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SUMMARY 

I. The dichroism was measured at varied wavelengths of polarized light in 
"intact" cells of Rhodopseudomonas palustris and in films of air-dried lamellar frag- 
ments of the bacterium. 

2. The values for the dichroism (AA/A) of bacteriochlorophyll in lamellae were 
found to be - - I . I  at 59 ° n m  and +0.50 at 800 and 87 ° n m .  

3- Air drying of the lamellar fragments in films did not essentially change the 
orientation of bacteriochlorophyll from that in intact cells. 

INTRODUCTION 

In studies of the states of photosynthetic pigments in the photosynthetic 
apparatus, the measurement of dichroism will provide direct information concerning 
the orientation of the pigments in the membrane system of the organelle. 

The dichroism of chlorophyll in vivo has been studied by various investigators, 
using various methods and test materials 1-9. One of the fundamental requirements for 
tile measurement of dichroism will be that the organelles are oriented in regular array. 
A variety of methods has been employed to obtain such orientation of the organelle. 
One of the methods was to select, under the light-microscope, chloroplasts lying at a 
given direction in intact cells and to measure the optical properties of the lamellae 
in situ. MENKE 1, 2, and MENKE AND MENKE 3 applied this method using Mougeotia and 
Closterium as test materials and observed a weak dichroism. OLSON et al. 4, 5 working 
with Euglena as test material, used photomierography with polarized lighO and 
microspectrophotometry 5 of chloroplasts. GOEDHEER 6 used photomicrography with 
polarized monochromatic light for the measurements with single sheets of Mougeotia 
chloroplasts. SAUER AND CALVIN 7 and SAUER 8 working with isolated spinach chloro- 
plasts oriented the chloroplasts by electric fie1& or flow 8. A method of pressing chloro- 
plasts between thin sheets of metal was used by THOMAS el al. 9. 

In some cases a more or less significant dichroism has been observed at the ab- 
sorption band around 695 nm. In other forms of chlorophyll in chloroplasts no signifi- 
cant dichroism has been observed. However, KREUTZ 1° suggested a possibility for 
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orientation of chlorophyll molecules in the lamellae, even when dichroism of chloro- 
phyll was apparently absent. 

In chromatophores of photosynthetic bacteria, no dichroism was detected by 
SAUER AND CALVIN 7. Chromatophores of some photosynthetic bacteria are spherical in 
shape when suspended in aqueous media u. Therefore, no dichroism of any pigment 
can be expected for the suspension of such chromatophores even when the pigments 
may have some orientation in the chromatophore structure. Polarization of fluores- 
cence has been observed by GOEDHEER 6 and double circular dichroism has been ob- 
served by DRATZ et al. 12 in the region of near-infrared absorption of bacteriochlorophyll. 
These facts indicate the presence of some arrangement of bacteriochlorophyll in 
chromatophores. 

However, some photosynthetic bacteria have lamellar structures in the cells 
instead of vesicular chromatophores as the photosynthetic apparatus. In Rhodo- 
pseudomonas palustris '3, electron-microscopic inspection reveals a regular formation 
of the lamellae in the rod-shaped cells. In a cross section of the cells, they appear as 
concentric circles. In a longitudinal section, they appear as parallel-packed peels of 
lamellar sheets similar in form to that of the cell. In this case, an oriented arrangement 
of the photosynthetic organelle can be obtained by the orientation of the cells in the 
suspension. The dichroism of the photosynthetic pigments, if there is any, should be 
detectable in this system. 

Another way to provide an orientation of the organelle will be to make a "dry 
film" of lamellar fragments. In the electron microgram, the lamellar fragments, 
spread on the mesh and shadowed, show flat images, indicating that most of the 
lamellar fragments, when spread and dried to prepare the sample for electron micro- 
scopy, may be regarded as consisting of sheets of lamellar membrane lying parallel to 
the plane of the mesh. Thus, when the lamella fragments are spread on a plate and 
air-dried, most of the surface of the lamellae will be lying parallel to the surface of the 
glass plate. In such a preparation, the orientation of the pigments should be detected, 
if there is any. 

In this study, the dichroism of bacteriochlorophyll in lamellae of R. palustris 
was detected, using these two methods to make an oriented arrangement of the or- 
ganelle surface. The orientation of bacteriochlorophyll was estimated on the basis of 
measurements of dichroism. 

MATERIALS AND METHODS 

R. palustris, isolated and pure-cultured in this laboratory', was cultured under 
continuous illumination, in a medium consisting of 0.5 % yeast, extracts, 0.3 oJ..o pep- 
tone and 0.5 % sodium lactate (pH 7.o), at 3 2° for 3 day s14. The cells were harvested 
by eentrifugation, and suspended in a 0.5 M phosphate buffer (pH 7.0). The suspension 
was mixed with a solution of methyl cellulose, to make up the final concentration to 
o.3 M phosphate buffer and 0.5 o; methyl cellulose, and used as test material for 
"intact cells". 

The lamellar fragments were prepared by disrupting the cells by exposing 5o ml 
of the cell suspension in o.5 M phosphate buffer to sonic oscillation (IO keycles, IOO W, 
Toyo -r iko Ltd., Model 5o-5) for 3o min at 4 ° (cooled by running an ice-water mixture 
from the outside of the vessel). The resulting suspension was centrifuged at Ioooo × 
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for 15 min to remove the debris and undisrupted cells. The lamellar fragments were 
collected from the supernatant by centrifugation at 8oooo × g for 6o min. The lamellar 
preparation was washed once by centrifugation. The pellet obtained was dispersed in 
an equal amount of water to make a thick suspension of lamellar fragments. The sus- 
pension was spread on a cover-slip and then air-dried at room temperature. The re- 
sulting sample was used as the test piece for the "dry film" in most of the experiments. 

The absorption measurements were made in a Shimadzu PMS 5 ° recording 
spectrophotometer. In the spectrophotometer, photonmltipliers (R-236, Hamamatsu 
TV Ltd.) were used as detectors. As polarizer, a Nicol prism was employed. The po- 
larizer was placed in front of the photomultiplier of the sample side of the spectro- 
photometer. 

The chamber for the flow of the cell suspension consisted of two square pieces of 
Lucite plate and a sheet of black polyvinyl chloride (o.3 mm thick) was inserted as a 
spacer between the Lucite plates. In one of the plates, two shallow pits were made, 
one in the upper part and the other near the bottom, as pools for the flowing fluid. 
From the pools, canals led to the outlet and inlet of fluid. In the vinyl sheet, a narrow 
slit, o.3 mm wide and 4 ° mm long, was cut to make a path of fluid from one pool to the 
other. The three component parts, plates and film, were tightly screwed together with 
bolts and nuts (4 mm in diameter) (Fig. i). The inlet and the outlet were connected by 
silicon rubber tubing to one injection syringe each used as reservoirs of the fluid cell 
suspension. The flow of the suspension was driven by applying appropriate pressure by 
placing weights on top of one of the injection syringes held in a vertical position. The 
direction of flow of the "intact cell" suspension for the measurements of dichroism was 
vertical. For technical reasons, to obtain a steady flow, only the upward flow of the cell 
suspension was used for the measurements. 

( 

rnlet~._~. -_~ 
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"Intoct cells" 
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Fig. I. Flow chamber  for measurement  of dichroism in a flowing suspension of intact  bacterial cells. 
Fig. 2. Absorpt ion spectra of intact  cell suspension of R. palustris, for horizontally and veritcally 
polarized light. The cell suspension was flowing vertically. Flow rate, I ml/ i .  7 sec (655 cm/sec). 
- - - - - - ,  vertically polarized light; . . . . .  , horizontally polarized light. 

The flow chamber was placed in the middle of the sample compartment of the 
spectrophotometer, where the image of the optical slit for the measuring beam is 
formed. The reference compartment of the spectrophotometer was left empty. 

In the measurements of dichroism with "dry film", the test piece was placed in 
a vertical position in a paraffin oil bath. The bath was placed in the middle of the 
sample compartment of the spectrophotometer. The measurements were made at four 
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different angles of measuring light beam to the surface of the test piece (9 °o , 5 °° , 4 °° 
O ° and 3 ), adjusted by turning the coverglass in the paraffin oil bath. 
All optical measurements were done at room temperature. 

RESULTS 

Measurements of dichroism in the flowing suspension of intact cells 
The absorbance of vertically and horizontally polarized light (Az and A y) were 

measured. The direction of the measuring light of the spectrophotometer will be taken 
as the x axis of the co-ordinates. The vertically polarized light is polarized in the 
direction of the z axis and the horizontally polarized light in the direction of the y axis. 
In the flow chamber, the longitudial axis of bacterial cells is oriented along the z axis. 

A correction for zero absorption was made by substracting the values of ab- 
sorbance measured using water in place of "intact  cell" suspension. To reduce such 
effects as that  of polarization of the incident beam of measuring light and turbidity of 
the sample, the peak-to-trough difference of absorbance was used for the estimation 
of the values for dichroism. 

A set of the resulting absorption spectra, measured with vertically and horizon- 
tally polarized lights, is illustrated in Fig. 2. As will be seen from the figure, Ay was 
higher than A z at the absorption band at 59 ° n m ,  whereas A z was higher than Ay in 
the near-infrared region of the absorption (800 and 870 nm). These findings indicate 
the presence of dichroism in intact cells. 

Estimatio~ of dichroism in the "intact cells" 
The absorption parallel to the surface of lamellae is denoted as A u and the one 
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Fig. 3. Re la t ionsh ip  be tween  reciprocals  of flow ra tes  and  values  of d ichroism (dd/d), ca lcu la ted  
from the  absorbance  wi th  respect  to  ve r t i ca l ly  and  ho r i zon ta l ly  polar ized  l ight ,  in a ver t i ca l ly  
f lowing suspension of i n t a c t  cells. O O, a t  8oo nm;  .~. - ~,, a t  87o n m ; •  • ,  a t  58o nnl. 

Fig. 4. Absorp t ion  spec t ra  of d ry  fihn of t?. paluslris l amel la r  f ragments ,  in polar ized l ight .  The 
angle  of the d ry  film to the measur ing  l igh t  beam was 3 °°  (0 6o°). , ve r t i ca l ly  polar ized  
l igh t ;  . . . .  , ho r i zon ta l ly  polar ized  l ight .  
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perpendicular to the lamellar surface as A±. Under the ideal condition when the cells 
are completely oriented along the z axis, it will be: 

Ay I/2 (All + A±) (1) 

and neglecting the contribution of the end part  of the rod-shaped lamellar thylakoid:  

.4 z --  All 

From the definition of A A  and A ,  

3A -- ,4,1 -- A± -- 2 (A~ -- A.v) 

.4 I /3  {2AII ~ A±) - -  I /3  (A z 2_ 2Ay) 

(2) 

(3) 

(4) 

Utilizing Eqns. 3 and 4, values for the dichroism (AA/A)  were calculated from 
the values for absorbance, A z and A y, determined with respect to the vertically and 
horizontally polarized light, respectively. The values for A A / A  were plotted against 
the reciprocals of the flow rates of the suspension, and extrapolated to infinite rate of 
flow (Fig. 3). Thus, the dichroism of bacteriodflorophyll  in the lamellae in intact  cells 
was est imated to be - -1 .o  9 at 59 ° nm and +o .5o  and +o .48  at the near-infrared 
absorption bands, 8oo and 87o nm, respectively. 

Measurements  of  dichroism in "dry fi lm" of lamellar fragme~zts 
The absorbance of vertically and horizontally polarized light (Az and A y )  w e r e  

measured, using "d ry  film" of lamellar fragments from R. palustris.  The angle between 
the surface of the test piece and the plane perpendicular to the measuring light beam 
was denoted as0. As will be seen from the results illustrated in Fig. 4 '0 --  6o°), Az was 
higher than A y in the near-infrared region (8oo and 87o nm), whereas at 59 ° nm A y was 
higher than d z. 

Est imation of  dichroism in "dry f l m "  
From the observed values of Az and Ay in the dry film, the values for the di- 

chroism were estimated. I t  will be evident from the geometrical arrangement  of the 
measurement,  that  A z at a given 0 !denoted as A z °) represents the absorption parallel 
to the sample surface. However, the thickness of the sample along the axis of the 
measuring beam will chang~ as a function of the reciprocals of c~s0. Therefore: 

Az ° = A,I. ~/c~0 (5) 

A y  ° is a combined function of All.cos°-0, Ax.sin20 and also of the thickness factor, 
I/COS0. Thus, for a given 0 : 

A y  0 --  I / c o s 0 ( A H . c o s 2 0  ? A±'s in~0)  (6) 

- A ,,.cosO+ A±(i/cosO -cosO) 

Defining the difference Az  ° - -  A y  ° as A A  °, 

A A  o _ A ~1" I /cos0  - -  A tl cos0 - -  A ±(I /co~0 --  cos0) 

= (All A ± ) . ( I / c o s O  - - c o s 0 )  

- -  A A ' ( I / c o s O  - -  cos0) (7) 

Eqns. 5 and 7 mean that  there is a linear relationship between Az  ° and I/COS0, 
as w~ll as between A A  ° and (I/COS0 - -  cos0). In Fig. 5, the absorbance Az  ° and the 
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difference of absorbance ~dA °, at 590 ,800  and 870 nm, measured at varied positions ot 
the test  piece bv changing the angle 0 to 4 o°, 5 ( /  and 6o ° are p lo t t ed  as functions 
of I/COS0 for Az ° and (I/COS0 - - c o s 0 )  for JA °. According to Eqns. 5 and 7, the 
values for A n and zlA will be calcula ted as the tangents of the straight lines in the 
plots. The actual  values for A n in " d r y  fihn" of R. flalustris lamellar  f raginents  were 
o.o3 at  59o nm and o.41, 0.257 at  8oo and 87o nm, respectively.  The values f()r H 
were -o.o24, + o . I 5 6  and -q o . I I  at  59o, 8oo and 87o nm, respectively.  From these, 
the values for the dichroism JA /A  were ca lcula ted  to be o.65 at  59o nm, 5o.44 at 
8oo nm and -f o.5o at  87o nm. These values for JA/A  are prac t ica l ly  in agreement with 
the respect ive values es t ima ted  from the results  of the flowing method  with " in tac t  
cells" (Table 1). 
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l:ig. 5. R e l a t i o n s h i p  b e t w e e n  ]AO a n d  (I/COS0 cos0), a n d  b e t w e e n  ,4z a n d  I/COS0 a t  59o, 8oo a n d  
,';7 o n m ,  for  v a r i e d  v a l u e s  of 0 (d ry  f i lm of R. palustris l a m e l l a r  f r a g m e n t s ) .  ,7 ~ a t  So() n m ;  

?, ,~, a t  870 n m ;  O - - - O ,  a t  5 9 0  n m .  

T : \ B L E  I 

SUMMARIZED VALUES FOR THE DICHROISM IN INTACT CELLS AND DRY FILM OF LAMb;LLA FI{A(;MI'/NTS 
IX R. pah~:#ris 

It"avel mglh Test material 
measured (rim) 

Intact cells l)~ 7 film 

].414 D* IA/A D~* 

59 ° I . o 9  0 .37  0 .65  0 .55  
8 0 0  I 0 .50  ~.75 t 0 .44  [ .62  
8 7 0  F 0"48 1.71 F o . 5 o  1.75 

* D : d i c h r o i c r a t i o ,  D = All/A ± . 

I)ISCUSSION 

The observed dichroism of bacteriochlorophyll  in intact cells and dry film of 
lamellar fragments will be most ly  due to the orientation of the pigment in the lamellar 
membrane.  Theoretically,  AA/A may have values ranging from -]-I. 5 to 3.o, 
depending on the angle of the transition moment  to the surface of the membrane and 
the grade of orientation of the pigment molecules in the test material.  When measured 
in the ways as used in this study, the absorption due to a transition m o m e n t  parallel 
to the surface of the membrane  will give a value of + 1 .  5, and the absorption due to a 
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t rans i t ion  momen t  perpendicu lar  to the surface of the membrane  a value of - -3 .o .  The 
ac tua l  values ob ta ined  were + o . 5  ° for the infrared region and - - 1 . o  9 for the  59o-nm 
band.  These values  indicate  tha t  the ac tua l  or ien ta t ion  of the t rans i t ion  moments  were 
far from ideal. One of the  causes for the small  absolute  values of dichroism found in 
the  lamellae will be due to an incomplete  or ien ta t ion  of the  p igment  molecules in the  
membrane  and/or  an i r regular i ty  in the a r rangement  of the lamellae in the test  system. 

Actua l ly ,  there  are some factors which m a y  cause an i r regu la r i ty  in the arrange-  
ment  in the  test  system. In  the electron microgram of a longi tud ina l  section of the cells, 
some bent  or waved  por t ion of lamellae was observed.  In  the te rmina l  par t s  of the  
bac ter ia l  cells the  lamellae tend  to curve inward,  and at  the polar  ends of the  cells 
lamel lae  are not  observed 13. The por t ion of lamellae devia t ing  from the ideal  shape of 
s t ra igh t  cyl inders  will con t r ibu te  to reduce the absolute  values of dichroism. The  
ac tua l  values of these correct ion factors could not  be es t imated.  

Also in the  " d r y  fi lm" there are factors which m a y  cause a decrease in absolute  
values of dichroism such tha t  the  membrane  of the lamel lar  f ragments  m a y  not  be 
comple te ly  flat  to the glass p la te  on which the lamel lar  f ragments  are spread.  Ac tua l ly ,  
the suspension of lamel lar  f ragments  was not  d i lu ted  sufficiently. Therefore,  some of 
the  lamel lar  f ragments  m a y  be folded up, bent  or pa r t l y  over lapped.  These events  will 
also decrease the  absolute  values of the  dichroism. 

In  view of these considerat ions,  the  es t ima ted  values for the  dichroism of bac-  
ter iochlorophyl l ,  will represent  the  min imum absolute  values for the dichroism 
ac tua l ly  present  in the  lamellae.  

The smaller  absolute  values of dichroism m a y  also arise from non-uni formi ty  in 
or ien ta t ion  of the  p igment  molecules in the lamel lar  membrane ,  or m a y  depend  on the 
incl inat ion of the t rans i t ion  moments  of the  p igment  molecules to the  surface of the  
membrane .  As a s implest  model,  if the  bac ter iochlorophyl l  molecules are assumed to 
be a r ranged  uni formly  in the lamellae,  the or ienta t ion of the  molecules can be deduced 
from the values of dichroism. 

Employ ing  the re la t ionship  between the dichroism and the angle (e) the t ransi-  
t ion m o m e n t  makes  wi th  the  plane of the  membrane  surface, 

AA/A = 3/2(3cos2s¢ -- i) (8) 

the  angle (a) the  t rans i t ion  momen t  of the  near - inf rared  absorp t ion  makes  wi th  the  
surface of lamellae was e s t ima ted  to be 28 °, and ~ for the  t rans i t ion  momen t  of the  
59o-nm absorp t ion  41°, in the  case of " in t ac t  cells". Such combina t ion  of or ien ta t ion  
angles will be in h a r m o n y  with  the c i rcumstance t ha t  the 59o-nm absorpt ion  t rans i t ion  
moment  and  the near - inf rared  t rans i t ion  moment  in bac ter iochlorophyl l  are perpen-  
dicular  to each other,  if we assume tha t  the plane of the  d ihydrochlor ine  r ing is incl ined 
at  an angle of 53.7 ° to the plane of the  surface of lamellae.  

The ac tua l  mode of the  a r rangement  will not  be so simple as to assume the uni- 
form or ienta t ion  of bacter iochlorophyl l .  I t  will be a mix tu re  of the or ien ted  molecules 
and  the unoriented.  Fur the rmore ,  there  will be a poss ibi l i ty  tha t  bac ter iochlorophyl l  
molecules are aggrega ted  in the  lamellae 15. In  this  case, the analysis  of or ien ta t ion  of 
molecules will be more complicated.  The analysis  based  on other  models  than  uniform 
or ienta t ion  of molecules was not  a t t empted .  

Meanwhile,  there  m a y  be a possibi l i ty  tha t  the observed dichroism is not  due to 
an or ienta t ion  of bac ter iochlorophyl l  molecules, bu t  to artefact(s)  due to the opt ical  
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apparatus, the preparation of the test material, or the shape, which can be responsible 
for form dichroism, of the test material. 

Tile possibility that the observed dichroism may be caused by the form di- 
chroism due to the lamellar structure of the photosynthetic organelle of this bac- 
terium ~6 was not completely eliminated. However, the wavelength dependence of the 
dichroism observed in these studies, namely tile opposite sign of AA/A,  positive at 
80o and 87o nm and negative at 59 ° n m ,  will exclude the possibility that the form 
dichroism is tile sole cause of the observed dichroism, although the values of dichroism 
may be affected to some extent by form dichroism. 

in tile measurements with "intact cells", control experiments were performed 
in which tile dichroisnl of the cell suspension was measured in the flow chamber, but 
without flowing the suspension. No dichroism was detected. This fact will indicate that 
the measured dichroism obtained by the flow method is not due to an artefact caused 
by the optical arrangement or by the wavelength dependence of the polarizer or 
photomultiplier employed. 

Vfavelength-dependent scattering of tile measuring light of the spectrophoto- 
meter by bacterial cells may also have some effect on the measured dichroism when 
the scattering is anisotropic due to the orientation of the cells. However, in tile actual 
measurements in the present study, the portion of the apparent absorbance (atten- 
uance*) caused by the light scattering by the cells was not significant. The absorbance 
of the bacterial suspension at 670 nm, which is mainly caused by light scattering by 
the bacterial cell, was less than one fifth of the absorbance of bacteriochlorophyll at 
8oo nm. It  will be reasonable to conclude that anisotropic light scattering by bacterial 
cells had no significant influence on the measured dichroism. 

In tile measurements with "dry film", there may be an artefact which was 
caused by the arrangement of these measurements. The glass plate bearing the dry 
fihn of lamellar fragments, in paraffin oil, will transmit partially plane polarized light. 
This effect may be considered in the calculation of values of the dichroisrn. However, 
in this study the peak-trough differences of absorbance were used for calculation; 
therefore, this effect may be eliminated from the estimated values of tile dichroism. 
Actually, to test the effect, another experimental arrangement, in which a similar 
paraffin oil bath and glass plate, bearing a dry film of methanol-extracted lamellar 
fragments in place of the lamellar fragments, was placed in the reference side of spec- 
trophotometer, was used. No difference between tile values of dichroism (at 0 60 °) 
was detected in these two kinds of arrangements. This fact will indicate that this kind 
of artefact was negligible in the estimation of values of dichroism in these studies. 

The possibility of another artefact, that the orientation of bacteriochlorophyll 
molecules in the lamellae may change by sonieation, was tested, using two kinds of 
"dry film" material. In each kind of test piece, lamellar fragment preparations pre- 
pared by disrupting the cells, the one by means of a French pressure cell and the other 
by grinding in a mortar with alumina powder, were mounted. The measured values ot 
dichroism (/]A/A) were --o.64 at 59 ° n m  and q-o.5i at 8o0 and 870 nm in the prep- 
aration from the French pressure cell; - -o.6I  at 5qo nm and ~o.54 at 8o0 and 87o nm 
in the preparation from mortar-grinding lamellar fragments. The values, with respect 
to wavelength, were practically identical and showed that sonication did not change 
the arrangement of bacteriochlorophyll molecules in the lamellae. 

* Proposed by SHIBATA 17, 
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As a control in the measurements with "dry film", a thin layer of a water sus- 
pension of lamellar fragments, placed between two sheets of cover glass for micro- 
scopy, was used in place of dry film. No significant dichroism was detected, indicating 
that  the dichroism observed in "dry film" was not due to optical artefacts. 

The values for the dichroism of bacteriochlorophyll in lamellae were essentially 
similar in dry film and intact cells, although the size and shape of tile test material 
differed widely. This fact will exclude the possibility that  the observed dichroism was 
due to the artefacts caused by shape and size of the material used. Also, the possibility 
that  the observed dichroism in dry film was caused by air drying of the material, was 
excluded. 

in chloroplasts, it has been inferred from the results of studies of dichroism 
that  a part  of the chlorophyll molecules (the 695-nm form) is oriented to make tile 
transition moment  of absorption at longer wavelengths nearly parallel to the plane of 
the lamellae. The conlusion of the present study concerning the arrangement of bac- 
teriochlorophyll in lamellae of R. palustris is in accord with what has been reported 
with respect to the chlorophyll 695-nm form in green plants. However, the dichroism 
is much more significant in the case of lamellae of the photosynthetic bacterium. 
Moreover, the dichroism was detected in various forms of bacteriochlorophyll, includ- 
ing Bs00 and B8v 0. 
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