
Photosystem II (PSII) is a transmembrane pig-

ment–protein complex carrying out high-yield photo-

chemical separation of opposite charges in the initial

stages of light energy conversion to chemical energy in

higher plants, algae, and cyanobacteria. The localization

of the positive charge formed by the separation reaction

in PSII on the P680 chlorophyll a (Chl) dimer is one of the

key stages of oxygenic photosynthesis, which generates

the radical cation P+
680, a potent oxidizing agent essential

for the oxidation of water to molecular oxygen. In this

regard, studies of the electronic properties of P+
680 and

evaluation of excess positive charge distribution between

its two halves (PD1 and PD2 [1-3]), an important factor sig-

nificantly affecting the redox potential of the P+
680/P680 pair

[4], are of great interest. Such information can be

obtained by analyzing the value of high-frequency shift of

the 131-keto-C=O stretching mode of chlorophyll during

its oxidation [5-8], measured by light-induced Fourier

transform infrared difference spectroscopy (FTIR spec-

troscopy). FTIR can be used to examine vibrational prop-

erties, structure, and molecular interactions of cofactors

in their neutral as well as radical ion states with very high

sensitivity [9, 10]. Earlier, positive signals at 1723-1725

and 1709-1711 cm–1 attributable with 131-keto C=O
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Abstract—Mid-infrared (4500-1150 cm–1) absorbance changes induced by continuous illumination of Mn-depleted core

complexes of photosystem II (PSII) from spinach in the presence of exogenous electron acceptors (potassium ferricyanide

and silicomolybdate) were studied by FTIR difference spectroscopy in the temperature range 100-265 K. The FTIR differ-

ence spectrum for photooxidation of the chlorophyll dimer P680 was determined from the set of signals associated with oxi-

dation of secondary electron donors (β-carotene, chlorophyll) and reduction of the primary quinone QA. On the basis of

analysis of the temperature dependence of the P+
680/P680 FTIR spectrum, it was concluded that frequencies of 131-keto-C=O

stretching modes of neutral chlorophyll molecules PD1 and PD2, which constitute P680, are similar to each other, being locat-

ed at ∼1700 cm–1. This together with considerable difference between the stretching mode frequencies of keto groups of P+
D1

and P+
D2 cations (1724 and 1709 cm–1, respectively) is in agreement with a literature model (Okubo et al. (2007) Biochemistry,

46, 4390-4397) suggesting that the positive charge in the  P+
680 dimer is mainly localized on one of the two chlorophyll mol-

ecules. A partial delocalization of the charge between the PD1 and PD2 molecules in P+
680 is supported by the presence of a

characteristic electronic intervalence band at ∼3000 cm–1. It is shown that a bleaching band at 1680 cm–1 in the P+
680/P680

FTIR spectrum does not belong to P680. A possible origin of this band is discussed, taking into account the temperature

dependence (100-265 K) of light-induced absorbance changes of PSII core complexes in the visible spectral region from 620

to 720 nm.
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cation groups of P+
D1 and P+

D2 were identified in light-

induced FTIR difference spectra of P+
680/P680 PSII core

complexes of cyanobacteria [8, 11] and PSII membranes

of higher plants [8]. However, a definite assignment of

keto C=O modes for neutral PD1 and PD2 was not deter-

mined. According to [8], the 131-keto C=O groups of PD1

and PD2 molecules have similar vibrational frequencies,

and a bleaching band observed in the FTIR spectrum at

∼1700 cm–1 can be attributed to both groups. At the same

time, it is proposed [11] that absorption of the PD2 keto

group corresponds to a negative signal located in the

region of lower frequencies of the FTIR spectrum (at

1681 cm–1).

To further identify IR absorption bands derived from

specific P680 and P+
680 vibrations, in this study we analyzed

the temperature dependence of light-induced FTIR dif-

ference spectra of P+
680/P680 (4500-1150 cm–1) in PSII core

complexes of higher plants in the 100-265 K temperature

range. The light-induced photooxidation difference spec-

tra for P680 were obtained for the same temperature range

in the visible spectrum as well (620-720 nm).

MATERIALS AND METHODS

Oxygen-evolving PSII core complexes, containing

about 35 Chl molecules per reaction center (RC), were

isolated from spinach PSII membrane fragments [12] as

described in [13]. Chromatographically purified samples

of core complexes were suspended in BTS400 buffer con-

taining 20 mM Bis-Tris (pH 6.5), 20 mM MgCl2, 5 mM

CaCl2, 75 mM MgSO4, 400 mM sucrose, and 0.03%

(w/v) n-dodecyl-β-D-maltoside. The complexes con-

tained light-reducible primary quinone acceptor QA, but

they did not possess a functional secondary quinone QB

[13, 14]. Redox-active β-carotene (Car) was present in

the complexes [15]. Cytochrome b559 (Cyt b559) was

fully oxidized in these samples [13, 14]. Manganese-

depleted (Mn-depleted) PSII core complexes were

obtained by incubating original complexes with NH2OH

(3 mM) and Na2EDTA (3 mM) in BTS400 for 15 min in

the dark followed by chromatographic purification on a

Q-Sepharose column (FF). All procedures related to iso-

lation of core complexes, extraction of manganese, and

sample preparation for spectral measurements were car-

ried out at 5°C under dim green light. The complexes

were concentrated on a 30-kDa membrane (Millipore,

USA) in an ultraconcentration cell under gaseous argon

pressure.

Oxygen evolution rate was measured by a Clark elec-

trode (Hansatech, UK) at 24°C for samples containing

10 µg Chl/ml illuminated by continuous saturating red

light (λ > 600 nm). Potassium ferricyanide (1 mM) and

2,6-dichloro-1,4-benzoquinone (0.25 mM) were used as

artificial electron acceptors. Typical O2 release rates for

precursor PSII core complexes were ∼1000 µmol O2/mg

Chl per h; in Mn-depleted samples, no O2 release was

observed. Chl concentrations were measured according to

a published method [16].

Light-induced absorption changes in visible and

mid-infrared spectral ranges were obtained in the pres-

ence of potassium ferricyanide and silicomolybdate

(SiMo) as exogenous electron acceptors [8].

Samples for measuring FTIR spectral changes were

obtained as follows. An aliquot (6 µl) of Mn-depleted

PSII core complex suspension (∼2.5 mg Chl/ml) in

BTS400 buffer was applied to a CaF2 window, and then 1

µl of 100 mM potassium ferricyanide water solution

and/or 0.6 µl of 6 mM SiMo water solution was added.

The mixture was slightly dried in a stream of argon gas

and covered by a second CaF2 window.

FTIR absorption spectra were recorded on an

IFS66v/s infrared airless Fourier spectrometer (Bruker,

Germany) with a MCT detector and a KBr beamsplitter.

The spectral resolution was 4 cm–1. Sample temperature

was monitored with an optical cryostat temperature con-

troller (Specac, UK). Samples were protected from

actinic effect of the He-Ne spectrophotometer laser light

with a Ge filter. Another Ge filter was used for protection

of the detector from red excitation light. Reversible light-

induced (light-minus-relaxation) difference spectra were

calculated as a difference of FTIR spectra (10 scans;

acquisition interval ∼4 s) measured under excitation light

(λ > 600 nm; ∼15 mW/cm2) and after 10-s dark relaxation

of the sample. Illumination cycles were repeated hun-

dreds of times for improving signal-to-noise ratio.

Absorption spectra in the visible spectral range were

measured using an Agilent 8453 spectrophotometer

(Agilent, USA) in a handmade optical cryostat, using a

cuvette with a ∼2-mm optical pathlength. In this case,

potassium ferricyanide and SiMo solutions were added to

Mn-depleted PSII core complex suspension (∼100 µg

Chl/ml) to the final concentration of 3 mM and 300 µM,

respectively, and the resulting sample was mixed with 60%

glycerol (v/v). Reversible light-induced (light-minus-

relaxation) difference spectra (620-720 nm) were

obtained as a difference between absorption spectra

measured under actinic illumination for 7 s (λ > 600 nm;

∼15 mW/cm2) and after 10 s following dark relaxation of

the sample. Illumination cycles were repeated 4-16 times

for improving signal-to-noise ratio.

RESULTS

Figure 1 (curve 1) shows the light-induced (light-

minus-relaxation) FTIR difference spectrum of Mn-

depleted PSII core complexes measured in the presence

of potassium ferricyanide and SiMo mixture in the 1800-

1150 cm–1 range at 265 K. The complex nature of the

spectrum indicates the formation of more than one light-

induced radical ion that relaxes in the dark on the time
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scale of our measurements. The absorbance changes

observed in the 1724-1700 cm–1 range of stretching vibra-

tions for 131-keto C=O groups of pigments indicate a

contribution of signals reflecting P680 oxidation to differ-

ence spectrum 1 [8, 11]. However, it is clear that this

spectrum includes absorbance changes associated to the

primary quinone QA reduction, as proven by the presence

of a positive band at 1478 cm–1, which was earlier attrib-

uted to stretching vibrations of semiquinone QA
– C=O

groups [17, 18]. The difference spectrum 1 is therefore

expected to include an IR signal at ∼1724/1719 cm–1

caused by electrostatic response of a photoactive pheo-

phytin PheoD1 133-ester C=O group to QA
– formation [17,

19].

Figure 1 (curve 2) shows light-induced (light-minus-

relaxation) FTIR spectrum of Mn-depleted PSII core

complexes measured with the addition of only SiMo as an

exogenous electron acceptor to be significantly simpler

than difference spectrum 1, especially in the range of pig-

ment keto group stretching vibrations as well as in the low

frequency range (�1420 cm–1). Judging by a distinct pos-

itive band at 1478 cm–1, difference spectrum 2 has a pre-

Fig. 1. Light-induced (light-minus-relaxation) FTIR difference spectra (1800-1150 cm–1) of Mn-depleted PSII core complexes measured in

the presence of potassium ferricyanide and SiMo (1) and in the presence of only SiMo (2) at 265 K. Spectrum 2 is normalized to spectrum 1

by the amplitude of the band at 1478 cm–1. 3) Double difference spectrum P+
680/P680 obtained by subtracting spectrum 2 from spectrum 1. The

inset shows light-induced (light-minus-relaxation) FTIR difference spectrum of Mn-depleted PSII core complexes, measured in the pres-

ence of potassium ferricyanide and SiMo in stretching vibrations region of semiquinone QA
– and carotenoid radical cation Car+ at 100 K.
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dominant contribution of absorbance changes attributed

to QA
– formation [17, 18], while P+

680/P680 signals are prac-

tically absent.

Figure 1 (curve 3) shows a double difference spec-

trum obtained by subtracting difference spectrum 2 from

difference spectrum 1, after their normalization by the QA
–

band amplitude at 1478 cm–1. Spectrum 3 is character-

ized by a set of specific signals reflecting P680 photooxida-

tion and is in agreement with P+
680/P680 light-induced

FTIR difference spectra of PSII core complexes from

cyanobacteria at 265 K [8] and 250 K [11], as well as

spinach PSII membranes at 265 K [8]. In the stretching

vibrations range for Chl keto carbonyl groups in spectrum

3, two marker positive bands at 1724 and 1709 cm–1 are

well defined. They are attributed to 131-keto-C=O

stretching modes of P+
D1 and P+

D2, respectively, which are

shifted to higher frequency on cation formation [8, 11,

20]. The corresponding intense negative band of neutral

P680 is located at 1700 cm–1. At the same time, according

to previously obtained data [8, 11], another prominent

negative band is located at 1680 cm–1. In the frequency

range of chlorin macrocycle skeletal vibrations (1600-

1150 cm–1) in spectrum 3, there is a discernible set of pos-

itive and negative peaks, including those at 1311(+),

1170(+), 1346(–), 1286(–), and 1182(–) cm–1 (“+” and

“–” indicate absorbance change signs), corresponding to

P+
680 and P680, respectively [8].

Another indication that a double difference spec-

trum 3 (Fig. 1) reflects Chl photooxidation in P680 dimer

is the presence of a broad positive IR band with a maxi-

mum at ∼3000 cm–1 (Fig. 2, curve 1), attributed to a low-

energy electronic transition connected to transfer of a

positive charge (a “hole”) between two halves of a dimer-

ic radical cation [21, 22]. This transition is a unique char-

acteristic of dimeric structure of a primary electron

donor, indicating a partial charge delocalization in P+
680 [8,

21, 22]. The signal in the ∼3700-2900 cm–1 range (Fig. 2)

was saturated due to high absorbance of water in the sam-

ple. The peaks at 2113 and 2136 cm–1 are caused by

reduction of ferricyanide to ferrocyanide. Earlier [8], a

similar band at ∼3000 cm–1 was detected for cyanobacte-

rial PSII core complexes and spinach PSII membranes.

The absence of such a band in a light-induced FTIR

spectrum for PSII core complexes with the addition of

only SiMo (Fig. 2, curve 2) shows that P+
680/P680 signals are

not detected in this case.

We cannot exclude the possibility that the double dif-

ference spectrum 3 (Fig. 1) contains absorbance changes

due to oxidation of antenna chlorophylls and/or redox-

active chlorophyll ChlZ. In particular, differential signals

at 1727(+)/1699(–) and 1713(+)/1687-1684(–) cm–1

were detected earlier for ChlZ
+/ChlZ [23]. However, the

contribution of these signals to spectrum 3 (Fig. 1) is

apparently insignificant compared to absorbance changes

connected to P+
680/P680.

Summarizing these data, the double difference spec-

trum 3 (Fig. 1) can be concluded to represent sufficiently

“pure” FTIR spectrum of P+
680/P680 for spinach PSII core

complexes.

Figure 3 compares the double difference FTIR spec-

tra of P+
680/P680 spinach PSII core complexes, calculated as

described above and normalized by differential signal

amplitude at 1724/1700 cm–1, in the 1750-1670 cm–1 fre-

quency range at several chosen temperatures in the 100-

265 K interval. Measurements at temperatures above

265 K were not conducted for this study due to core com-

plex lability and a potential for their degradation under

the relatively prolonged illumination used. It should be

noted that at temperatures �180 K the FTIR spectra

measured in the presence of potassium ferricyanide and

SiMo mixture (Fig. 1, insert) and in the presence of only

SiMo (data not shown) also demonstrated peaks of Car+

radical cation at ∼1465 and ∼1440 cm–1 [24], which were

mostly subtracted when calculating respective double dif-

ference spectra.

Figure 3 shows that frequency position of bands as

well as the overall shape of the FTIR spectrum in the

stretching vibrations range for pigment 131-keto C=O

groups is mostly preserved after lowering sample temper-

ature, indicating that P680 photooxidation is a major con-

tributor to absorbance changes at all temperatures stud-

ied. However, P+
680/P680 signal intensities in the 1724-

1700 cm–1 range in the measured double difference spec-

tra depended on temperature significantly: they

decreased several-fold during the transition from 265 to

∼230 K (Fig. 3, curves 3-5) and further changed little at

lower temperatures. Sample temperature decrease was

Fig. 2. Light-induced (light-minus-relaxation) FTIR difference

spectra of Mn-depleted PSII core complexes measured in the

4500-1800 cm–1 range at 265 K. Spectra 1 and 2 represent high-

frequency ranges of spectra 3 and 2 shown in Fig. 1, respectively.

Peaks at 2113 and 2036 cm–1 are caused by the ferricyanide/ferro-

cyanide conversion. The range of ∼3700-2900 cm–1 is saturated

due to considerable absorption of the sample and water.
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also accompanied by a significant intensity decrease in

ferricyanide/ferrocyanide differential signal at 2113/

2036 cm–1 (data not shown). It is plausible that at tem-

peratures lower than ∼230 K (Fig. 3, curves 1 and 2) a

“freezing” of molecular diffusion processes occurred in

the samples, accompanied by a decrease in efficiency of

electron transfer from Pheo–
D1 or QA

– to exogenous ferri-

cyanide. This, in turn, led to a decrease in the amount of

photo-accumulated P+
680 and to a decrease in amplitudes

of corresponding IR signals under constant illumination

conditions. To improve the representation of low intensi-

ty signals detected at low temperatures, double difference

spectra on Fig. 3 were normalized by P+
680/P680 signal

amplitude at 1724/1700 cm–1 (normalizing coefficient

are given in parentheses).

As shown in Fig. 3, the negative band at 1680 cm–1 is

present in P+
680/P680 FTIR spectra at all temperatures stud-

ied. This band might be a part of a high-frequency shift

with a corresponding positive peak located at 1689 cm–1 at

low temperatures (curves 1 and 2) and slightly shifted to

1685 cm–1 at temperatures higher than ∼230 K (curves 3-

5). Comparing normalized P+
680/P680 spectra (Fig. 3) sug-

gests that signal intensity at 1689/1680 cm–1 is comparable

to differential signal intensity at 1724/1700 cm–1 at low

temperatures, but it is significantly decreased during tran-

sition from ∼230 to 265 K. This indicates a different effect

of temperature on IR signals for these frequency ranges.

Figure 4 shows light-induced (light-minus-relax-

ation) electronic  absorption difference spectra for Mn-

depleted PSII core complexes measured in the presence

of potassium ferricyanide and SiMo in the Qy spectral

range (620-720 nm) in the temperature range from 100 to

265 K. The spectra are normalized at 675-677 nm (nor-

malizing coefficients are shown in parentheses). The fig-

ure indicates that difference spectra shape significantly

depends on temperature. At low temperatures (from 100

to ∼200 K; curves 1-3), the spectra are characterized by

bleaching bands at 675 and 686 nm and a positive peak at

681 nm. At temperatures above ∼200 K (Fig. 4, curves 4-

Fig. 3. P+
680/P680 FTIR double difference spectra of Mn-depleted

PSII core complexes in the range of 131-keto-C=O stretching

modes at selected temperatures: 1) 100; 2) 180; 3) 230; 4) 250; 5)

265 K. The spectra are normalized by the differential signal

amplitude at 1724/1700 cm–1 (normalization coefficients are

shown in parentheses). The differential signal amplitude at

1724/1700 cm–1 at 265 K was 6·10–4 absorbance units.
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6), the positive peak at 681 nm and the negative peak at

686 nm undergo a significant amplitude decrease and do

not appear on difference spectra, the dominant feature of

which is a wide bleaching band at 675-677 nm with a

weak shoulder on its long-wavelength slope. The positive

signal at λ � 690 nm corresponds to absorption of light-

generated chlorophyll radical cation. Structured differ-

ence spectra were measured earlier at cryogenic tempera-

tures for the P+
680QA

– state in cyanobacterial PSII core

complexes [25, 26] and spinach membrane fragments

[25], as well as for reversible light-induced absorbance

changes in spinach PSII core complexes in the presence

of SiMo [27]. A similar effect of temperature on

P+
680QA

–/P680QA spectral shape was also observed for

cyanobacterial PSII core complexes [25]. However, the

temperature dependence of absorbance changes for plant

PSII core complexes was apparently not studied.

DISCUSSION

Excitation of PSII by light quanta is known to induce

fast electron transfer in the active branch of RC cofactors

with successive formation of charge-separated states

P+
680Pheo–

D1 and P+
680QA

– (see review [28]). Monomeric

chlorophyll ChlD1 located in the active branch between

P680 dimer and pheophytin PheoD1 [1-3] is also involved

in light-induced electron transfer as a primary electron

donor [29-32] or a primary acceptor [25, 31, 33]. When

PSII Mn cluster is not functional and Cyt b559 is in its

oxidized state, Car and ChlZ molecules can serve as sec-

ondary electron donors for P+
680, competing with low

quantum yield with charge recombination in the P+
680QA

–

state [34, 35]. In the presence of exogenous electron

acceptor capable of certain effectiveness in electron

extraction from light-generated Pheo–
D1 and/or QA

–, a

light-induced accumulation of redox states is possible for

Mn-depleted PSII samples. These states include P+
680,

Car+, ChlZ
+, QA

–, as well as reduced exogenous electron

acceptors.

In this study, reversible absorbance changes induced

by constant illumination of Mn-depleted samples of

spinach PSII core complex in the presence of exogenous

electron acceptors, potassium ferricyanide, and silico-

molybdate were measured in the mid-infrared spectral

range. The study focused on isolating the FTIR P+
680/P680

spectrum from a set of other light-induced signals and

analyzing its temperature dependence in the 100-265 K

range. Simultaneously, absorbance changes in the visible

spectrum range for the same temperature interval were

studied.

The most notable feature of P+
680/P680 FTIR spectra

temperature dependence (Fig. 3) is a prominent differ-

ence in P+
680/P680 differential signal amplitude at

1724/1700 cm–1, and signal intensity at 1689/1680 cm–1

in relation to temperature, indicating a different nature of

these signals. This fact makes it hardly probable to attrib-

ute the bleaching at 1680 cm–1 to P680 dimer and indicates

that stretching vibrations bands for 131-keto C=O groups

in PD1 and PD2 molecules in neutral states are not resolved

in the IR spectrum. The data apparently agree with the

following assumption [8]: the keto groups of neutral P680

do not form hydrogen bonds, and both absorb at

∼1700 cm–1. Based on the analysis of PSII core complex

crystal structure, a hypothesis was proposed earlier [11]

that D2-Ser282 may indirectly (through a water mole-

cule) form a hydrogen bond with the PD2 chlorophyll keto

group, shifting its absorbance to lower frequency (up to

∼1680 cm–1) compared to the absorbance of a correspon-

ding band in the PD1 molecule located in a less polar envi-

ronment. The proposed hydrogen bond might however

not be strong enough to cause noticeable changes in PD1

and PD2 vibrational properties.

Earlier [8] the presence of two P+
680 positive peaks (at

1724 and 1709 cm–1 on Fig. 1) and a single negative P680

peak at 1700 cm–1 in the P+
680/P680 FTIR spectrum was

interpreted according to a model assuming that the posi-

tive charge in the P+
680 cation is largely (70-80%) localized

on one of the two Chl molecules. The nonequivalence of

vibrational shifts to higher frequency for P+
D1 and P+

D2

might also be partly due to differences in electrostatic

interactions of the formed radical cations with their pro-

tein environment, as observed for Rhodobacter (Rba.)

sphaeroides RC [36]. The intervalence band at

∼3000 cm–1 (Fig. 2, spectrum 1 [8]) reflects partial delo-

calization of positive charge between two Chl molecules

in P+
680 [21, 22]. The preferential localization of PSII pos-

itive charge on the PD1 chlorophyll was also expected

from a comparison of shifts of absorbance bands to high-

er frequency for keto groups of (bacterio)chlorophylls in

FTIR spectra measured for PSII core complexes of

Synechocystis sp. PCC 6803 and Rba. sphaeroides RC

[11]. According to calculations based on density function

theory [4], significant charge localization on PD1 chloro-

phyll [37] is one of the important factors determining the

high positive redox potential of P680 essential for water

oxidation in PSII. The fact that keto group vibrational

frequencies of PD1 and PD2 molecules do not change sig-

nificantly with temperature in neutral and radical cation

states (Fig. 3) suggests that P+
680 electronic structure

(asymmetric charge distribution) in PSII core complexes

is preserved in the 100-265 K interval.

If the bleaching IR-band at 1680 cm–1 and, there-

fore, the differential signal at 1689/1680 cm–1 (Figs. 1 and

3) cannot be attributed to P680, it raises a question about

their origins. Earlier, the negative peak at 1681 cm–1 was

detected in a QA
–/QA FTIR difference spectrum of pri-

mary quinone acceptor reduction [18]. This peak was

supposed to be caused by protein carbonyl stretching

mode (amide mode I) of PSII [18]. Figure 1 (curve 2)

shows the negative change at 1681 cm–1 to be also visible

in the PSII core complex FTIR spectrum measured in the



TEMPERATURE DEPENDENCE OF Mn-DEPLETED PSII CHLOROPHYLL PHOTOOXIDATION SPECTRA 1285

BIOCHEMISTRY  (Moscow)   Vol.  80   No.  10   2015

presence of only SiMo, when the main contribution is

made by QA
–/QA signals. Differential signal at

1689/1680 cm–1 in P+
680/P680 FTIR spectra (Fig. 3) can be

supposed to reflect changes in the amide I band caused by

conformational rearrangements of the surrounding pro-

tein during P+
680 formation. However, such an explanation

would be difficult to conform to different temperature

influence on this signal and the signal at 1724/1700 cm–1

belonging to P+
680/P680 (Fig. 3).

In this respect, the fact that a wide bleaching band at

675-677 nm observed in the Qy range of electronic differ-

ence spectra at temperatures above ∼200 K (Fig. 4, curves

4-6) is defined at lower temperatures as a complicated

structured signal with negative bands at 675 and 686 nm

and a positive peak at 681 nm, is of interest. While a

detailed assignment of these spectral features to particu-

lar pigment cofactors is debatable [25-27], absorbance

changes observed in this spectral range at cryogenic tem-

peratures are supposed to include a bleaching band result-

ing from P680 photooxidation and P+
680-induced elec-

trochromic shift of a nearby monomeric Chl absorbance

band [25, 26]. The differential signal at 1689/1680 cm–1

(Fig. 3) might represent a vibrational analog of elec-

trochromic shift present in electronic difference spectra

(Fig. 4). The charge on P+
680 can be supposed to have an

electrostatic effect on the vibrational mode of a 131-keto

C=O group in one of the RC monomeric chlorophylls

(ChlD1 or ChlD2), shifting the frequency of this mode from

∼1680 to ∼1689 cm–1. The abovementioned lack of corre-

lation in differential signal behavior at 1724/1700 cm–1

(reflecting the amount of P+
680 detected) and at 1689/

1680 cm–1 in response to sample temperature change

from ∼230 to 265 K might be explained in this case by an

increase in effective dielectric protein constant of the

protein at temperatures above ~200 K (see [38] for refer-

ences and further discussion), that would lead to a partial

screening of electrostatic interactions and to a decrease in

electrochromic shift at elevated temperatures.

Another interpretation is that the signal at 1689/

1680 cm–1 reflects a high-frequency stretching mode shift

for the 131-keto C=O group of the ChlD1 molecule due to

formation of the Chl+
D1 cation. Indeed, recent electrostat-

ic calculations [27] showed that, at low temperatures, the

light-generated positively charged hole, which was initial-

ly localized on P+
680 in PSII, might be (partially) trans-

ferred to the ChlD1 molecule due to a shift in the redox

potential of the Chl+
D1/ChlD1 pair, compared to the

P+
680/P680 potential in the field of QA

–. At room tempera-

ture, the charge redistribution effect becomes minimal

due to QA
– field screening by the molecular environment

(pigment, protein, water) reorientation, and the hole is

localized only on P+
680 as a result. A decrease in differential

signal amplitude at 1689/1680 cm–1 compared to signal

amplitude at 1724/1700 cm–1 on increasing temperature

(Fig. 3) is consistent with this interpretation. The

observed high-frequency shift of the band at 1680 cm–1

(9 cm–1), corresponding to the Chl+
D1/ChlD1 pair in this

model, would correspond to a similar shift between the

bands at 1700 and 1709 cm–1 during P680 oxidation (Fig. 3

[8]).

Earlier, on the basis of the IR spectrum for chloro-

phyll triplet state formation in isolated spinach PSII RC

(D1–D2–cyt b559 complexes) the band at 1668-

1670 cm–1 was assigned to the 131-keto C=O group of

ChlD1 [39]. At the same time, the results of femtosecond

IR measurements suggested that the keto group band of

ChlD1 in isolated RC is located at 1687 cm–1, shifting to

1697 cm–1 during Chl+
D1 cation formation [29]. During

the analysis of femtosecond IR measurements on PSII

core complexes from wild-type Synechocystis sp. PCC

6803 cells [11], preference was given to the assumption

that the absorption of the ChlD1 keto group was at

∼1670 cm–1 [39]. With this assignment, the differential

signal at 1689/1680 cm–1 in the P+
680/P680 FTIR spectra of

PSII core complexes (Fig. 3) might be connected to the

131-keto C=O stretching mode of monomeric chlorophyll

ChlD2 located in the inactive cofactor branch of the PSII

RC [1-3]. However, it should be noted that spectral prop-

erties of RC D1–D2–cyt b559 complexes might undergo

some changes [26, 40, 41], possibly due to a deletion of

integral antenna CP43 and CP47 polypeptides.

Currently, vibrational properties of the triplet-carrying

ChlD1 molecule [26] in more intact PSII core complexes

are apparently not defined. Therefore, the data obtained

in this study and information from the literature do not

include the possibility of attributing the signal at

1689/1680 cm–1 to the ChlD1 molecule as well. Further

research will be needed to make more definite conclu-

sions.
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