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ABSTRACT It is now quite well accepted that charge separation in PS2 reaction centers starts predominantly from the ac-
cessory chlorophyll BA and not from the special pair P680. To identify spectral signatures of BA, and to further clarify the process
of primary charge separation, we compared the femtosecond-infrared pump-probe spectra of the wild-type (WT) PS2 core
complex from the cyanobacterium Synechocystis sp. PCC 6803 with those of two mutants in which the histidine residue axially
coordinated to PB (D2-His197) has been changed to Ala or Gln. By analogy with the structure of purple bacterial reaction centers,
the mutated histidine is proposed to be indirectly H-bonded to the C9¼O carbonyl of the putative primary donor BA through a
water molecule. The constructed mutations are thus expected to perturb the vibrational properties of BA by modifying the
hydrogen bond strength, possibly by displacing the H-bonded water molecule, and to modify the electronic properties and the
charge localization of the oxidized donor P1

680: Analysis of steady-state light-induced Fourier transform infrared difference
spectra of the WT and the D2-His197Ala mutant indeed shows that a modification of the axially coordinating ligand to PB induces
a charge redistribution of P1

680: In addition, a comparison of the time-resolved visible/midinfrared spectra of the WT and mutants
has allowed us to investigate the changes in the kinetics of primary charge separation induced by the mutations and to propose
a band assignment identifying the characteristic vibrations of BA.

INTRODUCTION

Light absorption and energy transduction in plants, algae and

cyanobacteria occurs in two large transmembrane pigment-

protein complexes, photosystem I and photosystem II (PS2),

the latter being able to do a one- and two-electron reduction

of plastoquinone and to oxidize water to molecular O2. The

resolution of the crystal structure of the PS2 core complex,

which contains the two antenna proteins, CP43 and CP47,

and the D1D2-cytb559 reaction center (RC), has been re-

cently improved, and two crystal structures, at 3.4 and 3.0 Å

resolution (1–3), respectively, are now available. The struc-

tural data indicates that CP43 binds 14 chlorophylls a (Chla)

and two or three b-carotenes. CP47 binds 17 Chla and at least

two carotenoids. The D1D2-cytb559 RC binds six Chla, two

pheophytins (Phe), two b-carotenes, the primary and sec-

ondary plastoquinone acceptors QA and QB, and the water

oxidizing Mn-complex.

Light absorption by the antenna proteins is followed by

excitation energy transfer and trapping of energy in the RC

(4,5). When the excitation energy reaches the D1D2-RC,

electron transfer takes place in a few picoseconds, leading to

the formation of the radical pair P1
680=Phe�D1ðP1

680H�), where

P680 is the so-called Chla special pair and PheD1 is the active

branch pheophytin (6–9). The electron is then transferred

from the pheophytin to the primary quinone electron accep-

tor, QA, in a few hundred picoseconds and from there to the

secondary quinone, QB, on the hundreds of microseconds

timescale (10–12). The special pair P1
680 is reduced by a redox

active tyrosine (YZ, D1-Tyr161), and the oxidizing equivalent

is then transferred to the Mn cluster. For every two turnovers

of electron transfer, accompanied by the uptake of two pro-

tons, the secondary quinone, QB, is fully reduced to the

quinol, QBH2. For every four turnovers, accompanied by the

release of four protons, two water molecules are oxidized to

generate a molecule of oxygen in the Mn cluster.

The dynamics of energy transfer and charge separation in

PS2 has been extensively studied by several groups using

different spectroscopic techniques such as time-resolved

pump-probe absorption (9,13–18), time-resolved fluores-

cence (19), hole burning (20,21), Stark (22), and Fourier

transform infrared (FTIR) (23,24) spectroscopies. However,

there is still an open discussion in the literature regarding the

exact mechanisms and dynamics of energy and electron

transfer occurring in response to light absorption in PS2.

Recent transient absorption and time-resolved fluores-

cence measurements were interpreted on the basis of an ex-

citon-radical pair equilibrium model, which implies ultrafast

equilibration between the CP43 and CP47 pigment-protein

complexes with the D1D2-RC followed by primary charge

separation on a 9-ps timescale (9,25). However, recent visible

(vis)/mid-IR pump-probe measurements performed on intact

PS2 core complexes from spinach were analyzed and in-

terpreted on the basis of a kinetic model according to which

energy transfer from the core antennas toward the D1D2-RC
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occurs on a much slower timescale of ;30–40 ps, whereas

direct excitation of the reaction center leads to fast charge

separation, on a timescale of 1–2 ps (26). The latter inter-

pretation is more in line with the available structural infor-

mation on the PS2 core, showing that the minimum distance

between the pigments contained in the antenna complexes

and those contained in the D1D2-RC is ;20 Å. Furthermore,

slow energy transfer components are also observed in the

isolated antenna complexes: both vis/vis and vis/mid-IR

pump-probe measurements on isolated CP43 and CP47

complexes demonstrate that the intra-antenna energy transfer

dynamics are indeed highly multiphasic, showing rapid

equilibration components, which are complete on a 2-ps

timescale, and a slow energy transfer phase toward a rather

isolated red-shifted Chla occurring in ;10–20 ps for both

complexes (27–29).

As concerns the mechanism of primary charge separation,

it was initially proposed, by analogy to the nonoxygenic

purple bacterial RCs, that in PS2, as well, a ‘‘special pair’’ of

chlorophylls exists and acts as a primary donor. However, in

contrast to what is observed in RCs from purple bacteria,

there is no spectroscopic evidence in PS2 to support this idea,

as all the Chla and pheophytin absorb at nearly the same

wavelength. The absence of a strong excitonically-coupled

special pair led to the proposition of the ‘‘multimer model’’

(30), according to which the electronic interactions between

the different chlorins contained in the D1D2-RC are all

similar, allowing charge separation to start from any pigment,

depending on the particular realization of the disorder. Sup-

port for this idea was first obtained in bacterial reaction

centers where it was shown that after selective excitation of

the monomer chlorophyll located on the active branch, BA,

ultrafast charge separation occurred without the involvement

of the excited special pair (31,32).

Recently, it was inferred, using time-resolved visible-

pump/mid-IR spectroscopy (8), and later confirmed, also

using vis/vis experiments (9), that in isolated D1D2-RC, the

electron hole in the primary radical pair is localized on a site

other than P680, most probably on the monomer chlorophyll

BA. The electron hole subsequently migrates to P680, giving

rise to the formation of the radical pair P1
680H�: The justifi-

cation for this kinetic mechanism in the infrared work was

based on the observation that absorption signatures charac-

teristic of the formation of H� appeared within 0.8 ps,

whereas the signals belonging to P1
680 only appeared after

6 ps (8).

Although the formation of the pheophytin anion, H�, on a

subpicosecond timescale was clearly demonstrated by this

experiment, a definite assignment of the B1
A=BA absorption

bands could not be made. One of the most straightforward

ways to identify spectral signatures of a particular pigment is

to construct a site-specific mutant that modifies its immediate

protein environment. This is particularly useful where in-

frared spectroscopy is concerned, as absorption in this spec-

tral region is highly sensitive to the environment in which the

pigment is located. In the case of photosynthetic proteins, one

of the most informative regions is that between 1600 and

1800 cm�1, which mainly probes the 9-keto and 10a-ester

chlorophyll groups. For these features, spectral shifts of

several tens of cm�1 are expected due to H-bonds, pigment-

pigment interactions, or changes in polarity of the environ-

ment relative to the frequency observed for Chla dissolved in

a nonpolar solvent (33–35). Thus, in principle, the compar-

ison of time-resolved absorbance changes in the infrared of

wild-type (WT) and specific mutants that modify the envi-

ronment of BA, and, in particular, the strength of the hydro-

gen bond to its 9-keto carbonyl group, should allow us to

identify the characteristic spectral features of this pigment.

Furthermore, the analysis of the changes induced by the

specified mutations on the kinetics of primary energy transfer

and charge separation should give additional information on

the role played from BA in these processes. It is preferable to

use PS2 core complexes, which are the basis for the x-ray

crystallographic structures and are more stable and structur-

ally intact than the D1D2-RC preparations. This of course

complicates the spectral analysis because of additional dy-

namic processes associated with the CP43 and CP47 antenna

complexes. Time-resolved vis-pump/mid-IR-probe spec-

troscopy measurements, recently performed on intact PS2

core complexes from spinach, have demonstrated that this

technique has the sensitivity necessary to study the complex

dynamics of these systems. The application of a kinetic

scheme to the time-resolved data by means of target analysis

has furthermore demonstrated that the core complex can be

spectrally described as the sum of its components, namely

CP43, CP47, and the D1D2-RC (26). Based on these results,

we have employed time-resolved vis-pump/mid-IR spec-

troscopy to compare the initial dynamics of energy transfer

and charge separation in core complexes isolated from the

WT and two PS2 reaction center mutants of Synechocystis sp.

PCC 6803. Our goal was to identify spectral signatures of BA,

and to further clarify the process of primary charge separa-

tion. In the mutants analyzed, the histidine residue axially

coordinated to PB (D2-His197) has been changed to Ala or

Gln. Analysis of the available crystal structure of PS2 cores

(2,3) shows the possibility of an indirect H-bond between the

mutated D2-His197 and the 9-keto carbonyl of the putative

primary donor BA, which, by analogy to purple bacterial

reaction centers (36), would occur through a water molecule.

The mutation of the axially coordinating histidine of PB with

a smaller, noncoordinating (Ala) or differently coordinating

(Gln) residue is expected to perturb the H-bond to the 9-keto

carbonyl of BA. The structural arrangement of P680 is shown

in Fig. 1, together with the mutated histidine.

We report here the comparison of time-resolved vis-pump/

midIR-probe spectra of WT PS2 cores with those of the D2-

His197Ala and D2-His197Gln mutants. Furthermore, we have

employed light-induced FTIR difference spectroscopy to

characterize the modification induced by the mutation on the

electronic structure of P680 and on the charge distribution of
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P1
680: The observed spectral differences are discussed in terms

of the charge redistribution of P1
680 and possible spectral as-

signments for BA.

MATERIALS AND METHODS

Sample preparation and mutant construction

PS2 core samples from Synechocystis sp. PCC 6803 were prepared as de-

scribed previously (37).

FTIR measurements

Samples for FTIR measurements were suspended in 50 mM MES buffer (20

mM CaCl2, 5 mM MgCl2, and 0.03% n-dodecyl-b-D-maltoside, pH 6.1) in

D2O, in the presence of 50 mM silicomolybdate, to promote oxidation of the

pheophytin anion.

The samples were sandwiched between two BaF2 plates and the FTIR

difference spectra were recorded at 250 K on a Nicolet Magna 860 spec-

trophotometer equipped with an MCT detector and a gas-flow cryostat.

Difference spectra were calculated from data sets consisting of ;1000 cycles

of 32 scans recorded before and after continuous illumination. The spectral

resolution was 4 cm�1.

Vis-pump/mid-IR-probe spectroscopy

For these experiments, the sample was concentrated to an optical density

(OD) of 0.5 (WT), 0.68 (D2-His197Ala), and 0.4 (D2-His197Gln) at 670 nm

for a 20-mm optical path length and suspended in 50 mM MES buffer

(20 mM CaCl2, 5 mM MgCl2, and 0.03% n-dodecyl-b-D-maltoside, pH 6.1)

in D2O. All measurements were performed on closed reaction centers, and no

mediators were added to oxidize QA. The experimental setup consisted of an

integrated Ti:sapphire oscillator-regenerative amplifier laser system (Hurri-

cane, SpectraPhysics, Mountain View, CA) operating at 1 kHz and 800 nm,

producing 85-fs pulses of 0.6 mJ. A portion of the 800-nm light was used to

pump a noncollinear optical parametric amplifier to produce the excitation

pulses at 680 nm, which were focused on the sample with a 20-cm lens to a

spot size of ;150 mm in diameter. A second portion of the 800-nm light was

used to pump an optical parametric generator and amplifier with a difference

frequency generator (TOPAS, Light Conversion, Vilnius, Lithuania) to

produce the mid-IR probe pulses, which were focused on the sample with a

6-cm lens. The probe and pump pulses were spatially overlapped in the

sample. After passing through the sample, the probe pulses were dispersed by

a spectrograph, imaged onto a 32-element MCT detector, and fed into 32

home-built integrate-and-hold devices that were read out at every shot with a

National Instruments (Austin, TX) acquisition card. To ensure a fresh spot

for each laser shot, the sample was displaced by a home-built Lissajous

scanner. The polarization of the excitation pulse was set to the magic angle

(54.7�) with respect to the IR probe pulses. A phase-locked chopper oper-

ating at 500 Hz was used to ensure that the sample was excited by every other

shot and that the change in transmission could be measured. The instrument

response function was ;150 fs. The excitation wavelength was 680 nm for

WT and the D2-His197Gln mutant, and 675 nm for the D2-His197Ala mutant.

The excitation energy was kept at 100 nJ for all of the experiments. At least

200 scans for each sample were averaged to produce the finally analyzed

time-resolved spectra. The data were subjected to global and target analysis

(38). The noise level in the row data is ;380 mOD, which mainly consists of

structureless baseline noise due to the fact that no reference probe pulse has

been used. Subtraction of the baseline noise by singular vector decomposi-

tion of the residual matrix leads to a reduction of the noise to 200 mOD as

estimated by the fitting procedure.

RESULTS

Light-induced FTIR difference spectra

Previous characterization of a set of PS2 mutants in which the

axially coordinating histidine of both PA (D1-His198) and PB

(D2-His197) had been replaced by different residues, showed

that the reduction potential of the redox couple P1
680=P680; as

well as the charge distribution among P1
A and P1

B ; could be

modulated by ligand replacement at position D1-198 and, to a

lesser extent, at position D2-197 (37). Of all of the mutations

constructed at D2-197, the replacement of histidine by ala-

nine showed the largest effect on the spectral and redox

properties of P680. In this case, the P1
680=P680 difference ab-

sorption spectrum was red-shifted with respect to the WT and

the reduction potential of PB decreased by 20–40 mV, en-

hancing the stabilization of the positive charge on P1
B and,

consequently, a different amount of charge sharing between

the two chlorophylls forming the dimer. It is likely that in the

D2-His197Ala mutant a water molecule has replaced His as

the axial ligand. The modification of the electronic and redox

properties of P680 is expected to influence the dynamics of the

primary charge separation and possibly also the spectral

properties of the radical pair P1
680H�: To characterize these

effects, we compared the P1
680=P680 light-induced FTIR dif-

ference spectrum of the WT PS2 core complex with that of

the D2-His197Ala mutant. Fig. 2 shows the light-induced

FTIR difference spectra of PS2 core complexes from

Synechocystis sp. PCC 6803 isolated from the WT and from

the D2-His197Ala mutant measured at 250 K, in the presence

of silicomolybdate as external redox mediator, which is able

to oxidize the pheophytin, thus allowing photoaccumulation

of P1
680:

The WT and mutant spectra show several differences.

Signals from the 9-keto and 10-ester carbonyl vibrations of

P680 are expected to be located in the region between 1750

FIGURE 1 Relative positions of PA, PB, and BA, and of the mutated

histidine D2-H197.
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and 1650 cm�1. In particular, the two positive signals at 1709

and 1725 cm�1 have been assigned to the 9-keto carbonyls

of P1
A and P1

B ; which are upshifted upon cation formation

(24,39). The corresponding bleaching signals are observed at

1699 and 1681 cm�1, but the assignment of these bands is not

without controversy. Recently, the P1
680=P680 FTIR spectra

obtained from BBY membranes, PS2 core, and D1D2-RC

preparations have been compared and characterized (40). On

the basis of the measured spectra, the authors concluded that

both the PA and PB 9-keto carbonyls have similar frequencies

at ;1700 cm�1, and that neither are implicated in hydrogen

bonds. A close look at the crystal structure of the PS2 core

complex, however, shows that D2-Ser282 can directly hydrogen-

bond to the 10a-ester carbonyl, and possibly—through an in-

tervening water molecule—to the 9-keto carbonyl, of PB, thus

suggesting that its absorption might be downshifted with re-

spect to the corresponding group of PA, located in a less polar

environment. Assuming this to be the case, the bleaching at

1681 cm�1 could be attributed to PB. A definitive assignment

of these bands can be obtained only by analyzing more site-

specific mutants. Work in this direction is in progress. The idea

that the 9-keto groups of PA and PB absorb at different fre-

quencies is, however, also supported by the comparison of the

spectra shown in Fig. 2. Here, we observe that the relative in-

tensity of the two positive signals at 1709 and 1724 cm�1 and of

the two bleaching signals at 1699 and 1680 cm�1 is different

between WT and mutant. We expect, based on previous mea-

surements (37), that the mutation at D2-His197 influences the

charge redistribution on P1
680; which modifies the intensity of

these signals. Changes in the relative intensity and/or position

of the carbonyl bands upon ligand mutation could result from

a partial change in bond order for the 9-keto carbonyl group, a

possible consequence of distortion of the chlorophyll ring, or

a redistribution of charge on ring V of the macrocycle.

Further evidence for charge redistribution on P1
680 can be

observed in the 1550–1500 cm�1 region, which is charac-

teristic of amide II vibrations, but where vibrational modes of

the Chla ring are also expected. In particular, the signal ob-

served at 1554 cm�1 for the WT is downshifted by 2 cm�1

and is much more intense for the mutant, which could indi-

cate a ring distortion due to the mutation of the axially co-

ordinating residue. Two small negative bands observed at

1536 and 1521 cm�1 in the case of WT coalesce in a broader

band centered at 1527 cm�1 in case of the mutant. Positive

bands in the region 1500–1430 cm�1 are also slightly en-

hanced for the mutant. Probably the most direct evidence for

charge redistribution on P1
680 comes from the downshift of the

peak at 1308 cm�1, which is observed at 1302 cm�1 for the

mutant. This band should correspond to the one observed

at 1290 cm�1 in the P1/P FTIR difference spectra from

Rhodobacter sphaeroides RCs, which, together with modes

at 1480 and 1560 cm�1, have been attributed to a ‘‘phonon

mode’’, forbidden by symmetry in monomer chlorophyll, but

allowed when charge sharing between two Chla molecules is

established (41–44). The observed shifts are thus indicative

of a modification in the electronic properties of P680 and

charge distribution on P1
680 determined by the mutation of

D2-His197.

Visible-pump/mid-IR probe measurements

Wild-type

WT PS2 core particles were excited with 100-nJ, 680-nm

laser pulses and absorption changes were recorded in the

region between 1560 and 1780 cm�1. Time-resolved data

were globally analyzed using a sequential model with in-

creasing lifetimes (38). Four components were necessary to

properly fit the data, which resulted in lifetimes of 2.0 ps, 17

ps, 114 ps, and 1.5 ns. The corresponding evolution-associ-

ated difference spectra (EADS) are shown in Fig. 3.

FIGURE 2 Light-induced P1
680=P680 FTIR difference spectra from Syn-

echocystis PS2 core complexes from the WT (a) and D2-His197Ala (b) (T ¼
250 K; 4 cm�1 resolution).

FIGURE 3 EADS resulting from global analysis of time-resolved data

from Synechocystis sp. PCC 6803 PS2 WT core complexes using a

sequential kinetic scheme with increasing lifetimes. Pump-probe data in

the mid-IR region between 1560 and 1780 cm�1 were obtained upon

excitation at 680 nm, 100 nJ excitation power.
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In the case of PS2 from spinach, a comparison with the

previously measured spectra of CP43 (27), CP47 (28), and

isolated D1D2-RC (8) has shown that the spectra obtained

using core complexes contain spectral features representative

of the isolated pigment-protein complexes (26). The first

spectral component, with a lifetime of 2 ps, shows two

bleaching signals in the region 1705–1680 cm�1, which are

representative of the 9-keto stretch absorption bands of the

different chlorins contained both in the D1D2-RC and in the

antenna proteins. As already mentioned, the 9-keto bands are

very sensitive to their surroundings and downshifts .20

cm�1 can be expected with respect to the frequency observed

in nonpolar solvents (e.g., 1695 cm�1 in tetrahydrofuran)

(33–35) due to the presence of hydrogen bonds or differences

in polarity of the surrounding medium. The less intense

bleaching observed at higher wavenumbers (;1740 cm�1)

can be assigned to 10a-ester absorption. In the excited state,

both 9-keto carbonyl and 10a-ester absorption bands down-

shift by several wavenumbers, whereas upshifts are observed

when a positive charge is created on a chlorophyll molecule

(8,28,45). The intense and broad band observed in the initial

spectral component centered around 1650 cm�1 can thus be

assigned to excited-state chlorophylls located both in the

antennas and in the reaction center, whereas the two positive

bands at 1728 and 1709 cm�1 are probably due to a mixture

of 10a-ester downshift in the excited state, charge transfer

between strongly interactive molecules (27,40), and initial

charge separation upon direct excitation of the RC.

In the following component, we observe a partial recovery

of the two bleaching carbonyl bands and a decay of the in-

duced absorption band, due to annihilation and excited-state

decay as a result of the excitation density being .1 photon/

PS2 core complex. After 17 ps, the spectrum represented by

the green line appears. Here, we observe a further decay of

excited-state absorption and we clearly see the appearance of

a bleaching at ;1656 cm�1, which has been attributed to a

protein response after charge separation (8). The bleaching at

;1702 cm�1 downshifts by several wavenumbers, both in

this and in the last spectral component.

The last spectrum should represent the final charge-sepa-

rated state P1
680H� since, although core preparations contain

the primary acceptor quinone, QA, our measurements were

executed on ‘‘closed centers’’, with QA reduced. Indeed,

there is good agreement between the last spectral component

measured by vis-pump/mid-IR-probe spectroscopy with

the FTIR spectrum representative of the radical pair P1
680H�

(Fig. 4).

Mutants

The D2-His197Gln mutant was excited with 100-nJ, 680-nm

laser pulses, whereas in the case of D2-His197Ala, 100-nJ,

675-nm pulses were used. In both cases, the kinetic traces

were globally analyzed using a sequential model with in-

creasing lifetimes, and again four components were neces-

sary to properly fit the data. A comparison of the EADS

obtained by global analysis of WT PS2 and the two mutants

is shown in Fig. 5.

A comparison of the WT EADS with those of the two

mutants shows that the overall aspect of the spectral evolu-

tion remains unchanged, although significant differences are

apparent, particularly in the carbonyl bleaching region. In the

case of WT, two bleaching signals are evident in the early

spectral component, an intense one at 1702 cm�1 and a less

pronounced one at 1680 cm�1, whereas for the D2-

His197Gln, an additional small bleaching at ;1690 cm�1 is

visible in the first spectral component, which increases in the

16-ps component and then partially recovers in the following

spectral evolution. In the case of the D2-His197Ala mutant,

again two bleaching signals are visible, the positions of

which are similar to those observed for the WT. However, in

the early spectral components, the intensity ratio between

them is reversed, with the bleaching at 1680 cm�1 being the

most intense.

The dynamics of the charge separation process is some-

what affected by the mutations, to a greater extent for the D2-

His197Ala mutant, where the first two components appear

faster than the WT, whereas the third one is significantly

slower. The spectral differences between the three sets of

measurements are evident already in the EADS of the fastest

time component, which probably implies that the mutation

also affects the distribution of the initial excitation between

the D1D2-RC and the antenna complexes CP43 and CP47

because of a modification of the electronic levels of P680/BA.

Target analysis

Global analysis, based on a simple sequential scheme with

increasing lifetimes, shows that there exist notable spectral

differences between the time-resolved data sets for the WT

and mutants. However, the EADS obtained for such global

analyses are not representative of a particular state of the

FIGURE 4 Comparison between the long-lived component obtained from

the global analysis of the vis-pump/mid-IR-probe data and the P1
680H�

spectrum measured by light-induced FTIR measurements for WT PS2 core

complexes from Synechocystis sp. PCC 6803.

Femto-IR PS2 4787

Biophysical Journal 94(12) 4783–4795



system, but, particularly in the case of the fastest components,

can represent a mixture of excited and charge-separated states.

To extract the spectra corresponding to the different states of

the system as it evolves over time, it is necessary to introduce a

specific kinetic model and to analyze the data by means of a

target or compartmental analysis. We describe here the kinetic

model used to perform such target analysis and the spectral

assignments derived from a comparison of the resulting

spectral components of the WT and mutant samples.

Given the number of pigments contained within the sys-

tem, and on which the excitation can be initially localized, it

is necessary to find a simplified scheme with a limited

number of compartments, which is able to give a satisfactory

description of the processes occurring within the system. We

apply here a model used recently to analyze the dynamics of

energy transfer and primary charge separation in PS2 cores

from spinach (26). The kinetic scheme used in this and in the

previous work is represented in Fig. 6, where the species-

associated difference spectra (SADS) obtained for the WT

are also shown.

The kinetic scheme includes five compartments: two an-

tenna compartments representing the excited states of CP43

and CP47, respectively; an RC*/RP1 compartment repre-

senting a mixture of the excited state of the reaction center

and the first radical pair B1
A H�; and two ensuing radical pair

compartments, RP2 and RP3, both representing the second-

ary radical pair P1
680H�; which is the final state reached in

closed reaction centers. As observed in previous measure-

ments on spinach PS2 core complexes, the population of the

primary radical pair B1
A H� is very low, making it difficult to

extract from our data a pure spectrum for this state. This is

because there are a number of excited states whose energy is

only slightly higher than that of the first charge-separated

state, causing the transient population of B1
A H� to be very

low at all times during the experiment. However, differences

between the RC*/RP1 spectrum obtained for the WT and

those obtained for the two mutants are indicative of effects of

the introduced mutation on the dynamics of energy transfer

and primary charge separation, and lead to a plausible as-

signment for the 9-keto absorption of BA. Since the 680-nm

excitation wavelength used in the experiment excites both the

antenna and the reaction center, the initial input population is

distributed according to the number of pigments contained in

each subunit. The scheme depicted in Fig. 6 also takes into

FIGURE 5 Comparison between the EADS obtained from global analysis of the time-resolved data from Synechocystis sp. PCC 6803 PS2 core WT and

D2-His197Gln, and D2-His197Ala mutants. Pump-probe data in the mid-IR region between 1560 and 1780 cm�1 were obtained using 100-nJ excitation pulses at

680 nm for the WT and D2-His197Gln samples and at 675 nm for the D2-His197Ala mutant.

FIGURE 6 (A) Five-compartment model employed for the target analysis of the time-resolved data; the rates given in the scheme are those of the WT. (B)

Species-associated difference spectra derived from target analysis for PS2 core complexes from WT Synechocystis sp. PCC 6803: (a) CP43; (b) CP47; (c) RP*/

RP1; and (d) RP2.

4788 Di Donato et al.

Biophysical Journal 94(12) 4783–4795



account the utrafast annihilation processes occurring in the

excited state both for the antennas and for the RC, by means

of an additional intracompartment component describing a

fast annihilation phase that is complete in ;2 ps. The rates

connecting the different compartments, and hence the life-

times, of the five states of the system for the WT are, as ex-

pected, very similar to what was obtained in the analogous

analysis of vis/mid-IR pump-probe data collected for spinach

PS2 cores (26). The application of the target model depicted

in Fig. 6 required the excited-state spectra of CP43 and CP47

measured by vis/mid-IR pump-probe spectroscopy as an

additional input (27,28); furthermore, time-resolved fluo-

rescence data (46), measured on closed PS2 core complexes

from spinach, have been fit simultaneously with femto-IR

data to better describe the loss of excited states on the longer

timescale. The comparison of the antenna spectra obtained by

target analysis with those measured independently by vis/

mid-IR pump-probe spectroscopy on the isolated pigment-

protein complexes is shown in Fig. 7.

The spectral comparison reported in Fig. 7 shows that the

agreement between the measured spectrum of CP43 with the

corresponding SADS obtained by target analysis is very

good, whereas differences are observed in the case of CP47.

There can be two main reasons for this discrepancy. A first

possibility is that there exist some structural differences

between the CP47 and CP43 pigment-protein complexes

contained in spinach cores as compared to those from Syn-
echocystis, as the spectra of the isolated antennas used as

input in the target analysis have been measured on samples

extracted from spinach. A second reason for the observed

discrepancy may be that the spectra of the isolated antenna

complexes were obtained upon excitation at 585 nm, whereas

in this case an excitation wavelength of 680 nm was used. It is

thus possible that the use of a different excitation wavelength

determines the bleaching of different chlorophylls in this case

compared to previous experiments, giving rise to the differ-

ences observed between the SADS extracted by target anal-

ysis and the spectra previously measured for CP43 and CP47.

It is worth noting that when a similar target analysis was

applied to femto-IR data measured for spinach core com-

plexes, agreement was best between measured spectra and

SADS for CP47, whereas some differences were noticed for

CP43 (26).

The forward and backward connecting rates between the

five compartments are reported in Fig. 6, and they result in

the following lifetimes for WT Synechocystis sp. PCC 6803:

2.7 ps, 29 ps, 39 ps, 360 ps, and 35 ns. In agreement with

previous data obtained from spinach, the dynamics of energy

transfer from the antennas to the RC is relatively slow: this

process mainly occurs in the 29-ps component, whereas the

faster 2.7-ps component principally represents the decay of

the RC*/RP1 compartment as a result both of the formation

of RP2 (P1
680H�) and of annihilation. The 39-ps lifetime re-

flects residual energy flow between CP43 and CP47, which

have a small free-energy difference because of the different

numbers of chlorophylls contained in the two antennas. The

360-ps component constitutes most of the RP3 compartment,

and corresponds to the relaxation of the P1
680H� radical pair.

The spectrum of the RC*/RP1 component is similar to the

one previously obtained in the case of spinach core com-

plexes, and it also shows a good agreement with the sum of

the excited state and first radical pair state obtained by per-

forming a target analysis on isolated RCs from spinach (8), as

shown in Fig. 8, further confirming to a first approximation

that the PS2 core can be described as the sum of its antennas

and RC components.

The kinetic model of Fig. 6 has also been applied to

the time-resolved data collected for the two mutants, D2-

His197Ala and D2-His197Gln. The lifetimes obtained in these

cases are reported in Table 1, where lifetimes of the WT are

also reported for comparison. The individual rate for all the

energy and electron transfer processes specified by the target

model are reported in Table 2 for the WT and both mutants.

Although the lifetimes obtained in the case of the two

mutants are not dramatically different from those obtained in

the case of WT, it appears that in both cases the introduced

mutation has had an effect on the dynamics of energy

equilibration between the antenna and the RC compartments,

most likely due to a variation of the electronic levels of P680

and/or BA. Energy transfer from the antenna complexes to the

RC is in fact faster for both mutants. This finding is in

agreement with the previous characterization of a set of

FIGURE 7 Comparison between the excited

states of CP43 and CP47 obtained by target

analysis on WT samples (solid lines) with those

measured for the isolated antenna complexes

from spinach (dash-dotted lines).
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mutants in which the histidine ligand of both moieties of P680

was changed to different residues, which influenced both the

redox potential of P680 and the sharing of the positive charge

on P1
680: In particular, it was shown that for both mutants

analyzed in this article, the reduction potential of the couple

P1
680=P680 was lowered by 20–40 mV, thus providing a sta-

bilization of oxidizing equivalents on P1
680; confirmed by the

red shift in its absorption. The variation of the redox potential

was found to have only limited influence on the rate of for-

ward electron transfer (37), as also reported here. The lifetime

that appears to be most affected by the mutation is the decay

of RP2 in RP3, which occurs in 360 ps for the WT and in 415

and 520 ps for the two mutants. The back rate constant for the

RP2-to-RP3 transition is also influenced by the fluorescence

data, which have been fit together with the femto-IR data for

the mutants also, although much less weight has been given

to them in the analysis. The RP2/RP3 transition represents

the relaxation of the radical pair P1
680H�; the rate of which can

be affected by the ligand substitution on PB due to electronic

(different charge localization and energy levels on P1
680) and

environmental factors (possible chlorophyll distortion and

different interaction with the surrounding amino acids).

The comparison between the SADS representing CP43

and CP47 obtained for the two mutants and the spectra

measured for the isolated antennas show a less satisfactory

agreement with respect to the WT, in particular for the D2-

His197Ala sample and for the CP47 SADS (spectra shown in

the Supplementary Material). Again, the different excitation

energies used in this experiment, compared with what was

used for isolated antennas, should be taken into account, but

in the case of the mutants the discrepancy could also be due to

a different distribution of the initial excitation energy among

the antennas and the RC. This implies that the excited-state

spectrum of the antenna complexes can change because

different Chla are now bleached compared to what is ob-

served for the isolated CP43 and CP47 and for the WT. As

mentioned above, the major differences are observed for

CP47 probably because the chlorophylls connected to this

antenna subunit are closer to the mutation site on PB than the

pigments linked to CP43. The discrepancy is again more

pronounced for the D2-His197Ala mutant, which, according

to the previous characterization, is the one that has the greater

effect on the spectral properties of P680 (37). In this case, the

best fit is obtained if only the CP43 spectrum is introduced as

input. Since the deviations of the Synechocystis PS2 antenna

spectra from the spectra of the isolated spinach PS2 CP43 and

CP47 complexes may have some influence on the spectrum

of the RC*/RP1 compartment, we have tested to what extent

this region is affected by a variation of the spectral shape of

the CP43 and CP47 SADS. In particular, in the case of the

D2-His197Ala mutant, we have compared the RC*/RP1

SADS obtained when only the CP43 spectrum is introduced

as input with that obtained when the spectra of both antenna

complexes are used. The results of this comparison show that,

though differences and compensations in the C¼O region of

the two antenna SADS are significant, the carbonyl region of

the RC*/RP1 SADS is not substantially affected. This is

because the lifetimes of the CP43 and CP47 compartments,

which mainly decay on the 30–40 ps timescale, is substan-

tially different from that of the RC*/RP1 compartment,

which mainly decays on a faster, 3- to 4-ps timescale.

FIGURE 8 Comparison between the RC*/RP1 spectrum obtained by

target analysis on PS2 core complex samples (solid line) with the sum of

the excited-state spectra (PC and BC) and first radical pair spectra obtained

for isolated reaction centers from spinach (dash-dotted line). The PC and BC

spectra have been obtained from a target analysis of time-resolved data

measured for isolated RCs. In the target model, two excited-state compart-

ments were introduced, one from which charge separation can readily occur

(PC), and the other of which transfers on a slow timescale to the first (BC)

(for discussion, see Groot et al. (8)).

TABLE 1 Lifetimes resulting from target analysis of PS2 core

complexes from WT Synechocystis sp. PCC 6803 and

D2-His197Gln and D2-His197Ala mutants

Lifetime 1 Lifetime 2 Lifetime 3 Lifetime 4 Lifetime 5

WT 2.7 ps 29 ps 39 ps 360 ps 35 ns

D2-His197Gln 4.0 ps 24 ps 31 ps 415 ps 36 ns

D2-His197Ala 2.3 ps 22 ps 27 ps 520 ps 40 ns

The analysis is based on the five-compartment kinetic scheme of Fig. 6.

TABLE 2 Individual rates (in ps�1) for the energy and electron

transfer processes occurring in PS2 core complexes

WT D2-His197Gln D2-His197Ala

CP43/RC*/RP1 0.025 0.026 0.04

CP43)RC*/RP1 0.045 0.053 0.083

CP47/RC*/RP1 0.033 0.036 0.05

CP47)RC*/RP1 0.066 0.053 0.09

RP1/RP2 0.25 0.31 0.22

RP1)RP2 0.0625 0.078 0.064

RP2/RP3 0.0037 0.0035 0.0026

RP2)RP3 7.1E-04 7.2E-04 5.26E-04

Transfer processes were modeled using the target scheme of Fig. 6. The

annihilation rates, included in the target model by means of an additional

intradecay component for the antenna and the RC*/RP1 compartments, are

not reported in the table. In all cases, annihilation is completed in ;2–3 ps.
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DISCUSSION

Charge redistribution on P1
680 in the mutants

In this work, we have studied the dynamics of energy transfer

and primary charge separation in intact PS2 core complexes

from Synechocystis sp. PCC 6803 by using vis-pump/mid-

IR-probe spectroscopy. By comparing the time-resolved IR

spectra of WT PS2 cores with those of specific mutants in

which the environment of the primary donor has been mod-

ified by ligand substitution on PB, we expect to be able to gain

information on the dynamics of charge separation and to

spectrally identify the putative primary donor, BA. To extract

information on charge redistribution of P1
680 induced by the

introduced mutation, we compared the light-induced FTIR

spectra of WT and D2-His197Ala mutant. Analogous mutants

have been previously produced also for RCs from non-

oxygenic purple bacteria. In that case, ligand substitution

with leucine of HisM200 and HisL173, coordinated, re-

spectively, to the PM and PL bacteriochlorophylls forming the

special pair, caused the loss of the central magnesium from

the bacteriochlorophyll with the mutated ligand and, conse-

quently, the formation of a heterodimer consisting of a bac-

teriochlorophyll and a bacteriopheophytin (47). It is worth

noting that, in bacterial systems, ligand substitution by Gly

retained both PM and PL chlorophylls, inducing only minor

perturbations on the structural and functional properties of

the special pair, as shown by the comparison of Raman

spectra of WT RCs with those containing the Gly substituted

ligand (48). For Rb. sphaeroides, comparison of FTIR dif-

ference spectra of the WT and the leucine mutants at the

positions L173 and M200, allowed a spectral assignment of

the vibrations characteristic of PM and PL. In particular, the

intensity of the bands at ;1290, 1500–1430, and 1580–1530

cm�1 was strongly reduced in the mutants, thus indicating

that those vibrations are characteristic for an interacting di-

mer of Chls. Although to a minor extent, we also observe

perturbation of bands located at similar positions in the FTIR

spectrum of D2-His197Ala mutant when compared with the

WT spectrum, thus indicating charge redistribution on P1
680

due to the introduced mutation. Information on the charge

distribution on P1
680 can also be obtained from the amount of

up-shift observed for the 9-keto absorption upon charge

separation, which is 25–32 cm�1 for Chl in tetrahydrofuran,

and is 26 or 24 cm�1, respectively, for PS2 WT and the

D2-His197Ala mutant, if measured between the most intense

bands in the carbonyl region (1699(�)/1725(1) for WT and

1702(�)/1726(1) for the mutant.) By comparing the shift

observed for the WT and the mutant, it would appear that the

charge redistribution on P1
680 due to the mutation is not very

significant, since the variation of only 2 cm�1 is minor. It is

difficult to exactly quantify the amount of charge redistri-

bution in the dimer based on this measurement, but a quali-

tative idea can be obtained by comparison with the up-shift

measured for WT Rb. sphaeroides RC. In that case, an up-

shift of 21 cm�1 was observed, corresponding to a charge

ratio of 2:1 between the two halves of the special pair, as

measured by ENDOR experiments (49). If in WT PS2 core

the positive charge is for the 86% on PA, as also estimated

from ENDOR experiments (50), an up-shift difference of

2 cm�1 between WT and mutant would imply a charge lo-

calization of ;76% on PA for the mutant. This estimation has

to be taken with extreme care, since it is based on the com-

parison between data collected from purple bacteria and PS2

core, which are completely different organisms. A more

quantitative estimation of charge redistribution on P1
680 due to

the modification of PA or PB ligand would require the ap-

plication of experimental methods better suited to measuring

the spin distribution on the dimer, such as EPR or ENDOR. It

is worth noting that changes are also observed in the structure

of a broad band centered at ;2000 cm�1, which has been

assigned to an electronic transition of P1
680; and is taken as an

indication of partial charge delocalization in the dimer. The

intensity of this transition is higher in the mutant, as expected

if the charge is more delocalized between PA and PB (51). The

band also looks more structured, showing peaks at 1880,

2090, and 2200 cm�1, whereas in the case of the WT only a

broad maximum centered around 2000 cm�1 is visible. The

comparison of spectral features in this region is reported in

the Supplementary Material (see Fig. S3 in Data S1).

Mutation-induced changes on the dynamics of
primary energy transfer and charge separation
and spectral assignment of the 9-keto band of BA

The comparison of the time-resolved infrared spectra of the

WT and the two P680 mutants analyzed in this work can give

new insights into the mechanism of primary charge separa-

tion in PS2 and, in particular, on the role of the accessory

chlorophyll BA in this process. Both global and target anal-

ysis of the time-resolved data showed differences in the dy-

namics of primary energy and charge-separation processes

induced by the mutations of the P680 ligand, which may

therefore be due to a modification of the electronic levels of

P680 and BA and of the reduction potential of P680. The dy-

namical components mostly affected by the mutations are

those related to energy transfer and equilibration between the

antenna complexes and the reaction center and to the stabi-

lization of the radical pair P1
680H�: These effects are consis-

tently captured both by the global analysis, which for both

mutants, but in particular for the D2-His197Ala, shows a

faster kinetics for the two earliest time components and a

slower rate for the following spectral evolution, and by the

target analysis of the data, which shows that the most affected

lifetimes are those related to the equilibration between an-

tennas and reaction center (;30 ps) and relaxation of the

secondary radical pair (360–500 ps).

The faster energy transfer is likely due to the changed

absorption properties of P680/BA due to ligand substitution

(37) causing better spectral overlap with the CP43 and CP47

transferring states. The slight difference in the faster lifetime
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(2.3–4.0 ps) we interpret with caution, since it may be

influenced by the relative amount of annihilation occurring in

the first picosecods. This lifetime is representative for the

decay of the RC*/RP1 compartment as a result both of the

formation of RP2 (P1
680H�) and of annihilation. Inspection of

Table 2 indeed shows that the charge separation rate is not

significantly affected by the introduced mutation, in agree-

ment with the idea that the primary donor resides on a pig-

ment other than P680, whose electronic properties are, as

discussed before, influenced by ligand substitution. It appears

that in the case of the D2-His197Gln mutant, the amount of

annihilation is less than for the other two samples, deter-

mining the 4.0-ps lifetime to be longer compared to the

corresponding 2.7- and 2.3-ps lifetimes, respectively, mea-

sured for the WT and D2-His197Ala samples. This is also

evident from the EADS obtained in the sequential analysis

(Fig. 5), showing that the excited-state decay occurring in the

first picoseconds, and evidenced by the decay of the induced

absorption signal in the 1650 cm�1 region between the first

two EADS, is less in the case of this mutant than for the WT

and the D2-His197Ala mutant.

We also find that the dynamics of RP2 relaxation, i.e., a

drop in the free energy of the P1
680=H� radical pair, is slower

in both mutants, possibly because of a variation in the reor-

ganization energy associated with electron transfer and dif-

ferent interactions of the radical pair with the protein

environment, due, for instance, to the PB macrocycle dis-

tortions or to the direct effect of the altered nearest coordi-

nating amino acid. This finding is in agreement with the idea

that protein dynamics has a strong influence on electron

transfer kinetics, as recently pointed out in a study consid-

ering the kinetics of primary charge separation in bacterial

reaction center mutants with altered driving force for electron

transfer (52). According to the results of that investigation, it

appears that protein response to the initial excitation events is

fast and independent on the driving force for electron trans-

fer, whereas charge separation readily occurs only when the

protein has achieved a suitable nuclear configuration.

Finally, information on the spectral properties of BA can be

obtained by comparing the WT and mutant spectra repre-

senting the RC*/RP1 state of the system obtained by target

analysis. The SADS of the RC*/RP1 compartment obtained

for both mutants are compared in Fig. 9 with that obtained for

the WT.

The three SADS differ significantly in the carbonyl

bleaching region. The WT spectrum shows two bleaching

signals, at 1702 and 1680 cm�1, and positive signals at 1728

and 1716 cm�1, in addition to a broad induced absorption

band peaking at 1660 cm�1. The D2-His197Gln SADS shows

an additional small bleaching at 1691 cm�1 whereas for the

D2-His197Ala mutant, bleaching signals at similar positions

to those observed for the WT are evident. Signals in the RC*/

RP1 spectrum for the WT can be assigned by comparison

with steady-state FTIR measurements (23,40). Since this

spectral component represents a mixture of RC excited state

and the first radical pair, we expect that signals both from B1
A

and H�, forming the primary radical pair, and from P680*,

which is involved in the excited state of the reaction center,

will contribute to this spectral component. According to the

literature, the signal at 1702 cm�1 can be assigned to the

9-keto carbonyl of PA, although, as mentioned before, less

agreement has been reached on the position of the 9-keto

bleaching of PB. Absorption from the primary electron ac-

ceptor H� is expected to contribute to the bleaching at ;1680

cm�1, in agreement with the assignment from steady-state

FTIR measurements (23). No bleaching signals directly at-

tributable to BA are visible.

There have been a few suggestions in the literature con-

cerning possible spectral assignment of the 9-keto carbonyl

of BA. One possibility is that the 9-keto carbonyl of BA ab-

sorbs at 1687 cm�1, as suggested by target analysis on femto-

IR data collected from isolated RC samples from spinach (8),

whereas another possibility comes from the measurement of

light-induced FTIR difference spectra of the triplet state in

PS2 RCs from spinach, where it has been shown that the Chla
on which the triplet is principally localized at low tempera-

ture, which has been recently identified as BA (53), absorbs

at ;1670 cm�1 (45,54). We expect that by introducing the

mutation, which should displace the H-bonding water mol-

ecule on BA, the absorption band of the latter would upshift.

By comparing the SADS reported in Fig. 9, we favor the

assignment based on the triplet FTIR measurements, also

supported by the analysis of the vibronic structure observed

in the 5K line narrowed emission spectrum of PSII (55).

According to this interpretation, the small bleaching ap-

pearing at 1691 cm�1 in the RC*/RP1 spectral component in

the case of the D2-His197Gln mutant could be assigned to the

upshifted 9-keto carbonyl of BA. We note that the spectra

from the global analysis of the D2-His197Gln mutant appar-

ently indicate an incomplete recovery of this bleaching on the

long timescales, which would be expected to occur for a BA

signal. This finding could possibly be related to an electro-

FIGURE 9 Comparison between the spectra of the RC*/RP1 compart-

ment (a) on WT PS2 core complexes with those of the D2-His197Gln (b) and

D2-His197Ala (c) mutants, obtained by target analysis.

4792 Di Donato et al.

Biophysical Journal 94(12) 4783–4795



chromic signal arising from BA that is sensitive to the charge

on PA. Furthermore, in WT, and, to a minor extent, in the Ala

mutant (see Fig.5), we observe at later times a downshift of

the bleaching that is initially located at ;1700 cm�1. This

spectral evolution is principally due to the pheophytin reduc-

tion leading to compensations between P1
680=P680 and H�/H

absorptions as we could establish from the good agreement

between our P1
680H� spectra and the P1/P and H�/H spectra as

obtained by FTIR (Fig. 4). In the case of the Ala mutant, the 9-

keto carbonyl of BA is also expected to upshift, in this case

possibly to 1678 cm�1, where, however, contributions from H

and possibly PB are also present. The relative intensity of the

two bleaching signals observed at 1702 and 1678 cm�1 is

different between WT and D2-His197Ala mutant, with a rel-

atively more intense signal at 1678 cm�1 in the case of the

mutant. This observation is in line with the hypothesis of a

contribution from BA to this signal in the D2-His197Ala

sample, but not in the WT, where the 1670 cm�1 signal is

hidden by the induced absorption band. Our assignment is

thus based on the comparison between the SADS obtained by

target analysis of time-resolved data, whose interpretation is

in line with the expected effect of hydrogen-bond strength

variation on the carbonyl group absorption and the agreement

with data previously reported in the literature.

CONCLUSIONS

The results presented in this work confirm that the dynamics

of energy transfer and primary charge separation in PS2 core

can be explained very well by using a kinetic model con-

taining two slowly transferring antenna compartments con-

nected to the reaction center, which, once excited, induces

fast primary charge separation.

The comparison of vis-pump/mid-IR-probe spectra of WT

PS2 core with those recorded for mutants where the histidine

residue coordinated to PB has been changed to alanine or

glutamine allowed us to examine the changes in the dynamics

of primary energy transfer and charge separation in PS2 in-

duced by ligand substitution on P680. All of the observations

reported are in line with participation of the monomer chlo-

rophyll BA in the process of primary charge separation, and

give substantial support to the hypothesis that the primary

charge separation in PS2 predominantly starts from BA and

not from P680. Finally, the comparison between the SADS

obtained by target analysis of our time-resolved data and

information previously reported in the literature allowed us to

suggest a plausible assignment for the absorption band BA.
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