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CHLOROPHYLL-CHLOROPHYL], INTERACTIONS
Edvirard A, Dré.tz, Alfred J. Schultz and Kenneth Sauer

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

INTROD UcT ION

Isolated chlorophyll molecules in solution ars unable to carry
out the energyfconvertlng pnotoreagtions charagtaristic of photosyno
thetic organisms, These organisms pfovide_li§0protein matriccs‘f
(chloroplast grana or lamellae; bacterial chromatophores) in'which
the chlorophylls, carotencids and soﬁa,impofiant ?xidation~reduétioﬁ?j
coféctors are brbught together in a highly épecific relationship to
one another, Any attemptithat the experimenter makes to alter.this
relationship.almost invariably lgads ;g goﬁplete loss 6f thé photo-
synthetic activity. This applies to solvenﬁ eitraﬁtion,.treatment
with most detergents, mild heating, etc;’ On the qthet hand, chloro-xi‘wj

plasts from leaves which have been fixed-chemically with‘g}utaraldeo E
hyde are fbund to retain a substantial fraction of their ability to
'»carry out quantum conversion via the Hill react;on.l |

The evidence at hand polnts to an imnortant role for the p&rti».
cular way 1n_which_the pigments and cofactprs are arranged spatxplly% Li :' 
Tﬁe'pigmentvﬁoleculég, for example, cannot be considered to be'isolatgd'ﬁ":

from oha-anéthsr even as a good first approximation, Typical lamellar':

fractians cantain 6-8% chlorophyll by weight and pigmcnt concentrations -
run in excess of 0.1 mole-l -1, '
Lvidence from absorptien spectra of chloroplasts from higher

plants and algae as well as of photosynthetic bacteria suggests that

'ég_vivo the chlorophyll is at least partially aggregated. Por example, V:’.;v'

low temperature spectroscopy of plant ﬁaterial fesolves'severalqabsorpf1 j?
tion maxima in the long wavelength region, but the extracted chloro-
phyll a has only a single peak.z Fluorescence excitation spectra of
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- somes) could be due to chlorophylleprotein or chlorophyll-lipid !

“2e
these samples suggost that a part of the chlorophyll a, absorbing on
the short wavelength side of the main band, is-unaggregated and highly

I’

fluorescent, while the chlorophyll a absorbing on the long wavelength

‘side of tho main band is weakIy;fiuorescenx and is supposed to-ﬁe*aggregated.%

Studies aimed at elucidating the nature of the pigment assoclations
and their enviromnents have métrwith only partial success, fOriehted
chloroplasts or fragments from them show little or no*dichroism‘for

most of the pigmentabgorpfion‘s"s ‘The fluorescence of the chlorophyll

‘in these organclles 1s found to be Almbst completely depolarized, A -

~long waveleﬁgth form of chlorophyll a-which is dichroic and gives rise

to.polarized fluorescence in?o;ves only a small fraction of .the total
chlorophyll in chloroplasts.™® This fraction may, however, be of |
uﬁmost importaﬁée to thé enefgy conversion proce#ﬁ. |
Studices of nuﬁlear_magnotic,resonaqce, infrared and visible
absorption spectra and of apparent molcéular weights of purified
chlorophylls in solution show that dimers and hlkher aggregates form

readlly under some conditions.7 19 These aggregates havc groatly_

’ A
enhanced qptx;al activity compared to the monomers and have been

studied by optical Jrotatory dispersion (ORD) in the case of cﬁloro~

11

phyll a, The chlorophyll in chloroplast subunits also shows. optical

actlvity which is larbe compared to that of the extracted chlorophyll.11 12
and this has been used as addicional evidencoe for the presence of aggres
gated chlorophyll in vivo, It has been recognized, however,. that the .

large optical activity of the chloroplast lamellar fragments (quanta- e

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

circular dichroism (CD) measurements reported here are particularly.



— |
. 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 61‘65505 zero in ,'t}'xe region
of the absorptlon maximum, In the ‘presence of aflarge amount of other
non-degenerate mteractions tha cmssmp poim: may be shifted,. buL it

is still clearly seen. The degonerate interaction is important because »
it cannot be éaused by éixlorophylbﬁtétﬁeiﬂ or"chlorophyll-lipid. ..
intera.ctior_@ It can only be due fo chlomphyll-chlomphyll‘,intér- -

~actions, Purthermore, the degenerate inc.eraction ‘carries geometrical -

infommation about the aggrcgate which ono has some hope of interpreting -

in a datailed way . Small exciton splittings ,that are not directly
resolvable in’the absorption spectra result in ‘a double CD under most

circwnstances. The CD spectra of the chlorophylls in quantasomes and

chromatophores contain large degenerate contributions which are. strong s

evxdence_ for chlorophyll«chlorophyll interactions in these systcms.

-

EXPLRIME w‘TAL

Materials '

'l‘he preparaticn of chlorophyn a, chiorophyll b and bacteriochloroa

phyll are described elsewhers,’

and was used without purification.

The suspension of microcrystalline chlorophyll a was prepared by s

adding iscoctane to a small sample of the solid chlorophyll. After

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

Carbon tet_rachloridg was reagent grade -

[P v
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top speed for 5 min, and the supernatant suspenéion was Qsed directly,
No noticeablé'settling occurred during the half hour period of measurement,

Chroma’copl'iores from Rhodospirillum "rubrum and Rhodopseudomonas

speroides, were obtaincd by washlng, S~ day old cultures free of growth
medmm, followed by sonication for 3 min at O°C with a Bzosomk oscil-‘
lator, Fragments sedimenting between 40,000 g (30 min) and 180 ,000 £
(50 min) 'wefe washed and resuspended in 0,05 M phosphate buffer, pH 7.5.
Barlé} \Qas gréwn from sveed‘ in a phytotrdn under controlled illumi-

' _nafion and temparature and was harve%ted about 3 weeks after germinatwn.
 The ;-normalﬂ (Lyon) and the mutant strain (Chlorina 2), which is mlssmg
chlorophyll R'.IS we?e'grown under 1dentica1 conditions and harvested at |
the ‘3émé time, Chloroplasts were isolatcd'ifrom _the homogenized leaves

essentially byvt’he procadure of !’ark and Pon,} Sonication of the
chloropla»t suspensmn was Lollowed by isolation of a fractlon sedi~
mentlng between 9000 g (10 mm) and 110,000 g (30 min), 'resuspension in
10-3 M phosphate buffer, pil 7.3, and clarification at 9000 g (10 min).

Methods | - | . : ‘\ _
Absorption épectra were recorded usirig a Cary. 14 ‘spectrophotometer.-'.. o
In the casc of scattermg sanples the "iodel 1462 Scat:tcred-'!‘ransmiss:.on .
Accessory was used. Opr.ical rotatory dispersion spectra were obtained
usmg a Cary 60 instrument modified with a special md-—sensitive photo- _ |
. rmltiplier. | : |
The circular dlchroism instnmnt is one of our own design. A :
detailed dpscriptmn of the apparatus will appear in the near futura.l-s-' .
- A few kjé”ﬁjeral fe'at:ures of the instrument are worth mentioning, hem. |
The apparatus employs Cary 14 monochromator and a pockels cell pola- v\

16

rization modulator driven at 400 Iz, Fnergy variations are compensatedv'
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by controlling the PM voltage, bbst'measurémcnts.are ﬁade.at a band .
width}bf’about 1 my, The noise level 6F'the'instrumen# varies with . A,‘ E @
wavelength at fixed.resolutién but is approximately + 1x10°5‘0.D. unitS‘;_  oy
at 1 myu band width ovcr much of the wnvelength range of 0,21 pu to 1,2 u, -
 The scnsitivity of the, intrument is Iurther increased by averaging B
| many scans of the spectrum using a Nuclear‘Data ND800 Enhancetron,
‘Under this node of opéfatloﬁ,vtha ronochromator scan is'c6ntro1ied by . - .: o %
. the Enhaﬁcetroh'time‘basé._ Maltiple scans reduce the ﬁoise level to - 4" o
| * 1x10“6 0. D. units in a rcasonable period of time (ca. 2 hrj i
Dumont 6911 PM tube is: used fbr near infrared work, and an IMI QaSSQ/A )

used from 210 iy to about 800 my.

S REUS ADDISQUSSIN - e

Circular Dichroism Spectra of Fhlorophyll Dimers

In vxtro measurements of the CD of chlerophyll 2, chloropﬁyll b, i.'  “.; 
and bacteriochloroPhyll in most solvents show extremcly small optical ~{ €”.1
activity (nearly unmeasurable by ch meLhods) In cnrbcn tetrnchloridc, h
| howcver, increasing concentration results in spectral chanves and en=
hanced circular dichroism. The circular dlchroism and- absorption .
spectra of chlorophyll g, chlorophyll b and b‘acteriochlomphyl1 solus  53 N
tioﬁs c&ntaining about 85% dimer are given in Figures 1, 2 and 3, We .,:1f
can determinc the molar circular dichr01sm of the dimers from neasure~.‘"”
ments on.these concentrated salutions. since thc solutions are stable
and we know the extent of dimerization from the equxlibrium_constants,_;? .

10

measured using absorption spectra, Precise CD measuremﬂﬁts on dilute ..

solutions, free of agyregates, have not yet been possible in carbon =~ . 1
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tetracﬁlorideibécause of decoméosition df(thé cﬁ;orophyll during the
érd]onacd time of measurement; khasureﬁents on diiuté solutions in

the same solvent can be made rapldly, to avoid decomnositlon, but with
a :esulting dacrease in signal to noise. The dilute solutlons show .
essentiélly no dichfdiSm;_with an ﬁhper 1imit of 5-10% of the‘conccn—
rated si?nals. | | |

The dimﬁrs give large cxrcular dlChTOlSm siqnals in the relatively

1solated far red band, as well as. in the more comlex Soret band, which

"i‘is a cowposite of two nearby electronic transitlans. Ne shall concen=-

"trate,initially,on interpretlng the CD of the far red bands of these
compounds. All three chlorophyll dimers show very similar CD snectra.
This is con91stent with all the evidence from NMR IR. and absorpt1on :

measurements,» 10 ,that Lhe three dimers hqva very similaxr structure.

All three chloroPhylls show a double c1rcu]ar dichroism spectrum that o

reverses sign close to the center of the abscrption band,  This behaviot ;;‘j

is duc to the degenerate exciton interaction of the long wavelength

transition moments of the two monomers in the dimer, 17 ‘The same inters fj'v
~action leads to the observcd Splittlng of the absorption‘band in the Spe
‘dimer. The degenerate exciton interaction observed 1ntho CD indicates ;:?5: ”
that the monomer transztion moments are not parallel nor are the chloro~:;}1 ;'

~ phyll rings coplanar in the dlmer.} Furthermore, the magnitude and sign |

- of this degenerate CD component is ralated to the detailed geometry of
a

| che dimer 1n/relat1ve1y sinple way, The CD spectrum is not symmgtrical
in ampl1tude above and below zero hecause of interactions of ‘each

chlorophyll with the electro-static fleld and polarizabilities (that

result from higher energy transitions) presented by the other.is Thig‘;;’-v

.is the same interaction that gives rise to the observed hyperchromism

VG S
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in the dlmer.lolﬁlg It is difficult to assign geometrical significance
to the CD asymmetry effect because it originates ih-th@vintcractions
of the transition of interest with very many highc;'enetgy transitions
as well as a complicated static field interaction,18 .

The degenerate (double CD) contribution can be extracted from the
experlmental CD spectrum by a stralghtforward procedure, We fit the
CD spectTum to a linear combinatxon of a degenerate component (double
CD, as in I in Pigure 4) and a ncn-dsgenerate component (single CD curvé;
as in I in'Figuré 4) whose shépe is assumed to be that of the monomer

absorotton. The degenerate component"is recognized in the CD by a‘

chAnge of qign near the absorption maxlmum, while in. the ORD the d@vener-

ate componqntvmercly glves an assymetry to the apparent‘single Cotton
' effect unless the degenerate component is larger in amplitude than the
'non-degcnerate part.. The above decomposition is done with:a linear

least~squaras computer program.zo'

In the calculation v,, the mean fre-’
qugncy of the exciton components,is obtained from an analysis of the

absorption spectra.lo

Geometry of Dimers

A double CD spectrum that {s cauacd by dlmerization demonﬁtratos

that there is a de«anerate interactinn betwccn the mnnomers in the dimer.'

The most vcneral theory tells us that the chromophores are. not coplanar
and that the monomer transition mameats are not parallﬁl or exactly
porpendicular in the dimer, Purthermorﬁ,,wfth;the,aid of_a particular

theorcticsl nodel we may relate the degenerate CD) to the detailed geos .

metry of the dimer in a fclatively simbla way, The interaction may be."‘

treated as between point dipoles as a first approximation.17 This

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



-8-
simple,-tractable, and may work satisfactorily.
. For the point dipole approximatlon the dimer dipole strengths (Dg),

rotational strengths (Ri) and absorption frequenc1es (ve in cm 1} of the»

.....

- tvo exczton components resulting from monomer transitions’at vo are given
bvaquations.l-§:17

LA

. . e e . ‘
R=¥ 'f vo.(T?i'Z“‘ “lx-ﬁ;)' - o . (?)
vﬁ.m_v; jgvlzlhc o .jlf;f. . e (3) ‘
N U B ’“Rlz "'“1)(“12 AN . ‘W
12 23 ul. vz._ g o A ( )
. . . . 1 R ) . ] ) ) . ‘ .
L

'where g is the electxic dipola transitxon moment of moncmer one and Rlz
is a Vector connectxng the centers of the two.nonomers in the dlmer. If{;ff“l
the exc1ton splitti;%/Ks smaller than the band width most of the. rota-f;;?,
tional strenyth cancels owlng to the strong cverlap of components wlth
,opposite signs of rotatlon, as illustrated in Figure S.; In order to get
the theoretlcally useful. i quantlty. the dewsnerate rotational strenwth
(Ry), from the experlmental values, we must know the exciton. Splittinp :f  ,
of. the transition.‘ This is the most difficult and uncertain part of o
thc calculatlon, but- fbrtunately, in. the cﬁloropﬁyll dimers, we can qet
1experimental values for the exciton splittino from the absorptlon spectrum;;f

The exciton splittln;s and the deﬂenerate rotationnl strenﬂ*hs of, the .~fAA>

three chlorophylls are given in Table 1 Fhe exciton splitting

mm e s et



~ Table "’1"1.; -Qpectral Proportxcs of the Ixc:lton .;pht Conponcnts of t’le Dmers os:' ’lﬁrec ChlorOphylls 2
S _Vm Carbon Tetracl&ande. (Ao and Vo 'rcfer to the, average of the two exc1ton band posxtmns )

et e meh o mactes B e

s L S R

 Cilorophyll b 685 - 15259 398 1 31 l ca. 18 .

79 12565 - . - 490 - , 1.32

"
e
L]

. Bacteriochlorophyll

e
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is assumed to be positive for the purposes of Table 1, The quantities
D,/D, and R /Dgv, depend only on the geometry of the dimers and not on
the intensgities or positions of the absorption bands, The simildrities‘
of these quantities for the throe chlorophylls supports the conclusion

10

that their dimer structures are similar,” The absorption measurements

imply an angle of about 80 degrees between the red transition moments of
the two chlorophylls in the &imers for the point dipole model.lof The

angle'between the transition moments derived from the CD spectra 1s about

12 degrees if we assume that the monomer planes are parallel in the dimer,

‘Within the limitatlons of the point dipole model, the anglu between the
transition moments of 80 degrees found from the absorption spectra is
not dependent on any assumption about4thc parailelism bf the monorer . |
planes, The large discrepancy between the intcrtransition 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 1nadequacies in the point dipole model, since
the axciton splitting is experimentally observed. We are forced to the
conclusion that the chlorophyll planes are not parallel in the diwmer,

If we attach a coordinate system to one monomer, two angles and a
distance are necded to specify a vector from the center of the fixed -
monomer to thc center of the other moéomer. Three additional angles

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'dimcr geometry in the géneral case, The observable para-_ '

meters available for cach absorption band -are the degenerate rotational =

s e ——— = "
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strength, R,, the ratio of the dipole ‘strengths, D /D_, and the exciton
splitting, V. ~Thus, there are three interaction paramétcrs for each
absorption bénd that exhibits excitbn interaction, We can spécify the

geometry of the dimer from the interaction parameters for two indepen-

dent transitions polarized along different directions in the molecule.l.

Bacteriochlorophyll-has a distinct electronic transition at 590 my
polarized in the molecular plane, but polarized perpénditular to the

previously discussed 780 mu’transition;zlfzz

The 590 mp transition is
fairly strong (oscillator strength, f=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 data is in o

progréss. The available evidence indicates that chlorophyll a, chloro-

phyll b and bacteriochlorophyll form nearly identical dimers, 10 1f

a structure of the bacteriochlorophyll dimef can be determined, we can -

propose this structure for the other chlorophyll dimers with some confi-

dence and test it against the CD and absorption data.

' CrystalliﬂéVChlorophyll‘2

Figure 6 shows the absorption and CD spectra for chlorophfll.g
microcrystals in suspension, The crystai.structure is not yet known

for any of the chlorophylis; howéver,‘the CD measurement has definite

qualitative interest in relation to the observed quantasome chlorophyll

D, There is o slight solubility of cﬁlorophyll a in isooctane, the
suspension medium, 'so there is a small monomer peak at 666 mﬁ...In the:
crystai-absorption spectrum this peak isthifted to 745 mu, This large
red shift of the crystal over the monomer is probably due to the enor-

mous polarizability of the crystalline environment compared to the
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solvent surrounding the monomer. It is a genéral observation,that wen
transitions of molecules in polarizable sé;vents are re&-shifted rela-

tive to those in solvents of low polarizaSility.z3

experimentally observed for the chlorophyll transitienms, Inéreasing ;

chlorophyll aggrégation leads to increésing red shift of the absorption.'

A 10-15 mu red shift for the dimer relative to the monomer is observed
in carbon tetraéhlpride. .At very high ;oncentrations in carbonvtetra-'
chloride the bacteriochlor@phyll absorption and CD show evidence of
higher aggregates; ?ed"Shiftéda30~mn relative to the monomer, The -
molecule in the crystal‘is essentially dissolved in chlorophyll, A very
palarizdble.mﬁdiuﬁ, and the large red shift t80 my fof chlorophyll a) .
results,, ' | l | |

| An analysis of the crystal CD shows that the degenerate component
crosses zero within 1 mu‘of-the obgafved{abéorption peak, T@erefbre,ﬁ
the wéak short wavelength shoulder obgérved in the ciystal absorption
spectrum (ca. 720 mu) is not an-exciton split peak and must be vibra-
tional in orlgin. The gaussian half width 1s only about 25 -1 larger
~ than for the monomer in CC14, 30 the excxton splitting in the crystal

must be quite small.

\
Quantasomes from Barley Chloroplasts éndvfrom a Mutant Deficient in :

~ Chlorophyll b

Analysis of the optical praperties of a preparation from higher

plant cﬁlofoplasts is complicated by the presence of chldrophyil 8y .

‘chiefly responsible for the absorption maxima at 678 and 436 my, and S

chlorophyll b, which gives rise to the distinct shoulder near 650 my. 3

and another at about ‘470 mp., The carotenoids present have absorption -

maxima at 485, 455, and 428 mi.?d Figure 7 shows the ORD and absorption ,,

These red shifts are

ah et e e
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spectra of suspensions of lamellar fragmcﬁts (quanmsmes) 6f chloro-
plasts from normal barley as well as from a mitant that is completeiy )
missing chlorophyll 2.13 In the visible region of the spectrum, the |
mutant and normal quantasomes have idéntidal ORD and absorption spectra
exccpt‘fbr_ the éhloropiiyll b regions near 650 and 470 my, whgre there
‘are large differences, Figure 8 shows the CD spectra of these same |
maferials. .;l‘he chlorophyll a part of the CD spectrum in the mutant
appears to be identical to the dxloropfxyli i region in the normai' barley, -
\ The chlorophyll g in the quantasomes shows a large double CD com- o
ponent -as we ‘saw. in the dimers and crystals, Presence of the double |
CD component in the chlorophyll a absorption region is good Adirect
evidence - for chiorophyll a-chlbrophyll a intera{:tion iri quantasonies;
Chlorophylleprotein or chlorophyll-lipld interactions would lead only
to single CD bands and, if present. would only increase or decrease o
the asymmetry of the observed double CD tomponent, “The presence of a ;
double D implies that the intemcting chlorophylls are not coplanar o
nor are the red chlorophyll a transitio_n moments parallel or exactly
pérpendiéular. in the quantasomes, The double CD component Crosses
zoro at about 685 mu. 'I‘hié is the avéragc frequency of the exciton
bands‘ v, * (Yy' v,)/z that give. rise to the double €D, Thus, the
intéracting éhlorophyll a molecules ébsorb on t.he long wavelongﬁh sidg,
of the quantasome absorption poak at 678 mu, The chlorophyn that
absorbs on the short wavelength side of the main poak is thought to be
unaggregated, bocause it has relatively high fluorescence e_fficiency.z

} The shape of the chloroéhyll €D in qﬁantasomes is reminiscent of
the shape of ihe crystalline chlorophyll CD, which suggests that the
chlorophyll a molecules in quantasomes and in the crystal havé similar B ”

‘geometries, llowever, the interacting chlorophyll a in quantasomes is . '
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not aggfégdted exactly 1like a three~dimonsionai-cryétai because the
absérption is not red shifted as far as is the threofdiéensiOnal crystél.
Chlorophyll g;mbnolayers-have their absorption shifted to 680 mu,

The red shift of the chlorophyll that gives rise to the double CD in

the quantasomes is about the same as the red shift in the monolayer, -~ , "

It may be, therefore, that the aggregated thlorophyli in the qp#nta-
somes is ohly one molecule thick, corresponding to a geometry like a g
two-dimensional chlorophyll a crystal, ’ ‘

The CD aﬁplituda is small for QuantasomQSfcompared to thai.fbr a..
crystal suspension with equal peak absorption. A decrease in CD ampli~ .
tude in a one~:..or two-dimensional crystal is expected ralative to a
three-dimenszcnal crystal of otherwise ident1ca1 geometry. The exciton

. forces g1ving rise to the CD effects are relativcly long range,26

and

. therefore depend on the ‘extent o’ the aggregate, A'
The quantasome chlorophyll a CD-(Figure 8) is about the same-

amp]itude as that of the chlorophyll a dimer CD (rigure 1) for equiVa-"

lent total red absorption. It would be useful to subtract the absorp-

- tion of the nonaggragdted chlorophyll in the’ quantasome to determxne

the aggregate CD amplltude/unit of aggrugate abscrntion, nowcver, we'
have no direct evidence on the fractxon of the total chlorOphyll a

that is aggregated in the quantasome. The exciton splitting evidenced -
by the CD is not resolved in the crystal orAquantasome absorption at

normal temperatures. However, the liquid nitrogen temperature deriva-

tive spectra of plant'material resolves peaks at 673 my, 683 mu and about ¢

695 mp.2 The double CD componént;crosses zero ‘at about 685 mu, and the '
observed abséiption peak in the 673 mu region is too far away to cone

tribute to the double CD of the aggregate, The 673 mu peak, esﬁimated

5 -
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by Brown and French?’ to be about 508 of the total chlorophyll a -
absorption,~1$ a reasonable approximation to the amowunt of unaggre-l
~ gated chlo?ophyll é. It is consistent with the CD evidence té propose. 
that both the chlorophyll .4 683 and 695 mu are exciton peaks resultlng
‘frum the same appregate. If this were true, about one half of the
chiorophyll a is in the aggmcbate. Assuming that at most one half of -
the chlorophyll a in the quantasome is aggregated 29 - : the |
ch anplitude of thc aggregated chlorophyll a is at - least thce that -
of the solution dimer.

" The chlorophyll a dimer CD has a-shapé similar to the qqéniasome',
chloroplyll ngD, although the dimer CD has opposite sign, The oppo-.
site.sign is not an indication of aﬁ&'great difference in the two
geometrical‘structures, for it‘could be given by'a mirror image |
relationship, We take the similarlty in shape of the dimer and quantué‘
some CD to mean that the two geoﬁctrical structures are similar, A

“long wavelength shoulder is clearly seen in the dimer spectrum, while.

the spectrum of plant material doeé not ghow{a_shoulder,except at low .

temperéture;, The plant material shoulder must be somewhat obscured
by absorption from unaggregated chlorophyll, The large amplitude of "
v tﬁe'quantasome'cﬁlorophyll Q.CD sﬁggests a ﬁoré éxtensive aggregate
than a dimer. Helices, which are analogues of a one-dimensional

crystél, ata_ﬁfQQicted,to haye a relatively large dependence of the |

roiationnl strength on chain length,zg Two-dimensional systems might

be expected to have an even stronger dependence on aggregate size, °
It is possible that'the quantaﬁome aggregates are dimers with a geo-
metry that leads to larger rotatibnal,strength than the solution dimaf,

The aggregated chlorophyll a in the quantasomes is at least a‘dimer,

and is mostAprobably a more extensive apgregate in one or two dimensions,’

© e
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- Plants crm be grown with altorsd amounts of the different chloro-
phyil. componerits, ~ From the (D of these materials we mayr be able to
déteminé thé absorption of the aggfegated components, find out how
much of’the éhlorophyll 2 is aggregated and, in principle, determine
the geometyy of the az,gregate.

- The predominant interaction of chlorophyll a is with itself since '

the CD in the chlorophyll a region is identical in the normal and chloro- '

phyll h-free mutant. The chlorcphyll 8 region also has a degenerate
component in the quantasome CD that is seen in the difference between
the normal and the b-free mutant CD curves, This double CD in the
chlorophyll b region indicates that in the normal barley at least. some

- of the chlorophyll b is mteracting with other chlorophyll b molecules.

One must not ignore the possibility that the observed-CD in quanta-

somes is not due to degencmte mteraction between chlorophylls, but

rather due to more than one t/pe of mdependent non—interactinc c‘110ro~

phyll, This explanatim would require two types of chlorOphyll emn.ron- |

* ment, one absorbing at 1ong wavclcngth with negative CD and the other

. at short wavelength with smaller posn:ive CD, The close Lelation between.

-the chlorophyll a dimer and the cxystal CD, whera only chlorophyll-
chlorophyll i.nteractims are present, and the quantasome chlorophyll a
tends to favor the chlorophyll-chlorophyllk interaction origin of the CD
in qumxfasomes'. Experimental investigation of plant material having
altered amounts of the different chlorophyll components should answer

this question directly.

Chromatophores from Photosynthotic Bacteria

Figure 9 ‘shows the CD spectrum and absorption spectrum of Rhodo=

spirillum rubrum chromatophores, and Figure 10 shows the absorption

s ar Spw—
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spcétrum‘of chromatophores of Rhodopseudomonas spheroides, together -
with portions of the. ORD and CD spectra, The near infrared peaks of

chromatophores from both species of bacteria show pronounced double

CD components, indicating strong bacteriochlorophyll interactions, The

double CD sths that the interacting bacteriochlorophylls are not co-
planar and that their transltion moments are not perpendxcular to one
aaother. _ -
E&LElgggggvchromatcphores exhibit a doﬁble'CD bandv(Pigure 9) that
crosses zero very close to the main absorption peak at 88 ﬁg. 'This
indicates that at least some of the bacteriochlorophyll with gbsqrption‘
centered at thékmain peak is gggregdted‘with:an'exciton splitting Sma11 
tompared to ihe'band width, Little unaggregated bacteriochlorophyil |

L?

‘seems to be present, as this poak in the chrmnatophore spectrum 1s

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 slightl& wider for the chromatophores than for the

monamey absorption in carbon tetrachloride. If'wc assume a band shape

like that in the monomer spectrum, the exciton splitting is of the order

of 30-60 cm'i

In R rubrum. the 590 iy bacteriochlorophyll Ch peak has’ no obv;ous
double CDvcommonent. However, the CD. peak is red shifted from the ‘ab-
sorption peak, - Since this is an allowed electronic transition, one "
would not expect vibrational effects to shift the CD maximumvfrom the
abSorption'maxinmmhggr A negative component of the bacteriochlbrophyll
CD on the short wavelength side of the 590 mp peaL may be obscured by |

the positive carotenoid CD. This could be the origin of the 2.5 mu .

red shift of the positive bacteriochlorophyll CD peak. The CD curve '

i o

. - . .
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at the botton of Figure § shows an example of the shift of a single CD
peak centered at the absorption maximum by the addition of ] double cb
component, &,_ .x;u_lg_r__q_rg can be grown carotenoidless under the proper cone- -

30 carotenoidless chromatophores would allow us to see the -

ditions,
SQO'mu bacteriochlorophyll CD and absorption free of interfe:ence.
R, spheroides chromatophores {Figure 10) show a particularly strong

double CD in tho longest wavelength absorption bard, indicating aggre-

gation of the bacterxocnlorophyll. The sharp peak on the short wavelength'

451de at 799 my seems ‘to have a comparatively weak double CD component,
judged by the shift to 793 mu in the CD spectrum, with a magnitude

‘ approximately equal to that of the solution dimer, The 799 mu band

absorbs about whefe the solution dimers do, but shows no obvious splitting

- in the chromatophore absorption spectrum, The positions of the double

€D and absorption indicéte that the band may be due to‘dimers‘cf bacterio- .

,chlorophyll. The small exciton splitting requires that the dimcrs have '

a dxfTerent geometry from that of the solution dimers,

‘The long wavclength absorption band at 852 mu is red shifted much
| farther than the solutlan dimer and, since the double CD indicates an
' aggregatc, the bacteriochlorophyll absorbxng here is undoubtodly a
higher agg regate than a dimer, Thcre is an obvious long wavelength .
| shoulder (ca. 880 mu) on the main absorption band (852 nu).‘ Thc |
double CD component crosses zero slightly‘to the long wavelength'side' '
of the main absorption peak, Similar behavior is observed in all of
, tbe chlérophyll.dimers“in solution, The lcng wavelength’ shouldcr may
well be an exciton component split off from the main pesk, Many photos.
syntﬁetic bac;afia sﬁow this long wavelength shouider, sometimes to an

extent that varies with growth conditians.3¥f Undor these conditions, =

N
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éither‘tho Eactehiﬁchlorbphyll aggrogatevgeomo:ry‘is altered or two
differcnf7aggrééated'forms'ére present in variable aniounts , Low tems
perature absorption and CD moasurements may distingulsh between these i_

alternatives.

- SUMMARY.
- The circular dichrozsm (cn) and absorptlon spectra of dimnrs of

chlorophylls a, b and bacterlochlorophyll in carbon tetrachloride
‘. solution and of suSpended crystalline chlorophyll a are presented.'
The dlmcrs of all three chlorophylls seein to have a very similar
structure by the criterion of these mcasurements. The chlorophyll-.:]a-
chlorophyll interactions in the dimer give rise to ver& large'optica1 
. activity relative to the monoﬁer. OQur analysis of the dimer structure
is not yet complete, but we can conclude with sqmc‘configence that the  \
molecular planes»are not parallel or coplangr in the dimeri_npb‘are |
the transition moments parallel, The CD and abéorptibn spéétfé of
photosynthetic particles -~ barley quantasomcs contaxning chlorophylls‘-"

a.and b, quantasones prepared from a barley nutant that lacks chloro~ f'
phyll b, and R, rubrum and R, spheroides chromatophores that contain |
bacteriochlorophyll -- are also pregcnted. The CD measuremonts give
strong cvidencé for.chlﬁrophyll-chlorOphyll.interaction in . all of the;i~
photosynthetic particles examined, - We concludo‘that somé of the chloro-
phyll a absorbing on the long wavalength side of the mnin quantasome
absorption band is aggregated. The aggregate is at least a dimer. and
- may be a one- or twp-dimcnsional analog‘\w‘- the chlorophyll a crystal, o
The chlorophyllvgiaggtcgate has the midpq}nt of oxcitoﬁ‘componénts-at:a?—

.. 685 my, We suggest that the chlorophyllfé'bands observed at 683 and
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695 my observed in low temperature derivative spectra may result from

‘a single type of aggregate, The chlorophyll p_ shows evidence of inters

actions with other Chlorophyll‘g_in the quantasome, Ve open the possi-
bility of finding the geometrical relationship of the ihtéracting .

chlorophylls in the quantasome: from furthér‘éxperiments."BacteriQA'

chlorophyll appears to be aggregated in the two species of photosyn- . -

thetic bacteria that werc examined; however, the detailed structure of

the agpregates 1s apparently different in these two cases,
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. FIGURE c'mrmxs

Figure 1, Aoaorptlon and CD %pectra of chloropuyll a dlmers in carbon

tetrdchlorlde.

Figure 2. Absorption and CD spectra. of chlorophyll g.dimersiiﬂ carbon
" tetrachloride. The CD spectrun shown at wavelengths longer

~‘thari 530 mu has been multiplied by 4.0,

Figure 3. Abborptxon and CD spectra of bacterlochlorophyll dimers in
'carbon tetrachlorlde' The D apectrum ‘shown at w&vclcngths; ST

longer than 700 1y has been mu1t1plled by O.a. o

Figure 4, " lyplcal fois) and ORD curves resultlng from degenerate (I) and, ;f;"
nonbdogenerate (I1) interactions. ‘These curves: are obtaincd:i;ﬂ .

by deconp031n1 the correspondlng 1ower curves 1 + II)/Z,

. wnlch approx1mate those"obscrvcd for chloropayllvdlmyrs.

Figure‘S: &fYﬁicaI doﬁble'CD component fof an"éxciton split trqnsitioﬁé f'::;ﬁ
hcre the splitting is- small comparea to the band w1dth. The f~‘
cancellatlon of rotational strcnuth in' the center of the’ bund ?i5f
e 14 111ustratea. Both Rf agd R, have kaussian shapes thh S

- halfwxdth e, anq they are separated byvAv.' -

Figure 6, Absorption and CD spectra of a suspension of chlorophyll a s

mlCTOCTYatalb 1n 1sooctane.. Path length, 1.0 cm,

WL
¢ oo

Figure-7;‘*Abéorpt10n'and ORD spectra of quahtasomes from normal Barléy.
(solid curves) and from a mutant lacking chlorophyll Q;(dashed“1 "

CUrVes) .
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Figure 10..

‘Absorption and sectra of quantasones from normal

o {(s0lid curves) and CD spoctium of quantas
lacking chlorophyll b (dashed curve),
- Absorption and

wectra of chromatophores fro

Cospirillum rubrum,

Spsorption, (D and ORD spectra of chromatophores
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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.








