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The Bruker Lecture

Identification and Characterization of the Primary Donor in Bacterial
Photosynthesis: a Chronolagical Account of an EPR/ENDOR Investigationt

Gaorge Feher

University of California, San Diego. Department of Physics 0318, 9500 Giman Drive, La Jolla,

CA 920893-0379, USA

A chronological account is presented of the work that has led to the identification and characteriz-
ation of the primary donor, D, in photosynthetic reaction centres {RCs) of Rb. sphaeroides. The
observation that the EPR linewidth of D* is ca. 40% smaller than that of the bacteriochiorophyll
(BCh!*) manamer /n vitro led to the hypothesis that D* is a dimer in which the electron is shared
between two bacteriochlorophylls. This was convincingly proved by ENDOR experiments that
showed the spin densities in BChi* 10 be, on the average. twice as large as in D*. The dimer
model was confirmed a decade later, when the structure of the reaction centre (RC) was
determined by X-ray diffraction. The electronic structure of D* was investigated by ENDOR both in
solutions and in single crystals of RCs. The results showed that in the native dimer the spin density
is asymmetrically distributed, tavouring the A (also called the L} half by ca. 2:1. Electron densities
were also obtained in two mutant RCs in which either one or the other BChl was changed 10
bacteriopheophytin (BPhe). The unpaired spin in these mutants (hetercdimers) resides on the BChi
half. The spin density distribution is significanty different in the two heterodimers and is also
diHerent from the spin density distribution in the respective halves of the homodimer. These
differences paint to the effect of the protein environment on the spin density. Molecular orbital
calculations (RHF-INDO/SP) are in good agreement with the experimentally determined spin
densities. The concluding section presents speculations on the possible advantages of a dimer over
a monomer in the primary charge-separation process.

First tet me thank you for having invited me o give the Bruker
lecture. Having heard the names of past lecturers [ feel delighted
and honoured to be in their company. When Keith McLauchlan
usked mie for a title of the talk my first impulse was to remimsce
about the old days of 40 years ago and Lo try to recapiure the
excitement and tribulations of all the probiems that we worked
on since. However, reminiscing smacks (.0 much of oid age so |
decided instead w0 fucus on one particuiar problem in wiich
EPR played a key role, and on which we and other groups
worked ‘only' for the pust~ 25 years. But | can’t pass up tre
opportunity to remark on the change in style of research
imvolving EPR. Forty years ago there were no commercial
instruments and 2 great deal of effort went into the design and
building of the EPR spectrometer. This was foilowed by the
scurch for a good problem. By contrast. we now have excellent
commercial instruments (some manufacturers even sponsor
talks tike this) and EPR has become an accepied technique
waking its rightful place among many others in the armory of
scientific tools. Thus, there has been a transition in our lab, and 1
suspect in other labs as well, in the way we use EPR: {rom z
“Technique in Search of a Problem’ to a tool to be kept in mind
for solving specilic problems.

The specilic probiem that [ want (o discuss deals with the
identification and characterization of a free radical created n
the primary process of photosynthesis. Although this project
started over 20 years ago, it is siill an acuve area of research,
This paper is an attempt lo lead the reader chronologically,
through the various stages of development and thercby

+ Presented as the Bruker lecture al the 25th Annual Interrational
Conference of the ESR Group of the Royat Society of Chem-
stey, EPR of Orpanic and Biorganic Radicais.” hetd jointly wih the
Souiety uf Free Radical Research at the Umiversily of York. 29th March
to Ind Apnil 1992,

iIIustratggthe evolution and progress that has been made. To
set the stage a brief background on photosyathesis is given.

A Brief Overview of Photosynthesis

Green Plant vs. Bacterial Photosynthesis—Photosynthesis is the
biological process by which electromagnetic energy (light) is
converted inlo chemical eneigy. Lile on earth derives ail us
energy from this process. The [irst serious experiment in
photosynthesis was performed about 200 years ago in the | 770s
by Priestley, who did the following experiment) He took two
bell jars and he put a mouse under each of them. He also puta
plant under one of the bell jurs but not under the other. The
mouse with the plaat lived much longer than the other mouse.
From this experiment he correctly concluded that the plant,
through the interaction with light, was modilying the air by
producing some new substance. He set out to prove what this
substunce was and thereby discovered oxygen. Quite a spin-off
from photosynthesis research—to discover a gas as important
as oxygen. Yery soon Lhereaiter, he and others worked out the
basic equation of green plant photosynthesis which is eqn. (1),

CO, + HyO + Iv— C(H,0) + 0,1 ()

ie., CO, plus H,O in the presence of light, gives a carbo-
hydrate—C{H,;O). The reaction of green plunt photosyathesis,
as we know it today—as this equation stands today—is over
200 years old. So what have the researchers in photosynthesis
been doing for 200 years? Where did the ten thousands of man-
years of research go? Clearly though, this equation is mislead-
ingiy simple. It is just a net reaction covering the many events
taking place in the complicated process of photosynthesis.
Before discussing whalt is known and what is not known, let
us lirst take an overview of the whole tield of photosynthesis. A
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Fig. 2 Schematic representation of the intitial charge-separation in
bacteriai photosynthesis. The absorption of a photon is followed by
cicction of an clectron from the excited donor D¥. The electron is
transf¢rred to the acceptor A, and then shuttied through a series of
aeccptors Ay A, .. The minimum unit capable of producing the churge
separation is called the reaction centre (RC).
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Fig. 3 Electron mucrograph of a section of Rh. sphaeroides R-26 The
round budies represent invaginations of the plasma membrune. The RC
13 believeut 10 span 1he membrane.

good way o do this 1s Lo represent the processes that occur in
photosynthesis according to the time interval, Ar, that 1t tukes
for each process to oceur. The time intervads can be us short as
10-'* sand as long as 107 s, 107 sis a year, the time it takes a tree
1o grow; 107'% s is the time for the absorption of a photon.
Because of the farge range of limes invoived, it is convenient to
piot the logarithm of the time intervad, as shown in Fig. 1. One
actudiby plois minus the logarithm of Ar and in unaiogy with the
hydrogen on concentration, pH. thiss called o g diagram. As
far as | know. Kamen was the (irst one to present things in this
wuy.! In Fig. | cach g value has a process and a lield of
endeavour associated with it. The processes start with a
quantum absorplion on the ieft. followed by stabilization of
intermediates, onset of biosynthesis. and cell growth. The fields

o) diagram showing the vanous processes and fields of endeavour in photosynthesis. At is the time interval for a process to occur (modified

that are involved in photosynthesis cover a large range starling
with radiation physics, followed by solid-state physics, and to
the right, by ecology. So it's a truly interdisciplinary field. This,
of course, causes problems because sometimes there is no
common language between people working in greatly differing
D ranges. So. if you meet somebody and he says he is working
in photosynthesis. don’t get too enthusiastic. Ask him. tirst,
what his ‘g range is—you may have nothing to talk about.
When Martin Kamen [irst showed this slide (he gave a seminar
in our physics department about 25 years ago), he had an addi-
tional ordinate labelled ‘level of ighorance’. And that Level of
Ignorance had a high peak around “solid state physics’, so that's
how we got hooked—we thought maybe we could reduce the
peak. 1 later heard that when Kamen gave the seminar to bio-
chemists he had shifted the peak to *biochemistry’. But it was
too late—we were already involved. [ am grateful to him for it,
anyway.

What | would like to talk about is covered in the Icl’l[{mrt of
the ‘pt’ diagram, cailed ‘primary processes in photosynthesis.’
‘Primary’ here refers to the temporal events, ie. what happens
al the beginning of the process when the photon impinges on the
photosynthetic apparatus.

The system that we are working on is much simpier than
green-plant photosynthesis, namely, bacterial photosynthesis.
In green-plant photosynthesis, there are two systems, System |
and System LI. One system deals with the right-hand side of the
photosynthesis equation, i.e.. oxygen evolution, while the other
one deals with the left-hand side, ie. CO, lixation, Bacteria are
much simpler; they do not evolve oxygen, they have only one
system. They have other advantages too. It is much easier to use
the modern advances in molecular biology in bactena than in
green plants. Also. from a physics point of view, it is appealing
lo work with bacteria. Alter all, you take a few bacteris. you
inoculate a bottle and in no time you have 10% bacterta cm~*. it
is essentially an ensemble of identical partictes. a concept that
phiysicists like to talk about. There was another very important
reason why we entered the field. Bacterial photosynthesis
was a very uncrowded field; very few people worked in it as
compared with green-plant photosynthesis. Actuaily, [ was
surprised by this because it seemed iogical that one would want
to understand the simpler system before proceeding to a more
complicated one. Kamen, being a wise man, knew the answer!
‘Ah. that's because everybody is an m.c.p.’—m.c.p. standing for
mammalian chauvimstic pig. Many people work on green plint
photosynthesis just because we feed on spinach, or on animals
that feed on spinach. Bul not being m.c.p.s, we went 1o work on
the bactenal photosynthesis system. [n particular. we focused
on the earty {primary) events of bacterial photosynthesis
depicted in the leﬂz/\parl of the ‘g diagram.

The Primary  Process of Bacterial  Photasynihesis.—The
primary process of bacterial photosynthesis is a charge
separation, schematically illustrated in Fig. 2. Absorption of a
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Fig. 4 Optical absorplion spectrum of reaclion centre [rom Rb. sphaeroides R-26at T = 23 °C. Modified from ref. 4.

EPR signal (dx “/dH }

Fig. 5 Light-induced EPR signai from RCs of Rh. sphaeroides (v, = 9
GHz. T = 77 nﬂ

photon excites the primary clectron donor, a pigment molecule,
from its ground state D 1o its excited stale D*. This is [oflowed
by a transfer of an electron from D* 1o the acceptor A,. The
electron is subsequently shuttled through a series of acceptors.
A, A, und the missing electron on D is repinced by a
secondary donor (not shown in Fig. 2). The remarkable feature
of this electron-transier chain is that the rate of the forward
electron-transier reaction {solid arrows) greally exceeds the
wasteful charge-recombination reaction {dashed arrows). Thus,
the absorption of one photon results in the formation of one
charge-scparated pair, that is, the quantum vield of the process
is close 1o unily—an achievement that remains unmalched in
phutochemical reactions in moxlel systems.

Hovw do EPR and ENDOR Enter intor the Picture?- - When we
sturted 1o work in this lield in the lale sixlies. the chemical
wlentities of the primary reactants Dy Ay, A, A, were nol
known, This scemed 1o us « scandalous affair. Alter t(wo
hundred years of research in photosynthesis. the identity of the
bausic actors remained a mystery!! Bul there was hope in the
EPR cump: in cach step of the electron transfer process une
deuls with species having an unparred spin, Consequently, EPR
hehl pronuse w be the techuique of choice in Lrying Lo identify
and charagtenze them. Furthermore, to understand und to be

able to calculate the clectron-transfer rates that give rise to the
remarkable quantum yicld of unity, one needs to know the
detailed electronic structure of the charged species. ENDOR,
which measures hyperfine couplings (hfs) and hence spin density
and wavefunctions. provides the technique to address these
questions. In this talk [ do not want to describe the identi-
fication and characterization of all the reactants. but I will
focus on one; the primary denor D. Before proceeding, 1 have
to digress again and discuss the environment in which the
reactants operate. -

The Bacterial Reaction Centre { RC).—It was realized earlyon
that it would be advantageous to isolate the smallest structural
unit capable of producing the charge separation. This unit is
called the reaction centre (RC), a term that was coined by Rod
Clayton (RC!) who did pioneering work in this field.? The
existence of the RC had already been postulated in (932 by
Emerson and Arnold.? By 1970 a complex had been isolated
{from the photosynthetic bacterium Rhodobacier (Rb) sphuer-
oides®? that continues to serve as a model RC to this day. [t is
an integral membrane protein, ie. it sits inside (spans) the
plasma membrane of the bacterium (Fig. 1. It has a molecular
weight of ca. 100 kDa and is composed of three subunits L. M
and H and the following cofactors which are involved in the
electron transfer process: four bacteriochlorophylls, two
bacteriopheophytins, two quinones and onc non-haem high-
spin Fe?* (for a review see refl. 6). Thus, the protein can be
viewed as a scaffolding holding the electron transfer reactant
in just the right juxtaposition to produce the high quantum
yield.

Identification of the Primary Donor

Comparison of the Kinetics of the Optical Changes and the
EPR Signal —The optical spectrum of the punificd RC is shown
in Fig. 4. Let us focus on the neac infrured peak at 863 nm. At
iow light intensities few RCs will be optically excited and the
spectrum will be that of the ground state DA, A,A, (see Fig. 2).
AL high light intensities a significant fraction of RCs will be in
one of the charge-separated states, say D"A,A;A;7. The
reduction (bleaching) of the 865 nm peak that occurs at high
light intensity signilies that one of the electron transfer reactants
is responsibie for this absorption. This phenomenon was
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Fig, 6 Comparson of kincties of the light-induced bleaching of the 865 nm peak (a.ch and the EPR signai (b,d) in RCs lrom Rb. sphaeroides. Top
traces (o, ) show the steady-stale spectsi n the absence and presence of strong {actinic) ilumination. Boitom traces (¢, d) show the kinetics of charge

separation and recombination. (g £ = 0K th) I = BOK, v =
McEiroy eral '™y

Fig. 7 Companson of EPR lines [rom oxidized (BChl ™) in vurer and
from (ltuminated RCs of Rhodnpsendomonas sphaerowdes R-26 (D7)
(T = 77[!( v, = 9 GHz). From Feber o7 uf.'®

observed by Duysens long before RCs were purified.” When
anc switches from high to low light ntgnsity the $65 peak
recovers with a rale &, that is characteristic of the charge
recombination.

D'AT =2=Da (2
e
It s noleworthy that the charge separation and recombin-
aton occurs at cryopenic temperatures showing that we are
dealing with o primary process. [ one chemically oxidizes the
RC the spectrum looks like that abserved at hugh light intensity,
We cin asertbe, thergfore, the bleaching of the 865 peak to the
wvaedatiens of 1) The species most likely to shsoriat 365 nm was

belivved e e some foem of bacternochlorophyil,

= 9GHZ () T = 80K, iy, = 380 nm, 4, = 500 nm;{d) T = 80 K. Modified [rom

Fig.8 Molecuiar structure and numbering scheme of BChl a. Prolons
removed by one C-bond lrom the conjugation (B-protuns} are shown
shaded. The side chain R is phytyl (=C 4H ).

We aow finally tura to EPR. The first photo-induced free
radicals rom green plants were observed by Commoner et of.?
and from bacteria by Sogo er af.® These authors, however, did
not identify the chemical origin of the signals. The EPR signal
from RCs s shown in Fig. 5. Thts signal can be reversibly photo-
induced at ervegeme temperatures. The same EPR signal 1s ulso
ubserved when RUs are chemically oxadized, This suggests that
the bleaching of the peak at 865 na and the appearance of the

fg
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EPR signal are associated with the sare process. To prove this
identity, McElroy er f.'®'' measured the kinetics of charge
recombination by optical and EPR spectroscopy. Their results.
presented in Fig. 6 show identical kinetics. Thus, the light-
tnduced EPR signal and the opticad bleaching of the 865 nm
peak are associated with some {the same) form of oxidized
bacteriochlorophyll.

The Model Compound A,r:;r)rrmr.'.l'r(l the Linewidth Puzzle.—
Uniortenately EPR has not reached the stage where by
inspection of a signul one can predict the chemical identity of the
free radical. One resorts. therefore, to the model compound
approach, ie., one prepares different radicals and compares
their spectra with the unknown species. For a simple,
structureless line like the one shown in Fig. 5 the iwo important
paramelers 10 be compared are the g-vaiue and the linewidth.
From the results discussed in the previous section. the logical
model compound 1o use for identifying D* was the cation of
BCHhL. In other words, is egn. (3) valid? Dave Mauzerall from the

hedt
D" =BChl” 3

Rockerfeller University, who visited our lab in the late sixties
prepared BChl* whose spectra we compared with D* in
RCs.'%!2 The results are shown in Fig. 7. The g-values of
the two lines are identical. suggesting Lhat we were an the nght
truck. se. D' had something to do with BChi™. Let me,
therefore, remove one of the question marks n egn. (3).

n
D" =8Chi" (4)

However, the linewidth of the two radicais differ, their ratic
bewg that shown weyn. (3). Let us tiake a closer ook af the

Af(BCNHL™)

AHD™)

=14 (5)

prabiem of the lingwidih. The width is due to the hypeeline (hi'y
interactions of the unpaired electron with ihe nucler re, we urg

Loy Interniionad Linaed
Tue Seo 1507 32 33 1992 perktwo  p2r12424 .5
123322 cna036 tatai2 TOB1 whyatt ;n 306786 PERK 1§ 2:02500K Z/7

zed bacteriochlorophyll radical BChl at 9 GHz. The units of

present a Gaussian fit.\From McElroy er al.'¥Ta@yJR. rubrum, (b} oxidized BChL

{From McEroy er ol JA@R. b () osidasd BCH. )

dealing with an inhomogeneously broadened iine. The electron
is delocalized over the w-system of the bacteriochlorophyll ring
{Fig. 8) interacting with the H' and N'* nuclei. By growing the
bacteria in D,0 and extracting the BChi from them. one
observes a narrowing of the spectra of both D* and BChl* bya
factor'2 of 2.5 + 0.1 (Fig. 9). ITthe broadening were due only to
protons one would expect 4 narrowing of a factor of 4.0. The
smailer observed nakrowing must, therefore, be attributed to
interactions with other nuclei, most likely '*N. The fact that the
observed narrowing is the same in D' and BChL™ further
strengthens our beliel that we are dealing with some form of
BChl. We, therefore remove another question mark

7
D* =BChl"* (6}
The remaining problem is the difference in linewidths.

Resolution of the Puzzie—the Bacteriochlorophyil Dimer —S0
how do we account for the differens linewidths? A number of
ideas were put forward about different local environments. but
the reai answer was provided by Norris, Katz and coworkers '+
who postulated that the ciectron (hole) on D* is shared between
two bacteriochlorophyils, ie.. one deals with a bacteriochloro-
phyll dimer, the so called “special pair.’ Let ussee in a simple way
what the predicted narrowing in the dimer should be {for a more
detailed (reatment see ref. 14}, The linewidth depends on the
number of interacting nuclei, N, and the strength of their
interaction A. For equivalent nuclei the width will be
proportionat 1o 4./ N: the square rool arises from the random
distribution of the orientation of the nuclei, I[ the electron is
shared equally between the two halves of the dimer, it interacts
with twice the number of nugciei, i.e., N is doubled. However, the
interaction A of the electron with each nucleus is halved since on
the average the electron spends only hall the time on each
motecule. We can therefore write lor the ratio of the linewidth of
the monomer Aff,, to that of the dimer AH, eqn. (7).

Al A T A/ N

LA =/I=14
A, g N eI

)
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Fig. 11 Cofactor structure of the reaction centre [rom Rhb. sphaeroides. (@) The symmetry axis is aligned vertically in the plane of the paper. (5} A
stereo reconstruction rotated {rom the view i a by $0° clock wise around the twolold symmetry axis. The dimer structure of D ts clearly seen in this
vicw, Subseripts refer 1o Lhe two branches A and B, sometimes also called L and M. Electron transfer proceeds preferentially along the A branch,
cxcept in the case of (he dimer the clectron can onginate from either the A or B half of the dimer. The A-half of the dimer is delined as being closer to
the L-subupii and the B-hall cioser to the M-subunit. [D,Dy = (BChl},, B = BChl: ¢ = Bph, C = carotenoid). Frum-h-iel. al.t”

(Facing p. &)
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Fig. 10 Comparison of ENDOR spectra from BChE* in vitro (@) and
chromatophores of R. sphaeroides R-26 (&, The hiE in chromatophores
are reduced by a factor of ce. 2 as expecied from th& dimer modei. From
Feher er of."?

This is precisely the observed ratio [see eyn. (5)). Is this
numerology or is the dimer a reality? The question could be
answered convincingly by showing that individual hyperline
coupling constants 4, are halved in the dimer. This would
climinale the reliance on a single number. ENDOR provides the
technique Lo measure the hfs 4;, and was applied to this prob-
lem.!* V317 Fig. |0 shows the comparison of ENDOR spectra
from BChI* («) and D * in chromatophores * (5 at 30 K. The
general shapes of the spectra are similar except that the value of
the hf splittings A, B and C in D* are approximately one half
of those observed in BChl*. Similar results were obtained by
Norris ¢ af.'**7 This, then, validates the dimer modei, eqn. (8).

D* = (BChb ()

Note that the dimer is not covalently bound and when
extracted wilh organic soivents fails apart and is indistinguish-
able from the other bacteriochlorophyll monomers in the RC.
Biochemical techniques would therefore not have been useful 1o
prove the identity of D. There is, however, an even more powerful
technique than EPR, by which structures can be determined and
thatis X-ray diffraction. Unfortunately, there are some hurdles to
be overcome before this technique can be applied.

Confirmation of the Dimer Structure by X-Ray Diffraction—
A requirement for the determination of the three-dimensional
structure of macromolecules is the availability of relatively
large. well-ordered single crystals. Michel was the lirst to
suceeed in erystallizing RCs from the bactertal species Rps.
piridiv. " Soon thercufier RCs [rom Rh. sphacroides were crys-
tallized '*2% and the three-dimensional structure of both RCs
were determined.?!~#¢ The structure of the colactors is shown
in Fig 11.27 The dimeric nawre of [ is clearly discernible; the
iwo halves D, and Dy, overlap al ring 1 (see Fig. 8). It is

* Chromatophores are closed plasma membrane vesicles that lorm
when the bacterium is broken up. Purilied RCs from Rh. spiraerondes
pave spectdil that were similar o those ubserved from chromatoplores.

] CHEM. SOC. PERKIN TRANS. 2 1992

my o= +1/2 m; ==1/2 (@)

= " .

(b}
o
o
o
w

(e)

At d aaa

' (d)

Fig. 12 EPR signal from silicon doped with varying concentrations of
phosphorus donors. The range covers the transition from localized
centres (u) Lo free carriers (). For concentrations between these two
extrema Lhe observed resonance signal is dugso donors (.0}
having their hi'splittings reduced by §. §, ercg ()7 = 10'*
Ppercm (d) 7 x 10'% P percm?;(c}4 L(d)y3 = 10"
P per cmk

gratilying to see the structure deduced from EPR and ENDOR
experiments to be conclusively confirmed a decade later.

Having identifed D* as a BChl dimer, the next goal was (o
tnvestigate its clectronic structure. To this end we needed to
assign the ENDOR lines to specilic protons and 10 compare the
his o theoretically calculated spin densities.

Before discussing these points | would like to make a
retrospective (introspective) remark concerning the narrowing
of interacting motecules. [n one of my previous lives many years
ago | investigated EPR spectra of donors in silicon.*® When the
concentration of the donors was increased, they interacted with
each other and hfc splittings whose vaiues were §, §, erc. were
observed (Fig. 12). At very high concentrations the electron was
completely delocalized giving tise to a narrow EPR line.
Although this situation ,is not exactly analogous to the
bacteriochlorophyli case,’ it should have rung a bell when a
decade later we saw the narrowed line. That it did not, shows the
sad limitation and compartmentalization of one’s (my!) brain.

The Electronic Structure of the Primary Donor
ENDOR|TRIPLE of BCh™ and RCs in Solution—Having
identified the primary donor as a BChi dimer. the next task was
10 investigate its detailed electronic structure. To accomplish
this it was necessary to assign the observed ENDOR lines to
specific protons, Let us start with the three sets of lines observed
in frozen solutions (Fig. 10), The first question Lo be answered is
why we see only three sets of lines, ic.. where are the ENDOR
lines due to the rest of the dozen or so protons that presumably
interact with the unpaired electiron. The answer lies in the
anisotropic (dipolar) part of the hf interaction which in frozen
solution causes an excessive broadening. Protons that are
removed by one carbon bond [rom the conjugated ring (-
protons) are expected to have smaller anisotropic hfs than
protons adjacent 10 the ring {(a-pratons).’” There are seven

/in the (BCh, case the electron is shared between the two moleeuldes,

{n the donor case there are lwo tor more) clectrons that interact with
each other.**
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—""_sphaeroider in H,0, 293 K (5). Modilied from Plalo ef af.?*

groups of B-protons in BChl* shown shaded in Fig. 8. The -
CH, prolons are expecied 10 give the largest ENDOR signal
since the three protons are sull rotating in frozen solutions
making them magnetically equivalent. Furthermore their
anisotropies are expected to be smaller than those of the B-
protons on rings [ and V. Consequently, we assign lines A
and B in Fig. 10 to the —-CH, groups on rings [ and IIl and
line C to P-protons on rings L[ and 1V. This assignment was
confirmed by sclective deuteriation of the B-protons on rings
[ and IV.*' The ENDOR spectrum in these deuteriated
samples lacked line C.'* The hfs of the (-proton at position
10 (Fig. 8) is expected to be small and not 10 contribute to the
ENDOR spectrum.' ™

The yuestion that remained to be answered is which of the
ENDOR lines (A, B in Fig. 10) belong to which ~CH, groups.
This was accomplished by obtaining the ENDOR spectrum
from cation radicals of chlorophylls having different numbers of
methyl groups (Fig. 13). All of them show two sets of sharp lines
analogous to A and B in Fig. 10. The ratio of amplitudes of the A
set 1o the B set of lines increased monotonically on going from
chlarophyli b to chiorophyll a to chiorophyll c. Assuming that
the methyl group on ring 111, adjoining the symmetry-breaking
ring V. exhibits a different hf interaction from the other, quasi-
cquivalent CH groups, the observed amplitude ratios indicate
that the larger (B) splitting is due to the ~CH, group on ring
[11.'3 Norris et of. using a different method urrived al the same
conclusion.'”

From the ubove discussion it is clear that il we wish Lo obtain
thehfsofthe other pro!ons.weneedtoeliminalelhcbroadeningof
the ENDOR iines due lo the anisotropic part of the hf inter-
aclions. This is attained by performing the experiments in liquid
solutions. in which the molecules (proteins) tumble [aster {i.e.
have a shorter correlation ume) than the inverse hf interaction
frequeney. Consequently, the anisotropic, dipolar inleractions
average 10 zero and narrow lines are obtained. Experiments of
this nature were {irst performed on BChl™ by Borg ¢/ al?? and
on D' by Lendzian et ul.™ Fig. i4MShows the results for BChl
&7 The four B-protons on anes and 1V, as welt us the two

Assignment was again based on isotopic substitution experi-
ments as well as on theoretical MO calculations.** Note that
the results shown in Fig. 14*% were obtained with a technique
that is a modification of the standard ENDOR method, the so-
called special TRIPLE in which two NMR frequencies corre-
sponding to the low and high frequency ENDOR transitions are
applied simultaneously.*®?” In this technique the observed
transitions occur at one half the hif. The advantage of this
technique has been discussed elsewhere.?® The sign of the
isotropic hf coupling has been obtaincd by salurating (pump-
ing) specific ENDOR transitions and observing the effect on the
ampiitude of other ENDOR transitions.>™*® This technique is
caited general TRIPLE.?” Often the sign can be obtained simply
from the ratio of amplitudes of the high-frequency ENDOR
lines.*®

The ENDOR/TRIPLE spectrum of D* (aiso called Pyss)
together with some tentative assignments is shown in Fig. 145
Since the hif are reduced on the average by a factorof ca. 2, the
spectrum is more crowded and the assignment becomes more
difficuit. The difficulty is further compounded by the fact (10 be
discussed in more detail later) that the spin densities are not
distributed symmetrically over the two halves of the dimer.
Consequently. the number of ENDOR lines is doubled. This
poses the additional problem ol knowing which lines belong to
which half of the dimer. In the past this problem has been
tackled, with partial success, by theoretical calculation.”® The
experimental approuch lo the solution of this problem is to
work on single crystals of RCs. :

ENDORITRIPLE on Single Crystals of Narive{ RCs—In
frozen solutions the random orientation of the molecules (each
with a differens hic) causes a broadening of the ENDOR lines. In
contrast with frozen solution, the ENDOR lines in liquid
solutions are narrow and hence better resoived. However, one

fSirlclly speaking, most of the work has been performed on a caroten-
oidless mutint R-26. However, 1ts main structure is, within the reso-
lation of the YX-rav diffraction. indistinguishable from the native 2.4.
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pays a price for the higher resolution: information concerning
the magnitude of the anisotropic part of the hif is lost. This
information can be retricved by working with single crystals.
where the molecules are ordered and the broadening due to
anisotropies does not occur. An additional important
advantage of single crystals is that the observed anisotropies can
help in the assignment of the ENDOR lines to specific nuclet.
This comes about in the following way: Experimentally we can
determine the directions of the principal axes of the hfs tensor.
The direction of the largest hffis expected to lieclosc to the C-H
bond direction. From the known structure we can calculate the
directions of the components of the hf,{ tensor and compare
them with the observed values.

ENDOR/TRIPLE spectra of D* on single crystals of RCs
from Rb. sphueroides R-26 at 284 K were obtained independ-
ently by the San Diego*? and Berlin*? groups. The results are
shown in Fig. 15 for threc directions of H, in the ub-plane of the
crystals. A complication encountered in the single crystal work
is that there are four RCs per unit cell (space group £2,2,2,).
Thus, in an arbitrary direction of the magnetic lield, A, with
respect to the crystal axis, the number of ENDOR lines should
be four times larger thun observed in a single dimer. Fortunately
when H, lics in one of the principal planes, the RCs are pilirwise
magneticilly cquivalent and one expects only two sets of
ENLDOR/TRIPLE lines for cach group of prolons. When H,
points along a principal axis, all four RCs are magnetically
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equivalent and one obtains a single ENDOR/TRIPLE line for
each proton. This situation is illustrated in Fig. 16. The lop
shows a stereoview of the unit cell with its four bacteriochloro-
phyll dimers. The bottom is a projection on the ab plane
showing the pairwise squivalence of the dimers. The angle
between the C-CH,, bonds of the magnetically incquivalent sites
are shown for the methyl Sa A ¥,) and 5ag(A Fp)

The detailed angular dependence of the hf splittings, with H,
rotated in the three principal crystallographic planes ab, ac, and
be. is shown in Fig. 17.4* For most ENDOR transitions
two sets of lines corresponding to the two ineyuivalent sites
are clearly discernible. When the splittings between the two
sites are smaller than their linewidths only one broadened line is
observed (c.g. line 3, awein the ah plane), The solid lines in Fig.
17 are tveorsbmnk fits 10 eqn. ($)** where 4, and A, are the

brmre = HAgcos?e + A jsino + 24,8in @ cos vl N

diagonal and A,; the off-diagonal elements of the his tensor in
the coordinate system of the crystal axes. and ¢ is the angle of
the magnetic fieid of M, with respect to the i-axis. Note thal the
diagonal elements are determined from the positions of the
ENDOR/TRIPLE lines along the symmetry axes a. h, e

Let us now briefly consider the assignments of the main
ENDOR/TRIPLE lines (for a more detailed discussion see ref.
44). As mentioned earlier the narrowest and most intense lines
are expected from the CH, groups Ja and la (Fig. 8). They are
indicated by arrows in Fig. 15 and correspond to hi¥of ca. 4 and
ca. 5.5 MHz. The two scts of lines exhibit the same angular
dependence (Fig. 17). Since the C-CH, bond directions of 5a
and 12 in a bacteriochlorophyll monomer are approximately
paraliel, the two sets of lines must originate from the same half’
of the dimer. To determine to which half they belong, we com-
pared the direction of the largest vaiue of the diagonalized hi
tensor with the directjons of the C-CH, bonds on the A and B
hail of the dimer. The difference in directions was found 1o be
much smaller for the A half of the dimer. Consequently, the lines
are assigned to 5a, and la,, the larger his being assigned to ja
as discussed earlier. The lines associated with the CH, groups
on the B half of the dimer have been tentatively assigned as
indicated in Fig. [7.**

The largest hi are expected from the B protons on rings |1
and LY (Fig. 8). This conclusion follows from ENDOR work on
monomeric BChi* in vitro (Fig. 14) and from theoretical
calculations.?>¥33% Following the procedure outlined in the
previous paragraph, Le., comparing the directions of the experi-
mental and calculated principal axes of the hfs tensor, the lines
were assigned to protons 4, and 3, of ring II {although the
assignment to 7, and 8, cannot be entirely exciuded).

The splittings with the fargest anisotropies are expected to
arise from x-protons, ie., the methine protons =, f3, & (Fig. 8).
Their assignment shown in Fig. 17 was oblained by procedures
similar to those discussed above.**

ENDOR|TRIPLE on Single Crystals of Mutant {Hetero-
dimer) RCs.~——Mutations of amino acid residucs in the vicinity
of the primary donor, D, cause changes in the electronic
structure with concomitant changes in function, i.e., changes in
electron transfer characteristics. Thus, site-directed mutagenesis
provides a powerful tool for investigating the relationship
bewween structure and function.

Two mutations seem particularly interesting with respect to
the primary donor. They involve the two histidines whose
nitrogens can form ligands to the central Mg atoms of the two
halves of the bacteriochiorophyll dimer (Fig. 18).*** In one
mutant, HL {M202), the histidine at position M202 was re-
placed and in the other mulant, HL {L173), the histidine L!73
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Flg. 16 ()} Stercoview of the bacteriochlorophyll dimers of the four symmetry-refated RCs in the crystal with respect to the crystallographic axis
system (sizes of molecules and distances between individual Ds are not drawn to scale). (4) Projections of Ds onto the ah plane. Note that dimers | and
3 (as well as 2 and 4) are refated by a twolold symmetry axis and should. therefore, be magneticaily equivalent. With H e or H_}# all four Ds arc
magnetically equivalent. The angle betwee the C-CH, bonds of the magnetically inequivalent sites are shown for the methyl group 5a, (A W,} and
Sap (& %,). For simplicity the phytyl chains were truncated and their positions denoted by R. From Lous er af*?
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Fig. 18 {u} Structure ol the primary donor D in RCs of Ritodohacier sphaeroides (coordinates from ref. 45). The phytyl side chain has been partially
truncated. (A) Molecular structure of BChla with numbering scheme. The methyl groups la and sa, which were investigated in detail, are shaded. The
side chain R is phytyl (-C,oH ). From Huber e al*®

was replaced by leucine,*” a residue that cannot act as a ligand Rb. capsulatus.*® in these mutants the BChi close to the site of
e Mg.* Analogous mutants have been previously reported in the mutation is replaced by bacteriopheophytin (BPhe).*7*"
Thus, in the HL (M202) mutant, D, is a BChiand Dy a BPhe,
« In RCs [rom Rb. sphueraides the distance of His L1713 t0 Mg has been whereas in the complementary mutant HL (L173) it is the other

reporied 10 De too large (4 A for histidine 10 be a ligand 10 Mg.** way around. Th'e special pair in thgsc mutants is, thercl'or_e.
In the recently refined steucture of the RC. this distance is 2.7 Adfrcr  called a heterodimer. The photophysical changes observed in
structure, available (rom Brookhaven dalaban% \he heterodimers of Rb. sphaeroides have been discussed by

4

13aux Iniernaiions Limicd
Wed Sep 16 09:18:25 1992 perkiwa  p2r12424 -9
123322 ch1576 101576 |n



Ed eas-ljl

]

4

1n 11
; -} 10
2, 3
. s
TE 7
[ s
[ A E E ... E E qs
4E E - 3 a2 . EN
3 [, . - 4 b 3
zF . - b T S 3 - ! “ 22
1 . %
0 [

45 90 135 180 L]

@

& 9 A5 180 [
dideg

% 138 180

1. CHEM. SOC. PERKIN TRANS. 2 1992

e P
3 = e
H1a

0 - - 17

- 18
F- Jis

"H hiwhHz
]

i .
T au kU@ N

P N e L

B

0 4 90 13 1M a

- [+]
45 90 128 80 a 45 90 125 180

#rieg

Fip. 19 Angular Jependence of the his of D* in single cryslals of the two heterodimer mutant RCs: HL (M202) and HL {173). Hl'{ar: plotied ps. the
angle between the externaily applied mugnetic licld H, and the crystallographic axes in the ub, ac and be planes. Circles are experimenial points, solid

lines are lits w cyn. (9), T = 284 K, v, = 9.6 GHz From Huber ¢ al*t

McDowell ¢ «l*? The most important finding is that the
rate of the first (picosecond) electron transfer in the hetero-
dimers is reduced by approximately one order of magnitude
with a4 concomitant ca. 50% reduction in quantum yield.
However. the unidirectionality of the elcctron path along
the A-branch remained unaffected.

The EPR linewidth of D* in the heterodimer mutants is ca. 13
G (peak-to-peak derivative),*®*® which is vlose to that of the
BChi* monomer.'®!? This indicates thal, in contrast with
wild-type RCs, the clectron in the mutants is localized on one
half of the dimer. making it effectively 2 monomer. This is not
surprising in view of the diffierence in redox potentials between
BChl and BPhe; BCh} being pasiey oxidized than BPhe.*® Thus,
in the HL (M202) mutant the unpaired electron is localized on
D, whereas in the HL (L173) itis localized on Dy,

The ENDOR/TRIPLE resuits on the heterodimer mutants
are shown in Fig. 19.3° Although the general pattern is similar
to that obtained on R-26 (Fig. 17), the values of the hg{ are
considerably larger in the mulant, as would be expected from
the localization of the electron.

To oblain a picture of the spin-density distribution in the
bacteriochiorophyll macrocycles, let us focus on the hf‘i of CH,
groups on rings | and 1] {pousitions la and 3a, respectively; Figs.
% and 19). Fig. 20 summarizes the results obtained on the native
homodimer. the two heterodimers and the BChi™ monomer.

The following conclusions can be drawn. (s} The clectron
distribution in the homodimer structure of R-26 is asymmetric,
[avouring the A side by a ratio of ca. 2:1. (i) The sum of the
spin densities EA(CH,) 13 approximately constant for all the
structures. (/i) There is a significant dilference in the spin
density distribution in the two heterodimers. tivy The spin
density distribution in the heterodimers [in particular HL
(L173)] differs significantly from the distribution of the spin
densities in the respective halves of the homodimer. () The spin
density distribution in the HL (L173) mutant is closer to that of
the BChl® monomer (in an organic solvent) than to the
distribution in the HL (M202) mutant.

These conclusiens point to the fact that the spin densities are
signilicanily affected by the protein environment and by inter-
actions between Lhe two dimer haives, Consequently, it is more
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appropriate to view the dimer asa supermolecule rather than a
system of two weakly interacting BChls.

A word needs to be said about the seeming inconsistency
between the asymmetric spin density in the native dimer and the
observed narrowing of the linewidth by JZ. Eqn. (7%, which
predicts the \/2‘ was derived under the assumption of a
symmetric spin-density distribution. In the presence of an
asymmetry, the narrowing factor is expected to be smaller than

3. in contrast with the observed value [eysn. (5)]. Apparently,
in the case of Rb. sphaerpides there is a reduction in the hff of the
B-protons on ring It and 1V that fortuitously restores the \/2.“
In another bacterizl species, Rps. viridis, the observed reduction
factor in linewidth is only 1.17.32 In that species the fortuitous
cancellation does not occur. [t is fortunate that Rh. sphaeroides
was the first species Lo be investigated in detail. Had it been Rps.
viridis, it is doubtful whether the dimer hypothesis would have
been advanced at that stage.

N, YN and *Mg ENDOR—The spin of the unpaired
eleciron in BChI* and D* interacts not only with protons but
also with the four nitrogen nuclet and the central magnesium
atom. The small size of the magnetic moment of the naturally
occurring (99.6%) **N as well as its quadrupole moment makes
ihe observation of "N ENDOR diflicult. Consequently, '“N
was replaced by the more favourable nucleus BN (I = 3) by
growing Rb. sphaeroides in an '*N-enriched medium.**

Our main motivation of the '*N ENDOR work came [rom
a theorelical suggestion by O'Malley and Babeock. ™ who
claimed to explain the EPR and ENDOR data wilh 4 monomer
model. The essence of their modei was a mixing by the RC
protein of the ground state with the first excited doublet state of
D* leading to a hybrid orbital in the monomeric BChI™ in
which the unpaired electron is delocalized. The model predicts
the sign of the **N his to be the opposite of that predicted by the
dimer model, Thus. doubt was cast on the dimer model just
prior to the X-ray determination of the structure.?! 22

In liquid soiutions four **N ENDOR lines were observed in
both the BChl* and D", with an average reduction factor of the
ifsin D* by ce. 2 The sign of the his in D was determined by
the general TRIPLE method to be in agreement with the dimer
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Fig. 20 Comparison of the isotropic hff(in MHz} of the CH,s on rings | and 1l 1n the native homodimer (top), mutant heterodimers HL (M202),

HL {L173) and monomer (BChl}*

model.>* Similar results were later obtained from electron spin
echo modulation experiments by De Groot er of.*®

In frozen solution an attempt was made to determine the
agnisotropic part of the hff. However, some broad lines were
missed, s pointed out by Lin and Norris’® in a subsequent
electron spin echo modulation investigation,

In these carly experiments 3*3%3% 4 symmetric dimer was
assumed, which we now know to be incorrect. Recent experi-
ments by Lubitz. Lendzian er o/ on D7 in singie crystals
of **N.enriched RCs provide an estimate of all eight 3N his
tensors.*” Therr results point again (0 an asymmetric spin
density distribution. favouring the A-side by a lactor of cu. 2: 1.

ENDOR experimenis on *Mg (! = 5/2) are even more
difficult than on "N In addition to the quadrupole moment of
#3Mg and its smail magnetic moment, Lhe spin density at the
cendre of Lhe ring 1s expected to be smadl. Nevertheless, ENDOR
specira were obtained on the BChl® monomer.®® The hf/g'
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was determined to be —0.3 MHz So far no ENDOR resuits
have been reported on D, :

Comparison of the Observed Hyperfine Couplings with
Theoretical Calcutations —To relate the observed hl'f to
structural properties in a quantitative way, molecular
orbital (MO) methods were used to calculate spin densities on
BChl* and the oxidized bacteriochlorophyll dimer D*
(reviewed in ref. 59). The latest results obtained by Platg*4-6°
for the(@spin density using a semiempirical all-valence-eiectron
MO methpd RHF-INDQ/SP (Jestricted Hartree—Fock Fﬂcr-
mediate heglect ofkiﬂ'ercntial crlap,fSpin larization) in
conjunction with the X-ray structure analysis** is shown in Fig.
21. The agreement of theory with experiment is quite good,
inctuding the observed asymmetry in the spin densities on the
two halves of the dimer. The cailcutations show that there is a
strong m-m interaction between the halves resulting in ‘super’
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Dp

Fig. 21 Comparnson of experimental (-- - +) and caleulated@spin densities ¢

the areas of the squares (p < 0) and circies (p > 0). Geometry from X-ray structure analyses.** From Lendzian et al*

MOs that exiend aver the entire dimer. In such a supermolecule
the contribution of the monomers to the total wavefunction
depends sensitively on the details of the structure. Relatively
<mall distortions brought about by the protein environment can
fead to large changes in spin densities. For instance, the main
contribution 10 the asymmetry can be vaced back to the
different orientations of the acetyl groups (sec Fig. 8. ring [} on
D, and Dy ltalso peints to the importance of trying to decrease
the crrors in the coordinates obtained from the X-ray dilfraction
analysis. 1t is this sensitivity to structural detail that may be
responsible. to a large extent, for the dilferent predictions of spin
densities in the past.3® For instance, there is a significant
discrepancy between the spin densities shown here in Fig. 21
and in Fig. 10 of ref. 59. One should, therefore, be prepared for
further modifications in the calculated Bspin densities as the
structure analyses and computations improve. The directions
of the principal axes of the hfs tensors were ohtained from
the p,-spin densities (not shown).** These directions are less
sensitive (o structural details than theg-spin densities.

Summary and Discussion

We have shown how EPR and ENDOR have been used to
establish that the identity of the primary donor in bacterial
photosynthesis is a BCh! dimer. The same tools were then ap-
plied to the clucidation of the electronic structure of the dimer.
ENDOR provided the means of mapping the spin density
distribution of D* and of assessing the effect of the protein
environment on the electronic structure. Experiments on single
crystals of native and site-directed mutant reaction centres
(heterodimers) helped 10 identify individual ENDOR lines with
particular protons. The results showed that the spin density is
asymmetrically distributed in the native dimer, favouring the A-
hall by ca. 2:1.

The experimemally determined spin densities and derived
wavefunctions are important in understanding the mechanisms
and kinetics of electron transfers which constitute the basic
primary processes of photosynthesis. In addition. they serve to
test the reliability of modern molecular orbital calculations,
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which can be used to predict other properties (e.g.. optical
spectra) of the reaction centre.

Before concluding, may I indulge in a bit of speculation. The
question that 1 would like to address is#hy did nature pick a
dimer {or Mlmau_dg_ngﬂ ‘

There docs not seem to be a simple, clear, answer to this
question, indeed several possible explanations exist. The
simpiest one involves the shift of the singlet optical absorption
of the dimer to a lower energy {red shift).* This provides a
natural trap for funnelling the light energy from the light
harvesting bacteriochiotrophylls to the reaction centre. How-
ever, this does nol seem to be an absolute requirement for
the organism to survive. There arc species (e.g. Rps. viridis) in
which the light-harvesting BChi absorbs at a longer wavelength
than the RC. But in this species the efficiency of energy transfer
from the light-harvesting BChl to the RC is significantly
reduced.®'

Another point deals with the utilization of the incoming
photons. If the primary donor were a monomer it would
be indistinguishable [rom the monomer B, (see Fig. 11).
Consequently, a photon could be absorbed with equal proba-
bility by either the donor or B,. But a photon absorbed by
B, would produce an inefficient charge separation and would,
therefore, be essentially wasted.

The other explanations deal with the optimization of electron
transfer. We require a fast forward and slow back reaction (Fig.
2). The forward reaction is optimized if the reorganization
energy, 4, equals the encrgy difference, AG, between the reactant
and product states (for a review see ref. 62). We do not want AG
to be large since this would represent a loss in energy; con-
sequently we want also a small reorganization energy. A large
structure, like the dimer with its delocalized charge distribution,
will have a lower reorganization energy than a menomer, and

* Two interacting molecules will. in general, have thetr energies spiit;
one energy level will be lowered, the other raised. The bleachabie 865 nm
band in RCs (see Fig. 4) is due to the lower energy transition; the higher
energy transition presumably hides underneath the 800 nm band.

1ol D* in R, sphaernides R-26.§6pin densities are proportional to @ } )

=)
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will therefore more casily satisfy the matching condition dis-
cussed above.

An important factor in the energetics of eiectron transfer is
the difference in redox potentials between u bucteriochlorophyll
dimer and a monomer: the dimer is oxidized more easily than
the monomer by ca. 0.2 eV.%° This probably accounts for the
major part of the reduced primary electron-transfer rate and
concomitant reduced quantum yield in the heterodimer, which
behaves essentially like a monomer.*’

In addition to the cnergetics discussed in the previous para-
graph. dynamics play an important role in electron transler. The
dimer is a floppy structure that has many low frequency modes.
These modes will broaden the encrgy levels of the reactant and
product states, facilitating an overlap between them that is
necessary for efficient electron transfer.

Ta speculate one step further, let us ask whether there might
be an additional advantage to having an aspmunerric dimer,
Consiucr the following situation, Light excites an clectron into
the lowest unoccupied orbital (LUMOY} leaving an unpaired
electron {(actually 2 hole) in the highest occupied orbital
{HOMO). Suppose that in an asymmetric dimer the hole resides
preferentially on the hall of the dimer that is unfavourably
situated with respect to charge recombination (back reaction),
whereas the electron in the LUMO is localized preferentially on
the other half with a moare optimized geometry for forward
elcetron transfer. This would increase the ratio of forward to
back reaction rates. In the native dimer of Rb. sphaeroides we
have shown that the hole favours the A haif of the dimer. The
EPR/ENDOR results, unfortunately, say nothing about the
eiectron that leaves the LUMO. Theoretical calculations have
shown that this electron favours the B-half of the dimer.** An
inspection of the RC structure in Rb. sphaeroides** reveals that
the RC is in the advantageous configuration discussed above,
i, the B-hall of the dimer is closer to B,, the molecule that is
involved in the primary electron transfer step. Thus, the
asymmetry is in the right direction 10 increase the forward to
back reaction rates. However, there seems to be an optimum
asymmetry. If it is loe large, like in the heterodimers, the
lifetime of the excited D* state is significantly shortened
{owing to the large charge-transfer character of the BChly
BPhey state), which causes a reduction in the gquantum
yield.4?

Each of the above arguments can be countered by postulating
different structures or ways of accomplishing similar goals.
However. it is diflicuit o come up with an aliernative to the
dimer that encompasses aif the above points simultancously.

One can also speculate on the evolution of the dimer. The two
protein subunits L and M of ghe RC are related to cach other by
a twolold symmetry axis.**f8 Their amino acid scquences are
similar,®® suggesting that they evolved by gene duplication.
Pechaps they evolved to accommodate the dimer in a natural
way, i.¢., one haif being associated with the L and the other with
the M subunit. There also may have been an additional
evolutionary pressure to accommodate the two symmetricaily
located acceptor quinones Q, and Qg that transform electron
transfer vig prolonation into a proton gradient.**

In conciusion, | hope to have conveyed to you, as promised in
ihe introduction, a leel for the evolution and progress in using
EPR/ENDOR to identify and characterize one of the [ree
radicals created in bacterial photosynthesis. The journey has
been exciting and we have come much closer to our destination.
But we need to keep in mind that we have addressed but one of
many problems in bacterial photosynthesis. There are the other
reactants: the intermediate, primary, secondary acceptors. and
the secondary donoe: there is the probiem of electron transfers,
protonation, etc. Much progress has been made in those areas
as well and perhaps some of them cun be covered in a future
Bruker iceture.
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