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SUMMARY: The polarized photoacoustic, absorption and fluorescence spectra of
chloroplasts and thylakoids in unstretched and stretched polyvinyl alcohol

films were measured. The intensity ratios of fluorescence bands at 674 nm,

700 nm, 730 nm and 750 nm, and the polarized fluorescence excitation spectra

are strongly dependent on Tight polarization and film stretching. In stretched
films, thylakoids exhibit predominantly 674 nm emission. The ratio of
photoacoustic signal to absorption is different for light polarized paraliel

and perpendicular to film stretching. This difference is large in the region

of chlorophyll a and carotenoids absorption in which the fluorescence excitation
spectra are also strongly dependent on light polarization and film stretching.
The observed spectral changes are explained by reorientation of pigment molecules
influencing the yield of excitation transfer between different pigments. o 1985

Academic Press, Inc.

Light-harvesting pigments of chloroplast lamellae are functionally organized
to give efficient transfer of absorbed excitation energy to the reaction centers.
Various pigments and their spectroscopically different "forms" (created by the
interaction of molecules with environment) are differently oriented with respect
to thylakoid membrane (1). Various forms of pigments have strongly overlapping
spectra but different orientations, therefore it is easier to investigate them
by polarized than by natural 1ight spectroscopy. To draw conclusions concerning
the orientation of pigment molecules with respect to membrane plane, one has to
know the localization of transition moments (TM) in the molecular frame. Such

investigations for various chlorophylls have already been made (1, 3). The

ABBREVIATIQNS: PAS-photoacoustic spectra; LD-linear dichroism; V-vertical;
H-horizontal; 1ight polarization: n, natural, Il, parallel, 1, perpendicular;
F-fluorescence; a-optical absorption coefficient; LHC-1ight harvesting
complexes; PS-photosystem.
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experimental approaches to study the polarized absorption property of chloroplasts
are numerous and quite different, e.g.,microspectrophotometry (4), orientation by
air-drying, spreading (5) or gel squeezing (6). However, measurements of
polarized fluorescence of aligned chloroplasts are much more scarce (1, 6, 7)
whereas no polarized photoacoustic spectrum is reported yet. It is the purpose

of the present study to report the most important photophysical properties of

oriented chloroplasts and thylakoids using polarized light spectroscopy.

MATERIALS AND METHODS

Chloroplasts and thylakoids are isolated from pea leaves (8) and introduced
into polyvinyl alcohol (PVA) film which was stretched as described elsewhere (9).
Stretching causes axial orientation of sample, but thylakoids exhibit also some
orientation in the plane of PVA film, Methods of measuring polarized photoacoustic,
absorption and fluorescence spectra have been described previously (2, 10).

RESULTS AND DISCUSSION

Fig. T shows polarized absorption spectra of chloroplasts and thylakoids in
Ay - A
stretched PVA films. Linear dichroism (LD = I L ) of chloroplasts at 434 nm

TR, + 2A
Il
and 674 nm is equal to 0,067 and 0,061, respectively, whereas for thylakoids at
both these wavelengths, it is equal to 0,101. It is known (11), that red band
of chlorophyll a (chl a) is related to Qy (0,0) T which is located in porphyrin

ring along a line connecting I and III pyroles, whereas Soret band is a

superposition of several vibronic¢ transitions with various (X or Y) polarization.

a) b)

ABSORBANCE

ABSORBANCE

WAVELENGTH , nm

Fig. 1 Polarized absorption spectra of chloroplasts (a) and thylakoids (b)
in stretched PVA (polarization I, L shown in graphs).
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Fig. 2 Photoacoustic spectra of chloroplasts (a) and thylakoids {(b) in
stretched PYA. {n, natural; ||, parallel and ., perpendicular).

For chl a oriented along the Qy direction, LD in red band is higher than in Soret
band (2). Similar values of LD at both red and Soret bands of chloroplasts and
thylakoids could be due either to the orientation of their chl a around axes
located between Y and X directions or to the orientation of TM of red or Soret
band out of the membrane plane. It is known that X rather than Y direction of
chl a ring is oriented out of the membrane plane (1), therefore the second
hypothesis seems to be plausible.

Fig..2 shows polarized photoacoustic spectra (PAS) of stretched samples, and

table I gives PAS amplitude divided by the optical absorption coefficient (E%§J
PAS . PAS, . (PAS \ s . PAS.
for natural 07;—)n or polarized ((—E~0“, ( 5 )l) light. The increase of ( o )n

values with stretching is related with the increase in thermal conductivity of

film, This effect was investigated and discussed previously {10), but the

difference between (EA§0” and (E%§)

S N observed for the same film stretching are

related to various yield of thermal deactivation of excitation of molecules

oriented parallel and perpendicular to the stretching direction. For unstretched

films, (EA§0” = (EA§) , but as a result of stretching, (EA§) > (BA§9“ is observed.
o a 1 [»] L o
Difference between (E§§Jl and (E%§)” is highest for chl b Soret band (464 nm) and
PAS

in region of carotenoids absorption (500 nm). Higher value of N for chl b than
that for chl a Soret bands is explained by lower fluorescence yield of chl b.

Lower (E§§-” than (Eéé)l can be due to the increase of the excitation energy
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TABLE I
sample Ratio of photoacoustic signal to optical absorption
{elongation) Light coefficient at various A (nm)
olarization
(%X]OO) P A(nm)
410 414 420 430 464 500 670 675
Chloroplasts
0% n 5,87 5,90 6,44 6,50 7,03 7,66 7,95 7,99
Chioroplasts n 7,13 7,08 8,10 8,23 8,89 8,98 10,07 10,26
300% H 6,45 6,35 7,14 7,71 7,42 7,38 9,60 9,96
1 8,70 8,49 9,31 9,38 10,15 11,37 10,90 11,34
Thylakoids
0% n 4,38 4,40 5,06 5,12 5,64 5,66 6,03 6,47
Thylakoids n 7,14 7,10 8,37 9,06 10,90 9,08 10,21 13,03
300% H 5,71 5,67 6,63 6,86 7,87 5,74 8,36 11,02
1 8,13 7,90 8,91 9,14 14,34 18,83 10,26 14,77

transfer among parallel oriented molecules tunelling excitation energy to some
strongly fluorescent chromophores.

Some polarized components of fluorescence are shown in Fig. 3. Each spectrum
is normalized with respect to highest peak intensity. Intensities of bands are
given in Table II. The fluorescence spectrum of chloroplasts and thylakoids
consists of four broad bands located at about 674 nm, 700 nm, 730 nm and 750 nm
(F674, F700, F730, F750). In chloroplast spectra F674 and F700 bands are not
resolved. Comparing half band-widths in Fig. 3 with those of individual form of
chlorophylls (12), one can conclude that several forms of pigments contribute to
each fluorescence band. The F674 depends on the emission from the following
components: 1) F680 due to light harvesting complexes LHC absorbing at about
670 nm, 2) of chl b F665 (13, 14) and probably also of 3) fluorescence of chl a
absorbing in 660 nm region which can be fluorescent in PVA film (15). F700 is
related to the chlorophyll-protein antenna complexes (F685) and reaction center
complexes (F695), both belonging to PS II (16). F730 and F750 are due to chl a
from PS I absorbing at shorter and longer wavelength regions, respectively
(13, 14). ATl spectra were obtained for an excitation at 420 nm, where X and Y

polarized absorptions of chl a are overlaped, but Y polarization predominates

(LD>0). The polarisers at the excitation and the emission are selecting absorbing

257



Vol. 126, No. 1, 1985

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

0) 300% HH
Y 1.0 300 % HY
z 0% HH
u
3
u>
34
gg ‘ 0% HY 5‘:3’% 0% v
Lwos
IHE 300% HH
bl
g
-
E 0 % HM
0.0 T
b)
S 10
z "V 300 % HH {4 NS 0%
B \"‘ “‘ ll’ l‘\ ‘\/
7] R S | I 5
W > YA [ \
3= onm__! ~\ A R
S0 Y N ! v N
- Z L U I S | ] N
w e Ay R
;0.5— I Y Vol oo%wva ~
W= 'I’ r\~ s \\ ‘\
> [ n oSt .
[ oo *‘\ AN
; ?’ ,”\oss nl —300% WS,
= 4”"/ 305%mm ", -=2y
7, HH M L -~z A
0.0 __...Ag T e
600 700 800
WAVELENGTH , nm
Fig. 3 Fluorescence spectra of chloroplasts (a) and thylakeids (b) in
unstretched, 0%,and stretched,300%,PVA. H-horizontal,
V-vertical polarization of fluorescence (first index) and excitation
(second index) Tight.
TABLE 11
INTENSITIES OF POLARIZED FLUORESCENCE COMPONENTS
Sample S1it Polarization Intensity (arbitrary units)
Az (nm
(rm) 674 700 730 750
Chloroplasts 0% 2,0 HH 2,65 1,10 0,50 0,70
2,0 Hv. 0,96 0,62 0,86 0,68
Chloroplasts 300% 2,5 HH 2,28 1,31 0,72 0,98
2,5 HY 1,36 1,15 1,44 1,04
2,5 vy 1,15 1,18 1,92 1,36
2,5 VH 1,59 1,19 0,92 1,18
Thylakoids 0% 2,0 HH 1,25 1,49 1,23 1,81
2,0 HV 0,84 1,65 2,74 1,85
Thylakoids 300% 1,5 HH 19,92 5,76 1,86 2,00
1,5 HY 13,80 5,76 3,87 2,23
1,5 vV 11,26 5,05 4,06 2,48
1,5 VH 17,70 5,42 1,75 2,12

(sample axes position:

Horizontal (H))

(H: horizontal, V: vertical polarization, first notation concerns excitations,

second, fluorescence)
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and emitting molecules of given (Il or 1) mutual orientation of transition moments
(TM). From Fig. 3 and Table II, it follows that light polarization and film
stretching change strongly the relative intensities of fluorescence bands. In
unstretched and in stretched chloroplasts and thylakoids samples, the ratio
FHH/FHv (notation as in Fig. 3) is higher for F674 and F700 than for F730 and
F750. It means that emission TM of molecules emitting F674 and F700 are forming
smaller angles with absorption TM of chl a molecules absorbing in 420 nm region
than TM of molecules responsible for F730 and F750 emission. F730 is polarized ¢
to the direction of stretching (FHV >> FHH), but it is excited efficiently also
by V polarized 1light (high FVV)' F750 shows low polarization in all samples. In
stretched thylakoid samples, the intensity of F674 increases dramatically. This
band becomes much higher than all other bands. The stretching changes the
orientation of some chromophores. The reorientation influences mutual excitation
energy transfer between pigments. Consequently, the ratios of the band intensities
including F730/F700, which is related with light intensity adaptation <n vivo

(17, 18), are changed.

Fig. 4 shows some fluorescence excitation spectra. The relative intensities
of their maxima depend on the fluorescence band, the polarization of excitation
and fluorescence beams, and the film stretching. A1l these features can be
demonstrated for chl b Soret band and for carotenoids absorption (about 500 nm)
because they do not overlap with other bands. F674 is excited strongly by
carotenoids absorption in stretched chloroplasts and in unstretched and stretched
thylakoids. Excitation is more efficient in FVH than in FHH components.
Thylakoids are oriented in PYA plane, chloroplasts improve this orientation with
stretching. The carotenoids have to be oriented in thylakoids plane, but rather
parallel to X than to Y direction of main fraction of chl a absorbing in 420 nm
region, because FVH > FHH is observed. F730 shows very efficient excitation of
chl b absorption, especially in FVH component of chloroplasts. It increases with
film stretching. In thylakoids contribution from chl b to F730 are lower. It
js known that Y polarized transitions of chl b are directed out of thylakoid

plane (1), therefore for thylakoid which are well oriented in PVA film plane, the
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Fig. 4 Fluorescence excitation spectra of F674 nm (a) F730 nm (b) and
F750 nm (c). Chloroplasts-continued, thylakoids-interrupted line;
notation of polarization as in Fig. 3. Film stretching (%) is
4% x 100 shown in graphs.

)

contributions from chl b are lower than for chloroplasts. F750 has high
contribution of chl b in FVH component. F700 (not shown) is efficiently excited
by both chl b and carotenoids absorptions. The stretching does not change the
shape of excitation spectrum of F700 band. It is known that F681 and F698 which
are overlaped in this emission region are polarized in thylakoid membrane plane

(19).

Based on the photophysical properties that we have reported, it is possible

to draw the following conclusions:
1) the changes in polarized PAS spectra caused by film stretching are accompanied

by strong changes in the fluorescence and fluorescence excitation spectra;
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2) mutual orientation of pigment, which can be changed by film stretching or
selected by 1ight polarization, has strong influence on excitation energy transfer

among photosynthetic pigments and on their thermal deactivation of excitation.
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