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ABSTRACT: The red tail of the absorption spectrum of the D1-D2-cytb559 complex, defined as the
absorption signal not described by the two Gaussian sub-bands associated with the intense electronic
transitions at 680 and 683 nm, exhibits anomalous temperature behavior. This tail was analyzed in the
temperature interval between 80 and 300 K in terms of the mean square deviation (σ2) of the total Qy

absorption band and by Gaussian sub-band decomposition. The value of the average optical reorganization
energy (Sνm) obtained from the temperature dependence ofσ2 for the whole absorption band was 32
cm-1, and changed to 16-20 cm-1 after subtraction of the sub-bands describing the red tail. This latter
value is in agreement with the hole burning literature data for chlorophyll bound to proteins, and indicates
that the rather high value for the apparent optical reorganization energy obtained by analysis of the total
Qy band of the D1-D2-cytb559 complex is determined by the temperature sensitivity of the red tail.
This suggests that the long wavelength absorption tail might be due to vibrational transitions associated
with vibrational modes in the range of 80-150 cm-1 which are thermally accessible and give rise to an
absorption signal on the low-energy side of the (0,0) transition. On the basis of this assumption, the
electron-phonon coupling strength (S) for these modes is estimated to be in the range 0.028-0.18. This
interpretation furthermore supports the idea that the electronic transition near 683 nm is that of a monomer
chlorophyll.

In photosystem II of higher plants, photochemistry occurs
at the reaction center where the primary donor (P680) reduces
the primary acceptor (pheophytin) with a time constant which
is thought to be between 2 and 3 ps (1, 2). A relatively stable
chlorophyll (chl)-protein complex which binds both the
primary donor and acceptor in a functionally active state was
isolated by Chapman (3). This complex, known as D1-D2-
cytb559, binds six chlorophylla and two pheophytin
molecules (for a review, see refs4 and5). These pigments

bind to nonequivalent protein sites and give rise to consider-
able spectral congestion in the wavelength interval between
660 and 684 nm, thus complicating interpretation of the D1-
D2-cytb559 absorption spectrum. Nonetheless, several
individual transitions have been tentatively identified. The
two pheophytins may absorb near 670 (6) and 680 nm (7-
9), respectively, and it is generally accepted that the primary
donor also absorbs near 680 nm (7-10). Absorption differ-
ence spectroscopy in selectively photobleached complexes,
hole burning, and CD spectroscopy indicate the presence of
a transition near 674 nm (5, 9, 11, 12), while a comparative
analysis of the five and six chlorophyll binding preparations
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suggests that there is another chl absorption near 670 nm
(5).

Finally, Kwa et al. (13) and Chang et al. (5) with
absorption and triplet-minus-singlet studies at liquid helium
temperature showed the presence of a low-energy transition
in the D1-D2-cytb559 complex near 683-684 nm. Kon-
ermann et al. (14), using site selection vibrational fluores-
cence spectroscopy, demonstrated that this transition is
associated with a chlorophyll rather than a pheophytin
molecule, and its inhomogeneously broadened band was
recently analyzed at 80 K by Finzi et al. (11).

There is some discussion in the literature concerning the
electron-phonon coupling properties of the long wavelength
absorbing pigments in the D1-D2-cytb559 complex which
is relevant to the question of whether these pigments are to
be considered as part of a primary donor multimer (15, 16).
Extensive hole burning studies by Small and co-workers (17)
have shown that the electron-phonon coupling to low-
frequency phonon modes (νm ) 20-30 cm-1) is strong (S,
coupling strength,g 2) for the primary donors of both
bacterial and plant photosystems, while that of monomeric,
antenna-like chlorophylls is rather weak (S e 1). For the
transition around 683 nm, both hole burning (18) and
selective photobleaching (11) studies suggest values forS
in the range of 0.7-0.9. On the other hand, site-selected
fluorescence studies of the red tail of this complex have been
interpreted in terms of a quite strong “average” electron-
phonon coupling strength (S= 1.6) of the red-most electronic
transition to a number of Franck-Condon active phonon
modes in the frequency range from 20 to 500 cm-1, implying
that the 683 nm transition may in fact form part of a primary
donor chlorophyll multimer (19). In addition, we have
previously noted, using the absorption band thermal broaden-
ing approach to analyze electron-phonon coupling (20), that
the red absorption tail of the D1-D2-cytb559 complex can
be described by a broad Gaussian sub-band, near 680 nm,
though this requires that it be assigned with unreasonably
high electron-phonon coupling values. Even though this
broad band is not considered to have any precise physical
meaning, this observation is interesting as it shows that the
red tail exhibits unusual thermal behavior. In light of these
problems, we have further analyzed the thermal behavior of
the red tail of the D1-D2-cytb559 complex. We demon-
strate that the unusual thermal behavior of the red tail is due
to its marked temperature sensitivity, decreasing in intensity
as the temperature is lowered, and that this may be explained
in terms of low-energy vibrational bands associated with the
weak coupling of electronic transitions (e.g., at 683 nm) to
phonons of relatively high energy (80-150 cm-1). Some of
these data have been presented in a preliminary report (21).

MATERIALS AND METHODS

The D1-D2-cytb559 complex was obtained according
to the method of Chapman et al. (3), starting from PSII1

membranes prepared as previously described (20). The
absorption maximum at room temperature was close to 676
nm which is taken to be an indication that the complex is
not degraded (22). Pigment analysis revealed a chlorophyll/
pheophytin ratio of about 3 (23), thus indicating that the
preparation used in this study is of the six-chlorophyll/two-
pheophytin type.

Absorption spectra of the D1-D2-cytb559 complex
between 80 and 298 K were measured and numerically
decomposed as previously described (23, 24). The experi-
mental spectra were fitted with a linear combination of
Gaussian functions. Each Gaussian is defined as the sum of
two half-Gaussians, thus allowing it to be asymmetrical. The
absorption spectra thermal broadening was analyzed in the
frame of the linear electron-phonon coupling assumption.

RESULTS

The D1-D2-cytb559 complex spectroscopic properties
are those of a heterogeneously broadened particle since
different pigment-binding protein sites which alter the
pigment energy levels exist, giving rise to different electronic
transitions. The spectroscopic properties of the sub-bands
are determined mostly by two types of contributions. The
first is due to the coupling of the electronic transition to low-
frequency vibrational modes (phonons) of the pigment-
protein matrix, and its temperature dependence is determined
by the occupation probability of these vibrational modes. This
leads to the so-called “homogeneous” broadening of the
absorption signal. The second is due to statistical fluctuations
in the conformation of the chromophore binding site, and it
is generally thought to be temperature-independent. This
leads to the so-called “inhomogeneous” broadening. Thus,
the mean square standard deviation (σ2) of the absorption
band of a pigment in a given site in the linear electron-
phonon coupling assumption is given by ref25:

whereSandνm are the coupling strength and mean frequency
(cm-1) of the phonon bath,h is Planck’s constant,c is the
speed of light,kB is the Boltzmann constant,T is the absolute
temperature, andσinh is the contribution toσ (cm-1) due to
inhomogeneous broadening.

In the case of a composite absorption band, withN
different electronic transitions the mean square standard
deviation of the whole band (σtot) is given by (26)

whereAk is the area of thekth absorption transition,Skνmk is
the optical reorganization energy for thekth transition, and
σ′inh is the contribution toσtot due to the inhomogeneous
(statistical) broadening of each underlying transition and the
broadening due to the presence of these different transitions
(heterogeneity). Forhcνmk , 2kBT, eq 2 can be simplified:

where C ) 1.39 K-1 cm-1. If it is assumed that all the
underlying transitions have similar properties, plotting (σtot)2

of the absorption band as a function of temperature yields
the Sνm of the single transitions. When the underlying
transitions have different electron-phonon coupling proper-
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ties, the plot gives an averageSνm for the various transitions
which does not have a precise physical meaning.

Sample spectra are presented for room temperature and
80 K (Figure 1) where it can be seen that at the lower
temperature the red edge goes to zero very abruptly, as is
commonly observed. In the following, we analyze theσ2 of
the Qy absorption band of the D1-D2-cytb559 complex
between 658 and 720 nm (see Figure 2 and Table 1) and
from this determine, according to eq 3, an averageSνm of
32 cm-1. This value is much higher than that derived from

studies of hole burning (18, 19) and thermal broadening (21)
of the single Gaussian sub-bands where, taking into account
both P680 (Sνm ≈ 40 cm-1) and the accessory pigment
transitions (Sνm ≈ 15-20 cm-1), averageSνm values of
around 20 cm-1 are expected for the total absorption band.
In the remaining part of this analysis, we have investigated
the possibility that this discrepancy might be associated with
the red absorption tail, as it has already been noticed that
this exhibits anomalous thermal behavior (see the introduc-
tory section).

The D1-D2-cytb559 complex absorption spectrum was
therefore decomposed into sub-bands as previously described
(20; seven-sub-band decomposition) with the red tail being
described by additional, minor, Gaussians. As we are only
analyzing the red absorption tail in this study, the absence
of the high-energy vibrational structure in our Gaussian
model is not important. We note in passing that, as pointed
out above, while it is possible to describe the thermal
behavior of the red tail with an abnormally broad sub-band
at 680 nm which has an unreasonably high apparentSνm

(20), no such description is possible using a sub-band
positioned at 683 nm, irrespective of the bandwidths
employed (data not presented). Thus, for analytical purposes,
we have used additional, minor Gaussians to describe the
tail. Figure 3 shows two different decompositions describing
the red tail, defined as the absorption signal not described
by the sub-bands of the intense transitions at 680 and 683
nm which have thermal broadening characteristics (80-300
K) in agreement with hole burning (7, 13) and selective
photobleaching (11). In this way, the tail is described by
either two or three sub-bands. For clarity, only the red half
of the absorption spectra of the D1-D2-cytb559 complex
is shown in the figure. All the sub-bands which describe the
absorption spectrum that are not in the red tail are identical
to those already described (20); they are nearly symmetrical,
and their peak positions and areas are conserved upon
lowering T. On the other hand, whenT is decreased, the
sub-bands fitting the red tail tend to shift toward shorter
wavelengths, and lose both height and area. No major
difference is found among the two decompositions of the
red tail. Both describe the absorption signal in this spectral
region of the D1-D2-cytb559 complex and its decrease
on lowering the temperature. We emphasize here that no
specific physical meaning is attributed to the sub-bands fitting
the red absorption tail. They represent a way to analytically
describe the anomalous thermal behavior of the red tail.
When σ2 for the absorption band was analyzed after
subtraction of these minor, temperature sensitive, bands in
the red tail, averageSνm values between 16 and 20 cm-1

were obtained (Figure 2 and Table 1). Thus, the anomalous
temperature behavior of the red tail seems indeed to be
responsible for the large average apparentSνm obtained by
analysis of the whole band.

DISCUSSION

In this paper, we analyze the thermal behavior of the red
absorption tail of the D1-D2-cytb559 complex which, as
pointed out in the introductory section, seems to be anoma-
lous. To this end, the red tail was studied (i) in terms of the
mean square spectral deviation (σtot)2 of the entire Qy

absorption band of this complex as a function ofT and (ii)
by Gaussian decomposition. From this analysis of the mean1 Abbreviation: PSII, photosystem II.

FIGURE 1: D1-D2-cytb559 complex absorption spectra at room
temperature (dotted line) and at 80 K (solid line).

FIGURE 2: Temperature dependence of the (σtot)2 of the D1-D2-
cytb559 complex absorption spectrum. Data from the experimental
spectrum (9) and data (b) after subtraction of long wavelength
sub-bands in the case of two-sub-band tail decomposition, linear
fit (solid lines).

Table 1: AverageSνm Values Derived from Linear Fitting of the
Temperature Dependence of the (σtot)2 of the D1-D2-cytb559
Complex Experimental Absorption Spectruma

ES
ES- two red

sub-bands
ES- three red

sub-bands

Sνm (cm-1) 32 16 20
a The values refer to analysis of the entire band (ES) and of the

entire band from which either two or three of the minor red-most sub-
bands were subtracted.
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square spectral deviation, an average reorganization energy
(Sνm) of 32 cm-1 was determined which, as described in the
Results, is considerably greater than the expected value of
around 20 cm-1, determined on the basis of published values
for P680 and the accessory pigments (11, 20). This discrep-
ancy was analyzed in terms of the thermal behavior of
Gaussian sub-bands used to describe the red tail. The starting
point for this analysis is the well-documented presence of
absorption transitions near 680 and 683 nm (5, 7, 13) with
characteristic electron-phonon coupling properties (17),
which in the linear electron-phonon coupling assumption,
lead to easily predicted thermal broadening behavior. The
red tail is defined here as the long wavelength absorption
signal which is not described by these two electronic
transitions in the 80-300 K temperature interval and was
analyzed in terms of two different sub-band descriptions,
employing either two or three bands. In all cases, these minor
sub-bands proved to have characteristics which were com-
pletely different from those of the major bands describing
the spectral region outside the red tail. In particular, and this
is not dependent on the number of sub-bands used, they are
strongly asymmetrical at all temperatures and upon the
temperature being lowered they shift toward shorter wave-

lengths and decrease in area. Interestingly, whenσ2 for the
absorption band was calculated after subtraction of these
minor, temperature sensitive red sub-bands, averageSνm

values of 16-20 cm-1 were calculated as expected (11, 20).
Thus, the unexpectedly high apparent reorganization energy
of the whole band (32 cm-1) is clearly due to the temperature
sensitivity of the red tail.

We will now discuss the possible physical origin of the
temperature sensitivity of the absorption red tail. From the
extensive hole burning studies of protein-bound chlorophylls
(17), apart from the low-frequency phonons with aνm of
20-30 cm-1, weak Franck-Condon modes were also
detected in the 200-500 cm-1 interval. As these modes are
thermally accessible at room temperature, they will give rise
to absorption bands on the low-energy side of the (0,0)
transition. These absorption bands are, however, usually
extremely weak, mainly because the higher-frequency phonons
are only very weakly coupled to the chlorophyll electrons
(27). On the other hand, recent site-selected fluorescence
measurements (19, 28) on the emitting state at 5 K of the
D1-D2-cytb559 complex seem to indicate the presence of
an extensive vibrational structure in the frequency interval
which is thermally accessible at room temperature, with a

FIGURE 3: Gaussian decomposition analysis of the D1-D2-cytb559 complex red absorption tail at room temperature (A and C) and 80
K (B and D). For clarity, only the red half of the absorption spectra (solid line) and the sub-bands peaking at 680 nm and longer wavelengths
(dashed lines) are shown. The sum of the sub-bands is perfectly superimposed to the experimental curve and for this reason invisible.
Panels A and B and C and D describe the red tail making use of either two or three sub-bands, respectively.
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pronounced and quite intense mode near 80 cm-1 suggesting
a relatively high degree of coupling with the electronic
transitions. These relatively high-frequency phonons are
expected to give rise to a significant, low-energy, absorption
vibrational structure at high temperatures which will decrease
upon lowering the temperature (26) as does the red tail of
the D1-D2-cytb559 complex. We therefore tentatively
conclude that the red tail of the PSII RC complex may not
be due to electronic transitions but could be associated with
low-energy vibrational bands, following the suggestion of
Zucchelli et al. (26) for the red tail of LHCII. This conclusion
could also explain the low-intensity Gaussian near 688 nm
found in the decomposition analysis of the photobleaching
at 80 K of the 683 nm spectral form in the D1-D2-cytb559
complex (11).

In this hypothesis, the thermal broadening data (Figure 2)
can be easily analyzed in terms of Franck-Condon coupling
to both a low-frequency (νmL ) 25 cm-1) and a high-
frequency phonon (νmH) (26), which we have taken to be in
the range of 80-150 cm-1, according to

Using the values ofνmL andνmH indicated above and anSL

of 0.7-1, we find values forSH between 0.18 and 0.028,
indicating that the electron-phonon coupling strength for
coupling to the higher-frequency phonons is weaker than to
the low-frequency phonon modes. Of course, if we had
considered more than one high-frequency phonon in these
calculations, the coupling strengths would have been even
lower.

It should be pointed out that this analysis of thermal
broadening absorption spectra contrasts with that of Peterman
et al. (19). These authors discussed their site-selected
fluorescence data, measured at 5 K, in terms of a strong
“average” coupling (S = 1.6), for all vibrational modes in
the 20-500 cm-1 interval, to the electronic transitions
associated with the 680 and 683 nm forms. In passing, we
point out that Groot et al. (18) considered that the P680 was
nonfluorescent in the range of 2-4 K, so there are some
unresolved discrepancies concerning the very low-temper-
ature fluorescence measurements of this complex. We here
show that the thermal broadening of the red tail can be well
explained in terms of “strong” electron-phonon coupling
(S = 2) for P680 to the low-frequency phonons, “weak”
coupling (S ) 0.7-1.0) of the 683 transition to the low-
frequency bath, and “very weak” (S) 0.028-0.18) coupling
of these transitions to higher-frequency phonons. Thus, we
see no need to modify our previous conclusion (11), in
agreement with that of Groot et al. (18), that the 683 nm
transition has the electron-phonon coupling characteristics
of a monomer, antenna-type chlorophyll.
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