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OPI'ICAL RO'l'ATORY DISPEF.SION OF CH[.OROPHYU, 

IN SOLUI'ION AND IN CBLOROPLAST SUBUNITS* 

By Kenneth Sauer 

Department of Chemistry and Lawrence Radiation Laboratory, 
University of California, Berkeley, California 

., 

Preparations of isolated pigmented lamellar fragments from spinach 

chloroplasts exhibit. many of the photochemical activites associated with 

photosynthesis.l-3 In the electron microscope these'lamellae appear to 

be ·made up'"'.of a highly regular two-dimensional array of subunits \1hich 

have been called quantasomes.l,4 Within the quantasomes, which corres-
. ' . 

pond to a molecular weight of 2 X 106, is a complex ~omplement of pigments, 

redox agents, colorless lipid and structural protein. Although little is 

· known. about the environment and interrelationships of the pigment· mole­

cules. and other cofactors, there is. evidence that a small fraction of 

the chlorophyll is oriented· in a way that produces a dichr'oic absorption · 

maximum at 690 to . 700 mll. 5, 6 Other. spectrophotometric and photochemical 

' evidence. suE%ests that the immediate en:vironment of the pigment molecules 

in quantasomes is very similar, if not identical; to·that present in 

intact chloroplasts or in whole cells.2 
. . . ' 

Several'recent studies have.shown that the optical rotatory dis-

·persion (ORD) can~ in.favor~ble circumstances,· be a.useful measure of 
. ~ ' . 

· the interaction among pigment molecules or chromophores in an optically- . 
' ' 

active environment~ Bl~ut and Stryer found that symmetric dye molecules 
. ' . . 

bound to helical polyPeptld~s·exhibit pronounced Cotton ~ffects in the .. . . . . 

region5 of the dye abso~tion bands.?,8 . Furthermore, it has been shovm 

theoretically· and experimentally that chromophoric molecules with intrinsic. · 
' . 

optical activity .. ca.ri undergo profound .changes in the ob~erved Cotton effects· 
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'. when the absorbing species are brought into close associati~n.9,10. 

In order to obtain further information on the environment of chloro-

phyll and other pigment molecules in photosy~thetic systems we have 

examined the ORDof suspensions of spinach quantasome a.ge".):'egates (lamel­

lar fragments).·. To crld in .the interpretation of the complex Cotton 

effects observed, we have also measured the ORD spectra of chlorophyll .§_ 

in two different solvents and over a wide range of cpncentrations. 

Experimental.--Quantasome aggregates were prepared from sonicated . . 

spinach chloroplasts according to the method of Park and Pon.l,ll 'A 
. . 

.. fraction sedirnenting between 45,000 x g (10 rnii'l) and 145,000 x g (20 min) 

in a Spinco Model L Ultracentrifuge was washed with 0.02 M (K) P04 buffer, 

pH'6.8, and the final .precipitate at 145,000 x g (20 nlin) was resuspended 

in the same buffer,for the ORO and absorption measurements. Chlorophyll~ 

from spinach was separated chromatographically according to the method of · 

Anderson and Calv:tn.l2 Following the chromatography on sugar, the iso-

octane was evaporated from the eluate fraction containing chlorophyll a. 
. . . . -

Th~ solid residue was then redissolved in acetone, transferred to iso- . 

octane, ·washed free of acetone using water, and finally evaporated to 

give solid chlorophyll .§.· Acetone, .carbon tetrachloride. (both Baker · 

and Adamson, Reagent Grade) and absolute ethanol \:lere used Without fur­

ther purification~ ORD measurements were made at room ·temperature using 

a cary MQdel 60 Spectropolarimeter with cells of 0.02, 0.025, ·0.10, 1.00 
' ' 

and 10.0 em path lengths. Absorption and difference spectra of chloro­

phyll solut.ions were measured using a Cary Model 14 Spectrophotometer. 

• adapted,Ylith a red-sensitive photanultiplier (Hamarnatsu R-136). Quanta­

some absorption spectra were measured using the Cary Model 1462 Scattered­

Transmission Accessory, as described previously. 2 

... 
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. . 
spectrum with many Co~ton effects throughout the visible and ultraviolet. 

regions of the spectrum (Figs. 1 and 2). In the visible and near ultra~ . 

violet . regions these Cotton effects· are in the regions of strong absorp-. 
. . . 

tion. of chlorophylls a. and b. and carotenoids. A pronounced trough at . 

234 m~ in the ORD spectra is presumably associated with protein in the 

· quantasome· matrix. Samples obtained at·; different· times. in the growing 
. . .. 

season of SI?inach. show. distinct differences in their ORD spectra,· and 
... . . 

· these differences appear to .correlate with small differences in their 

. . . ( 

of the Cotton effects in terms of molecular rotation [<P], are little 

altered ov~r the concentration range fro~ 1 x .lo-6 to 5 x :)_o-4 mole~/liter, 

1n the acetone solutions. . .. 

'. -. 
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Solutions. of chlorophyll·~ in carbon tetrachloride, a solvent which· 

is known to .fav~r the formation of chlorophyll~ d:imers at high con~en- · 

· trations;l5 give ORD spectra which exhibit a very pronounced c'oncentra:-
. . 

. tion dependence (Fig. 5). :At high concentrations (up to 5 x· lo-4 moles/liter.)· 

of chlorophyll a in carbon tetrachloride the amplitudes of the Cott~n . 

ef~ects·in terms of molecular· rotation are greatly enhanced ove~ those 

o~curring in d~lute (1 x lo-6 molesiliter) soluti~ns in the s~e s~·lvent 
. . . 

or in acetone. The signs of the rotations for the two princ~pal Cotton 
. . . . 

.. effects in ~he· blue and in the red appear to be reversed by concentration 
~ . . 

in carbon tetrachloride, and the center of the Cotton effect in the red is · 

shifted from 660 m~ to 675 mlJ ·with tl').e .in.crease. in concentration. Noticeable 

changes .in th~ absorption ·spectra occur at the same time. Increasing. co_n­

.centration in· carbon tetrachloride leads to the formation of. shJulders on 

the long wavelength sides of both the. princiPal blue and red absorption 
I . . 

bands. Difference spectra show maxima at 445 and 680 m~ and min1ma a~ 

431 and 663 m~ .(Fig •. 5). ·These are much more pronounced than those occur-
. . 

ring in the· difference spectra of acetone solutions of chlorophyll a over 

the same concentration span (Fig. 4). 

The addition <;>f a small amount· (0.5% v/v) of ethanol to a concen- . 
. . 

trated solution of chlorophyll a in carb~~.tetrachloride ~reduces a com-

plete. alteration of both the ORO and the absorption spectra. With added 

ethariol both these. curves appear now to be characteristic of .the undis­

sociated species, and ·Katz, et al. have shown that ·this addition does 
.. --. . . . . . 

apparently lead. to the . b~eakup .. of the chlorophyli dinlers .15 

. . In· the model' pro~sed for. chlorophyll d:imer formation, the planes . . 
.... 

of th~. porphyrin rings are thought to. be. oriented in a nearly 'parallel . 

arrangement. The interaction arises· primarily between. the ·magn~sium.· 

. ', 
..... 

...... . 

... 
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. atom of one molecule and the carbonyl group of ring V of the ·other.l6,17 . . . 

'l'he close juxtaposition. of the two chromoph,orcs would seem to provide the 

origin of the pronounced a1 terati~n of the ORD spectrum from that of the 

monomers. A theoretical justification of such effects has· been presented · 

by Tinoco, Woody and Bradley.9 The situation is complicated fo~ chloro­

phyll a by the fact that the~e are two nearly degenerate electronic 

transitions in the red and two in the blue region of the spectrum.l8 

· A detailed analysis of the ORD of the dimers must await further studies .... 
of the optical properties of chlorophylls and related compounds. 

There is much evidence from studies of electronic energy transfer, 
t,J 

fluorescence spectra and absorption spectra to suggest that chlorophyll 

occurs in an aggregated state in vivo. The precise nature .of. this . 

aggregation is .not yet 'knoWn. Comparison of the ORD spectrum of quanta­

some suspensions with that of chlorophyll ~ dimers suggests that strong 

pigment-pigment interaction is a sufficient explanation for the large 

Cotton effects· observed in quantasomes. The quantasome ORD spectrum 

has additional Cotton effects resulting from the presence of chloro­

phyll b and carotenoids, which further complicate its analysis. An 

alternativ~ explanation would account for. the enhanced Cotton effects 

in the quantasome ORD spectrum.in terms of interactions between the 

individual pi~ent:molecules and colorless, optically-active· components 

of the lipoprotein matrix. Althou€;11 this latter explanation can by no 

means be ruled· out, the former one seems more likely on the basis of 

the known interactions among the pigment molecules and from the simi­

larity in amplitudes of the Cotton effects based on chlorophyll molar 

rotation for quantasomes (see legends of Figs. land 2) and for the . . . 

chlorophyll d1mers. 
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Summary.-:-The ORD spectrum of pi@ne.nted.lamellar f'rB.g}Tlents 
. . 

(quantasome ~gates) from spinach c~oroplasts shows. a number of. 

· strong Cotton effects associated v.'ith absorption bands 1n the red and 

blue regions· of th~ spectru:n. In the corresponding spectrum of a : 

pigment extract· these. Cotton effects are strongly attenuated .and 

reversed in sign. ·Purified chlorophyll a ip·solutions in carbon 

tetrachloride, an aggregatirig solvent, exhibits profound changes 1n . . •. 

its optical rotatory. dispersion spectrlim·with changing concentration, .. 
~ . 

and large Qotton effects .~e observed to. be present at high concen-

trations where cliJ_orophyll dimers are kriown to be stable. The ·observed 

dispersions in quantasomes are interpreted to arise from·strong inter-

actions among aggregated pigment molecules in their lipoprotein matrix. 

*This work was supported, in part, by .the United States Atomic Energy: 

Corrmission. The author wishes particularly to tharik M. Calvin· and 
. . . 

r. Tinoco, ·Jr. for their stimul~ting su~~stions and discussions of 

the results~ He is also indebted to Miss rtarianne Byrn for providing .. 

the samples . of ·.purl:fied· chlorophyll ~· 

'Lo 

· .. 
. . . .. 
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Figs.· 1 and '2'~ AbSorption spectrum (upper' cllne;:~ 
(lower curve). of buffered aqueous .s~spensiOns of·.quanta.:. · 

- . ·.- . ' .... '·,· -~ · ... -

some aggregates prepared from sonicated spinach··chloroplast$ •. 
.,·. 

•, ) 

Comm~rclal sp~~ch' harve.sted . in mid-autumn (Fig:. 1} ansi early 
,.· 

'_. 

winter (:rig.· 2) vtere used~ Path,lengths were_ l.oo· em. 
I' ., ~ .• 

. Optical. : r.Qtati~ns of .10 millidegrees'-correspond to molecular -.... : . . . . 
rotations [<!>],_based _on estimates of ~hlorophyll a ·content_; ·.··: ...;:~·- . ·:· . · . · 

-o~ 93" x .. 163" (Fig • .-.1) and 120 .x io3 ·(Fig.· 2)- in. d~grees-am.;.L·. :··_.··:::·. _.·_·:, ... 

. . (mole.s/cc)-1 xlo~2. - . . . . . . . . ·' ... __ .:·: _· · '· .. 
. . . . . : ..... 

. . . ~ . . -··:. 

Fig. 3. The abso!ption spectrLim and· oRb .speGtrum .of :a .total pil?}llent. .. 
. .. . . . · ..... 

-extract ·of sp~ch .quantasomes in 80% acetone-20%. t..ra.ter. .Path . ·-: .. 
. . - ... 

length .1.-. 00 em.. .An optical· rotation of 10 millidegrees eeri-e~~· -

:' . . . po~ds to_ a' ~olecuiar rotation' [ ~ ], based on. chlorophyll a. : ... ·'_:' < ' ' ' 

.... con~ent,::~f:ll2' 'x 103 in degrees~-l~(m~les/~c)~l-.x lo--2~ ... - •' .· . 
. . . . . . . . . 

Fig. 4 •. Absorpti~:m spectra, difference ;spectrum and ORp ·spectra of 

chlorophyll a, il:l acetone at two concentrations. Concentrations · ·. . . .- . . . . . . .. 

- .. 

. and p~th lengths as indicated~ 'Ihe difference spectrum (lower 

.curve) .show;s· the ab;sorbarice of t~e co~ceritrated solution 

.(S.lO x·-lo~li.M; 0~20 em path·le~~h) ininus that ·of. the dil~te · · · · .... -
. - . . . ' . . ,: ~ : 

solution (1.02 ·x 10-6 M, 10.0. cm·.path length) m~a~ dire_ctly . · ·. 

in a double pe~ spectrophotometer. 

1:. •, • • I o' 

,. ·' ' . . . . .. . . ·.· . . . ' 

··.' 
·. ( . .\' \' 

-" 
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Fig •. 5. Absorption spectra:, differe0ce spectra and ORD spectra of 

chlorophyll ~ in carbon tetrachloride at four concentrations.· . 

·Concentrations and path lengths as indicated. The difference·· 

spectra show the absorbance of 'j:;he·more concentrated solutions 

minus that of .the most dilute solu~ion (1.14 x 10~6 M; io.o em 

. path length) measUred directly in a double-peam spectrophotometer • 

. Fig.· 6 •. fll?sorption spectra· and ORD spectr~ of chlorophyll ~ in carbon 

tetrachloride (5.10.x lo-4 M,.path length 0.025 em) and.ofthe 
: - . 

same solution to which 0.5% (v/v) ethanol is added. 
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SP.INACH QUANTASOMES (Autumn): 
,. 

OPTICAL ROTATORY DISPERSION 
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.• SPINACH QUANTASOME$ ( Win1er) 
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SPINACH CHLOROPLAST 

EXTRACT IN 80% ACETONE 
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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 1n 
) 

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. 
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