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Abstract

Laser-induced hole-"lling of a primary hole (at j
13*

) after burning of a secondary hole (at j
4%#

) was measured in
Q

y
absorption spectra of the photosystem II reaction center at 4.2 K. The areas of the primary burnt holes were "lled

more for j
13*

'j
4%#

than for j
13*

(j
4%#

. The observed laser-induced hole "lling kinetics followed biexponential decays for
j
13*

'j
4%#

, while for j
13*

(j
4%#

they were only monoexponential. Two di!erent laser-induced hole "lling mechanisms
were connected with two di!erent decay parameters. The "rst laser-induced hole "lling mechanism was interpreted as
photoinduced relaxation of the protein matrix, while the second one was due to excited energy transfer in the reaction
center of photosystem II. ( 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Photosystem II (PS II) is one of two main photo-
synthetic units in green plants and cyanobacteria.
Photosystem II oxidizes water and provides elec-
trons for reduction of carbon dioxide to organic
substances. Photosystem II consists of antenna and
reaction center (RC) complexes. The antenna com-
plexes absorb visible light and transfer excitation to
the primary electron donor within the RC, where
the energy is trapped by a sequence of electron-
transport reactions.

The PS II RC consists of the D1 and D2 proteins,
the a and b subunits of cytochrome b559 and the

product of the psbI gene. It was "rst isolated [1].
Since that time several PS II RC complex prepara-
tions containing well-de"ned numbers of chloro-
phylls a (Chl a), pheophytines a (Pheo a) and
b-carotenes (b-Car) were prepared using other
biochemical techniques, e.g. [2].

The molecular structure of the PS II RC is not
well known, because it has not been up to now
achieved su$cient resolution of X-ray di!raction
and electron microscope studies. The understand-
ing and interpretation of excited energy transfer
and electron transport in PS II RC are therefore
based mainly on homology of the D1 , D2 proteins
with the L and M proteins in the RC of purple
bacteria, where the structural methods were suc-
cessful, and on application of high-resolved spec-
troscopic studies of their functional properties.
Fast (fs}ps) excited energy transfer and electron
transport were widely studied directly by means of
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time-resolved absorption and #uorescence spec-
troscopy as well as indirectly using hole-burning
technique.

Spectral hole-burning investigations [3}5] con-
sist of measuring of both resonant and o!-resonant
holes in low-temperature absorption, #uorescence
and #uorescence excitation spectroscopy. More-
over, spontaneous and laser-induced hole "lling
(LIHF) studies provide additional information
about hole burning and hole-"lling mechanisms.

Spontaneous hole "lling of cresyl violet in poly-
vinyl alcohol "lms was studied [6]. It was
shown that the dominant mechanism for "lling is
an antihole reversion. Any global spectral dif-
fusion did not play dominant role in hole "lling.
A positive correlation between the rates of
burning and "lling associated with the external
two level systems (TLS) was found. The spontan-
eous hole-"lling mechanism interpretation was
based on the hypothesis that only a fraction of
burned sites, on reversion to the ground state,
yields sites with resonance frequencies that lie with-
in the hole pro"le.

LIHF of primary hole after burning of a second-
ary hole at di!erent wavelengths was measured and
interpreted in several below mentioned papers. Shu
and Small [7] concluded that the dominant LIHF
mechanism in cresyl violet in polyvinylalcohol "lms
is nonphotochemical (NPHB). They found that the
LIHF mechanism in their NPHB system is the
excitation of antihole site by the secondary burn-
ing. This LIHF mechanism involves electronic exci-
tation of the antihole sites by means of their broad
phonon side band. The dependence of the "lling
e$ciency on the value of uB!uS showed that the
antihole sites retain at least a partial memory of
their preburn con"gurations.

van den Berg and VoK lker [8] investigated LIHF
of ionic dyes resoru"n and cresyl violet in various
glasses and polymers. The obtained results sugges-
ted that these ionic dye systems undergo inter-
molecular photochemical hole burning with high
e$ciency. The results indicated that the host polar-
ity plays a key role in the photochemistry of these
charged molecules. This explained the observed
dependence on the wavelength. However, the area
totally "lled by LIHF in the absorption band was
much larger than newly burned hole area.

Furusawa and Horie [9] interpreted LIHF phe-
nomenon as the deactivation of dyes leading to
structural relaxation around them. This model ex-
plained the decreased quantum e$ciency of hole
formation in photochemical hole burning (PHB)
above 40 K. However, it also failed in explaining
the observed dependence on the wavelength. Sys-
tematic LIHF measurements in PHB were per-
formed in sulfonated tetraphenylporphin doped
into polyvinylalcohol in Ref. [10]. The authors
investigated mainly wavelength dependence of
a hole-"lling extent (c). The hole-"lling extent was
de"ned as c"lim

EB?0[1!*D(EB )/*D(0)]/EB ,
where *D(EB) is the primary hole depth after sec-
ondary burning using the burning energy EB . The
value of c was increasing with increasing spectral
distance between primary and secondary burning
wavelengths. Their quantitative LIHF interpreta-
tion was based on the existence of thermal excita-
tion in the ground S0 state. They found a potential
function that describes the density of states of the
doped dye to be a one-dimensional square well
potential.

Few researchers have tried to interpret LIHF in
systems with excited energy transfer (EET). Fearey
et al. [11] discussed three possible LIHF mecha-
nisms (thermal heating, site reversion and energy
transfer) in dye-doped organic systems between in-
dividual impurity TLS via host TLS. However, this
model was not able to explain the observed LIHF
dependence on the wavelength. The role of EET in
LIHF was further studied in #uorescence of core
photosynthetic antennae in Refs. [12,13]. Two
LIHF mechanisms were found to contribute to the
observed results: One was interpreted as a light-
induced structural relaxation (not involving spec-
tral di!usion) which is e!ective for both j

13*
5j

4%#
and j

13*
4j

4%#
and which is independent on

j
4%#

!j
13*

. The authors in Refs. [12,13] suggested
that next to structural relaxation an additional
mechanism is present. This additional mechanism
is e!ective only for j

13*
5j

4%#
and it is strongly

dependent on the value of j
13*

!j
4%#

. It originates
from fast downward excited energy transfer within
the CP 43 antenna. During the burning of the
secondary hole at j

4%#
a part of absorbed energy is

transferred towards chromophores absorbing at
longer wavelengths. As this EET is not strictly
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directed, the energy is dissipated over certain spec-
tral distribution of the "nal acceptors.

Kroh et al. [14] investigated LIHF in absorption
of bacteriochlorophyll d monomers without any
fast EET. They found that relative hole area decays
monoexponentially with the secondary burning ex-
position. The decay (hole "lling) coe$cient slightly
decreased with an increase in spectral distance be-
tween primary and secondary burning wavelengths
Dj

13*
!j

4%#
D.

It is generally accepted that excited energy is very
e!ectively transferred and "nally trapped mainly in
the PS II RC special pair even at low temperatures.
The aim of this contribution is to present LIHF
data obtained in PS II RC and to o!er plausible
interpretation of LIHF mechanism in the frame of
EET within the PS II RC.

2. Materials

PS II RC containing 5 Chl a and 1 b-Car per
2 Pheo a were prepared from Pisum sativum by
means of immobilized metal a$nity chromatogra-
phy according to Ref. [2]. The PS II RC samples
were dissolved in 60% glycerol-bu!er mixture to
get the desired OD+1 of PS II RC. The mixture
was slowly frozen in a bath or gas-#ow cryostat to
produce transparent samples at low temperatures
(4.2, 25 K).

3. Methods

Persistent hole-burning experiments were per-
formed in absorption spectra of PS II RC contain-
ing 5 Chl a at 4.2 K. The absorption spectra were
measured in single-channel mode by means of
stabilized 200 W quartz tungsten halogen lamp
together with double-grating monochromator (res-
olution 0.5 cm~1, sensitivity 0.001 OD). The scann-
ing beam was focused together with the burning
laser beam to the +1 mm2 area of the sample
immersed in the bath cryostat. The absorption sig-
nal was detected by cooled photomultipliers along
with a lock-in ampli"er. The holes were burnt into
Q

y
absorption band by a cw dye laser. (Spectra

Physics 375B, equipped with 3-plate birefringent

"lter and thin etalon.) The spectral width of the
laser was 0.3 cm~1. Zero #uence extrapolated
value of zero phonon hole (ZPH) width was deter-
mined from the burning laser intensity and burning
time #uence curves to remove a power broadening.

The e!ect of spontaneous "lling of the primary
hole was studied by measuring the ZPH at di!erent
delayed times t

$
after measuring of the primary

ZPH. The value of t
$

ranged from 102 to 104 s.
Laser-induced hole-"lling experiments were

performed similarly as described in Refs. [12}14].
Primary hole was burnt by the cw dye laser
(P"100 mW cm~2) tuned at the primary
wavelength j

13*
. Then the dye laser was tuned to the

secondary burning wavelength j
4%#

Oj
13*

and the
whole procedure of hole burning using a laser
power (P"50 mW cm~1) and increasing burning
time (04t43000 s) was repeated. A correction of
the di!erent sample optical density at di!erent
burning wavelengths was taken into account. Rela-
tive hole-"lled area [A0!A]/A increased with in-
creasing of the secondary burning exposition Pt,
where A0 is the area of the primary burnt hole
before the burning of the secondary hole (t"0).
The mathematical description of the function
A"A(P, t, j

13*
, j

4%#
) was systematically studied for

various j
13*

and j
4%#

.

4. Results

Fig. 1 shows typical low-temperature Q
y

absorp-
tion and (0}0) #uorescence spectra of the PS II RC.
The relatively high absorption band at 670 nm is
mainly due to scattered light in our samples and
not due to disrupted chlorophylls. The wavelengths
of j

13*
and j

4%#
ranged between 674 and 686 nm.

Typical dependence of the ZPH width dZPH"
d0#a(Pt)" measured in the primary burning
(j

13*
"680.0 nm) is shown in Fig. 2. P is the burn-

ing power, t is the burning time. This #uence de-
pendence was the same whether the hole is burnt as
primary or as secondary one. The obtained values
ranged 64d047 cm~1, while b+0.25 for
j
13*

"680.0 and 682.6 nm. Fig. 3 documents the
dependence of the ZPH area A on Pt. The burnt
hole area dependence is shown for data obtained
both from hole area integration and from hole "t
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Fig. 1. Low-temperature Q
y

absorption (full line) and (0}0)
#uorescence (dashed line) spectra of reaction center of photosys-
tem II containing 5 Chl a, 2 Pheo a and 1 b-Car.

Fig. 2. Typical #uence dependence d
ZPH

"d
0
#a(Pt)" mea-

sured in the primary burnt hole at 680.0 nm.

Fig. 3. Typical dependence of the burnt ZPH area A"A(Pt)
measured in the primary burnt hole at j

13*
"680.0 nm. Circles

represent the integrated hole area, squares are values calculated
from Gaussian hole pro"le "ts.

Fig. 4. Spontaneous hole "lling of the primary burnt hole at
680.0 nm. The ZPH area value A"A

0
exp(!t

$
/q

S
), against the

time t
$

after the primary burning.

calculation. From these dependencies we have
chosen the burning dose Pt"60 J to monitor hole
"ling of the semisaturated ZPH.

It was shown that spontaneous hole "lling of the
primary burnt holes does not in#uence the dZPH .
The value of dZPH"9.0$0.4 cm~1 was the same
even after 104 s (data not shown). On the other
hand, the value of A was decreasing with time t

$
of

the second measuring after primary hole burning.
Fig. 4 shows a typical dependence of hole area
burnt at 680.0 nm against the time. The spontan-
eous hole-"lling data were "tted by monoexponen-
tial decay A"A0 exp(!t

$
/qS ), where qS"1600 s.

This "t was latter used for subtraction of spontan-
eous hole "lling from all LIHF data.

Typical laser-induced hole-"lling spectra are
documented in Fig. 5. Absorption spectrum of PS
II RC after primary burning is shown above.
A deep burnt ZPH at j

13*
was "lled during the

secondary burning. After the secondary burning
using the same exposition the LIHF is less e$cient
for j

13*
(j

4%#
(middle) in comparison with that for

j
13*

'j
4%#

(bottom). Moreover, we found that
LIHF e$ciency increases (66}100%) with an in-
crease in value of j

13*
!j

4%#
for all j

13*
'j

4%#
. On

the other hand, the LIHF e$ciency is practically
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Fig. 5. Typical laser-induced hole-"lling spectra. Absorption
spectrum of PS II RC with a deep burnt ZPH at j

13*
"680.0 nm

after primary burning is shown above. After the secondary
burning using the same exposition the LIHF is less e$cient for
j
4%#

"681.4 nm (middle) in comparison with that for
j
4%#

"678.6 nm (bottom).

Fig. 6. Monoexponential laser-induced hole-"lling decay of the
primary burnt ZPH area for j

13*
(j

4%#
, j

13*
"680.0 nm,

j
4%#

"681.4 nm.

Fig. 7. Biexponential laser-induced hole "lling decay of the
primary burnt ZPH area for j

13*
'j

4%#
, j

13*
"680.0 nm,

j
4%#

"678.6 nm.
constant (45%) for j

13*
(j

4%#
. The LIHF decays

can be "tted by monoexponential curves following
the expression A(Pt)"A0#p exp[!Pt/qR] for
all j

13*
(j

4%#
(see Fig. 6). The parameter qR values

were on the order of 10 J for all LIHF performed
outside the pseudo-phonon wing. On the other
hand, LIHF decays cannot be "tted by monoex-
ponential function for j

13*
'j

4%#
. They can be "tted

successfully by biexponential curves following
the expression A(Pt)"A0#p exp[!Pt/qR]#
q exp[!Pt/qE] (see Fig. 7). The coe$cients qR were
comparable to previous case, while coe$cients
qE ranged about 1.2 J. The value of qR decreases
(from 40 to 10 J) with an increase in spectral dis-
tance of primary and secondary burning
wavelengths Dj

13*
!j

4%#
D for both above mentioned

cases. The values of LIHF parameters qR and qE are
plotted against the spectral distance of primary and
secondary burning wavelengths in Fig. 8.

5. Discussion

LIHF was found to be more pronounced for
j
13*

'j
4%#

than that for j
13*

(j
4%#

. The same quali-
tative trends in the "lling hole depths were ob-
tained in Refs. [9,10,12}14]. The "lled hole area
reached 45% for all j

13*
(j

4%#
independent of the
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Fig. 8. The values of LIHF parameters q
R

and q
E

plotted against
the spectral distance of primary and secondary burning
wavelengths Dj

13*
!j

4%#
D. Circles represent q

E
, full and open

squares denote q
R

for j
13*

'j
4%#

and j
13*

(j
4%#

, respectively.

value of qR . This value corresponds to that part of
the primary burnt sites which were recovered dur-
ing LIHF. From this fact it is evident that remain-
ing 55% of the sites changed their protein
environment during primary burning so dramati-
cally, that they were not able to recover during
secondary burning at j

13*
(j

4%#
. On the other

hand, the "lled hole area increased (from 66 to
100%) with increasing spectral distance of primary
and secondary burning wavelengths j

4%#
!j

13*
.

Such e$cient LIHF can be either due to absorption
and vibrational relaxation of higher energy of the
secondary burning, or due to downward EET. It is
impossible to decide the prevailing mechanism
from studies of the "lled hole area only.

Additional information can be obtained from
LIHF kinetics (#uences). These LIHF kinetics re-
#ect a correlation between primary and secondary
burnt sites. The LIHF kinetics are connected with
LIHF mechanisms. The LIHF kinetics for j

13*
(

j
4%#

follow monoexponential decay. The monoex-
ponential decay corresponds to single LIHF mech-
anism. The same monoexponential behavior was
found in bacteriochlorophyll d monomers [14]. On
the other hand, the LIHF decay cannot be "tted by
monoexponential function for j

13*
'j

4%#
. For this

case at least biexponential decay must be invoked.
The LIHF coe$cients qR are in a very good agree-
ment with those found in the monoexponential

decay. The agreement of qR values for both
j
13*

(j
4%#

and j
13*

'j
4%#

together with their identi-
cal dependencies on the spectral distance of pri-
mary and secondary burning wavelengths
Dj

13*
!j

4%#
D implies the same LIHF mechanism (see

Fig. 8). This LIHF mechanism is believed to be
photoinduced relaxation of the protein matrix. This
photoinduced relaxation occurs for all j

4%#
in the

Q
y

absorption band. The photoinduced relaxation
could originate from conformational and vibra-
tional changes of the protein matrix followed by
recovery of the primary burnt sites. LIHF tech-
nique is not able to determine details of this mecha-
nism. As the second LIHF coe$cient qE was found
only for j

13*
'j

4%#
and as it is independent on

j
13*

!j
4%#

in the spectral region studied, we con-
clude that qE represents another (second) LIHF
mechanism. The more e!ective (+1 J) LIHF
decay has not been observed in similar system
without excited energy transfer in Ref. [14]. For
these reasons we interpret the LIHF mechanism in
PS II RC as being due to backward photoconver-
sion of the antihole sites. These antihole sites are
excited indirectly by means of fast EET from
the sites absorbing at j

4%#
. Our LIHF results

obtained in PS II RC containing 5 Chl a are in
good agreement with LIHF trends observed in the
core antenna of PS II [12,13].

The Q
y

region of PS II RC absorption spectrum
can be deconvoluted into three main bands at 670,
680, and 684 nm [15,16]. The absorption at 670 nm
is due to two chlorophyll molecules located at the
peripheral histidins His118 and the D1 and
D2 proteins and which transfer energy to the pri-
mary donor. The main band at 680 nm is due to the
absorption of the primary electron donor P680.
The absorption at 684 nm is still a matter of debate
but it was recently concluded that this absorption is
due to the low-energy exciton band of the primary
donor P680 which can act as an energy trap. This
trap is not involved in the energy transfer [4,17].
Therefore, for j

13*
(j

4%#
there is no energy transfer

since all the energy is trapped by the 684 nm
chlorophyll population. If the secondary hole is
burnt at j

13*
'j

4%#
a part of the energy may be

transferred to the primary donor by the peripheral
chlorophyll molecules which absorb at 670 nm. The
absence of the energy transfer LIHF mechanism for
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j
13*

(j
4%#

supports the idea that the 684 nm
chlorophyll pool cannot act in the energy transfer.

6. Conclusions

The phenomenon of laser-induced hole "lling of
a primary hole after burning of a secondary hole in
absorption spectra at di!erent wavelengths was
studied in PS II RC. Two di!erent LIHF mecha-
nisms were found in PS II RC. The "rst was inter-
preted as photoinduced relaxation of the protein
matrix, while the second one is due to excited
energy transfer.
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