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CHLOROPHYLL-CHLOROPHYLL INTERACTIONS 

Ed~ard A. Dratz, Alfred J. Schultz and Kenneth Sauer 

Department of Chemistry and Laboratory of Chemical Biodynamics 
University of California, Berkeley, California 

INTRODUCTION 
.,,_ ___ -~-------·----·-- ·--·. ----,-- ... -----.- - ·- .. 

.. 
Isolated chlorophyll molecule~ in solution are unable to· carry 

out tho energy~converting photoreacti.ons cha.ra~teristic: of photosyn• 

thetic organisms. TI1ese organisms provide lipoprotein matrices :· 

(chloroplast gratia or lamellae; bacterial chJ:'omntophores) in which 

the chlorophylls, carotono.idS and some important ~idation-reduction' 

cofactors are brought together in a highly specific re1ationsh~p to 

one another. Any attcmptt::that th.e experimenter makes to alter this 

relationship almost invariably leads to complete loss of the photo• 

synthetic activity. Titis applies to solvent extraction,_ treatment 
' 

with most detergents• mild heating, etc. On the other hand. chloro-· 

. plasts from leaves which have been fixed chemically with g~utaralde• 

hyde ore found to retain. a substantial fraction of their ability to · 

-carry out quantum conversion via the Hill renction.1 · 
. -' ' 

The evidence at hand points to an important role fo.r the ',parti• , 
~ 

cular way in whiclt. the pigments and cofactors 'are arrrmged spat~ally.'. 

'\. 

1'he pigment inoleculcs • for example, cannot be considered to be isolated 

from o~e another even as a .good first approximation. Typical lamellar ' ', 

fractions contain 6•8t chlorophyll by weight and pig;ner1t concentrations 

... 

·. 

: ·: 

Evidence from absorption spectra of chloroplasts from higher 

plants and algae as well as of photosrnthet1c bacteria suggests that ' . ·.·. 
. ~ . : ' 
. ' ~ . ' . 

in vivo the chlorophyll is at least partially aggregated. For example• ·.· . 
......-..~ ... 

. low temperature spectroscopy of.plant material resolves.scveral.absorp~ 

tion maxima in the long wavelength region, bu~ the extracted chloro .. 

phyll! has only a single pcak. 2 Fluorescence·cxcitation spectra of 

-1-



.. z .. 
those s~1lcs suggest ~1at a part of the chlorophyll !• absorbing on 

the short wavelength side of the main hand. is unaggrcgated and highly 

fluorescent, while the chlorophyll a absorbing on the long wavelength 
' - . 

' side of tho main band is weakly ~fiuoresc:ent and is supposed tp. be· aggregated. 2 
' ~ 

Studies aimed at elucidating the nature of the pi.gmcnt associations 
. . 

and their environments have met with only partial success •. Oriented 

chloroplasts or fraginents. frorn them sh0\'1 tittle or no dichroism for 

1nost of the pigment abs,orpt"ion.3"'5 · :rh~ fltiorescence of the· chlorophyll 

in these organelles is fotmd to be al.IDOst completely depolarized. A 

long t--:avelength fontt o£ d1lorophyll .::: 111'hi~h is dichroic and gives rise 

to polarized fluorescence invo~ves only a small fraction of.the total 
' ' 4-6 . 

chlorophyll in chloroplasts. This fraction mny, how~ver, be of 

utmost importance to tho energy conversion process. 

Studios of nuclear magnetic resonar~:cc • infrared and visible 

absorption spect.ra and of apparent .molecular weights . of purified 

chlorophylls in solution show that dimers . and higher aggregate~ form 
. ' ' ' . 7-10 

readily under some conditions. . These· aggregates have greatly 
' ·• 

. ' \ 

enhanced optical activity compared to the monomers and have boon 

studied by optical .. rotatory dispersion (ORD) in the case of chloro• 

phyll a. 11 The chlorophyll 1n chloroplast subunits .also shows opt.ical. - . 

activity which is large compa;ed to that of the extracted chlorophyli.11•12 . 

and this has been used as additional evidence for the presence of aggrn• . 

gated chlorophyll !!l.Y.!Y.2.• It has been recognized, however •. that the 

large optical activity of the dtloroplast lamellar fragments (quanta- ~ 

·somes) could be due to chlorophyll•protein or chlorophyll-lipid~ 

interactions, as well as to chlorophyll-chlorophyll interactions. The 

circular dichroism (CD) measurements reported h.ere arc particularly. 
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... 

useful. because they reflect a specific kind of chlorophyll•chlorophyll 

interaction, the degenerate exciton interaction. in a much more sensi· 

tive way than. ORD or absorption measurements. The degenerate interaction. 

causes a splitting of the monomer absorption band in the aggregate • and 

results in a double circular dichroism that crosses zero in the region 

of the absorption maxinrum. In the presence of a. large lunount of other 

non•degenerat.e interact.ions the crossing point may be shifted,. but it 

is still clearly seen. The degenerate intorll.ction is important because 

it cannot be caused by chlorophyll•protciri or chlorophyll-lipid ... 

interactions. It can only be dua to chlorophyll-chlorophyll .inter-

. actions. Furthermore, the degenerate interaction carries geometrical · 

information about the agg«"cga.te which one has some hope of interpreting 

in a detailed way. Sn~ll exciton splittings that are not directly 

resolvable in.the absorption spectra result in'a dou~le CD under most 

circumstances. The CD spectra of tho d1lorophylls in quantasomes and 

cltromatophores contain large degenerate contributions which ar9.strong 

evidence for chlorophyll•chlorophyll interactions in thesa systems. 

EXPERIMENTAL 

Haterials , 

Tho prex1aration of chloroJ>hyll' a. • c:hiorophyll b and bactcriochloro• . 
,, .... . .... ' ;'· 

phyll are described elSel<there • lO Carbon tetrac.'lloride was reagent grade .. 

and was used without purification~ 

The suspension of microcrystalline chlorophyll.!. was prepared by 

adding isooctane to a small sample of the soli.d chlorophyll. After 

vigorous stirring, the suspe11sion was spun in a clinical centrifuge at 

' '~ . 

' .·· .. ;. ,: 
,, i 
;,~· f, 

t 
. I 

., 

I· 
I 
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top speed for s min, and the supernatant suspension was U;Sed directly. 

No noticeable settling occurred Juring .tho half hour ·period of measurement. 

Chromatophores from Rhodospirlllum rubrum m1d Rhodo-eseudomonns 

speroldes., ~1ere obtained by washing 5-day old cultures fro.e of grrnvth 

medium~· followed by sonication for 3 min at 0°C with a Biosonik oscil· 

lator. Fragments seJ.imc.mting between 40 1000 g (30 min) ancl· 180,000 g 

(50 min) ,.;ere washed and resUspended in o.os !:1 phosph~te buffer. pH 7 .. 5. 
. . 

Barley was grown from seed in a phytotron tmder controlled illumi· 

nation and temperature, and was harvested about 3 weeks after germin~tion., 

The ·,J10nnal )·:::· {Lyon) and the mutant strain (Chlorina 2), which is missing· 

chlorophyll b ~ 13 were. grown under identical conditions and harvested at ....... ' . . 
the same timo •. Chloroplasts were isolated .from the homogenized leaves 

essentially by the procedure of PaTk and Pon. 14 Sonication of the . 

chloroplast suspension was .follo\ved by isolation of .a fraction sedi• 

rncn.tlng between 9000 ¥ (10 min) and 110 11 000 g (30 min). resuspenslonin 

10· 3 M phosphate buffer, pU 7. S, and clarification at 9000 g (lO min). 
-- • . \ • j 

Methods ' 
Absotption spectra were recorded using a Cary. 14 spectrophotometer •. 

. ' . 

In tho case of scattering samples tho Hodel 1462 Scattered•Transmission· 

Accessory was used. Optical rotatory dispersion spectra were obtained 
. . 
using a Cary 60 instrumont modified wi.th .a special red-sensitive photo· 

multipller. 

TI1e circ~lar dichroism instrum:mt is ono of our own design. A 

detailed description of the apparatus will appetu·. in tho near £uturo. 15: 
·: 

A fe,., general features of the instrument are liorth mentioning here. 
. . . . 

The apparatus employs a Cary 14 monochromator and a pockels ce~l pola• 
• ' • I' . 

rization modulator driven at 400 Jlz. 16 Energy variations are compensated 

. 
• : .' ') r 

' Ji> 
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by controlling the PM voitage. Most measurements are made at a band 

width. of' ab,out 1 nlJJ• The noise level or .the instrument varies with 

wavelength at fixed resolution but is approxiniately!. lxlo•S o.D. ur1its 

at -1 mll band width ovor much of tho wavelength range of 0.21 ll to 1.2 ll• 

Tho sensitivity of the. intl."'UUllCnt ls further i.ncrensed by averaeing 

many scans of the spectrum using a 't-.'uclear Data ND80,0 En.hancetr<m • 

. Under this rnode o£ operation,' th.e r.lOriochromator scan is COl~ trolled by, 

the Enhnncetron. time' bas~J, Multiple scans reduce the noi'se level to 

! 1x10·6 o.D. ·units in. n reasonable ·period of time (ca. 2 hr) •. A 

Dumont 6nll'M tube is.: used for noar infrared \olor.k, and an· .rn-n 9558Q/A 

is.: used from 210 mu to about 800 m~,~. 

RESULTS AND DISCUSSION 

Ci rcul,ar. Dichroism Spectra of Chl,oroghyll nimers 
; ', 

In vitro ·measurements of the CD of chlorophyll a. chlol'Qphyll b, 
~··~· . .--. -

and bacteriochlorophyll. in most solvents shOI\f extremely small optical 
. , . 

.activity (nearly unruensurable by CD methods)~ . In cnrbon tetra.chloride, · 

however • inc~asing concentration results in spectral changes and en· · · 

hanced circular dichroism. The circular dichroism and absorption· 

spectra of chlorophyll a. c.'llorophyll b and bacteriochlorophyll solu· - - . . . 

tions containing about S'St dimer are given in Figures 1; 2 and 3. Ne 

can detennine tho molar circular· dichroism of the d1mers from measure .. 

ments on these concentrated solutions, since the solutions are stable 

and wo know the extent of dimorization from the equilibrium .constants·. 

measured using absorption spectra. 10 Precise CD meru;uremc~ts on dilute. 

solutions, free of aggregates, havo not yet ?een possible in carbon 

,. 

\ . . . 
. ' '· . . .· 

., 



tetrachloride because of decomPosition of the chl()rophyll during the 

prolonged time of measurement. Y..~asurements on dilute ~olutions in 

tho S{lrna solvent can be made rapidly, to avoid decomposition, but with· 

a resulting decrease in signal to noise. Tile dilute splutions shot" 
. . . ' 

essentially no dichrc)ism, .with an upper limit of 5 ... 10% of tho· conccn.., 

tratod signals. 

The dimor~_give large circular dichroism s~gnal$ in·tho relatively. 

isolated far red band I as well as in the more complex Sorot band, \mich 

·. is· a composite of two nearby electronic transitions. We shall concen- · 
. • : . I,. . . . . . 

t~nte, initially, on interpreting the CD of tho· far rod bands of these 
,. . • • • + 

'· .i 

compounds.' .Al~ three chlorophyll di~ers shotv- vel')' similar CD ~poctra. 

This is consistent l'l.i th _all the evidence from N~·m, !R, and absorption · . . .· . . . 

measurem~n~s/"'10 .that the. three dimers have very. simllar structure. 
. . ' ' . .· . f 

All . three chlorophylls show a double circular dichroism spe(;trum that ' 
. ~:· 

reverses sign close to the center ·of the· absorption band.·. This behavior .. : . • 

is due to tho degenerate exciton interaction of the long wavelength 

transition moments of the two monomor~ t~· tho dimer. 17 The same inter• 

action leads to the observed splitting o£ the, absorption"'band in the 

~, . . . 

'. < 

dimer. 
.• . ,, 

'rho degenerate exciton interaction observed in the CD indicates 
) • < l ·:· 

that the rnonomer transition moments' a~ not paralle.l' nor are the chloro•. . ' 

phyll rings coplanar in the dimer. ·Furthermore, .the ~agnitu~e and sign 

of this degenerate CD component is related. to the detailed geometry of .;. a . .. 
the dimer in/relatively simpl~ h'tlY• The CD spectrwn is not symmetrical ··.,· 

' . 

in nmplitutle above and bc.fow. zero because of interactions of .each 

chlorophyll l~th the electro•static field and polarizabilities (that 

result from higher energy transitions) presented by the other .iS TI1i~ ,, , · 

. is the same interactio~l that gives rise to the observed hyperchromism 

. I 

\ 

.. 
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in the dimer')O,).S,l~,· lt is difficult td assign geometrical significance 

to the CD asylTUllOtry effect because it originates i.n the interactions 

of the transition .of ·interest \"ith very m.lny higher energy trnnsitions 

a5 1o1ell as a complicated static field lnteraction..l8 . 

The degenerate (double CD) contribution can be extracted from tho 

experimental CD spectruin by a straightforward -procedure. We fit the 

CD spectrum to a. linear combination of a degenerate component (douhlc 

CD, as in I in Fir;ure 4) and a non-degenerate component (single CD curve, 

as in II in· Figure 4) · whose shape is assumed to be that o:f the n1~0mE:?r 

absorption.. TI1e del~cncrate coml')Qnent· is recognized in the CD by a 

ch~mge of sign near the absorption maximum, \'Jhile in the ORD the degener• 

ate compon~nt .merely gives an assymetry to t.he apparent .single Cotton 

effect unless the degenerate con~>ommt is larger in amplitude than the 

non-degenerate part •. TI1e above decomposition is done with: a linear . . 
least-squares ·~~uter !lrogram. 20 In the ca;lculation v0 , the moan fre• 

qucncy of the exciton components, is obtab.led from an .analysis of the 

absorption spectra.lO 

Q:~try ~·~ Dimers. 

A d.ouble CD spectrum that is caused ~Y dimerizo.tion demonstrates 
I . ' '~ '• • 

that there is a degenoTate into.t·acti'On bet\~On the monomers in the dimor. 
' ' 

The most general theory tells us that the chromophores are·., no.t cop lana~ 

and thnt the monomer transition moments are not parall~l .or exactly 

perpendicular in the dimer. Furthennore, .. ~·ri:t!11 tho~ ·ai.d of a particular 

theoretical model w~ may relate the degenerate CD to tho detailed geo• 
. . 

metry of the dimer in a relatively si~le wty; The interaction may be . 

treated as between point dipoles as a. first approximation.l7 This. 

approximation is not exact, but is useful as a start because it is·· 

' . ' 

. i 
.I 



.t 

; ' 

-8-

simple, ·.tractable, and may vl()rk satisfactorily. . ' 

. For the point dipole approximation the dimer. dipole· strengths (D.t), 

rotational strengths (~) and absorption freq~encies (vt in cm·1) of the' 
•••.. j . 6 • 

nro exciton components resulting from monomer transitions· at vo are· given 

by Equations l-~: 17 

;·~:·,·· 

(1) ' ',, 
' ' .··, 

,_·. 

(2) 

(3) 

• l ·" . "·.,. ~ 

, (4) , r 

. \ . . :. 
' ! 

.~ :· . , \'., . ~ ,~,- '.T , .•." . ~ ,: . J. r .. 

where.·.'iti_ .is the elect1·ic dipole transition moment of.,monOillet one.·~~ R12. ':·· ... 
' 'o l ' • • -" I ' ' :, ·, ~ ; ,..,.' 

is a vector con.."lecting the centers of the two. monomers in the dimer.ilj . I-f;. _ :· . 
. . : .. vlZ,. . :·. :-: ,. · .. , . . . . 1. _: 

the exc1.ton splltting/lS smaller than the band width.: !n()St of ,the. rota•: , , · .. 
. . ' tt . • • . • • . ' . ! . _'' ~ .' . ·;.' .:· ,· :,. .. 

t~onol ~trength. cancels. O\~utg to the strong overtap .of components w~th .:, : ,· 

. opposit~ signs of rotation, as illustrated-in F.ir:ure· s •. In order to get'·.':' 

the theoretically : :.useful, .... ;. quantity • the degenerate rotational. strc:ngth .' .. 
' ' . 

(R*) • ·from the experir;1antal values. we must knO\.f .the exciton splitting, 

of the transition~: . This is the most diffl.cult ~d uncertain part o.f 
. .. , ":'' .. . ·. . 

the calculation~ but·fortunately, inthe·chlorophylldimers 1 we can get 
.'; 

·experimental v~lues for the exciton splitting from the absorption spectrum;.: 
j '• \ 

The. exciton ~plittings and the degenerate.rot~tional strengths of: the 

three chlorophylls ore given in Table 1.
10 

The exciton splitting 

..... 

! i 

. I 

! 

'' 

li. 

..., 

i 

" ; 
i 
I 



:' 

... ,., 

·.~ .... /' 

:.~ ·_. 

.. _, 
-~ ~ ·,, .i~ -·"'"\': -~ • • I' .i 

'l" 

·, .... :•' 
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. :' .· ··.~ ... -
. ;,~ .. 

c ,·· ·; 

. -:' 
-~-

Table 1. Spectral ~pcrties of the llXciton•:Split Compon~~s•O(th~ lJir.iers of rhree•t;,l~;~l~l~: .·.·• .· 
in Carbon Tetrachloride ... , _flo ancl,;,jl).refer to th~ .average of the. bro ,exc.:iton .. l)~d.positions~) 

..... '~ 

~:·,;: .. ~~~~=~:·. ~t~;.:· -~~= ... -:~:~~~-. ..·.:;.~~~/~·~·:,j·~ .. ..·.·· .... ·.~. ~ . . . 

:Av(cm-1} r.blci:ule 
~ ... 

·"o:{em -1) lo(~)_ 
~· ,·_ . 

~~ 

'-;.: 

Chlorophyll a 674' 14848· 363 
.<.· 

. - ~- . ; ·•-:· i .• .·./ .·•· 

Chlorophyll .b 655 15259 398 

·Bacl;eriochlorophyll {:: 16940 470 

.. 12565 490 

. -..;; 
·., 

•".: 

,. ... 
:· ·'· ~ 

>.~ 

. ·. . ~ . .,. . ... , 

~ .. ·· ' 
··•-'"'< 

' 
. .,_ 

.. ~~ 
. ~ ~ ... :~ .... 

>} 
. ...... 

·,.- .. 

d _., .. · 

.. 

J>~Lri ... R. •1c40 cgs .. . 

• ..-~:. :0:· ' .;. 

;.: 

1.48 ·ca. ! 20 
·,:~ 

1.81 ca •. ! 13 

1 .. 32 !- 44.5 
; 

0.9 + 6.9 

·, ·:. ··.:. 
· .. ..... ··i· 

· . .": ,::. 

'# 

..... · 
"::- . ~ . 

.. ·· 

q~: ·. ·· _l.o8 
~. 
D0 Vo 

cg~. 

-

··:.,.: 

.,-!: Oo74 

~- . ~ ~· 

-~0.79 
_--:; 

!::' 0 .. 92 

···· .. ' .... -. · .. 
...·~·-· 

· .. 

'·' 

··-'·· 
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·,. 

·.;, 

-.. 

. ~-. 
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I 
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is assumad to be positive for tho purposes of Table 1. The quantities 

n.ID. ttnd R:t/Dav0 depend only on the gcomettY of the dimers and not on 

the intensities or positions of the absorption bands, nte similarities 

of these quantities for tho throe chlorophylls supports the conclusion 

that their dimer stntctures are similal', 10 The absorption measuremonts 

imply an angle of about 80 degrees between the red tr~~ition moments of 
. 10 

the t\tiO chlorophylls in the dimers for the point dipole model. · The 

angle between the transition moments derived from the CD spectra is about 

12 degrees if we assume that the monomer planets are J>arallel in. the diJOOr. 

Within the limitations of the point dipole model, the anglo between the 

transition momonts of 80 degrees found from the absorpt~on spectra is 

not dependent on any as~lumption about the. ·pa:rallelism of the monomer . 

planes, The large discrepancy between the intertransition moment angle 

found from the absorption spectra (80 degrees) and the angle found from 

the CD spectra assuming parallel planes (12 degrees) seems much too large 

to ascribe completely to inadequacies in the point dipole model, since 
. ' . I 

the.exciton splitting is experimentally observed. We are forced to the 

conclusion that the chlorophyll planes are not par.allel in the dimer. 

If we attach a coordi,nate system to one monomer,. t\~O angles and a 

distance are needed to specify a vector from the center of the fixed 
,. 

mono:ner to the center of the other monomer. Three additional angles 

,. 

..• ,·.. .I? 

• i 
\ 

! 

i. 
j 
I 

f. 
! 

are sufficient to specify the orientation· of the second monomer in this .., 

coordinate system. Six parameters, 5 angles and a distance, are needed 
. 

to specify the diroor geometry in the general case. The observable para .. · 

meters available for onch absorption bnnd·aro the degenerate rotational 



.. 

strength, Rt~ tho, ratio of the dipole 'Strengths,. D+/D., and the ·e~~iton.· 

splitting, v. Thus, there are three interaction parameters for each 

absoTption band that exhibits exciton interaction. We can specify the 

geometry of the di100r from the interaction parameters ·for tw·o indopen .. 

dent transitions' polarized along different directions in the molecule •. 

Bacteriochlorophyll has a distinct electronic transition nt 590 m!J 

polarized in the molecular plane, but polarized perpendicular to the 

previously discussed 780 m11 transition·. 21 •22 Tho 590 m., transition is 

fairly strong (oscillator strengtl1• £'•0.11) and shows a double CD com• 

ponent. The six interaction parameters for the two bands of.bacterio• 
. . . 

chlorophyll are given in Table 1, and the analysis of these da.ta is in 

progress. The available evidence indicates that .chlorophyll ,!.. chloro• 

phyll b and bacteriochlorophyll form nearly identical dimers. 7•10 If -
a.' structure of the bacteriochlorophyll dimer can be determ.:lned, we can . 

propose this stt:ucture for the other chlorophyll dimcrs· with some confi• 

dence and test it against the CD and absorption ~ta. 

cxzstalline Chlo,rophyll!. 

Figure 6 shows the . absorx)tion and CD spectra ft>r chlorophyll !. 

microc:cystals in suspension. The crystai, structure 'is not yet known 
I ' . 

for any of the chlorophyils; however, the CI) mea~mrement has definite · 

qualitative interest in relation to the. observed quantasome chlorophyll 

CD, There is a slight solubility of chlorophyll a in isooctane, the 
. -

suspension medium, ·so thent is. a small mortomer peak at 666 mii. In the 

crystal·absot~tion spoctru~ th~s peak is shifted to 745 mu. TI1is large 

red shift of the crystal over the monomer is probably due to the enor• 

mous polarlzabili ty of the crystalline envi~~nt compared to the 

' . 



··· .. 

. * solvent sutTOUnding the monomer. It is n general observation that 1r•'ll' 

transitions of molecules in polarizable so.lvents are re·d .. sbifted rela­

tive to those in solvents of l0\-1 polarizability. 23 These red shifts are 

experimentally obseried for the chlorophyll transitions. Increasing , . 

chlorophyll aggregation leads to increasing red shift of the absorption. 

A 10-15 mu red shift for the dimer relative to the manomer is observed 

in carbon tetrad1loride. At very high concentrations in carbon tetra­

chloride the bacteriochlorophyll absorption and CD show evidence of . 

higher aggregates, red 'shifted .,30. mu relative to the monomer. The 

molecule in the crystal is essentially dissolved in chlorophyll, a vety 

polarizable medium, and the large red shift (80 mu for chlorophyll ~ 

results •. 

An analysis of the crystal CD shows _that· the degenerate component. 

crosses zero within 1 lfl1.l of ·tho ob~erved absorption peak. Therefore,· 

the weak short wavelength shoulder observed in the crystal ~bso!Ption 

spectrrnn (ca. 720 m~) is not an·exciton split peak and must be vibra­

tional in origin •. 'fhe gaussian hal£ width is only ·about ZS cJYt1 latger . 
. ' . ' . 

' 
than for the.monomer in CC14, so the exciton sp~ittlng in the cry_stal 

must be quite small. 

Qys.ntasomes fr,om Barley Chlox:oplast.s._and ·from a Mu,tant Def,iej.ent Jn , 

Ch~q,rophx;ll~ !?_ 

Analysis of ,the optical properties of tt preparation from ~igher 

plant chloroplasts is complicated by the presence of chlorop~yil !• .. 

chiefly responsible for t~e absorption maxima at 6 78 and 436 mp, and . 

chlorophyll £_, which giv~s ·rise to the distinct shoulder ncar 650 1111J. 

and another at about ·470 lnp. The carotenoids present have absorption 

maxima at 485, 455 • and 428 m\J. 24 Figure 7. shOt~ the ORD and a.bsorption . 

. r 

. t 

·' r 

., 
• 
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, 

spectra of suspensions of lamellar fragments (quantasomes) of chloro• 

plasts from normal barley as well as from a muta.nt that is completely . 

misslng chlorophyll !?_.13 In the visible rcgfon ·of the spectrum, the 

mutant and normal qu.:mtasomes have identical ORI) and absorption spectra 
. . 

except·f~r the Chlorophyll b regions nea.r 650 and 470 m11, where there - . 
are large differences. Figure 8 shows the CD spectra of these same 

materials. The chlorophyll a part of tho CD spectrum in the mutant 
' -

' 
appears to be identical to the chlorophyll a region in the nonnal bar..ley. -

The chlorophyll a in the quClll.tasomcs shOt'-'S a large double CD com· -
ponent ·as we saw in the dimcrs and crystals •. Presence of the ·double 

CD component iri the chlorophyll !. absorpt~on region is good direct 

evidence·for chlorophyll _!-chlorophyll!. interaction in quantasomes• . ' 

Chlorophyll•protein or cl1lorophyll•lipid interactions would lead anly 

to single en bands and, if present, '~auld only' 'increase or decrease 

the asymmetry of the obs~rved double CD component, . The presence of a 

double CD implies that .the interacting chlorophylls are not coplanar 

nor are the red chlorophyll ! transition momnnts parallel or exactly 

p~rpcndicular in the quanta$omes. The double CD component crosses 

zero at about 685 mp. This is the average frequency of tho exciton 

bands v
0 

• (y+ + v.,)/Z truit give rise to the double CD. Thus, the 

interacting chlorophyll a m9leculos absorb on the long wavelength side ... . . . . 

of the quantasome absorption poak at 67d rnJ.I. TI1.e chlo~phyll that 

absorbs on the short wavelength side of the main peak is thought to be 
' . ' 2 

unaggregnted, because it has relatively high fluorescence efficiency. 

The shape of the chlorophyll CD in quantasomes is reminiscent of 

the shape of the crystalline chlorophyll en, which suggests that the 

chlorophyll a molecules in quantasomes and in tho crystal have similar 
' - -

geometries. However • tho interacting chlorophyll !.. in quantasomes ·is . ' 

,, 
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not aggregated exactly like a three-dimensional c:eystal because the 

abs~rption is not red shifted as far as is the threo-dimensional crystal. 

C~lorophyll ~ monolayers have their absorption shifted to 680 mu. 25 .· - . 

The red shift of the d1lorophyll that gives 'rise to the ·double CD in 

the qilantasomes is abqut the same aS the red shift in the monolayer. 

It may be~ therefore, that the aggregated chlorophyll in the quanta­

somes is only one molecule thick, corresponding to a geometry like a 

two·dimension.al chlorophyll a crystal • 
. - . 

The CD amplitude is small for qua.ntasomes ·compared to that for a' , 

crystal suspension with equal pe8k absorption •. A decrease in CD runpli• 

tude in a one•i,or two-dimensional crystal is expected relative to a 

three-dimensi~nal crystal of. otherwise identical geometry. The exciton 
. . 

: forces giving rise to th.e CD ·effects arc relatively long range, 26 and 

therefore depend,on the extent of the aggregate. 

The quantasome chlorophyll a· CD· (Figure 8) · is about ·the same · -' . . . . ' 

amplitude as that of the chlorophyll ! dimer CO (Figu~ 1) for equiva·, _ 

lent tptal red absorption. It would be. ~seful to subtra.ct the· absorp• 

tion. of the nonaggregated chlorophyll in t~e ·quan.tasome to determine 

the. aggregate .CD amplitude/unit of aggr~ga.te absc:'Iltion. However; we· 
. . . 

have no direct .evidence on the fraction of the total chlorophyll ! 

that is aggregated in the quantasome~ Tho exciton splitting evidenced 

by the CD. is not resolved in the crystal or quantasome absorption at 

nonnal temperatures. However, the liquid nitrogen temperature deriva· 

. ~ ~.-' ' 
\ ,' i 1.: 

I 
i 
l 

. ! 

t 

! 
. ! 

: 

tive spectra of plant material resolves. ~aks at 673 mp• 683 mp and about t . . 

695 tnJJ.
2 The double CD component, crosses zero ·at about 6BS mt.~, and the ' 

. . 
observed ~sorption peak in the 673 m~ region is too far a1my to con• ' ,. ~ . l 

) 

tribute to.the double CD of the aggregate. The 673 mp peak, estimated . ' 
. f 
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by Brown and French27 to be about SOt of the total chlorophyll a 
. . -

absorption, is a reasonable approximation to the amount of unaggre• 

. gated chlorophyll !.• It is. consistent with the CD evidence to propose 

that both the chlorophyll.a 683 and 695 mu are exciton peakS resulting 
. -

from the same aggregate. If ~his were true, about one half of the 

chlo-rophyll ! is in the agg~gate.· Assuming that at most one half of 

the chlorophyll!!. in the quantasome is aggregated, 29 ~ : ... :·.: '.~) the 

CD amplitude of the aggregated chlorophyll a is at least twice that 
. -

of the solution dimer. 

· The chlorophyll !. dilller CD has a· shape similar to the q~antasome · 

chlorophyll ! CD, although the dimor CD has o~po.site sign. The oppo• 

site .sign is not an indication of any great differencu in. the two 

geometrical structures, for it· could be given by a udrror image 

relationship. We take the similarity ~ shape of the dimer and quanta .. 

some CD to mean that the two geOtOOtrical stntctures are similar. A 

long \'lavelength shoulder is clearly seen in the dimer spectrum, uhile · 

the spectrum of plant mate.rial does not show. a shoulder .except at low · . 
temperature• . The plant material .shoulder must be some\~lat obscured 

by absorption from unaggregated chlorophyll. ·Tho large amplitude of 

the quantasome chlorophyll ~ CD suggests a more extensive aggregate 

than a dimer. . Helices,. which are analogues of a one-dimensional 

crystal• ilre pre<;iicted. to have a relatively large dependence of the 

rotational stre~zth on chain length. 2~ TWo-dimensional systems.might 

be expected to ha.v~ an even stronger dependence on aggregate size. · · 

It is P<?Sslble that the quantasome aggregates are dimers with a geo .. 

metry that lends to larger rotationa~ .strength than the solution dime'r, 

The aggregated chlorophyll !!. in the quan~asomes is at least a dimer, 

and is most prol,>ably a more extensive aggregate in one or t\io dimen~ions. 

,· 

. I 



Plants c.tip be gro•m with al tared amounts of the different chloro• 

phyll components. From the CD of these materials wa may ba able to 

determine the absorption of the aggregated components, fi~d out how 

much of the c.~lorophyll.! is aggregated and; in principle, detcnnine 

the geometry of tl1e aggregate. 

The predominant interaction. of chlorophyll. a is with itself, since -
the CD in the chlorophyll a region is identical in tho normal and chloro• - . 

phyll £,·free mutant. The chlorophyll !?. region also has a degenerate 

component in the quant!l.Some CD that is seen in the difference between 

the normal and the b•free mutant CD curves. This double CD in the. -
c"llorophyll b region inUicates that ·in the normal barley at lenst some - - . 

of the chlorophyll .!?. is interacting with other chlorophyll .2. molerules. 

One must not ignore the possibility that tho observed CD in quanta• 

somes is not due to degenerate interaction betwe~n chlorophylls • but 

rather· duo to more than o,ne ty~ of independent non• interacting ch~oro• 

phyll. Tilis explanation would require two types of chlorophyll environ• 

mcmt1 one absorbing at long wavelength w~th neuativ~ CD and the other 

. at short wavelength with smaller positive co. The close 4elation between 

. the chlorophyll a dimor and the crystal CD, '"'hero on1y chlorophyll-- ' 

chlorophyll interactions arc present, and the quantasome chlorophyll a · 
' . -

tends to favor the chloropbyll·chlorophyll interaction origin of the CD· 
. . 

in quan~asomes. Experimental investigation of plant material having 

altered amounts of ti1e different chlorophyll. components should answer 

this question directly. 
:\, 

ChromatoRhoms from Photosynthetic Ba~ctcrla 

Figure 9 ·shO\\'S the CD spectrum and absorPtion spectrum of Rhodo• 

?£irillu.!l~ T\lbrum chromatophores, and Figure 10 sh6ws the tlbsorpti9n 

': 

! . ' 
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spectrum of chromatophores of Rhodopseudomonas~ spheroide,s, to~ether 

with portions of the. ORD and CD spectra. The near infrared peaks of . 

chroma~ophores from both Species of bacteria shO\j] pronounced double 

CD couiponents, indicating strong bacteriochlorophyll interactions. The .. 

double CD sho\'iS that tho interacting bacteriochlorophylls are. not co• 

planar and that their tr~ition moments are not perpendicular to one 

another. 

R. rubl'Uln chromatop!tores exhibit a double· CD band (Figura 9) that· -
crosses zero very closi3 to the main absorption peak at 880 m~·· This 

indicates that at least some of the bacteriochlorot>hyll \ti th absorption 

centered at tho main peak is Aggragated with an exciton splitting small 

compared to the band width. Little unnggregated bacteriochlorophyll 
t':;. 

seems to be present, as this p6ak·. in the ch.romatophore spectrum is· 

sharp and not spread out, as _it would have to be if isolated and aggre• 

gated ·molecules were present together. The bacteriochlorophyll long··. · 

wavelength peak is slightly wider for the.chromatophoros than for the 

· monemer absorption ln carbon tetrachloride. If life assume a band shape 

like that in the· tnonoroor spectl"'l..m, the exci'ton splitting is of the order 

of 30·60 cm·1• ·· . 

· · .In . .!h rubrum, · tl~e 590 mu bactcriochlorol'hyll CD peal< has· no obvious 

double CD .component. l~owevor, the CD peak is red shifted from ·tho · ab· 

sorption peak.· Since this is t.m allowed electronic transition, one· 

would not expect vibrational effects to shift. tho CD mnximum·from tho 
. ' 29 . . . 

absorption· maximum. A negative component· of the bacteriochlorophyll 

CD on the . short lfavelength side of the 590 11\J.l peak may.· be obs~red by 

the positive carotenoid ~D. This could be the origin of the 2.5 1ltl1 

rod shift of the positive bacteriochlorophyll CD peak. The CD curve 

I 
I 
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I 
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at the bottom o£ Fi~re S shows an example ~f the shift of a single CD 

peak cente'red at the absorption maximum by tho ·addition of a double CD 

component, R; rubrum can be grown carotenoidless under the proper con-- . 

ditions. 3° Carotenoldlcss chromatophores wo~ld allow us to see the 

590 m\J bacteriodllorophyll CD and absorption free of interference. 

·13:... seh<-:,roidos chromatophores (Figure 10) show a particularly strong 

double CD in tho longest wavelength absorption b'artd, indicating agg~· 

gation of the bacteriochlorophyll, The sharp peak on the short wavelength· 
' . . ·. 

side at 799 mJJ seep1s to h..,·lVe a comparatively weak double CD component, 

judged by the shift to 793 ntll in the CD spectrum, l~ith a magnitude· 

approximately equal to that o£ the solution dimer. The 799 m1J band 

absorbs about where the ::;olution dimers do, but shows no obvious splitting . 

in the chromatophore absorption spectrum. TI1e positions of the double 

.co and absorta>tion indicate that the band may be. due to dimers of bacteria.. . .. 

chlorophyl:t. ·The small exciton splitting requires that the dimers have 

a different geometry from tha·t of the solution dimers~ 

·The long wavolength absorption band at 852 mil is red shifted much 

farther than the solution dimer and, since t,.;e double CD indicates nn 

aggregate • the bacteriochlorophyll absorbing hero is undoubtedly a· 

higher aggregate than a din~r •. Thor~ is nn obvious long wavelength 

shoulder (ca. 880 mu) on the main :absorption band (852 m~). The 

double CD component crosses zero slightly· to the long wavelenrtth side · 

of the . main absorption peak. Similar · behnvior is observed in all of 

the chlorophyll dimers· 'in solution. TI1c long wavelength shoulder may 
. ' . 

well be. an exciton component split off from the main peak. Many photo~. 

synthetic bact.eria show this long wavelength shoulder • sometimes· to an 

extent ·that varies wlti~ growth conditions, 3~. Undor these conditions, 
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either tho buc_tora:och.lorophyll aggrogate geometry, is altered or two 
. . ' \ . 

differ¢nf aggregated· forms are present in variable aniOunts. Lo1i tem• · 

perature abSOil>tion and CD measurements may distinguish· between these 

alternatives. 

SfJ.fWW 

The circular dichroism (CD) and absorption spectra of· ·dimors of 
' . 

chlorophylls a, b and bacteriochlorophyll in carbon tetracl}loride --
solution and of suspended crystalline chlorophyll o. are presented. 

. -
11H.~ dimcrs o£ all three chlorophylls seeu1 to have a very similar 

structure by the critedon of these ult!asuremants. The chlorophyll·· 

chlorophyll interactions in the dimer give rise to very large optical. 

activity relative to the monomer. Our analysis of the dimer structure 

is not yet complete, but \ve can conclude \-lith some confidence that the·. · 
,· . . ,, ~ 

molecular planes arc not parallel or coplan~r in the dimer;. nob are 
> •• • •• • •• 

the transition moments parallel. The CD ancl absorptiOn spectra of 

photosynthetic particles -· barley quantasomes containing chlorophylls 

a.and b. quantasomos prepared from ·a barley mutant that lacks chloro•. · · - - . . 
' . 

phyll !!• and .&. rubrutn and &, spheroides chromatophores that contain 

bacteriochlorophyll ·- are also. presented. The CD measurements give 

strong evidence for chlorophyll-chlorophyll interaction in .all of the,. 

photosynthetic particles examined. · l~c conclude that some of the chloro­

phyll a absorbing on the long wavelength .side of the nwin quantasome -
absorption band is aggregated. Tho aggregate is at least a dimer and 

ue . 
may be a one- or t\ro·dimcnsional analo~ to' the chlorophyll .!. crystal. 

' . ·~ 

The chlorophyll !. aggregate has the mtdpoint of exciton components a.t:: {_ ., ' 

,i . 

. 685 mu. We suggest that tt'le chlorophyll ·a bands observed at 683 and -

.l 
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695 mu obs.erved in low temperature derivative spectra may result from 
'. ' 

a single 'type of aggregate. TI1e chlorophyll !!_ show$ evidence of inter• 

actions with other chlorophyll IJ in tho quantasome. We open the possi· - . 

bility of finding the geoHtetrical relationship of the interacting . 

chlorophylls in the quantasome· from further experiments. Bn.cterio.;.· 

chlorophyll appears to be aggregated in the ti'IO species of phQtosyn• 

thetic bacteria that were examined; however. the detailed structure of 

the aggregates is apparently different in·these two cases. 
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. FIGURE CAPTIONS. 

Absorption and CD spectra of chlorop!1yll a dimcrs in carbon -
tel:rachloriJe. 

Absorption and CD spectra of chlorophyll b dimers .in carbon 
' ' ·' ' ... I 

· tetrachloride. The CD spectnun shown ·at \iavelengths longer 

'thari 530 m~ has been multiplied by 4.0. 

. . ' 

Absorptlor~ and CD spectra of bacteriochlorophyll dimers. in · 
'' 

.. carbon tetrachlo:dcle. ' ·nlc CD S(JCCtntJl 'shmm at wave lengths 

, 'longer than 700 U1U luis been multiplied by 0.5~ · 

Figure 4. · Typical CD and Oiill cur.vcs res1.tlting from degenerate (I} and .. . . ., 

non•dogm1erate (II) interactions. These curves are obtained .. 
· · 1 · · • by decomposing' tho corrcspon~lini~ lo\ver. curves (I + II)/2; 

' ' 
·. · \vr1ich ap1n·oximatt.r those observed for chlorophyll· dimcrs. 

. ;' 

~ ' . 

Figure' S.~ :tn;ical double· CD co1nponent for ru1 excitor\ split transition· 

' t' ~ 

. .. ··' 
\ihere the. splitting is ·small compared· to the band width. The 

''cancellation of rotational strength in· the center of the' b{>.nd ' . 

' ' · is' illustratod. lloth R+ and R .. ·have gaussian shapes tilth 

h,alfwidth s,· and they ore separated· by. 6\1~ · 

'!, • .. 

microcrystals in ~isooctane •. Path length. 1.0 em. 

; I I 

. · .. : 

'.:., 

Figure ·7. ·. ·Absorption and ORD spectrn of quantasomes from normal barley. 

(solid curves) and from a mutant lacking chlorophyll ~ (dashed· 

curves). 
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Figure 8. Absorption ar~ci 

., ' -i.AL.; .... 

:-'ncc.tr:: o• -~··-··lt'''"'o·~,-.-;· '-r··""' ... to~;..~.1::11-.;1.- __. ,.., .L \.LI.l,.-11 r.k..;J .! ... ~- .t,.. 1 .. hL - bttrley 

(solid curves) anu. CD sp:.-:ctnmt of quantasomes tro:m a mutant 

lackin.~ rf· 1 oro··Jilv11 b 
...... -· i.J.. J '· ~ . ( ' ' ., ) Cl:::ts.acn curve • 

sDixillum rubnml. 

Figure 10. ,6J;sorption.? CD :1n<l O!U) spectra of chromatophorcs from Rhoc:o-
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CIRCULAR DICHROISM 

BACTERIOCHLOROPHYLL IN CCI4 

1.00 x lo-3 M_, 0.125 mm 
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CIRCULAR DICHROISM 
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If' This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com­
mission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, 'completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa­
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor­
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com­
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 






