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ABSTRACT: Absorption spectra in the Qy region of the light harvesting complex II (LHCII) have been
measured in the temperature range 70-300 K. The spectra were analyzed by evaluating the temperature
dependence (a) of the total bandwidth and (b) of the sub-bands obtained by numerical decomposition in
terms of double Gaussians. The thermal broadening of the bands are interpreted, in both cases, as a
homogeneous component, due to the presence of linear electron-phonon coupling, plus an inhomogeneous
component, due to both statistical energy fluctuations at each pigment site and heterogeneity of the sample
itself. Sub-bands analysis, in which eight major components are identified, yields a reorganization energy
9 cm-1 e Sνm e 14 cm-1 and an inhomogeneous contribution in the range 120-170 cm-1. In all cases
the bands are substantially symmetrical in the 70-300 K temperature range. This observation gains
theoretical support from an analysis of the band moments, when the influence of a low-frequency vibrational
mode is considered. Analysis of the total absorption band yieldsSνm ≈ 70 cm-1; however, this high
value is reduced toSνm ≈ 11-20 cm-1 when the red-most sub-band, with maximum at 684 nm, is
eliminated at all temperatures. These data are discussed in terms of the underlying transitions, giving
strong support to the presence of extreme red absorption bands in LHCII. The presence of another low-
frequency mode withνm > 20-30 cm-1 is also proposed.

In higher plants, chromophores, mainly chl1 a and chlb
molecules, are organized in large arrays which absorb light.
The resulting electronic excitation is transferred to the
reaction centers where photochemical trapping occurs. PSII
antenna contains about 200-250 chl molecules per reaction
center and consists of at least six different chl-protein
complexes (for a review see Jennings et al., 1996). Two of
these, CP43 and CP47, contain only chla and are closely
associated with the RC. The other four complexes contain
both chla and chlb in different ratios (Dainese & Bassi,
1991) and are identified as the external antenna. One of
these, the major light harvesting antenna complex, is the chl
a/b protein complex LHCII. It binds about 50% of the total
chlorophyll and is the most abundant membrane protein in
plants. Crystallography of this complex at 6 Å (Ku¨hlbrandt
& Wang, 1991) and 3.4 Å (Ku¨hlbrandt et al., 1994)
resolution indicates a trimeric basic unit of symmetrically
arranged monomers containing about 12 chl molecules each
(7 chl a and 5 chlb). The chlorophyll molecules seem to
be arranged on two levels with an estimated nearest-neighbor
distance between centers of chls on the same level in the
range 9-14 Å (Kühlbrandt et al., 1994), a distance very
similar to the chl tetrapyrrole ring diameter (∼8 Å, Kühl-
brandt et al., 1994). This closely packed organization
suggests the possibility of excitonic interactions between
chromophores but, to date, clear direct evidence for their
presence is lacking. For chlbGülen and Knox (1984) have
proposed, extending an earlier analysis (van Metter, 1977),

an arrangement with C3 symmetry, giving rise to exciton
splitting with transitions at about 666 nm (nondegenerate)
and 653 nm (2-fold degenerate). However, from LHCII
crystallography (Ku¨hlbrandt & Wang, 1991; Ku¨hlbrandt et
al., 1994), the presence of a C3 symmetry between the
identified chromophores seems to be absent, though the
trimeric complex has a C3 symmetry and an interaction
between chlb molecules on different monomers cannot be
excluded. The presence of excitonic interactions chlb-chl
b, chl b-chl a, and also chla-chl a has been suggested
(Ide et al., 1987; Hemelrijk et al., 1992) by low temperature
analysis of LHCII optical spectra.

The very complicated spectroscopic properties of LHCII
have been analyzed using different techniques both at
cryogenic temperatures and at RT (Zucchelli et al., 1990,
1992; Kwa et al., 1992; Hemelrijk et al., 1992; Krawczyk et
al., 1993; Reddy et al., 1994; Nussberger et al., 1994).
Considerable spectral congestion, with at least 5-7 separate
transitions in the wavelength range 660-684 nm, plus
contributions due to chlb in the wavelength range around
and below 650 nm is suggested. The presence of these
different transitions is quite intriguing as chla in different
solvents exibits a maximum absorption around 661-665 nm
(Seely & Jensen, 1965; Porra, 1991). A possible explanation,
first proposed by French and co-workers (1972), is that chl
molecules in different protein environments change their
spectral characteristics, thus giving rise to different spectral
forms. The possibility of modulation of the light absorption
properties of porphyrins has been recently supported by
calculations on the consequences of conformational distor-
tions of the porphyrin skeleton imposed by the host protein
(Gudowska-Nowak et al., 1990). The number of separate
transitions proposed to describe the absorption spectrum of
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1 Abbreviations: chl, chlorophyll; CP, chlorophyll protein complex;

FWHM, full width at half-maximum; FWHMhom, homogeneous part
of the width; FWHMinh, inhomogeneous part of the width; LHCII, light
harvesting complex II; PSII, photosystem II; RT, room temperature;
σ, root mean square deviation from the mean.
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LHCII is always less than the number of chl molecules in
the LHCII monomer. This can be due to the presence of
more than one chlorophyll in protein environments which
generate very similar absorption properties, but the presence
of unresolved transitions cannot be excluded with certainty.
In addition to the presence of different spectral forms, it
seems probable that the band shapes may be modified by
the protein host environment with respect to that of chl in
vitro. Hole burning studies (Gillie et al., 1989; Reddy et
al., 1994) have indicated the presence of 20-30 cm-1 nuclear
vibrational modes in chl-protein complexes to which
pigment electronic transitions are coupled. These vibrational
coupling modes, presumably absent in organic solvents, are
expected to have a significant role in determining the width
of chlorophyll absorption bands in chl-protein complexes.
Furthermore, these vibrational coupling parameters will also
influence band symmetry (Lax, 1952).
An important problem is the characterization of these

buried transitions constituting the chl-protein complex
absorption spectrum, as these properties are of fundamental
importance in understanding energy transfer within the
chromophore array. Direct experimental evidence of sub-
band characteristics are limited to the red-most wavelength
region of the LHCII absorption, where the reorganization
energy and the inhomogeneous contribution to the total
bandwidth have been obtained by the hole burning technique
at 4 K (Reddy et al., 1994). Moreover, the action spectrum
for hole burning in the red part of the LHCII absorption gives
a profile that can be described by a Gaussian band shape
peaking at 680 nm with a FWHM≈100 cm-1. Furthermore,
analysis of the red wing of the 680 nm hole indicates the
presence of a transition band around 684 nm. At RT a sub-
band peaking at 684 nm, that decreases its contribution upon
lowering the temperature, has been proposed (Zucchelli et
al., 1990, 1994) using numerical decomposition techniques.
A weak coupling (S<1) of the electronic transition to a

distribution of low-frequency phonon modes, having a mean
frequency around 20-30 cm-1, seems to be responsible for
the homogeneous band broadening of the transitions associ-
ated with chls in a host protein matrix (Gillie et al., 1989;
Reddy et al., 1994). From the reorganization energy and
FWHMinh, the temperature broadening evolution of an
absorption band can be calculated (Lax, 1952; Dexter, 1958;
Markham, 1959; Chan & Page, 1983; Schomacker &
Champion, 1986; Hayes et al., 1988; Di Pace et al., 1992).
We report here a temperature analysis, in the range 70-300
K, of the Qy(0,0) region of the LHCII absorption spectrum,
where only chls absorb, both of the entire band and using
numerical sub-band decomposition. The decomposition
approach to thermal broadening has already been used to
analyze the D1/D2/cytb559 absorption spectrum (Cattaneo
et al., 1995). In this way it has been possible to assign both
reorganization energy and inhomogeneous broadening con-
tributions to the main chla sub-bands. The values obtained
are in agreement with the limited data obtained by hole
burning at 4 K for LHCII and suggest that the band shape is
substantially symmetrical for Tg 70 K.

MATERIALS AND METHODS

LHCII was prepared essentially as described by Ryrie et
al. (1980).
Absorption spectra of the complex were measured using

an OMAIII (EG&G, Model 1460) with an intensified diode

array detector (Model 1420) mounted on a spectrograph
(Jobin-Yvon, Model HR320) with a 150 nm mm-1 grating.
The wavelength spacing between pixels is below 0.5 nm in
this configuration. The wavelength scale of the instrument
was calibrated using a spectral line calibration source
(Cathodeon). The light source was a halogen lamp attenu-
ated by neutral filters (Balzers) and filtered through an LP560
(Balzers) to eliminate the blue part of the incident radiation.
The light path was 1 mm, and sample absorption was
measured in the temperature range 70-300 K using a
vacuum-assisted Joule-Thomson refrigerating system (Model
K-2002T, MMR Tech.). Samples were diluted in a buffer
containing Tricine, 50 mM (pH 8); glycerol, 80% (v/v); octyl
glucoside, 0.4%. Each spectrum is the result of summing
104 scans to achieve a good signal to noise ratio. The
residual absorption at wavelengths greater than 720 nm were
subtracted from the spectra, when present.
Numerical decomposition of the absorption spectra, at all

temperatures measured, has been performed as previously
described (Jennings et al., 1993; Zucchelli et al., 1994), using
an algorithm that minimizes theø2 function with respect to
the parameters of a model function defined as a linear
combination of Gaussian functions. Each Gaussian is
defined as the sum of two half Gaussians (double Gaussian).
In this way each sub-band has two independent bandwidths,
right and left, and this can, in principle, describe the presence
of asymmetry (see Discussion).
All photosynthetic complexes seem to be characterized by

great spectral congestion that greatly complicates analysis.
From the numerical point of view, the minimization problem
over theø2 hyperspace is formidable, due to the presence of
secondary minima that can bias the reaching of the global
minimum. The goodness of the minimum attained was
judged by using the reducedø2 values, the distribution of
the errors (Bevington & Robinson, 1992; Eadie et al., 1971),
and comparison between the second derivative of the
measured and calculated spectra. All the fits obtained differ
with respect to the measured spectra by less than 0.01% along
the fitted interval.
The thermal broadening of an absorption spectrum due to

coupling of the electronic transition with a bath of phonon
modes, characterized by a mean frequencyνm and coupling
strengthS, can be described usingσ2, the root mean square
deviation from the mean of the absorption distribution (Lax,
1952; Stepanov & Gribkovskii, 1968; Eadie et al., 1971).
For a Gaussian function it is possible to expressσ2 in terms
of the spectroscopically more usual FWHM:

wherec is the light velocity,h is the Planck constant,kB is
the Boltzmann constant, andT is the temperature;νm and
FWHM are in cm-1 units. This equation has been widely
used to describe the homogeneous broadening contribution
to the chl absorption in a host protein complex (see, e.g.,
Hayes et al., 1988). Whenhνmc < 2kBT, coth(hνmc/2kBT)
≈ (2kBT/hνmc), and eq 1 simplifies to:

a straight line with respect to temperature.

FWHMhom
2 ) (8 ln 2)Sνm

2 coth(hcνm2kBT) (1)

FWHMhom
2 ≈ 7.7SνmT (2)
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In the presence of an inhomogeneous contribution, due,
e.g., to statistical fluctuations of the chromophore environ-
ment or to sample inhomogeneity, the measured FWHM of
an absorption band can be described by:

as the results of the convolution of the homogeneous
Gaussian band with the inhomogeneous Gaussian distribution
(see, e.g., Hayes et al., 1988).
These expressions, or the equivalent expressions written

in terms ofσ2, have been used in the present study to analyze
the temperature dependence of the LHCII absorption spectra
in the temperature range 70-300 K as well as the temper-
ature dependence of the sub-bands obtained by numerical
decomposition. Information on the reorganization energy
Sνm and the inhomogeneous contribution associated with
each sub-band is thus obtained.

RESULTS

The absorption spectra of LHCII were measured in the
wavelength range 630-720 nm, at various temperatures
between 70 and 300 K, and analyzed in terms of Gaussian
sub-bands. The parameters of these sub-bands, obtained as
a mean of different fits, are reported in Table 1. The
percentage differences between measured and numerical
spectra are below 0.01% (data not shown), along the fitted
region, for all the spectra used to calculate the mean values.
Figure 1 shows the spectra at the two extreme temperatures
together with typical decompositions; the residuals plots are
also shown.

The wavelength maximum of the absorption shifts slightly
toward the blue side on lowering the temperature, as already
observed (Zucchelli et al., 1994). The total area of the
measured spectra remains constant in the temperature interval

analyzed, and all the temperature-induced spectral changes
are reversible (data not shown).

The Gaussian sub-band description reported here differs
from our previous attempts (Zucchelli et al., 1992, 1994;
Jennings et al., 1993) by the presence of two more sub-bands;
one in the 655-662 nm wavelength region, the other in the
region around 670 nm. In particular, the presence of more
than one sub-band in the 655-662 nm region describes better
the small but clear “structure” observed there at low
temperature (Figure 1), that is also clearly seen in the second
derivative shown in Figure 2. At RT, only three clear
structures are resolved (∼651, 673, 681 nm), while other
structures appear upon lowering the temperature (∼650, 657,
662, 671, 677 nm). Even though it is not clearly seen in
Figures 1 and 2, addition of a further sub-band in the region
around 670 nm was suggested by the CD and absorption
spectra (77 K) reported by Nussberger et al. (1994). The
greater number of sub-bands increases the already great
numerical difficulties due to the cross correlations between
parameters. In order to partly overcome this problem, the
stability of each parameter minimum, i.e., the stability of a
particular numerical description, has been checked by moving
around the minimum in the parameters hyperspace. Different
fits have been considered such that the percentage difference
between calculated and measured spectra was always below
0.01%. These fits have been used to calculate the mean
parameter values and the relative errors reported in Table 1.
With this sub-band description, very small, high-frequency
residual oscillations can be obtained as well as a total
coincidence of the second derivative of measured and
numerical spectra (data not shown).

The squared FWHM temperature dependence of the chla
sub-bands peaked at about 678, 672, 667, and 661 nm are
shown in Figure 3. The linear fits of these data are also
reported and the values obtained according to equation 2 and
3 are shown in Table 2. The reorganization energies obtained

Table 1: Decomposition Sub-Band Parameters of the LHCII Absorption Spectraa

71 K 100 K 130 K 170 K 210 K 250 K 270 K 296 K

λmax (nm) 643.8 643.8 643.7 643.8 643.9 643.9 644.0 644.0
FWHM (cm-1) 196.0 199.0 202.4 206.2( 0.6 219.9( 2.3 227.9( 1.2 226.7( 1.2 227.6( 1.3
area (%) 9.7 9.5 9.2 8.6 9.2( 1.5 8.4 8.0 8.3
λmax (nm) 650.0 650.0 650.0 650.0 650.0 650.5 650.5 650.5
FWHM (cm-1) 191.4( 0.5 194.0 201.2 205.8 211.9( 0.5 218.6( 0.5 219.7( 1 217.3( 7
area (%) 18.6( 0.1 18.1 18.2 17.3( 0.1 15.6( 0.1 14.9( 0.2 14.5( 0.3 14.0( 0.3
λmax (nm) 656.0 656.0 656.0 656.0 656.0 656.0 656.0 656.0
FWHM (cm-1) 182.2( 0.4 186.7( 0.2 194.4( 0.2 197.4( 0.6 201.4( 0.3 208.3( 0.7 216.0( 4.0 211.7( 2.1
area (%) 13.3 13.5 13.1 12.8( 0.1 12.3 12.1( 0.1 12.8( 1.0 11.7( 0.2
λmax (nm) 661.5 661.5 661.5 661.5 661.5 661.5 661.5 661.5
FWHM (cm-1) 180.3( 1.8 181.6( 1.0 192.4( 1.0 198.9( 2.0 205.1( 1.0 211.7( 2.0 215.2( 3.5 218.0( 2.3
area (%) 15.0( 0.1 14.1( 0.1 13.1( 0.1 13.0( 0.2 12.5 12.3( 0.2 11.1( 1.0 11.95( 0.2
λmax (nm) 667.0 666.5 666.5 666.5 666.5 666.5 666.5 666.5
FWHM (cm-1) 177.1( 6.0 175.8( 1.8 181.6( 1.5 183.6( 2.8 202.9( 5.4 205.3( 6.2 210.1( 7.1 210.8( 6.2
area (%) 16.1( 1.0 15.4( 0.5 14.4( 0.5 13.2( 1.0 14.4( 1.0 13.8( 1.0 13.6( 1.0 13.3( 1.0
λmax (nm) 672.0 672.0 672.0 672.0 672.0 672.0 672.0 672.0
FWHM (cm-1) 152.8( 1.9 159.1( 1.1 167.7( 2.8 177.5( 3.2 196.1( 5.6 201.1( 3.1 205.6( 2.3 206.8( 4.4
area (%) 20.8( 1.7 21.2( 0.6 21.8( 0.7 20.6( 1.0 20.1( 1.7 20.1( 1.9 20.4( 1.4 19.8( 2.5
λmax (nm) 677.5 677.5 678.0 678.0 678.5 678.5 678.5 678.5
FWHM (cm-1) 152.3( 4.9 162.5( 4.9 165.4( 2.8 182.1( 3.5 197.5( 2.8 210.9( 1.0 211.9( 2.9 213.9( 4
area (%) 28.6( 1.6 28.3( 1.2 27.9( 1.0 28.1( 1.0 25.8( 1.0 25.2( 1.0 25.1( 1.2 24.2( 1.0
λmax (nm) 683.0 683.0 683.0 683.0 683.0 684.0 684.5 684.5
FWHM (cm-1) 142.2( 7.1 164.9( 3.2 178.4( 1.3 195.5( 3.0 212.8( 5.5 225.6( 6.0 228.0( 3.6 227.0( 3.3
area (%) 4.2( 1.4 6.1( 0.9 8.1( 0.5 10.1( 0.5 12.6( 0.6 13.4( 1.0 14.4( 0.8 15.8( 1.5
a The percentage absorption has been calculated, for each decomposition utilized to evaluate the mean values, with respect to the area of all the

sub-bands starting from the 656 nm sub-band. The contribution due to the extreme red sub-band,λmax≈ 690 nm, is not shown due to the uncertainty
of its parameters’ values.

FWHM2 ) FWHMhom
2 + FWHMinh

2 (3)
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are in the interval 9 cm-1 e Sνm e 14 cm-1, and the values
are similar for all the major sub-bands. This means that,
taking the mean phonon frequencyνm = 20 cm-1, as

indicated by hole burning experiments in different chl-
protein complexes (Hayes et al., 1988; Gillie et al., 1989;
Reddy et al., 1994), the interval for the linear coupling
coefficient 0.45e Se 0.70 is estimated. These values are
in fairly good agreement with those estimated from the
limited hole burning data for chla in LHCII at low
temperature (Reddy et al., 1994). The inhomogeneous
contribution to the total bandwidth of the sub-bands is in
the range 120-170 cm-1 and increases on going toward the
shorter wavelength sub-bands.
This sub-band analysis confirms our previous suggestions

concerning the presence of a sub-band, with significant
intensity at higher temperatures, at 684 nm (Zucchelli et al.,
1990, 1992, 1994). From Figure 4 it is clear that the intensity
of this band changes continuously with sample temperature,
decreasing in an apparently linear fashion upon lowering the
temperature. This process is reversible (data not shown).
We wish to point out that, though the decomposition

program used in the present study allows for band asym-
metry, all sub-bands come out substantially symmetrical, in
agreement with earlier studies (Zucchelli et al., 1990, 1992,
1994). This important point is further developed in the
Discussion.
In Figure 5, data are presented for the thermal broadening

of the entire absorption spectrum and after subtraction of
the sub-bands up to and including that at 650 nm. It is
demonstrated in the Appendix that the temperature-induced
changes of the total bandwidth of the absorption spectrum
can be directly connected to the temperature-induced changes

FIGURE 1: LHCII absorption spectra measured at 70 K (A) and
300 K (B). Gaussian sub-band decompositions are also shown with
the residual plots calculated as the ratio measured spectrum minus
the calculated spectrum with respect to the statistical errors of the
measured spectrum. The percentage difference between measured
and numerical spectra is below 0.01% along the fitted interval.

FIGURE 2: Second derivative of the LHCII absorption spectra
measured at 70 and 300 K. The plots are multiplied by-1.
(s) 300 K, (‚‚‚) 70 K.

FIGURE 3: Plots of the squared FWHM of the main sub-bands
constituting the LHCII absorption spectra with respect to temper-
ature. Linear fits of the data are also shown and the corresponding
parameters are reported in Table 2.

Table 2: Reorganization Energy and the Inhomogeneous
Contribution of LHCII Sub-Bands

λmax (nm)

661.5 667.0 672.0 678.0

Sνm (cm-1) 9.1( 0.4 8.9( 1.0 12.3( 0.7 14.3( 0.8
FWHMinh

(cm-1)
165( 2 157( 5 128( 4 122( 5
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of the underlying transitions (eq A.5). We have therefore
calculated theσ2 values for the LHCII absorption spectrum
at different temperatures, which are seen to increase linearly
with temperature. Analyzing this temperature dependence
in terms of eq A.6, a “reorganization energy”Sνm = 70 cm-1

and an “inhomogeneous width”σinh = 266 cm-1 are obtained
for the entire absorption band whereasSνm = 70 cm-1 and
σinh = 187 cm-1 are obtained without the sub-bands up to
and including that at 650 nm. If the chl pigments responsible
for the Qy(0,0) LHCII absorption have a similar coupling to
a mean phonon frequency and the distribution of the different
chl forms is independent of temperature, theSνm value
obtained analyzing the total spectrum should be that of the
chl forms (eq A.6). Chlorophylls in different chl-protein
complexes have reorganization energies in the range 8 cm-1

e Sνm e 16 cm-1, as obtained by hole burning, well below
the value obtained by analysis of the entire LHCII absorption

band. On the other hand, ifσ2 values are calculated from
the absorption spectra as above but after subtraction of the
sub-bands peaking at around 684 nm and at longer wave-
lengths (Figure 5), a linear temperature dependence is
mantained but with a much smaller angular coefficient. A
“reorganization energy”Sνm = 11-20 cm-1 and an “inho-
mogeneous contribution”σinh = 185-266 cm-1 are obtained.
Despite the considerable errors present in these calculations,
it can be seen that the “reorganization energy” thus obtained
is similar to that obtained by hole burning. We wish to point
out that “inhomogeneous contribution” is used in a general
sense as it contains, in this case, both the statistical
contributions as well as the term due to the presence of
different underlying transitions.

DISCUSSION

In the present paper, the absorption spectra of the LHCII
chl-protein complex, measured between 70 Ke T e 300
K and in the wavelength range 630-720 nm, have been
analyzed in terms of a linear combination of Gaussian bands.
Six main sub-bands are used to describe the wavelength
range 650 nm< λ e 700 nm. Two sub-bands in the
wavelength region 655-662 nm yield a good description of
the absorption and second derivative structures present
(Figures 1 and 2) at low temperature. These absorption and
second derivative structures almost completely disappear at
room temperature. Thus a unique band peaking at around
660 nm is sufficient, at RT, to yield a good numerical fit, as
found in previous attempts (Jennings et al., 1993; Zucchelli
et al., 1994). The presence of these two sub-bands has been
imposed for all the different temperatures. In the 670 nm
region two sub-bands, peaking at 667 and 672 nm, are
present. The inclusion of more than one sub-band in this
wavelength region was suggested by CD and absorption
spectroscopy of LHCII at low temperature (Nussberger et
al., 1994). The main sub-band maximum is around 678 nm,
with the significant red-most band peaking at around 684
nm. Two main sub-bands around 650 and 643 nm describe
the blue part of the absorption spectra and are presumably
mainly associated with chlb. This description, used at all
the temperatures analyzed, yields calculated spectra that differ
by less than 0.01% along the fitted region with respect to
the measured spectra.
The spectral properties of these sub-bands depend es-

sentially on the following: (a) coupling of the electronic
transition to vibrational modes active in the chl-protein
complex. A significant influence due to intramolecular
vibrational modes is considered unlikely as the lowest
frequency mode detected for chla in a host protein matrix
is around 262 cm-1, with a very low coupling (0.012) (Gillie
et al., 1989). (b) A contribution due to the inhomogeneity
of the sample itself (heterogeneity) or associated with
statistical fluctuations at the chromophore binding site, which
can lead to a statistical modulation of the transition energy.
These contributions can be described, in the approximation
considered, by eq 3, and then, both reorganization energy
Sνm and the inhomogeneous broadening contribution,
FWHMinh, can be obtained for each sub-band. The reorga-
nization energy values determined by linear fits of the
squared FWHM (Figure 3) are similar for all the sub-bands
analyzed and are in the range 9 cm-1 e Sνm e 14 cm-1

(Table 2). TheseSνm values are in reasonable agreement
with the limited hole burning data for LHCII at 4 K (Reddy

FIGURE 4: Area contribution of the 684 nm sub-band to the
Qy(0,0) LHCII absorption. The data are taken from Table 1.

FIGURE 5: The second order central moment,σ2, of the LHCII
Qy(0,0) absorption band with respect to temperature. (9) σ2

calculated for the entire absorption band starting at 15 600 cm-1

(∼640 nm); (b) as before but after subtraction of the sub-bands
peaking in the long wavelength regionλ g683 nm. The linear fit
(also shown) gives (9) Sνm ≈ 70 cm-1, σinh ≈ 266 cm-1; (b) Sνm
≈ 11 cm-1, σinh ≈ 266 cm-1. (0) σ2 calculated after subtraction of
the short wavelength sub-bands up to the 650 nm sub-band; (O) as
before but after subtraction of the sub-bands peaking in the long
wavelength regionλ g683 nm. The linear fit (also shown) gives
(0) Sνm ≈ 70 cm-1, σinh ≈ 187 cm-1; (O) Sνm ≈ 20 cm-1, σinh ≈
185 cm-1.
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et al., 1994) and are similar to the values obtained for chla
in other chl-protein complexes by the same technique (Gillie
et al., 1989) as well as by the analysis of the temperature
dependent properties of sub-bands recently performed for
the D1/D2/cytb559 complex absorption spectrum (Cattaneo
et al., 1995). All these data seem to indicate that chla in
different host protein matrices undergoes interactions with
mean phonon active modes giving rise to a similar reorga-
nization energy, and thus leading to similar spectral proper-
ties.

The FWHMinh seems to increase going toward the blue
side of the spectrum and is in the range 120 cm-1 e
FWHMinh e 170 cm-1 (Table 2). This may indicate an
increasing contribution of vibrational bands associated with
the red-most spectral forms. However, the presence of
unresolved transitions cannot be excluded. Available evi-
dence suggests that the physical basis for the inhomogeneous
broadening encountered in these LHCII samples is connected
to statistical fluctuations associated with the pigment site
energies rather than sample heterogeneity. In this context,
it has been demonstrated that the Stepanov relation (Stepanov,
1957), which connects absorption and fluorescence spectra
in the case of thermal equilibration of excited states, works
well for LHCII at RT (Zucchelli et al., 1992). If the sample
is heterogeneous, this is not the case (van Metter & Knox,
1976). Thus excitation seems to relax rapidly over the
sample inhomogeneity during the excited state lifetime, a
situation which is difficult to envisage in the case of
significant sample heterogeneity.

An important problem concerning the characteristics of
chlorophyll absorption bands in a host protein matrix is the
band symmetry. The exact quantum mechanical treatment
of the thermal broadening of the absorption lines for an
electronic transition linearly coupled to vibrational normal
modes has been performed by Lax (1952), yielding also the
temperature dependence of the moments of the absorption
band [see, e.g., Stepanov and Gribkovskii (1968) and Eadie
et al., (1971) for the definition of moments]. This informa-
tion, in principle, allows a complete description of an
absorption band. In particular, the coefficient of skewness
(Lax, 1952; Eadie et al., 1971),γ1, which is directly related
to the band symmetry, is given by:

wheremj 3 is the central third order moment.γ1 is zero for
a symmetrical distribution. As can be seen from eq 4, the
skewness coefficient is temperature dependent, reaching its
maximum value forT) 0 and then decreasing for increasing
temperatures. It also depends on the coupling factorSand
the mean phonon frequencyνm.
In the presence of weak coupling (S < 1) to a mean

frequency of around 20-30 cm-1, as suggested by hole
burning studies for chls in a host protein matrix, the skewness
coefficient is in the range 0.23-0.1 for T ) 70 K and 1
order of magnitude less forT ) 300 K (eq 4). This
parameter is very general but difficult to envisage. However,
owing to its importance in representing band symmetry, we
have related it to the spectroscopically familiar FWHM, for

a double Gaussian distribution, as a function of temperature.
Data are presented in Figure 6 as the ratio of high and low
energy side FWHM with respect to temperature. A FWHM
ratio in the range 1.14-1.34 is estimated for the homoge-
neous broadening contribution to the linewidth at 70 K using
couplings and mean frequencies in the range suggested by
hole burning measurements. These values decrease to 1.01-
1.03 at RT.
In addition to homogeneous broadening, inhomogeneous

broadening is also present, due to such factors as statistical
fluctuations of the chromophore environment and sample
inhomogeneity. This term is generally assumed to be
temperature independent and to have a Gaussian distribution
(Schomacker & Champion, 1986). At 70K, in the presence
of an inhomogeneous contribution of 100 cm-1 and using
S and νm values in the range indicated above, a ratio
FWHMhigh/FWHMlow e 1.1 can be estimated (calculations
not shown), thus indicating a small deviation from a purely
symmetrical band in the temperature range analyzed. This
gives strong physical support to the substantially symmetrical
sub-bands obtained by numerical analysis (Zucchelli et al.,
1990, 1992, 1994; Jennings et al., 1993; Results) using a
decomposition program in which band asymmetry is allowed.
In this respect, a very recent paper (Konermann &

Holzwarth, 1996) proposes an asymmetrical shape for the
thermally broadened band associated with the 0-0 transition
for chls bound to PSII-RC, using coupling factors and mean
phonon frequencies obtained by hole burning measurements.
In particular, withS) 0.8,νm ) 30 cm-1, and FWHMinh ≈
100 cm-1, an asymmetric band shape for chl, with a ratio
FWHMhigh/FWHMlow = 2, is suggested at 77 K. This
asymmetry remains substantial also at higher temperatures.
According to our calculations, these same parameter values
yield γ1 ) 0.18 at 70 K (eq 4), which means a ratio
FWHMhigh/FWHMlow ≈ 1.28 when only the homogeneous
contribution at 70 K is considered (Figure 6). This decreases

γ1 ≡ mj 3

σ3
)

Sνm
3

(Sνm
2 coth

hνm
2kBT)3/2

) 1

(S(cothhνm
2kBT)3)1/2

(4)

FIGURE 6: Plot of the ratio between the two FWHM of a double
Gaussian with respect to temperature. The ratio is given as the width
of the high energy side (FWHMhigh) with respect to that of the low
energy side (FWHMlow). The function is obtained comparing the
expression of the skewness parameterγ1 obtained for a double
Gaussian with the theoretically predictedγ1 temperature dependence
(eq 4) for a homogeneous broadened band. (s) S) 0.5,νm ) 30
cm-1; (---) S) 0.8, νm ) 20 cm-1; (‚‚‚) S) 0.8, νm ) 30 cm-1;
(-‚‚-) S) 0.5, νm ) 20 cm-1.
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rapidly with increasing temperature. As stated above, this
ratio becamese1.1 when also the inhomogeneous part (100
cm-1) is taken into account. These calculations are thus in
disagreement with the asymmetrical band shape proposed
for protein bound chlorophylls.
A thermal analysis of the bandwidth can be performed, in

principle, over the entire absorption band, and the result can
be directly connected to the properties of the underlying
transitions (Appendix). When linear coupling of the elec-
tronic transition to vibrational modes is the dominant term
in the broadening description of transitions, the mean
frequency of the absorption bands does not change with
temperature (Lax, 1952) and the second term in eq A.4 or
A.5 is a constant. Thus the plot ofσ2 for the entire band
versus temperature depends on theSνm values of the
underlying transitions. Assuming that all the underlying
transitions have similar properties, it is these characteristic
Sνm values that should be obtained. This analysis (Figure
5) yieldsSνm ≈ 70 cm-1 while Sνm ≈ 16cm-1 is the mean
value obtained for chla in a protein matrix (Tang et al.,
1990; Reddy et al., 1994), a value in approximate agreement
with those obtained for the sub-bands analyzed in this paper
(9 cm-1 e Sνm e 14 cm-1). It therefore seems that theSνm
value obtained from this total absorption analysis is greater
than those obtained by hole burning in similar preparations,
as well as those obtained for the sub-bands analyzed in this
paper, presumably associated with a 20-30 cm-1 phonon
mode. The next lowest frequency mode reported in the
literature for chla in a host protein matrix is around 262
cm-1 (Gillie et al., 1989) though it has a very low estimated
coupling (0.012) and should not contribute substantially to
the thermal broadening of the main band. The greaterSνm
value obtained from the total absorption strongly indicates
that coupling to a low frequency phonon mode is not the
only factor responsible for the thermal evolution of band
broadening for LHCII. In this context, we have already
proposed (Zucchelli et al., 1990, 1994), and confirmed here,
that a sub-band which peaks at 684 nm, the intensity of which
is strongly temperature sensitive (Figures 1 and 4, Table 1),
is present in LHCII. If its contribution, as estimated by
numerical decomposition, is subtracted from the absorption
band, the thermal analysis yieldsSνm ≈ 11-20 cm-1, which
is close to the range obtained in the sub-band analysis and
in agreement with hole burning data. Thus the “anoma-
lously” highSνm value obtained analyzing the total absorption
band can be mainly associated with the presence of sub-
bands absorbing atλ g 684 nm having an intensity that
depends on temperature. This is strong evidence for the
existence of such long wavelength bands in LHCII, a
suggestion which has significant implications for energy
transfer within LHCII and the PSII antenna.
Temperature-induced changes of the dipole strength of the

red-most chl spectral forms affect, in principle, the second
term of eqs A.4 and A.5, that is no longer constant. This
can formally explain the higher values of the angular
coefficient obtained by linear analysis of the entire absorption
band. The dipole strength associated with the red-most sub-
bands is redistributed to higher energies (Table 1), as the
total area remains constant with temperature (not shown).
The process responsible for this thermal behavior remains
unknown, though an attractive possibility is that the tem-
perature-induced changes in the red-most sub-bands are the
effect of coupling of electronic transitions to thermally active

vibrational mode(s) with frequenciesνm > 20-30 cm-1. In
this hypothesis, at least part of the sub-bands represent
vibronic transitions and the spectral broadening of the
absorption band is substantially associated with: (a) coupling
to a phonon bath of low frequency (SL ≈ 0.8-0.5; νmL ≈
20-30 cm-1) and (b) a higher frequency mode with mean
frequencyνmH and couplingSH. In this case, the thermal
broadening of the absorption band should be described
including both frequency contributions (see, e.g., Di Pace et
al., 1992):

where the last term is the inhomogeneous contribution.
Using this expression to describe the temperature dependence
of the entire band (Figure 5), withSLνmL ) 16 cm-1, as
suggested by hole burning (Gillie et al., 1989; Reddy et al.,
1994), andσinh ) 266 cm-1, a frequency modeνmH ≈ 120
cm-1 with a couplingSH ≈ 0.4 can be roughly estimated.

APPENDIX

For a normalized functionF(x) written as a weighted sum
of otherN functionsfk(x):

with

the second central moment, related to the bandwidthσ of
F(x), is:

wherexj, the mean value ofx as weighted byF(x), is defined
as:

andxjk is the mean value ofx as weighted byfk(x). Inserting
eq A.2 into eq A.1:

Obviously,

and then eq A.3 can be written:

σ2 ) SHνmH
2 coth(hνmH

2kBT) + 1.39SLνmLT+ σinh
2

F(x) ) ∑
k)1

N

Akfk(x)

∫-∞
+∞
dx F(x) ) 1; ∫-∞

+∞
dx fk(x) ) 1; k) 1, ...,N

σ2 ≡ ∫-∞
+∞
dx (x- xj)2 F(x) ) ∑

k)1

N

Ak∫-∞
+∞
dx (x- xj)2 fk(x)

(A.1)

xj ) ∫-∞
+∞
dx x F(x) ) ∑

k)1

N

Ak∫-∞
+∞
dx x fk(x) ) ∑

k)1

N

Akxjk (A.2)

σ2 ) ∫-∞
+∞
dx (x- xj)2 F(x)

) ∑
k)1

N

Ak∫-∞
+∞
dx (x- ∑

r)1

N

Arxjr)
2 fk(x) (A.3)

x- ∑
r)1

N

Arxjr ) x- xjk + ∑
r)1

N

(xjk - xjr)Ar
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as the last integral is identically zero.σk
2 is the bandwidth

of the fk function (k ) 1, ...,N).
In the presence of linear coupling between an electronic

transition, having dipole strengthAk and a low-frequency
vibrational normal mode, only the bandwidthσk

2 of the
transition band is temperature dependent whilexjk is a
constant (Lax, 1952). In the presence of an inhomogeneous
contribution to the bandwidth, it results that

and then:

From eq A.5 it can be seen that if an absorption spectrum
is the sum of different electronic transitions, broadened by
coupling to low-frequency normal modes, theσ2 of the entire
band contains two terms; one, not dependent on temperature,
associated with the inhomogeneous (statistical) contributions
characteristic of the underlying transitions plus contributions
due to the presence of these different transitions (heterogene-
ity), and the other, temperature dependent, which contains
the coupling coefficientsSk and the vibrational frequencies
νmk.
In particular, when all the electronic transitions are coupled

to the same bath of low-frequency vibrations, having mean
frequencyνm and coupling S, from eq A.5 the bandwidth is
given by:
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2 ) σk(hom)
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) Skνmk
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AkSkνmk
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σ2 ) Sνm
2 coth( hνm

2kBT) + constant

≈ 1.39SνmT+ constant; hνm < kBT (A.6)
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