Biochemistryl1996,35, 1624716254 16247

Thermal Broadening Analysis of the Light Harvesting Complex Il Absorption
Spectrum

Giuseppe Zucchelli,* Flavio M. Garlaschi, and Robert C. Jennings

Centro CNR Biologia Cellulare e Molecolare Piante, Dipartimento di Biologia, drsita di Milano, Via Celoria 26,
20133 Milano, Italy

Receied June 4, 1996; Résed Manuscript Receéd September 18, 1996

ABSTRACT. Absorption spectra in the (Qregion of the light harvesting complex Il (LHCII) have been
measured in the temperature range-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 elegiionon 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 cnmr! < Sy < 14 cntt and an inhomogeneous contribution in the range-A20 cnt?. In all cases

the bands are substantially symmetrical in the-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 yiglds~ 70 cnT?'; however, this high

value is reduced t@®vm, ~ 11-20 cnt! 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 withv, > 20—30 cnm! is also proposed.

In higher plants, chromophores, mainly €aland chlb an arrangement with £symmetry, giving rise to exciton
molecules, are organized in large arrays which absorb light. splitting with transitions at about 666 nm (nondegenerate)
The resulting electronic excitation is transferred to the and 653 nm (2-fold degenerate). However, from LHCII
reaction centers where photochemical trapping occurs. PSlicrystallography (Khlbrandt & Wang, 1991; Kalbrandt et
antenna contains about 26R50 chl molecules per reaction al., 1994), the presence of a; Gymmetry between the
center and consists of at least six different-ghitotein identified chromophores seems to be absent, though the
complexes (for a review see Jennings et al., 1996). Two of trimeric complex has a £symmetry and an interaction
these, CP43 and CP47, contain only ehdnd are closely  between chb molecules on different monomers cannot be
associated with the RC. The other four complexes contain excluded. The presence of excitonic interactionsbehthl
both chla and chib in different ratios (Dainese & Bassi, b, chl b—chl a, and also chia—chl a has been suggested
1991) and are identified as the external antenna. One of(|de etal., 1987; Hemelrijk et al., 1992) by low temperature
these, the major light harvesting antenna complex, is the chlanalysis of LHCII optical spectra.

a/b protein complex LHCII. It binds about 50% of the to_tal_ The very complicated spectroscopic properties of LHCII
chlorophyll and is the most abundant membrane protein in have been analvzed using different techniques both at
plants. Crystallography of this complex at 6 A (brandt v ; yzed using d 1qu
& Wang, 1991) and 3.4 A (Kolbrandt et al., 1994) cryogenlc temperaturgs and a"[' RT (Zucchel.ll et al., 1990,
SO . . . . - 1992; Kwa et al., 1992; Hemelrijk et al., 1992; Krawczyk et
resolution indicates a trimeric basic unit of symmetrically | 1993 Redd | 1994 Nussh L 1994
arranged monomers containing about 12 chl molecules each’”» ~~~*" eddy et al,, * Nussberger et al, )-
(7 chla and 5 chlb). The chlorophyll molecules seem to Cons_u_jerabl_e spectral congestion, with at least Separate
be arranged on two levels with an estimated nearest-neighboffansitions in the wavelength range 66884 nm, plus
distance between centers of chls on the same level in theSontributions due to chb in the wavelength range around
range 9-14 A (Kihlbrandt et al., 1994), a distance very 2and below 650 nm is suggested. The presence of these
similar to the chl tetrapyrrole ring diameter§ A, Kihl- different transitions is quite intriguing as chlin different
brandt et al., 1994). This closely packed organization solvents exibits a maximum absorption arour)d6665 nm
suggests the possibility of excitonic interactions between (Seely & Jensen, 1965; Porra, 1991). A possible explanation,
chromophores but, to date, clear direct evidence for their first proposed by French and co-workers (1972), is that chl
presence is lacking. For chiGilen and Knox (1984) have molecules in dlffe_rem protem.e.nvw.onmentfs change their
proposed, extending an earlier analysis (van Metter, 1977),SPectral characteristics, thus giving rise to different spectral
forms. The possibility of modulation of the light absorption

® Abstract published ildvance ACS Abstractdlovember 1, 1996. properties of porphyrins has been recently supported by
F\Allﬁ&brﬁj\ﬂavt\i/%r;ﬁ:aihrh,aclth:gg(ﬁ)r?]ydlr;.(:;,/\mIl\%ropnyélrlnzrog;ig Ocl?smpg?;(; calculations on the consequences of conformational distor-
of the width: FWHNy, inhomogeneo'us nart e Widt%; LHCII ﬁght tions of the porphyrin skeleton imposed by the host protein
harvesting complex II; PSII, photosystem II; RT, room temperature; (Gudowska-Nowak et al., 1990). The number of separate
o, root mean square deviation from the mean. transitions proposed to describe the absorption spectrum of
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LHCII is always less than the number of chl molecules in array detector (Model 1420) mounted on a spectrograph
the LHCII monomer. This can be due to the presence of (Jobin-Yvon, Model HR320) with a 150 nm mrhgrating.
more than one chlorophyll in protein environments which The wavelength spacing between pixels is below 0.5 nm in
generate very similar absorption properties, but the presencehis configuration. The wavelength scale of the instrument
of unresolved transitions cannot be excluded with certainty. was calibrated using a spectral line calibration source
In addition to the presence of different spectral forms, it (Cathodeon). The light source was a halogen lamp attenu-
seems probable that the band shapes may be modified byated by neutral filters (Balzers) and filtered through an LP560
the protein host environment with respect to that of chl in (Balzers) to eliminate the blue part of the incident radiation.
vitro. Hole burning studies (Gillie et al., 1989; Reddy et The light path was 1 mm, and sample absorption was
al., 1994) have indicated the presence of 20 cnt ! nuclear measured in the temperature range—300 K using a
vibrational modes in chtprotein complexes to which  vacuum-assisted Joule-Thomson refrigerating system (Model
pigment electronic transitions are coupled. These vibrational K-2002T, MMR Tech.). Samples were diluted in a buffer
coupling modes, presumably absent in organic solvents, arecontaining Tricine, 50 mM (pH 8); glycerol, 80% (v/v); octyl
expected to have a significant role in determining the width glucoside, 0.4%. Each spectrum is the result of summing
of chlorophyll absorption bands in chprotein complexes.  10* scans to achieve a good signal to noise ratio. The
Furthermore, these vibrational coupling parameters will also residual absorption at wavelengths greater than 720 nm were
influence band symmetry (Lax, 1952). subtracted from the spectra, when present.

An important problem is the characterization of these  Numerical decomposition of the absorption spectra, at all
buried transitions constituting the ehprotein complex  temperatures measured, has been performed as previously
absorption spectrum, as these properties are of fundamentatiescribed (Jennings et al., 1993; Zucchelli et al., 1994), using
importance in understanding energy transfer within the an algorithm that minimizes thg* function with respect to
chromophore array. Direct experimental evidence of sub- the parameters of a model function defined as a linear
band characteristics are limited to the red-most wavelengthcombination of Gaussian functions. Each Gaussian is
region of the LHCII absorption, where the reorganization defined as the sum of two half Gaussians (double Gaussian).
energy and the inhomogeneous contribution to the total In this way each sub-band has two independent bandwidths,
bandwidth have been obtained by the hole burning techniqueright and left, and this can, in principle, describe the presence
at 4 K (Reddy et al., 1994). Moreover, the action spectrum of asymmetry (see Discussion).
for hole burning in the red part of the LHCII absorption gives  All photosynthetic complexes seem to be characterized by
a profile that can be described by a Gaussian band shapereat spectral congestion that greatly complicates analysis.
peaking at 680 nm with a FWHN100 cn.  Furthermore, From the numerical point of view, the minimization problem
analysis of the red wing of the 680 nm hole indicates the over they? hyperspace is formidable, due to the presence of
presence of a transition band around 684 nm. At RT a sub-secondary minima that can bias the reaching of the global
band peaking at 684 nm, that decreases its contribution uporminimum. The goodness of the minimum attained was
lowering the temperature, has been proposed (Zucchelli etjudged by using the reduced values, the distribution of
al., 1990, 1994) using numerical decomposition techniques.the errors (Bevington & Robinson, 1992; Eadie et al., 1971),

A weak coupling § <1) of the electronic transition to a and comparison between the second derivative of the
distribution of low-frequency phonon modes, having a mean measured and calculated spectra. All the fits obtained differ
frequency around 2030 cnt?, seems to be responsible for with respect to the measured spectra by less than 0.01% along
the homogeneous band broadening of the transitions associthe fitted interval.
ated with chls in a host protein matrix (Gillie et al., 1989;  The thermal broadening of an absorption spectrum due to
Reddy et al., 1994). From the reorganization energy and coupling of the electronic transition with a bath of phonon
FWHM;q, the temperature broadening evolution of an modes, characterized by a mean frequenggnd coupling
absorption band can be calculated (Lax, 1952; Dexter, 1958;strengthS, can be described using, the root mean square
Markham, 1959; Chan & Page, 1983; Schomacker & deviation from the mean of the absorption distribution (Lax,
Champion, 1986; Hayes et al., 1988; Di Pace et al., 1992).1952; Stepanov & Gribkovskii, 1968; Eadie et al., 1971).
We report here a temperature analysis, in the range300 For a Gaussian function it is possible to expresm terms
K, of the Q,(0,0) region of the LHCII absorption spectrum, of the spectroscopically more usual FWHM:
where only chls absorb, both of the entire band and using
numerical sub-band decomposition. The decomposition ) ) hev,,
approach to thermal broadening has already been used to FWHM;, = (8 In 2)Sv,,” cot T 1)
analyze the D1/D2/cytb559 absorption spectrum (Cattaneo
etal., 1995). In this way it has been possible to assign both
reorganization energy and inhomogeneous broadening con
tributions to the main chd 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 & 70 K.

wherec is the light velocity,h is the Planck constankg is

the Boltzmann constant, afdis the temperature;, and
FWHM are in cnt! 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). Whelmwc < 2ksT, cothtw,c/2ksT)

MATERIALS AND METHODS ~ (2kgT/hvyc), and eq 1 simplifies to:
LHCII was prepared essentially as described by Ryrie et )
al. (1980). FWHM, ~ 7.75v,,T (2)

Absorption spectra of the complex were measured using
an OMAIIl (EG&G, Model 1460) with an intensified diode a straight line with respect to temperature.
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Table 1: Decomposition Sub-Band Parameters of the LHCII Absorption Spectra

71K 100K 130K 170K 210K 250K 270K 296 K
Amax (NM) 643.8 643.8 643.7 643.8 643.9 643.9 644.0 644.0
FWHM (cm™)  196.0 199.0 202.4 206220.6 2199+23 227.9+12 226.7+£12 227.6+1.3
area (%) 9.7 9.5 9.2 8.6 9215 8.4 8.0 8.3
Amax (NM) 650.0 650.0 650.0 650.0 650.0 650.5 650.5 650.5
FWHM (cm™)  191.4+05 194.0 201.2 205.8 211005 218.6+£0.5 219.7+1 217.3+7
area (%) 18.6: 0.1 18.1 18.2 173 0.1 15.6+0.1 149+ 0.2 145+ 0.3 14.0+£0.3
Amax (NM) 656.0 656.0 656.0 656.0 656.0 656.0 656.0 656.0
FWHM (cm™)  182.2+0.4 186.7£0.2 1944+0.2 197.4-0.6 201.4+0.3 208.3+0.7 216.0:-4.0 211.7+2.1
area (%) 13.3 135 131 12480.1 12.3 121 0.1 12.8+ 1.0 11.7£ 0.2
Amax (NM) 661.5 661.5 661.5 661.5 661.5 661.5 661.5 661.5
FWHM (cm™?)  180.3+1.8 181.6+1.0 1924+1.0 198.9+2.0 2051+1.0 211.742.0 2152+35 218.0+2.3
area (%) 15.6:0.1 141+ 0.1 13.1+0.1 13.0£0.2 12.5 12.3: 0.2 11.1+1.0 11.95+ 0.2
Amax (NM) 667.0 666.5 666.5 666.5 666.5 666.5 666.5 666.5
FWHM (cm™)  177.1+6.0 175.8+18 181.6+15 183.6+2.8 202.9+54 205.3+6.2 210.1+7.1 210.8+6.2
area (%) 16.%x1.0 15.4+ 0.5 144+ 05 13.2+1.0 144+ 1.0 13.8+ 1.0 13.6£ 1.0 13.3+ 1.0
Amax (NM) 672.0 672.0 672.0 672.0 672.0 672.0 672.0 672.0
FWHM (cm™)  1528+19 159.1+1.1 167.7+28 1775432 196.1+56 201.1+3.1 205.6£2.3 206.8t4.4
area (%) 20.81.7 212+ 0.6 21.8+0.7 20.6£ 1.0 20.1+1.7 20.1£1.9 204+ 1.4 19.8+ 2.5
Amax (NM) 677.5 677.5 678.0 678.0 678.5 678.5 678.5 678.5
FWHM (cm™)  152.3+4.9 162.5+4.9 1654+28 182.1+35 197.5+28 210.9+10 211.9+29 213.9+4
area (%) 28.6: 1.6 28.3+1.2 279+ 1.0 28.1+1.0 258+ 1.0 252+1.0 25.1+1.2 242+ 1.0
Amax (NM) 683.0 683.0 683.0 683.0 683.0 684.0 684.5 684.5
FWHM (cm™)  1422+7.1 164.9+32 178.4+13 1955+3.0 212.8£55 225.6£6.0 228.0+3.6 227.0+3.3
area (%) 4214 6.1+ 0.9 8.1+ 0.5 10.1+ 0.5 12.6+ 0.6 13.4+ 1.0 14.4+ 0.8 158+ 1.5

aThe 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 suli:han@90 nm, is not shown due to the uncertainty
of its parameters’ values.

In the presence of an inhomogeneous contribution, due,analyzed, and all the temperature-induced spectral changes
e.g., to statistical fluctuations of the chromophore environ- are reversible (data not shown).

ment or to sample inhomogeneity, the measured FWHM of  The Gaussian sub-band description reported here differs

an absorption band can be described by: from our previous attempts (Zucchelli et al., 1992, 1994;
Jennings et al., 1993) by the presence of two more sub-bands;
FWHM? = FWHM, .2 + FWHM, .2 (©)) one in the 655662 nm wavelength region, the other in the

region around 670 nm. In particular, the presence of more
as the results of the convolution of the homogeneous than one sub-band in the 65662 nm region describes better

Gaussian band with the inhomogeneous Gaussian distributiorthe small but clear “structure” observed there at low
(see, e.g., Hayes et al., 1988). temperature (Figure 1), that is also clearly seen in the second

These expressions, or the equivalent expressions writtend€rivative shown i? Feilgurel 2-7At RI, only trr:_rlee cAear
in terms ofo?, have been used in the present study to analyze Sructures are resolve I 651, 6 ":’] 681 nm), V\ésl € géfr
the temperature dependence of the LHCII absorption spectraStUCtures appear upon lowering the temperatts0, 657,
in the temperature range 7800 K as well as the temper- 662, 671, 677 nm). Even though it is not clearly seen in

ature dependence of the sub-bands obtained by numericaFigures 1 and 2, addition of a further sub-band in the regipn
decomposition. Information on the reorganization energy around 670 nm was suggested by the CD and absorption

Sym and the inhomogeneous contribution associated with SPeCtra (77 K) reported by Nussberger et al. (1994). The
each sub-band is thus obtained. greater number of sub-bands increases the already great

numerical difficulties due to the cross correlations between
RESULTS parameters. In order to partly overcome this problem, the

stability of each parameter minimum, i.e., the stability of a

The absorption spectra of LHCII were measured in the particular numerical description, has been checked by moving

wavelength range 636720 nm, at various temperatures around the minimum in the parameters hyperspace. Different
between 70 and 300 K, and analyzed in terms of Gaussianfits have been considered such that the percentage difference
sub-bands. The parameters of these sub-bands, obtained d¥tween calculated and measured spectra was always below
a mean of different fits, are reported in Table 1. The 0.01%. These fits have been used to calculate the mean
percentage differences between measured and numericaparameter values and the relative errors reported in Table 1.
spectra are below 0.01% (data not shown), along the fitted With this sub-band description, very small, high-frequency
region, for all the spectra used to calculate the mean valuesresidual oscillations can be obtained as well as a total
Figure 1 shows the spectra at the two extreme temperaturesoincidence of the second derivative of measured and
together with typical decompositions; the residuals plots are numerical spectra (data not shown).

also shown. The squared FWHM temperature dependence of tha chl
The wavelength maximum of the absorption shifts slightly sub-bands peaked at about 678, 672, 667, and 661 nm are
toward the blue side on lowering the temperature, as alreadyshown in Figure 3. The linear fits of these data are also
observed (Zucchelli et al.,, 1994). The total area of the reported and the values obtained according to equation 2 and
measured spectra remains constant in the temperature intervad are shown in Table 2. The reorganization energies obtained
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Ficure 1: LHCII absorption spectra measured at 70 K (A) and

300 K (B). Gaussian sub-band decompositions are also shown with
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Ficure 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 LHCIl Sub-Bands

Amax (nm)
661.5 667.0 672.0 678.0

Sm(cm) 9.1+04 89+1.0 123+0.7 14308
FWHM;,  165+2  157+5  128+4 12245
(cmY)

the residual plots calculated as the ratio measured spectrum minudndicated by hole burning experiments in different €hl
the calculated spectrum with respect to the statistical errors of the protein complexes (Hayes et al., 1988; Gillie et al., 1989;
measured spectrum. The percentage difference between measuregteddy et al., 1994), the interval for the linear coupling

and numerical spectra is below 0.01% along the fitted interval.
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Ficure 2: Second derivative of the LHCII absorption spectra
measured at 70 and 300 K. The plots are multiplied -by.
(—) 300 K, (--) 70 K.

are in the interval 9 cmt < Sy, < 14 cnT?, and the values

coefficient 0.45< S < 0.70 is estimated. These values are
in fairly good agreement with those estimated from the
limited hole burning data for chk in LHCII at low
temperature (Reddy et al., 1994). The inhomogeneous
contribution to the total bandwidth of the sub-bands is in
the range 126170 cnt! 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

are similar for all the major sub-bands. This means that, changes of the total bandwidth of the absorption spectrum

taking the mean phonon frequeney, = 20 cnt?, as

can be directly connected to the temperature-induced changes
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FicURE 4: Area contribution of the 684 nm sub-band to the
Qy(0,0) LHCII absorption. The data are taken from Table 1.
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Ficure 5: The second order central momeo#t, of the LHCII
Qy(0,0) absorption band with respect to temperatul®) 62
calculated for the entire absorption band starting at 15 600t cm
(~640 nm); @) as before but after subtraction of the sub-bands
peaking in the long wavelength regidn=683 nm. The linear fit
(also shown) givesl) Sy, =~ 70 cnT?, oin =~ 266 cnrl; (@) Svp,

~ 11 cnTl, oin &~ 266 cnrl, (O) o? calculated after subtraction of
the short wavelength sub-bands up to the 650 nm sub-b@nés(
before but after subtraction of the sub-bands peaking in the long
wavelength regiod =683 nm. The linear fit (also shown) gives
(@) Sym ~ 70 cm Y, iy &~ 187 cnrt; (O) Sy =~ 20 e, oipp ~

185 cnrl.

of the underlying transitions (eq A.5). We have therefore
calculated thes? values for the LHCII absorption spectrum

Biochemistry, Vol. 35, No. 50, 19966251

band. On the other hand, i 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 energySvm, = 11-20 cnt! and an “inho-
mogeneous contributiord,, = 185-266 cnt? 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 7&KT < 300
K and in the wavelength range 63020 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< A < 700 nm. Two sub-bands in the
wavelength region 655662 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 unigue 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
etal., 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 cll. 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: (@) coupling of the electronic
transition to vibrational modes active in the ¢fprotein
complex. A significant influence due to intramolecular
vibrational modes is considered unlikely as the lowest

at different temperatures, which are seen to increase linearlyfrequency mode detected for chlin a host protein matrix
with temperature. Analyzing this temperature dependenceis around 262 crmt, with a very low coupling (0.012) (Gillie

in terms of eq A.6, a “reorganization energyn,, = 70 cnt?!
and an “inhomogeneous widtk},, = 266 cnT* are obtained
for the entire absorption band wheregs, = 70 cnt! and

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

oinn = 187 cnm! are obtained without the sub-bands up to can lead to a statistical modulation of the transition energy.
and including that at 650 nm. If the chl pigments responsible These contributions can be described, in the approximation
for the Q/(0,0) LHCII absorption have a similar coupling to  considered, by eq 3, and then, both reorganization energy
amean phonon frequency and the distribution of the different Sy, and the inhomogeneous broadening contribution,
chl forms is independent of temperature, t8g, value FWHMiq,, can be obtained for each sub-band. The reorga-
obtained analyzing the total spectrum should be that of the nization energy values determined by linear fits of the
chl forms (eq A.6). Chlorophylls in different chprotein squared FWHM (Figure 3) are similar for all the sub-bands
complexes have reorganization energies in the range8 cm analyzed and are in the range 9 @< Sv, < 14 cnt?

< Svm < 16 cnT?, as obtained by hole burning, well below (Table 2). These&Sv, values are in reasonable agreement
the value obtained by analysis of the entire LHCII absorption with the limited hole burning data for LHCII at 4 K (Reddy
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et al., 1994) and are similar to the values obtained forachl

in other chi-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 thatachi
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 FWHM,, seems to increase going toward the blue
side of the spectrum and is in the range 120 tnx
FWHM;,, < 170 cnt! (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- 1ola . :
dence suggests that the physical basis for the inhomogeneous 50 100 150 200 250 300
broadening encountered in these LHCII samples is connected Temperature (K)
to statistical fluctuations associated with the pigment site rgure 6: Plot of the ratio between the two FWHM of a double
energies rather than sample heterogeneity. In this context,Gaussian with respect to temperature. The ratio is given as the width
it has been demonstrated that the Stepanov relation (Stepanowf the high energy side (FWHMy) with respect to that of the low
1957), which connects absorption and fluorescence spectragggﬁgé’;é%eo(ﬂr\{g‘hséﬁvgwmiguggrtg’m”e'fe%%tgmz% ?gp“gaég‘gb}';e
in the case of thermal equnlbratlon of excited states, works Gaussian with the theoretically predictegtemperature dependence
well for LHCII at RT (Zucchelli et al., 1992). If the sample  (eq 4) for a homogeneous broadened band.$= 0.5, v = 30
is heterogeneous, this is not the case (van Metter & Knox, cm™%; () S= 0.8, v, = 20 cntl; (+++) S= 0.8, v, = 30 cnT;
1976). Thus excitation seems to relax rapidly over the (—+*—) S=0.5,vm = 20 cnT™.

sample inhomogeneity during the excited state lifetime, a ] o )
situation which is difficult to envisage in the case of a double Gaussian distribution, as a function of temperature.

significant sample heterogeneity. 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 1.141.34 is estimated for the homoge-
neous broadening contribution to the linewidth at 70 K using

: i el s

An important problem concerning the characteristics of
chlorophyll absorption bands in a host protein matrix is the

band symmetry. The exact quantum mechanical treatmemcouplings and mean frequencies in the range suggested by

of the thermal .b'road.enmg of the absorptlon' lines for an hole burning measurements. These values decrease te 1.01
electronic transition linearly coupled to vibrational normal 1.03 at RT

modes has been performed by Lax (1952), yielding also the
temperature dependence of the moments of the absorptiorbr
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., 1971L),, which is directly related

to the band symmetry, is given by:

In addition to homogeneous broadening, inhomogeneous
oadening 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 ¢hand using
S and v, values in the range indicated above, a ratio
3 FWHMig FWHMe,y < 1.1 can be estimated (calculations
_ S 1 4 not shown), thus indicating a small deviation from a purely
- ) hw,, \3/2 hw,, \3\1/2 (4) symmetrical band in the temperature range analyzed. This
S, Cothz—_l_ COch_T gives strong physical support to the substantially symmetrical
Kg kg sub-bands obtained by numerical analysis (Zucchelli et al.,
. ) _ 1990, 1992, 1994; Jennings et al., 1993; Results) using a
wheref is the central third order momentys is zero for  gecomposition program in which band asymmetry is allowed.
a symmetrical distribution. As can be seen from eq 4, the | this respect, a very recent paper (Konermann &
skevyness coefficient is temperature depe_ndent,_ reachiljg itSolzwarth, 1996) proposes an asymmetrical shape for the
maximum value fofl = 0 and then decreasing for increasing  thermally broadened band associated with the -ansition
temperatures. It also depends on the coupling fa8t@amd  for chis bound to PSII-RC, using coupling factors and mean
the mean phonon frequenay, phonon frequencies obtained by hole burning measurements.
In the presence of weak coupling (< 1) to a mean In particular, withS= 0.8, v, = 30 cn1?, and FWHM,, ~
frequency of around 2030 cnT?, as suggested by hole 100 cnt?, an asymmetric band shape for chl, with a ratio
burning studies for chls in a host protein matrix, the skewness FWHMig FWHMo, = 2, is suggested at 77 K. This
coefficient is in the range 0.23.1 for T = 70 K and 1 asymmetry remains substantial also at higher temperatures.
order of magnitude less folf = 300 K (eq 4). This According to our calculations, these same parameter values
parameter is very general but difficult to envisage. However, yield y; = 0.18 at 70 K (eq 4), which means a ratio
owing to its importance in representing band symmetry, we FWHMg/ FWHMo,, & 1.28 when only the homogeneous
have related it to the spectroscopically familiar FWHM, for contribution at 70 K is considered (Figure 6). This decreases

V1=

S| 3
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rapidly with increasing temperature. As stated above, this vibrational mode(s) with frequencies, > 20—30 cnt™. In
ratio becames 1.1 when also the inhomogeneous part (100 this hypothesis, at least part of the sub-bands represent
cmY) is taken into account. These calculations are thus in vibronic transitions and the spectral broadening of the
disagreement with the asymmetrical band shape proposedabsorption band is substantially associated with: (a) coupling
for protein bound chlorophylls. to a phonon bath of low frequencg (~ 0.8—-0.5; vy, ~

A thermal analysis of the bandwidth can be performed, in 20—30 cnt?) and (b) a higher frequency mode with mean
principle, over the entire absorption band, and the result canfrequencyvmy and couplingSy. In this case, the thermal
be directly connected to the properties of the underlying broadening of the absorption band should be described
transitions (Appendix). When linear coupling of the elec- including both frequency contributions (see, e.g., Di Pace et
tronic transition to vibrational modes is the dominant term al., 1992):
in the broadening description of transitions, the mean
frequency of the absorption bands does not change with 5 5 oy 2
temperature (Lax, 1952) and the second term in eq A.4 or 0" = Qmy COt 2keT + 138 vy T+ Oy
A5 is a constant. Thus the plot of for the entire band

versus temperature depends on e, values of the \\nere the Jast term is the inhomogeneous contribution.

underlying transitions. Assuming that all the underlying \ygjq this expression to describe the temperature dependence
transitions have similar properties, it is these characteristic of the entire band (Figure 5), witB vy, = 16 cnT?, as

S'm .values that should be _obtained. This a_nalysis (Figure suggested by hole burning (Gillie et al., 1989; Reddy et al.,
5) yields Sy ~ 70 cnT! while Sy, ~ 16¢nT? is the mean 1994), andoins = 266 cnTl, a frequency modem ~ 120

value obtained for chh in a protein matrix (Tang et al., cm-t with a couplin ~ 0.4 can be roughlv estimated
1990; Reddy et al., 1994), a value in approximate agreement Pling S ' gny '

with those obtained for the sub-bands analyzed in this paperaAPPENDIX
(9cmt < Sy < 14 cntY). It therefore seems that ti8n, ] ) ) )
value obtained from this total absorption analysis is greater FOr & normalized functiofi(x) written as a weighted sum
than those obtained by hole burning in similar preparations, ©f otherN functionsfi(x):
as well as those obtained for the sub-bands analyzed in this N
. ; 1
paper, presumably associated with a-230 cnt! phonon F) = ZAkfk(X)
k=

mode. The next lowest frequency mode reported in the
literature for chla in a host protein matrix is around 262
cm* (Gillie et al., 1989) though it has a very low estimated it
coupling (0.012) and should not contribute substantially to
the thermal broadening of the main band. The greSigr
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 the second central moment, related to the bandwidtf
broadening for LHCII. In this context, we have already F(X), is:
proposed (Zucchelli et al., 1990, 1994), and confirmed here,
that a sub-band which peaks at 684 nm, the intensity of which oo o N oo o
is strongly temperature sensitive (Figures 1 and 4, Table 1), o' = S i (x—R*F() = ZAkf—oo dx (x — X)" (%)
is present in LHCII. If its contribution, as estimated by k= (A1)
numerical decomposition, is subtracted from the absorption '
_band, the thermal analy5|s_ y'E|8LBm ~11-20 cm ™, wh|ck_1 wherex, the mean value of as weighted by (X), is defined
is close to the range obtained in the sub-band analysis andas:
in agreement with hole burning data. Thus the “anoma-
lously” high Sy, value obtained analyzing the total absorption . N . N
band can be mainly associated with the presence of sub-gx = [ “gx x F(x) = “dx X £(x) = % (A.2
bands absorbing at = 684 nm having an intensity that f_‘” e k;Ak‘f_m ) kZlAka (A-2)
depends on temperature. This is strong evidence for the
existence of such long wavelength bands in LHCIl, a andx.is the mean value of as weighted byi(x). Inserting
suggestion which has significant implications for energy eq A.2 into eq A.1:
transfer within LHCII and the PSII antenna.

Temperature-induced changes of the dipole strength of the o= f+°°dx (x — X2 F(X)
red-most chl spectral forms affect, in principle, the second N‘°° N
term of egs A.4 and A.5, that is no longer constant. This . +o0 _\2
can formally explain the higher values of the angular _kZlAkf“” dx (X_r_ AX:)" Tix) (A-3)
coefficient obtained by linear analysis of the entire absorption - B
band. The dipole strength associated with the red-most SUb'Obvioust
bands is redistributed to higher energies (Table 1), as the ’
total area remains constant with temperature (not shown). N N
The process responsible for this thermal behavior remains X — x=x—%+ S (X — X
unknown, though an attractive possibility is that the tem- = A% X = = XA
perature-induced changes in the red-most sub-bands are the
effect of coupling of electronic transitions to thermally active and then eq A.3 can be written:

[T Fe)=1; [Tdxfx)=1; k=1,..,N
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N
o2 = ZAk[ [ (x = %2 £%)
k=
N
+ (S AR~ %)) dx 1)

N
+ 2ZAr<xk = %) [ (x — %) £(¥)]

N

N N
= 2 4 % — %)’ (A4
k;Aka k;Ak(rz AR—X)" (A4

as the last integral is identically zerax? is the bandwidth
of thefy function k =1, ...,N).
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