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Abstract

The vibrational properties of the primary electron donors (P) of type I photosynthetic reaction centers, as investigated by
Fourier transform infrared (FTIR) difference spectroscopy in the last 15 years, are briefly reviewed. The results obtained on
the microenvironment of the chlorophyll molecules in P700 of photosystem I and of the bacteriochlorophyll molecules in
P840 of the green bacteria (Chlorobium) and in P798 of heliobacteria are presented and discussed with special attention to the
bonding interactions with the protein of the carbonyl groups and of the central Mg atom of the pigments. The observation of
broad electronic transitions in the mid-IR for the cationic state of all the primary donors investigated provides evidence for
charge repartition over two (B)Chl molecules. In the green sulfur bacteria and the heliobacteria, the assignments proposed
for the carbonyl groups of P and P� are still very tentative. In contrast, the axial ligands of P700 in photosystem I have been
identified and the vibrational properties of the chlorophyll (Chl) molecules involved in P700, P700�, and 3P700 are well
described in terms of two molecules, denoted P1 and P2, with very different hydrogen bonding patterns. While P1 has
hydrogen bonds to both the 9-keto and the 10a-ester CNO groups and bears all the triplet character in 3P700, the carbonyl
groups of P2 are free from hydrogen bonding. The positive charge in P700� is shared between the two Chl molecules with a
ratio ranging from 1:1 to 2:1, in favor of P2, depending on the temperature and the species. The localization of the triplet in
3P700 and of the unpaired electron in P700� deduced from FTIR spectroscopy is in sharp contrast with that resulting from
the analysis of the magnetic resonance experiments. However, the FTIR results are in excellent agreement with the most
recent structural model derived from X-ray crystallography of photosystem I at 2.5 Aî resolution that reveals the hydrogen
bonds to the carbonyl groups of the Chl in P700 as well as the histidine ligands of the central Mg atoms predicted from the
FTIR data. ß 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

In a manner similar to what has occurred in the
¢eld of the reaction centers (RCs) of purple photo-
synthetic bacteria since about 1985, the availability
of the X-ray structural model of PSI since about
1995 has raised a number of new questions which
constitute an interesting challenge for the spectros-
copists. On the one hand, the vast amount of pre-

0005-2728 / 01 / $ ^ see front matter ß 2001 Elsevier Science B.V. All rights reserved.
PII: S 0 0 0 5 - 2 7 2 8 ( 0 1 ) 0 0 2 0 6 - 7

Abbreviations: ADMR, absorbance detected magnetic reso-
nance; BChl, bacteriochlorophyll ; Chl, chlorophyll; ENDOR,
electron nuclear double resonance; EPR, electron paramagnetic
resonance; FeS, iron^sulfur clusters; FA, FB, FX, FeS electron
acceptors of PSI; FTIR, Fourier transform infrared; P, primary
electron donor; PSI, photosystem I; RC, reaction center; THF,
tetrahydrofuran; WT, wild-type

* Fax: +33-1-6908-8717.
E-mail address: cadara3@dsvidf.cea.fr (J. Breton).

BBABIO 45080 12-10-01

Biochimica et Biophysica Acta 1507 (2001) 180^193
www.bba-direct.com

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Elsevier - Publisher Connector 

https://core.ac.uk/display/81978371?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


viously obtained spectroscopic data and the interpre-
tations provided have to be confronted to the crys-
tallographic structural information and a model con-
sistent with the results of both approaches has to be
presented. On the other hand, the possibility o¡ered
by several types of spectroscopy to probe the di¡er-
ent electronic states of the cofactors involved in the
functional act of photosynthetic charge separation,
represents an important addition to the X-ray struc-
tural model of PSI [1,2], that has so far only probed
the static neutral state of the RC. A combined anal-
ysis could be of great help to delineate the possible
changes in structure that accompany the separation
and stabilization of charges. In the speci¢c case of
PSI RCs, this is obviously a dynamic process in view
of the improvements in the quality of the X-ray data
and the re¢nement of the structural model.

Vibrational spectroscopy represents a valuable tool
to investigate at a submolecular level both the photo-
synthetic cofactors and the protein, their interaction
in the ground state, as well as the changes of these
interactions and of the protein structure that are li-
able to occur in the charge separated states. In the
case of type I photosynthetic RCs, the core polypep-
tides of which contain a large number of strongly
bound antenna pigments, FTIR spectroscopy, and
notably the light-induced di¡erence version of this
technique, seems well suited for such investigation.
In the following, we will brie£y review the results
that have been gathered over the last 15 years using
FTIR di¡erence spectroscopy on the primary elec-
tron donors (P) involved in type I reactions, and
discuss some of the most recent developments in
the ¢eld.

2. FTIR spectroscopy of P700

2.1. Early studies

The initial investigation of the photooxidation of
P700 by FTIR di¡erence spectroscopy was per-
formed in 1986 [3] very soon after the ¢rst light-in-
duced FTIR di¡erence spectra of a photosynthetic
reaction, namely the photooxidation of the primary
electron donor in chromatophores and RCs of purple
photosynthetic bacteria, had been obtained at CEA/
Saclay [4]. PSI particles isolated from pea and con-

taining about 200 chlorophyll (Chl) molecules per
P700 were lightly dried on a CaF2 window in the
presence of the arti¢cial electron acceptor methyl
viologen, rehydrated with Na ascorbate in Tris bu¡-
er, and covered with a second CaF2 window to form
a cuvette of a few Wm thickness. High-quality FTIR
di¡erence spectra were recorded both under and fol-
lowing continuous illumination at 22³C [3]. In view
of the rather unusual conditions used for preparing
the FTIR sample, a kinetic control was performed on
the same sample to follow the bleaching of the elec-
tronic absorption band of P700 at 706 nm and the
appearance of the P700� cation band at 820 nm. The
rationale for adding methyl viologen was to elimi-
nate, or at least to strongly decrease, the contribu-
tions from the endogenous iron sulfur clusters (FeS),
that are the PSI electron acceptors. However, when
this arti¢cial electron acceptor was omitted, the
bands in the di¡erence spectra were mostly unaf-
fected, indicating that contributions from the reduc-
tion of the FeS centers FA and FB are small com-
pared to those originating from the photooxidation
of P700.

In the absence of FTIR spectra of isolated Chl�a ,
assignment of the spectral changes was mostly lim-
ited to the negative bands, i.e., those that pertain to
the neutral Chl species for which IR bands have long
been assigned. A large negative band at V1700 cm31

was already recognized as a candidate for the 9-keto
carbonyl of the Chla molecule(s) constituting P700
while the negative bands located at 1735 and 1749
cm31 were tentatively assigned to Chla esters CNO
groups [3]. 1H/2H exchange as well as global isotope
labeling with 13C or 15N on PSI particles isolated
from the cyanobacterium Spirulina geitleri were
used in an attempt to discriminate CNO vibrations
originating from the Chl from those of the protein
[5]. Upon 13C labeling several bands in the 1750^
1650 region were observed to downshift by V40
cm31 as expected for CNO vibrations. Furthermore,
no e¡ect of 1H/2H exchange was observed on the
largest bands, consistent with their assignment to
Chla vibrations. Only relatively small signals in the
amide II region (around 1550 cm31) were a¡ected by
labeling with 15N, indicating that the protein back-
bone is making only a small contribution to the IR
changes. However, the limited S/N of the spectra did
not allow the CNO vibrations from the Chl to be
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clearly discriminated from those of the protein for
the 15N labeling and precluded the analysis of the
e¡ect of 1H/2H exchange on the bands of small am-
plitude.

2.2. Comparison with Chl model compounds

In order to assign and interpret the features ob-
served in the light-induced FTIR spectra associated
with the primary reactions of photosynthesis, the IR
spectra of isolated Chl model compounds have to be
investigated in both their neutral and ionized states.
Thus, the cation radicals of Chla and pyroChla (Chla
lacking the 10a-ester carbonyl) were generated elec-
trochemically in a special cell suited for the visible
and IR spectral ranges [5^9]. Using this approach, it
was found that the 9-keto CNO of Chla in tetrahy-
drofuran (THF) upshifted from 1693 to 1718 cm31

as observed in the cation-minus-neutral di¡erence
spectrum while that of pyroChla shifted from 1686
to 1712 cm31. Furthermore, the lack of an IR signal
in the CNO ester region of the cation-minus-neutral
di¡erence spectrum for pyroChla showed that the
di¡erential feature observed at 1751(+) and
1738(3) cm31 in the cation-minus-neutral di¡erence
spectrum of Chla was due entirely to the 10a-ester
CNO with no substantial contribution from the 7c-
ester CNO [8,9]. The striking similarity between the
large di¡erential signals at 1718/1698 and 1718/1693
cm31 in the P700�/P700 and Chl�a /Chla di¡erence
spectra (Fig. 1), respectively, led to the assignment
of the former to the frequency upshift upon primary
donor photooxidation of the 9-keto group(s) of the
Chla molecule(s) constituting P700 [9]. The high fre-
quency of the 9-keto group vibration in P700 indi-
cates an absence of bonding interaction with the PSI
protein. Although participation of a bound 7c-ester
CNO or of buried carboxylic acid residues could not
be strictly excluded, the two di¡erential signal ob-
served at 1754/1749 and 1742/1735 cm31 in the
P700�/P700 FTIR di¡erence spectrum were rather
assigned to 10a-ester CNO groups in inequivalent
environments. On the other hand, the absence of
e¡ect of 1H/2H exchange on the latter signals showed
that protonated Asp or Glu residues were not in-
volved.

Nabedryk et al. [9] noticed that the assignment of
the 1718 cm31 band observed in the IR spectrum of

the radical cation of Chla in solution was at variance
with that of a band at 1717 cm31 in the resonance
Raman spectrum of Chl�a [10]. The latter was attrib-
uted to a downshifted 10a-ester CNO vibration con-
sequent to the enolization of the 9-keto CNO after
oxidation of Chla. The participation of enol forms of
Chla in P700 photochemistry has been debated [11].
The observation in [9] that cation formation of iso-
lated Chla induces the same frequency upshift (25^26
cm31) independently of the presence of the 10a-ester
CNO provided compelling evidence for the absence
of enolization upon Chla cation formation. Soon
after, the same conclusion has also been reached
from resonance Raman experiments on pyroChl�a
[12].

A light-induced P700�/P700 FTIR di¡erence spec-
trum from PSI particles from the cyanobacterium
Synechocystis PCC 6803 has been reported [13].
This spectrum, which represented a control to esti-
mate the e¡ect of rather high levels of PSI contam-
ination on the FTIR spectra of PSII reactions in a
PSII-enriched preparation, compares well with the
spectra previously reported on PSI preparations
from various organisms [3,5,9,14].

Using a very di¡erent approach, namely that of

Fig. 1. (a) Light-induced P700�/P700 FTIR di¡erence spectrum
of the photooxidation of a dry ¢lm of PSI particles from Syne-
chocystis PCC 6803 at 5³C. (b) Redox-induced Chl�a /Chla FTIR
di¡erence spectrum of chlorophylla cation formation at
U = +0.8 V in deuterated tetrahydrofuran at 20³C. Peak-to-peak
amplitudes are 2U1033 and 6U1032 absorbance units in a and
b, respectively.
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redox-induced FTIR di¡erence spectroscopy, an in-
vestigation of the electrochemical oxidation of P700
in puri¢ed PSI preparations from Synechocystis PCC
6803 has been carried out [15]. In principle, this ap-
proach o¡ers an advantage over the more common
light-induced di¡erence spectroscopy method insofar
as possible contributions from the FeS centers should
be eliminated. However, the early spectra were highly
contaminated with contributions from antenna Chla
molecules that exhibit reversible electrochemistry
[15]. Careful developments of electrode modi¢cations
and mediator composition have resulted in a large
improvement of the quality of the di¡erence spectra,
which become largely dominated by the P700�/P700
contributions [16]. However, even in these improved
spectra, several bands of small amplitude still appear
conspicuously at the same positions as those of the
Chla contaminants in the early spectra. Nevertheless,
a comparison was made between a monomeric and a
trimeric state of the PSI particles and small but sig-
ni¢cant di¡erences were observed between 1640 and
1300 cm31. The e¡ect of 1H/2H exchange was also
investigated leading to the assignment of several of
the bands to amide I and amide II vibrations [16].

A close resemblance between the FTIR di¡erence
spectra of the photoxidation of P700 and that of the
primary electron donor in the HL(M202) hetero-
dimer mutant of the purple photosynthetic bacterium
Rhodobacter sphaeroides has been noticed [17]. In
this mutant, the His residue at M202 which is the
axial Mg ligand of one of the two bacteriochloro-
phyll (BChl) molecules that constitute the primary
donor P870 in wild-type (WT) RCs is changed for
a Leu residue. This prevents the ligation of a BChl
and a bacteriopheophytin is inserted instead at the
equivalent position. Upon photooxidation, the posi-
tive charge in the mutant is fully localized on the
BChl half of the heterodimer. The similarity of the
FTIR di¡erence spectra was taken to suggest that in
P700� the positive charge is localized on a single
Chla molecule. Another observation was also indica-
tive of a monomeric structure of P700�, namely the
absence in the P�/P FTIR di¡erence spectra of both
the heterodimer mutant and of P700 of a speci¢c
mid-IR electronic transition characteristic of a di-
meric structure of the oxidized special pair which
had been previously predicted, observed around
2600 cm31, and analyzed in the spectra of WT RCs

from several purple photosynthetic bacteria [18]. The
apparent lack of such a band in the P700�/P700
FTIR photo-induced di¡erence spectrum was also
noticed in the study of the redox-induced FTIR dif-
ference spectra [16]. More recently, the question of
an electronic transition of P700� in the mid-IR has
been reexamined after optimization of the detection
conditions. Indeed such a transition, although rela-
tively weak and peaking right under the region of
intense absorption of the OH stretching vibration
of liquid water at around 3300 cm31, has been un-
ambiguously observed leading to a reinterpretation
of the P700�/P700 FTIR di¡erence spectrum in
terms of charge sharing over two Chl molecules in
P700� [19].

2.3. Search for the axial ligands of P700

The X-ray crystal structure of PSI has revealed the
existence of a twofold rotation axis joining the center
of P700 to FX and relating the eleven K-helices of the
two subunits PsaA and PsaB [1]. The general orga-
nization of the cofactors forming two quasi-symmet-
ric branches on their protein `sca¡old' is reminiscent
of that encountered in the structure of the RC from
purple photosynthetic bacteria where the core is con-
stituted by the homologous L and M subunits. In the
latter case, one of the main bonding interaction be-
tween the primary donor BChl and the protein is via
liganding of homologous His residues to the central
Mg atom. This has led to the idea that a search for
conserved histidine side chains located at homolo-
gous positions in PsaA and PsaB, could help identify
the axial ligands of the Chl of P700 [20,21]. After a
systematic survey of such conserved residues, six
pairs of His were targeted by site-directed mutagen-
esis and changed to pairs of Gln side chains in the
green alga Chlamydomonas reinhardtii. A PSII-de¢-
cient background was used and puri¢ed thylakoids
of the mutants were screened against WT samples for
changes in the characteristics of P700 by several tech-
niques, including FTIR di¡erence spectroscopy [22].
The mutation of the His pair in helix 10 (PsaA^
His676 and PsaB^His656) was the only one to result
in a perturbed P700�/P700 light-induced FTIR dif-
ference spectrum. Notably, a clear 4^5 cm31 upshift
of the main negative band at 1700 cm31 was ob-
served upon the double mutation. All of the other
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double-substitution mutants showed FTIR di¡erence
spectra very similar to that of WT. The P700� EPR
linewidth as well as the visible P700�/P700 di¡erence
spectrum were also found to be speci¢cally perturbed
in the PsaA^His676/PsaB^His656 double Gln mutant
[22]. Single His-to-Gln mutations were introduced at
each one of these two sites and the change at PsaA^
His676 was found to be responsible for most of the
e¡ect on the FTIR di¡erence spectrum of the PsaA^
His676/PsaB^His656 double Gln mutant [22]. Fi-
nally, an additional single mutant in which PsaA^
His676 was changed to a Ser side chain revealed
changes of the FTIR di¡erence spectrum very similar
to those exhibited by the mutant bearing a Gln at the
same site (J. Breton, W. Leibl, A. Weber, unpub-
lished).

On the basis of the comparison with the cation-
minus-neutral FTIR di¡erence spectrum of Chla in
organic solvents (Fig. 1), the 1700 cm31 band in the
P700�/P700 FTIR di¡erence spectrum has been as-
signed to the 9-keto CNO group of at least one of
the two Chla molecules that constitute P700 [9]. The
high value of this frequency shows that such group(s)
must be free from hydrogen bonding interaction with
the protein. Thus, the upshift in frequency of the
1700 cm31 band upon change of PsaA^His676 to
Gln [22] cannot be due to the loss of an hydrogen
bond to a 9-keto group and is consistent with a re-
positioning of the whole P700 dimer upon mutation
of one axial ligand. Such a change in the position of
the dimer in the protein cavity, by altering the con-
straints on the macrocycle as well as the conforma-
tion and/or local electrostatic of the substituents on
ring V for each member of the dimer, is liable to
induce frequency shifts of these peripheral groups.
The conclusion that PsaA^His676 and PsaB^His656
are the axial ligands to the Chl of P700 is further
supported by the strong perturbation of the light-
induced P700�/P700 FTIR di¡erence spectrum of a

mutant in which PsaB^His656 is changed for a Leu
residue [23].

2.4. Isotope labeling studies

The e¡ect of global isotope labeling with 15N or
with 2H on the P700�/P700 FTIR di¡erence spectra
recorded at 90 K has been recently reinvestigated in
PSI preparations from Synechocystis PCC 6803 [19].
This approach was used to discriminate the CNO
vibrations of the Chl from those of the protein in
the region 1800^1600 cm31. The rationale is that
15N labeling does not a¡ect the CNO vibrations of
the Chl but induces a small downshift of the peptide
CNO while 2H labeling induces a small frequency
downshift of the CNO vibrations of both the Chl
and the peptide. Of the three main negative bands
observed at 90 K in the P700�/P700 FTIR di¡erence
spectrum at 1697, 1668, and 1637 cm31 (Fig. 2b) that
are possible candidates for 9-keto groups of the P700
Chl, only the one at 1668 cm31 was a¡ected in a
manner consistent with a protein CNO, while the
two others (1697 and 1637 cm31) were behaving
more like Chl 9-keto CNO groups. Furthermore,
the two negative bands at 1749 and 1733 cm31 could
be assigned to 10a-ester CNO vibrations from the
P700 Chl on the basis of their 5 cm31 isotopic shift
upon 2H labeling, which is equivalent to that ob-
served for the same group in isolated Chla. Similarly,
the isotope e¡ects observed on the positive bands at
1754, 1740, 1717, and 1656 cm31 allowed their as-
signment to the upshifted vibrations in P700� asso-
ciated with the four negative Chl CNO bands of
P700 at 1749, 1733, 1697, and 1637 cm31, respec-
tively [19]. The assignments of these carbonyls of
the Chl of P700 are summarized in Table 1.

Recently, a selective labeling strategy has been ap-
plied to the P700�/P700 FTIR di¡erence spectrum of
PSI from Synechocystis PCC 6803 whereby the meth-

Table 1
Assignment of carbonyl stretching frequencies (cm31) of the two chlorophylls of P700 in Synechocystis SPP 6803 at 90 K

Carbonyl P700 P700� 3P700

Chl P1 (eC-A1) 10a-ester 1733 V1740 V1728
9-keto 1637 1656 1594

Chl P2 (eC-B1) 10a-ester 1749 1754
9-keto 1697 1717

The two chlorophyll molecules constituting P700 are denoted P1, P2 and eC-A1, eC-B1 in [19,46], respectively.
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yl attached to the 10a-ester CNO of the Chl is la-
beled upon feeding 2H-labeled methionine to this or-
ganism [24]. Although intrinsically more speci¢c than
our global 2H labeling [19], this selective approach
leads to a 1H-minus-2H double-di¡erence spectrum
that is very close to ours in the range 1760^1710
cm31. Notably, positive bands at 1754, 1745, 1730,
and 1720 cm31 and negative bands at 1750, 1737,
1726, and 1714 cm31 in [24] are located within less
than 2^3 cm31 of analogous peaks in [19]. Moreover,
the small shifts in frequency that can be observed
between the spectra in these studies are essentially
due to the di¡erence in temperature in the two ex-
periments, i.e., 264 K in [24] and 90 K in [19] (J.
Breton, unpublished). This similarity is to be ex-
pected as in both experiments the methyl of the
10a-carbomethoxy group is labeled with 2H. We
had assigned the two main di¡erential features at
1754/1749 and 1740/1733 cm31 in the P700�/P700
di¡erence spectrum of the unlabeled sample at 90
K to the free and hydrogen-bonded 10a-ester CNO
vibrations from the two Chl in P700 [19]. We concur
with the authors in [24] that the small positive peak
around 1730 cm31 in the P700�/P700 di¡erence spec-
trum of the unlabeled sample probably re£ects an
heterogeneity of the conformation of one of the
10a-ester CNO groups. However, we propose that

the small di¡erential signal that they observe under
the 1717 cm31 positive peak of the P700�/P700 dif-
ference spectrum of the unlabeled sample is not to be
assigned to an additional population of 10a-ester
CNO as discussed in [24] but is rather to be attrib-
uted to the 9-keto CNO of one of the Chl in P700�

that is a¡ected by the 2H labeling of the 10a-carbo-
methoxy group through vibrational coupling. This
proposal relies on the observation that 2H labeling
of the 10a-carbomethoxy group and of the hydrogen
atom at C10 induces a 3 cm31 downshift of the 9-
keto frequency in isolated Chla [19]. The latter phe-
nomenon could also help rationalize the unexplained
weak isotope e¡ects on bands underlying the main
1697 cm31 band reported in [24].

2.5. Comparison of P700 +/P700 and 3P700/P700
FTIR di¡erence spectra

In a light-induced FTIR di¡erence spectrum of the
photooxidation of P, the identi¢cation of the CNO
vibrations from the primary donor (B)Chl(s) is ham-
pered by the likely possibility that the positive charge
on P� and the negative charge on the reduced elec-
tron acceptor could perturb the protein CNO vibra-
tions that are in the vicinity of these charges and that
absorb in the same spectral range. This di¤culty
does not exist when the triplet state of P is generated
owing to the electroneutral character of the triplet.
Furthermore, the mere comparison of the P�/P and
3P/P di¡erence spectra o¡ers the interesting possibil-
ity of identifying the CNO vibrations of the neutral
(B)Chl(s) of P as the common negative bands in the
carbonyl frequency range of the two spectra. This
strategy was ¢rst applied to the primary donor BChls
of P870 in Rb. sphaeroides where common negative
bands at V1682 and 1692 cm31 could be identi¢ed
as the 9-keto CNO of the two BChl molecules con-
stituting P870 [25].

The 3P700/P700 di¡erence spectrum generated at
90 K on PSI particles from Synechocystis PCC 6803
that had been depleted of the FeS centers FA, FB,
and FX (Fig. 2a) exhibits a main negative band at
1637 cm31 associated to a positive band at 1594
cm31 [19]. These two bands can be assigned to the
9-keto CNO of a Chla in vivo on the basis of the
comparable frequency downshift observed for the 9-
keto CNO upon triplet formation of Chla in the

Fig. 2. Light-induced FTIR di¡erence spectra of PSI particles
from Synechocystis PCC 6803 at 90 K. (a) 3P700/P700 triplet-
minus-singlet spectrum on FeS-depleted PSI. (b) P700�/P700
spectrum on native PSI. Peak-to-peak amplitudes are 4U1034

and 6U1034 absorbance units in a and b, respectively.
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solvent THF [19]. The frequency of the negative
band at 1637 cm31 in the 3P700/P700 spectrum
(Fig. 2a) closely matching that of a negative band
in the P700�/P700 di¡erence spectrum (Fig. 2b), it
has been concluded that this band can be attributed
to the 9-keto CNO mode of one of the Chla that
constitutes P700 [19] and that is denoted P1 in the
following (Fig. 3). The 3P700/P700 di¡erence spec-

trum also shows a small negative band at 1733
cm31 matching a negative band at the same fre-
quency in the P700�/P700 spectrum (Fig. 2) which
is thus assigned to the 10a-ester CNO of P1. For this
Chl molecule of P700, the downshifted IR frequen-
cies compared to isolated Chla in THF show that
both the 9-keto and the 10a-ester CNO groups are
hydrogen bonded. The second Chla molecule of
P700, denoted P2, with its 9-keto and 10a-ester
CNO vibrations at 1697 and 1749 cm31, respec-
tively, is free from interactions with the protein.
While P2 is essentially una¡ected by the formation
of 3P700, it makes a large contribution to the P700�/
P700 di¡erence spectrum. These assignments, sum-
marized in Table 1, have been further reinforced by
analyzing the e¡ect of global isotope labeling on the
3P700/P700 di¡erence spectrum [19]. The conclusion
that the triplet state in 3P700 is entirely localized on
a single Chla molecule is consistent with the D and E
values found by EPR although a dimeric state with
parallel planes of the Chla molecules could not be
excluded by the magnetic resonance studies [26,27].

2.6. Mid-IR electronic transition of P700 +.
Charge repartition in P700 +

The presence of an electronic mid-IR transition
peaking around 3300^3100 cm31 implies that the
hole in P700� is delocalized over more than one
Chla molecule [19]. From the global isotopic labeling
studies, the comparison with model compounds, and
the analysis of the FTIR spectrum of 3P700 forma-
tion, it has been concluded that the positive charge in
P700� is shared amongst the two halves of the dimer

6

Fig. 3. Schematic representation of the bonding interactions of
the two chlorophyll molecules in P700 as derived from FTIR
spectroscopy. The triplet state of P700 is fully localized on a
chlorophyll, denoted P1, with strong hydrogen bonds to both
the 9-keto and 10a-ester CNO groups. For the second chloro-
phyll, denoted P2, these carbonyls are free from hydrogen
bonding interaction. For the Mg atom of each chlorophyll, a
¢fth axial ligand is provided by the side chains of histidine
PsaA676 or PsaB656 (Chlamydomonas reinhardtii sequence num-
bering). The IR frequency of the four carbonyls are indicated
with arrows for the neutral chlorophylls in P700. The positive
charge in P700� is shared between P1 and P2 with a distribu-
tion ranging from 1:1 to 2:1 (in favor of P2). The structural
formula of Chla is given in the bottom part of the ¢gure.
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as discussed in [19]. For PSI particles from Synecho-
cystis PCC 6803 at 90 K, the CNO groups of P1

absorb at 1733 and 1637 cm31 while those of P2

are found at 1749 and 1697 cm31. Very similar char-
acteristics are observed at higher temperatures and
for PSI particles from other organisms (Fig. 4).
The extent of perturbation (as estimated by the fre-
quency upshift) upon P700� formation is approxi-
mately the same for the 9-keto of P1 (19 cm31) and
of P2 (20 cm31) and close to that (25 cm31) observed
for this group upon Chl�a formation in THF. The
di¡erential features associated with the 10a-ester
CNO vibrations of P1 and P2 are also quite equiv-
alent (Fig. 4). Insofar as the 9-keto and the 10a-ester
CNO vibrations are both coupled to the ring V,
which itself is fully conjugated to the Chla macro-
cycle, it was further concluded that the charge is
shared roughly equally between the two Chla mole-
cules of P700 with a ratio ranging between 1:1 and
2:1 in favor of P2 [19]. Although this proposal of a
strong delocalization of the hole over the two halves
of the P700� dimer agrees well with the early inter-
pretations of EPR and ENDOR data [28,29] it is at
variance with the more recent conclusions derived
from advanced magnetic resonance studies pointing
to a predominant or even complete localization of
the charge on a single Chl molecule [30^34]. It has
to be recognized, however, that the charge and spin
distribution is not necessarily the same. The hyper-
¢ne coupling constants measured by EPR techniques
re£ect the polarized spin distribution which could
lead to a stronger asymmetry of the distribution of
the spin than of the charge. Furthermore, the e¡ect
of the local environment, which is likely to play some
role in P700, has been shown to in£uence the spin
density distribution of isolated Chl�a [34]. Both FTIR
and EPR techniques probe the distribution at only a
few positions of the system as the latter samples the
excess spin mainly on three methyl groups attached
to the Chl macrocycle while the former measures the
change of bond order of two CNO groups that are
partially (10a-ester) or fully (9-keto) conjugated to
the macrocycle. Although some variations in the ex-
act value of the spin or charge distribution estimated
by the two di¡erent techniques are thus to be ex-
pected, it is still not possible to reconcile the evidence
of strong charge delocalization on both Chl deduced
from FTIR measurements [19] and the conclusion

derived from EPR that the charge in P700� is essen-
tially localized on only one half of P700 while the
other Chl carries no or very little (less than 15%) spin
density [34].

2.7. Structure of P700. Comparison with X-ray data

The evidence coming from the FTIR spectra that
two Chla molecules constitute the P700 special pair
of PSI agrees with previous spectroscopic observa-
tions [35^40] as well as with the crystallographic
model of PSI at 4 Aî resolution that shows two
stacked macrocycles with their plane parallel to the
membrane normal [1,2]. This geometry is similar to
that of the special pair in purple bacteria. In both the
3P700/P700 and the P700�/P700 di¡erence spectra,
marker bands at V1610 and 1535 cm31 are typical

Fig. 4. Light-induced P700�/P700 FTIR di¡erence spectra at
5³C of the photooxidation of PSI particles from (a) Synechocys-
tis PCC 6803 as a dry ¢lm and from (b) Synechocystis elonga-
tus, (c) Chlamydomonas reinhardti, and (d) spinach as wet sam-
ples. Peak-to-peak amplitudes are 2U1033, 7U1034, 3U1034,
and 4U1034 absorbance units in a, b, c, and d, respectively.
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for 5-coordination of the central Mg atom [41]. The
absence of 6-coordinated Mg marker bands at
around 1600 and 1515 cm31 in the P700�/P700 spec-
trum indicates that each of the Chla molecules in
P700 has only one axial ligand. These ligands have
been previously identi¢ed as PsaA^His676 and
PsaB^His656 (Chlamydomonas sequence numbering)
[22]. The IR frequencies of 1749 and 1697 cm31

found for the 10a-ester and 9-keto CNO groups of
P2, respectively, are typical for free carbonyls. On the
other hand, the band of P1 at 1733 cm31 corresponds
to a bound 10a-ester CNO, while that at 1637 cm31

is indicative of an unusually large perturbation of a
9-keto CNO group such as that induced by a very
strong hydrogen bond [42,43].

One of the unique properties of the P700 special
pair deals with its redox midpoint potential that is
about 400 mV lower than Chla in vitro. In contrast,
the primary donor of purple bacteria has a midpoint
potential only about 200 mV less positive than BChla
in solution and P680 is some hundred mV more pos-
itive than Chla in vitro. In order to rationalize the
unusual redox potential and magnetic resonance
properties of P700�, a monomeric Chla enol has
been put forward as an alternative model to the
P700 dimer [11,44]. Enolization of the ring V L-
keto ester of Chla results in a very di¡erent Z elec-
tronic structure of the macrocycle. The frequency of
1637 cm31 observed for the 9-keto CNO group of P1

is consistent with at least a partial enolization of ring
V. In the case of purple bacteria, speci¢c alterations
of the oxidation potential of P870 by interaction with
the protein sca¡old have been characterized in mu-
tant RCs of Rb. sphaeroides. In particular, introduc-
tion of hydrogen bonds to the 9-keto or 2a-acetyl
CNO groups of BChla leads to an increase of the
redox potential of P870 by 60^125 mV per hydrogen
bond [45]. Thus, the unusual strength of the hydro-
gen bond that is responsible for the observed fre-
quency of 1637 cm31 of the 9-keto CNO group of
P1 cannot be related directly to the low oxidation
potential of P700. It is possible that the hydrogen
bonds control only indirectly the redox potential of
P, e.g., by in£uencing the conformation of the mac-
rocycle which could be a main determinant of the
midpoint potential.

Very recently, a crystallographic structure of PSI
at 2.5 Aî resolution that bears on several issues of the

organization of the two Chl molecules in P700 as
deduced from FTIR di¡erence spectroscopy has
been reported [46]. Notably, the conclusion that the
histidine side chains of PsaA^His676 and PsaB^
His656 (Chlamydomonas sequence numbering) are
the axial ligands to the Chl of P700 [22] has been
con¢rmed. Furthermore, the strong inequivalence
of the hydrogen bonding pattern of the carbonyl
groups of the two Chl molecules in P700, that has
been initially described in [19], is also apparent in the
new crystallographic structure [46]. The latter shows
one Chl molecule having no hydrogen bond while the
other has three including those at the 9-keto and 10a-
carbomethoxy positions determined in the FTIR
study [19]. Additional important information that is
provided by the new crystallographic study includes
the determination that the strongly hydrogen bonded
Chl half of P700, denoted eC-A1, is actually a Chla0
molecule (epimer of Chla at C10 [47]; the stereochem-
istry of Chla at C10 is shown in the bottom of Fig. 3).
In the structural model [46], the 9-keto of eC-A1 is
hydrogen bonded to a Thr side chain and the 10a-
carbomethoxy group is hydrogen bonded to a water
molecule interacting with the same Thr side chain as
well as with several other residues. It should be noted
that the present description of this water donating a
hydrogen bond to the methoxy oxygen atom of the
10a-carbomethoxy group [46] di¡ers from that de-
duced from the FTIR study that shows a perturba-
tion of the IR frequency of the CNO double bond of
the 10a-carbomethoxy ester group [19]. The third
hydrogen bond, located between the 7c-ester CNO
and a Tyr residue, was not detected by FTIR, an
observation essentially consistent with the lack of
conjugation with the Chl macrocycle of this ester
group [8,9]. The central Mg atom of eC-A1 is li-
ganded to the PsaA polypeptide. On the other
hand, the Chla molecule liganded to the PsaB poly-
peptide, denoted eC-B1, is free from hydrogen bond
interaction. It is thus straightforward to equate eC-
A1 and eC-B1 with P1 and P2 in our model (Fig. 3),
respectively (Table 1). Therefore the new data on the
axial Mg ligands and on the bonding pattern of the
carbonyls of P700 obtained from X-ray crystallogra-
phy are in excellent agreement with the conclusions
previously derived from FTIR di¡erence spectrosco-
py [19]. Furthermore, the present description of the
crystallographic structure [46] provides some clues
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concerning the cause of the unusually large magni-
tude of the frequency downshift of the 9-keto of eC-
A1. This vibration is shifted by about 60 cm31 com-
pared to that of eC-B1 and it is unlikely that the
hydrogen bond to a Thr side chain alone could
lead to such an unusually strong downshift. How-
ever, the crystallographic structure proposes that
this Thr side chain itself is in hydrogen bond inter-
action with a special water molecule that is at the
center of a web of hydrogen bonds involving the
carbomethoxy group of eC-A1 as well as several oth-
er amino acid side chains. It is thus conceivable that
the special geometry of this network of hydrogen
bonds makes the hydrogen atom of the Thr side
chain su¤ciently acidic to lead to the large downshift
of the vibration of the 9-keto of eC-A1. A compara-
ble interpretation has been proposed for Chla-water
aggregates in which coordination of the Mg atom of
the Chl by the oxygen of a water molecule makes one
of the hydrogen atom of the water su¤ciently acidic
to downshift to 1640 cm31 the 9-keto of the Chl
[42,43].

Our conclusions from FTIR spectroscopy that the
3P700 triplet is fully localized on the Chl denoted eC-
A1 while the charge in P700� is shared between eC-
A1 and eC-B1 [19] are at odds with the interpreta-
tions proposed in a recent study of the e¡ect of sub-
stitution of the histidine axial ligands of P700 on the
redox potential of P�/P, the ENDOR spectra of
P700�, the P700�/P700 optical spectra, and the trip-
let-minus-singlet electronic absorption measured by
ADMR [48]. In the latter study, conducted at 1.8
K, it was concluded that the triplet character in
3P700 is mainly localized on eC-B1, i.e., the same
Chl molecule that, according to EPR measurements,
also carries the positive charge in P700�. This strong
discrepancy is not likely to be due to a di¡erence in
the temperature at which the two experiments are
conducted as both the P700�/P700 and the 3P700/
P700 FTIR di¡erence spectra are almost unchanged
when the temperature is lowered from 90 to 10 K (J.
Breton, W. Leibl, unpublished). Such a large dis-
agreement cannot be blamed on some unusual vibra-
tional property of porphyrin as changes of bond or-
der occurring upon triplet or cation formation for
(B)Chla in solution have been extensively docu-
mented using both FTIR [6,8,9,19,49,50] and Raman
spectroscopies [10,12,51^53]. In addition, the sugges-

tion was put forward in [48] that the FTIR data on
P700�/P700 in [19] could be explained by considering
that the unpaired electron localized on one of the Chl
in P700� electrostatically in£uences the frequency of
the carbonyl of the neighboring neutral Chl. This
interpretation appears unlikely as the frequency up-
shift observed upon P700� formation is the same for
the 9-keto vibration of eC-A1 (19 cm31) and of eC-
B1 (20 cm31) and is close to that (25 cm31) observed
for isolated Chla in THF [9]. New FTIR experiments
involving Synechocystis PCC 6803 mutants are cur-
rently being performed to help settle the discrepan-
cies between the results obtained by the FTIR and
EPR techniques.

2.8. Response of the protein

The available FTIR data provide indications that
no large conformational changes of the protein occur
upon charge separation at the level of P700. A
1674(+)/1668(3) cm31 di¡erential signal observed
upon P700 photooxidation at 90 K exhibits isotopic
shifts compatible with a small contribution from
amide I peptide CNO group(s) [19]. Similarly, a
1567(+)/1558(3) cm31 di¡erential signal within the
amide II band, that shifts by 15 cm31 upon global
15N labeling, is clearly due to some change of con-
formation at the level of a peptide NH bending
mode. The signal in the amide I region is somewhat
reduced at ambient temperatures and exhibits varia-
bility from species to species (Fig. 4). It should be
noticed, however, that the di¡erence spectra contains
also contributions from the FeS electron acceptors
and that the small conformational changes described
above could originate from the change of redox state
of these cofactors. Comparison of FTIR di¡erence
spectra of P700 photooxidation in PSI samples mea-
sured in the presence or the absence of electron ac-
ceptors such as methyl viologen or ferricyanide has
revealed clear spectral signatures of the FA;B iron-
sulfur centers which remain to be analyzed in detail
(W. Leibl, J. Breton, unpublished).

The lack of an e¡ect of 1H/2H exchange on the
bands above 1700 cm31 [16,19] shows the absence
of contributions from exchangeable protonated car-
boxylic groups. On the other hand, contributions
from histidine side chains have been detected using
PSI particles prepared from Synechocystis PCC 6803
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selectively labeled with [13C]histidine (J. Breton, B.A.
Diner, unpublished).

3. FTIR spectroscopy of primary donors in other
type I reaction centers

3.1. Green sulfur bacteria

The light-induced FTIR di¡erence spectra of P840
photooxidation reported for chlorosome-depleted
membranes of Chlorobium limicola [17] and for the
reaction center complex of C. tepidum [54] are highly
comparable. In both cases a prominent mid-IR elec-
tronic transition peaking around 2500 cm31 together
with well-developed positive bands at V1465 and
1280 cm31 were observed. These features closely re-
semble those previously observed in the P870�/P870
FTIR di¡erence spectrum of Rb. sphaeroides indicat-
ing a comparable organization of the BChla mole-
cules in P840 and P870 and a similar charge reparti-
tion in the two oxidized special pairs. However, the
quality of the spectra in these initial studies was poor
in the region above 3000 cm31 which is always di¤-
cult to measure owing to the strong background ab-
sorption of the OH stretching vibration of water and
the low sensitivity of the commonly used MCT de-
tectors. This is unfortunate as it has been recently
proposed that the pro¢le of the mid-IR electronic

transition in this frequency range was critical for
assessing the extent of coupling between the two
halves of P� [55]. Therefore, we have recently rein-
vestigated this question using puri¢ed reaction cen-
ters complexes from C. tepidum (in collaboration
with H. Sakurai) and an optimized detection set-up
[56]. The result is illustrated in Fig. 5 which com-
pares the P840�/P840 and P870�/P870 FTIR di¡er-
ence spectra and shows very similar band pro¢les for
the electronic transitions of these two classes of pho-
tosynthetic bacteria. Thus, it can be stressed that the
charge repartition and the extent of coupling should
be very close in P840� and P870�. The intense pos-
itive bands at V1480 and 1295 cm31 in Rb. sphae-
roides have been attributed to phase-phonon bands
corresponding to speci¢c modes of the BChla macro-
cycle as the hole moves back and forth between the
two halves of P� [55]. The bands at V1465 and
1280, 1130, and 1008 cm31 in C. tepidum most prob-
ably have the same origin.

In the spectral range where the 9-keto CNO
groups of BChla are expected to absorb, the P840�/
P840 FTIR di¡erence spectrum shows a splitting of
the positive band at 1707 and 1694 cm31 with a
single main negative band at 1684 cm31. This point,
which is interesting in view of the proposed homodi-
meric nature of the RC of C. tepidum, the core of
which is thought to be made of two identical poly-
peptides [57,58], has been discussed in terms of var-
ious models for the symmetry of the P840 dimer [54].
An indication of the presence of some bands belong-
ing to the iron-sulfur center in the spectral range
1670^1620 cm31 has been provided in the case of
C. tepidum [54].

3.2. Heliobacteria

The light-induced FTIR di¡erence spectra of P798
photooxidation reported for membranes of Helioba-
cillus chlorum [17] and for membranes or reaction
center complexes of H. modesticaldum [59] are highly
comparable. They both show a mid-IR electronic
transition peaking around 2050^2100 cm31 and
with a characteristic skewed shape highly reminiscent
of the mid-IR electronic transition associated with
P680� of PSII (Fig. 6; see also [60]). Several positive
bands, most notably those at 1300 and 1110 cm31,
are likely to originate from the intensi¢cation of por-

Fig. 5. Light-induced FTIR di¡erence spectra at 240 K of the
photooxidation of the primary electron donor in reaction cen-
ters from Chlorobium tepidum (top) and from Rhodobacter
sphaeroides (bottom). Peak-to-peak amplitudes are 4U1034 and
9U1033 absorbance units for top and bottom, respectively.
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phyrin modes in the dimeric state of P798� giving
rise to phase-phonon bands [59].

In the spectral range where the CNO groups of
BChlg are expected to absorb, the P798�/P798 FTIR
di¡erence spectrum shows a single di¡erential signal
positive at 1702 cm31 and negative at 1693 cm31

which has been tentatively assigned to the upshift
upon cation formation of the 9-keto group(s) of
the homodimeric P798 while two di¡erential signals
at 1741/1737 and 1725/1718 cm31 are more probably
related to the 10a-ester CNO [59]. A small di¡eren-
tial feature at 2550/2560 cm31, which is insensitive to
1H/2H exchange but can be labeled upon growing the
bacteria in 2H2O, has been convincingly assigned to
a cysteine S^H mode engaged in a strong hydrogen
bond, and this SH group is proposed to be closely
associated with P798 [59].

4. Conclusion and outlook

Concerning the general organization of P700, there
is good agreement between the conclusions derived
from light-induced FTIR di¡erence spectroscopy and
the most recent results from the crystallographic
studies on Synechococcus [46]. This allows interesting
functional implications to be derived such as the con-
clusion that the 3P700 triplet state at low tempera-
ture is localized on the Chla0 molecule that also ex-

hibits one unusually strong hydrogen bond. In
contrast, the hole in P700� is distributed over the
two halves of P700 with a repartition of charge vary-
ing between 1:1 and 2:1 (in favor of the eC-B1 Chla
molecule) both at room and cryogenic temperatures.
It will be of interest to examine the further re¢ne-
ments of the high-resolution crystallographic model
and the results of the studies by FTIR and magnetic
resonance spectroscopy to try to relate the strong
discrepancy between the conclusions derived from
the latter two spectroscopic techniques on both the
localization of the 3P700 state and the charge repar-
tition in the P700� state to a di¡erence in, e.g., the
conformation of the macrocycles of the Chl mole-
cules or the e¡ect of the local environment of the
methyl and carbonyl groups of P700.

For the primary electron donors of the green sul-
fur bacteria and of the heliobacteria, the interpreta-
tion of the results of FTIR spectroscopy is far less
advanced than in the case of PSI. Some evidence for
a dimeric primary donor, notably in the cationic
state of P, has been provided. The generation of
triplet-minus-singlet FTIR di¡erence spectra would
be of great help to assign the IR bands of the car-
bonyls of the chlorophylls constituting the primary
electron donors.
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