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Solid films were prepared from diethyl ether solutions of divinylprotochlorophyllide on glass surfaces and then treated 
with vapours of acetone. The transformation of the films and the appearance of different spectroscopic forms of 
divinylprotochiorophyllide were observed by absorption spectroscopy. Computer analysis allowed resolution of the 
absorption spectra into forms with maxima in the red region at 628-630, 635, 644, 650, 655, 665 and 676 nm. These 
Gaussian peak positions are very similar to those of protochlorophyllide species described in etiolated leaves (Litvin, 
F.F. and Stadnitshuk, I.N. (1980) Fiz. Rast. (Moscow) 27, 1024-1030, in Russian) or of protochiorophyll forms found in 
solid films (Bdddi, B., RMc~,  E. and l.Ang, F. (1983) Photobiochem. Photobiophys. 5, 27-33). This indicates a 
similarity in the electronic structures of these pigment aggregates and shows that. the additional vinyl group in the 
divinylprotochiorophyllide does not modify this structure remarkably. 

Introduction 

The chlorophyll-type pigments usually form spectro- 
scopically heterogeneous species in plant materials, a 
large number of chlorophyll, PChl and PChlide species 
called 'forms'  have been also described in vivo and in 
vitro [1,2]. Possible reasons for the spectral multiplicity 
of these pigments are their molecular interactions among 
themselves or with other molecules [3]. The knowledge 
of these interactions and of the molecular structure of 
these species is necessary for understanding their role in 
the formation and the function of the photosynthetic 
apparatus. 

The interpretations of the structure of the spectral 
forms of chlorophyll, PChl and PChlide can be divided 
into three different groups. In the first group the spec- 
tral alterations were explained by the binding of the 
pigment molecules to carrier proteins [4]; these proteins 
may have either a structural role of an enzymatic activ- 
ity as in the case of protochlorophyllide oxidoreductase. 
The active form of this enzyme has been proposed to be 
a ternary complex between PChlide, an apoprotein and 
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NADPH;  the redox state of the coenzyme may also 
influence the spectral characteristics of this complex 
[5,6]. The second interpretation is based mainly on in 
vitro measurements and takes into consideration either 
the possibility of the direct self-aggregation of the pig- 
ment molecules [7] or their indirect aggregation through 
bifunctional ligands which form bridges between them, 
for example, as water molecules [8]. As water can effec- 
tively coordinate with its electron donor part to the 
central magnesium ion and with its proton to the N or 
O proton acceptor atoms of the porphyrine ring, the 
number of the coordinated water molecules and the way 
they are bound may also cause spectral differences in 
the absorption and fluorescence spectra of chlorophylls 
[9]. The role of water for determining the spectral 
properties of PChl forms has been previously shown 
[10]. The third interpretation combines the two former 
ones and proposes that the pigment forms are aggre- 
gates of pigment molecules connected to protein mole- 
cules [11]. The finding of several chlorophytl-a and 
chlorophyll-b derivatives in plants, such as monovinyl 
and divinyl chlorophyll a, still increased the complexity 
of the problem, since the alteration of the pr imary 
chemical structure of chlorophyll pigments can also 
cause spectral multiplicity of the photosynthetic pig- 
ments [12]. A similar chemical heterogeneity of pig- 
ments was found also in etiolated leaves, which implies 
the presence of different PChlide esters [13] and of the 
accumulation of PChlide and DV PChlide [14,15]. DV 
PChlide is a magnesium phaeoporphyrin a 5 derivative 
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which contains two vinyl groups at positions 2 and 7, 
while PChlide contains only the vinyl group at position 
2. Results were reported also on the simultaneous pho- 
totransformation of PChlide and DV PChlide [16]. 

DV PChlide ester (DV PChl) together with PChl was 
found in a bigger amount in pumpkin seed coats [17]. 
The absorption spectra of these seed coats in the red 
region were very similar to those of etiolated leaves 
[18,19]. These results on the common occurrence of 
monovinyl PChlide and DV PChlide or monovinyl PChl 
and DV PChl in biological materials show the impor- 
tance of the analysis of the evolution and the spectral 
properties of DV PChlide aggregates. Many works have 
described these data of PChl [20,21], PChlide [22-26], 
and there were also results on DV PChl [27,28], though 
the DV PChlide has not been analysed in this respect. A 
possible reason for this can be the small amount of DV 
PChlide in etiolated leaves. In previous studies concern- 
ing the pigment forms in model systems, PChl and DV 
PChl extracted from seed coats [10,20,21] and PChlide 
from etiolated tissues [22-26] have been used. Recently, 
a simple method was developed for preparation of DV 
PChlide [29]. 

The question arises whether the additional vinyl group 
at position 7 on the porphyrin ring of DV PChlide 
modifies the spectral properties of aggregates of this 
pigment. In this work the spectral forms of self-aggre- 
gated DV PChlide molecules were studied in solid film 
model systems. 

Materials and Methods 

DV PChlide was purified from cell-free medium of 
nicotinamide-enriched culture of Rhodobacter sphaeroi- 
des according to the method described earlier [29], 
except for the DEAE-Toyopearl  chromatography. DV 
PChlide in cell-free medium was precipitated by am- 
monium sulfate at 65% saturation. The collected pig- 
ments were dissolved with a small volume of aqeous 
acetone. The pigments were then transferred into ether, 
the ether was then evaporated and the pigments were 
dissolved with a small volume of absolute acetone. This 
solution was applied onto a column (1 × 10 cm) of 
polyethylene (Polyscience, chromatography grade) and 
eluted with 90% (v /v)  aqueous acetone as eluent. The 
separated DV PChlide was finally transferred into ether. 
The purity of the isolated DV PChlide was checked 
spectrophotometrically on the basis of the absorption 
peak ratios [30]. The purified pigment was also analysed 
by high-performance liquid chromatography with a 
polyethylene column and 65% (v /v)  aqueous acetone as 
the moving phase [15]. 

The solid films were prepared from ether solution of 
DV PChlide on the inner surface of spectrophotometric 
cuvettes by evaporating the solvent [10]. The films were 
treated with acetone vapour [20,27]. The absorption 
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spectra were measured with a Shimadzu UV-240 
spectrophotometer and registered into the computer 
memory. Baseline correction, calculation of the 2nd and 
4th derivative and a resolution into Gaussian compo- 
nents of spectra were carried out with help of a com- 
puter. The parameters for the spectrum resolutions at 
the beginning of the experiment were calculated from 
the derivative spectra; the halfbandwidths were fixed to 
be 20 nm. A resolution was accepted that fitted the 
experimental curve with a minimal number of compo- 
nents and that had an error of the magnitude of the 
experimental error, i.e., the signal-to-noise ratio of the 
spectra. 

Results 

To obtain the spectral forms of DV PChlide in solid 
films their absorption spectra were studied and analysed 
in the red region. Two main types of DV PChlide solid 
films were observed after the preparation: the first 
group of films exhibited red absorption maximum at 
632 nm; and the second group of films had a red-shifted 
absorption peak with maxima at 640 and 650 nm, 
including intermediary positions, e.g., at 641, 642, 645 
nm (Fig. 1). The spectra of films with the 632-nm 
maximum had Gaussian components at 628 (main com- 
ponent), 644 and 665 nm with 12-nm halfbandwidths. 
Other components were found in the spectra with 
640-650-nm maxima at 635, 655 and 676 nm. The 
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Fig. 1. Absorption spectra of four different DV PChlide solid films 
after preparation. Films have absorption maxima at: 632 nm (a); 641 

nm (b); 645 nm (c); and 650 nm (d). 
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TABLE I 

Ratios of Gaussian components m absorption spectra of divinylpro- 
tochlorophyllide solid films after preparation 

Ratios of Position of the experimental max imum 
Ganssians  641 n m  642 n m  645 n m  650 nm 

655/635 0.63 0.77 0.94 1.40 
676/635 0.10 0.12 0.17 0.30 

different ratios of these components in the films may 
explain the position of the experimental maxima (Table 
I). In parallel with the appearance of the red-shifted 
absorption bands remarkable spectral shifts were ob- 
served also in the Soret region of the spectra: films with 
632-nm red maximum exhibited a broad peak at 440 
nm, films with 640-645-nm red bands had a 452-nm 
blue peak and the 650-nm absorbing films showed blue 
maximum at 480 nm. These Soret bands were complex 
due to the overlap of several absorption peaks. This 
region has not been analysed in detail in this work. 

In order to study the evolution of the different 
spectral forms (to which the Gaussians can be attri- 
buted) and to compare the spectral properties of DV 
PChlide films with earlier studies on PChl [20,21], 
PChlide [22-26] and DV PChl [27,28] containing mod- 
els, the above-described DV PChlide films were treated 
with vapours of acetone. This treatment resulted in a 
labile structure of the films giving this way a mobility 
for the DV PChlide molecules. When the treatment was 
carried out at a temperature higher than 25 °C  and the 
acetone vapour tension was too high, the acetone con- 
densed on the surface of the films and dissolved the DV 
PChlide. In case of lower temperatures and at low 
acetone vapour tension a blue-shift was observed in the 
first minutes of the treatment: the main absorption 
peak shifted to 630 nm. As a second step of this process 
a shoulder appeared around 650 nm, the intensity of 
which increased gradually and the new absorption max- 
imum appeared at 650 nm at the end of the treatment. 
The whole process is demonstrated in a three-dimen- 
sional graph which shows spectra registered continu- 
ously during the treatment (Fig. 2). The grids in this 
figure clearly show the blue-shift at the beginning of 
this process which is followed by the red-shift. The 
topological representation (Fig. 3) shows a 'saddle' be- 
tween the two sets of intensity lines. As this figure 
demonstrates the changes of the contour lines in rela- 
tion to time, the presence of this 'saddle', i.e., the 
absence of contour lines in this region, means that there 
was no absorbance change here in relation to time, 
which is an obvious proof for the existence of the 
isosbestic point in this process. Calculating the intensity 
divide (the lines of relatively highest intensity values) of 
the two sets of peaks, an intersection point can be 
found at 628 nm; this demonstrates that the position of 
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Fig. 2. Changes of the absorption spectrum of a DV PChlide solid 
film during acetone vapour treatment. Before the treatment started 
the main max imum was at 640 nm, then it shifted to 632 n m  during 
the treatment and at the end of the treatment it was at 650 nm. The 
spectra were recorded every 2 minutes.  The coordinates are: X for 

wavelength (nm), Y for time (min), and Z for extinction. 

the shortest wavelength form appeared after the 16.5th 
min of the blue-shift. The conventional demonstration 
of this process, whiGh shows the spectra registered be- 
tween the 15th and the 45th minute of the treatment 
(Fig. 4), is in good agreement with the data of Figs. 2 
and 3; it shows maxima at 628 and 650 nm and an 
isosbestic point around 632 nm (Fig. 4). 
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Fig. 3. Topological representation of the transformation process shown 
in Fig. 2. The grids represent isoextinetion lines. The spectra were 
recorded every 2 minutes.  The coordinates are: X for wavelength 
(nm), and Z for time (rain). The dotted line is the ' intensi ty divide'. 
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Fig. 4. The second part of the transformation process of the DV 
PChlide solid film is shown: the transformation of the 632-nm form 

into the 650-nm form. 

For an analysis of this transformation, the extinction 
values of the Gaussian components were determined. 
To demonstrate the good resolution of our method two 
spectra are presented in Figs. 5 and 6. The spectrum in 
Fig. 5 was registered after a treatment of 10 min and 
shows an intermediary state of the film. Fig. 6 repre- 
sents the final state of the film after a treatment of 45 
min. In both spectra components at 632, 650 and 666 
nm were found with different intensities. The similarity 
of the spectrum in Fig. 6 to those of the etiolated leaves 
is remarkable. 

D i s c u s s i o n  

Direct information on the in vivo molecular structure 
of chlorophyll-like pigment forms is not easily available 
as different types of interaction are present simulta- 
neously. Therefore, model systems of different nature 
are often used to study this question. Solid films were 
found to be advantageous for preparing different PChl 
[20,21] and DV PChl [27] forms. After evaporation of 
the ether solvent, i.e., the preparation of the films, 
'accidental '  interactions take place producing aggre- 
gates with random geometry [31]. However, in some 
cases, aggregates with definite geometry and with 
strongly red-shifted absorption bands and intense CD 
signals can occur [20]. The treatment of the films with 
vapours of acetone results in the desaggregation of the 
initial species which appeared after the preparation of 
the films; then a secondary aggregation takes place in 
which the pigment molecules are connected to each 
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Fig. 5. Computer resolution of the absorption spectrum of a DV 
PChlide solid film after 10 min acetone vapour treatment. 

other with specific molecular sidegroups forming coor- 
dination interactions and giving this way definite geom- 
etry for the aggregates [20]. Infrared spectroscopy of 
PChl films treated with acetone vapour gave evidence 
for the interactions of keto-groups and magnesium ions 
of the PChl molecules in species having an absorption 
maximum of 650 nm [21]. By varying the tension of the 
acetone vapours during the treatment of the films the 
transformation process could be slowed down and in 
this way the transformation process could be followed 
by registering continuously the absorption spectra. These 
spectra were presented in Figs. 2-4. The resolution of 
the absorption spectra in different transformation stages 
of the films made it possible to observe the evolution of 
the DV PChlide forms. The results shown in Figs. 5 and 
6, together with the 3-dimensional and topological visu- 
alization of the transformation process, proved that in 
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Fig. 6. Compute r  resolution of  the absorpt ion  spectrum of a DV 
PChlide solid film after 45 rain acetone vapour  treatment.  Fur ther  

t reatment  did not  change the ratio of  the Gaussians.  
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the first  phase  a 632-nm absorb ing  form was d o m i n a t -  
ing in the films. This  fo rm arose  f rom a 628-nm ab-  
sorb ing  form, the exis tence of  which could  be ca lcu la ted  
f rom the topologica l  r epresen ta t ion  of the process  (Fig.  
3). In  the second phase  a 650-nm absorb ing  fo rm had  
the highest  abso rp t ion  b a n d  and,  in paral le l ,  a long-  

wavelength  abso rb ing  form with peak  at  666 n m  "ap- 
peared .  The  in tens i ty  of  this b a n d  in the spec t rum 
regis tered in the f inal  s tage (af ter  a t r ea tment  of  45 min)  
was high enough to over lap  the shor te r -wavelength  
bands ;  therefore  it h indered  the observa t ion  of  the true 
isosbest ic  po in t  (Fig.  4). The  650-nm abso rb ing  DV 
PChl ide  fo rm was found  to be  most  s table  s imi lar ly  to 
PChl  and  PChl ide  mode l  systems [10,20,23]. The  posi-  
t ions of  the red abso rp t ion  b a n d s  (i.e., of the Gauss i an  
componen t s )  of  o ther  DV PChl ide  forms were also very 
s imi lar  to those of  PChl  or  PChl ide  forms in o ther  
systems [10,20,32]: desp i te  the di f ference of  their  ab-  
so rp t ion  spec t ra  in monomer i c  forms (in their  po l a r  
solvents)  [30]. A larger  d i f ference was found  be tween  

the Soret  b a n d  pos i t ions  of d ie thyl  e ther  so lu t ions  of  
D V  PChl ide  and PChl ide :  438 and  432 nm, respect ively  
[14,30]; therefore  a compar i son  of  the abso rp t ion  spec- 
t ra  of their  aggregates  in this region seemed to be  
promis ing .  The  aggregat ion  of  the  DV PChl ide  resul ted  
in red-shif ts  and  also in b a n d  spl i t t ings  in the Soret  
region.  Unfo r tuna te ly ,  there  are no  da t a  to be  found  in 
the l i te ra ture  abou t  mos t  of  these p igment  aggregates.  A 
6 3 2 - 6 3 4 - n m - a b s o r b i n g  PChl ide  species p r e p a r e d  in d ry  
benzene  had  a Soret  m a x i m u m  at 440-443  nm, and a 
648-651 n m  absorb ing  PChl ide  species in the same 
sys tem at 469 -472  nm [22,24]. PChl  solid fi lms with red 
m a x i m a  at 630, 647 and 651 n m  had  Soret  b a n d s  at  440, 
475 and  480 nm, respect ively [21]. A 650-nm absorb ing  
D V  PChl  solid f i lm exhib i ted  Soret  b a n d  at 485 n m  [27]. 
The  red-Sore t  b a n d  pa i rs  of  DV PChl ide  were found  in 
this work  632-440,  642 -464  and  650-480.  Obvious ly ,  
the exact  descr ip t ion  of  these b a n d s  needs a reso lu t ion  
of  the Soret  region because  of the complex i ty  of the 
films. Such a resolut ion,  however,  is a compl i ca t ed  
p rocedure  as in this region the B x and  the By electronic  
t rans i t ions  s t rongly  over lap  [33] and there are  no d a t a  
avai lab le  abou t  the exci ton spl i t t ing of  these t rans i t ions  
in aggrega ted  systems. On  the o ther  hand,  the compar i -  
son of  this spectra l  region to those of  in vivo systems is 
ra ther  compl i ca t ed  due  to the ca ro teno id  absorp t ion .  

The  results  of this work  demons t r a t ed  that  the DV 
PChl ide  aggregates  have s imilar  abso rp t ion  bands  to 
those  of  PChl ide  or  PChl  aggregates;  the add i t iona l  
vinyl  group does  not  have an i m p o r t a n t  effect on the 
e lect ronic  s t ructure  of  these p igment  aggregates,  ne i ther  
on the process  of their  aggregat ion.  Therefore ,  it  canno t  
be exc luded  that  the abso rp t ion  bands  observed  in 
spec t ra  of  e t io la ted  leaves do  not  only  be long  to PChl ide  
bu t  also to DV PChl ide  forms. 
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