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Abstract

In this minireview the information at the atomic level that has been obtained by studying photosynthetic reaction
centers with site-directed isotope labelling is discussed. The required isotopically labelled RCs are prepared using
isotopically labelled amino acids and cofactors that have been prepared via organic total synthetic chemistry. In
some cases the results of isotopically labelled RCs that are prepared via other methods are also discussed.

Introduction

Understanding photosynthesis at the atomic level is a
challenge in structural and functional biology today.
The primary event of photosynthesis is a light-induced
trans membrane redox process, occurring in a pig-
ment protein complex termed the reaction center (RC).
The ground state structures of RCs of two purple
bacteriaRhodopseudomonas viridisandRhodobacter
sphaeroideshave been resolved by X-ray crystallogra-
phy with nearly atomic resolution (Deisenhofer et al.
1984; Allen et al. 1988).

Even though this represents a fundamental under-
standing of the function of RCs, to achieve a complete
picture their dynamic behaviour has to be determined
at the atomic level by time resolved methods. Upon
light excitation an electron is transferred from the pri-
mary donor P (bacteriochlorophylla dimer) at the
periplasmic side, via monomeric bacteriochlorophyll
a and a bacteriopheophytina molecule to the primary
quinone QA, and finally to the secondary quinone QB
at the cytoplasmic side of the membranes.

Although QA and QB are both ubiquinone-10
molecules in the RC ofRhodobacter sphaeroides,
their functions are different. QA is a one electron
gate only, whereas QB accepts two electrons and two
protons and is finally released from the RC as QH2.

These structural and functional differences of the
cofactor ubiquinone-10 in the QA versusthe QB side
are the result of as yet unknown differences in the
interaction of the quinone with the protein in the

respective binding sites. It dramatically shows that de-
tailed information on the structure and electronics of
the cofactors and protein part is needed. The strategy
of choice to obtain this information is site-directed iso-
tope labelling of the functionally intact active protein,
studied with non-invasive isotope sensitive techniques.

With other groups we have initiated collaborative
research based on these strategies. It involves:

1. The total organic syntheses of amino acids and
cofactors highly isotope enriched with stable iso-
topes in any position and combinations of posi-
tions starting from simple highly enriched com-
mercially available starting materials.

2. Preparation of RCs with isotope label in the pep-
tide chains by growing the photosynthetic bacte-
ria on media containing the isotopically labelled
amino acids in question and subsequent isolation
in the RCs. In order to prevent isotope dillution the
condition should be such thatde novobiosynthesis
is completely prevented. For the incorporation of
cofactors the depleted protein is reconstituted with
the isotopically labelled cofactor.

3. Study of the isotopically labelled RC by isotope
sensitive techniques such as high resolution MAS
solid state13C NMR spectroscopy, ESR spec-
troscopy, FTIR difference spectroscopy and laser
Resonance Raman spectroscopy.

The great advantage of this strategy is that reso-
lution at the atomic level is achieved with essentially
intact and selective functionally active proteins. No
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change in sterical and electronic properties are in-
troduced by isotopic labelling; the natural RC also
contains heavy isotopes at each position at the natural
abundance level (e.g. 1.1% for13C).

Synthesis

Only few of the required isotopically labelled amino
acids are commercially available. None of the re-
quired ubiquinone-10 and other cofactors are com-
mercially available. We therefore started a synthetic
programme to prepare these site-directed isotopically
labelled molecules, with 99% incorporation at the re-
quired position, using commercially available highly
enriched starting materials. In the meantime the syn-
thesis of resp. L tryptophan (Berg et al. 1990), L
tyrosin (Winkel et al. 1989), L lysine (Raap et al.
1995), L glutamic acid (Cappon et al. 1991), L proline
(Cappon et al. 1992), L histidine (Cappon et al. 1994),
L glutamine (Ogrel et al. 1994), L serine (Karstens et
al. 1995), L threonine (Karstens et al. 1995) have been
published.

The synthesis of ubiquinone-10 isotopomers with
a 13C label on resp. 1,2,3,4 and 3CH3 have been
reported (Liemt van et al. 1994). Similarly, the syn-
thesis of ubiquinone-3 labelled with13C at the 5 and
6 positions in the quinone nucleus has been published
(Boullais et al. 1994). The synthesis of isotopically
labelled spheroidenes have been published (Gebhard
et al. 1991a, 1991b; Jansen et al. 1996).

In the meantime the efficient incorporation of iso-
topically labelled tyrosins, tryptophans and histidines
in the reaction centers ofRhodobacter sphaeroides,
R26, have been reported (Raap et al. 1990; Carnecki
et al. 1997). Also the bacterio chlorophyll cofactors
in the reaction centers have been labelled with26Mg
by growing the bacteria on media containing26Mg
(Carnecki et al. 1997).

Results

Tyrosine residues

The reaction centers ofRhodobacter sphaeroidesR26
selectively enriched with [4′–13C] tyrosine and the
Rhodobacter sphaeroides2.4.1 (M)Y210W mutant se-
lectively enriched with [4′–13C] tyrosin have been
investigated with13C MAS NMR spectroscopy (Fis-
cher et al. 1992; Shochat et al. 1995). The R26 RCs

comprise a total of 28 tyrosines distributed over the
complex. (M)Y210 is strategically located in the ac-
tive branch near the special pair, bacteriochlorophyll
and bacteriopheophytin. The signal of [4′–13C] ty-
rosine R26 consists of at least seven narrow lines
superimposed on a broad doublet. The two narrowest
resonances corresponding to signals from individual
tyrosins are 28± 5 Hz wide, compatable to what
is observed for quaternary carbons in linearly elastic
organic solids. The spectrum of the 2.4.1. (M)Y210
M mutant is very similar to the spectrum of the R26
system except that the most upfield narrow signal (at
152.2 ppm, in the region where non-hydrogen bonded
tyrosins are expected), is lacking. This allows the as-
sigment of the M210 tyrosin signal. The spectra also
show that during the expression of the protein no back
mutation has taken place.

The line width as well as the chemical shift of these
signals is essentially independent of temperature. This
provides strong evidence for an unusually ordered,
well-shielded and structurally, electrostatically and
thermodynamically stable interior of the protein com-
plexes without structural heterogeneties in the time
and length scales of the NMR. Also, the influences of
the (M) Y210 M mutation on the global electrostatic
properties and structures of the protein, as probed by
the tyrosine labels, is minimal. When the R26 sample
is frozen while subject to intense illumination, a sub-
stantial part of the protein is brought into the charge
separated state P•+QA

•−. At least three sharp reso-
nances, including the narrowed lines at 152.2 ppm, are
substantially reduced in intensity, resulting from the
effect caused by the electronic spin density associated
with the oxidized primary donor P•+. This suggests
that part of the environment of the special pair probed
by the tyrosine is extremely rigid and questions the
role of protein conformational distortions on the time
scale of the primary photoprocess.

The results of the mutant argues against an expla-
nation of slow and non-experimental transfer kinetics
in the (M)Y210W RC in terms of loss of structural
integrity upon mutation. The NMR results strongly
support current opinions that (M)Y210 contributes to
the fine tuning of the energy levels of the prosthetic
group involved in electron transfer.

Histidine

The central magnesium ion of each of the four BChl
cofactors in the RCs is ligated to a histidine residue,
which serves as the only covalent link to the protein.
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Systematic spectroscopic studies aimed at elucida-
tion of the characteristics and functional importance
of the magnesium histidine linkage in RC have re-
cently started. Via a laser Resonance Raman study
on RC with isotopically labelled histidine, Charnecki
et al. have recently identified the magnesium histi-
dine stretching vibrations of the bacterio chlorophyll
cofactors (Charnecki et al. 1997). Their implications
for the photoexcitation dynamics in the RC have been
discussed.

Photochemically induced nucleic spin polarization
signals have been observed that were attributed toδ

andε nitrogens of histidine; presumably the ligand of
P865 (Zysmilich et al. 1996).

Ubiquinone

The 13C MAS NMR spectra of Rhodobacter
sphaeroidesR26 RC reconstituted with ubiquinone
13C enriched on positions 1,2,3,4 and 3Me in the QA
site have been obtained (Liemt van et al. 1995). They
show a slight heterogenity reflected in the line width
between 180 and 300 Hz. Electrostatic charge differ-
ences in QA induced by polarization from the protein
are less than 0.02 electronic equivalent for any of the
labelled positions, this includes the 413C carbonyl
position. For the 413C carbonyl position a response
can be observed at 183 ppm, but only with sample
temperature below∼255 K. Although the asymme-
try of the anisotropy of the 413C signal from QA is
only moderately different from the anistropy of this
position in crystallin ubiquinone-10, it is concluded
that this result is compatible with a decrease of the
4 C–0 bond order upon binding to the protein. The
temperature dependent asymmetry between the signal
strengths of the two carbonyls in QA indicates that the
putative strong interaction with the protein at position
4 involves dynamic character, which may be of impor-
tance to the specific QA redox chemistry (Groot et al.
1995).

These isotopically labelled systems have been in-
vestigated in the QA•− state with 35 GHz EPR spec-
troscopy. The direct observation of the13C hyperfine
splitting of the gz component of UQ 10A•− in the RC
shows that the electronic spin distribution is asymmet-
ric in the RC. The carbonyl oxygen of the semiquinone
anion nearest to the S = 2 Fe

27 and QB is shown to
acquire the highest (negative) charge density in the
reduced state (Brink et al. 1994).

Reaction centers reconstituted in the QA site with
resp. 13C labelled ubiquinone-10 and13C labelled

ubiquinone 3 have been studied with FTIR difference
spectroscopy in the dark adapted state versus the QA

•−
state (Brudler et al. 1994; Breton et al. 1994). The
mode dominated by the 4 C–0 stretch vibration is
drastically down-shifted in the QA site compared to
its frequency in free ubiquinone-10. In contrast the
mode dominated by the 1 C=0 contribution absorbs at
similar frequencies in the free and the bound forms.

In the charge-separated state the mode dominated
by the semiquinone 4 C""––0 vibration is characteristic
of a strong hydrogen binding to the micro environ-
ment, whereas the mode dominated by the 1 C""––0
vibration indicates a weaker interaction.

Similar to the reaction centers ofRhodobacter
sphaeroides, R26,Rhodopseudomonas viridis, recon-
stituted with13C labelled ubiquinone in the QB site,
have been studied with FTIR difference spectroscopy
(Brudler et al. 1995; Breton et al. 1995, 1996) show-
ing a symmetric environment to the cofactor in this
site in contrast to the QA site. Comparison between
the quinone in the QA of Rb. sphaeroidesversus the
Rp. viridesshows an almost identical interaction in
both cases. Indications have been obtained that inRb
sphaeroidesthe ubiquinone-10 in the QB site is bound
in two different fractions in the ratio of 1:3.

Spheroidene

In the RC ofRhodobacter sphaeroides2.4.1. spher-
oidene is present. Probably the most important role
of the spheroidene is to act as a protective device
against irreversible photodestruction of the RC. The
spheroidene is the only cofactor that does not ad-
here to the approximate twofold rotation symmetry
of the RCs. It is located near the monomeric ac-
cesory bacteriochlorophyll in the photosynthetically
inactive branch. In order to resolve structural am-
biquities of the bound spheroidene,13C MAS NMR
of Rhodobacter sphaeroidesR26 reaction centers re-
constituted with 14,14′ and 15,15′ spheroidene were
carried out, showing chemical shift values in agree-
ment with a bound 15,15′Z structure (Groot et al.
1992).

Resonance Raman spectroscopy on RCs reconsti-
tuted with specific2H labelling in the central part of
the spheroidene revealed evidence for out of plane
distortions of the bound 15,15′Z spheroidene in the
central C14 to C14

′ region of the system (Kok et al.
1997).
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Pheophytin

RC of Rhodobacter sphaeroidesR26 were reconsti-
tuted with uniformly13C labelled (plant) Pheoa in
the two pheophytin binding sites. New solid state
13C NMR techniques have been applied to extract
the chemical shift values of each of the13C atoms
and their modifications due to binding in the protein
(Egorova-Zachernyuk et al. 1997). No evidence for
electrostatic differences between the two Pheoas were
found. The first results indicate that the symmetry
breaking between the A and B branch is not due to
differences in electronic ground states of the pheo-
phytin cofactors, and a thorough investigation to put
these conclusions on a firm ground is currently being
performed.

Photochemically induced nuclear spin polariza-
tion on 15N enriched RCs have been observed that
can be attributed to the bacteriopheophytin acceptor
tetrapyrrole nitrogens in addition to the signals of the
tetrapyrrole nitrogens of the special pair (Zysmilich et
al. 1996).

Conclusion

The precise information at the atomic level described
by investigation of photosynthetic reaction centers
specifically labelled with stable isotopes with non-
invasive isotope sensitive techniques has been ob-
tained in the last five years.

New developments in isotope sensitive spectro-
scopic techniques, such as the recent method to deter-
mine the value of torsional angles and precise distance
measurements in membrane proteins by solid state
NMR (Feng et al. 1997; Verdegem et al. 1997), cou-
pled with development in the synthetic and genetic
area indicate that in the near future a wealth of new es-
sential information about the structure and function in
photosyntheses will become explored via site directed
isotopically labelled systems.
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