis. The
cytochroms subunit with the four hemes occupies roughly the
upper 40% of the structure. Most of the H subunit axtends
below the Fe atom. The central core (made of the L and M
subunits), which binds all the prosthetic groups but the four
cytochrome hemes, is located in the middle. The peeudo C2
symmetry axis 18 in the plane of the figure and runs verticalty

from the Fs atom. Reproduced with permission from Deisen.
hofer st al. [4),

was first published at the end of 1984 and has now besn
refined (o 2.3 A. Subsequently, reaction centers from Rb.
sphaeroides were crystallized in several laboratories;
their structure, which is quite clase to that of the reaction
center from Rps. viridis, has been solved at about 3 A by
the molecular replacement method using the latter struc.
ture as a template, and is currently in the refinement
process (5.8). It is hoped that the demonstration that
well-ardered three-dimensional crystals of these integral
membrane proteins can be obtained will lead to success-
ful attempts with other membrane proteins. Precise
knowledge of their moiecular architecture is highly de-
sirable, since membrane proteins have many important

functions such as energy transduction, membrane trans-




port, stimulus reception, and cell-to-cell communica-
tions.

The electron density map calculated from x-ray analysis
of the crystals of Rps. viridis reaction centers sllows a
good description of the overall organization of the cofac-
tors (4 bacteriochlorophylls, 2 bacteriopheophytins, 1
carotenoid, 2 quinones with one site only partially oc-
cupied, 1 nonhemic iron, 4 hemes) and of the four poly-
peptida chains (named L. M, H, and Cyt) in the com lex
{Fig. 2]. This complex has an elongated shape (~130 A in
length) with a central cylindrical core (approximately 50
A long) presenting an elliptical cross section (~30 and
704 for the lengths of the two axes). At each end of this
cylindricel core, which corresponds to the L and M
polypaptides, there is a flat face to which 2 globular
subunit (Cyt on one side and most of the H polypeptide
on the other) is attached. The central core is made up of
twa sets of five a-helicsl segmente running preferentially
parallel to the cylinder axis. Within these sets of a-
halices, which are assigned to the L and M polypeptides.
are located all the cofactors but the four hemes of Cyt.
This central core, together with the single long a-helix
of the H-subunit, consists almost exclusively of nonpolar
amine acid tesidues, while the charged residues are
located only in the two outer regions of the reaction
center. The knowledge of the amino acid sequence for
each polypeptide {obtained by analyzing the correspond-
ing gehes) wes instrumental in determining the precise
folding of the protein as well as the probeble bonding
interactions between the prosthetic groups and specific
amino acid residues. When the reaction center from Rb.
sphoeroides was analyzed by x-ray diffraction. a picture
very similar to that obtained for the Rps. viridis reaction
center emerged, indicating almost identical arrange-
ments of the L. M, and H polypeptides and of the cofac-
tors (5.6).
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Higure 3 Schemalic represantatjon of tha cofactors in the bac-
terial reaction center of Rb. sphoervides {8). The CZ axia runs
vertically from the Fe atom. For clarity, the carotenocid. the
phytol chains of the chlarophylls. and the isoprenaid chains of
the quinones have been removed.

One of the most striking features of the x-ray structural
model of these bacterial reaction centers, shown sche-
matically in Fig. 3, is the presence of a C2 symmetry axis
running from the nonheme iron toward two closely
associated bacteriochlorophylls. These two molecules
have thair pyrrole rings I stacked on top of each other
{sbout 3 A apart} and are related by the local two-fold
rotation axis. They have been mssigned to the special
pair P, the existence of which had been inferred from
spectroscopic investigations (7). To each bacteriochloro-
phyl! of P is sssociated a monomoeric bactariochlorophyll
(B, Bw) which forms sort of a bridge between P and the
bacteriopheophytin {H., Hy). The Mg atoms of the four
bacteriochlorophylls appear ligated to histidine residues.
The nonheme iron, which is elso bound by four histi-
dines and by one glutamic scid, sits on the C; axis
between the two quinones Q. and Qu. The symmetry
axis telates not only the positions of the B and H mole-
cules but also those of the main a-helical segments of
the L and M polypeptides.

Although the symmetry axis is clearly recognized in the
LM structure, a closer examination of the model reveals
many important features that do not obey the C2 sym-
metry. Examples of such nonsymmetrically arranged
elements are the phytol chains of the pigments, the
carotenoid located close to By, and the lengths of the
connections between the «-helices and the amino- and
carboxy-terminal ends of the L and M polypeptides.
While the model indicates that both polypeptides con-
tribute equally to the binding of the pigments. the precise
anchoring of the pigments to the polypeptidic backbone
(which is assumed by multiple van der Waals interac-
tions and hydrogen bonds) differs on the L and M
branches {8). One of the clearest examples of this assym-
metry is provided by the 9-keto carbonyl of Hi. which
has 8 polar glutamic acid residue {L104) at an appropriate
distance to form a hydrogen bond, while the residue in
the homologous position on the M-branch (M131) is
replaced by a nonpolar valine in Rps. viridis and by a
threonine in Ab. sphaeroides. In addition, the distribu-
tions of the many aromatic amino acid residues—which.
together with other nonpolar residues, constitute the
medium in which the pigments are immerasd—are dif-
ferent along the two hranches.

Much structural information on the reaction center was
already available prior to the x-ray crystallographic stud-
ies. For axample, the locations of the 11 transmembrane
a-halices had been inferred from hydropathy plots of the
amino acid sequences of the L, M, and H polypeptides.
Their average tilt in the membrane had bean determined
by infrared dichroism measurements (9). The distances
between the pigments and their orientation had been
correctly deduced from optical (10} and magnetic (11}
spectroscopy. Also, the nature of the interaction between
the polar C=( groups of the various cofactors and their
protein binding eites had been investigated by tech-
niques such as resonance Raman spectroscopy (12). The
availebility of the reaction center's x-ray structure and
the recent refinements of this structure provides the
framework that can be used to exploit these spectro-
scopic results more fully. The comparison of the struc-
tures a1d of the spectroscopic data represents an inval-
uable test casa to renormalize the results of the speciro-
scopic  investigations and thus to sharpen the
interpretation of the data obtained on other pigment-
protein complexes for which no high-resolution struc-
ture is yat available.
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Although the conciusion that the C2 axis seen in the
crystal is oriented in vivo elong the normal to the plane
of the photosynthetic membrane has been derived from
our spectroscopic studles, it is of interest that the only
major structural feature of the reaction center that had
been altogether missed by the spectroscopists is the C2
symmetry axis itself. However, as already mentioned
above (and as will become more evident in the discussion
of the electron transfer pathway}, it is now becoming
clear that this C2 symmoetry is apparent only in a picture
at 3 to 4 A rtesolution. This symmetry is broken at the
more local level described by the recent x-ray studies at
higher resolution and by the exquisitely sensitive spac-
troscopic techniques.

The Molecular Mechanisms of Photosynthesis

When the energy of a phaton reaches the reaction center,
following either excitation of an antenna or diract ab-
sorption, 8 transmembrane separation of electric charges
occurs with great speed and efficiency. This stored elec-
trical energy is then used up at a slower pace to drive
the chemical steps leading to the synthesis of complex
organic molecules. Redox reections are important in
many biclogical processes, including photosynthesis, and
the slectron transfer steps in the reaction center can be
triggered with very short light pulses, thus allowing time-
resolved studies. The path of the electron and hole
within the cofactors and the time scale of these events
have been investigated for many years. Together with
the detailed structure of the reaction center, this now
challenges us to rationalize the observed distances and
kinetics and reconcile thess ohservations with the cur-
rent thearies for electron transfer.

The first event in the electron transfer sequence starts
at the primary donor P, where an exciled state P* is
generated. The precise natute of P*, notably the contri-
bution to P* of various charge transfer states. is still
under investigation (13}, and the unambiguous observa-
tion by time-resolved absorption spectroscopy of the
initial products generated from P* has besn achieved
only very recently [14-18). An electron is ejected from
P* and reaches the bacterlopheophytin H; with & time
constant of 2.8 ps (1 ps = 107" g) for both Rb. sphaercides
{15) and Rps. viridis (16) at room temperature [Fig. 3).
Thus P* and H,~ rise in concert with the decay of P*. It
is remarkable that no transient localization of the elec-
tron on B, could be detacted. The subsequent step, which
had been characterized more than a decade ago {re-
viewed in 17). leads the slectron from H to Q. in about
200 ps and then to Qs in about 100 us. The hole on P~ is
neutralized by an electron coming from a cytochrome.
This takes about 300 ns in Rps, viridis, where the cyto-
chrome is bound to the reaction center, and about 2 us
in Rb. apheeroides, where a water-soluble cytochrome
binds electrostatically to the reaction centet. The re-
markable afficiency (~100%) of the overall charge sepa-
ration proceas is mostly dus to the large difference be-
tween the fast forward reactions and the much slower
back reactions: ~20 ns for the decay of P*H.", ~60 ms
for P*Q,", and seconds for P*(y~ in Rb. sphaeroides. In
terms of energetic yield, about 50% of the snergy of the
photon used to excits P is stored in the separated charges.

The first striking festurs that emerget from this brief
description of the electron transfer pathway is the uni-
directionality along the L-branch of cofactors (18), This
unidirectionality must be the consequence of some in-
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trinsic asymmetry in the arrangement of the cofactors
themselves and of their local protein environmsnt, in.
cluding their binding site. It is probabls that some of this
gsymmetry 1s already Induced at the lavel of P* itself,
thus favoring unidirectionality in the nascent charge
separation within the two bacteriochiorophylls consti-
tuting P. It has been noticed that the fluctuation of the
position of the atoms along the M-branch was larger than
for the L-branch. Furthermore, in terms of function. the
cofactors involved in the earlier primary electron trans-
fer steps obey the C2 symmetry better than those in-
volved in the later stages.

A sacond interesting aspect concerns the role played by
B., which bridges P and H.. The fact that no electron
localization on B, is observed experimentally does not
mean that this molecule is not involved in the electron
transfer process. For example, a sequential two-step
machanism in which the second step (P*B,” — P"H, ) is
much fastar than the first one {P* — P*B; ") would lead
to an undetectable transient population of B, . However,
recent spectroscopic measurements of the initial slectron
transfer at very low temperature [19) seem to exclude
this possibility. At present two other mechanisms in-
volving Bi are being considered: the one-step nonadi.
abatic/adiabatic process (20) and the superexchange in
which B, “catalyzes” the charge separation by enhancing
the electronic overlap between P and H, through the
virtual state P*B, - {21).

in order to understand the electron transfar mechanism
in the reaction center, one needs to know not only the
atomic structure provided by the x-ray studies, but also
the electronic structure of the cofactors within their
binding site. Several groups are currently attempting
such calculations (22.23}. Furthermore, the x-ray picture
is static and reflects neither the fluctuation of structure
{which must play an essential role in fine-tuning the
anergy levels of the pigments and in assisting the electron
transfer) nor the changes of structure that stabilize the
separated charges. The combination of x-ray crystallog.
rephy. theoretical calculations, and spectroscopy is
needed to achieve a more complete description of the
primary processes of photosynthesis.

FUTURE DIRECTIONS

Refined sets of coordinates are needed for more precise
theoretical calculations [optical spectra, electron trans-
far, molecular dynamics, etc.).

Now that the structure of the reaction center is known
in the neutrs! state, the many spectroscopic data that
reflect the change of properties {electronic structure,
environment, and so forth) of the cofactors accompany-
ing charge separation must be ratlonalized in terms of
structural changes. Furtharmore, it might become pos-
sible, using synchrotron radiation, to determine the
structure directly in one of the charge-separated states.

In order to identify the specific binding sites of the
cofactors and the rola of the symmetry-breaking ele-
ments in the unidirectionality of electron transfer, site-
directed mutagenesis is being applied. By comparing the
sequences of the L and M polypeptides from Rps. viridis,
Rh. sphaeroldes, and Rb. capsulatus and using the x-ray
structures, one can identify the conserved amino acid
residues, which could have important structural or
mechanistic roles. Reaction centers from Rb. capsulatus
carrying mutations directed at some of the key binding




sites for the cofactors have been isolated and are being
spectroscopically characterized (24).

Regarding the general problem of understanding the
folding of a protein from its primary seguence, the re-
action center is the only membrane protein that has so
far been solved by x-ray crystallography. This structure
can thus be used for other membrane proteins for which
only the primary sequence is known. It can also be used
to study lipid-protein interactions and protein-protein
interactions (such as docking of the cytochrome in Rb.
sphaerpides (25), and interactions betwesn the antenna
and the reaction center).

Another active area concerns the analogy between the
structures of the polypeptides L and M of the bacterial
reaction center and those of D, and D, of the Photosystem
Il reaction center, which is the site of cleavage of water
into malecular oxygen. A small Photosystem II reaction
center that carries the primary photoactivity has re-
cently been isolated [26) and is now under investigation
in a number of laboratories.

KEY CONTRIBUTORS

This is a partial list of individuals studying the main
topics discussed in this article and of the major labora-
tories working in the field.

S, G. Boxer, Department of Chemistry, Stanford Univer-
sity, Stanford, California, USA.

|. Breton and M. Lutz, Département de Blologie, CEN
Saclay, France.

I. Deisenhofer, Department of Crystallography, Howard
Hughes Medical Institute, Dalias, Texas, USA.

P. L. Dutton, Department of Biochemistry, University of
Pennsylvania, Philadelphis, Pennsylvania, USA.

]. Fajer. Department of Applied Sciences, Brookhaven
National Laboratory, Upton, New York, USA.

G. Feher and M. Okamura, Department of Physics, Uni-
versity of California, San Diego, California, USA.

S. F. Fischer, Physikdepartment, Te :haische Universitit
Minchen, Garching, Fedsral Republic of Germany.

R. Friesner, Department of Chemistry, University of
Texas, Austin, Texas, USA.

G. Gingras, Département de Biochimie, Université de
Montréal, Montreal, Canada.

A. |. Hoff, Nepartment of Biophysics, State University,
Leyden, The Natherlands.

D. Holten and C. Kirmaier, Chemistry Department,
Washington University, Saint Louis, Missourl. USA.

I. Jortner, School of Chemistry, Tel-Aviv University, Tel-
Aviv, Israel.

R. Marcus, Californie Institute of Technology, Pasadena,
California, USA.

H. Michel, Max-Planck-Institut fir Biophysik, Frankfurt,
Federal Republic of Germany.

M. E. Michel-Beyerla, Institut fir Physikalische und

Theoretische Chemie, Technische Universitat Miinchen,
Garching, Federal Republic of Germeny.

I. R. Norris and D. M. Tiede, Argonne National Labora-
tory, Argonne, llinois, USA.

TR

W. W, Parson, Department of Biochemistry, Univarsity
of Washington, Seattle, Washington, USA.

R. M. Peatlatain, Physics Department. [ndiana-Purdue
University, Indianapolis, Indiana, USA.

M. Plato and W, Lubitz, Frele Universitat Berlin, Berlin,
Federal Republic of Germany.

V. A. Shuvalov, Institute of Soil Science and Photosyn-
thesis, Pushchino, USSR,

A. Verméglio, CEN Cadarache, Saint Paul Iez Durance,
France.

A. Warshel, Department of Chemistry, University of
South California, Culver City, California, USA.

D. Youvan, Department of Chemistry, Massachusetts In-
stitute of Technology, Cambridge, Massachusetts, USA,

The 1968 Nobel Prize in Chemistry has been awarded to
H. Michel, |. Deisenhoser, and R. Huber for the deter-
mination of the three-dimensional structure of the re-
action center from Rhodopseudomonas viridis by x-ray
crystallography.

1. Reed DW, Clayton RK. lsolation ol a reaction center frac-
tion from Rhodopseudomonas sphaeroides. Biochem Blophys
Res Commun 1968; 30:471-5.

*2. Faher G. Okamura MH. In: Clayton RK, Sistrom WR. eds.
The photosynthatic bacteris. New York: Plenum: 1978;349-86.

3. Trosper TL. Bensoti DL, Thornber JP. Isolation and spectral
characteristics of the photochemical reaction center of Rhodo-
pseudomonas viridis. Biochim Biophys Acta 1977; 460:318-30.

*4, Deisenhofer |, Epp O, Miki K. Huber R, Michal H. Structure
of the protein subunits in the photoeynthetic reaction center of
Rhodopseudomonas viridis at 3 A tesolution. Nature (Lond}
1985; 318:618-24,

5. Chang C-H. Tiede [2M, Tang ], Smith U. Norris ], Schiffer
M. Structure of Rhodopseudomonas sphaeroides R-26 reaction
center. FEBS Latt 1986; 205:62-8.

8. Allan [P. Fsher G, Yentes TO, Komiya H., Ress DC. Struc-
ture of the reaction center from Rhodopseud: phaeroid:
R-26: The cofactors. Proc Natl Acad Sci USA 1887; 84:5730-4.

*7. Norris JR, Uphaus RA, Crespi HL. Katz J]. Elactron spln
resonance of chlorophyll and the origih of signal II in photosyn.
thesis. Proc Nall Acad Sci USA 1871; 88:625-8.

8. Michel H, Epp Q. Deisenhofar |. Pigment-protein interuc-
tions in the photosynthetic reaction centre from Rhodopseudo-
monas viridis. EMBO | 1986; 10:2445-31.

9. Nabedryk E, Tiede DM, Dutton L. Breton |. Conformation
and otlentation of the prolein in the bacterial photosynthetic
reaction center. Biochim Biophys Acta 1982: 682:273-80.

10. Breton }, Verméglio A. Orientation of the photosynthetic
pigments in vivo. In: Govindjes, ed. Photosynthesis: Energy
comvettion by plants and bacleris. New York: Academic;
1902:153-64.

11, Hoff Al. ESR and ENDOR of primary reactants in photo-
synthesis. Blophys Struct Mech 1882; 8:107-50.

12. Lutz M. Resonance Raman atudies in photoaynthasis. In:
Clark RJH. Hester RE. ods. Advances In infrared and Raman
spectroscopy. vol 11. London: Wiley-Heyden; 1864:211-300.

13. Boxer 5G, Goldstein RA, Lockhart D], Middendorf TR,
Takiff L. The nature of exciled Hates and intermediates in

181 ATLAS OF SCIENCE: BIOCHEMISTRY / 1988 327

bacterial photosynthesis. In: Breton ], Verméglio A, eds. The
photosynthetic bacterial reaction centsr—structure and dynam-
ics. New York: Plenum; 1068:185-76.

*14. Woodbury NW, Becker M, Middendorf D, Parson WW.
Picosecond kinstics of the initisl photochemical electron-trans-

photosynthetic bacterial reaction centsr—structure and dynam-
ics. New York: Plenum; 1988; 399416

22. Parson W, Warshel A, Creigh S, Norris ). Spx pl
properties and slectron transfer dynamics of reaction centers.
In: Breton J, Verméglio A. eds. The pholosynthetic bacterial

ction center—structure and dynamics. New York: Planum;

fer reactions in bactertal photosynthetic th . Bio-
chemistry 1985; 24:7516-21.

15. Martin }-L. Breton ], Hoff A], Migus A, Antonsiti A, Fem-
tosacond sy py of alect fer in the reaction center
of the pholosynthetic bactari Rhodopseud: sphae-
roides R-28; direct electron transfer from the dimeric bacterio-
chlcrophyll primary donor to the bacteriopheophytin acceptor
with a 2.840.2 pesc. time constant. Proc Natl Acad Sei USA
1968; 53:957-61.

16. Breton j. Martin )-L. Migus A, Antonettl A, Orazag A.
Femtosecond spectroscopy of excitation energy transfer and
initial charge separation in the reaction center of the photosyn-
thetic b ium Rhod ! viridis. Proc Natl Acad Sci
USA 1888; 83:5121-5.

17. Kitmaier C, Holten D. Primary photochemistry of reaction
cetiters from the photosynthetic purple bacteria. Photosynth
Res 1987 13:22%-60.

18. Michal-Beyerle ME, Plato M, Delsenhofer |, Michel H,
Bixon M. Jortner }. Unidi lity of charge separation in
reaction centers of photosynthetic bacleria. Biochim Biophys
Acta 1988; 932:32-70.

19. Fleming GR, Martin |-L. Breton |. Rates of primary electron
transfer in photesynthetic reaction centres and their mechanis-
tic implicatipns. Naturs (Lond) 1988: 333:190-2.

20. Marcus RA. An iaternsl consistency test and its implica-
tions for the initial steps in bacterial photosynihesis, Chem Phys
Lett 1988; 146:13-22.

21, Bixon M, Jortner ], Plato M, Michel-Beyerle ME. Mecha-
nism of the primary charge separation in bacterial photcayn-
thetic reaction centers. In: Breton ), Verméglio A, eds. The

328 151 ATLAS OF SCIENCE: BIOCHEMISTRY / 1988

1588: 308-17.

23. Plato M, Lendzian F, Lubitz W, Trinkle E, Mibius K.
Molacular orbital studies on the primary donor P980 in reaction
ceniers of Rps. viridis. In: Breton ], Verméglic A, sds. The
photosynthetic bacterial reaction center—structure and dynam-
ics. New York: Plenum; 1988: 37988,

24. Bylina E], Jovine R, Youvar DC. Quantitstive snalysis of
ganstically altered reaction centers using an in vitro cytochrome
oxidation assay. [n: Breton |, Verméglic A, eds. The photosyn-
thetic bacterial reaction center-~structurs and dynamics. New
York: Plenum; 1688: 113-8. -

25. Tiede DM, Budil DE, Tang ], ot 4. Symmetry breaking
structures involved in the docking of cytochrome ¢ and primary
electron tranafsr in reaction centers of Rhodobacter aphaeroides.
In: Breton ], Vermaglio A. eds. The photosynthetic bacterial
reaction center—structure snd dynamics. New York: Plenum;
1888: 13-20.

28. Nanba O, Satoh K. Isolation of a photosystem I reaction
center consisting of D-1 and D-2 polypeptides and cytochrome
b-559. Proc Nat] Acad Sci USA 1987; 84:100-12.

For further reading on this Research Front, you may 1} consult
the Research Front Specialty Index in the Index to Sclentific
Reviews", published by ISI*, and 2) search ISI's online Sci-
Search” file on Datastat,

Core papers in this Research Front are marked in the reference

list with an asterisk (*).




4

Otlentation of
Photosynthetic Pigments
in Vivo

JACQUES BRETON

ANDRE VERMEGLIO

Slmtroduction. .. 154
1. Methodology. .. ... e 157
A. General Approach. ... 157
B. Techniques of Orientation. . ... 157
C. lateraction of an Electromagnetic Wave with Electronic, Vibrational, o
Spin Transitions in an Oriented Sample. ..................... .. 158
D. Spectroscopy of the Phatosynthetic Components. .. .............. 164

111. Relative Orientation of Pigments within Isofated Photosynthetic
COMPIEXES. . . it 1656
A. Isolated Reaction Centers. . ... ..o.oiiniiniiriieeneaneaene o, 197
B. tsolated Antenna Complexes. ... ... ... 174
1V. Orientation of Pigments with Respect to the Membrane Plane. ....... 178
A Antenna Pigments. ... 178
B. Reaction Cenlers. ... .oouerrneria it iiaaee e 181
C. Other Constiluents. . ... cveten ottt eiaarianianans 185
. Local Order between Complexes in Photosynthetic Membranes. ... 187
VI ConchuShONS. . . .ottt e 188
References. . ................ f e 190

ABBREVIATIONS

A Absorption
B890,8800-B&50 Light-harvesting complexes in bacterial photosynthesis

BCh!  Bacteriochlorophylt
Bph  Bacteriopheophytin
Car  Carotenoid
€D Circular dichroism
Chl.  Chlorophyf
Chr Chromalium
CP1-P700  Chlorophyll a complex of PSI
CPtl  Light-harvesting chlorophyll a— complex
Cyt  Cytochrome
ESR  Electron spin {paramagnetic} resonance
FP  Fluorescence polarization
! intermediary acceptor in bacterial photosynthesis
IR nfrared

Photosynthesis: Fnergy Unnversion
hy Plants and Bacteria, Vol 1

153

Copyright © 1982 by Academic Press, Inc

All rights of reproduction in any form reserved,
ISBN 0-12-294301-5




154 JACQUES BRETON AND ANDRE VERMEGLIO
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During the pasi decade, spectroscopy with Iincar!y polarized Iigl}t has been exll:“i:vﬁ-z
used 10 probe the organization of pigl-nen.ls and of elcclmn- lr:lms :Iijrnl:_()mru)?enl.
photosynthetic membrane. This organization can be recognize at di c;em Icvels. vin

First. the relative orientation between pairs of transition moments ot molecu e|s pgn
ments and electiron iransfer components) wilhi_n an bolated pigment—protein kmm'l’ e;x :ai‘
be investigated, As compared to systems derived from green p:la.n'l‘s. ()l{t{‘- c(t'wn«rm Ige xe.‘
much more advanced in the case of phnl()synlhe‘lic bacteria '{or whic 'llaun 1‘)ee cot 3;,.:&
containing a smalt number of chromophores in their native form have [[::::. fated.
Various intrinsic limitations (overtap of absorption bands. unknown nature nh e
tions between the chromophores, and complex character of 'lhc absor?hun cr allllgcsl .-m“
however, 10 a situation where this organization can he descnhc'd onl)f in qualita (llvekelm.“.

Second, ah orientation of the transition momehts of the various .pngmenl;s an he ‘cbecn
transfer components with re;pcct to 1lhe planbee nl;;l;.cnl::;r:::ls;r::::fhr::;:s :::f,[ :;-ienla-

i ise values of these angles can be o re d
::):rc:lf)::e 't:::r:fm:cs themselves isgknm;n. A h;imik;lri}y illljil:v::;gamzalmn of the photo-
synthetic components in green plants and in bacieria is obs . -
’ Finally, the ';(mssibilily of investigating the m.utual nncnlal‘iot:l ‘of d::?lmath;:sd‘:t’:&
ing 1o adjacent complexes in the photosynthetic membrane is discuss h ';h d';lance
how the cancomitant analysis of these different levels of order together with d

i of the
parameters derived [rom other measurements can fead to a more precise model of

photosynthetic apparatus.

. Introduction

Photosynthesis is the overall process by which the eleclroln:nagneuc
energy of light is converted into chemical free energy. The ear leslt) stc::::
of this complex conversion involve the ahs.nrpl!on of a photon by
light-harvesting (antenna) pigments, the migration of the exatonic en-
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ergy among other antenna pigments until it is trapped by the specialize
reaction center (RC). A charge separation then occurs at the level of the
RC and the transport of electrons and protons is initiated.

For all known photosynthetic organisms, these processes occur at the
level of a membrane, which, like other biological membranes, is mainly
built out of hydrophobic proteins partly or entirely embedded in a
hilayer of lipids. In addition, it contains a variety of pigments and elec-
tron carriers that are mostly noncovalently attached to the proteins. In
the course of evolution, the best adapted companents have been selected
to accomplish each elementary step: (bacteriv)chlorophylt (Chl or BCh)
and carotencid (Car) molecules for the capture of light energy and iis
funneling towards the RC, cytachromes (Cyt}, iron—sulfur (Fe-S) pro-
teins, and quinones to carry charges and protons. The high efficiency of
the conversion of solar energy by plants and certain bacteria is further-
more due to the precise organization of these components into the phu-
tosynthetic membranes. Actually, the photosynthetic membrane, with its
system of closed vesicles limited by a thin bilayer of urdered lipids in
which are anchored pebbles of Chl—protein complexes, bears some te-
semblance to both a liquid crystal and a solid-state device. In these inte-
grated structures, fast reactions can take place without the rate-limiting
step of the diffusion of the reactants usually encountered in solutions.
The selective permeability of these membranes allows the stabilization of
the separated charges, the compartmentation of the chemical species,
and the storage of free energy under the form of electric potential or of
protons gradient.

The notion of structure and organization appears at two different
levels. In the pigment—protein complexes, the distances and relative
orientations of the chromophores are intrinsic features that prevemt
wasteful quenching processes (light-harvesting (LH) complexes) and
back reactions of the separated charges (RC complexes). In the highly
anisotropic membrane itself, the localization of the various complexes,
the distances between them, and their relative orientations are of prime
importance for the transfer of energy, electrons, and protons.

A complete description and understanding of the process of phato-
synthesis necessitates not only the determination of the nature and the
function of each individual component and the kinetics and ther-
modynamics of their reactions, but also the knowledge of their localiza-
tion, positioning, and relative orientation. In general, a chemical ap-
proach in elucidating the architecture of biological membranes at the
molecular level is rendered difficult because of the heterogeneity of the
constituents and of the weakness of the chemical bonding (hydrophobic
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interactions, hydrogen bonds, etc.) between them. Theretore, different
physical techniques related to several forms of spectroscopy have been
extensively used for the analysis of the structure of biological mem-
branes. For example electron microscopy (Staehelin et al., 1977), X-rays
(Sadler et al., 1973), and neutron scattering (D. Sadler and D. Worcester,
personal communication) have been performed on photosynthetic
membranes to obtain a gross view of the structure. The molecular orga-
nization §s more difficult to analyze, although photosynthetic mem-
branes offer a special case in the sense that a large number of compo-
nents directly involved in the photosynthetic process, such as Chls, Cars,
RC pigments, Cyts, and quinones, present characteristic electronic ab-
sorption spectra and/or ESR signals and can thus be used as intrinsic
probes of the system. Absorption, fluotescence. flash spectroscopy, cir-
cular dichroism (CD), resonance Raman, as well as ESR techniques, have
been widely used to determine the identity and concentration of the
species present, their phatochemical activity, and the interactions be-
tween them.

tn Saclay, France, as well as in several other laboratories, different
forms of spectroscopy involving plane-polarized light have been used on
anisotroplc samples to obtain information on the orientation of the chro-
mophores in photosynthetic membranes and in systems derived from
them. The purpose of this chapter is to ctitically discuss the structural
information obtained by these techniques or by related approaches. Al-
though a tomprehensive review of the orientation of photosynthetic
chromophores has not yet been published, several aspects of this subject
have been partly covered in the following references: Hofrichter and
Eaton (1976), Gregory (1977), Dutton el al., (1979), Thornber and Bar-
ber (1979), Clayton (1980), and Hoff (1982).

In photosynthetic systems, different types of order can be outlined.
The first type of order refers to the refative orientation between pairs of
transitions belonging Lo distinct molecutles in the same pigment—protein
complex. The second type is telated to the orientation of the transition
moments of the various species (antenna pigments, RC chromophores,
electron tarriers, proteins) with respect to the membrane plane. Finally,
a third degree of order is expected. 1t is talled local order as it represents
the mutual orientation of the chromophores in adjacent complexes (ei-
ther of identical or different types). This last type of order represents a
challenging area of research for which photosynthetic membranes, be-
cause of the unique property of exiensive energy transfer among com-
plexes, appeat very promising. These three different types of order will
be discussed in sequence in the following sections after the methodology
underlying these detetminations is described.
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II. Methodology

A. General Approach

The determination of the orientation of some probes in a sample
requires the use of a physical technique sensitive to the anisotropy of
that probe and a sample that is oriented. The most straightforward
lgchmque is the X-ray crystallography. With photosynthetic material in
vive this has only been achieved so far for a BChl-protein complex
{water soluble) isolated from P. aestuarii in which the BChI 2 molecules
are very precisely positioned (2.8 A resolution) with respect to the pm'-
tein !)ackbone {Matthews et al., 1979). This tech nique however cannot be
apphec! to the usual hydrophobic complexes, since they have not been
c!:ystall:zefi. To circumvent this problem, the study of the orientation of
different intrinsic probes has been performed on ariented particles or

photosy.nthetic. membranes by detecting their absorption, emission, or
ESR anisotropic properties. '

B. Techniques of Onentation

When the object to be investigated is optically resolvable, polarized
Spectroscopy (absorption or emission) can be performed on an immobite
particle by using a microspectrophotometer. However, the lack of col-
limation in high resolution microscopes is an important source of poten-
tial errors (prrichter and Eaton, 1976). The objects must be oriented in
@ macroscopic array 1o overcome this problem or when they are ton
small to be seen in a microscope. This is achieved by using one of the
tollowing anisotropic properties of the object:

1. Shape anisotropy. A shear Field can be applied to nonspherical (or
deformal?le) patticles. Flowing chioroplasts or bactetia in a narrow chan-
nel (M{lmm and Miyazaki, 1971; Breton et al., 1973a) ot in a special
cylindrical cell (Sauer, 1965; Tjerneld et al,, 1977), and spreading intact
chloroplasts, membranes, ot particles with a small paint-brush (Breton
anfl Roux, 1971; Penna et al., 1975) will induce some orientation of the
object. It is also possible to incorporate the particles in a plastic film
(Rafferty and Clayton, 1978; Bolt and Sauer, 1979 Vetrmeglio et al.,
1980) and to stretch the film or to squeeze a polyacrylamide gel (Ab-
duurakhm'ann.v el al., 1979). Another very straightforward and efficient
way of orienting membranes is by air-drying a suspension on a flat
surface (Morita and Miyazaki, 1971; Breton and Roux, 1971). Orienta-

tion of Chls (planar molecules) in liquid crystals has heen reported (Jour-
neaux and Viovy, 1478).
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2. Chemical anisotropy. This has been used to orient isolated Chl ei-
ther in collodion films (Breton et af., 197%a), in lipids (Cherry et al., 1972;
Hoft, 1974), or in monolayers (Sperting and Ke, 1966; Breton ef al.,
1972h).

3. Magnetic anisotropy. This elegant technique was first applied by
Geacintov et al. (1972a) to chloroplasts and by Breton (1974) to photo-
synthetlc bacteria. The membranes orient themselves so that their larger
cross sections are perpendicitlar to the applied field direction. Details on
the mechanisms and causes of the otientation of hiological membranes
in magnetic fields have been discussed (Hong et al., 1971; Geacintov et
al., 1972b, 1974; Breton, 1974; Knox and Davidovich, 1978).

4. Electric anisotropy. This has been used on chloroplast fragments or
chromatophores (Sauer and Calvin, 1962; Gagliano et al., 1977) and also
on isolated (bacterio)Chl-protein complexes (Whitten et af, 1978;
Gagliano et al,, 1979). Permanent and/or induced dipole moments are
involved in this orientation process.

5. Anisotropy of electronic absorption. This interesting technique (pho-
toselection) can be used on isolated molecules, complexes, or mem-
branes. In this case the vectorial property of a polatized excitation beam
is used to prepare an oriented sample. This technique will be described
in more detail in a later section.

C. Interaction of an Electromagnetic Wave with
Electronic, Vibrational, or Spin Transitions
in an Oriented Sample

1. CASE OF PERFECT ORIENTATION

We will specifically examine the electronic absorption and then gener-
alize for the other interactions. Electronic transitions usually correspond
to changes in the distribution of the m-electron clouds in the molecules.
For a fully allowed intense transition, this redistribution occurs in well-
defined directions in the molecular framework along which the transi-
tion is said to be polarized. The geometric formula relating the anisotro-
pic absorption of a molecule to the anisotropic absorption of a collection
of these molecules fixed in crystals of different symmetry have been
treated by Hofrichter and Eaton (1976). The usual case found for the
orientation of the pigments in vivo is the case of uniaxial orientation. We
will consider as an example an anisotropic particle containing one chro-
mophore characterized by a single transition moment, which makes an
angle 8 with the long axis of the particle. We will further assume that alt
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the particles are mechanically ali i i i

e pa ) gried with their long axis parailel to the
tl;rectmr.l X of the me?hanical torce (Fig. 1). The ahsurptiun n['the(s;un-
ple for light propagating perpendicular to X and polarized either patal-
lel (4)) or perpendicular (A 1) to the direction X will he respectively:

4

Ay = 3 A cos? B; A =34 s,

(\;'_hel;e A represents ‘;he absorption of the same ensemble of transitioh
IPole moments randomly distributed in solution. The linear dichroi

(LD), defined as Ay~ A, is then: o o

_ 3cos?e - |
LD—3A—’—'——-—2 (th

If a single transition is involved, the LD spectrum will have the satne
shape as the absorption spectrum but its intensity and sign will be modu-
Iated.by the l:unclion S = (3cos?8 ~ 1)/2. The dependence of S s a
function of @ is represented in Fig. 2. Note that for vatues of § close fo
.Ellher.] or ~0.5, the shape of the curve is such that small imprecision
tn § will lead to a large uncertainty for 8; an opposite effect is observerd
when S is close to 0 (8 ~ 55°). Other related expressions which can he
found in the literature are the dichroic ratio D = AYA| = % cot? g and
the TE('IUCEd dichroism LD/A. For other cases of orientation (How or
spreadmg, magnetic field, air-drying), formula analogous to Eq. (1) have
bt?en dern.fed (Breton et al,, 1973a). All these calculations can bhe gener-
alized 1o circularly degenerated transitions by considering the normal 1oy
the plane in which these transitions are located.

In the case u_f fluorescence, the electric vector of the emitted light has
the same direction as the emission transition dipole moment of the mul'e.-
cule. 1tis thus possible 10 measure the orientation of an emitting dipole

X
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D

F1G. 1. Schematic representation of the measurement of

Ay
Lb —Allonpanlcluoﬂemedalongtheuisx.ﬁach @ (D
part (e covﬂaimedonbey cl;‘r:mophore whose transition mo- Ay O
represent: t!
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by exciting with unpolarized light an vriented array of chromophores
and monitoring the dichroism of the ﬂuorescence. (b1ﬂuorescenc.e) w!th
a polarizer. Under similar conditions the dichroism of some tight-in-
duced absorbance changes can be measuted. o .

The interaction of light with an electronic transition dipole moment is
only one form of a more general interaction of an electromagnetic wave
with matter. When IR radiation intetacts with molecules, the bonds be-
tween the atoms can undergo quantized transitions between several
vibrational and rotational modes. 1f polarized IR light is u'scd on ori-
ented samples (IR dichroism), it is possible to monitor the orientation of
some well-defined directions in the molecular framework.

Transitions between the different spin states of unpaired electrons
can occur when microwaves are used Lo excite a sample. In this case, the
magnetic vector of the radiation is involved in the interaction. For triplet
states, It is possible to use optically detected magnetic resonance to moni-
tor the transitions between the different spin sublevels. In ESR tech-
hiques, a permanent magnetic field is applied (usually paralle! to the
direction of propagation of the microwaves, although transverse modu-
lation has also been used) it order to split the degenerated sublevels of
the unpaired electron. When these anisotropic techniques are applied to
an orfented sample, the orientation of paramagnetic probes rigidly
bound to the system, and which possess g-tensor anisotropy can be
determined.
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2 DEGREE OF ORIENTATION

Most of the methods of orientation described earlier usually lead to
an incomplete orientation of the sample. Even if a saturation is observed
for the vatues of LD/A when increasing the orienting Force, this behavior
s not in itself a proof that a complete orientation s achieved. especially
with heterogeneous systems. 1n such cases, it would be necessary to
determine the final extent of orientation by another technique. X-rays
and neutron scattering (Sadler et al., 1973; D. Sadler and b. Worcester,
private communication) are of a great potential use in this respect es-
pecially to determine the distribution of orientation of membranes
(often called mosaic spread).

If the distribution of orientation of the objects is known, then one can
calculate the exact 8 angle by using Eq. (1). Otherwise uncorrected val-
ues of LD/A will lead to 8 angles, which are always closer to 55° than the
true values.

3. FLUCTUATIONS OF ORIENTATION

Owing 1o pigment—pigment as well as pigment—protein interactions,
it is probable that the different chromophores in a well-defined pig-
ment-protein complex are mutually oriented in a rather specific way
(possibly including a complete disorder), and we will accordingly sup-
pose that there is little variation in their relative orientation. In contrast,
we do not know at the present time how unique is the orientation of the
complexes themselves in the native membrane. This otientation can in
principle fluctuate both in the time domain (especially if the membrane
is fluid) and in space. Such fluctuations lead to the notion of a distrib.
tion of the orientation around an average position. It is worth mention-
ing that for a hydrophobic protein with polar region(s) protruding out
of the bilayet, mostly lateral translation and/or rotation of the protein
around the normal to the membrane plane can be thetmodynamically
expected (no “flip-flop” motion). However rocking motions could
slightly change the orientation of the chromophores with respect to the
membrane pﬁane. For completely hydrophobic proteins, much larger
Bluctuations are possible.

When such fluctuations are present 2 measurement of the LD for 2
given chromophore will lead, after correction for the mosaic spread of
the membranes, to a unique value of the order parametet § = (3 cos? 8
— 1)/2. However this order parameter now includes the fluctuation of or-
entation, and the angle 8, which can be calculated, Is only an apparent
angle. This appears clearly in the limiting case where § = 0 (no LDy; if
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we deal with a single transition, two interpretations are possible: (1) the
transitions are at random; (2) the transitions are pertectly oriented at 55°
from the normal. For that reason the value of 55° is often referred to as
the “magic” angle. It is only when the values of § are close to either | or
=0.5 that the LD itself tells that the fluctuations are small.

In some cases the distribution of orientation of the probes can be
estimated. ESR has been used for this purpose (Libertini ef of., 1969;
Friesner et al., 1979a) since paramagtietic species with anisotropic g ten-
sor have resonance frequencies that are dependent upon the orientation
of the principal axis with respect to the static magnetic field. With photo-
synthetic membranes, this information has also been obtained by optical
techniques involving the Stark effect on the pigments (Paillotin and
Breton, 1977),

4. PHOTOSELECTION

In this elegant technique outlined by Albrecht (1961), an excitation
beam of linearly polarized light is used to create an anisotropy in a
sample (isolated molecules, complexes, tnembranes). The sample is usu-
afly randomly oriented, but in some cases the objects are macroscopically
oriented prior to the photoselection.

4. Photoselection on a Random Suspension of Chromophores. In
this case the transition moments will he excited proportionally to the
square of the cosine of their angle with respect to the direction of the
electric vector of the polarized beam. Accordingly an anisotropy, cotre-
sponding to a known distribution of excited molecules, wilt be induced
in the suspension. This anisotropy is probed by means of different physi-
cal properties: emission {the well-known polarization of fluorescence),
absorption changes (photodichroism), or ESR spectroscopy (magneto-
photoselection).

The photoselection techniques can give precise information on the
relative angle between the transition implied in the absorption and the
one involved in the detection, provided that several conditions are ful-
filled. The rotational motion of the object must be much slower than the
lifetime of the photoinduced species. (On the other hand, if the reverse
tondition is true, the rotational relaxation time can be followed.) Inter-
molecular energy transfer leading to a foss of the “memory” of the
polarization of the excited species must be avoided. However this loss is
of potential interest in studies of energy ttansfer and local order. Finally,
excitation levels must be kept far below the saturation of the observed
phenomenoh.
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A schematic representation of the usual right angle geometry used in
photoselection experiments where Huorescence e 1) or absorbance
c'hanges (84, 4A | ) are detected after excitation with vertically polarized
light is given in Fig. 8a. If a is the angles between the absorbing dipofe
and the one involved in the emission (or the absorption change). the
polarization value p is given by .

p= 1 :Ii or A_ﬂ——MJ_=3cn.‘ﬁ2u— 1
h+T, Ay + AA, T cos?a +3
_The analogous representation for magnetophotoselection is given in
Fig. 3b. The ESR spectra have to be compared to calculated specira in
order to estimate the angle a, between the excited optical transition A
and each of the three principal magnetic axes of the detected paramag-
netic species (D).

In photodichroism experiments, a single transition is usually detected
and the absorhing dipole can be only positioned on a cone, making an
anglg a around the detected transition. This usually precludes any de-
termination of the relative angle between two spectrally distinet transi-
tions used for the excitation. However such information can be obtainert
by photodichroism experiments if two (or more) nonparallel transitions
are used for the detection. |

Owing to an ambiguity as to the sign of the projection of each optical

transition onto the three principal magnetic axes, magnetophotoselec-
tion usually gives a set of four possible values for the angle between two

FIG. 3. Schematic representation of
photoselection experiments: (a) Polar-
teation of fluorescence and photodichro-
lsm: the electric vector of the polarized
excitation light is represented by E. A
and D represent, respectively, the transi-
tion moment of the sensitizing and de-
tected chromophores; (b) Magne-
tophotoselection: the electric vectors of
the polarized excitation light are repre-
sented by E, and E, which are, respec-
tively, perpendicular and parallel to the
permanent magnetic feld H. A repre.
sents the optical transition moment of
the sensitizing chromophore and D, the ™

detected ESR transitions. {a)
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different transition moments used for the excitation (not including the
complementary angles). Apart from this indetermination, the orienta-
tion of a given transition moment is fully determined with respect to the
three magnetic axes. Consequently, it appears that the degrees of deter-
mination and of ambiguity are different in optical photoselection and in
magnetophotoselection.

b. Photoselection of an Oriented Suspension of Objects. When the
angle between the absorption and detected dipoles in the object is
known, photoselection experiments can provide information on the dis-
tribution of the orientation of the pigments in the anisotropic system.
This is due to the fact that the optical anisotropy is used twice, i.e., in the
absorption and in the emission (ot absorbance change) processes, and
that there is a correlation between the two (Nishijima ef al., 1966). The
distribution of orientation of the membranes of Rp. viridis in a magnetic
field has been determined by a photodichroism experiment (Paillotin et
al., 1979).

D. Spectroscopy of the Photosynthetic Components

In order to relate the spectroscopic measurements described earlier
to the orientation of the molecules i vive, one must know the relation-
ship between the studied transition (optical, vibrational, or magnetic)
and the framework of the molecule. We will examine here some of the
most interesting molecules in photosynthesls.

1. CYTOCHROMES

Because of the fourfold symmetry of the heme of these metal-
loporphytins, the &, B, and y transltions are predicted 1o be circularly
degenerate in the heme plane (the X an ¥ axes being equivalent). How-
ever, imbalance along these two axes can arise from assymetric potential
fields and electrostatic effects of the binding protein (Hofrichter and
Eaton, 1976). Such an effect has been demonstrated by MCD, by low
tempetature absorption spectroscopy (Sutherland and Klein, 1972), and
by LD studies on Uyt ¢ oriented in a stretched polyviny! alcohol film
(Vermeglio e af., 1980).

ESR studies of a crystal of oxidized Cyt ¢ (Mailer and Taylor, 1972)
has permitted 1o relate the three principal axes g, g, and g, to the
framework of the heme; g, and g, are in the plane (along the N-Fe-N
directions), whereas g, is normal to the heme.
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HG. 4. Absorption (lower part)
and fluorescence polarization (up-
per part} specira of BCh o dis-
solved in cyclohexanol.
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Wavelength {nm}
2. CHLOROPHYLLS

These molecules lack the high degree of symmetry of the porphyrins
and their absorption bands are therefore associated with different direc-
tions in the molecular plane. The S, (ground) — 5y (First excited state)
lowest energy transition named @y has been predicted to lie along the ¥
molecular axis, which joins the nitrogen atoms of pytrol [ and 11
{Gouterman, 1961). This is consistent with the high pulatization of the
fluorescence observed for this transition, in the case of BCh] « (Fig. 4),
Chl a (Fig. 5), and Chl b (p = +.42). The second §,, — S, electronie
transition, named Qy, is expected to occur in the visible spectral range.
This transition is clearly seen in the case of BChl a (~ 580 nm) and of
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FIG. 5. Absorption (lower part) oyta2)  oyfoo) J .
and fluorescence polarization {up- 0"_!.(.’.“ _. S {
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Bph a (- 530 nm), and the p values of —.23 and - .21, respectively,
indicate that these transitions are predominantely, although not entirely,
directed along the X direction (perpendicular to ¥). In the case of Chl a
and b, the Qy transition is very weak and not clearly resolved from
vibrational components of the Q ttansition. For Chl a, a possible de-
composition is indicated in Fig. 5. This decomposition is also consistent
with the LD results of Chl a in stretched plastic film (Breton ef af.,
1972a). Furthermore, recent calculations (Petke et al., 1979) seem to
indicate that the direction of the §, - §, transition of Chl a is closer to
the Y direction than to the X direction. Accordingly, the interpretation
of the data obtained by polarized light spectroscopy will be more conclu-
sive for photosynthetic bacteria than for green plants. The Soret region
of the Chls is composed of a rathet complex set of numerous overlap-
ping transitions with various polatizations; from different LD .experi-
ments (Breton el al., 1972a; Breton, 1974; Journeaux and Viovy, 1978),
the longest wavelength component appears as X polarized and then the
polarization oscillates between ¥ and X toward the shorter wavelengths.

Thurnauer and Norris (1977) applied magnetophotoselection to the
triplet state of various monomeric Chls. The magnetic transition with
the largest splitting has been assigned to the z axis, normal to the mole-
cule plane. They have also shown that for all the Chls the triplet y axis is
parallel or close (< 35%) to the Qy transition moment.

3. CAROTENDIDS

These molecules present absorption bands in the spectral range
400--500 nm. When they are in all trans configuration, these linear struc-
tures conlaining a large number of # electrons present electronic transi-
tions, which are polarized along the molecular axis (Salem, 1966).

4. PROTEINS

In the UV, the aromatic amino acid residues present transitions po-
larized in the plane of the ctycle. In the IR, the a-helices display charac-
teristic vibrational modes polarized parallel (amide A, 3300 cm-! and
amide 1, 1650 cm~ !) or perpendicular (amide 2, 1550 cm ~ ') to the axis
of the helix (Tsuboi, 1962).

l11. Relative Orientation of Pigments within
Isolated Photosynthetic Complexes

In vivo, the Chl molecules are generally associated with hydrophobic
proteins, and the extraction and purification of these complexes (anten-
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ha and RC) require the use of detergents. These steps have been easier
to achieve in photosynthetic bacteria than with higher plants or algae
because of a greater (but unexplained) resistance to the denaturing el-
fect of the detergents. Light-harvesting and RC complexes stable an
apparently intact, as judged from several spectral characteristics or func-
tional activities, have been purified from different photosynthetic bac-
teria species and chemically characterized. From a variety of greeit
plants, two well-defined complexes have been obtained: a P700 Chl o
complex (CP1) and a LH Chl a,b complex (CPI1), whose true significance
has been recently questioned (Thornber et al., 1979). The analysis of
various optical properties can give information on the structure of the
different pigment—protein complexes, but it must he emphasized that
the relevance of the proposed structures depends upon the retention of
their in vivo characteristics.

A. Isolated Reaction Centers
1. PHOTOSYNTHETIC BACTERIA

All the RCs isolated from a vatiety of species contain four BChl mole-
cules, two of them constituting the dimeric primary donor or special pair
(SP), two Bph and one quinone (see Fig. 6 for their attributions in the
absorption spectrum). (For details on RCs, see Okamuta et al., Chapter
5, this volume.) In some cases, one Car and/or several Cyts are also
present. Both LD on oriented RC and photoselection studies have heen
performed to investigate the relative orientation of these various chro-
mophores. There is good agreement between all the experimental re-
sults, and the controversy between the proposed models of RC structure
arises mainly from the divergent attributions and interpretations of the
RC spectral components and light-induced absorbance changes. In this
section, we will summarize the LD resulis and emphasize those obtained
by the more straightforward technique of photoselection, before pre-
senting the controversial models of the structure of RC.

RCs from Rp. sphaeroides (R-26) have been orlented by a brush-
spreading technique (Penna et al, 1975), by stretching gelatin filrmy
(Rafferty and Clayton, 1978, 1979a), by squeezing polyacrylamide gels
(Abdourakhmanov et al., 1979), and by 8kV, 3 msec pursed electric field
(A. Gagliano, A. Vermeglio, and |. Breton, unpublished results). Al-
though the degree of orientation depends much on the technique (it is
100 times greater for stretched films than for the brush-spreading tech-
nique), the LD spectra present similar features. Figure b shows the po-
larized spectra of RC oriented in stretched films; large orientation ef-
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FIG. 6. Polarized absorption (A and
AJ)(MM)MLD(A' - A))
{upper part) spectra of RC lrom Rp.
sphaeroides R-26 in stretched gelatin
fiim. For the A, absorption spectrum
theasurement, the electric vector of
the polarized measuring beam was
parallel to both the Him plane and the
stretching direction. For the A, mes-

Wavelength { nm}

fects can be seen for all the transition moments. However, these
different orientation techniques geherally cannot reveal the mutual ori-
entation between the chromophores, but rather orientation with respect
to an unknown direction in the detergetit—protein complex. Moreover,
the degree of orientation is not known although some decomposition
into ideally oriented and unoriented fractions can be made (Rafferty
and Clayton, 1979a).

More conclusive results have been obtained by photoselection experi-
ments: Polarization excitation spectra have been measured for both the
Ruorescence emitted from the 870 nm transition (Ebrey and Clayton,
1969) and the light-induced absorbance change related to this transition
(Mar and Gingras, [976; Shuvalov ef al,, 1977; Vermeglio et al., 1978) as
shown in Fig. 7. A constant polatization value cdlose to the theoretical
limit was observed when exciting within the 870 nm band and detecting
either the fluorescence (p = +.5) (Ebrey and Clayton, 1969) or the
absorbance change occurring at 900 nm (p = +.45, + .02) (Vermeglio et
al., 1978; Rafferty and Clayton, 1979b). Previous reports of lower values
of p (p = +.22, +.25) by Mar and Gingras (1976) and Shuvalov ¢t af,
(1977) have been shown by Vermeglio et al. (1978) 10 be due to an
artifact arising from the saturation of a small fraction of RC with slow
back-reactions, and the proper conditions for photoselection were thus
strongly altered. After correction of the data of Shuvalov et al. (1977) for
this artifact, there is good agreement between the polarization excitation
specttum reported by this group and the one by Vermeglio et al. (1978).

Several conclusions can be drawn from the spectra shown in Fig. 7.
The constant p value (p = +.45) observed for the 870-nm band demon-
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strates that this transition of the SP is due (o cither a single vransition or
to two parallel transitions and therefore constitutes a well-defined direc-
tion in the RC complex. A determination of the angle between this
direction and a single pure transition is possible only (for Rp. sphaeroides,
2:4:1) upon excitation in three spectral regions: (a) 450-500 nm where
the Car absorbs; a p value of —.24 is obtained, leading 1o an angle of 75°,
However, this value cannot be interpreted unambiguously as a (di)cis
conformation has beent demonstrated for the RC Car {Lutz et al.,, 1978).
(b) and (c) at ~ 530 and 546 nm where the Qx of the two Bph molecules
can be resolved at low temperature (Clayton and Yamamoto, 1976);
these give p values of +.05 (@530-~870 = 30°) and ~0.06 (a;,_u70 = 60°),
respectively (Vermeglio et al,, 1978). In other specttal regions, where
several absorption bands overlap, the p values are vnly related to the
average angle between the different transitions and the 870-nm direc-
tion. The average angle between the Qy transitions of the BChl mole-
cules absorbing at 800-nm and the 870-nm transition Is ~ 30°, whereas
values of 65-70° can be calculated for the average angle of either the
4BChl Qy transitions (around 600 nm) or the Qy transitions of the two
Bph molecules with the 870-nm transition. The preceding angular tela-
tionships are direct deductions from simple photoselection experiments
and fully compatible with the LD results on mechanically oriented RC
(Clayton et al,, 1979). Therefore, we believe that all models of the organi-

FIG. 7. (Upper part) Absorption spec- i o R ]
tram of RC isolated from Rp. sphaervides i s 24) ]
2:4:1. (Lower part) Excitation polarization _5_ - " ity E
spectrum of the absorbance changes ob- 8 0 [ "“‘n‘q" vV )
setved at 8720 nm for RC hom Rp. g N .
sphaeroides 2:4:1 (+) and R-26 (O), Both -+nF 1
spectra were measured at 150°K. (From . f . ! 4 ]
Vermeglio et al., 1978.) o0 " " m " ]
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zation of the chromophores in RC shoukl take into account these experi-
mental restlts.

Additional information may be vbtained upon excitation within a
pure absorption band and ohservation of light-induced absorbance
changes at different wavelengths. This is the case, for example, upon
excitation within the two spectrally resolved Qy transitions of the Bph
molecules and observation of the shift of their Qy transition. From such
an experiment, Vermeglio ¢f al. (1978) were able to propose a model for
the arrangement of the four transitions of the two Bph molecules rela-
tive to the 870-nm transition (Fig. 8). Excitation within the 870-nm band
and detection of the absorbance chatiges of P+ (P870+) in the visible and
near IR region has been reported by Shuvalov et al. (1977) and Vert-
meglio ¢t al. (1978) and are shown in Fig. 9. After correction for the
earlier artifact in the measurements of Shuvalov et al. (1977), the experi-
mental results of both groups are in good agreement. However their
interpretations of the spectra differed markedly. Shuvalov et al. (1977)
proposed that the changes occurring around 800 nm upon photo-oxida-
tion of the SP are linked to absorption band shifts of the two BChl
molecules absorbing at this wavelength. These two BChl molecules are
supposed to be in excitonic interaction because of the similar bandwidth
of their respective contribution to the CD spectrum (Reed and Ke,
1973). In an alternative interpretation, Vermeglio et al. (1978) decom-
posed the absorbance changes vccutting around 800 nm into an absorp-
tion band shift and the bleaching of a small band peaking at 805 am,
perpendicular to the 870-nm direction. This was taken to support the
hypothesis of Vermeglic and Clayton (1976) that the 805 and 870-nm
bands arise from excitonic coupling of the two BChl molecules of the SP.
Both interpretations can explain the ACD (light-minus-dark) spectrum
and the polarized absorbance changes depicted in Fig. 9.

Ox

FIG 8. Schematic representation of the arrange.

ment of the transition moments (870 nm, Bph 546

QXI-OYI and Bph 530 Qxs, Qys within aRC. ay =

o 60°, ag = MF, and & = 55° or 125°. [From Vermeglio
' et of. (1978).]
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FIG. 9. Difference spectta induced by
900 nm vertically polarized light exclta-
tion for both parallel (AA,) and perpen-
dicular (AA ) polarization of the analyz-
ing beam for RC isolated from Rp.
sphaeroides R-26. (Visible part adapted
with permission from Rafferty and Clay-
ton (1979b); infrared part from Ver-
megho et al. (1978).)

oW e
Wowslength {nm)

The interpretation of the polarized light-induced changes of the SP Is
less .almbigunus in the Qy region. Rafferty and Clayton (1979b) have
detailed photoselection experiments in that regioh (Fig. 9) afier their
discovery of a weak band peaking at 630 nm in the polarized A4 spec-
trum related to P* of RC in streiched gelatin ﬁf:n {Rafferty anct
Clayton, 1979a). They attributed the absorption bands peaking at 600
and 630 nm to the two excitonic components of the interacting Qy
transitions of the SP. Their photoselection experiments confirmed this
hypothesis since they found an angle of 90° + 15° between the 600 and
630-nm transitions as predicted by the exciton theoty. Further suppuott
of that interpretation can be seen in the ACD spectrum of oxidired
minus reduced RC, which presents a S-shaped signal with maximum
and minimum at 600 and 630 nm, respectively (Reed and Ke, 1973).

Frank et al. (1979bj and Boxer and Roelofs (1979) performed magne-
lophotosele_ction experiments on isolated RC from the mutant R-26 of
Rp. sphaeroides. They both agree with the earlier conclusions of Thut-
nauer and Norris (1976) that the 870-nm transition lies predominantly
along one of the principal magnetic axes of the SP triplet state. Howevet
some differences, probably reflecting the divergent methods of dara
Interpretation, can be seen in the papers of Fran%t el al. (1979b) and of
Boxer and Roelofs (1979). Nevertheless, the data of Frank ef a!. (1979h)
are in agreement with the 60° angle found by Vermeglio ¢t al. (1978) for
the angle between the 550-nm transition (Q of Bpg) and the 870-nm
transition of the SP. The data of Boxer and Roelofs ( 1979) are in agree-
ment with the observation of Rafferty and Clayton (1979b) of the com-
posite nature of the 600-650 nm absorbing region.

The different interpretations of the light-induced absorption changes
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vecurting in the 800-nm region proposed by Shuvalcw‘ et al. (1977) and
Vermeglio et al. (1978) lead to completely different pictures o.f the ar-
rangement of the four BCh! molecules in the RC. In Shuvalov's model,
the two @, transitions of the BChl molecules of the SP are parallel
because their excitonic interaction glves rise to only one allowed transi-
tion moment (870 nm). The two transition moments absorbing at 800
nm of the other BChis are nearly parallel (790 nm) and neirly perpen-
dicular (810 nm) to the 870-nm transition. In the alternate mode! of
Vermeglio et al. (1978) and Rafferty and Clayton (1979a, b), the SP
presents two distinct excitonic components (87¢ and 805 nm). From the
relative values of the oscillator strength of the excitonic bands, the angle
between the transitions of the two monomeric BChl in the SP can be
estimated. This angle is ~ 25° between the Q, transitions, whereas it is ~
40° for the Qy transitions. '

At present, it is difficult to make a definite choice‘ between t.he two
proposed models because of the consistency of both interpretations o!
the polarized AA spectra. In that context, photoselection studies on RC
isolated from the BCh! b containing species Rp. viridis, which presents a
better spectral resolution in the 830-hm band (analogous to the 800~r3m
band of BChl 2 containing RC), could provide a more clear-cut in-
terpretation of the absorbance changes related to state P*. Such pho-
toselection experiments have been teported by Shuvalov and Asadov
(1979). The values of (A4, — AA J(BA, + AA)) for t'he afbsorbance
changes of P+ upon excitation at 980 nm are plotted in Fig. 10 as a

FIG. 10. Photoselection expetl-
trtents performed on RC from Hp. vir-
idis at 100°K. (Upper part) Spectrum
ol absorbance changes (AA, +
AA | ) induced by exciting light ot 980
nm, which was polarized either par-
allel (AA)} or perpendicular (A}
to the mensuring lght. The solid
cutves indicate the resolved compo-
nents of the difference absorption
spectrum with their attributed p val-
ues. (Lower parl) Spectrum of p =
| AAy | — | 8A, | 7| aAy | +
] AA, | . (Adapted with permission
from Shuvalov and Asadov. 1979.)
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FIG. 11. Difference absorption spectrum
measured at 4.2° K for Rp. viridis RC re.

corded with a Cary 17 D spectrophotome-
ter in the datk and during continuous Il

fumination. The dots correspond to laser- ' L 1L L L
induced absorbance changes measured ™ w W W e

point-by-point. Wavelerygth (nm)

function of the analyzing wavelength. The low polarfzation value (p =
+.25) abtained when exciting and observing within the 980-nm band
was assumed by these authors to be due to depolarization by the artifact
described earlier. We have repeated simitar photoselettion experiments
under short illumination time conditions and indeed found a higher p
value of +.45 (A. Vermeglio, G. Paillotin, and J. Breton, unpublished
results) consistent with previous results on BChl a tontaining species
(Vermeglio et al.,, 1978; Rafferty and Clayton, 1979b). Our p values at
other wavelengths are in good agreement with the ohes teported in Fig.
10 after corrections.

The decomposition of the light-induced absorhance changes pro-
posed by Shuvalov and Asadov (1979) is depicted in Fig. 10. The lighe-
Induced changes in the 820-880-nm region were attributed 1o two ab-
sorption band shifts in order to explain the sharp changes of the p vafues
in the line of the decomposition proposed by the same authors (Shuvaloy
et al., 1977) for Rs. rubrum species. One does. however, hotice that the
absorption band shifts are not symmetrical (see Fig. 10). From our pho-
toselection study of Rp. viridis RC at 150°K, LD studies of oriented cells
(see following section) and very low temperature (4°K) difference spec-
trum of isolated RC and chromatophores (Fig. 11), we tonclude that the
light-induced changes of P+ are best fitted in the 820—-880-nm region by
the bleaching of a band centered at 850 nm with a negative polarization
vilue and by two symmetrical absorption band shifts around 830 nm.
The bleaching at 970 and 850 nm, clearly seen at 4°K for RC from Rp.
viridis in the state P+ (Fig. 1), is interpreted as the disappearance of the
two excitonic components of the SP.
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2. GREEN PLANTS

Up to now highly purified RC has not been isolated from green
plants. Particles enriched in P700 are however available. They contain ~
40 antenna Chl 2 and several Cat molecules per P700. The spectroscopic
work on these particles is Far more complex than for RC isofated from
photosynthetic bacteria for the obvious reason that the absorption of the
ahtehna overwhelms the absotption of the RC.

Nevertheless some interestitig information on the mutaal arrange-

ment of the pigments in the PSlsparlicles af Bengis and Nelson (1975),
which contain ~ 40 Chl 2 and ~ 13 Car per P700 has been gathered by
Junge and his co-workers (Junge ¢! al, 1977; Junge and Schaffernicht,
1978, 1979) using a photoselection technique. By monitoring the polar-
ization of the absorbance changes at 700 nm upon polarized light excita-
tion in al} the absorption ban(fs (including the 700-nm band of the sk
they observed positive dichtoic ratios that never exceed 4:3. This obset-
vation led them to two alternative possibilities for the structure of the SP:
(1) 1€ the photo-oxidized dimer is the only species absorbing at 700 nm,
the Qy transition moments of the two Chls in the SP are mutually per-
pendicular; (2) If thete are antennae absorbing at this wavelength in
addition to the dimer, then the ¥ axis of the antennae is almost perpen-
dicular to the former (Junge o al, 1977). Furthermore, it has been
observed that the average directions of both the Ca transition moments
and the Qy transitions of the antenna Chis absorbing above 690 nm lie in
the same plane as the 700-nm transition of the SP.

B. Isolated Antenna Complexes
1. PHOTOSYNTHETIC BACTERIA

Thornber et al. (1978) proposed that the LH complexes of purple
bacteria can be divided in two biuchemically distinct categories: 2 B890
and a B800-B850 complex. (For further details, see Kaplan and
Arntzen, Chapter 3, this volume.) The absorption maximum of the
B890 complex is located betweert 850 and 890 nm depending upon the
bacterial species. It contains two BChi o molecules in excitonic interac-
tion, as shown by the characteristic CD signals in the Q and Q, absorp-
tion regions and one Car (which is missing in the case of the blue-green
mutants). The B800-B850 complex contains two BChl g analogous to the
vnes of a B8O complex but absorbing around 850 nm (and in some
cases at ~ 820 nm). A third one ahsorbs maximally at 800 nm and is
apparently not in excitonic interaction with the other two. The molecu-
lar weight of the basic unit for both complexes is of the order of 20 kD
but oligomeric forms have also been ohserved.
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The LD of the B890 and B800—B850 complexes isolated from Rp.
sphaeroides and oriented in stretched polyvinyl-aleoho! films has been
investigated by Bolt and Sauer (1979). The dichtoit ratio of the B0
complex isolated from the R-26 mutant varies across the Qy absorption
region and presents two plateaus (D = 1.30 at 835 nmand D = 1.57
885 nm) on each side of the absorption maximum (853 nm). The mid-
point of the dichroic ratio versus wavelength cutve Is located at ~ 860
nm. A similar behavior is observed for the BS00-B850 complex (Fig.
12). In the Qy region the dichroic ratio is constaiit (D = 0.43) for the
B890 complex, whereas it varies for the B800-B850 complex (D = 0.38 at
610 nm and D = 0.84 at 575 nm). In addition, the dichroic ratio is 0.78
for the Car in the B800-B850 complex. Using a curve-fitting procedure
on these polarized spectra, the two excitonic comhponents in the Q,
region of the B890 complex were located at ~ 852 and 867 nm with a
ratio of their areas leading to an angle of 78° between the Qy transitions
of the monomers. For the B800-B850 complex the tegion could also
be analyzed in terms of a band (A, = 593 nm) representing the two
exciton coupled transitions and a band (A,,,, = 584 nm) corresponding
to the isolated transition of the monomer-like BCh! a absorbing at 800
nm (Bolt and Sauer, 1979). The angles between these transitions and the
stretching axis were also calculated, but the rather narrow range of these
angles (48°-68°) around the “magic” angle of 55° casts some doubts on
their real significance. In the @ region very similar tesults have been
obtained by using electric orientation of the complexes (A. Gagliano, A
Vermeglio, and |. Breton, unpublished results), although the dichroic
ratios were smaller.

FIG. 12. Polarized abeorption

and perpendicular (- - - . . } to the
stretch axis for light-harvesting
complexes isolated from Rp.
sphoeroides 2:4:1 embedded in
polyvinyt alcohol. The stretching
ratio was equal to 2.9. Open cir-
cles represent the dichroic ratios
(AyA ) calculated from the po-
larized  absorption  spectra.
(Adapted with permission from
Bolt and Sauer, 1979.)
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The polarization of the fHluorescence of these complexes has been
investigated by Breton of al, ( 1981). Upon excitation at several wave-
tengths within the longest wavelength band, a polarization of +.13 + .01
is observed throughout the fluorescence band. This result can be ra-
tionalized by assuming that the two (orthogonal) excitonic components
have an equal probability to fluoresce, which causes them to behave like
a ctrcularly degenerated oscillator ( = +.14). Upon excitation at 800 nm
the B800-B850 complex gives p = +.13 + 01 showing that the 800-nm
transition is parallel to lEe plane of circular degeneracy of the long
wavelength transitions. ‘The fluorescence polarization (excitation) spec-
tra of the two complexes are shown in the Q region (Fig. 13). With the
B390 complex, a rather constant polarization (# = —.17), close to the limit
of —.23 observed for isolated BChI o, shows that the dominant excitoh
component is almost perpendicular (8 ~ 70°) 1o the plane of circutar
degeneracy, implying an almost parallel orientation of the Qy transitions
of the monomers. For the BS00—B850 complex a similar behavior is
found on the long wavelength side of the Q, region, whereas the polar-
ization rises significantly (p = —.04) on the short wavelength side of this
band. A decomposition of this reglon into a band representing the two
coupled molecules and a band (of one-half amplitude) corresponding to
the third BChl a indicates that the Q direction of this lattes molecule is
tilted a1 less than 20° out of the plane of circular degeneracy. Upon

' LI rerrrrrr T

HG. 13. Absorption (lower part) and H.
Orescenice excitation (upper part) spectra
in the Qy region of light-harvesting com-
plexes isolated from Rp. sphaeroides 2:4:1
(——) and R-26 (----- ) suspended in 2 M
sticrose, 0.1% LDAO.
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HIG. 14. Absorption (—) and LD of
the soluble BChl a-protein complex
isolated from P. gestuoril and ort-
ented with low (- - -) and high () ex-
tenit of hydration of the Blms prior to
the stretching. The [ and 1 subscripts
reler to the direction of the stretched
axis. Specira taken at 300°K,

Wovelwygth (nm)

excitation in the Car absorption bands of the B800-B850 complex tso-
lated from 1(2{1 sphaeroides (either 2:4:1 or GIC) p values of —.09 were
obtained, indicating that the Car molecule is tilted at ~ 45° out of the
plane of circular degeneracy.

The LD of crystals of the BChl a—protein complex from P. aestuarii
has been investigated (Olson ef al,, 1969; Olson, 1970). The 80%-tm
transition was found to be oriented at less than 55° of the crystal axis,
whereas an opposite orientation was observed at 603 nm. Electric dj-
chroism performed on solutions of this complex (Whitten et af., 1978)
has revealed that only one part of the long wavelength absorption band,
namely the 813-nm component, exhibits a dichrolsm. Figure 14 shows
two LD spectra obtained with streiched polyvinyl-aleohol films of this
complex (J. Breton, unpublished results, 1979). Slightly different orien-
tations wete achieved depending upon the extent of hydration of the
films prior to the stretching. Several spectral components could be dis-
cerned in both the @, and the Qy regions. Loweting the temperature to
100°K confirms this observation but does not resolve additional obvious
components. The problem of relating the spectral components to each
of the seven molecules of the monomer unit, as seen by X-ray crystal-
lography, is fairly complex especially in view of the excitonic coupling
between the BChI 2 molecules,

2. GREEN PLANTS

Van Metter (1977h) reported detailed optical measurements [absorp-
lion, CD, fluorescence polarization (FP}) on isolated CPI1 complexes.
The CD spectrum is interpreted in terms of an excitonic interaction for



the three Chl b but not for the three Chl a molecules. The small vatue (p
= +.02) observed for the FP upon excitation at 650 nm is' indicative of 4
nearly spherical symmetry for the Uhl b exciton states. Th}i suggests a C,
symmetry for the Chl # monomers with an angle of 125° between the
symmetry axis and each transition of the exciton states, whereas the
angle hetween the projection of these transitions on the plane of th.e
trimer and the vector from the center of gravity to each monomer is
between 0° and 60°. Several possible angles (always > 50°) between the
transition moments of the Chl a catt be calculated from the FP data, and
a model is proposed in which the three Ch a are arranged at the periph-
ery of a core of three b (Knox and Van Metter, 1979).

The CPl complex exhibits a rather high FP (p = +.14 for 640-nm
excitation) as shown by Vacek et al. (1977). Upon electric field orienta-
tion a LD signal (A max 686 nm), which is narrower than the Q absorp-
tion band (A max 677 nm) has been observed (Gagliano et al., 1979).
From photoselection experiments (Junge et al, 1977; Junge and
Schalfernicht, 1978), it has been concluded that the ~ 13 Car molecules
are within less than 30° from each other and that their average direction
is approximately parallel to the one of the Qy transitions of the long
wavelength forms of Chl.

IV. Orientation of Pigihents
with Respect to the Membrane Plane

A. Antenna Pigments

1. GREEN PLANTS

Studies of the dichroism of Chl in vive have been conducted in the
past by microspectrophotometry on large chloroplasts (Menke, 1943;
Frey-Wyssling and Wuhrmann, 1947; Goedheer, 1955; Ruch, 1957;
Butler et al., 1964; Olson et al., 1964). Whenever a dichroism was ob-
served, it was interpreted as arising either from an “artifact” (form di-
chrolsm) or from a very small degtee of orientation of some long wave-
length form of Chl a. Similar conclusions were also drawn for mechan-
ically oriented spinach chloroplasts (or chloroplast fragments) by Sauer
and Calvin (1962), Sauer (1965), and Thomas ef al. (1967). A critical
review of these early works can be found in Breton (.197.7b). .

The first reports of a significant otientation of Chl in vivo came in the
early 1970s. Breton and Roux (1971) working with spinach chlomplas'ts
oriented by air-drying or by spreading described their LD spectra in
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terms of the orientation of the X and ¥ directions ul several forms of Chl
and of the Car molecules. Geacintov et af, (1972a), using magnetically
oriented Chlorella, observed an orientation of the Q. transitions of Chl .
Since these early reports a large number of articles dealing with either
the LD (Geacintov ¢! af., 1972b, 1974; Becker et af., 1973; Sreton of al.,
1973a; Faludi-Danie! and Breton, 1975; Demeter of al., 1976; Vermeglio
el al, 1976; Gagliano ¢t al., 1977; Tjerneld et al., 1977; Biggins and
Svejkovsky, 1978) or the polarized fluorescence (Geacintoy of al., 1972a,
b, 1974; Breton et al., 1973b: Breton, 1975; Becker ef al., 1976: Garab
and Breton, 1976) of oriented chloroplasts have appeared. As an exam-
ple, Fig. 15 shows the polarized absorption spectra at low temperature
for magnetically oriented spinach chloroplasts. Rather than analyzing
each of these articles in detail we will summarize here what the present

state of knowledge is on the orientation of the antetina pigments in the
membrane of green plants.

b The Chl 2 molecules absorbing between 680 and 730 nm have
their Q transition moments rather close to the membrane plane
8 > 65,

2. The Chl a molecules absorbing at shorter wavelengths (660-680
nm) have their Qy transition moments either making an angle ®
close to 55° with the membrane normal or almost at random.

3. The X-polarized transitions of at least part of the Chl a molecules
are oriented out of the membrane plane (30° < 8 < 50°),

4. The Chl b molecules are oriented in such a way that their ¥
directions are out of the membrane plane (8 < 55°), whereas their
X directions are closer 1o this plane (8 > 557

' ! .mt “' " ‘ll

FIG. 15, Absorption spectra of a suspension of
otiented cidoroplasts measured at —170°C.
The measuring beam was polarized either par-
allel or perpendicutar to the chloroplast’s
membrane plane. The ingert represents the LD
spectrum (A, - A ).
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5. The transition moments of at Jeast a fraction of the Car molecules
are oriented close to the membtane plane (8 > 55°).

6. The emission spectrum of in vivo Chl a is heterogeneous. The
long wavelength emission orlginates from the pigments oriented
the closest to the membrane plane. At least five different emitting
species have been detected at low temperature by their different
extent of orientation (Garab and Breton, 1976).

Apart from these basic observations one report indicates that divalent
cations induce a reorientation of a forin of Chl e absorbing around 690
nm (Biggins and Svejkovsky, 1978). However the possibility that the
effect observed on the LD spectrum is due to an increase in light scatter-
ing is quite probable.

The dichroism of the transient absorbance changes linked to the
Stark effect occurring on the antenna pigments when a short flash of
light is used to induce a sepatation of charges across the photosynthetic
membrane has been investigated on magnetically oriented spinach chlo-
toplasts (Breton and Mathis, 1974; Breton and Paillotin, 1977). By con-
sidering both the absorption and the absorption changes spectra mea-
sured in polarized light and with the additional knowledge of the
direction of the induced electric field (paralle! 1o the membrane nor-
mal), Paillotin and Breton (1977) came to the conclusion that the ob-
served effects were indicative of small fluctuations (< +5° in the orien-
tation of the Ch! pigments with respect to the normal. For example, this
indicates that the Q, transitions of the Chl a molecules absorbing in the
range 660680 nm are oriented at about 55° from the normal rather

than at random.

2. PHOTOSYNTHETIC BACTERIA

The antenna pigments of photosynthetic bacteria have been found to
be specifically oriented in all the species which have been investigated by
LD. Orientation has been achieved either with chromatophores by air-
drying (Morita and Miyazaki, 1971, 1978; Breton, 1974; Vermeglio and
Clayton, 1976), by electric fields (Gagliano et al., 1977), or with intact
cells by using flow (Morita and Miyazaki, 1971) or magnetic fields
(Breton, 1974; Clement-Metral, 1975; Paillotin et al., 1979). In all cases,
the Qy transitions of the BChl a (or BChl 4 in the case of Rp. viridis) have
been found 10 lie close to the membrane plane (8 > 65°-75%, whereas
their @y transitions are, on the average, almost perpendicular to this
plane (8 < 30°). This last observation is reinforced when one considers
that the band at ~ 590 nm for isolated BCh! « is not a pure X transition
(p = —.22). Furthermore, an orientation out of the membrane plane (6 ~
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]
4_0 —4{50) has been.detected for the axis of the Car molecules. For those
bacteria that cohtain B800-B850 antenna in addition to the B]Y() form
all the Qy, transitions make approximately the same angle with the mem-
brane plane. l:lowever. Vermeglio et al. (1979) observed that the LDV/A in
the Q absorbmg. region (~ 590 nm) was smaller for these bacteria than
for the ones lacking the B800-B850 form and cohcluded that, in con-
:;a?l tol the c).ther BChl & molecules, the X transitions of the' BChi «
pl;)ntz:lzaer; \;l:)loc)h absorb at 800 nm were oriented close the membrane

B. Reaction Centers
1. GREEN PLANTS

Junge and Eckhof (1973, 1974) used a photoselection technique on
ran.dor.nly oriented chloroplasts to analyze the otiettation of P7(('JO B
excnauop'with polarized light of wavelengths > 680 nm (for which th
Qv_ translt'lons of the antenna Chl q are close to the membrane lane) ,
anisotropic set of excited membranes can be created. A dichroll?c ratio E:)T;
1.15 was observed at both 705 and 430 nm. The quantitative interpreta
ton of these data necessitates additional information on the arlgn :
ment of t!le antefina Chl ¢ around the P700. Assutiting a circular de H:'
eracy, which is substantiated by several experiments (Junge, 1975: Vgsei;
:I a[..- _1977), it can be concluded that both the 705. and‘ the 430-l1m
rlansulon moments of P700 make an angle of less than 25° with the
plane of the membrane. The conclusion that the whole P700 dimer i
vriented approximately paraltel to the membrane plane (Junge 107":
Junge and Schaf_fernicht, 1978) would however require a f‘ui};er‘ hy-
pothesis concerning the X polarization of the 430-nm transition, whi );
ren};ams to be shI:)wn for a dimer of Chl a. ‘ e

_more straightforward determination of the orienta
ubtamefi by measuring the dichroic ratio of the ahm;rl?;:cr;zigzog:?:
magnetically otiented chloroplasts (Breton ef al., 1975; Vermegli:?ei al
1976: Breton, 1977a). Large dichroic ratios (D > 2.3) were measured a1
80, 685, and 820 nm, whereas a value lower than 1 (D < 0.4) was
observed around 660 nm. Without any hypothesis on the arrangement
of lth(: antenna; these results indicate that the 700-nm transition is tilied
;1)1 ess than 20° from the membrane. A tilt angle of 50° with the mem-
rane was found for the transition at 660 nm, which was ascribed to an
E;cllt)c;mc component of either the Q, or Qy transitions in the SP. This
- :h lasrllJ presented (Breton, 1977a) as an evidence that the two Chl rings
€ SP cannot be both parallel to the membrane plane in contrast with
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the model of Junge (1975). In order lv tesolve this discrepancy, an

unambiguous interpretation of the absorbance changes linked to the

photo-oxklation of P700 in terms of the bleaching of the dimer, of the -
apparition of a monomer-like absorption. of spectral shifts of the neigh-

bor pigments, and of the excitonic components of the dimer is First
required.

There is only one report on the otientation of PSH reaction center
(P680) by Mathis et al. (1976). These authors measured the linear di-
chroic ratio at 825 nm in magnetically oriented chloroplasts trapped at
low temperature (- 170°C). ‘The use vf low temperature was necessary
because of time resolution constraints of the P680 rereduction at room
temperature. At such a low temperature, the absorbance change at 825
nm decays biphasically, the rapid phase (2.8 msec) being due to the
rereduction of the photo-oxidized primary donor of PS11 and the slow
phase to its counterpart for PS1. The dichroic ratio was found 1o be
similar for both phases, D = 1.82 and 1.40 £ .05 respectively. The authors
therefore concluded that the Qy transition moment of the P680 has the
same otientation, relatively, to the membrane plane, as the Qy transition
moment of the P700, ie., a tilt angle smaller than 20°.

2. PHOTOSYNTHETIC BACTERIA

Vermeglio and Clayton (1976) wete the first to report ort the orienta-
tion of the teaction center pigments with respect to the membrane
plane. They measured the polarized absorption of air-dried chro-
matophares from Rp. sphaeroides (R-26) in which the antenna had been
selectively oxidized by K 4rCly. The 870-nm transition of the SP was
found to be at less than 20° from the membrane plane, whereas the
average direction of the Qy transitions of the two Bph molecules were
tilted out of the membrane at an angle greater than 45°. The average
angle between the Oy transition moments of the BChl molecules absorb-
ing at 800 nm, and the \membrane plane is smaller than 30°. Further
information has been obtained from the LD of the light-induced absor-
bance changes related to the pho!n—uxidation of the SP (Fig. 16) (Ver-
meglio and Clayton, 1976; Rafferty and Clayton, 1979h), because these
changes involve only some of the RU pigments. Vermeglio and Clayton
(1976) observed that the LD had opposite signs for the increase at 790
nm (LD > O) and the absorption decrease at 810 nm (LD < 0). This
result is inconsistent with the generally assumed hypothesis of a single
blue-shift of the 803 nm band in the state P+ . They proposed an alierna-
tive hypothesis in which the 860- and 810-nm absorption decreases wete
attributed to the disappearence of the two excitonic components of the
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::ﬁ‘ ll sll' Pd"‘:"’ light minus
sphaeroldes otiented by .
8 goes aide agtidiil
i'z"""mﬁ':l’amdulter.lm:mﬂ

ﬂ“mdthemumr.
:;:bﬁﬂﬂ-‘nu.m vector of

measuring beam was either
of at an angle of 607 with this
plane (44 ,). (Adapted with per-

Chonon grom  Raflerty . L B . )
Clayion, 1979.) R and = : -,
wm*wl nm

8P, whereas the 790-nm incre:
mC;‘-like ?}(Ihl .lbzz(r)p':::n"il):l:js e reflecied the appearance of a mono-
nas
absurpti::nsjgcurzgl sm(:%)g Rafferty and Clayton (1979h) detected 4 small
both were attribu:e ;t 30 nm besnd‘es lh‘e large one ohserved at 600 nm;
their measurem ed to the Qx excilonic componehts of the SP. Frnm'
brane plane wa erflls (|Imwl of Fig. 16), an angle of 18° with the mem-
it st w-': c.;_ culated for .lhe 630-nm transition, whereas the 600-
o re::n ound' 10 be tilted out of the membrane plane at more
Sl pglari ent with t!le results of Vermeglio and Clayton (1976)
Paillotine et of ';a;t(l;)m 1§l:|in|es have been performed with Rp. t:rfridt'.;
;rells can be oriented in a n:a;f;cliiisﬁg;:sgl& severalpadvantages: Whole
e photot ) » both states #+ and P Bph -
ol lfnd ‘ ;?)dnl:;egf tahte :)gn';igﬁr:lﬁzr::ul;,t and lhle ﬂ:;l)sorptiu,',) hba::ﬂ
containin : are better resolved than for BChl -
0, lransig;ﬁ:f;::? w:;!li‘separated from the antenha absnrplinn( . !;l'l:'e
out of the membran s (;. the two Bph molecules were found to he tilted
ransitions of the tm eB'(): ;ne. whereas the average direction for the Q.
~ 95° From the men(:bra ! ﬂ;filecult_:s not involved int the SP is inclined a‘{
tion changes linked to tl:le panc f igure 17 shows the polarized ahsorp-
far to the ones obtained € state P+. Qualitatively, these results are simi-
the 970 rm vt ine ! on BCh! a-containing species (see Fig. lﬁ)lwhh
nm region, these abscr most parallel to the membrane. In the 780-870.
1979) as due w0 thr Szf?!l(m Change.s were interpreted (Paillotin ef ol
one exchontc com Et:n ifferent cnnlnbutions: (a) bleaching at 845 nm of
membrane plane :1"1 of Il1he SP.oThis transition is tilted out of the
monumer-like B(}h]y . ore than 5.5; (b) appearance at 805 nm of a
transition making an angle smaller than 25° with Ih;:
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-} 1 #6. 17. Light-minus-dark differ-
n | ence spectra of oriented cells of Rp.
- Ay e tiridis preferentially measured eithet
e rebone membrane
w ™ W W to the membrane

Wavelsngth (nm) plane. (From Paillotin ef al., 1979.)
plane of the membrane; and {c) shifts of the Qy transition moments of
the two BChl molecules nut involved in the SP; these shifts are in op-
posite directions. The Qy transition moment of one BChl is parallel to
the membrane plane, wheteas the transition of the other molecule
makes an angle of 50° with this plane.

The potarization of the absorbance changes linked to the state P
Bph - has also been measured on oriented cells of Rp. viridis (Paillotin
al., 1979) and confirms the interpretation of Van Grondelle et al. (1976)
of both 2 BChl band shift and a bleaching of one of the two Bph mole-
cules. It has been possible to demonstrate that only the BChl with its Q@
transition moment paralle! to the membrane plane is shifted due 10 the
ive charge in the RU. This interpretation is con-
sistent with the photoselection study of Shuvalov and Asadov (1979) for
state P Bph— which shows a constant polarization across the BChl band
shift. The Bph molecule reduced in the state P Bph - has its plane
nearly perpendicular to the membrane, its Qy and Q transitions being

respectively perpendicular and parallel to this plane.
ESR studies of the triplet state of the SP in oriented membranes have

also been reported. This approach, complementary to the LD studies,
gives information about the three magnetic axes of the BChl dimer
triplet state with respect 10 the membrane plane.
Frank et al. (1979a) have shown that ESR spectra of the BChl dimer
triplet state of magnetically aligned whole cells of Rp. viridis and Rp.
palustris display a marked dependefice on the orientation between the
analyzing static field and the membrane plane. For both BChl a (Rp.
palustris) and BChl & (Rp. viridis) containing cells, the orientations of the
triplet axes were found to be very similar. The 2 axis was found to lie (within
15°) preferentially in the membrate plane. The two other axes x and y
make an angle of about 45° with this plane.

presence of the negat
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. :::z::ﬂ'd Das Gupta (1979a) have performed similar experiments on
obtained [()lt.l'r‘e-s .ul R, .rufn‘mn oriented by air-drying. Ahhough they
upon the (|)u:1 iatively similar d?pendency of the ESR (riplet signals
than Frot rler}tmmg of the static ESR field and the membrane plane
of the a—f al. {"-)IU:I). they came to a somewhat dilferent orientation
plane . i:;z axes with the membrane plane: the x axis is paraltel 1y that
by 7;'0_8(;;&%? ;he zand y axes make, respectively, an angle of 10°—20°
photon ] \t‘\ll v that pl.;me. Pr;:nk et al., (1979b) have shown by magne-
e éx.e(_lmn on purified RC from Rp. sphaeroides R-26 that the mag-
aceord] wi:; lie':::ll::"c:' t’(l)' hthe long wa;el;nglh tramsition of the Sp ?n
sults o urnauer an orris (1978) ; ,
fr::;h()fli (:979)]. According tu.Ve\l-meglio and Cl(ayttm) ("13(7161)30122;15:’:('
trami;iuy ?n (1979h), a'nd l_’alllmm et al. (1979), this long w;ve]en ﬁ);
NEtic‘ n lies pref?rennally in the membrane plane. Therefore th .
axis x must lie nearly paraliel to the membrane plane maEi:; gt-
, i

consistent only with th itiont
G entonly € positioning of the SP proposed by Hales and as

C. Other Constituents
1. CYTOCHROMES

Several photosynthetic ¢
yts have been found to be uri i
s 0
b;;e':c:ts t’;) [t}ll:earineén!:;me plane. The first reported studie.:) E:\Ir];eli Wil(l; e
r-dri chromloph()res from Rp. viridis (Prince o rz;3 nl‘;;';().

eetal, 1978). In the former speties, the heme of

» @ similar orientation h
c-555, wh ation has been uh: :
oo ‘;v ereas the heme of the low potential Cyt ¢-553 ser\;_ed for Ut
p l? lel to the membrane plane, " was found o be
Ples.s':/neiri:ghlti-(i)nfu;: ed polarized absorption changes on oriented sam
the high POgtente-’ ?ISIQSO) have studied the orientatiott of the hemes of
chloroplasts. In ::a (‘),Jt -558 of Rp. viridis and Cyt b-559 of spi;;;L
cies, - 1 contrast to ESR, which detects solely the oxidized
red, ase optical studies allow analysis of the diffe et S
uced and the oxidized species. Although a slig

reduced) in stretched
o the Gy morete ed films. It was concluded in

plane.

d _ both cases that the hem
iented approximately perpendicular to the membém:
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2. QUINONES
There are good indications that the quinones are oriented with re-
spect to the plane of photosynthetic membranes. Dismukes et al. (1979)
found that the two ESR features associated with the reduction of the
Fe—Q complex in whole cells of Rp. viridis display 2 marked dependence
on the orientation of the satple. Hales and Das Gupta (1979a) described
the orientation of the primary ubiquinone in oriented membranes re-
constituted from an iron-depleted fraction of Rs. rubrum, From the com-
puter simulation of their ESR spectrd, they concluded that the plane of
the primary ubiquinone acceptor molecule was parallel to the plane of
the membrane.
Hales and Das Gupta (1979b) found that in chloroplast membranes
the orlentation dependence of the ESR signal 11, (Dy,) could be in-
terpreted in terms of an orientation of the normal to the quinone plane

at ~ 35° to the plane of the membrane.

3. OTHER MEMBRANE-BOUND RADICALS

The ESR of spinach chloroplasts oriented either by flow or by a mag-
netic Field has been investigated (Dismukes and Sauer, 1978; Dismukes
el al., 1978; Friesner ef al., 1979b). ‘The ESR signals of several mem-
brane-bound radicals that possess g-tensor anisotropy display otienta-
tion elects. This is the case for X (A; ) an early acceptor of PSI whose
identity is unknown, which is oriented with its g, component predomi-
nantly perpendicutar to the membrane plane and its g, and g, compo-
nents close to the membrane plane.

The Fe-S protein B(A, 4) acting as an acceptor of PS1 is oriented with
its g, component predominantly normal to the membrane. Another
Fe-$ protein functioning between PS1 and PS11 was also found to show
orientation effects. McIntosh ef al. (1979) reported that an acceptor

more primary than X (A y) and depicting large anisotropic effects could
be detected by rapid ESR spectroscopy. In the same study, they also
observed an orientation-dependent ESR signal from Mn?*.

Slabas and Evans (1977) reported that ESR signals from an unknown

paramagnetic species, probably reflecting the oxidation states of the
in spinach chloroplast show strong orientation
e. This was later confirmed

further work is available on

oxygen-evolving system,
effects when they used an anisotropic sampl
by Dismukes and Sauer (1978). However, no

this system.
4. PROTEINS

A rather large fraction {~
synthetic membranes is in a-helical conformation. By

50%) of the intrinsic proteins of photo-
measuring the IR
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spectra of chrom; '
Were et mn:jl:;[})]h((:es (from Rp. sphaervides or Rp. palustris), which
teasured the m.imm"i"ntnf‘!emed paral!el to a plane disk, Breton (197y)
0 similar resa it Io t'hese a-helices. A compatison of these ;l' l
o whi‘c \ |hdme(' wnh_ purp_!e membranes From Hﬂfﬂbﬂ‘r!rri‘. ,
(Henderom i I: ;menluucm of tl.w a-helices was alreacly lnm':rm
are on (1o a\;era‘gé ti.llt( .:1"': ll’:t(‘ conclusion that the axes of the u-heliﬂ:
matophore er ed at 29° 2 10° from the hormal ap the chro-
rane plane. A qualital.ively simitar uhservation ll:;:

tion shows that ; i i
(1 Sho :' r:.:;d: a p'few.nus Interpretation of the LD in the far U
plane opip a,:i: |(r’1f( :;atwe hnF! an orientation parallel 1o the nler;|||:ranv
R Lt s € a-helices (Breton of al,, 19732) was inc )
mrinu;m; I;‘D'slgnals in this complex spectral ;’;mge m)i “llds m;m‘l‘et‘l-
[ ntations of the several types of aromatic aminog alctu; N ﬂ; oy
acid residues,

V. Local Order betwee
n C 1
Photosynthetic Membr:'::r exes In

Photosynthet
ing the p:ubIe';:i)';'ﬁrc":}rz:ls:rp;)mfess 2 unique characteristic for study
t . o, etween adi: : -
E.] _t':.msfer of excitation energy among !ﬁl:;em cotnplexes becate of
] € Measurement :
™ vive to estimate th:r the extent of depolarization of Ch] fluor
long time (Arnold and "M“mfflrgof transfer steps has heen appli::;;clte o
Lavorel. 1964: cek, 1956; Goedheer, 1957 1979. 1- or 4
Jee, 1972;'.,,,(;:;5;;5 a(rgd Clayton, 1969; Ebrey, 1971, J:r ::sl: 1960
were not clearly mﬂgn;::jn;itjet';. 1!381). ;lowever, twn importa;‘tn;::'{;
surement of flu at time. First of all, 4 ste: ) N
the number of (:::;C:fnce depolarization leads only to a cd(:]:vfntldt:; ot
it St steps by the averaged angular ﬁtcto:!t.)rfml':,r
€
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large as compared to the one measured when exciting at 850 nm. There
is no need to invoke either anomalous energy transfer (Ebrey, 1971) or
textural effects (Goedheer, 1973) to explain this discrepancy (Breton,
1977b).
1t must be noted that the most readily interpretable data are those
obtained upon excitation in a region where the intrinsic polarization of
fluorescence for the isolated plgment is traximum and that the measure-
ment of p for pigments in the membrane cannot be larger than the one
determined for the isolated pigment—protein complexes.
In green plants there are some indications (Whitmarsh and Levine,
1974: Becker ef al., 1976, Gatab and Breton, 1976) that the degree of
local order between the Qy transitions morments of Ch! @ increases from
the shorter toward the longer wavelength absorbing species (although a
reductiort in the number of transfer steps cannot be excluded). There is
also evidence that the Car molecules and the Qy transition moments of
Chl 2 tend to be mutually oriented at 4 small angle at a local level (Becker
¢t al., 1976). Only one magnetophotoselection experiment has been per-
formed with photosynthetic bacteria which, although qualitatively,
seems to indicate that local order is present between antenna complexes
as well as between antenna and RC complexes (Thurnauer and Norris,
1976).
Finally, the use of singlet—singlet aninihilation as a tool to reduce the
extent of energy migration between the pigments complexes has been
proposed in order to study the local order between subsets of neighbor-
ing pigments (Breton and Geacintov, 1979).

V1. Conclustons

During the last 10 years, the use of linearly polarized ﬁ%.hl has re-
vealed a high degree of organization of the pigments and of the electron
transfer components in photosynthetic material. However, the orienta-
tion of the chromophores either with respect to the plane of the photo-
synthetic membrane or within isolated pigment—protein complexes has
been so far described in qualitative {or at the best semiquantitative)
terms. Various intrinsic limitations like the overlap of several absorption
hands, the lack of perfect polarization of some transitions, the divergent
interpretations of the absorption changes are responsible for this im-
precision. It is nevertheless interesting to note the similarity of the orga-
hization of photosynthetic membrane in hacteria and green plants. In
both classes of organisms, most of the antenna Chis are found to be
preferentially oriented perpendicular to the membrane plane; a similar

FIG. 18. Schematic
photosynthetle representation of RC
Ay bacfeﬂa. Information obtat
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ori ion i
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periments tieed to be designed in order to improve such models. This
will necessitate the determination of the degree of orientation of the
membranes or of the particles in the sample under investigation. The
combination of ESR and absorption Iechnigues, the availability of pu-
rified antenna and RG from green plants and a variety of refinements in
the experimental conditions should increase our understanding of the
otientation of the chromophores in virn. However, further progress will
probably require the use of some modeling. In this respect, the availabil-
ity of varlous synthetic Chl dimers ot complexes of known structure and
bearing some resemblance with the models derived from the studies
described in this chapter would be of considerable help. They would
allow the development of proper theuties for absorption, CD, and ESR,
which could then be applied to the intetpretation of the physical proper-
ties of hatural Chi-protein complexes.
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