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Room-temperature steady-state emission and Q| absorption spectra of light-hanesting chlorophyvll @ /b protein complex 11
(LHCID isolated from spinach have been analysed in terms of a lincar combination of assmmetric gaussian bands. To investigate
a possible correspondence between the absorption and emission bands. the thermal emission spectrum of cach absorption band
has been calculated. It is demonstrated that the calculated fluorescence bands correspond closely 10 those obtained by gaussian
deconvolution. It is thus possible 1o associate an emission band with cach absorbing chlorophsll spectral species: Chgiy. Chifel.
ChI¢H, ChISi. Chl%3, Chi% (ChIZ, is the spectral specics that absorbs with maximum at wavelength # and emits with maximum
at wavelength 7) and to interpret the emission spectrum of LHCI as a lincar combination of the ¢mission spectra of cach
absorbing chlorophyll spectral species. In particular, the correspondence between the 684 nm and 695 nm absorption bands and
the emission bands with maximum at 687 nm and 697 nm lends support to the presence of fong wavelength Chl « spectra forms
in LHCII, the external antenna of PS I1. A close correlation between the emission and absorption gaussian bands is also found in
the analysis of the room temperature absorption and emission spectra of such membrane preparation as BBY-grana from
spinach and thylakoids prepared from barley wild type and the chlorina f2 mutant (lacking LHCID. On the basis of thesc data,
the commonly observed 5-7 nm wavelength difference between the absorption and emission spectra maxima of chlorophyll
containing biological membranes is interpreted in terms of (a) the Stokes shifts of the single spectral forms together with (b) the

increased cmission contribution of the lenger wavelength forms to the emission spectrum caused by energy transfer.

Introduction

The photosystems of green plants absorb light by
means of a large array of chromephores, mainly chloro-
phylls, bound to specific polypeptides to form chloro-
phyll-protein complexes [1.2). The number of antenna
chlorophylls per reaction centre is dependent on the
type of plant and growth conditions. In normally grown

Abbreviations: BBY-grana. Berthold, Babcock., Yocum {24) Chi.
chlorophyll: DCMU. 3-(3.4-dichloropheny!)-1.1-dimethylurca: DB-
MIB, dibromothymoquinone: F,, fluorescence yicld with reaction
centres closed; Fj. fluorescence yield with reaction centres open: F,.
fluorescence at the plateau level of the fast induction phase: fwhm.
full width at half maximum; LHCII. light harvesting chlorophyll « /b
protein complex IE: PSL. Photosystem I PS 11 Photosystem 11 RC
reaction centre; Tricine, N-tristhydroxymethybDmethylglycine.

Correspondence: G. Zucchelli, Centro CN.R. Biologia Cellulare ¢
Molecolare delle Piante. Dipartimento di Biologia, Universita di
Milano, via Celoria 26, 20133 Milano, Haly.

plants there are. on average, about 200-250 antenna
Chls per RC{3.4].

The antenna array is tormed by two distinct Chl
species. a and b. with greater amounts of Chl a.
Chlorophyll « is thought to be present as different
spectral forms, cach with a different absorption maxi-
mum [5]. This spreading of the spectral propertics of
Chl «a is probably caused by environmental perturba-
tions of the electronic transition due to local eftects [6].
The interpretation of the absorption specira of photo-
synthetic membranes in terms of different spectral
forms relies mainly on derivative spectroscopy and
sub-bands numerical deconvolution of the Q, region of
the absorption spectra in terms of gaussian or
lorentzian comporents [5.7-12].

The spectral heterogencity of the chloroplast ab-
sorption spectrum raises the question as to whether the
fluorescence emission spectrum might not also be het-
erogeneous with each o the absorption spectral forms
having a distinct emission. Emission heterogeneity at
low temperature is well known [9,11,13.14] but is not
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thought to be associated with the individual aborption
spectral forms, Marchiarullo and Ross [13]0 working
with room-temperature chloropliast ecmission spectra.
which were analysed by factor analisis. demonstrated
only a limited (two components) heterogenceity which
they associated with the photosystems. We have re-
cently demonstrated [16.17] on the basis of a caretul
analysis of the chloroplast fluorescence excitation and
emission spectra that the quenching of PS 11 fluores-
cence is a function of both excitation and emission
wavelength. These RC-fluorescence  excitation  and
emission quenching spectra are readily interpreted in
terms of a separate fluorescence emission by cach of
the chlorophyll spectral forms. In the present paper
this aspect is further investigated.

The long wavelength absorption and emission spec-
tra of a complex molecule can be connected by a
“universal” relationship. determined on thermodynamic
grounds. which is based on the attainment of thermal
equilibrium between the vibrational degrees of free-
dom both of the ground and the emitting clectronic
states of the molecule [IS] This relationship, the exper-
imental validity of which has been checked for a varicty
of molecules in solution and also in semiconductors
[19.20]. has been used here to investigate whether the
emission spectrum of a photosynthetic membrane may
be represented as a lincar combination of different Chl
spectral emission forms. We have initially analysed the
correlations between the absorption and the emission
bands obtained by gaussian deconvolution of the LHCII
room-temperature absorption and emission  spectra.
Subsequently this analysis has been extended to mem-
brine preparations such as spinach BBY-grana and
chloroplasts from barley wild type and chlorina f2
mutant (lacking LHCII).

Materials and Methods

LHCH was prepared from spinach leaves according
to Ryrie et al. {21] using Triton X-100 as detergent.
Final resuspension was in a medium containing sucrose
(.05 M) and Tricine (5 mM. pH 8). The Chl @ to Chl
b ratio was 1.1 measured according to Arnon [22]. In
these conditions our LHCH preparation is thought to
be in the microcrystalline lamellar sheet form of LHCI
[23].

BBY-grana (enriched in PS I1) were prepared from
freshly harvested spinach leaves according to Berthold
et al. [24] with omission of the last Triton X-100
treatment [11]. This preparation contains both LHCH
and the PS I core protein complexes and is substan-
tially free of PS I chlorophyli-protein complexes (data
not shown).

Thylakoids from barley wild type and the chlorina f2
mutant were prepared from freshly harvested leaves as
previously described [25] and resuspended in Tricine

(30 mM: pH 8). NaCl (10 mM). MgCl, (5 mM) anJ
sucrose (0.2 M),

Absorption and c¢mission occtra were measured
using an EG & G OMATH (model 1466) with an intensi-
ficd diode array (medel 1420) mounted on a spectro-
graph (Jobin-Yvon HR320) with a 150 groove mm !
grating. The wavelength scale of the instrument was
calibrated using a ncon spectral calibration source
(Cathodeon). The wavelcig It spacing between pixels is
about (.5 nm. An OG 530 filter (Schott) was placed
before the collection optics to diminish stray light.

The absorption spectra were measured using a |
mm pathlength cuvette with an opal glass placed be-
hind to substantially climinate scattering artifacts [26].
The residual absorption around 750 nm has been sub-
tracted from the spectra when present (BBY-grana and
thylakoids). The chlorophvil concentration was about
10 pg/ml. giving a maximum Q, absorbance of about
25-10° % Each spectrum is the sum of 3-10* scans.
The incident white light from an halogen lamp was
attenuated by ncutral filters.

The emission spectra were measured using transmis-
sion geometry. The samples utilised were the same as
for the absorption measurement but without opal glass.
DCMU (25 uM) was added to BBY-grana and th-
ylakoids samples to reach the maximum fluorescence
level. The exciting light was filtered through a combi-
nation of a 4-96 filter (Corning) and a 450 nm interfer-
ence filter (Oriel) with a 10 nm bandpass. The back-
ground reading was measured in the presence of the
fluoreseence quencher DBMIB (280 u M), which elimi-
nates over 99% of the peak fluorescence, and then
subtracted from the measured spectrum. The maxi-
mum number of counts in each spectrum was of the
order of 2-10°. The emission spectra were corrected
for distortions resulting from a wavelength dependent
response of the light collection setup using an intensity
calibrated source (ISCO Spectroradiometer Calibrator).

The emission spectra with open and closed RCs
were measured using a 10 mm pathlength cuvette and
the apparatus described above but with some modifica-
tions: excitation light was provided bv an Heath mono-
chromator (cxcitation wavelength 430 nm, fwhm 1.2
nm) combined with two Corning 4-96 filters and the
viewing angle was 90° with respect 1o the exciting light.
In this way the level of stray light was not significant at
wavelengths above 650 nm, as judged by using DBMIB.
Each spectrum is the sum of 40 scans with a maximum
number of counts around 12000 in each scan at the F,
level. Fluorescence was maintained near the F, level
(open RCs; F;) by means of a weak excitation beam
and continual sample stirring in the presence of meth-
ylviologen (0.1 mM). Only a small part of the sample
was illuminated. Emission spectra with closed RCs
(F,) were mcasured after the addition of 25 uM
DCMU and 2 mM hydroxylamine.



Deconvolution analyses of the spectra in terms of
‘asymmetric” gaussian bands were performed as already
described [12). The absorption and cmission spectra
were analysed independently to find the minimal num-
ber of bands giving the best fit. as judged using the 3 °
and the distribution of the residuals [27]. All the band
parameters were left free in the fitting of both the
absorption and emission spectra.

Results

Room temperature absorption and emission spectra
of LHCII, the external antenna of PS I, are shown in
Fig. 1 with the gaussian bands obtained by numerical
deconvolution. The band parameters are reported in
Table 1. The wavelength spacing between the two
spectral maxima is about 5 nm. The absorption spec-
trum is resolved into the usually observed bands [3.7-
12} i.c.. the Chi b band at about 648 nm. the four
major Chi a bands up to 684 nm and two minor forms
at longer wavelengths. The fluorescence emission spec-
trum is described as the sum of two main emission
bands with maxima at about 680 nm and 687 nm and of
nearly equal area and several minor bands both at
shorter and at longer wavelengths.

As indicated above, the absorption bands are nor-
mally interpreted as the electronic band of different
chlorophyll spectral species. If it is assumed that ther-
mal equilibrium between the vibrational degrees of
freedom of cach excited species is rcached before
emission, onc may calculate from cach absorption band
the expected emission band at a given temperature.
using the Stepanov [18] relation

F(r) ) L
m‘—‘( e o (1)

where A(v) is the absorption spectrum. F(r) is the
emission spectrum, C is a constant. k, is the Boltz-
mann constant, 7 is the absolute temperature of the
surrounding medium, 4 is the Planck constant and 1.
using the terminology of Stepanov. is the frequency of
the purely electronic transition, a constant for each
band.

In Fig. 2 the comparison between the emission bands
calculated from the absorption bands with maxima
between 648 nm and 695 nm and the emission bands
obtained by deconvolution of the emission spectrum up
to the 697 nm band is shown. It should be emphasised
that the fluorescence yield does not explicitly appear in
the Stepanov expression, Eqn. 1. For this reason the
calculated emission bands have been normalised to tie
height of the corresponding fluorescence bands ob-
tained by r wmerical deconvolution. It is evident that
there is a rather close correspondence between the
calculated emission bands and those determined by the
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Fig. 1. Room temperature absorption and emission spectra of LHCT

with the refative gaussian bands obtained by numerical analysis. The

band parameters are given in Table I The emision spectrum has

heen corrected for the sensitivity of the measuring apparatus (see

Materials and Mcrhods). The spectra have been normalized to the
peak value. Plots of the residuals are also shown.

emission spectrum deconvolution. Thus, it is possible
to associate an emissi>n band with each absorbing Chi
spectral species: Chlyiy, Chlf). Chisl. Chlth. Chifs,
Chl%} (Chl”, is the spectral specics that absorbs with
maximum at wavelength n and emits with maximum at
wavelength m). The relative contribution of the fluo-
rescence bands to the emission spectrum is rather
similar tc that expected on the basis of a Boltzmann-
weighted band popuiation distribution between the
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TABLE 1

Guiessien parameters for e decontofuton of e room-1emperatire
absorprion (44 and enposion U speciva ot spraach LHCHT and a
spuindch grana preparation (BRY-gramad

The percentage arca has been caleulated trom the sum of all the
bands in the Table, The fwhmis given as ¢ fett and right value. The
fwhm of cach band is the sum of the two values. The parameters for

the shorter wavelength bands obtained by gaussian deconvatution of
the absorption spe

as well as the Jongest wanelength bands
obtained in the decomolution ot the emission spectra are not shown.
Al the band parameters were left free in these fits,

TABLE 1

The comparison bevseen the percentage contribution of the different
chlorophvll-emitung species to the emission spectrum of LHCH ob-

raned by bands deconcolutton and calewdated using the Boltzmann
distribution

The Boltzmann values have been calculited from the A
dbsorption bands of LHCI (see T
peaking at 694.9 nm as reference

max Of the
able D) using the absorption band
and the relative arcas under the
absorption bands as weighting factors, Temperature 7 = 300 K.

A (nm) 6529 66030 6716 6802 6868 6973
- By Numerical
Band Licn BY -grana decomvolution 220 472 112 334 3548 1145
A F A F Boltzmann
T P ey PREE prow factor LSG 450 1200 31300 4200 870
twhm L WU (T 94 TS e 102
Arca o 244N 1751 1.99 . o
2. P oot 6636 length ahsorpnaq and the cmission spectra of LHCII
twhin s82 08 8373 prompted us to formally use the Stepanov relation to
Area 19.m 19.97 calculate the total absorption spectrum from the emis-
K. 6697 6696
fwhm 01 36 - ~ A
Arca ‘s . AN
AR R S
fwhm - B 4
Area i |
fwhm 4 i !
Area 54 A / |
6A 699.4 EAS {
fwhm 56 17 2 4
Area " 1.01 226 i /
7 A e 699.5 . 4
fwhm %099 320 170 - 5
Area “ 1.50 424 A
N
excited states of the different chromophores (see Table ‘ ese 700
D).

The extensive overlapping between the long-wave-

Fig. 2. Comparison between the fluores

\.
€el

A.eength

nce bands obtained by

numerical deconvolution of the emission spectrum of LHCH and the

emission bands calculated from the absorption bands.
sion bands obtained by numerical deconvolution: - - -

. emis-

co et

Fig. 3. Comparison between measured and calculated absorntion
speetra of LHCIL

. experimental; - - - calculated. (A) The

calculated
emission bands. The emission bands calculated from the absorption

bands using the Stepanov relationship (Egn. 1) for a temperature
T = 300 K are normalized to the height of the corresponding numeri-
cal emission bands.

calculated absorption spectrum has been obtained from the meas-

ured emission spectrum using the Stepianov relationship (Egn. 1) for

a temperature T = 300 K. (B) The calculated absorption spectrum

has been obtained as in (A) but using th: measured emission

spectrum with the n.inor band peaking at about 653 nm deleted
from it.



Fig. 4. Comparison between the fluorescence bands obtained by the

numerical deconvolution of the BBY-grana emission spectrum and

the emission bands calculated from the absorption bands.

emission bands obtained by numerical deconvolution: - - - calcu-
Tated emission bands. For other details see Fig. 2.

sion one. The result is shown in Fig. 3a where the
calculated absorption spectrum for 7 = 300 K is com-
pared with the measured absorption spectrum. 1t can
be scen that the resemblance between calculated and
measured absorption spectra is good. with also the Chl
b absorption peak present. On the other hand. when

}
o) 9001

o 700:1

05004

Fluorescence

Fiuorescence

640 860

wavelength (rm
Fig. 5. Comparison between the fluorescence bands obtained by
numerical deconvolution of the emission spectra of thylakoids from
barley wild type (A) and the chlorina 12 mutant (B) and the emission

bands calculated from the absorption bands. . emission bands
obtained by numerical deconvolution: - - -, calculated emission
bands. For other details see Fig. 2.
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TABLE I

Gatssion paraincters tor the deconi olution of the room: temperanure
absorpiion (4] und crcivson AF) specira of dndakeards from barley wiid
npe ard the chlorina {2 nuant

For details see Table 1

Band Barlev W.T Chlorina mutant
1 F 1 l;
1A 0378 6300
fwhm 16 8.2 88 TR
Area 7 17.24 L7
2 A a6 662.7 (63,6
fwhm K173 88 94 8774
Area s 1828 KRl 336
LW 0669.3 0725
fwhm 69 6.6 7468 67 6.2
Area v 2004 I8 14 1819
$ A 6777 6811 6810
fwhm N o4 56
Area ¢ 3399
S Apn 6880
fuhm 65 76
Arey 7 3083
L P TULS
twhm 60 11.7 7487 77 89
Area sz 12.31 1hel
EEYN 742
fwhm 1L 164
Area 7 (BN

the small band peaking at about 653 nm is subtracted
from the measured emission spectrum and then the
absorption spectrum is subsequently calculated. all
traces of the Chl b absorption peak are absent (Fig.
3b). This observation suggests that the minor emission
band peaking near 653 nm in the spectral deconvolu-
tion of the cmission spectrum is duc to Chl b. In this
respect it should be noted that the 653 nm band
corresponds closely to the expected Chi b fluorcscence
calculated using the Stepanov relation (Eqgn. 1) (Fig. 2).

A similar analysis has also been performed for the
absorption and cmission spectra of th- BBY-grana
preparation. The parameters of the gaussian band de-
convolution are reported in Table 1. All the bands
found in the absorption and emission spectra of LHCII
are also present in the deconvolution of the absorption
and emission spectra of BBY-grana.

We have calculated for BBY-grana the emission
bands from the absorption ones using the Stepanov
relation (Eqn. 1) for T = 300 K (Fig. 4). The absorption
bands utilised ranged from 648 nm to 695 nm. The
correspondence between the calculated emission bands
and those obtained by the fitting procedure is good o
that, also in this case, it is possible to ~wociate an
emission band with each absorbing chlorophyll spectral
species.

As noted from the above analysis of LHCII. there is
a minor emission band peaking at about 653 nm which
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can be associated with Chl # using the Stepanov rela-
tion. When the overall BBY-grana absorption spuec-
trum is calculated from the emission one. the spectrum
obtained resembles the measured one with the pres-
ence of the Chi A absorption shoulder. On the other
hand. if the minor cmission band at 653 nm is deleted
from the measured cmission spectrum and then the
absorption spectrum is calculated. the Chl b absorp-
tion shoulder disappears (data not shown). as found tor
LHCIL

The absorption and cmission spectra of thylakoids
from barley wild type and the chlorina mutant, lacking
LHCH. have also been analysed by gaussian decomvo-
fution. The paramcters obtained are reported in Table
1. The emission spectra utitised for this analysis are
the spectra of the variable fluorescence £ - F . In this
way the fluorescence is expected to be substantially
free of any PS 1 emission contribution. The comparison
between the emission bands calenlated from the ab-
sorption bands using the Stepanov relation (Egn. 1)
and the ‘luorescence bands obtained by gaussian de-
convolution of the measured emission spectra is shown
in Fig. 5 for both the wild type and the chlorina
mutant. The agreement between the caleulated bands
and those obtained by numerical deconvolution of the
cmission speetra is good for the wild type as well as tor
the chlorina mutant except for the emission associated
with the 695 nm absorption form in the wild type. In
the emission spectrum of thylakoids from barfey wild
type there is a small band peaking at about 650 nm
which is associated with the Chl b absorption band
using (Eqgn. 1). This emission band is not present in the
deconvolution of the emission spectrum of chlorina
mutant thylakoids (sce Table 11D,

Discussion

The data presented here show that the toom-tem-
perature emission spectra of LHCIE and BBY-grana
from spinach as well as of thylakoids from barley
chlorina mutant and its wild type can be convincingly
deseribed as linear combinations of gaussian bands.
The number of gaussian components under the major
band of the emission spectra corresponds to the num-
ber of the absorption spectral forms found in the
deconvolution of the Q. region of the absorption spec-
tra, with a red shift of several nanometres between the
emission band series and the absorption band series.
For all the preparations investigated similar emission
components were found. with the two main bands
peaking around 680 nm and 687 nm and sceveral minor
bands at shorter and longer wavelengths.

The absorption and emission spectra of a chro-
mophore can be connected using the thermodynamic
relation given by Stepanov [18] assuming a thermal
relaxation between the vibrational degrees of freedom

of the excited chromophore before emission. Using this
approach. we have caleulated from the absorption
bands obtained by numerical deconvolution of the ab-
sorption spectra of LHCIL BBY-grana. barley chlorina
mutant and its wild type the expected emission bands
for a temperature 7= 300 K. These calculated emis-
sion bands arc very similar to those found by gaussian
deconvolution of the measured emission spectra of the
membrane preparations analysed. It thercfore seems
reasonable to assign an cmission band to cach of the
Chl ¢ and Chi b absorption bands composing the
absorption spectra. The ratio between the arca of the
fluorescence bands and the corresponding absorption
bands is greater for the longer wavelength components
than for the shorter ones. giving a clear indication
about cnergy transfer between the different spectral
forms. In fact. it is demonstrated that the absorption
band population weighted distribution of fluorescence
emission may be approximated by the Boltzmann dis-
tribution. The correlation between the emission and
absorption bands is strong evidence that the different
absorption bands obtained by numerical analysis can
be interpreted as being due to independent sites of
clectronic excitation,

The Stokes shifts obtained from our analysis for the
different spectral forms range from 2 nm to about §
nm. Thus it is interesting to note that the wavelength
spacing between the maxima of the absorption and
emission spectra of chlorophyll containing membranes
(about 5-7 nm) does not represent a true Stokes shift.
This wavelength spacing is determined not only by the
Stokes shifts of the single gaussian components but
also by their relative contribution to the emission spec-
trum. ‘The fact that the overall wavelength difference
between the absorption and emission spectra maxima
is somewhat greater than the Stokes shift of the single
bands is duce to the greater contribution made by
longer wavelength bands to fluorescence emission than
to absorption. Such a result is expected in an energy
transferring matrix on the basis of thermodynamic con-
siderations,

In a previous paper [12] the presence of spectral
forms with maxima around 684 nm and 695 nm in the
absorption spectrum of an LHCII preparation has been
reported. We now confirm the presence of both bands
in the LHCI absorption spectrum and moreover a
correspondence between the 684 nm and 695 nm ab-
sorption bands and the emission bands with maximum
at 687 nm and 697 nm. respectively. is established. This
fends further support to the presence of long-wave-
length Chl @ spectral forms in LHCIL, the external
antenna of PS 1L

The emission spectra exainined., with the exclusion
of that of thylakoids from the chlorina mutant. have a
small emission band associated with Chl b absorption
(see Figs. 2, 4, 5a). Experimental evidence suggesting a



Chl b cmission nas been previously found by compar-
ing the open trap emission spectrum of the chlorina
mutant thylakoids with that of cither wild-type barley
or isolated LHCH [17]. From this comparison it has
been concluded that around 650 nm the Chl b cmis-
sion is roughly equivalent to 2% of the Chl ¢ peak
valuc. The contribution of ithe emission band peaking
at 653 nm to the major emission band is around this
value (see Table I) and is very similar to the contribu-
tion obtained considering a Boltzmann weighted distri-
bution of the excited states of the different chlorophyll
forms (Table I1).

It is interesting to note that the use of the Stepanov
relation to formally calculate the absorption spectrum
of LHCII from its total emission spectrum gives an
absorption spectrum which is rather similar to the
measured one and in which the Chl b absorption peak
is present (Fig. 3). This peak is, however. not present
when the absorption spectrum is calculated from the
emission spectrum to which the 653 nm band has been
subtracted. This lends further support to the interpre-
tation that thc band peaking at about 653 nm in the
LHCH emission spectrum is duc to a Chl b emission.

On the basis of the data presented here it is sug-
gested that each of the different chlorophyll absorption
spectral forms has its own scparate cmission. In the
case of the minor Chl b emission it has been possible
to confirm this interpretation using mutant chloro-
plasts lacking this component and the Stepanov analy-
sis of the entire emission and absorption bands.

References

1 Thornber. J.P. (1986) in Enc. Plant Physiol. N.S. 19, 98-142.

2 Anderson. I.M. (1986 FEBS Lett. 117. 327-331.

3 Anderson. 1L.M. (19an) Annu. Rev. Plant Physiol. 37, 93-136.

4 Glazer. AN, and Melis, A. (1987) Annu. Rev. Plant Physiol.
11-45

v

38,

n

~ =

-

0
11

]

=

P

ES

I8
19

20

169

French, €S Boown, 1S and Lawrence, M.C(1972) Prant Phye.

ol 49,421 429

Lutz, MO(1977) Biochim. Biophys, Acta 460, 308-430,

Butler. W.L. and Hopkins. D.W. {1570 Photochem. Photobiol,

12,439 450,

Rrown, LS. and Schach. 5. (1981 Biodum. Blophys, Acta 036,

201- 209,

Brown. J.S. Anderson. LML and Grimme. L. (19%2) Photosynth

Res. 3.279-291

Brown. LS. and Schoch. $. (1982) Photosynth, Res. 3. 19-20,

Van Dorssen. R Fhijter, LI, Dekker, P Dea Ouden, AL

Amesz, Ioand Van Gorkom. H.J. (1987) Biochim. Biophys, Acti

SO 134- 143,

Zucchelli, G Jennings, R.CLand Garlaschi. F M. (1990) 5. Pho-

tochem. Photobiol.. B: Biol. 6, 381-394,

Strasser. R and Butler, WL (1977) Biochim
L 307-313,

Rijgersberg, C.P. Amesz. I, Thicken, A G.M. and Swager. J.A

(1979) Biochim. Biophys, \ctie 3450 4732482,

Marchiwrullo. M.A. and Ross, RT. (1983) Biochim. Biophys,

Actit 807 52-63,

Jennings, R.C.. Zucchellic G. and Garlasehi, F.M. (19900 Biochim,

Biophys. Acta 1016, 259263

Biopms. Acta

7 Jennings. R.C.. Zucchelli. G and Garlaschi. F2M. €(1991) Biochim,

Biophys. Acta Hef). 245 - 250,

Stepanov. B.L (1957) Sov. Phys. Dokl 2. 81-84.

Ketckemety. L. Dombic I and Horvai, R.(1961) Ann. Physik 8,
342-352.

Moss, T.S. (1939) in Optical Properties of Semiconductons. Aca-
demic Preas. New York,
Ryric. LI.. Anderson. JM
Biochem. 10}7. 345-354,
Arnon. DI (1949 Plant Physiol. 24, 1-15.

Ide. I.P.. Klug. D.R.. Kihlbrandt. W.. Giorgi. 1.B. and Porter, G.
(1987) Biochim. Biophys. Acta 893, 349- 364,

Berthold. D.A., Babcock. G.T and Yocum. C.F. (1981) FEBS
Lett, 134, 231-234.

arlaschi. FAAM and Jennings. R.C.(1988) Biochim,
ve. Acta 934, 143- 150

Shibata. K. €1935) J. Biochem. tTokyo) 45, 594-623.

Bevington, P.R. (196Y9) Data Reduction and Error Analysic for
the Physical Sciences. MceGraw-Hill, New York

and Goodcehild. DJ. (1980) Eur. J.




