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© ABSTRACT
The orientations of high potentialicytoch:omes with respect to photo-

synthetic membranes was'investigated in spinach chloroplasts and in

Rhodopseudomonas viridis. The general approach consists in detection with
‘polarized light of photoinduced absorbance changes related to the oxidation
of the cytochromes. .The'orientétion of cytochrome 5556 was measured at-
room temperature in chroﬁatopﬁoreé and whole cells of Rp. viridis,Aoriented
on glass slides and in a ﬁagnetic»fieldbrespeCtively. The orierntation of;
-cytochrome 2559 of-green plants was detected at 77K in magnetiéa}ly drientéd
chloroplasts. In both cases the dichroic ratio for the a band shows fhat
the heme plane makes an angle»greate; than 35° with the memﬁrane plane. .
4Mbreover, the dichroic ratio is not constant throughout the o and B bands,

‘_ for both cytochrome c 8 and b Linear dichroism spectra of oriented

55 =559°

pure horse heart cytochrome ¢ and c:yt:ocl’n:ome_t:_'2 of Rhodopseudomonas

sphaeroides in stretched polyvinyl alcohol films show that the variations
of the dichroic ratio in the a and B bands can be explained by the occurrence

of x and y poiarized transitions absorbing at slightly different wavelengths.



INTRODUCTION

The roles of cytochromes as electron carriers in photosynthetic ana
respifatory systems have been recognized for many years. 1In bacterial
phétosynthesis a cytochrome of the ¢ type is the immediate electron donor
to photooxidized bacteriochlﬁrophyll (P+) in the reaction cénter (1). At
room temperature cytochrome c reduces 2 withiﬁ less than a miilisecond
(2) and thus preVénts the occufrence of a wasteful back reaction between
thé photochemically displaced electron and P+.

In contrast to the e#tensive-knowledgé of fhe thermodynamics and
kinetics of cytochromes ¢ in bactéfial_photo;ynthesis (3), information
concerning their location .and orientation‘with»respect‘to'the membrane is
fragmentary.‘ Direct evidencé of localization of cytdchrbme c, in

2

Rhodopseudomonas sphaeroides and Rhodopseudomonas capsulata has come from

the immunological study of Prince et al. (4). More recently, some informa-

tion on the orientations of cytochrome hemes in Chromatium vinosum and

Rhodopseudomonas viridis with respect to the membrane plane wés obtained

by Tiede et al. (5,6) from EPR studies of air dried chromatophore films.

It was found that the low potentiai cytochrome hemes lie parallel to

<553

the membrane plane in Chr. vinosum, whereas for the high potential cyto-

_ghromes L5555 in Chr. vinosum and s

roughly perpendicular to the membrane plane.

58 in Rp. viridis, the heme planes are

_In this report we describe the orientatian of cytochrome hemes with
respect to the membrane plane in.both green plénts and phbt&synthetic
bacteria, as determined from the linear dichroism of optical transitions
in orientéd samples. The orienfation of the o band transition of cyté-
ch;pme 9559 of green plants was determined by measuring the linear

dichrpism of the absorbance changes related to its photooxidation at 77K,



" in magheticélly oriented chloroplasts. We also measured the linear dich~-

roism of absorbance and absorbance changes related to the high potential

cytochrome 55

chromatophores of Rp. viridis at room temperature. For comparison we

8’ in the a, B and y bands, using oriented whole cells and

studied the polarization of optical transitions in the o and B bands of
oxidized and reduced horse heart cytochrome c, and of cytochrome gé‘puri-

fied from Rp. sphaeroides, in stretched polyvinyl alcohol films.

MATERTALS AND METHODS
gg} viridis wés grown, and chromatophores prepafed'from the cells,
as descriﬁed earlier (7). The chromatophores, suspended in 5—10 mM
Tris+HC1 (pH 7.5), wéfe treated with approximately 1 mM 2,3,5,6-tetramethyl-
p-phenyienediamine (diaminodurene or DAD) prior to drying them onto glass |

slides. This assured that the cytochrome c ., in the dried films was in

558
its reduced form, able to show light induced oxidation. The cytochrome

c remained oxidized under this treatment, and showed no light induced

552

- changes in the dried films.

Absorption and aBsorbance‘d{ffe:ence spectra of Rp. viridis prepara-
tions vefe.recorded with a home-made split-beam spectrometer coupled to a
Tracbf-Northern TN-1500 Signal Averager and with a Cary 14R Spectrophoto-
metef; Light~induced'a5$orbance changes were‘measured with a single beam

spectromeﬁer, a modification of a split—beaﬁ instrument described elsewhere-

' " (8). The output was received by a Tracor-Northern NS-575A Signal Analyzer.

- The latter two spectrometers were fitted with Glan-Thompson polarizers in

~ their measuring beams. The slide bearing dried chromatophores was placed

so that the axis of the measuring beam made an angle of 60° with the

normal to the slide, and the electric vector of vertically polarized

light 'was in the plane of the slide (9). Within the film of chromato-

xphores the angleAwas estimated2 to be 40° rather than 600, due to

refraction. Actinic light



was provided by a saturating xenon flash with a decay half time of 0.1
msec, filtered through a broad 1000 nm interference filter. The measuring

beam passed through a Corning 4-96 (blue) filter placed between the sample

and the detector.

For orientation studies in a magnetic field, whole cells were suspended
in 6.6 mM Tris-HCl, pH 7.8, and 33% glycerol. AA magnetic field of 20-24
kgauss was applied as described by Paillotin et al. (10). Actinic light

was provided from the top of the cuvette by a dye laser, Electrophotonics

. Ltd. Model 23, operated .at 600 nm. A Corning 4-96 filter..was used in the

measuring beam. The measuring beam was. passed through a Rochon polarizer
so that the electric vector of vertiéally polarized light was perpendicular
to the lines of the magnetic field, while the horizontal pélarization was
parallei to the magnetic field. Comparison with other oriented preparations

indicates that the cells became oriented with the majority of their internal

‘rembranes perpendicular to the magnetic field. All experiments with whole

cells of Rp. viridis were made at room temperature with no electrdn donor

added.

Spinach chloroplasts and barley etioplasts were prepared (11), and
mégneticélly oriented suspensiéns of chloroplasts trapped at low tempera-
ture were obtained as described previously (12). Absolute absorption
spectfa were recofded in the 535-565 nm region with a doublelbeam spectro-
pﬁotometer (Perkin—Elmer Mbdel 556) operated in the split beam configurétion.
Both sample and reference beams pa#sed through polarizing sheets (Polaroid
HN37).A Again, with horizontal polarization the electric vector was parallel
to the magnetic field and predominaptly perpendicular to the thylakoid
meﬁbranes. The absolute spectra were reﬁorded in thé dark forAboth polari- -

zations (vertical and horizontal) of the measﬁring beam, before and after

"illumination of the sample at 77K. All four spectra (V and H before and
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after illumination) ﬁére stored in a signal averager (Intertechnique ﬁidac)
and could be manipulated so as to db;ain light minus dark or linear
dichroism spedtré.

4'Horse heart cytqchromeug.was purchased from Sigﬁa Chemical Co.,
2 from Rp. sghéeroides was prepared as

described by Bartsch.(13). One volume of cytochrome dissolved in water,

. one volume of Tris-HCL (0.1 M, pH 7.5), and six volumes of 10% (w/v) poly-

Qinyl alcohol (Sigma‘Type III) were mixed and allowed to dry. Sodium
ascorbate (10 mM) or potassium ferricyanide (10 mM) had béen added to bring
about complete reduction or oxidatioﬁ of the cytochrome. The dried films
were stretched as much as threefold, and their linear dichroism spectra
were measured with an apparatus described previously (14). A helium flow

cryostat (Mefic, France) was used for measurements at low temperature.

RESULTS

a~band tranéition(s) with respect

A. Orientation of the cytochrome 2559

to the membrane;plané.

It has been shown in many laboratories (15-18) that photookidation of

cytochrome b is mediated by the Photosystem II reaction center at

559

temperatures below ~100C, down to liquid helium temperature. We have

determined the orientation of the cytochrome b a band with respect to

_ _ =559.
the membrane plane by studying the dichroism of the light induced changes
related to its photooxidation at 77K in a suspension of o?iented chloro-

plasts. Abéorption spectra of the suspension of oriented chloroplasts

- were recorded and digitized between 535 and 565 nm at 77K for vertical and

E ho:izoﬂtal polarizations of the measuring beam both before and after 1llum-

ination at'that temperature. Such spectra are depicted in ¥ig. 1, where
AHD’ AHL’ AVD and AVL refer to absolute spectra measured with horizontal or

vertical polarization of the measuring beam both before (D) and after (L)



illumination. As a check for trivial artifacts, depolarization of the
measuring beam, or baseline distortions, one can compute from these abso-
lute spectra the'light minﬁs dark difference spectrum one should obtain
wiﬁhAan un&riented sample‘an& unpolarized measﬁring beam, by uging the.
equation (9):

38y = A = (A F ) - Ay + )
where the quantity (AL - AD) represents the difference between spectra
recorded after iiluminatioﬁ.(AL)ror before illumination (AD) for a sample

of unoriented chloroplasts. A light minus dark difference spectrum

-calculated in this way from the absolute spectra of Fig. 1 is shown in

Fig. 2a. It is indeed identical to those reported for unoriented samples

. of chloroplasts (15), with the characteristic features of the oxidation of

éytoch;ome b (bleaching centered at 556 nm) and of the reduction of

=559

C§50-(S—shaped signal negative at 547 mnm and positive at 542 nm). The

linear dichroismvspectrum (light minus dark; Fig. 2b) is equal to the
quanti§y (AVL_AHL);(AVD-AHD)' This linear dichroism spectrum shows, first
of all, that the signals linked to C550 reduction are not strongly polar—.
ized as there are no-significant,bands in the 535-550 nm region. On the

other hand, in the region of the cytochrome 2559 o band, around 556 nm,

“a lérge signal is observed. The dichroic ratio (AVL—AVD)/(AHL-AHD) for

the a band of the cytochrome b was found to lie between 0.3 and 0.4 for .

559 ‘
five individual measurements, showing that this transition is preferentially

‘ oriented perpendicular to the membrane plane. An interesting observation

- is that the shape of the a band in the linear dichroism spectrum is not

symmetrical and the peak is at a greater wavelength, when compared with the
unpdlarized light minus dark difference spectrum (see Fig. 2). This point

will be considered in more detail in the Discussion.
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_B. Oricntatioﬁ of cytochrome

<

5558 with respect to the membrane plang ofv

chromatophorés of Rhodopseudomonas viridis.

We have stulied the orientations of the a, B and y transitions of

high potentidl cytochrome with respect to the membrane plane in

Z558
chromatophoreé and whole cells of Rp. viridis. Chromatophores were

oriented by air drying on glass slides (9). In order to keep the cyto-

chrome Cssg reduced in the dark, 1 mM DAD was added to the suspension of
/

chromatophores before drying. Under these conditions low potential cyto-

was mainly in its oxidized form and therefore made little

chro@e Cg59

contribution to the absolute absorbance or light induced absorbance changes

in ;hé region ofvthe o and B bands. Whole cells were oriented by applying

a magnetic field (20 kgauss) at room temperature (10).

The. linear dichroism spectrum of chromatophores oriented by air drying
is shown in Fig. 3. 1t 15 clear that the a band of reduced'cytochréme
| 558 absorbs‘more with hor}zdntaiiy polarized light (H) tﬁan with verti-
‘cally polafized light‘(V). Hoquér, the strong absorption by aptehna

- pigments (especially carotenoids) makes it difficult to_determine:from‘

these spectra the éxact orientation of the cytochrome 2558

tion with respect to the membrane plane. . One way to circumvent this

a band transi-

. problem is to examine the iight-induced changes related to cytochromé~g§58
photooxidation, -using actinic flashes. Fig. &4 shows the kinetics ofAlight—

-ihducéd changes of cytochrome c; 8 photooxidation in.dried chromatophores, "

=55

hsing.poiarized light at a few selected -wavelengths. - The complete point by

point oxidized'minus reduced spectrum in the regions of the a and B bands

is showniin>Fig. 5. It is apparent that around the a Band the "oxidized

minus reduced" negative peak is more intense when measured with horizdntally

polarized light. Around the B band thefe is no significant difference

between the intensity'of‘v and H spectra at their extrema, but the peak

_—
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‘the linear dichroism spectrum of the cytochrome b

- sorption spectrum. Also the bleaching of the B band of cytochrome ¢

wavelengths differ by about 2 nm. The dichroic ratio is not constént

throughout either the a band (negative péak at 558 nm) or the # band

(negative peak near 525 nm); this is most clear in the fact that the two

| polarizations yielded different isosbestic points (Fig. 5). Turning to

wh&le cells of Rp. viridis oriented magnetically, Fig. 6 (b) shows the
absorbance changes occurring at 430 nm induced by a series of four satura-
ting flashes for both ﬁolarizations H and V of the measuring beam. The
redox potential of.the sdspension was +200 mv and under such experimental
conditions we obse;ved only light—induced'changes due to cytochrome C55g
photooxidétion (2). In Fig. 6 (a) the difference'spectra of the a and‘Y

bands are plotted from experiments similar to the one reported in Fig. 6

(b). Only the absorbance change occurring on the first flash was used in

.constructing these spectré. One can note again, as in Fig. 5, the large

differencé in amplitude for absorbance changes recorded with vertical and

horizontal poiarization.of the ;nalyzing—beam (AAV/AAH = 0.6 for the

-

a bahd), and that the dichroic ratio is not constant throughout the o band.

DISCUSSION
"Two main observations are reported in this study of the polarization

of light induced changes linked to photooxidation of cytochromes in photo-

- synthetic membranes. High orientations are observed (AAvaAHf$[0.6) for

both high poténtial cytochrome (spinach) and high potential cytochrome

Bss9 .
(Rp. viridis) in their a bands, but these dichroic ratios are not

constéﬁt.thrdugh the a or B bands. This is seen clearly in Fig. 2, whe:é

=559

cal and where the makimum.of the band is shifted by a few nanometers

" compared to the maximum observed in the unpolarized light minus dark ab-

558

a band is not symmetri-




" cytochrome b and cytochrome

occurs at slightly different wavelengths in the épectra recorded with
horizontal or vertical polarization of the measuring beam (see Fig. 5).
The changes of the dichroic ratio throughout both a and B bands for

bssg C55g Can be explained by suppos;ng that

each band is composed of a minimum of two tranéitions oriented differently'
and absorbing at slightly different wavelengths. The occurrence of two
transitions absorbing at different wavelengths, for both a and B bands,

can arise in at least two distinct ways: 1. We know that for bdth-cyto—
chrome 2559 of spigach.chloroplastS‘and cytochrome Cssg of Rp. viridis,
two fun. tionally equivalent molecules. are bound to their respectivé re-
action centers  (19-21) and we can therefore speculate that these two

cytochrome molecules absorb at slightiy differeht'wavelengths in both the

o and B band regidns. 2. The a and B bands are each split into two or

 more distinct transitions within the cytochrome molecule itself.

In orde; to-evaluafehghééé p;ssibilifies we have sought evidence for
complexity in the a and B bands‘of other cytocbrdmes. 'According'to »
molecular orbital theory for simple porphyrins (22) the intense ébsdrptionA
band near 400 nm (Y or Soret band) aﬁa_thé less intense bands in the
500-600 nm region (a gnd 8 bands) result from w+w* transitions. These
tranﬁitions (x, 8 and y) are predicted to be isotropically polarized with-
in the heme plane (i.e., x and y axes are approximately equivalent) because

of the fourfold symmetry of’metalioporphyrins (22). However, inbalance

of x and y trénsitions can arise from asymmetric potential fields due to

axial ligands, side chains and electrostatic effects of binding proteins

(23). For example, polariéed absorption studies of single crystals of

oxidized horse heart cytochrome ¢ (24) show that the y and B transitidns

are indeed isotropically polarized, whereas the a band exhibits some
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© deviation, sugyesting that x and y transitions are not equivalent: in the

o band, one polarization is 207 stronger than the>other (24).

The presence of two or more distinct transitions in the o bands of.
reduced c~type cytochromes is revealed in absorption spectra at low tempera-
ture (25), and by the magnetic circular dichroism (MCD) technique (26). As
an example, Fig. 7a shows the absorption spectrum of the cytochrome f of

barley, recorded at 77K in the o band region. 'Two:transitions, at 552 and

548 nm, are evident. Although such splitting is not observed in the case

of cytochrome (Fig. 72); comparison of the a band widths of cytochromes

Bss9

£ and b559 (Fig.'7) suggests that the o band of cytochrome 9555 is composed

of two transitions occurring at slightly different wavelengths. Further

evidence that x- and y- polarized trans1tions occur at slightly different

'wavelengths in both the a and B bands comes from the linear dichroism spectra

of c—type cytochromes oriented in polyvinyl alcohol films. - Fig. 8 shows

V the absorption (a) and linear dichroism (_) spectra of reduced (full line)

- and oxidized (dotted line) horse heart cytochrome ¢ in stretched polyvinyl

alcohol films. Strong variations of the linear dichroism occur within both
the o and B bands, especially in the reduced film. The resolution of dif-
ferently polarized transitions is more dramatic at 77K (Fig. 8 c and 4d).

Similar absorption and linear dichroism spectra are observed in the case of

cytochrome <, from Rg. sphaeroides (data not shown). Unfortunately, puri-

and cytochrome IS were not available to us to test -

fied cytochrome b S558

=559

) the splitting of their o and B bands in stretched polyvinyl alcohol films. :

These linear dichroism spectra of c-type cytochromes oriented in stretched
polyvinyl alcohol films_show definitively.the,intramolecular complexity of

the a and B band structures.
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In the light of the results obtained on stretched films and low
temperature absorbtion snectra of reduced pure cytochromes, ue prefer to
interpret the inhomogeneity in the linear dichroism spectra of the a and
B bands of cytochrome b and cytochrome c

559 558

x and y transitions occur at slightly different wavelengths for each cyto—

ia vivo by assuming that

chrome molecule. However, we cannot completely rule out the possibility
that each of the two cytochrome molecules bound to the reaction center .
(19,21) has a different orientation with respect to the membrane plane,

and slightly different absdrpttvﬁ"ﬁaiima for both a and B bands.

We can rule out ‘the possibility that anomalous dispersion
(cnange of refractive index through an absorption band) contributed
significantly to these complex dichroic phenomena, on_two grounds.
First, tne variations of 1inear dichroism occurred oner wavelength
intervals considerably'less than the absorption bandwidths. Second,
no such variations were seen in the spectra of bacteriochlorophyll

and carotenoid pigments. -

-It is dlfficult to calculate an accurate angle between the cytochrome
‘heme plane and the membrane plane because of the uncertaint1es of x and y
attribution in the absorption spectra and because ‘the degree of orientation
'of the membrane is not known precisely. However; we can estimate that the
angle between tne heme plane and the membrane plane is greater than 35° for

=558 =559°
ratio AAV/AAH of . cytochrome Cssg is close to 1.0 in the Bband and 0.6 in

Both high potential cytochrome c and b For Rp. viridis the dichroic

the a band for chromatophores measured as in Figs. 4 and 5. The spectra

of Fig. 5 are. consistent with the follow1ng. The 8 band contains x- and
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y-polarized transxtions of equal intensity ("planar transition moment") but
slightly different energies (different peak wavelengths), with the average
heme plane making an angle of 55 with the membrane plane. In the a band
.the x- and y-polarized transitions are of the same energy but of unequal
intensities, so that their sum has a strong linear component (a high degree,‘,
Aof ellipticity).
| Our optical studies of cytochrome orientation are conSLStent with the
EPR work of Tiede et al. (6), who reported that the heme plane. of high
potential cytochrome S55g

|
‘lies nearly perpendicular to the membrane plane _ |
in Rp. viridis. The same. authors also reported (5) that the high potential




1

cytochrome &g

"Perhaps all of the high potential cytochromes in photosynthetic ‘tissues

55 in Chr. vinosum is perpendicular to the membrane plane.

vlie preferentially perpendicular to‘the membrane plane. It should be
noticed that the heme planes of several cytochromes have been found to be
oriented rather perpendicular to the plane of membranes from non-photosyn—
thetic tissues. 1In mitochondria, the hemes of the cytochrome oxidase
(both g_and 33), and of cytochromes c and h.are;oriented perpendicularly

to the membrane (27). A similar orientation has been observed for cyto-

chrome d in -an oriented‘membranelfraction"from Tetrahymeria pyriformis (28).
In contrast, an orientation rather parallel to the membrane plane has been
detected for the hemes of cytochrome P-450 in microsomes (29) and of the

low potential cytochrome in Chr. vinosum (7). These observations.

£553

suggest that orientation of'the'cytochrome molecules in biological membranes

»might have some role inﬁthe electron transfer process.

. - EPR spectroscopy on orientedumembranes has definite advantages com-
pared'to polarized absorption spectroscopy in analyzing the orientations
of cytochrome molecules. This is due to the fact that the g values for '
.the x and y transitions are different and that a third axis (z), perpendi-
cular to the heme plane, can bevmonitored. However, the results presented
here show that the o and B bands are not always degenerate and that the
.orientation'of x and y polarized transitions can be-monitored separately,
This should allow us to unify the assignment of the x and y axes as seen
by EPR with the x and y polarized transitions eeen by polarized absorption.
Furthermore, EPR can monitor only. the oxidized species, while polarized
;light spectroscopy is most useful with the reduced species. By using
these two techniques on the same biological material it might be possible 4
‘to detect changes in orientation ‘occurring upon modification of the redox

state of the cytochrome.
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FOOTNOTE
1. Supported'in part~by-Contfact No. EY-76S-02-3162 with the U. S.
Department of Energy:and Grant No. PCM 7823361~fr6m the U. S. National

Science qundation (RKC and YB)., S A e

2. This estimate was made by measuring the absorbance of a film with the

measuring beam axis making'an angle of either 0° or 60°.with the normal
to the slide; and'with the electric vector in the plané of the slide

in both measurements.



LEGENDS
_Fig. 1. Absorption’spectra of an oriented .sample of spinach chloro-

-‘plastsisuspended ia 66% glycerol; 33% 0.4 M sucrose, 10 ﬁg_Tris-HCI,

pH 7.8 (1 mg/ml chlorophyll; optical path 1 cm). AVD and AHD refer to

‘absorprioh spectra measored before illumination at 77K with the measuring
. beam polari;ed verticallylorlhorizontally respectively; ‘AVL and AHL’

spectra recorded after illumination at-77K for vertical or horizontal

'polarizations of rhe measoring bean. For vertically or horizontally

polarized 11ght the electric vector of the measuring beam was parallel or
':perpendicular to the membrane plane, respectively.
| Fig. 2. a. Light minus dark difference spectrum (unpolarized)
calculdted from the spectra of Fig. 1 using_the equation 3(A'L -.AD) =
(ZAVL + AHL) - (2AVD + AHD); see the text. 'E..Linear dichroism apectrum

559 calculated from the spectra

of Fig. 1, using the eqoation-3(A;L - AHLj-— 3(AVD - AHD)'

Fig. 3. Polarized absorptionlspectra of_dried'chromatophores of

in the region of the a band of cytochrome b

" Rp. viridis, treated with 1 mM DAD to reduce cytochrome c. ... The chroma-
tophores were suspended in 5-10 mM Tris-HCl, pH 7. 5, and allowed to dry on
a glass slide. Absorbance of the dried film was 0. 4 at 830 nm. Absorbance
was . recorded by a Cary 14R Spectrophotometer, with the measuring beam axis
maklng an angle of 60° with the normal to the slide. Glan-Thompson polarizers'
‘were placed in the referedce“and'eample beams. H aﬁ&"ﬁ”}éfef'fa apaorption
spectra recorded with measuring light polarized‘either horizontally or

-vertically. For vertically polarized light the electric vector was parallel

.to the plane of the slide. a: H and V spectra in the range 540-640 nm.

b: The small peak at 558 mm in a, attributed to reduced cytochrome —558’ ‘

is magnified tenfold.




Fig. 4. Light-induced absorbance changes at the indicated wavelengths

-in chromatophores of Rp. viridis, dried on glass slides as described for

Fig. 3. Absorbance of the dried film was 2 5 at 830 nm. The slide was -

pIaced in relation the the measuring beam as in Fig. 3, with horizontal
. (H) . or vertical (V) polarization provided by a Glan-Thompson polarizer,

Actinic light was provided by a

xenon flash; see Methods. The actinic flash was unpolarized and was
' saturating, so as to avoid artifacts due to photoselection.' Photooxidized

cytochrone ¢ reverted slowly to the reduced form in the dark; this could

558
be accelerated by dinping the elide briefly in a solution of.DAD and
allowing it to dry again.

Fig. 5. P01nt—by—p01nt spectrum of light-induced absorbance changes
in dried chromatophores‘of Rp. viridis. The points in this plot were from
measurements as illustrated in Fig. 4., Open symbols indicate horizontally -

_polarized measurements;'fuLljsymbols vertiéaliy polari?ed measutements. .

Fig. 6. Light—induced absorhence changes in 32, vitidis cells oriented
in a magneticAfield. The cells were suspended'in 33% glycerol, 0.66-1ﬂ
Tris+HCl, pH 7.8, to an absorbance of 0.75 at 1010 nm. The applied magne-
tic field was of 20-24KkG. Dye-laser flashes,‘600.nm, were applied from

. the top of the cuvette ashsingle flashes or as a train of flashes 400 ms

'abart; A Corning 4-96 (blue) filter was.placed in front of .the meéasuring

- beam, which was polarized either horizontally (H) or vertically (V) through

a Rochon polarizer. The applled magnetic field was parallel to the electric
vector with horizontal'polarization.. a. Oxidized—minus—reduced spectra
obtained by horizontally (empty symbols) and vertically (full symbols)
'Jpoiarized measurements. - b An illustration of absorbance changes at 430 m,
in response'to a trainiof flashes. . The response to the first'flash in each

seriés was taken for the point-by-point spectra in trace g_on the left.
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Fig. 7. a. Absorption difference spectrum of reduced minus oxidized
cytochrome £ of barley etioplasts (lacking cytochrome 2559) recorded at

77K with a Perkin-Elmer 356 double beam spectrophotometer. The spectrum

- was obtained by measuring'the difference in absorption between a suspen-

sion reduced with 10 mM. ascorbate and one oxidized with 10 oM ferricyanide.

o -
b. Absorption difference spectrum of reduced minus oxidized cytochrome

559 (high potential) in barley chloroplasts recorded at 77K. This
spectrum was also obtained by measuring the difference in absorption

between a suspension reduced with- ascorbate and one ox1dized ‘with ferri-

'cyanide. The reduced sample was illuminated at room temperature by far

' Fig. 8. a. Absorption-spectra of reduced (—) and oxidized

’ (""") horse heart cytochrome ¢ embedded in polyvinyl alcohol films,

recorded with a Cary 17D Spectrophotometer at room temperature. b.

_Linear dichroisnm spectra Ay —~AJ_) of stretched PVA film of reduced

(——————0 and oxidized (----- ) horse heart cytochrome c., A"and AJ_refer
to absorption parallel and perpendicular to the stretch axis, respectively.
c..Absorption spectra of reduced cytochrome ¢ c recorded at 77K.- d. Linear
dichroism spectra_(Al‘ - AJ_) recorded at 77K of a stretched film of

reduced cytochrome.
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ANTENNA P IGMENT-PROTE IN COMPLEXES OF PHOTOSYNTHETIC PROKARYOTES. R. K. Clayton,
Division of Biological Sciences, Cornell Untversity, | thaca, New York 14853 USA

Photosynthetic. prokaryotes include the cyanobacteria, the recently discovered
Prochloron that contains antenna complexes similar to those of higher plants, the
green sulfur bacteria, and the purple bacteria (Thiorhodaceae and Athiorhodaceae).
-Major antenna pigment-protein complexes of purple bacteria have been isolated and
. characterized extensively in several laboratories. These complexes contain bacterio-
chlorophyll and carotenoid pigments bound noncovalently to polypeptides in the range
5-15 kilodalton. The principal complex are B850 and B875, and the B860 of
carotenoidless phenotypes. We have begun to learn details of pigment orientation
and exciton coupling that dictate the patterns of energy transfer in these complexes
and to reaction centers in the photosynthetic membranes. Discussion includes the:
relationship of B860. to B850 and B875, and some unresolved problems concerning
‘molecular weights, pigment-protein ratios and absolute extinction coefficients.
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