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ABSTRACT. P700, the primary electron donor of photosystem | is an asymmetric dimer made of one molecule
of chlorophylla’ (Pa) and one of chlorophyla (Ps). While the carbonyl groups of Pare involved in
hydrogen-bonding interactions with several surrounding amino acid side chains and a water molecule, P
does not engage in hydrogen bonding with the protein. Light-induced FTIR difference spectroscopy of
the photooxidation of P700 has been combined with site-directed mutagen&sisdohocystisp. PCC

6803 to investigate the influence of these hydrogen bonds on the structure of P700 ahdWe0 the
residue Thr A739, which donates a hydrogen bond to the 9-ket® @roup of R, is changed to Phe, a
differential signal at 1653()/1638(~) cm! in the P700/P700 FTIR difference spectrum upshifts by
~30-40 cn1?, as expected for the rupture of the hydrogen bond or, at least, a strong decrease of its
strength. The same upshift is also observed in the FTIR spectrum of a triple mutant in which the residues
involved in the three main hydrogen bonds to the 9-keto and 10a-carbomethoxy groupbadfePbeen
changed to the symmetry-related side chains present araund BRddition, the spectrum of the triple
mutant shows a decrease of a differential signal around 1733 and the appearance of a new signal
around 1760 cmt. This is consistent with the perturbation of a bound 10a-este®@roup that becomes

free in the triple mutant. All of these observations support the assignment scheme proposed previously
for the carbonyls of P700 and P70(Breton, J., Nabedryk, E., and Leibl, W. (199Bjochemistry 38
11585-11592] and therefore reinforce our previous conclusions that the positive charge iniP&dgely
delocalized over Pand R.

The reaction center (REpf photosystem | (PS I) is a  and cationic states has been investigated in great detail using
large multisubunit integral membrane protein that uses light optical, vibrational, and magnetic resonance spectroscopic
to drive electrons across the photosynthetic membrane oftechniques leading to models for the organization of the
cyanobacteria, algae, and plants. Most of the cofactorspigments within the dimer and the distribution of charge and
involved in light collection and electron-transfer processes spin in the oxidized and triplet states of P700 (reviewed in
are coordinated to the two main subunits, PsaA and PsaB ref 1).

each containing 11 transmembranéelices that form the In the last two decades, X-ray crystallographic models of
heterodimeric core of the RC. Light absorbed by an antennap,cterial RC proteins have provided an invaluable source of
pigment is rapidly trapped by a specialized dimer of o mation to complement the data obtained on their primary
excnomcqlly g:oupled .chlorophyll (Chl) molecules called gjactron donors (P) by spectroscopy alone, notably when the
P700, which is the primary electron donor of PS I. After eqqytion of the structures becomes sufficient to identify
excitation, an electron is ejected from the lowest excited statey, o amino acid side chains interacting with the pigments
of P700 and is first passed onto a monomeric Chl. Subse-y, o, ,4h hydrogen bonds to the carbonyl groups or axial
quent charge stabilization IS achieved by further. electro_n— ligation to the central Mg atoms of the bacteriochlorophyll
transfer steps over a chain of acceptprs. Owing FO Its (BChl) molecules. In this case, site-directed mutagenesis
prominent role, the structure of P700 in its neutral, triplet, o, oc 4 choice method to perturb selectively the pigment
o F*{Féart of this work was supported by NSF Grant MCB 0078268 to Erottﬁ:en ;?:Sg?g:éogi’ dtr}il;le(:fél)g?] p;?\x(fjlllré?l 3;‘? \t,)vghprrg%?gegy
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Fr?jnceégéep%?ne: (f331) 6908 2239. Fax: (331) 6908 8717. E-mall: 5 3ing acid side chains acting as axial ligands or hydrogen-
cadara svidr.cea.ir.

*lowa State University. bond partners of the BChls in the ground state of P, it remains

$ CEA-Saclay. silent on several important aspects of the electronic structure
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Synechocystisp. PCC 6803. bonding status of the BChls and the charge distribution in
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P*. Among the spectroscopic tools that can bring specific A
information on the structurefunction relationship in both
native and genetically modified RCs, light-induced FTIR
difference spectroscopy has emerged as a prominent tech
nigue (reviewed in ref8—6). The complementary aspects
of the spectroscopic and X-ray crystallographic approaches
have been initially encountered in the field of purple |
photosynthetic bacteria. This combined approach is now ™o1¥:
striding along for the PS | and is also making progress in ~
the case of PS Il. 1
In the case of PS I, an initial structuré 4 A resolution Theazze | GIWAT3S
(7) showed P700 to be a dimer of Chl with a geometry _
similar to that of P in the RC of photosynthetic purple HisA676 ‘-----.‘
bacteria, where His residues from the two homologous L .\
and M polypeptides making up the core of the RC act as s
ligands to the Mg atom of the two BChl molecules of P. B
This observation led to an investigation of the P7&¥00
FTIR difference spectra characterizing the photooxidation
of P700 in a series of PS | mutants Ghlamydomonas
reinhardtii, in which each of the conserved pairs of His
located symmetrically on the homologous PsaA and PsaB TyrAS99
polypeptides is replaced by GIn. This study allowed an = }.. -\
identification of the His axial ligand of each of the PsaA - < p e
and PsaB Chl molecules of P7().(In the following, these s Sl
Chls will be termed R and R in the ground state and,P TN Hz(,,‘.,"t‘:
and R in the oxidized state. In a study of P700 photooxi- SerA603 RN
dation in the cyanobacteriu@ynechocystisp. PCC 6803 r 9-keto
(referred to in the following aSynechocystjithat combined Fa r“
global isotope labeling and a comparison of P78700 and | TheATS
3P700/P700 FTIR difference spectra, it was possible for the -
first time to assign the 9-keto and 10a-ester@ modes of Ficure 1: Structural model of _P700, the primary electron donor
the two Chls in P700 and P700(9). Notably, it was of photosystem I. (A) General view along the pse@cymmetry

axis showing the organization of the dimer of Gh{Pg) and Chl
concluded that both carbonyl groups of one Chl are free from a' (Pa) with their central Mg atoms coordinated to the side chains

interactions with the protein, while the two carbonyl groups  of His B651 and His A676, respectively. Also shown are the amino
of the other Chl are engaged in hydrogen-bonding interac- acid residues located in the close vicinity of wateOH19 and of
tions. An extreme downshift of 60 crhwas observed for  the carbonyl groups of P700. Note the residues engaged in putative
the 9-keto GO group of the latter Chl. The asymmetry in hydrogen bonds with the carbonyls of @nd the symmetry-related
hvdrogen bonding of the P700 Chls was found to remain in side chains that appear free from hydrogen-bonding interactions
ydrog 9 g (AT with Pg. (B) A different view of the region surrounding the 9-keto
the P700 state, and upon assuming a comparable extinction and 10a-ester carbonyls of.P
coefficient for the carbonyl groups of the two Chls, it was
concluded that the positive charge in P7@approximately crystallography turned out to be those assigned from the
equally shared between the two Chls. On the other hand,FTIR spectra §).
the triplet state irfP700 was observed to be fully localized Thus, the predictions from the FTIR studiés 9) turned
on the Chl that is engaged in strong bonding interactions out to be in excellent agreement with the newest X-ray model
with the protein. (6, 10). On the other hand, the conclusion on the delocal-
When the first X-ray model of PS | from the cyanobac- ization of the positive charge in P70@vas at variance with
terium Synechococcus elongatusth a resolution (2.5 A) the interpretation of a number of previous investigations
sufficient to analyze the proteircofactor interactions was  using magnetic resonance techniques, notably some recent
reported 10), it became clear that P700 is indeed a very ENDOR studies on oriented PS | crystals and ©Gn
asymmetrical dimer (Figure 1). Whilg s a Chla molecule reinhardtii bearing mutations on the His axial ligands to the
with no hydrogen bond to the nearby PsaB polypeptide, P P700 Chls, which had led to the conclusion that the spin in
is a Chla' (epimer of Chla at Cy) with both the 9-keto P700 is essentially localized=85%) on B* (1, 12). A
C=0 and 10a-carbomethoxy groups forming hydrogen bonds further discrepancy with the results from magnetic resonance
with the PsaA polypeptide, either directly or through an spectroscopy was noticed for the localization of the triplet
intervening water molecule. An additional hydrogen bond character irfP700, which, at that time, was proposed to be
between the PsaA polypeptide and the 7c-esteOQf Py on R; from ADMR experiments, 13, 14) and on R from
was also described with no symmetrical interaction on the the FTIR study §, 9). The strong divergence between the
PsaB side. It should be stressed that the 7c-est€d Group conclusions derived from magnetic resonance spectroscopy
being out of conjugation to the Chl macrocycle is therefore and the FTIR experiments led Hastings et &b) (o propose
not expected to contribute directly to a P7(®700 FTIR an alternative interpretation of the FTIR difference spectra
difference spectruml(). Finally, the His residues axial with a completely different assignment for the 9-keteG
ligands of the two Chl molecules of P700 observed by X-ray of the B Chl, but that was more consistent with the

HisB651

SerA603
i
% TyrB718

1 LeuB5§

TyrA731

¢ 10a-ester

-



8382 Biochemistry, Vol. 43, No. 26, 2004 Pantelidou et al.

Table 1: Hydrogen-Bonding Residues of PsaA (and Homologues in assignment of the carbonyl b_ands in P700, P70énd
PsaB) inS. elongatusind Synechocystisp. PCC6803 3P700 6, 9). In contrast, a detailed FTIR study of another

C. reinhardtii mutant at Thr A739 has been recently

S. elongatus Synechocysjs . .
Tvr AGO3 ouB590 Tvr AB99 LouBoaL presented ¥8) as supporting the assignment scheme of
Sér AGO7 Gly B594 S¥3rA603 Gly B585 Hastings et al. 15) for the 9-keto G=O group of R.
Thr A743 Tyr B727 Thr A739 Tyr B718 In the present study, we report on the P780/00 FTIR
20n the basis of the 2.5-A crystal structure of PS Binelongatus  difference spectrum of PS | trimers fro8ynechocystig
by Jordan et al.10). which the residue Thr A739 in hydrogen-bonding interaction

with the 9-keto G=0O of P has been replaced with the non-
interpretation of the magnetic resonance experiments. Thehydrogen-bonding Phe side chain. The FTIR spectrum of
later set of assignments were critically discussed in a this single mutant is compared to that of PS | bearing a set
subsequent investigation by FTIR spectroscopy Syh- of three mutations that were devised to alter the hydrogen-
echocystisPS | preparations bearing mutations at the His bonding pattern of the 9-keto and 10a-carbomethoxy groups
axial ligand of the PsaB Chllg). It was further shown in  of the PsaA Chl of P700 by making it similar to the
the latter study that the imidazoles€N; stretching mode  environment of the symmetry-related PsaB Chl that exhibits
of each of the two His axial ligands of the P700 Chls were no hydrogen-bonding interaction with the protein (Figure 1).
similarly perturbed upon P700formation, an observation

supporting the proposal of extensive charge delocalization MATERIALS AND METHODS

derived from our previous FTIR studie§, (9). . . . . . .

The 2.5 A resolution model of P700 shows a complex Site-Directed Mutagen_e5|S|te-speC|f|c mutations |psa_1A
array of hydrogen bonds in the vicinity of the 9-keto and 9€ne were performed with pIBC as the donor plasmid and
10a-ester €0 groups of R that also involves the water pWX as thg recipienSynechocystistrain, as described in
molecule HO-19 and several of the PsaA side chains. "€f 19 Strain pwXlacks a part gisaAand the wholegsaB
Notably, the amino acid residue Thr A743 (the equivalent 9€Nn€: Plasmid pIBC consists mostlypsiaAgene psaBgene,
residue is Thr A739 in botBynechocystiandC. reinhardti and its 760-bp downstream region incorporated into the
see Table 1 for the correspondence with Sieelongatus pBluescript I _KS vector. A chloram_phenlcol resistance
numbering) is within hydrogen-bonding distance to both the C@SSette gene is located after thee8minator of thepsaB
9-keto G=0 of P, and the HO-19 molecule (Figure 1, with ~ 9€Ne: PCR mutagenesis was performed usindg’tagnum
numbering according to the sequenceéghechocystjsThe Pfx Polymerasglnvitrogen) and pIBC as a template. The
X-ray model shows that the oxygen atom of@419, which mutation containing DNA was selected by dlgestlo_n with
is 3.2 A away from the methoxy oxygen atom of the 10a- Dpnl endonuclease (P_romega). The mutated plasmids were
ester carbomethoxy group, is also within hydrogen-bonding checked by sequencing and were used to transform the
distance of Tyr A603 (2.7 A), Ser A607 (2.9 A), and to a recipient strain, pwX. The transfqrmants were selected and
lesser extent, Gly A739 (3.3 A). All of these amino acid segregated for several generations on ch_Ioram_phemcoI-
residues are highly conserved Bynechocystiand are ~ SuPplemented BG-11 plates under low-light intensity &2
numbered Tyr A599, Ser A603, and Gly A735, respectively #Mol m™s™) at 30°C. The fragment containing the site-
(Table 1). On the basis of the X-ray structural model, several SPECific mutations was amplified from genomic DNA by
mutations at the residue Thr A739 were generate€in PCR and was sequenced to confirm the presence of the
reinhardtii and their effects were investigated with structural desired mutations. In the single mutant, the Thr PsaA 739
spectroscopy technique4, 17). Although an initial report (Thr A739) is replaced by Phe, while in the triple mutant,
of the results of optical and magnetic resonance spectroscopy! ' A599, Ser A603, and Thr A739 are mutated to Leu,
was presented, confirming the previous conclusions that theGlY, and Tyr, respectively.
spin in P700 and the triplet character idP700 were Cell Growth and PS | Complex Isolatiomhe Synechocys-
essentially localized ongX14), a later study that included tis wild-type and mutant strains were grown in BG-11
FTIR difference spectroscopy of P700 photooxidation led medium at 30°C. The cultures were grown in large bottles
to a substantial change of opiniod7j. It was notably ~ With aeration, under light intensity of 450 xmol photons
proposed that the interpretation of previous optical measure-m > s~ The mutants were supplemented with 30 mg/L
ments of P700 photooxidation was based on invalid assump-chloramphenicol, and all strains were grown in the presence
tions concerning the coupling among the pigments. As a Of glucose (5 mM). For global*N labeling of cells, the
consequence, the conclusions from the ADMR measurements$ultures were grown in°N-labeled media. BG-11 was
on the localization on $of the triplet in3P700 had to be ~ supplemented with N&NO; (from H*NO; purchased from
revised. Similarly, the ENDOR measurements on the new Cambridge Isotope Laboratories). Growth was monitored by
mutants indicated that the extent of electronic coupling @bsorbance measurements at 730 Ao with a UV-160U
among the two Chls in P7000f the wild type was larger ~ Spectrophotometer (Shimadzu). The cells were harvested at
than previously thought. On the other hand, the FTIR results Mid to late exponential growth (1.0 Q) with centrifuga-
on the mutants were taken to show the alteration of the tion at 400@. Thylakoid membrane extraction and isolation
hydrogen bond to the 9-keto carbonyl of I the mutants. ~ of PS | trimers was performed according to previously
Although the absence of FTIR studies of isotopically labeled published methods with minor alteratior0). PS | com-
samples or of the triplet state of the mutants precluded aPlexes were concentrated to 1 mg of Chl/mL and stored at
firm and direct assignment of the bands in the mutants, the =60 °C.

FTIR data of Witt et al. 17) could be easily interpreted in FTIR MeasurementSamples for FTIR were prepared by
the frame of the model previously put forward for the centrifugation (300 00§for 60 min) of PS I trimers in Tris-
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Ficure 2: Light-induced P700/P700 FTIR difference spectrum
of PS | complexes fronBynechocystisp. PCC 6803 at 8C. (a)
Wild-type PS | and (b) mutant T(A739)F. (c) Double-difference
spectrum of the wild-type minus T(A739)F mutant. Each division
on the vertical scale corresponds ta 8.0~ absorbance unit. About
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(Figure 2a) is replaced by another one of greatly reduced
amplitude and mostly positive at 1654){1642() cm™tin

the spectrum of the mutant (Figure 2b). This is accompanied
by the development of a large negative band at 1676'cm
and a positive one at 1688 cfin the mutant that overlaps
with a preexisting positive band at 1687 chin the wild
type. Together these changes contribute the two large
differential signals of comparable amplitudes but of opposite
signs at 1689¢)/1676() and 1660¢)/1637() cm ™t in the
double-difference spectrum (Figure 2c). The amplitude of
the 1718/1698 cmt signal in the spectrum of the control is
reduced by 1520% in the mutant.

Above 1725 cm?, very little difference is observed
between the spectrum of the wild type (Figure 2a) and that
of the T(A739)F single mutant (Figure 2b), except fora
cm * upshift upon mutation of the small differential signal
at 1735()/1730() cm™L. This upshift is responsible for
the small negative band at 1733 ¢hin the double-difference
spectrum (Figure 2c). On the other hand, @32cnm?
downshift of the macrocycle<€C marker mode of 5-coor-
dinated Chl at 1608 cn (21) is among the other significant
perturbations that can be identified upon comparing the
P700/P700 FTIR spectra of the wild type and the T(A739)F
mutant. Similarly, the coupled-©C, C—H, and C-N modes
of the Chl macrocycle absorbing between 1400 and 1250
cm™! are also affected both in amplitude and in frequency
by the mutation.

P7007/P700 FTIR Spectrum of the Triple MutafFigure
3 shows a comparison of the light-induced P7®F00 FTIR
difference spectra of the wild-type control (a) and of the triple
mutant (b) together with the corresponding double-difference
spectrum wild-type minus triple mutant (c). In the frequency
range below 1725 cnt of the P700/P700 FTIR spectra,
most of the changes, which are induced by the triple mutation

100 000 interferograms were added. The frequency of the bands is(Figure 3b), were also observed in the spectrum of the

given as+1 cnr.

T(A739)F single mutant (Figure 2b). The double-difference
spectrum (Figure 3c), which is also very comparable to that

HCI buffer (70 mM at pH 7.0) containing 80 mM potassium = ca|culated for the single mutant (Figure 2c), exhibits two
ferrocyanide and 20 mM potassium ferricyanide. A small |grge differential signals of nearly equal amplitudes but of
fraction of the resultant pellet was squeezed between twogpnosite signs at 1696)/1676¢+) and 1657¢)/1637()

calcium fluoride windows, and the thickness of the sample ¢m-1, Furthermore, the spectrum of the triple mutant (Figure

was adjusted to give an absorption of about 0.8 OD unit at 3p) 3150 exhibits a downshift of the macrocycle=C marker

the maximum around 1650 crh with approximately half

mode of 5-coordinated Chl at 1608 chrand a perturbation

of this absorption being due to the amide | absorption and of the coupled G-C, C—H, and G-N modes of the Chl
the other half, to the scissoring mode of water. Light-induced macrocycle in the 14001250 cni! frequency range as
difference spectra were recorded on Nicolet 60SX and 860 previously observed for the T(A739)F single mutant (Figure

FTIR spectrometers at a temperature oG and at a
resolution of 4 cm? as previously reporte®( 16).

RESULTS
P700/P700 FTIR Spectrum of the T(A739)F Single

2b). The amplitude of the 1718/1698 chsignal in the
spectrum of the control is also reduced by-P®% in the
triple mutant.

In the triple mutant, a significant alteration of the P700
P700 FTIR spectrum is detected in the frequency range

Mutant. Figure 2 shows a comparison of the light-induced typical of the 10a-ester €0 above 1725 cmf. Upon

P700/P700 FTIR difference spectra of a wild-type control

mutation, a new positive band appears at 1762¢cnvhile

(a) and of the T(A739)F mutant (b). The two spectra have the amplitude of the small differential signal at 173%
been normalized by minimizing the residuals over the whole 1730(+) cm ™t is strongly decreased (Figure 3b). The 1742-

frequency range between 1000 and 5000 t(mot shown).

(+)/1735¢) cm! differential signal of the wild type is

The wild-type minus mutant double-difference spectrum is reduced in amplitude in the mutant spectrum. On the other
shown in Figure 2c. The largest impact of the mutation on hand, the differential signal at 1754)/1749() cm,
the P700/P700 FTIR spectrum occurs in the spectral range previously assigned to the free 10a-ester@ of Ps*/Ps

characteristic of the 9-keto=€0 of the Chls of P700 and
P700 between 1720 and 1635 cf The 1653¢)/1638-
(—) cm  differential signal in the spectrum of the wild type

(9), is not affected by the mutation.
Effect of Global'>N Labeling on the P700P700 FTIR
Spectrum of the Triple Mutanthe 1651¢)/1642(-) cm™*



8384 Biochemistry, Vol. 43, No. 26, 2004

A Absorbance

— T 77
1700 1600 1500 1400

Wavenumber (cm™)

Ficure 3: Light-induced P700/P700 FTIR difference spectrum
of PS | complexes fronsynechocystiat 5°C. (a) Wild-type PS |
and (b) a triple mutant containing the T(A739)Y, S(A603)G, and
Y(A599)L changes. (c) Double-difference spectrum of the wild-
type minus triple mutant. Each division on the vertical scale
corresponds to & 107 absorbance unit.
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Ficure 4: Light-induced P700/P700 FTIR difference spectrum
of PS | complexes from the triple mutaSynechocystiat 5 °C.
(a) Unlabeled PS | and (BjN-labeled PS I. (c) Double-difference
spectrum of the unlabeled mint@\-labeled. Each division on the
vertical scale corresponds to>4 104 absorbance unit.

signal that remains in the spectrum of the single and triple t©© the N-H stretching modes of proteins (not shown).

mutants (Figures 2b and 3b) could originate from protein
amide | C=0 modes or from the 9-keto=€0 vibration of

To visualize the small frequency shifts induced by ¥ié
labeling on the amide | bands, the spectra previously shown

a subpopulation of P700 Chl in hydrogen-bonding interaction In Figure 4 are presented in the spectral range +2830

with the OH group of a water molecule (or of the Tyr

cm ! (Figure 5). When the P70CP700 FTIR spectrum of

introduced at the PsaA 739 site in the triple mutant). To help the unlabeled and uniformly*N-labeled samples was

discriminate between these two possibilities, globa
labeling was performed on the triple mutant. In Figure 4,
the P700/P700 FTIR spectrum of the unlabeled sample of
the triple mutant (Figure 4a) is compared to that of the
uniformly **N-labeled sample (Figure 4b) and to the unla-
beled minug®N-labeled double-difference spectrum (Figure
4c). The bands around 1550 chin the spectral range
characteristic of the combined-@\ stretching (40%) and
N—H bending (60%) vibrations of the amide Il mode are
strongly affected. Notably, a differential signal at 156%(
1556() cm! exhibits upon labeling the same-445 cnt?

compared, two main effects were detected. First, a small shift
(<1 cm?Y) of the large differential signal at 1698-}/1688-

(+) cmtin the P700/P700 FTIR spectrum of the unlabeled
samples gives rise to a band centered at 1691'¢mthe
double-difference spectrum (Figure 5c). Second, a relatively
larger perturbation is observed for the differential signal at
1651(+)/1642() cm™ in the spectrum of the unlabeled
sample, which downshifts by-42 cmi* upon®®N labeling.
The latter effect, which gives rise to the 1654/1648 &m
differential signal in the double-difference spectrum (lower
trace of Figure 5), is more characteristic of a protein amide

downshift characteristic of the amide Il mode that is observed | mode than a 9-keto Chl-€0 mode 2).
for this band m_thg absorption spectrum of the I'abeled sampIeDISCUSSION
(not shown). Similar changes have been previously reported

for the P700/P700 FTIR spectrum of uniformB?N-labeled
wild-type samplesq, 16). The coupled €C, C—H, and

Comparison with the P700P700 FTIR Spectra of Other
Mutants at Thr PsaA73%lthough the present P700P700

C—N modes of the Chl macrocycle absorbing between 1400 FTIR spectroscopic study is the first report of mutants at

and 1250 cm! are also affected by the labeling. Very clear

the Thr A739 site in the cyanobacteriuBynechocystigwo

downshifts of many bands are also observed in the frequencyprevious studies have reported FTIR spectra of mutants at

range of the amide A band around 3300 ¢ntorresponding

the same site in the algd& reinhardtii Notably, this key
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Ficure 5: Expended view of the spectra of PS | complexes from
the triple mutant shown in Figure 4. The traces for unlabetef (
and®N-labeled (-+) PS | are overlaid in the top part of the figure.
The double-difference spectrum of the unlabeled mifiNdabeled

is shown as the bottom trace.

T
1720

Thr residue has been replaced with Tyr, His, and \ia) (
and by Ala (L8). In all cases, the reported P70B700 FTIR
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T(A739)F single mutant ilsynechocystjsnvestigated here

as only a~1 cnr? upshift of the small differential signal at
1735()/1730¢) cm™L, observed upon mutation (parts a and
b of Figure 2). Further studies will be required to find out
whether this difference is primarily due to the different
species involved or is related to the nature of the residue
introduced at the Thr A739 site.

Effect of Mutations at Thr A739 on the 9-Kete=O
Vibration of the PsaA Chl of P70Q@pon combining global
isotope labeling and a comparison of P7#700 andP700/
P700 FTIR difference spectra, the 9-keto and 10a-ester
C=0 modes of the two Chls in P700 and P70@ere
assigned §). When these assignments could be correlated
with the high-resolution structure of PS 1Q), it became
possible to identify the 9-keto and 10a-ester@ modes of
Pa, P, Ps, and RB* (6). Notably, a differential signal at
1656()/1637() cmt in the P700/P700 spectrum of wild-
type Synechocystiat 90 K was assigned to the upshift upon
photooxidation of the 9-keto mode of kh strong hydrogen-
bonding interaction with the OH group of Thr A736, 9).

Therefore, the upshift by~30—40 cnm! of the 1657
1660(+)/1637() cm* differential signal observed for both
the single T(A739)F mutant and the triple mutant (Figures
2c and 3c) when the Thr residue in hydrogen-bonding

spectra show a strong reduction of the amplitude of the interaction with the 9-keto €0 group of R is perturbed

differential signal centered around 1645 ¢nin the wild

fits well within our previously proposed assignment scheme

type together with the appearance of a new differential signal (6, 9). The same model has been used to rationalize the effect
Ce'_"te_red at higher frequency in the. spectrum Of the mutants.of the mutations at Thr A739 i€. reinhardtii although the
This is closely comparable to what is observed in the presentpossibility that the observed spectral changes around-1630

study, where the 1653{()/1638(~) cm™* differential signal

in the spectrum of the wild type is replaced by a differential
signal negative at 1676 crhand positive at 1688 cm after
mutation (Figures 2 and 3).

In the study by Witt et al. 7), it was further observed

1660 cm! could be obscured by absorption changes of the
amide | protein band was not considerdd)( On the other
hand, a very different assignment scheme has been used to
explain the equivalent changes observed when the Thr
residue was mutated to Ala8). This point will be discussed

that the frequency of the new negative band appearing inin a subsequent section.
the spectra of the mutants was dependent upon the nature of ; is worth noting that only a fraction of the differential

the residue introduced at the mutated site, suggesting that itsignal centered around 1645 cthupshifts upon T(A739)
was determined by the possibility of the new residue 10 ations (Figures 2 and 3), leaving a differential signal at

engage in hydrogen-bonding interactions with the 9-keto 1651¢)/1642() cn L. A comparable feature is also present
carbonyl of R. This negative band was found at 1657, 1669, i, the T(A739)A mutant inC. reinhardtii (18). These

or 1672 cm?® upon replacing Thr by Tyr, His, or Val,

respectively. The latter frequency was also observed for the

negative band in the study by Wang et dl8), where Ala
was introduced at the same position.

Shifts and amplitude changes of the=O ester bands of
the Chls of P700 observed above 1725 érhave been

described upon T(A739)A mutation, leading to band assign-

ments (8). While the assignments of the two differential

remaining signals could have different origins. It could
represent a side-chain contribution or the amide | signature
of a protein conformational and/or electrostatic change.
Alternatively, it could also correspond to the upshift upon
P700 photooxidation of the 9-keto=€D carbonyl group of

a fraction of R that would remain in hydrogen-bonding
interaction with the OH group of a water molecule present
in the mutated cavity (or with the OH side chain of the Tyr

signals found at higher frequency are the same as thos@ntroduced at the PsaA 739 site in the triple mutant). To test
previously proposed on the basis of the comparison of the petween these possibilities, gloB&N labeling of the triple

P700/P700 and3*P700/P700 FTIR spectr®d) the small
signal around 1730 cn was assigned to the 7c-esterO

mutant was used. For isolated Ghit has been demonstrated
that the 9-keto €O vibration was essentially insensitive to

Of PA. It Sh0u|d be noticed that the pel’turbation Of these the |abe|ing of the Centra”y located nitrogen atorgﬁ On
C=O0 ester bands described for the Thr to Ala mutation in the other hand, the coupling between the@ and N-H

C. reinhardtii (18) has no counterparts in the case of the

2The positive band at 1651 crhthat remains in the P700P700

modes within the peptide bond leads to a small downshift
(1—3 cm!) of the amide | mode upofN labeling @2).
Therefore, the~1—2 cnr! downshift upon global>N

FTIR spectra of the mutants (Figures 2b and 3b) appears to contributelabeling of the 1651¢)/1642() cm™* differential signal in

significantly to the band at 1653 crhin the P700/P700 FTIR spectrum
of the wild-type (Figure 2a). Such a contribution explains that the

positive band in the wild type minus mutant double-difference spectra

is apparently shifted to 16571660 cn1?® (Figures 2c and 3c).

the P700/P700 FTIR spectrum of the triple mutant (Figure
5) preferentially indicates a protein conformational change
rather than a contribution from the 9-kete=O group of a
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subpopulation of P2 This conclusion reinforces our earlier
observation 16) that it was somewhat hazardous to assign
the differential signal centered around 1645 énn the
P700/P700 FTIR spectrum of the wild type to the 9-keto
C=0 of P, solely on the basis of the effect of mutations
(17). It is interesting to note that globaN labeling also
elicits a small effect on the large P708700 bands located
around 1686-1690 cn1! (Figure 4). Comparable effects
have been detected previously for the wild ty®. (t is
therefore likely that the positive band at 1688 &rim P7007/
P700 FTIR spectra of both the mutants and the wild type
contains some contributions from protein amide | modes.
This proposal appears highly probable in view of the
existence of a sizable contribution from amide Il modes
(Figure 4). Additional contributions from protein modes that
are sensitive to photooxidation of P700 and that differ

Pantelidou et al.

perturbs the 1754()/1749() cm™! differential signal
present in the spectrum of the wild type (Figure 2b) provides
further support to our previous assignment of this band to
the 10a-ester €0 group of B that is free from hydrogen-
bonding interaction@, 9). The T(A739)F mutation has very
little impact on the P700P700 FTIR absorption changes
assigned to the €0 ester vibrations of the Chl of P700
(Figure 2). This is taken to indicate that the water molecule
H,0-19, which is held by several residues, including Thr
A739, and is proposed to be the hydrogen-bond donor to
the bridging oxygen of the 10a-carbomethoxy group gf P
is probably still present in the single T(A739)F mutant. It is
possible that the minute upshift upon the T(A739)F mutation
of the small differential signal at 1735§/1730@-) cm™* in

the P700/P700 spectrum of the wild type (Figure 2) results
from a minor displacement of 4@-19. On the other hand,

between wild type and mutants are probably responsible forthe spectrum of the triple mutant is significantly modified

some of the differences seen around 166670 cn? in
the P700/P700 FTIR difference spectra of both the wild
type and the mutants (Figures 2 and 3).

When the P700P700 FTIR spectra of the single T(A739)F
mutant (Figure 2b) and the triple mutant (Figure 3b) are
compared, the bands assigned to the/P, vibrations of
the 9-keto G=O group are found at identical frequencies at
1688/1676 cm! in both mutants. Similarly, when the
hydrogen-bonding Thr residue A739 i@. reinhardtii is
replaced by the non-hydrogen-bonding residues Y@ ér
Ala (18), the R "/P4 9-keto G=0 vibrations are observed at
1688/1672 cm'. The corresponding frequencies for the
bands assigned tasPPs 9-keto G=0 vibrations are 1718/
1698 cmt. For the 9-keto €O group of Chla*/Chl a in

in this frequency range. Notably, a complex set of two
negative bands at 1735 and 1726 ¢érwith a positive band
located in between at 1730 cfin the wild-type spectrum

is strongly affected, while a new positive band appears at
1762 cmtin the triple mutant (Figure 3). These observations
clearly show that a perturbed 10a-este+@ group of R,
absorbing at a frequency lower than that of an unbound Chl
10a-ester &0 group, becomes free of interaction when Tyr
A599, Ser A603, and Thr A739 are simultaneously replaced
by their PsaB homologues Leu, Gly, and Tyr, respectively.
This suggests that in the triple mutant, thgO-19 water is
either no longer present in the site or, at least, is interacting
much less with the 10a-carbomethoxy group af Previ-
ously, a 1740¢)/1733() cm? differential signal in the

tetrahydrofuran, the corresponding values are 1718/1693P700/P700 FTIR difference spectrum &ynechocystiat

cm(11). The~20—-30 cnt! frequency downshift observed
for the R\"/P» 9-keto G=O vibrations in the mutants
compared to P/Ps or Chl a/Chl a in solution suggests
that the 9-keto &0 group of R and R is in hydrogen-
bonding interaction with a water molecule in the T(A739)F
mutant of Synechocystiand the T(A739)V and T(A739)A
mutants ofC. reinhardtii. In the case of the triple mutant of
Synechocystjsit is also possible that the hydrogen-bond
donor is the OH side chain of the introduced Tyr residue.

Finally, for the triple mutant, the observation that the
mutations introduced at the two sites in addition to Thr A739
have no effect on the 9-keto=€D mode of R is consistent
with the X-ray model that shows Thr A739 as the only
residue in hydrogen-bonding interaction with the 9-keto
C=0 mode of R (10). Introducing other amino acid side
chains at the Thr A739 site will be necessary to explore in

90 K was assigned to the upshift upon photooxidation of
the 10a-ester €0 group of R (6, 9). Recently, the same
assignment scheme has also been favorgd. ireinhardtii

at ambient temperaturel®). At first sight, the frequency
upshift of a 10a-ester €0 group upon removal of the
hydrogen bonds to water,®-19 observed in the present
study also appears to support our previous assignnent (
9).

However, the precise assignment of the set of bands
observed in the frequency range of 1725745 cn? still
appears problematic. The first difficulty originates from the
complex hydrogen-bond network involving®-19 and the
very peculiar nature and geometry of the hydrogen bond
between this water molecule and the bridging oxygen of the
10a-carbomethoxy group ofsP(Figure 1). In the X-ray
structural model of P700, the 10a-esterQG group of R is

more details the effect of the strength of hydrogen bonds free from hydrogen-bonding interaction, while the methoxy

and the polarity of the local environment on the IR frequency
of the 9-keto G=O mode in R and R* and to compare it
to the corresponding frequencies of 1698 and 1718'dor
Ps and R*, respectively.

Effect of the Triple Mutation on the 10a-Ester=O
Vibrations of the PsaA Chl of P700he observation that
neither the single T(A739)F mutation nor the triple mutation

oxygen is hydrogen-bonded to the®+19 water molecule
(10). Therefore, in principle, hydrogen bonding to the
methoxy oxygen is expected to decrease partial conjugation
between the methoxy €0 and the ester €0 bonds,
resulting in an upshift of the €0 frequency. However, this
reasoning does not take into account the effect of the partial
conjugation of the whole 10a-carbomethoxy group to ring
V of the Chl macrocycle. The extent of this partial conjuga-
tion, which apparently can considerably lower the frequency

3 However, it should be cautioned that the absence of a measurablegf the 10a-ester €0 group, depends on the diedral angle

coupling of the 9-keto &0 mode with vibrational modes involving
the Chl nitrogen atoms has been checked only foradhlsolution @)

and that a different type of coupling could occur when the Chlis in a
strained conformation induced by the binding to the protein.

between the @C=0 plane of the carbomethoxy group and
that of ring V. This angle will be modulated by the presence
of hydrogen bonds to the carbomethoxy oxygen atoms as
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well as by the various van der Waals contacts with the nearbythe macrocycle induced by the T(A739)F mutation has only
atoms. The comparison of the FTIR spectra of the single very little impact on the geometry and hydrogen-bonding
T(A739)F mutant (Figure 2b) and of the triple mutant (Figure status of the 10a-ester=€ group of the Chls of P700.
3b) shows that the two additional mutations, S(A603)G and Discussion of the Assignment Scheme of Hastings et al.
Y(A599)L, primarily induce a decrease of amplitude of a The assignment scheme for the 9-keto and 10a-est€d C
positive band present at 1731 chin the spectrum of the  carbonyls of P700 used in the present study has been
single mutant and the appearance of a band at 1762iem  originally developed on the basis of a comparison of the
the spectrum of the triple mutant. Our previous assignment P700/P700 and®P700/P700 FTIR spectra that showed
of the IR contribution of the 10a-ester<D group of R (6, clearly that the 9-keto €0 group of one of the Chl of P700
9), which was based on the simple frequency upshift of the in Synechocystigbsorbs at 1637 cnhat 90 K ©). The major
10a-ester €0 group of Chla upon cation formation in a  functional outcome from these FTIR studies was that after
solvent, would have been more consistent with the disap- photooxidation, the positive charge was essentially delocal-
pearance or the perturbation of the wild-type 1A42{735- ized over the two Chl molecules in P70®ith a distribution
(=) cm™ differential signal and the appearance of a ranging between 1:1 and 2:1 in favor ofP In addition,
differential signal at a higher frequency in the spectrum of the triplet state ifP700 was found to be fully localized on
the triple mutant. One possibility to explain the more Pa (6, 9). Both of these conclusions were at variance with
complex behavior observed for Calin P700 would be to  those derived from magnetic resonance studies of Paaa
consider that the response of the 10a-carbomethoxy group®P700 in the wild-type and mutant samples, which were
of Pa» to P700 formation is to change its extent of interpreted to show that both the spin in P7@Md the triplet
conjugation to ring V, e.g., by changing its orientation with character ifP700 were essentially localized op @). This
respect to the plane of the Chl macrocycle, and that the large discrepancy between the interpretation of the results
interaction with water KO-19 modulates this conjugation. of FTIR and magnetic resonance experiments led Hastings
Another difficulty arises from the observation of the small et al. (L5) to propose an alternative assignment of bands for
1730()/1726() cm* differential signal in the P700P700 the 9-keto G=O groups of the P700 Chls in the P70B700
FTIR difference spectrum of wild-typ8ynechocystisThis FTIR difference spectra o€. reinhardtii. The essential
third set of bands in the region of absorption of the@ difference between the assignments proposed by Hastings
ester vibrations, which is barely noticeable in the 90 K et al. (L5 and ours 6, 9, 16) deals with the frequency of
spectra 9), was first ascribed to an unspecified 10a-ester the bands of the 9-keto=€0 group of R in P700 and P700
C=0 vibration of P700 on the basis of selective isotope In the neutral state, this=€0 group is proposed to absorb
labeling @3). A similar feature of small amplitude at 1731- at 1697 cm? (15) or at 1637 cm* (6, 9), while in P700,
(+)/1728(F) cm™* was also observed in the room-temper- it is found at 1687 cm'* (15) or at 1656 cm? (6, 9).
ature P700/P700 FTIR difference spectrum 6f reinhardtii Thus, in the assignment scheme of Hastings etld), (
at 2 cnr! resolution (5) and was recently assigned to the the 9-keto G=O group of R absorbs at a high frequency
7c-ester €0 of the PsaA Chl of P700 (18). The absence (1697 cntl) characteristic of a carbonyl group in an apolar
of a significant perturbation of the P70®700 FTIR environment and with no hydrogen-bonding interactions.
spectrum in the frequency range of the Chl ester Moreover, the 9-keto €0 group of this Chl is proposed to
C=0 vibrations in the mutant Y(A731)F (Tang, H., Xu, W., downshift by 10 cm® upon P700 formation. Such a
M. P., P. C., and J. B., unpublished results), where the downshift upon cation formation of the frequency of a
hydrogen-bonding interaction with the 7c-ester@ of Pa C=0 group conjugated to the ring V of Chl would be
in the wild type (Figure 1) should be disrupted, shows that unprecedented. The formation of the cation state of BChl
such an assignment cannot be made for the equivalent 1730¢24) or Chl (11) in solution is always accompanied by an
(+)/1726() cm™* differential signal inSynechocystis upshift of the frequency of the 9-keto and 10a-esterCC
Effect of the Mutations on the Conformation of the vibrations. Similarly, P formation in purple bacteria2p),
Macrocycle of the P700 Chl®ne interesting observation green bacteria25—27), and heliobacteria2b, 28), as well
for the P700/P700 FTIR spectra of both the single T(A739)F as generation of P680n PS Il (29, 30), is characterized by
and the triple mutants is the-3 cm ! downshift of the an upshift of the frequency of the 9-keto and 10a-ester
macrocycle &C marker mode of 5-coordinated Chl at 1608 C=O0 vibrations. Even in the assignment scheme of Hasting
cm (21) compared to the wild type. Similar perturbations et al. (L5), the vibrations of the 9-keto=€0 group of B
of these modes have also been noticed in the spectrum ofand of the 10a-ester of bothy Rnd B upshift upon P700
the T(A739)A mutant inC. reinhardtii (18). The spectral ~ formation. To explain such an unusual behavior of the 9-keto
features assigned to the coupled-C, C—H, and C-N C=0 group of R, one would probably have to invoke the
modes of the Chl macrocycle absorbing between 1400 andestablishment of an unusually strong hydrogen bond to this
1250 cm! are also strongly affected by the mutations at the group in P700.
Thr A739 site (Figures 2 and 3). This shows that mutations In a more recent study, essentially the same assignment
at Thr A739 have a large impact on the conformation of the scheme was used to interpret the effect of replacing the Thr
Chl ring of P700. Much smaller perturbations of these modes A739 residue in hydrogen-bonding interaction with the 9-keto
are observed in the mutants on the His axial liganddgo P C=0O group of R by an Ala residue irC. reinhardtii (18).
(16). It is therefore probable that the strong hydrogen bond The impact of the T(A739)A mutation on the bands assigned
between Thr A739 and the 9-keto=© group of R is by Wang et al. 18) to the 9-keto &0 vibration of R and
responsible for a strain of the Chl macrocycle and that the P»* is actually very modest since this vibrational mode is
weakening of this hydrogen bond releases the strain. proposed to upshift upon mutation by only 4 ¢nfrom 1695
However, it is noticeable that the conformational change of to 1699 cm? in P and by 2 cm* from 1686 to 1688 cm'
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Table 2: Approximate Frequencies (cthof the P700/P700 the d'ﬁerent@ signal at 1654()/1637¢-) Cm’l in the_ P700/
Bands Assigned to the 9-Keto=D Carbonyls of R and R in the P700 FTIR difference spectrum of the wild type is proposed
Wild Type and the Thr A739 Mutant by Wang et algf and in to arise from the imidazole £Cs mode from the His axial
this Paper ligands to the Mg atom of the P700 Chls. The frequency of
Wang et al. 18) This paper 1637 cn! for a G=Cs imidazole mode coordinated to the
wild type T(A739)A wild type T(A739)F Mg atolm athNhand prlotonated at N(16) is difficult t(i
reconcile with the usual frequency range of 160693 cnt
Eﬁ+ 1222 1223 1223 ig;g established for this mode in 4-methylimidazoR®), Fur-
Ps 1704 1704 1698 1698 thermore, the P700P700 FTIR difference spectrum of
Ps* 1716 1713 1718 1717 Synechocystisotope-edited with uniformly*C-labeled His

has revealed a small band at 1612 émwith an amplitude

in PA+ (18) A Comparison with the Corresponding assign_ and a pOSition adequate to be identified with the=Cs mode
ments proposed in the present work for the wild type and from the His axial ligands of P70A§, 32). Therefore, the
the T(A739)F mutant irSynechocystis given in Table 2. Proposed assignment of the differential signal at 1634(
When the assignments in Wang et dl8are taken at face ~ 1637() cm™ to an imidazole ¢=Cs mode (5, 18) is
value, the Straightforward interpretation of the 9-kets@ incompatible with the present observations. Relevant to this
frequencies proposed for,Rand R* by Wang et al. 18) point, in a very recent publication from the group of Hastings
would be to consider that this carbonyl group afiB free (33), the authors have dismissed their previous assignment.
from bonding interactions in both the wild type and mutant It is of note, however, that they do not provide an alternative
and that an unusually strong hydrogen bond to the 9-keto@ssignment for the large differential signal at 165f(
C=0 group is present inP and is essentia”y unchanged 1637(_) cmtin their P700/P700 FTIR difference spectrum
upon mutation. Such assignments are difficult to reconcile of the wild-typeC. reinhardtii
with the presence of the hydrogen bond to the 9-keteOC Implications of the FTIR Results for Charge Distribution
group of R in the structural model of P700 (10). The data in P700". The distribution of the positive charge over the
in Table 2 can be compared to the other example of the effecttwo Chls of P700 is an important parameter related to the
of mutations affecting the hydrogen bonding of the 9-keto P700/P700 midpoint redox potential, to the charge transfer
C=0 groups of the primary electron donor on thePPFTIR properties, and possibly, to the directionality of PS | electron
difference spectra. When the non-hydrogen-bonding Leu transfer reactions. Besides FTIR difference spectroscopy,
residues M160 and L131 located near the 9-keteO0groups ENDOR is the most prominent technique that has been
of P in Rhodobacter sphaeroidese replaced by His side extensively used to address the question of the electronic
chains, the frequency downshift for the bands assigned tostructure of P700(1, 34, 35). From the most detailed studies
the 9-keto G=O groups in the P'/P_ and Ry*/Py transitions (2), it has been concluded thag Parries all or most of the
were found to vary in the range of 2@5 cn1? (31). The spin density in P70Q while Py carries no or little (6-15%)
latter range of values for the mutation-induced frequency spin density. Possible explanations for the stringent discrep-
shifts is much closer to the 3010 cni ! range corresponding  ancy between the rather symmetrical charge distribution in
to the assignment scheme reported in the present study (Tabl€700" derived from FTIR spectroscopy and the highly
2) than to the 24 cn ! range proposed by Wang et &l8]. anisotropic distribution of spin density determined by EN-
The effect of the T(A739)A mutation i€. reinhardtii on DOR have been discussed previouslg)( Notably, it was
the 9-keto G=O vibration of B and R* and on the 10a-  stressed that the conclusion from ENDOR is based essentially
ester G=0 modes is either absent or very minor, and the on the comparison of the sum of the assigned proton hfc’s
corresponding bands keep the same assignments as proposed three methyl groups ofd® with those in isolated Ch*
previously 6, 9, 16).4 (12), although the authors of the magnetic resonance studies
The wild-type minus T(A739)F mutant double-difference have provided various reasons why such a comparison could
spectrum inSynechocystis dominated by two differential ~ be unreliable in the case of P70(L, 12, 17). It has been
signals of opposite signs at 1666(1637() cm* and further proposed that the small amount of electron spin
1689(-)/1676(+) cm* (Figure 2c), which have been as- density located on the three assigned methyl groups;af P
signed in the present work to the 9-kete=O vibrations of ~ Which are not conjugated to the Chl macrocycle, may not
Pa™/Pa in the wild type and mutant. A set of two closely

comparable features at 163{)(1636(_) .Cm_l and 5The frequency shift of the Chl 9-keto vibrations upon cation
1690(-)/1672¢) cm* also dominates the equivalent double- formation for P700 in the wild type i$-20—23 cn for P, and-+20
difference spectrum for the T(A739)A mutation i@. cm ! for Ps. These values compare well with that 25 cn1! for

: . : isolated Chla in tetrahydrofuran 11), consistent with the view that
reinhardtii (18), and therefore the aS_SIQHmem should be t_he the positive charge is essentially localized on eithgoPPs on the
same for these comparable mutations in the two species.subpicosecond time scale of the IR measurement. If the frequency shifts
Rather, in the assignment scheme of Hastings e15]1Q), of the 9-keto and 10a-ester vibrations in the P7BG0O0 FTIR
difference spectra were exclusively due to changes of bond order upon
cation formation, analyzing their magnitude should provide a narrower
4Wang et al. {8) use the minor frequency shifts observed for the range for the charge distribution betweeg"Rand R*. However, a
effect of the mutation on the frequency of the bands that they assign more quantitative analysis has not been attempted for lack of knowledge
to the CG=0 groups of R and B as a mean to quantify the redistribution  of the effect of possible changes in the strength of the hydrogen-bonding
of the positive charge among the two Chls in P7@@thout considering interactions to the 9-keto groups upon P7@0rmation as well as of
that the frequency of these bands could be affected by slight changespossible contributions from electrochromic effects on the Chl half of
in the strength of the hydrogen-bonding interactions and/or the P700 on which the charge is not localized. Such effects could explain
electrostatic environment of these groups between the wild type and why the apparent cation-induced upshift of the 9-keto pfis?only
mutants. +13-14 cmt in the mutants.
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be directly related to the average distribution of the unpaired 2.
electron between £ and R* (16). More recently, semi-
empirical quantum chemical calculations have been taken
to indicate that, owing to spin polarization effects, the spin
asymmetry in P700 could be significantly larger than the
charge asymmetry36).

In the FTIR experiments, the charge density distribution
between R and B+ has been qualitatively assessed by the
relative amplitudes of the differential signals assigned
primarily to the change of bond order of the 9-keto and 10a-
ester G=0O groups of the two Chls of P700 upon photooxi-
dation 6, 9). Upon assuming that the extinction coefficients
for these groups were comparable for the /P4 and B*/

Ps transitions, it was concluded that the charge density
distribution between 2 and B* was in the range from 1:1

to 2:1 in favor of B.5 This conclusion of a rather symmetrical
charge distribution in P700has been further supported by
an independent FTIR measurement of the relative perturba-
tion of the imidazole €-Nr stretching mode of the His axial
ligand of B, and R (16).

In the present study of the Thr A739 mutants, the wild-
type minus mutant double-difference spectra (Figures 2c and
3c and Table 2) show that the-3@0 cn! frequency upshift
upon mutation of the differential signal assigned to the 9-keto
C=0 group of R*/P4 affects only marginally the amplitude
of this differential signal. The peak to peak amplitude of
the R\*/P4 differential signal increases by5 and~25% in
the triple mutant and the T(A739)F single mutant, respec-
tively. A comparable observation is also valid for the
T(A739)A mutation inC. reinhardtii (18), provided our
assignment scheme is used. In the spectra of all of these
mutants, a small decrease by-15% of the peak to peak
amplitude of the differential signal assigned to the 9-keto 12.
C=0 group of B/Ps can be noticed relative to the spectrum
of the wild type. This may indicate a slight redistribution of
the positive charge towardsP upon Thr A739 mutation. It
should also be pointed out that, even after this small
mutation-induced redistribution of charge has occurred, the
amplitude of the R"/Px differential signal remains close to
or somewhat smaller than that of thg#Ps differential
signal. Hence, it can be concluded that the strong hydrogen
bond to the 9-keto €O group of R modulates only
marginally the distribution of the charge in P700

In conclusion, the effect of mutations at the Thr A739 site
on the P700/P700 FTIR difference spectra 8ynechocystis
reported here is consistent with the band assignment scheme
previously used to interpret the specti® 0, 16). This
observation is strengthened by the results of previous FTIR
studies of other mutants at the same sit€imeinhardtii by
Witt et al. 17) and Wang et al.18), although in the latter
case, a very different assignment scheme was used. There-
fore, the results derived from the present FTIR study 17.
reinforce the view of a strong delocalization of the positive
charge over the two Chl molecules in P700

10.

11.

13.

14.

15.

16.
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