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ABSTRACT: The extent of delocalization of the positive charge in the oxidized dimer of chlorophyll (Chl)
constituting P700, the primary electron donor of photosystem | (PSl), has been investigated by analyzing
the perturbation upon P70dormation of infrared (IR) vibrational modes of the two His axial ligands of

the two P700 Chl molecules. Fourier transform IR (FTIR) difference spectra of the photooxidation of
P700 in PSI core complexes isolated fr@ynechocystisp. PCC 6803 isotopically labeled either globally

with 13N or more specifically witH3C on all the His residues reveal isotopic shifts of a differential signal

at 1102/1108 cmt. This signal is assigned to a downshift upon P7@@mation of the predominantly
Cs—Nrz imidazole stretching mode of His residue(s). The amplitude of this signal is reduced by
approximately half in FTIR spectra &ynechocystiswutants in which His PsaB 651, the axial ligand to

one of the two Chl molecules in P700, is replaced by Cys, GIn, or Leu. These observations provide
further evidence that the positive charge in P7@0essentially delocalized over the two Chl molecules,

in agreement with a previous FTIR study in which the frequency of the vibrational modes of the 9-keto
and 10a-ester €0 groups of the two Chl's in P700, P700and3P700 were firmly established for the

first time [Breton, J., et al. (1999iochemistry 3811585-11592]. Only limited perturbations of the
amplitude and frequency of the 9-keto and 10a-estefOCbands of the P700 Chl are elicited by the
mutations. On the basis of comparable mutational studies of the primary electron donor in purple bacteria,
these perturbations are attributed to small molecular rearrangements of the Chl macrocycle and substituents
caused by the repositioning of the P700 dimer in the new protein cavity generated by the mutations. It is
proposed that the perturbation of the FTIR spectra upon mutation of a His axial ligand of the P700 Chl
recently reported irChlamydomonas reinhardt[Hastings, G., et al. (2001Biochemistry 4012943

12949] can be explained by the same effect without the need for a new assignment sf@hleaids of

P700. The distribution of charge/spin in P70ind3P700 determined by FTIR spectroscopy is discussed

in relation with the contrasting interpretations derived from recent magnetic resonance experiments.

The conversion of light energy into chemical energy by synthetic membrane and located at increasing distances from
photosynthetic organisms occurs in membrane proteins calledthe primary donor. Owing to the central role of the primary
reaction centers (RC%)and involves charge separation donors in the photosynthetic processes, a wealth of spectro-
across the membrane. In the RC’s, light-induced charge scopic techniques have been used to investigate their
separation is initiated by special dimers of chlorophyll (Chl) structure. Notably, a large number of optical, vibrational,
or bacteriochlorophyll (BChl) molecules called primary and magnetic resonance spectroscopic techniques have been
electron donors (P). An electron is ejected from the excited applied to the study of the electronic structure of the neutral,
state of the primary electron donor and reduces rapidly a oxidized, and triplet states of primary electron donors in RC’s
sequence of electron acceptors positioned across the photogt zJ| the known classes of photosynthetic organisijs (
This has led to various models describing the organization
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of mutants with modified cofactetrprotein interactions?). between the two Chl molecules with a ratio between 1:1 and
These mutants have also been investigated with the spec2:1 (in favor of the Chl lacking the hydrogen bonds).
troscopic technigues mentioned above, providing tests of theFurthermore, the triplet state #2700 was found to be fully
merits of these techniques for obtaining information on RC’s localized on the Chl molecule that exhibits strong hydrogen-
whose structure is not available. bonding interactions with the proteiB@), a conclusion that
Besides the primary electron donor of purple photosyn- is the opposite of that derived from magnetic resonance
thetic bacteria, it is probably P700, the primary donor of studies 24, 25, 28).
photosystem | (PSI) of cyanobacteria, algae, and higher When the first X-ray structural model of PSI from the
plants, that has been the most thoroughly investigated bycyanobacteriunSynechococcus) elongatusat a resolution
structural and functional spectroscopy. Observations derivedhigh enough to visualize the interactions between the Chl
from optical spectroscopy provide strong evidence that P700molecules and the surrounding amino acid residues appeared
is a dimer of Chl molecules3-12). On the other hand, the  (31), it became clear that P700 is indeed a highly asym-
spin localization in P700 as estimated from electron metrical dimer made of one Chh molecule with no
paramagnetic resonance (EPR) and eleetrarclear double  hydrogen-bonding interactions with the PsaB polypeptide and
resonance (ENDOR) spectroscopy, has been debated oveone Chla’ (the epimer of Chh at the Go position) with the
many years. While the EPR properties of the P78i@nals 9-keto and the 10a- and 7c-este+=0O groups in hydrogen-
initially were taken to indicate a dimeric state with ap- bonding interactions with the PsaA polypeptide. Furthermore,
proximately equal spin distribution within the radical3( the Mg atoms of both Chl molecules were found to interact
14), this interpretation was later questiondd,(16). More with the Nt nitrogen atom of the His residues previously
recently, ENDOR and electron spin echo envelope modula- proposed as axial ligandg§ 29, 32). The structural model
tion (ESEEM) experiments have been interpreted to favor a of P700 @1) thus is in remarkably good agreement with the
decidedly asymmetrical spin distribution ranging from 3:1 previous conclusions derived from the FTIR experimed@s (
to 10:1 (L7—21), and even complete localization of the spin  33). Additionally, it was excluded experimentally that the
on a single Chl molecule2@). The latest ENDOR reports  strong disagreement between the conclusions derived from
on this subject conclude that at least 85% of the spin in P700 FTIR and magnetic resonance studies could be due to the
is localized on a single ChI2B, 24), and several recent investigation of PSI preparations originating from different
reviews on the magnetic resonance properties of P700 organisms or to differences in the temperature at which the
concur with this view 25—27). With regard to the localiza-  experiments were performed in the various laboratoB88k (
tion of the triplet state in®P700, magnetic resonance However, these discrepancies were further highlighted by
experiments with optical detection techniques have led to reports of ENDOR and absorption-detected magnetic reso-
the conclusion that the triplet i#P700 is localized on the  nance (ADMR) spectroscopy of mutants of the His axial
same molecule as the excess spin in P7(@3, 25, 28). ligands of P700 irC. reinhardtiiwhich were taken to provide
Fourier transform infrared (FTIR) difference spectroscopy convincing evidence that the unpaired electron in P78
is well suited to investigate the interaction of the Chl the triplet state in®P700 are localized mainly on the Chl
molecules with the surrounding protein as well as the lying on the PsaB side2b, 28). Moreover, the same
electronic structure of P700, P7Q&nd3P700. For example,  description of the electronic structures of P7@Mhd3P700
the light-induced P700P700 FTIR difference spectra of a in wild-type C. reinhardtii PSI was maintained following
series of PSI mutants @hlamydomonagC.) reinhardtii in optical and magnetic resonance spectroscopic studies of a
which each of the conserved pairs of histidines located mutant in which the Thr residue that forms a hydrogen bond
symmetrically on the PsaA and PsaB polypeptides that with the 9-keto group of the PsaA Chl in the structural model
constitute the core of PSI is replaced by glutamines has ledof S elongatus(31) was replaced by the non-hydrogen-
to the identification of the His axial ligand of each of the bonding Val residue24). Only in the mutant preparation
two Chl molecules of P7002Q). By combining the FTIR ~ was some evidence found that the distribution of the triplet
technique with global isotope labeling in the cyanobacterium state and of the spin over the two Chl's is affected.
Synechocystisp. PCC 6803 (referred to in the following as The large discrepancy between the interpretation of the
Synechocyst)s it was possible to discriminate the=© results of magnetic resonance and FTIR experiments led
vibrational modes of the Chl of P700 from those of the Hastings et al. 34) to analyze the P700P700 FTIR
protein G0). A comparison of the P700P700 and®P700/ difference spectra ofC. reinhardtii and to propose an
P700 FTIR difference spectra has led to the firm assignmentassignment of bands for the 9-kete=O groups that differs
of the G=0 modes of the 9-keto and 10a-este+@ groups considerably from the previous interpretation of the FTIR
from the two Chl molecules that constitute P780)( It was data B0) but that is more in line with the conclusions derived
concluded that both carbonyl groups of one of the Chl’'s are from magnetic resonance spectroscopy. However, the FTIR
free from interaction with the protein, while the two carbonyl assignments in re34 are based on the perturbation of the
groups of the other Chl engage in hydrogen-bonding interac- 9-keto carbonyl frequency in a single mutant modified at
tions with the protein, leading, most notably, to an extreme the His axial ligand of the PsaA Chl, and they do not take
frequency downshift-¢60 cn1!) of the 9-keto G=O group. into account the effect of global isotope labeling and the
It was also found that this asymmetry is maintained in the comparison of the P700P700 and®P700/P700 FTIR dif-
P700 state 80). Upon assuming comparable extinction ference spectra that were at the roots of the previous
coefficients for either the 9-keto or the 10a-ester@groups assignments3(0). Furthermore, a comparable FTIR study of
of the two Chl’s, the relative amplitudes of their contribution the effect of replacing one of the His axial ligands of the
in the P700/P700 spectra led to the conclusion that the BChl's in the primary electron donor of the purple bacterium
positive charge in P700is shared approximately equally RhodobactefRb) sphaeroidedy a variety of residues has
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shown that the frequency of the BChl 9-keto and 10a-ester
C=0 groups of P could be significantly affected by such
mutations owing probably to a repositioning of the primary
donor within the cavity generated by the mutatid@5)(
Therefore, the assignments proposed in34feed to be
reevaluated in light of these observations.

While seeking a way to investigate the distribution of the
charge in the P7000xidized dimer that would not involve
the vibrations of the Chl's themselves, we considered the
possibility of analyzing by FTIR difference spectroscopy the
perturbation upon P700 photooxidation of the vibrational I
modes of the His residues that interact with the Mg atoms @
of the Chl dimer in P700. The Nt stretching mode of
the imidazole ring of histidine is a good candidate for such 1800 1800 1400 1200 1000
studies gls it gives rise toda {tlag:lgvel)é gtrgng Il;)ar][(rj] in an easily Wavenumber (cm”)

ECSCEezi;I eigigriilr(r)lr;:trsolljging PSISngp}ex?g.s irl:r\/vhei:;rr?(t)k:E,His FiGURe 1: Light-induced P700/P700 FTIR difference spectrum
- . - - of PSI core complexes fror8ynechocystisp. PCC 6803 at 5C:
residues were isotopically labeled witiN have shown (a) unlabeled PSI, (BfN-labeled PSI. Each division on the vertical
conclusively that a His residue interacts with the unpaired scale corresponds to & 10~ absorbance unit. About 100000
electron in P700 (38). In the present work, P700P700 interferograms were added. The frequency of the bands is given

FTIR difference spectra of PSI core complexes frByn- 1 e The spectral resolution is 4 cth

echocystisabeled either globally with®N or more selectively
with [U-13C]histidine have led to the identification of a
differential signal corresponding to the downshift upon P700
photooxidation of the &Nt stretching mode of the imi-
dazole ring. The amplitude of this signal is reduced by
approximately half in PSI complexes from several mutants
of Synechocystig which the His PsaB 651 axial ligand of
the Chla molecule in P700 is replaced by other residues.
This observation provides further evidence in favor of a

symmetrical charge distribution within the two Chl molecules for 15 mn) of PSI complexes in THSHCI buffer (20 mM:

in P700, pH 7.0) containing 20 mM sodium ascorbate and/80
MATERIALS AND METHODS methyl viologen. A small fraction of the resultant pellet was
squeezed between two calcium fluoride windows, and the

PSI core complexes fro®ynechocystisp. PCC 6803 used  thickness of the sample was adjusted to give an absorption

for the N labeling experiments were isolated according to of about 0.8 OD unit at the maximum around 1650 ém

ref 39. Global isotope labeling with®N was obtained by  with approximately half of this absorption being due to the

replacing the sodium nitrate by its isotopomer. In the case amide | absorption and the other half to the scissoring mode

of labeling of the His residues, a histidine-tolerant strain of of water. Light-induced difference spectra were recorded on

Synechocystisvas used and the culture medium was Nicolet 60SX and 860 FTIR spectrometers at a temperature

supplemented with histidine either unlabeled or uniformly of 5 °C as previously reportecB().

labeled with3C (Isotope Cambridge Laboratories, Mas-

sachusetts). In this case the isolation of PSI core complexesRES'U'-TS

A Absorbance

1
1698
1

of the recipient strain, selection of transformants, and
segregation of mutants were performed under low light
intensity (2-3 umol m2 s71) at 30°C according to re#i1.
After segregation, the genomic DNAs were isolated from
the mutant strains. The fragments containing the mutated sites
were amplified by PCR, and the fragments were sequenced
to confirm the mutations. The PS | complexes were purified
according to a previously published metha@®)

Samples for FTIR were prepared by centrifugation (30000

was performed according to rdD. The extent of labeling Effect of Isotope Labeling on the P708700 FTIR
was >95% for °N (P. Seif, personal communication) and  pifference Spectra
about 85% for [URC]histidine. Figure 1 shows the P70P700 FTIR difference spectra

To generate mutations in the PsaB gene, the plasmidin the 1806-1000 cnt? spectral range of PSI core complexes
pGEM-3C+t, which contains the C-terminal region of the from Synechocystithat were either unlabeled (Figure 1a)
PsaB gene, a resistance gene for chloramphenicol andor globally labeled with'N-labeled samples (Figure 1b).
ampicillin, and the 760-bp region downstream of the PsaB Similar spectra, measured at 90 K on the same PSI
gene, was used. A PCR-based method was used to creatpreparations, have been previously reported in the £800
the mutant recombinant DNAs using pGEM-8Cas a 1200 cm! spectral range30). Only limited effects are
template. To clone the amplified DNA, a fragment, the third observed in the region above 1600 ¢nwhere the &0
PCR product, was digested wilkag and Apd and ligated modes of Chl and of the amide | band absorb. This
into pGEM-3Ct that had been digested with the same observation is consistent with (i) the absence of perturbation
enzymes. The amplified regions from the ligated pGEM- of the C=0O modes of the isolated Chl upon labeling with
3C+ were sequenced completely to confirm the presence of 1N (30) and (ii) the presence of a small coupling between
desired mutations and to ensure the fidelityTafq poly- the peptide €O stretching and NH bending modes,
merase. Plasmid DNAs with appropriate recombinant con- leading to a'®N isotopic shift of about 3 crt of the main
structions were used to transform the recipient strain amide | band in the absolute absorption spectrum (data not
PCRTAB (a gift from Dr. Lee Macintosh). Transformation shown). The negative band at 1608 ¢passigned to a €
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FiGURe 2: Light-induced P7080/P700 FTIR difference spectrum  FIGURE 3: Light-induced P700/P700 FTIR difference spectrum
of PSI complexes fronSynechocystiat 5°C: (a) unlabeled PSI,  at 5 °C of PSI complexes from a histidine-tolerant strain of

(b) >N-labeled PSI. (c) Double-difference spectrum, unlabeled Synechocystisontaining (a) unlabeled histidine and (b) uniformly-
minus®N-labeled. Each division on the vertical scale corresponds *C-labeled histidine. (c) Double-difference spectrum, unlabeled
to 1.5 x 10~ absorbance unit. minus U43C-labeled. Each division on the vertical scale corresponds

to 3 x 1074 absorbance unit.

C marker mode for Chl with a pentacoordinated central Mg ) S
atom @0, 43), is, as expected, unaffected by the labeling. !abeled samples (Figures 2b and 3b), indicating the absence

Larger variations are observed in the region around 1550 Of overlapping modes of significant amplitude in the 1+10
cm~! where the combined NH and C—N amide I 1095 cmit spectral region. This observation will prove useful
vibrational mode absorbs. In the 1200000 cn spectral in the analysis of the effects of mutating the His axial ligands
range, many positive and negative bands are affectéeNoy of P700.
labeling (Figure 2). However, among those bands only one Effect of Mutations at His PsaB 651 on the P7(®700
differential signal, negative at 1108 cfand positive at 1102  FTIR Difference SpectraThe PsaB residue His 651 in
cml, appears in the-1090-1115 cnt?! frequency range  Synechocystighomologous to His 660 and His 656 &
that is characteristic of the =Nt stretching” mode of  elongatusandC. reinhardtii respectively), which acts as the
histidine or 4-methylimidazole with a metal bound at the axial ligand of the Chh molecule of P700 with its carbonyl
Nz site and with the ¥ site either protonated or unproto- groups free from hydrogen bonds, has been replaced by the
nated 87). The 1N isotopic downshift of the differential  residue Cys, GIn, Leu, or Phe. Only the first three mutants
signal by 89 cnr! is consistent with the calculated have been investigated by FTIR difference spectroscopy, as
composition of this mode, which includes slightly more than the latter accumulates only very small amounts of PSI
50% G—Nrt stretching vibration together with other ring trimers. Their P700/P700 FTIR difference spectra in the
deformation (mostly €H) modes 87). The two latter 1800-1000 cnt? spectral region are shown in Figure 4
observations indicate that the 1102/1108 érdifferential together with the spectrum of the wild type (Figure 4a). The
signal is likely to be contributed by thes€Nrt stretching spectrum for each mutant has been normalized to that of the
mode of histidine. By combining attenuated total reflection wild type by performing interactive subtraction (wild type
and perfusion-induced FTIR difference spectroscdgy45), minus mutant) and minimizing the residuals in the whole
it has been verified that the 1102/1108 <ndifferential 1800-1000 cn1? spectral range (data not shown). For the
signal observed in Figure 2a can be generated by changingourpose of clarity, the expanded spectra are depicted in the
the redox state of P700 chemically (data not shown) and spectral ranges 186600 and 12061000 cnt?in Figures
therefore does not originate from photoreactions at the 5 and 6, respectively. Before the specific perturbations of
acceptor side. the spectrum elicited by each mutation are examined, it is
A compelling confirmation that thé®N-sensitive dif- ~ Worth recognizing that the main features as well as many
ferential signal at 1102/1108 crhin the P700/P700 FTIR ~ smaller details of the P70(P700 FTIR difference spectra
spectrum (Figure 2a) originates from His residue(s) is of wild-type PSI are maintained for all the mutants inves-
obtained by comparing the P700700 FTIR difference tigated. Notably, the 1608 and 1533 chmarker modes for
spectra of PSI core complexes isolated from a culture of Pentacoordinated ChBQ, 43) in wild-type PSI (Figure 4a)
Synechocystisaving incorporated histidine either unlabeled are present in the spectra of all the mutants (Figuredjb
(Figure 3a) or uniformly labeled with®C (Figure 3b). In Similarly, the large spectral features assigned to the 9-keto
this case the 1102/1108 cindifferential signal is down- ~ and 10a-ester €0 groups of the two Chl's in P700 and
shifted by 15-16 cnt? for the [U-3C]histidine, and the ~ P700" of wild-type PSI (Table 1) are present at almost the
double-difference spectrum (Figure 3c) shows that this is Same frequency (within-22 cnr?) in the mutant spectra
the most affected mode in the 1200000 cntt spectral  (Figure 5).
range. The downshift of the 1102/1108 chdifferential When the spectrum in the 1860600 cn1?! range of the
signal in the spectra of the unlabeled PSI (Figures 2a andCys mutant (Figure 5b) is compared to that of the wild type
3a) leaves a frequency window with only smooth spectral (Figure 5a), the large differential signals at 1718/1698 and
features in the corresponding spectra of the isotopically 1654/1640 cm® that were previously assigned to the 9-keto
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FIGURE 4: Light-induced P700P700 FTIR difference spectrum ~ FIGURE 5: Light-induced P700P700 FTIR difference spectrum
of PSI complexes fronBynechocystiat 5°C: (a) wild type, ()  ©f PSI complexes fronSynechocystiat 5°C: (a) wild type, (b)
mutant HC(B651) in which His PsaB 651 is replaced by Cys, (c) Mutant HC(B651), (c) mutant HQ(B651), (d) mutant HL(B651).
mutant HQ(B651) in which His PsaB 651 is replaced by Gin, (d) Each division on the vertical scale corresponds to 2,203
mutant HL(B651) in which His PsaB 651 is replaced by Leu. Each absorbance unit.

division on the vertical scale corresponds t& 8.0~ absorbance
unit. Table 1. Assignment of Carbonyl Stretching Frequencies {of
C=0 group of the two Chl molecules in the P70B700 Er(l:e Two Chlorophylls of P700 isynechocystiSp. PCC 6803 at 5

FTIR difference spectrum of the wild typ8@) are relatively

: . . bonyl P700 P700
little affected. The differential signals at 1754/1749 and 1742/ , canony

1735 cm! assigned to the 10a-ester=0 in the spectrum Chla (PsaA 676) g%lgj‘t'oesmr 161:5’5 16157 ;12
of the wild type are somewhat redyced i.n a}mplitudg inthe  chia(PsaB 651) 10a-ester 1749 1754
mutant spectrum, but are not shifted significantly in fre- 9-keto 1698 1718

guency. In the case of the GIn mutant (Figure 5c), the
amplitude and shape of the<© ester absorption bands are of the differential bands attributed to the 10a-esterQC
essentially unperturbed compared to those of the wild type groups (Figure 5). When the spectrum of the wild type is
and only a small downshift @2 cnr?!) is observed. The  compared to those of the various mutants, these variations
1718/1698 cm? differential signal becomes broader, while in the relative amplitudes of the differential signals can reach
that at 1654/1640 cmt decreases slightly in amplitude. The a factor of~2. Besides changes of relative amplitudes, it
spectrum of the Leu mutant (Figure 5d) is the most perturbed can also be noticed that the perturbation of the shape of the
of the three mutant spectra with a smalta cni* upshift differential signals appears to be slightly larger for the signal
and an amplitude increase of the 1654/1640 cdifferential at 1718/1698 cm' than for that at 1654/1640 crh This
signal, while a larger decrease of the amplitude of the 1718/ suggests that mutating the His coordinated to the PsaB Chl
1698, 1742/1735, and 1754/1749 chdifferential signals affects the 9-keto €0 vibrational mode of this Chl slightly
is observed. The amplitude increase of the bands at 1679more than that of the PsaA Chl.
and ~1550 cm? in the P700/P700 FTIR difference In the spectral range 126A000 cm? (Figure 6), the
spectrum of the Leu mutant (Figure 4d) suggests a largerspectra of the mutants are significantly perturbed compared
conformational change of the protein backbone upon P700to that of the wild type, although many positive and negative
photooxidation in this mutant compared to both the wild type bands still appear either at the same position or within close
and the other mutants (Figure 4@). proximity. The largest spectral differences can be rationalized
In general, the main effect of the mutations is to alter the by considering that, compared to that of the wild type, each
relative amplitude of the large differential signals at 1718/ mutant spectrum contains modes from the new side chain
1698 and 1654/1640 cmithat were previously assigned to that replaces His 651 and also from other residues whose
the upshift upon P700 photooxidation of the 9-kete@ local environments (and/or electrostatic interactions) are
groups of the two Chl molecules in the P70R700 FTIR perturbed by the mutation. Nevertheless, the spectra in Figure
difference spectrum of the wild typ8@, Table 1). A similar 6 show that the 1102/1108 cindifferential signal previously
effect is also observed in parallel on the relative amplitude assigned to the predominantlys-€Nt stretching mode of
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spectroscopy, leading to the identification of PsaA 676 and
PsaB 656 (analogous to PsaA 680 and PsaB 660, respectively
in S. elongatusas the axial ligands of P70@9%). An upshift
and splitting of the 9-keto €0 band at 1700 crt were
observed in the HQ(A676)/HQ(B656) double mutant, and
investigation of each of the corresponding single mutants
showed that these new spectral features were primarily
related to the HQ(A676) mutation. This work was further
extended to a comparison of the P70%700 FTIR difference
spectra of PSI particles fronT. reinhardtii bearing the
mutation HL(B656) 46). Although most of the features of
the P700/P700 FTIR difference spectra of wild-type PSI
from C. reinhardtii are essentially the same for isolated
particles and for membrane®9, 33, 34, 46), the difference
spectrum measured for particles of the HL(B656) mutant was
appreciably more perturbed than the equivalent spectra
obtained forSynechocystif-igures 4a,d and 5a,d). It is not
clear at present whether this difference is due to differences
between the organisms or the respective protocols used for
the isolation of the particles. More recently, the P78700
FTIR difference spectrum of PSI particles from the mutant
HS(A676) in C. reinhardtii has shown an upshift and a

T y T - T T splitting of the 9-keto &0 band at 1700 cnt (J. Breton
1200 1150 1100 1050 1000 and A. Weber, unpublished datad4) comparable to those
Wavenumber (cm™) reported for the HQ(A676) mutan29).

FiGure 6: Light-induced P70@/P700 FTIR difference spectrum Assignments of the Chl Carbonyl Vibrations in P700,

of PSI complexes fronsynechocystiat 5°C: (a) wild type, (b) P700", and 3P70.0
mutant HC(B651), (c) mutant HQ(B651), (d) mutant HL(B651), The perturbation of the 9-keto=80 band at 1700 cnt

(e) wild-type PSI complexes containing uniformiic-labeled in the P700/P700 FTIR difference spectrum of PSI particles
histidine (same as Flguze 3b). Each division on the vertical scale fom the mutant HS(A676) irC. reinhardtii has recently
corresponds to 2.& 107 absorbance unit. been the basis of an assignment of the 9-keteDGvibrations
of the P700 Chl34) that differs drastically from the previous
assignment30). Hastings et al.34) propose that the 9-keto
C=0 groups of both Chl's in P700 contribute to the 1700
cm ! band, with the PsaA and PsaB Chl of wild-type PSI
absorbing at 1697 and 1702 chrespectively. They suggest
that, upon P700formation, the 1702 cni band of P700 in
the wild type upshifts by 14 cnt while the 1697 cm? band
downshifts by 10 cmt. The HS(A676) mutation would only
shift these frequencies by-B cm (34). To rationalize the
different behavior of the 9-keto=€0 groups of both Chl's
upon P700 photooxidation, it was assumed that the charge
is essentially localized on the PsaB Chl. While this would
lead to a carbonyl frequency upshift of the PsaB Chl in
P700, as observed for Chl cation formation in soluti@T),
the frequency downshift of the 9-keto=€© group of the
PsaA Chl was proposed, admittedly, without experimental
support 84). Such a downshift could possibly be attributed
to an electrochromic effect on the PsaA Chl of the positive
charge localized on the PsaB Chl, as has been proposed for
the P/P FTIR spectra of hydrogen-bonded heterodimer
mutants inRb. sphaeroide§48). However, a downshift of
the 9-keto G=O vibration of the PsaA Chl is difficult to
DISCUSSION recopcile with the fact that the 10a—§steFO group, also '
localized on ring V of the same Chl, is proposed to upshift
PSI mutants on the His axial ligands of the P700 Chl from 1735 to 1742 cm! upon P700 formation in all the
molecules irC. reinhardtiihave been investigated previously previous and current FTIR studies of P700 (photo)oxidation
by FTIR difference spectroscopy. In the initial study aimed (30, 34, 45, 47, 49—51). Furthermore, the frequency of the
at the identification of the axial ligands of P700, each of the 9-keto G=0 vibration of the PsaA Chl at 1697 crhis
pairs of homologous His residues conserved in the PsaA andalready high for a free keto group and is not compatible with
PsaB polypeptides was targeted and replaced by glutaminesthe hydrogen bond described in the structural modeb of
Isolated PSI membranes were screened by FTIR differenceelongatuq31). Finally, Hastings et al.34) assign the large

— 1036
1

— 1076
— 1055

A Absorbance

1047—
1

His residue(s) is still present in all of the mutants, albeit
with a reduced amplitude and a small frequency downshift.
This observation is strengthened when the differential
features negative at 1107 cfnand positive at 1101 cm

of the PsaB mutant spectra (Figure-a#) are compared to
the smooth traces in the 1120095 cm* regions of the
isotopically labeled samples (Figures 2b and 6e). A closer
analysis of the double-difference spectra, in which the
spectrum of the USC-labeled His sample (Figure 6e) is
subtracted from each of the individual spectra in Figuredba
(data not shown but see the Supporting Information),
indicates that the 1102/1108 cinsignal of the wild type
(Figure 6a) is, in fact, the resultant of two differential signals
of roughly equal amplitudes at1101/1107 and approxi-
mately 1103/1109 cnt. We therefore assign these features
to the G—Nz mode of His PsaA 676 and PsaB 651,
respectively. A more quantitative analysis of the frequency
and amplitude of the differential signals of each of the two
His residues will require the investigation by FTIR spec-
troscopy of mutants of the PsaA His axial ligand of P700 as
well as of double mutants on both axial ligands.
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differential signal at 1652/1636 crhin the P700/P700
FTIR difference spectra @. reinhardtii which is equivalent

to the 1654/1640 cnt signal of Synechocysti€33, 34), to

an imidazolium G=Cs vibration of His PsaA 676 and His
PsaB 656. As the 1654/1640 chsignal of Synechocystis

is left essentially unaffected upon 13 labeling of all the

His residues (data not shown), the latter interpretation can
be ruled out.

While the assignment scheme for the 9-kets@groups
of the P700 Chl proposed by Hastings et 84)(has been
tailored to fit the view of the localization of the spin in P700
and of the triplet state i8P700 on the PsaB Chl currently
derived from magnetic resonance experime2&-5), it

Breton et al.

of the central Mg atom30, 43), are left unperturbed by the
mutations, indicating that in each mutant a fifth axial ligand
must replace the mutated His residue. At least for the Leu
mutant, a water molecule probably takes the place of the
His side chain, as originally proposed fBb. sphaeroides
RC mutants in which the His axial ligands of the BChl
molecules of P were replaced by G§3j.

Light-induced FTIR difference spectra of the photooxi-
dation of P inRb. sphaeroidebave been investigated in a
series of mutants of His M202, which is the axial ligand of
the BChl interacting with the M-polypeptid8%). While Leu
and Glu mutations led to heterodimeric primary donors, Gly,
Ser, Cys, and Asn mutants showed FTIR spectra character-

leaves aside the two essential sets of experiments that formecki- of homodimeric BCh-BChl primary donors. Compared

the basis of the previous assignmen®)( First, global
isotope labeling with eithePH or N in Synechocystis
allowed the protein €O vibrations to be distinguished from
the 9-keto and 10a-ester=© vibrations of the Chl in the
P700/P700 FTIR difference spectrum of PSI particles. In
addition, a comparison of the P708700 and®P700/P700
FTIR difference spectra allowed the vibrations of the 9-keto
and 10a-ester<€0 vibrations of the Chl in the P700 ground
state to be unequivocally resolved for the first time. This in
turn led to the firm assignment of the carbonyl vibrations in
P700 and in®P700. It was further concluded that 700
triplet is fully localized on a Chl molecule that has the 9-keto
and 10a-ester €0 groups both hydrogen-bonded to the
protein, while the positive charge in P708 shared between
the latter Chl and another Chl with the 9-keto and 10a-ester
C=0 groups both free from interaction30Q). These assign-
ments, which are summarized in Table 1, were easily
accommodated in the crystallographic model of P780 (

by establishing the correspondence between the Chl molecul
with the C=0 groups with hydrogen bonds in the FTIR
difference spectra and the PsaA Chl in the structural model
(33).

Effect of the Mutations at the His Axial Mg Ligands on
the Chl Vibrations in Synechocystigeplacement of the PsaB
His axial ligand of the Ch&a molecule in P700 by Cys, GIn,
or Leu induces only very small perturbations of the frequency
of the Chl vibrations in the P700P700 FTIR difference
spectra (Figures 4 and 5). Each mutation generates som
specific changes in the relative amplitudes of the bands
assigned to the 10a-ester and 9-kete@stretching modes
of the two Chl molecules of P700 (see Table 1), suggesting

e

to that of the wild type, however, these spectra exhibit small
perturbations of the 10a-ester and 9-kete@ vibrations
for both P and P. Surprisingly, these perturbations of the
frequency and the intensity of the bands do not affect
specifically the BChl molecule on the M-side, but rather are
observed on both BChl molecules of the primary donor. This
effect has been related to the sensitivity of the BCH(Q@
groups on ring V to the local environment and the charge
density on ring V, and is thought to reflect small molecular
rearrangements of the BChl macrocycles and/or their sub-
stituents upon mutatior8f). These variations probably are
caused by slight displacements of the whole dimer that allow
ligation of the Mg atom to the newly introduced side chain
or, as previously proposed for the HG(M202) mutes)(
to a water molecule. It is therefore proposed that the
variations in the frequency and intensity of the 9-keto and
10a-ester &0 bands of Chl observed in the P70B700
FTIR difference spectra of all the His axial ligand mutants
of Synechocystig-igures 4 and 5) as well as Gf reinhardtii
(29, 34, 46) are due primarily to repositioning of the P700
dimer in the protein cavity generated by the mutation. The
same proposal also can explain how two equivalent muta-
tions, such as HQ(B656) i@. reinhardtiiand HQ(B651) in
Synechocystifiave somewhat different effects on the P700
P700 FTIR difference spectra in different speci2$ Figure
5c¢). Minute differences in the shape of the protein cavity
or P700 in the two species can become important factors
or the conformation and/or environment of the Chl carbonyl
roups.

Effect of the Mutations at His PsaB 651 on the Nz

some changes in the distribution of the positive charge in His Vibration The first suggestions based on experimental
P700° upon mutation. However, none of these changes results that a His residue acts as the axial ligand of Chl in
provide evidence of large modifications of the structure or P700 came from ENDOR and ESEEM spectroscopy on PSI

environment of P700 in either its neutral or its oxidized state.
Much larger perturbations of the spectrum are seen in
analogous Leu mutants in the RCRb. capsulatuandRb.
sphaeroideswhere the mutations result in formation of
BChl—bacteriopheophytin heterodimei®5( 52), and simi-
larly large changes might be expected if the P76Barge

is localized on a single Chl. The conclusion that the charge
of P700 is delocalized is supported by the presence of a
broad positive band around 3000 chin the P700/P700
FTIR difference spectra of the mutants (data not shown).
As previously reported for wild-typ8ynechocystjsuch an
electronic transition would not be expected if P700ere
monomeric 80, 33). Finally, the Chl G=C modes at 1608
and 1533 cmt, which are characteristic of pentacoordination

of Synechocystisontaining'®N-labeled His 88) and from
biophysical characterization of the mutant HQ(B656Xin
reinhardtii (32). It was later shown that the two homologous
His residues PsaA 676 and PsaB 65€irreinhardtiiwere
indeed the axial ligands of the two Chl molecules in P700
(28, 29). In the X-ray structural model at 2.5 A resolution
of PSI of S elongatus the Mg atom of each Chl molecule
of P700 is located 2.3 A from thedNatom of the imidazole
ring of the proximal His ligand, while the MgMg distance

in P700 is 6.3 A 81). A positive charge on the macrocycle
of a given Chl molecule in P700therefore would be
expected to affect the frequency of the-@z imidazole
stretching mode of the proximal His ligand much more than
that of the His ligand of the second Chl molecule.
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Histidine side chains are involved at the catalytic site in  The interpretation of the FTIR data as showing a rather
many biological reactions. The two nitrogen atoms of the symmetrical distribution of the positive charge on the two
imidazole group, which can achieve different protonation Chl molecules in P700 (30, 33) rests on the reasonable
states at physiological pH, play a role as hydrogen bond assumption that the extinction coefficients for the 9-keto and
donors or acceptors, in proton-transfer reactions, and in thel0a-ester &0 groups of the two Chl molecules of P700
binding of metals. FTIR spectroscopy is well suited to are not vastly different due to differences in their hydrogen-
investigate the protonation and ligation states of His side bonding state, environment, or chemical natus&).( The
chains in proteins, and the IR absorption properties of present results circumvent this concern by showing that the
4-methylimidazole as a model for the side chain of histidine Cs—Nz modes of each of the His axial ligands of the two
have therefore been extensively investigated both experi-Chl molecules in P700 are also perturbed to a similar extent
mentally and by quantum chemical calculatioB§, 37, 54— upon P700 formation, although the histidines are not
57). The relatively intense £-Nrt stretching band around  conjugated to the Chl macrocycles. This observation provides
1100 cnt was found to be a good marker of the protonation independent and compelling evidence to reinforce our
and coordination state of the histidine side chain. In the conclusion that the charge in P700Gs distributed ap-
absence of coordination to a metal, the IR frequency rangeproximately equally over the two Chl molecules of the PSI
observed for this mode is different for each protonation state primary electron donor3Q, 33).
of Nz and Nt and decreases in the order,\NzH > Nr, The P700/P700 FTIR difference spectra of the three
Nz = NzH, N7zH = NzH, Nz (36). When a metal is  mutants in which His PsaB 651 is replaced by Cys, GIn, or
coordinated at i, the G—Nt stretching mode also depends Leu show only very small shifts (at most 2 ci of the
on whether the i site is protonated and occurs in the frequency of Chl carbonyl vibrations compared to that of
characteristic ranges o0f1115-1100 and~1100-1090 the wild type (Figure 5). Therefore, the hydrogen-bonding
cm 1, respectively 7). status of these €0 groups in both the neutral and oxidized

Bands corresponding to thes€Nz stretching mode of  states of P700 appears robust to changes of the axial ligand.
histidine side chains coordinated to a metal atom have beenHowever, the relative amplitude of the differential signals
assigned by FTIR difference spectroscopy in several typesassigned to frequency upshifts of the 9-keto and 10a-ester
of photosynthetic reactions involving the change of the redox C=0O groups of the P700 Chl upon photooxidation (see
state of either the metal itself or its immediate surroundings. Figure 5 and Table 1) varies within a factor of2 as a
In photosystem Il reactions, a negative band occurs at 1104function of the mutation, clearly suggesting that the charge
cmt in spectra of the oxidation of cytochronigss (54), distribution between the two halves of P708 affected by
differential signals with bands negative-a102 cm* and the nature of the residue that replaces the His PsaB 651 axial
positive at 1111 cmt have been reported in the photore- ligand. To perform a more quantitative analysis of the charge
duction of the oxidized non-heme iron atof8(-60), and a distribution in P700, it will be necessary to compare the
differential signal with bands negative at 1102 ¢nand relative perturbations of the Chl carbonyl groups and the C
positive at 1109 cm has been observed upon reduction of Nt mode of the remaining His axial ligand in the various
the primary quinone acceptor QA1). A comparable signal ~ mutants. Such a quantitative analysis by FTIR spectroscopy
with bands negative at 1101 cfrand positive at 1107 cm will require investigation of a series of His PsaA 676 mutants

occurs upon reduction of QA iRb. sphaeroideRC’s (62). as well as of double mutants on both of the P700 axial
For histidine residues that probably are coordinated to a Mn ligands.
atom of the oxygen-evolving complex, the-Nt stretching Comments on the Recent FTIR Study of the Thr (A739)

mode is found at 1113 cm (57). The frequencies of1107 Mutants of C. reinhardtii After submission of the present
and~1109 cm* found for the G—Nr stretching mode of ~ work, a study by Witt et al. has appeardi8)that extends
the P700 histidines PsaA 676 and PsaB 651 thus fall in thethe initial characterization of the TV(A739) mutant Gf
middle of the range characteristic of histidine side chains reinhardtii (24) to include a Tyr or a His mutation at the
protonated at the M site and coordinated to a metal atom same Thr site. Besides studies by optical and magnetic
(37).2 The G—Nt modes of His PsaA 676 and PsaB 651 resonance spectroscopy, the P7@T00 FTIR difference
both exhibit an apparent downshift of 6 chupon photo- spectra are also reported. All three mutations induce large
oxidation of P700. In contrast, thes€N7 mode of His M219 perturbations of the wild-type spectrum in the 172G00
in Rb. sphaeroideand His D2-215 in PSII gives rise to ~ c¢cm™* frequency range. Smaller effects are observed in the
apparent upshifts of-67 cnm ! upon QA reductiongl, 62). region 1736-1760 cm?!, probably at least in part as a
Whether the change of the bond order of the-87 mode consequence of the normalization procedure that is con-
leading to these frequency shifts of opposite signs is due tostrained to this small frequency window. While the positive
a pure electrostatic effect of the nearby charge, to a changeband at~1688 cn? in the spectrum of the wild type
of electron density on the imidazole ring mediated through increases its amplitude by more than a factor of 2 in those
the coordinating metal, or to a combination of such effects of the three mutants, even larger perturbations are found
remains to be clarified. between 1680 and 1620 ci with the spectrum of each
mutant differing from that of the wild type5@). Notably, a

2 The G—Cs imidazole stretching mode is also a good marker for POSitive band at 1656 cmiin the spectrum of the wild type
the state of protonation and coordination of H&7) In P700, this is replaced by a negative band at 1657 ¢mwf comparable
mode is observed at1611 cnt* with an amplitude about 1-52 times amplitude in that of TY(A739) and of much reduced

that of the 1108 cmt Cs—Ntz mode (data not shown). This frequency ; ; ;
is slightly above but close to the upper limit of the 160593 cn1? amplitude in that of TH(A739). The negative band at 1634

frequency range characteristic of His protonated at thesite and ~ CM"* in the spectrum of the wild type appears to decrease
coordinated to a metal atom atrN37). slightly in amplitude and to downshift by5 cmt in that
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of TY(A739), is absent in that of TH(A739), and is reduced
in amplitude in that of TV(A739). A very small negative
band appears at 1669 chin the spectrum of TH(A739)
and a larger one at 1672 cin that of TV(A739). It is

Breton et al.

Although the P700/P700 FTIR difference spectra of the
Thr A739 mutants reported by Witt et ab3) do not provide
an unambiguous assignment of the 9-kets@ vibration
of the PsaA Chl of P700, they can bring some supporting

essential to note that all these spectral alterations uponevidence in favor of the existence of a hydrogen bond to

mutation occur within the main range of the amide=Q

the 9-keto G=O group of this Chl inC. reinhardtii Taken

vibrations and should be related, at least in part, to protein together with the firm assignment previously made for the
conformational changes. The mutated Thr is described in the1635 cn1* band to the 9-keto €0 vibrational mode of the

structural model of P700 as interacting in a very specific
way not only with the 9-keto carbonyl of the PsaA Chl but

PsaA Chl of P70030, 33), the observation that this band is
perturbed, at least to some extent, in all the Thr A739 mutants

also with a water molecule that is hydrogen-bonded to the arguably can be considered as evidence that the hydrogen

protein via a Tyr and a SeB{). This arrangement makes it
likely that the response of the protein in the vicinity of the
Thr A739 side chain to the positive charge on P7@6uld

bond to this residue has been affected by the mutations. The
extent of perturbation of the hydrogen bond to the PsaA Chl
upon the mutations could be studied by analyzing®B&0/

be affected by the nature of the residue at the A739 site. In P700 FTIR difference spectra of the mutants to detect

the case of wild-type and mutant RC’s from purple bacteria

frequency upshifts of the 9-keto=€D group of this Chl.

the PF/P FTIR spectra have been shown to contain protein Such studies are of interest to investigate the influence of

contributions attributed to the electrostatic effect of the
positive charge on the nearby residu@4)(For P700/P700
FTIR difference spectra, contributions from amide | and I
vibrations have been detected by global isotopic labeling
experiments 30) and can be seen in the spectra shown in
Figure 1, notably by the larg€N isotope effects observed
around 1550 cmt under the main amide Il band. In the
analysis of P700 axial ligand mutants ©f reinhardtii, the
differential signal negative at1635 cnt* and positive at
1652 cntis perturbed to various extents depending on the
mutation @9, 34, 46), although the hydrogen bond between

Thr A739 and the PsaA Chl is not supposed to be affected

in these mutants. While only small frequency shifts5(
cmY) and small variations of amplitude were observed for
the HQ(A676) and HQ(B656) mutants compared to the wild
type @R9), larger effects are apparent in the spectrum of the
HL(B656) mutant 46).3 More recently, Hastings et al. have
attributed the whole 1652/1636 cindifferential signal in
their P700/P700 spectrum of wild-typ€. reinhardtii to
protein contributions from the two His axial ligand34j.
Surprisingly, the possibility that the protein contributes to
the IR absorption changes observed by Witt et al. in the
1620-1680 cnm! frequency range was readily ignored, and

the strength of the hydrogen bond to the 9-kete@group
of the PsaA Chl in P700, P70pand3P700 on the charge/
spin distribution in P700 and3P700.

Issue of the Distribution of Charge/Spin in P70and
3P70Q The work by Witt et al. using various optical and
magnetic resonance spectroscopic techniques on the Thr
A739 mutants §3) brings new light for a discussion of the
stringent discrepancy between the interpretation of the FTIR
and magnetic resonance results concerning the distribution
of charge/spin in P700and®P700 in wild-type PSI. In brief,
it is reported that the features of the P70®700AA and
ACD spectra cannot be described by a model which takes
into account the excitonically coupled dimer with only minor
perturbations from the surrounding Chl. This has conse-
guences on the previous conclusion that the triplet state is
localized on the PsaB Ch2§, 28), which was based on the
assumption that only mutations primarily affecting the Chl
which carries the triplet state should become visible in the
triplet-minus-singlet spectrum. It is recognized that, owing
to the necessity to take into account all the RC Chl’s in the
analysis of theAA spectra, straightforward conclusions can
no longer be drawn from ADMR spectroscopy concerning
the localization of 3P7006Q). It is also suggested that the
observation that the P700P700 and théP700/P700AA

evidence that the 1634 crhband can be ascribed to the
9-keto group of the PsaA Ch8). It should be stressed that,

mutations 28, 63) indicates that the triplet state and the
positive charge are located on the same Chl. It therefore

in the absence of isotope labeling experiments or of an fo|lows from the statements in réf that the new results of

analysis of3P700/P700 FTIR difference spectra, it is not
possible to discriminate between Chl 9-kete-Q and protein
C=0 groups in the whole range of the amide | absorption.
Therefore, the data presented in88fprovide no direct clues
to support their assignment of the 1634 drband to a Chl
9-keto G=0 vibration?

31n refs 29 and 46, the absorption changes below 1690 ¢mwere
not discussed in terms of contributions of protein or Chl carbonyl groups
as the proper assignment wo0f had not been achieved at that time.
The 1652/1635 cmt differential signal in the P700P700 spectrum
of C. reinhardtii has been assigned since to the upshift upon P700
formation of the 9-keto &0 group of the PsaA Chl by comparison
with that of Synechocysti€33).

4 Note that a frequency of 1634 crhis unprecedented for a 9-keto
C=0 vibration of Chl and falls outside the range reported for the
common aggregation states of Chl. As discussed previo@8ly the
very specific Cht-water—Chl polymer of Ballschmiter and Katz, which
absorbs at 1638 cm, is not a likely model for Chl in P700.

ADMR and AA spectroscopy of P700 no longer contradict
the finding from FTIR spectroscopy thdP700 is fully
localized on the PsaA ChBQ, 33).

It has been argued that the discrepancy between the
interpretation of the ENDOR and FTIR results concerning
the distribution of the spin/charge density over the two Chl
molecules of P700could be related to some differences in
the IR extinction coefficient for the €0 groups of the two
Chl molecules of P700 in the neutral and/or cation sta8e (
63). As discussed above, the observation that theNZ IR
mode of each of the His axial ligands of the two Chl
molecules in P700 is also perturbed to a similar extent upon
P700 formation provides independent evidence to reinforce
our earlier conclusion that the charge in P7@0distributed
approximately equally over the two Chl molecules of the
PSI primary electron donoB(, 33). Therefore, the reason
for the discrepancy has to originate from other sources. In
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this respect it should be stressed that the authors of theSUPPORTING INFORMATION AVAILABLE
analysis of the relevant ENDOR data on P70@ve clearly
stated the existence of some inherent difficulties in the
interpretation of their result®8, 25, 28, 63). Notably, while
the assignment of a dimeric P70&pecies requires the

Calculation of the frequency and the relative amplitude
of the differential signals assigned to the PsaA 676 and PsaB
651 His axial ligands of the P700 Chl. This material is
available free of charge via the Internet at http://pubs.acs.org.

detection of hyperfine coupling constants (hfc’'s) from both

dimer halves, it is recognized that an assignment of the hfc’s ReFERENCES
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P700 Chl macrocycles, respectively. In contrast, the methyl

groups detected by ENDOR spectroscopy are not conjugated 24.

to the Chl macrocycle, and therefore, their hfc’'s may not
directly correlate with the spin distribution over the whole
macrocycle. The hfc’s of the methyl group on ring 11l being
very sensitive to modifications of the neighboring exocyclic
ring V (28), it is therefore conceivable that a small change
of the geometry or of the local electrostatic interactions in
this region of P700 upon various mutations may affect the
minute amount of spin localized on this specific methyl
group. Notably, the unusually strong downshift of the
frequency of the 9-keto-€0 group of the PsaA Chl indicates
a drastic perturbation of ring V of this Chl. Such perturbation
may be responsible for the difficulties in assigning the methyl
group on ring Il of the PsaA Chl.
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