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ABSTRACT: The effect of global15N or 2H labeling on the light-induced P700+/P700 FTIR difference
spectra has been investigated in photosystem I samples fromSynechocystisat 90 K. The small isotope-
induced frequency shifts of the carbonyl modes observed in the P700+/P700 spectra are compared to
those of isolated chlorophylla. This comparison shows that bands at 1749 and 1733 cm-1 and at 1697
and 1637 cm-1, which upshift upon formation of P700+, are candidates for the 10a-ester and 9-keto CdO
groups of P700, respectively. A broad and relatively weak band peaking at 3300 cm-1, which does not
shift upon global labeling or1H-2H exchange, is ascribed to an electronic transition of P700+, indicating
that at least two chlorophylla molecules (denoted P1 and P2) participate in P700+. Comparisons of the
3P700/P700 FTIR difference spectrum at 90 K with spectra of triplet formation in isolated chlorophylla
or in RCs from photosystem II or purple bacteria identify the bands at 1733 and 1637 cm-1, which downshift
upon formation of3P700, as the 10a-ester and 9-keto CdO modes, respectively, of the half of P700 that
bears the triplet (P1). Thus, while the P2 carbonyls are free from interaction, both the 10a-ester and the
9-keto CdO of P1 are hydrogen bonded and the latter group is drastically perturbed compared to chlorophyll
a in solution. The Mg atoms of P1 and P2 appear to be five-coordinated. No localization of the triplet on
the P2 half of P700 is observed in the temperature range of 90-200 K. Upon P700 photooxidation, the
9-keto CdO bands of P1 and P2 upshift by almost the same amount, giving rise to the 1656(+)/1637(-)
and 1717(+)/1697(-) cm-1 differential signals, respectively. The relative amplitudes of these differential
signals, as well as of those of the 10a-ester CdO modes, appear to be slightly dependent on sample
orientation and temperature and on the organism used to generate the P700+/P700 spectrum. If it is assumed
that the charge density on ring V of chlorophylla, as measured by the perturbation of the 10a-ester or
9-keto CdO IR vibrations, mainly reflects the spin density on the two halves of the oxidized P700 special
pair, a charge distribution ranging from 1:1 to 2:1 (in favor of P2) is deduced from the measurements
presented here. The extreme downshift of the 9-keto CdO group of P1, indicative of an unusually strong
hydrogen bond, is discussed in relation with the models previously proposed for the PSI special pair.

In the reaction centers (RCs)1 of all photosynthetic
organisms, light promotes electron transfer from the singlet

excited state of a chlorophyllic primary electron donor (P)
to a series of cofactors that serve as sequential electron
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B(Chl), bacterio(chlorophyll); P, primary electron donor; P1 and P2,
primary electron donor Chls constituting P700; FA, FB, and FX, FeS
terminal electron acceptors; THF, tetrahydrofuran; FTIR, Fourier
transform infrared.
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acceptors. The resulting charge-separation process occurs
with a near-unity quantum yield. Because of their obvious
relevance to the understanding of photoinduced separation
and stabilization of charges in photosynthetic systems, the
structure of P and P+ has been the subject of sustained
interest. In purple bacteria, P is a dimer of bacteriochlorophyll
(BChl) molecules whose structure in the neutral, cation, and
triplet states has been investigated by various spectroscopic
techniques and for which structural models at a resolution
up to 2.3 Å have been determined for the ground state (1-
3). Although the crystal structure of photosystem I (PSI) has
been determined (4, 5), the present 4 Å resolution is not yet
sufficient to provide a detailed view of the structure of the
primary donor (P700). However, the crystallographic data
concur with previous results from optical (6-10) and
resonance Raman (11) spectroscopy to show that P700 is a
dimer of chlorophylla (Chl a). Furthermore, EPR spectros-
copy has long been used to investigate the electronic structure
of P700+. Although, initially, a dimeric state of P700+ with
approximately equal spin sharing on the two Chl molecules
was proposed (12, 13), this conclusion has been questioned
(14, 15). More recent ENDOR and ESEEM experiments with
frozen solutions and crystals of PSI have favored a dimer of
Chl a with a decidedly asymmetrical spin density distribution
ranging from 3:1 to 10:1 (16-20). The latest report concludes
that the unpaired spin is completely localized on a single
Chl (21). Thus, the extent of the asymmetry of P700+

remains ambiguous. Other important open questions concern
the localization of the spin density in the3P700 triplet state
(22-24) and the identification of the axial Mg ligands to
P700 and P700+ (25-29).

Vibrational spectroscopy is well suited to addressing the
participation of one or two Chla molecules in P700, P700+,
and 3P700 and to exploring the interactions of these
molecules with the protein. An intense 1717(+)/1700(-)
cm-1 differential signal in the light-induced FTIR difference
spectra of P700 photooxidation has been interpreted in terms
of the frequency upshift upon cation formation of the 9-keto
carbonyl of one or two Chla molecule(s) constituting P700
(30-34). The high frequency of the 9-keto mode shows that
this group is free from interaction with the protein. In
contrast, on the basis of resonance Raman spectroscopy, it
has been proposed that the 9-keto group of each of the two
Chl a molecules in P700 is hydrogen bonded, although to
different extents (11). The electronic coupling of the two
molecules in the cation state of P can be probed in the mid-
IR by investigating electronic transitions corresponding to
hole exchange between the two halves of the oxidized dimer
(35-41). Compared to the large magnitude of the P+

electronic transition in purple bacteria, green bacteria, and
heliobacteria, the apparent lack of a defined band of P700+

in the 2000-2800 cm-1 frequency range has notably been
taken as evidence of a monomeric state of P700+ (32, 34).
Furthermore, comparison of the FTIR difference spectra
corresponding to the generation of either the cation state or
the triplet state of primary electron donors constitutes a sharp
tool with which to ascertain the vibrational modes of the
neutral state of P. This approach, which was initially applied
to purple bacteria and has allowed the vibrational frequency
of the 9-keto CdO group of each of the two BChla
molecules in the P870 dimer to be determined (42), has not
yet been utilized for P700. In the case of photosystem II

(PSII), where the monomeric, dimeric, or multimeric nature
of the primary donor P680 is still debated (43), the FTIR
difference spectrum of a so-called “3P680” state has been
reported (44). Comparison with the FTIR difference spectrum
of P680+ showed unambiguously that this triplet state could
not reside on any one of the Chl molecules that constitute
P680 (41, 45).

In view of the many questions that are still pending with
regard to the electronic structure and bonding interactions
of P700, we have examined the effect of global15N or 2H
labeling as well as of1H-2H exchange on the low-
temperature P700+/P700 FTIR difference spectra. We also
have analyzed the mid-IR region corresponding to a possible
electronic transition of P700+ and have studied the triplet
state3P700. The results lead us to conclude that P700 is a
dimer of two Chla molecules that differ drastically in the
hydrogen bonding state of their 9-keto carbonyl group. A
definite sharing of the hole over the two molecules is found
in P700+. Our low-temperature data also show a complete
localization of the triplet state on the P700 Chl with the most
perturbed (downshifted) carbonyl.

MATERIALS AND METHODS

PSI particles fromSynechocystissp. PCC 6803 were
prepared according to the method described in ref46.

FIGURE 1: Light-induced P700+/P700 FTIR difference spectra of
films of PSI particles fromSynechocystisat 90 K: (a) unlabeled
PSI, (b)15N-labeled PSI, and (c)2H-labeled PSI. Double-difference
spectra are displayed as traces d (14N-minus-15N) and e (1H-minus-
2H). In trace a, the peak-to-peak amplitude is 5× 10-4 absorbance
unit. In traces a-c, about 100 000 interferograms were added. In
the inset are shown IR absorbance spectra of Chla in THF at 290
K: (top) unlabeled Chla and (bottom)2H-labeled Chla. The
frequency of the bands is given(1 cm-1. The spectral resolution
was 4 cm-1.
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Extraction of FA and FB was performed by urea treatment
(47), and removal of FX was achieved following the method
described in ref48. Depletion of the FeS centers was verified
by the disappearance of slow (millisecond) phases of
reduction of P700+ by back-reactions with these terminal
electron acceptors, as determined from the flash-induced
absorption change at 820 nm (47, 48). Uniformly labeled
PSI samples were prepared by growing the cells either in
2H2O or in the presence of15N-labeled sodium nitrate. The
extent of labeling was>95% for 15N samples (P. Se´tif,
personal communication) and>99% for 2H samples (N.
Gilles, personal communication).

Films were prepared by spreading 20µL of a suspension
of PSI particles (2 mg of Chla/mL) containing trehalose
(10 mM), sodium ascorbate (5 mM), and phosphate buffer
(5 mM, pH 8.5) on a CaF2 window (25 mm diameter) and
drying under argon. To generate3P700, the film was covered
with 5 µL of sodium dithionite (1 M) in phosphate buffer (1
M, pH 8.5). The sample was then illuminated at 20°C for
10 mn with strong white light before being cooled to low
temperatures. The FTIR difference spectra were recorded on
a Nicolet 60 SX or Magna 860 spectrometer, as previously
described (32, 42).

RESULTS

P700+/P700 FTIR Difference Spectra. The light-induced
FTIR difference spectra measured at 90 K on films of
purified PSI preparations fromSynechocystisare depicted
in the 1800-1200 cm-1 frequency range for an unlabeled
sample (Figure 1a) and for samples uniformly labeled with
either15N (Figure 1b) or2H (Figure 1c).2 The spectrum of
the unlabeled sample is essentially identical to that reported
previously (32) except for the improved S/N ratio. Although
we have observed, as discussed below, that these spectra
contain small contributions from the FeS centers, we will
term these spectra P700+/P700 for simplicity.

The impact on the P700+/P700 spectra of the uniform
labeling with15N, which is best followed by comparing the
direct spectra (Figure 1a,b) to the double-difference14N-
minus-15N spectrum (Figure 1d), is quite small and is mostly
localized under the main amide I (1700-1625 cm-1) and
amide II (1570-1520 cm-1) bands. The 1567(+)/1558(-)
cm-1 differential signal in the spectrum of the unlabeled PSI
(Figure 1a) downshifts by 15 cm-1 in the15N-labeled sample
(Figure 1b) as does the amide II band (60% N-H bending,
40% C-N stretching) in the absorption spectrum (not
shown). The differential signals under the amide I band (80%
peptide CdO stretching) can be assigned to the small
coupling between the peptide CdO stretching and N-H
bending modes which is also responsible for the downshift
from 1656 to 1653 cm-1 of the amide I band. Below 1500

cm-1, several negative bands with small amplitudes, notably,
at 1350 and 1285 cm-1, correspond closely to Chla bands
in the cation-minus-neutral difference spectrum (31). These
bands exhibit a 3-4 cm-1 downshift upon15N labeling and
are due to coupled skeletal C-C, C-H, and C-N modes of
the Chl molecule(s) of P700 (50). Note that the two large
differential signals at 1717/1697 and 1656/1637 cm-1 of the
P700+/P700 spectrum are not much affected by15N labeling
(Figure 1a,b,d). These differential signals are also practically
unperturbed upon extensive1H-2H exchange (not shown).

When uniform2H labeling is employed, the differential
feature at 1754(+)/1749(-) cm-1 downshifts by 5 cm-1

while the two negative bands at 1697 and 1637 cm-1

downshift by 2 cm-1 (Figure 1a,c). In addition, pronounced
perturbations of the spectrum are observed around 1680 cm-1

and under the amide II band, while the negative band at 1668
cm-1 appears to upshift by 1 cm-1. In the case presented
here, where the purified PSI samples isolated from cells
grown in 2H2O were prepared in1H2O, the frequency shifts
observed in the region of absorption of the CdO modes
(Figure 1a,c) cannot be due to exchangeable protons. These
shifts are ascribed to the effect of2H labeling on vibrations
from either the protein or the Chla that are coupled to
nonexchangeable N-H, O-H, or C-H modes. If the
negative bands at 1697 and 1637 cm-1, which exhibit a 2
cm-1 downshift upon2H labeling, were to be assigned to
peptide CdO modes or to side chain C-N or NH2 modes,
they should also downshift upon15N labeling. As such a shift
is not observed (Figure 1a,c,d), we are led to propose that
the two large negative bands at 1697 and 1637 cm-1 are
rather to be assigned to Chla 9-keto CdO vibrations. This
proposal is strengthened by comparing the effect of2H
labeling on the Chla carbonyl vibrations in situ and in vitro.
When 2H labeling is employed, the IR bands of the ester
and 9-keto CdO vibrations of isolated Chla in tetrahydro-
furan (THF) also exhibit downshifts of 5 and 3 cm-1,
respectively (inset of Figure 1), while they are unaffected
by 15N labeling (not shown). The 5 cm-1 shift of the 10a-
ester CdO is explained by the proximity of hydrogen atoms
at C10 and on the methyl of the carbomethoxy group, while
the smaller shift of the 9-keto CdO is likely to be due to
the coupling of the 10a-ester and 9-keto CdO modes.

3P700/P700 FTIR Difference Spectra. When the FeS
acceptors are prereduced or absent, illumination of purified
PSI samples under reducing conditions usually generates the
3P700 triplet state (51). Under the specific conditions of the
FTIR experiments, which require a thin film of a concen-
trated sample, we have only been able to generate a mixture
of 3P700 and P700+ upon addition of sodium dithionite to
films of intact PSI. However, complete removal of the FeS
centers allows the3P700 state to be largely populated under
steady state illumination, most probably because of double
reduction of the phylloquinone acceptor A1 (51).

The3P700/P700 FTIR difference spectrum recorded at 90
K (Figure 2a) is dominated by a prominent differential signal
negative at 1637 cm-1 and positive at 1594 cm-1 with a
shoulder at 1585 cm-1. This signal is absent in control
samples containing 100 mM ferricyanide (not shown). When
3P700/P700 spectra recorded on reduced samples from
different batches of FeS-depleted preparations are compared,
there is a slight variability in the relative intensities of some
small signals above 1690 cm-1, notably, for the negative band

2 The high S/N ratio needed to investigate the effect of isotopic
substitution requires extensive signal averaging over long periods of
time. Therefore, working at low temperatures was found to be most
suitable. The spectra that are shown (Figure 1a-c) correspond to the
fraction of the P700+FeS- state that can be reversibly populated under
steady state saturating illumination at 90 K. In view of the quasi-
irreversibility of the charge separation in a fraction of the RCs at low
temperatures (49), the amplitude of the measured absorption changes
typically represents 25% of the amplitude of the signal obtained on
the first cycle of illumination after cooling the sample in the dark.
However, the spectra of the reversible and irreversible P700+FeS- states
are identical within the noise level.
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at 1695 cm-1 and, most specifically, for a very small
1754(+)/1749(-) cm-1 differential signal. The latter signal
is observed consistently but varies in amplitude from sample
to sample. This observation suggests that the experimental
triplet spectrum (Figure 2a) could be contaminated by a small
amount of the P700+ state. Two additional observations
support this view. Upon the intensity of the actinic light being
decreased, the magnitudes of the bands assigned to P700+/
P700 increase relative to those of3P700/P700 (not shown).
The relative contribution of the P700+/P700 bands also
increases upon raising the temperature, with the3P700
contribution becoming vanishingly small at 200 K. These
observations are consistent with the different lifetimes and
temperature dependencies of the P700+FX

- and3P700 states
(51, 52). Accordingly, the experimental spectrum was
corrected by subtracting a fraction (2-5%) of the P700+/
P700 signal to eliminate the small residual 1754(+)/1749(-)
cm-1 differential signal in Figure 2a. The calculated3P700/
P700 spectrum (Figure 2e) is very close to the experimental
one and exhibits small bands at 1733 and 1694 cm-1. When

uniform 2H labeling is employed, the negative band at 1733
cm-1 downshifts by 6 cm-1 while those at 1694 and 1637
cm-1 downshift by 1-2 cm-1 (not shown).

The3P700/P700 spectrum offers definite similarities to the
so-called “3P680” state generated by white light illumination
of isolated PSII RCs at cryogenic temperatures (Figure 2b;
44; J. Breton, unpublished3), to the previously reported3P870/
P870 spectrum of the primary electron donor ofRhodobacter
sphaeroidesat 85 K (42; Figure 2c), and to the3Chl/Chl
FTIR difference spectrum at 90 K of Chla in THF (44, 53;
Figure 2d). All these triplet spectra exhibit one or two small
differential features in the region of absorption of the 10a-
ester CdO (1760-1700 cm-1) and a larger one in the
absorption range of the 9-keto CdO (1700-1640 cm-1). The
shape of these differential features demonstrates a downshift
of the carbonyl frequencies upon triplet formation. This is
the opposite of the upshift of the carbonyls observed upon
cation formation (31). It is interesting to note that the IR
frequencies of the 9-keto CdO of the BChla molecules in
P870 (Figure 2c), which are known to be free from bonding
interaction with the RC protein (2), are very little downshifted
compared to those of the 9-keto CdO of isolated Chla in
THF (Figure 2d), while one 9-keto CdO mode of Chla in
P700 (Figure 2a) is drastically downshifted.

Mid-IR Electronic Transition of P700+. In previous studies
(32, 34), a significant amplitude of the P700+ electronic
transition ofSynechocystisin the 2800-2000 cm-1 mid-IR
range could not be detected. Above 2000 cm-1, broad signals
with small amplitudes are difficult to measure reliably
because the steep decline of the spectral sensitivity of the
MCT detectors can lead to a nonlinear response and to
skewed baselines. These difficulties are compounded by the
intense absorption of water in the 3700-3000 cm-1 fre-
quency range where the amide A mode (N-H stretching at
3300 cm-1) also absorbs. Since the above-mentioned studies,
the conditions for sample preparation have been optimized
to maximize the amplitude and reversibility of the light-
induced IR changes (38, 54). Furthermore, a new setup based
on a DTGS detector with a highly linear response between
200 and 10000 cm-1 has been implemented (55). These
technical improvements led us to reexamine the P700+/P700
spectrum in the mid-IR region extended up to 5000 cm-1.

A typical P700+/P700 FTIR difference spectrum in the
frequency range of 5000-1000 cm-1 of Synechocystisat 90
K (Figure 3a) exhibits a roof-shaped signal extending
between 4500 and 2000 cm-1 and peaking around 3300 cm-1.
This signal is found at a significantly higher energy and with
a lower extinction coefficient than the analogous P+ bands
previously observed in purple and green bacteria and
heliobacteria (32, 35-40) as well as in PSII (41; J. Breton,
unpublished). The shape and amplitude of the broad P700+

3 While the spectrum in Figure 2b has been recorded at 10 K, the
ones recorded between 85 and 150 K are very close to those reported
in ref 44. Note, however, that the 1707 cm-1 band is still present at 10
K. This is incompatible with the model and assignments proposed in
ref 44.

4 The small changes observed in the amide I and amide II regions
when comparing the light-induced difference spectra obtained for pairs
of samples prepared with and without methyl viologen are assigned to
contributions from the FeS centers (W. Leibl and J. Breton, unpublished
results). It has also been determined that these IR signals have no
significant effect on the position and amplitude of the bands assigned
to 9-keto CdO vibrations of Chla.

FIGURE 2: Light-induced triplet-minus-singlet FTIR difference
spectra. (a)3P700/P700 spectrum of PSI particles fromSynechocys-
tis at 90 K, (b) “3P680/P680” spectrum of spinach PSII RCs at 10
K, (c) 3P870/P870 spectrum ofRb. sphaeroidesRCs at 85 K, and
(d) 3Chl a/Chl a spectrum of Chla in THF at 90 K. The peak-to-
peak amplitudes are 5, 3, 1, and 7× 10-4 absorbance unit for traces
a-d, respectively. Traces e and f are comparisons of the corrected
(see the text)3P700/P700 (e) and P700+/P700 (f) spectra.
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mid-IR transition are not appreciably affected when the
temperature is raised from 90 (Figure 3a) to 280 K (not
shown). To investigate the possibility that the FeS centers
could be responsible for a significant fraction of the broad
transition, methyl viologen was added to the samples to
accept electrons from the photoreduced FeS centers (39). The
addition of this compound does not alter the shape of the
broad transition appreciably.4 The effect of2H or 15N labeling
on the sharp differential signals in the 3500-3100 cm-1

range (Figure 3a) leads to their assignment to N-H and O-H
stretching vibrations of inaccessible groups in the interior
of the protein that surrounds P700. On the other hand, the
broad underlying P700+ transition remains unaffected by
1H-2H exchange or by2H and15N substitution.

To ascertain whether the broad mid-IR transition of P700+

observed inSynechocystisis specific to this species or is a
more general characteristic of P700+, purified PSI samples
from spinach have also been investigated. A representative
spectrum is shown in Figure 3b for a sample evaluated at
280 K in the presence of a mixture of ferricyanide (50 mM)
and ferrocyanide (450 mM). The former compound accepts
electrons from the reduced FeS centers as documented by
the signs of the ferricyanide and ferrocyanide IR signals at
2116 and 2036 cm-1, respectively (Figure 3b). Under such
conditions, it is possible to perform light-minus-dark cycles
over several days without significant degradation of the
P700+/P700 spectrum, and thus, the highly linear, but less
sensitive, DTGS detector can be used. The broad mid-IR
transition of P700+ is indeed present (Figure 3b). The slight
differences in the shape and peak position compared to
measurements withSynechocystisat 280 K apparently are
genuine, as they could also be fully reproduced with the same
sample using the MCT detector. Comparison of the spectra
(Figure 3) to those previously reported highlights the
importance of both the improved S/N ratio and the extension
of the frequency range up to 5000 cm-1 in obtaining a
reliable profile of the broad mid-IR transition of P700+.
Consideration of the actual spectra (Figure 3) in the spectral
range up to 2800 cm-1 only would be insufficient for
assessing whether a new band exists.

DISCUSSION

FTIR EVidence That P700 Is a Dimer of Chl a. The
investigation of the photooxidation of P700 by FTIR

spectroscopy reported here provides several lines of evidence
that both P700 and P700+ should be considered as a dimer
of Chl a. First, comparison of the P700+/P700 spectra (Figure
1a) with the electrochemically induced (pyro)Chla+/(pyro)-
Chl a spectra in THF (31) allows us to recognize charac-
teristic IR signatures of the formation of Chla+ species in
P700+. This has previously led to assignment of the 1754/
1749 and 1733/1740 cm-1 differential signals to the upshift
of the 10a-ester CdO groups of the Chl(s) upon P700
photooxidation and assignment of the 1717/1697 cm-1

differential signal to an upshift of the 9-keto CdO group(s)
(31, 32). The observation that the effects of2H or 15N isotope
substitution on the carbonyl bands of the neutral species are
very similar for Chla in THF and in P700 strongly supports
these assignments. Second, P700+ exhibits a broad mid-IR
band. This band, being unaffected by2H or 15N labeling or
1H-2H exchange, cannot be vibrational in nature and is thus
ascribed to an electronic transition of P700+ (35, 36). This
implies that at least two Chla molecules share the charge.
Third, the P700+/P700 spectrum (Figure 1a) exhibits ad-
ditional negative bands that are possible candidates for
carbonyl groups of another Chla molecule contributing to
P700. While one band at 1733 cm-1, which downshifts by 6
cm-1 upon 2H labeling, is likely to be the 10a-ester CdO
mode of the second Chla molecule, two negative bands at
1668 and 1637 cm-1 are potential contenders for the
corresponding 9-keto CdO group. The 1668 cm-1 band is
variable from species to species and is temperature-depend-
ent. It is affected neither by1H-2H exchange nor by15N
substitution and is slightly upshifted upon2H labeling, which
is uncharacteristic of a Chla molecule. On the other hand,
the behavior of the 1637 cm-1 band upon isotope substitution
is that expected for a 9-keto CdO group of Chla. Although
such a low frequency would be atypical for a 9-keto CdO
group, its apparent upshift to 1656 cm-1 upon P700+

formation is consistent with the properties of a Chla cation.
Finally, the3P700/P700 FTIR difference spectrum (Figure
2e) confirms that the 9-keto CdO group of one of the Chl
a molecules in P700 absorbs at 1637 cm-1. Compared to
the cation state of P700 where the charges are liable to affect
vibrations of the protein, the triplet state is electrically neutral
and is thus a much gentler probe of the CdO vibrations of
P700.

Comparison of the3P700/P700 and P700+/P700 spectra
(Figure 2e,f) shows that the band profile of the negative
feature at 1637 cm-1 in the 3P700/P700 spectrum fits
precisely into the negative band at the same frequency of
the P700+/P700 spectrum (Figure 2e,f). This observation,
together with the IR signature given by the unusual low
frequency of this band, provides compelling evidence that
the 9-keto CdO of the same Chla molecule contributes to
both spectra. In the analogous comparison between the P+/P
and3P/P spectra of P870, the same close correspondence of
the frequency of the negative bands in the two spectra has
led to the identification of the 9-keto CdO modes of P870
(42). On the other hand, the negative 9-keto CdO band
observed at 1668 cm-1 in the spectrum of the so-called
“3P680/P680” triplet in PSII RCs (Figure 2b) is located right
under a positive band of the P680+/P680 spectrum, indicating
that this triplet state is not localized on one of the Chla
molecules bearing the positive charge in P680+ (41, 45).
Comparison of the3P700/P700 and P700+/P700 spectra

FIGURE 3: Comparison of the P700+/P700 FTIR difference spectra
of PSI particles from (a)Synechocystisin dry film at 90 K and (b)
spinach in a paste containing 50 mM ferricyanide and 450 mM
ferrocyanide at 280 K.
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further shows that the 10a-ester CdO vibration of the Chla
molecule that bears the triplet and exhibits the 9-keto mode
at 1637 cm-1 (denoted in the following as P1) absorbs at
1733 cm-1. The second Chla molecule in P700 (denoted as
P2) exhibits its 9-keto and 10a-ester CdO modes at 1697
and 1749 cm-1, respectively.5 The isotope shifts observed
for the various carbonyl bands are fully consistent with these
assignments. However, our assignments cannot be reconciled
with those from resonance Raman spectroscopy (11).

Spin Density Distribution in3P700 and P700+. With the
assignments of the vibrational frequencies of the 9-keto and
10a-ester carbonyls of each of the two Chla molecules
constituting P700, the spin distribution in3P700 and in P700+

can be discussed from the IR point of view. The3P700/P700
spectrum at 90 K exhibits no evidence of a triplet signature
other than that of P1, and there is no sign of delocalization
of the triplet on another Chla molecule at higher tempera-
tures (up to 200 K). An asymmetry of the hydrogen bonding
of the 9-keto CdO groups of the two halves of P700 could
affect the relative energies of the triplet states of the two
molecules in3P700, leading to the localization of the triplet
character on one molecule. Note that, while the FTIR data
presented here provide compelling evidence that3P700 is
localized on a single Chla molecule, it was not possible to
discriminate by magnetic resonance between a true monomer
and a dimer with parallel Chl planes (22, 23).

Upon P700+ formation, the 1697 cm-1 band of P2 upshifts
by 20 cm-1 while the 1637 cm-1 band of P1 upshifts by 19
cm-1. This value is comparable to the value of 25 cm-1

reported for the oxidation of isolated Chla (31), indicating
that the rate of exchange of the hole moving back and forth
between P1 and P2 is slower than the 10-13 s resolution time
of vibrational spectroscopy. The comparable 60 cm-1

frequency difference between the 9-keto CdO bands of P1
and P2 in both P700 and P700+ indicates that the carbonyls
probably do not change their interaction with the environment
upon photooxidation of P700. Because of the comparable
20 cm-1 upshift upon photooxidation of the two 9-keto Cd
O groups, the peak-to-peak amplitude of the 1717/1697 and
1656/1637 cm-1 differential signals can be used as a crude
estimate of the charge distribution on the two 9-keto CdO
groups. This amplitude is somewhat smaller for P1 than for
P2, especially for dried films at low temperatures. A more
symmetrical charge distribution is usually observed at 280
K (not shown). The asymmetry also decreases when wet
films or pastes are used instead of dried films, which suggests
that orientation effects could play a role. This asymmetry
might further be somewhat species-dependent, as indicated
by the nearly equal amplitude of the 1717/1700 and 1654/
1636 cm-1 differential signals obtained with a hydrated PSI
sample from spinach (Figure 3b) and also as suggested by
analyzing the various P700+/P700 FTIR difference spectra
reported in the literature (28, 30-34). If the same extinction
coefficient is assumed for the two 9-keto carbonyls, a global
analysis of all our P700+/P700 spectra provides an amplitude
ratio varying from 1:1 to 2:1 in favor of the Chla half
bearing the 9-keto CdO absorbing at 1697 cm-1 (i.e., P2).

Note that the differential features of the 10a-ester CdO bands
also provide comparable ratios, especially at higher temper-
atures (28, 30, 34). Thus, the extent of charge distribution
in P700+ is probed nearly equally well by the IR absorption
changes of the two carbonyl groups of ring V (although they
are perturbed very differently in P1 and P2). Assuming that
the charge distribution between the two halves of P700+ is
reflected by the charge density on ring V, which is fully
conjugated to the Chla macrocycle, we arrive at a charge
distribution ranging between 1:1 and 2:1 in favor of P2.
Although this proposal of a strong delocalization of the
positive charge over the two halves of the P700+ dimer
agrees well with the early interpretations of ESR and
ENDOR data (12, 13), it is not consistent with the more
recent conclusions derived from advanced magnetic reso-
nance techniques (16-21).

FTIR Structural Model of P700. The evidence from FTIR
that two Chla molecules constitute the P700 special pair of
PSI agrees with previous spectroscopic observations (6-10).
It also agrees with the crystallographic model of PSI that
shows two stacked macrocycles with their plane parallel to
the membrane normal (4, 5). This geometry is similar to that
of the special pair in purple bacteria (1-3). Furthermore,
linear dichroism of the flash-induced P700+/P700 absorbance
changes in the 600-800 nm spectral range measured on
magnetically oriented chloroplasts provides a ratio of the
amplitude of the high- and low-energy exciton components
of P700 (7) that is close to that in bacterial RCs. Thus, the
angle between theY-axis of P1 and P2 must also be close to
the corresponding value (30-35°) in bacterial RCs.

The IR frequencies of 1749 and 1697 cm-1 determined
for the 10a-ester and 9-keto CdO groups of P2, respectively,
are typical for free carbonyls. On the other hand, the band
of P1 at 1733 cm-1 corresponds to a bound 10a-ester CdO,
while that at 1637 cm-1 is indicative of an unusually large
perturbation of a 9-keto CdO group such as that induced
by a very strong hydrogen bond. The Chla modes present
at around 1610 and 1535 cm-1 in the3P700/P700 and P700+/
P700 spectra (Figure 2e,f) are marker bands for a five-
coordinated Mg atom (56). The absence of six-coordinated
Mg marker bands at around 1600 and 1515 cm-1 in the
P700+/P700 spectrum indicates that each of the Chla
molecules in P700 has probably only one axial ligand. With
regard to the nature of the axial ligands to the Mg atoms of
P1 and P2, ESEEM data forSynechocystisPSI with isoto-
pically labeled histidines have been interpreted in terms of
one His residue that is coordinated to the Mg atom of P700+

(26). In view of the dimeric state of P700+ derived from the
study presented here, this conclusion should probably be
modified to include the possibility of spectrally identical His
axial ligands to the Mg atoms of both P1 and P2. Indeed, a
recent search for potential axial ligands to the chlorophylls
of P700, based on targeting all the conserved His residues
present at homologous positions in both PsaA and PsaB
subunits, has identified PsaA-His676 and PsaB-His656 as
the best candidates for binding the P700 special pair (27-
29). It was notably found that mutations of these two residues
were the only ones that elicited significant changes in the
1760-1600 cm-1 range of the P700+/P700 FTIR difference
spectra (28, 29).

A possible clue to the nature of the interaction that leads
to the extraordinarily low frequency of the 9-keto CdO of

5 The small negative signal at 1694 cm-1 (Figure 2e) does not behave
like a residual contribution from the P700+/P700 state. It is rather
tentatively assigned to the perturbation (decoupling) of the 9-keto Cd
O mode of P2 when the triplet state localizes on P1.
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P1 (1637 cm-1) is given by the work of Katz and co-workers
on the IR properties of aggregated forms of Chla (57, 58).
Long ago, these authors reported that Chla in hydrated
aliphatic hydrocarbon solvents tends to form an oligomer
exhibiting IR frequencies at 1727 and 1638 cm-1 for the
10a-ester and 9-keto CdO groups, respectively (58). The
latter value is strikingly close to that of the 9-keto CdO of
P1 at 1637 cm-1. It was further proposed that the oligomer
consists of stacked Chla molecules with a water molecule
coordinated to the Mg atom of one Chla molecule and
hydrogen bonded to both the 9-keto and the 10a-ester CdO
groups of the following Chla molecule. The increased acidity
of the water coordinated to Mg is thought to be responsible
for the anomalous strength of the hydrogen bond to the 9-keto
CdO group of Chla (59). The 1638 cm-1 frequency appears
to be characteristic of a 9-keto CdO interacting with a water
molecule coordinated to the Mg atom of a Chl as such a
low frequency for a 9-keto CdO group is observed neither
upon direct coordination with the Mg atom of another Chla
molecule nor upon interaction with methanol or other
nucleophilic compounds (60). Indeed, an X-ray diffraction
study of ethyl chlorophyllidea‚2H2O crystals showed the
presence of water coordinated to the Mg atom of one
molecule and hydrogen bonded to the 9-keto CdO group of
another molecule (61). A second water molecule is hydrogen
bonded to the coordinated water molecule and also to the
10a-ester CdO group of the other chlorophyllide. The near
coincidence of the IR frequency of the 9-keto CdO of P1 in
P700 with that of the hydrated Chla oligomers suggests that
a water molecule may coordinate the Mg atom of P2.
However, such a model cannot be accommodated in a
straightforward manner with the results of the spectroscopic
effect of the mutations of PsaB-His656 and PsaA-His676
which indicate that these residues probably act as fifth ligand
to the Mg atom of P1 and P2, respectively (28, 29). Several
other Chla dimers ligated by water have also been proposed
as models for P700 (62-64). However, they involved either
translational symmetry orC2 symmetry, notably, at the level
of the carbonyl groups, which would further make them
inconsistent with the FTIR results of P700 presented here.

One of the unique properties of the P700 special pair
involves its redox properties as this primary donor possesses
a midpoint potential about 400 mV lower than that of Chla
in vitro (necessary to avoid energy loss in the linear electron
transport chain of oxygenic photosynthesis). In contrast, the
primary donor of purple bacteria has a midpoint potential
only about 200 mV lower than that of BChla in solution,
and P680 is some hundred millivolts more positive than Chl
a in vitro. Specific alterations of the oxidation potential of
P870 by interaction with the protein scaffold have been
characterized in mutant RCs ofRb. sphaeroides. In particular,
introduction of hydrogen bonds to the 9-keto or 2a-acetyl
CdO groups leads to an increase in the redox potential of
P870 by 60-125 mV per hydrogen bond (65). Thus, the
low oxidation potential of P700 cannot be related directly
to the unusual strength of a hydrogen bond that would be
responsible for the observed frequency of 1637 cm-1 of the
9-keto CdO group of P1. It is conceivable that the hydrogen
bonds control only indirectly the redox potential of P, e.g.,
by influencing the conformation of the macrocycle which
could be a main determinant of the midpoint potential. To
rationalize the unusual redox potential and magnetic reso-

nance properties of P700+, a monomeric Chla enol has been
put forward as an alternative model to the P700 dimer (66).
Enolization of the ring Vâ-keto ester of Chla results in a
very differentπ electronic structure of the macrocycle. The
frequency of 1637 cm-1 observed for the 9-keto CdO group
of P1 is taken to indicate at least a partial enolization of ring
V. One may propose that an unusually strong hydrogen bond,
possibly even bifurcated hydrogen bonds, involving residues
other than His could be responsible for such a perturbation
of the 9-keto CdO group of P1. Still another possibility
involves Chl a′ (diastereoisomer of Chla at C10) whose
conspicuous presence in the core of PSI (67) has always
constituted a puzzle. Advances in the resolution of the crystal
structure of PS I together with site-directed mutagenesis and
additional FTIR experiments are needed to improve the
current picture of the primary electron donor of PSI.
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