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Exciton Interaction in a Bacteriochlorophyll-Protein from

Chloropseudomonaé ethylica: Absorption and Circular

Dichroism at TTK*

Kenneth D. Philipson and Kenneth Sauer

Running Title: Exciton Interaction in'a_Bacteriochlbrophyll-Protein
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ABSTRACT: A water soluble bacteriochlorophyll-protein complex from the

green bactefium Chloropseudomonas ethylica has previously been shown to
consist of four'subunits; each of>which contains fiQe_bacteriochlorophyll
a molecules. Interac£ion among the bacteriochloréfhyll & molecules pro-
duces exciton splittiﬁgs observable at T7K in the 1oﬁg wavelength (809 nm)
absorpfion band of the bacteriochlorophyll—proteiﬁ. An exciton‘contribu-
tion to_the rotational strength results in multiple components in the
circular dichroism spectrum in this,region. Fourvabéorption and five
circular dichroism componénts are observed, indicating the interaction

of at leﬁst'five bacteriochlorophyll g_moleculesiinjthe-complexf The
to?al exciton baﬂd splitting is 490 cm_l. The circular dichréism of a
secpna eieétroniq_tréésition at 603 nm exhibits three resolved exciton

components. The separation of bacteriochlorophyll a molecules is esti-

mated to be 12-15 % in one subunit of the protein.

~
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PhotOSyntﬁetic organisms typically contain oné~§r more fypes of
chibrophyil-related moiecules incorpQrated into avpfpteinvor‘a lipo-
'protein ﬁafrix. The nature qf the binding of thé-éhiorophyil and the
relative oriéntatioﬁs»and distanceé betweéﬁ_chloroéh&ils inside the
protein Afé iargely unknown « Quesfions_closely_félaﬁed to these

relationships are the strength of the interaction between chlofophylls

and the ﬁdae of electronic excitation énergy tfangfer'ig ino. -Since
the detaiied §tructure of no chlorophyll-protein is;knowﬁ, modelsvfor the
vpigment—lipoproteins-have been constructed primaril&lon the'basis.of,
theoretical considerations (Weier et al., 1966; Kreutz, 1970).
The'éﬁio}ophyll—profein wﬁich hés been/studiéd in most detail and

which has heen best characterized is the bacteriochlorophyll-protein

_(BChl—P)l.éémplex frbm the green photosynthetic bééteria, Chlorépseudomonas
ethxlical(gpg; ethylica) (Olsor, 19663 Thornbef ahJFOlson, 1968;'Oison,
1971). -Tﬁis BChl-P is crystallizable and has four gubunits, each con-
taiging-five 5acteriochlorophyl1 g.(BChl‘g) molééﬁles. The complex is

v _blue-gr§en’in color and has a molecdlar weight of 152,000. Ig_xiig_the
BChl a in the protein accépts éxéitation ehergy fromlchlorobium chloro-
phyll (which forms the bulk of the anténﬁa pigment in green bacteria)

ana transfers this'energy to the reaction center_bééteriqchloroﬁhyll,

P8LO.

1. ' R
Abbreviations used are: BChl-P, bacteriochlorophyll-protein; Cps.

ethylica, Chloropseudomonas ethylica; Bchl a, bacteriochlorophyll a;

CD, circular dichroism.
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The. BChl-P from Cps. eﬁhylica is water soluble and, unlike most

chlorophyll;containing proteins, can be isolated without th¢ use of
soluﬁilizing detergents, which might alter it; structure. E}ectron
microscopy of BChl-P crystals (Labaw'and Olsén, 1970) sqggestsfthﬁt‘
the shape_bf the protein is a noncompaét sphere of 81.5 2. The
‘resistance of the BChl-P to pheophytinization at'low.pH implies that
the BChl & molecules are imbedded>within the protein'(Ghosh gg al.,
l968)>rather,than located on its surface. The BChi g_molecules are
appérently bound by peptide chain folding and not by covalent bond
linkagesx(Thornber and Olson, 1968). .

In this paper we present the results of qptical studies on the
BChl-P. vasorption and circular dichroism (CD):épéctra at room tem-
perature and at liquid nitrogen temperature have been measured for
the 1ogg ﬁav¢l§ngth Qy and Qx transitiong of the EChl g_chromophores;
The fact thatrBCh;-P has been relatively well chargcterized enables us
to interpret the opticgl spectra wifh some confidence. The resolving
Abower of CD, especially at liqﬁid nitrogen temperéture, gives direct
evidence for the presence of five components in the Qy (809 nm)
transition of.the BChl-P. The five transitions aré interpreted as the
iresult primarily qf_exciton interactiol.s among theufive BChl a molecules
located within each of thebsubunits of the protein. From the magnitude
of the splitting between component peaks 6f the absorption band we esti-
mate the distances between BChl a molecules to be.lé?ls R. These results
imply ﬁhat; ap }easé/vithin é;suﬁu?ip“of‘the’BChl-P, ene;gy transfer is
~ by exciton coupling'rather than by a Fgrster resonance transfer mechanism

(Kasha, 1963)
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Materlals and Methods

The BChl P from Cps. ethylica was prepared (Olson 1971) in the

laboratory ova. M. Olson and was stored as a solld precipitate in an
ammonium'sulféte solution. Before use, the samplefﬁas resuspended in

.01 M tris shffer, pH 7.5, with a salt concentration of .2 M NaCl. The
absorbance ratlo A809/A371 has been used as a crlterlon for the integrity
. of the complex (0Olson, 1971), and for all spectra shown here this ratlo
wa; 2-15(or larger. Concentrations were determined by using 154 ‘mM lcm'-l
as ghe extihétion coefficient of the 809 nm peak'(OiSQn; 1966) .

In order to obtain satisfactofy‘spectra at 77K, a solvéht must be
used whicﬁ f6rms a clear glaés and does not denatﬁré the protein or
otherwise_iﬁtfoﬁuce artifacts into the CD spectrumfi'A solvent which
meeﬁs thésg eriteria is a mixtufé of 2 parts T5% pbtassium glycero-
phééphate,in ;ater (Kland K Laborafories); 1l part-aqueous solutign con-
taining thé sample of interest, and 1/2 p;rt glycerol (Baker analyzed
Reageht)‘(Vrédenbefg, 1965). For the TTK spectré'reported'here, samples
were immersed rapidly invliquid nitrogen.

Unfértunately, the BChl-P is of limited solubiliﬁy in this solvent.
and CD spegtrg of the weak Qx band of thé‘BChl;P could nof be oﬁtained
at TTK. fA‘SO% mixture of glycerol and water (a éommon solvent for low
temperature_gbsorption measurements on biological materials) was unsuitable
" for CD measﬁrements, aé it produced a large baseline shift and excessive
noise as the temperature approached 7TK. The CD spectrﬁm of the Qx band

of the BChl-P at -120°C was taken in glycerol-water. At this temperature

the basellne shift did not occur.
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All abéorptipn spectra were reqorded on a Cary_lhR spectréphétometer.
The CD spécﬁra'in Figures 1, 2, and 3 wéfe recofdéd'én an instfument
built in this laboratory (Dratz, 1966). The CD. spectrum in Figure L vas
recorded on a Durrum-Jasco J-20 CD_spéctrometer with far red sensitivity
extended to 1000 nm. The magnitude of the CD signalsAwas éalibrated
~ with an aqueous (1 mg/mi) solutiop of dlo-camphorsulfonic acid. For all

spectra the spectral bandwidth was 3 nm or less.

Results

The CD and abéorption spectra of BChl a in its-mbnomeric form.in
ether are ;howp.in Figure 1. The long wav§length Qy transit?on at
169 nm and.the Qx transition at 573 nm are électrically alléﬁed and are
polarized nearly perpendicularly to one another. The band ﬁssignments
are from fluorescence polarization measurements (Goedheer, 1966) and from.
theoretiéal‘considerations (Gouterman, 1961). The éhort wavelength
shoulder on each band is due fb higher vibrational components. 'The
sepafation of these electronic transitions from other absorption bands
enables the'effecté oflperturbations to be studied without the complica-
tion§ of band overlap. The CD band in the Qy region of the BChl a
spectrum is a weak positive peak barely above the noisé level of the
measurément. The Qx CD is a small.negative peak. The small rotational
strengths observed are the result of perfurbations supplied by interactions
of the asymmetricall&—placed side groups with the inherently symmetric
porphyrin chromophore (Houssier and Sauer, 1970; Philipson gg.gl;, 1971).

.
i



-6~

In Figures 2 and 3 we show the absorptlon and CD of the Q tran51-
tion of BChl—P at room and 11qu1d nltrogen temperatures, respecflvely
A detailed LnterpretatiOn of these spectra is reseryed for a later section
; bnt severa;‘feetures are of note. Tne,absorption peek'in Figure 2‘is
shifted totionger wavelength (809 nm) compared withbtnat of BChl a in
solution (fignre 1), but tﬁe shape of.the-aosorption:oand et roomvtempera*.
ture is llttle altered by the change dn env1ronment " The CD, however,
has changed drastlcally, 1ts magnltude is greater in the BChl-P by more
than an order of magnltude, and three components are clearly V151ble
(at 822 808 .and 778 nm). A similar spectrum hesvprev1ously been reported
(Kim and’Ke,»1970). At TTK (Figure 3) increased resolution nncovers.more
strncturet‘ Absorption reveals fonr resolved compdnents (at 789, 80h 5,
'813 S, and 82h 5 nm) (oi1son, 1971) the Qy tran31t10n of monomeric BChl &
in solutlon shows no hint of hav1ng more than one peak at 77K (Olson,
1966) At 77K the CD spectrum exhibits four components (786, 799 5,
811 5, and 823 nm) and a shoulder (817 nm) 1mply1ng the existence of a
flfth component.. The magnltude of the CD for BChl-P at 77K is more than
double that at room temperature. This is mostly due to band narrowing
whlch increases. the amplltudes and decreases the overlap of neighboring
'posrtlve‘and negative peaks. |
Simrlar effects are seen in the weaker Q band (603 nm) of the
‘Bcnl-P at room temperature (Figure 4). Te single small negative Cb
peak of BChl a in ether (Figure 1) is replaced by.e complex nand of
_three components (593, 605, and 616 nm) The effects of temperature-lowering
are not so drastlc in this case as with the Q band .At temperatures down

to —120°C the CD shows no evidence of additional peaks. The absorption at

!
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liquid‘hifrogen temperatureVShows the main peak withlyeak shoulders on
“both its.long and short wavelength sides (Olson, 1971).

Comparison of the spectral propefties of the BChl-P with the
BChl g_monomefs,makes it clear that specific interactions within the
protein matrix are pertﬁrbing the BChl g_chromophores.

The CD of the BChl-P shows small variations frdm one sample to
another witﬁ reépect to exact position and magnitude of its component
péaks; We attribute this to small conformational differences of the
protein (see Discussion).

The ebsorption and CD spectra of the Q_ band of the BCh1-P st T7K
(Figure 3).were computer resolveq into compqnentvpééksv(Figuré 5 and
Tablé I). .Sinée the absbrptioﬁ peak of‘monomeric éolgfipn‘BChl a is
asymmetric.(the half-width of ‘the éhortEWavéléngth side of the peak is

. significéntly larger than the long wavelength side), gaussian curves of
asymmetric éhape wvere used for the fitting. The cOmpﬁter program did
simultaneéus fitting of the absorption and CD. Initially we required

that each absorption component have a .orresponding CD component at the

same wavelength and of the same half-width. With these restrictions we-

were unable to obtain a precise fit of the experimental data. The require-

ment that the centers of the absorption and CD components occur at the
same - wavelength was then relaxed, and it was required only that corres-
ponding absorption and CD componentS'have the éamerhalf—width and skew
(a measure of the asymmetry of the gaussian‘curve used for the fit).

In this manner the computer fit shown in Figure 5 was obtained. The
long sloping line in the upper half'of‘Figure 5, which is the tail

of a gaussian curve centered at 770 nm, is intendéd to represent the
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contributions from the absorption of higher vibrational components‘and
from a smail_amount of scattering. It is needed to improve the fit in the
short wavelength region of the absorption spectrum...The CD spectrum
also exhibits its poorest fit in the short wavelength region. As seen
in Table I .the gaussian curves used to fit the shortest wavelength
absorptlon and CD components are of a much larger half-w1dth (13.2 nm)
than needed to fit any of the other components. ThlB is probably due
to the‘effect of the higher vibrational components. For all five of

. r .
the maJor'cbmpOnents the CD component was placed by the computer a few
nanometers:(from 1 to 5 nm) to shorter wavelength than the corresponding
-_absorption:component. This is outside'the,range‘of.likely”discrepancies
-in the wavelength calibfation of.the'spectrometers,uSed. It has been |
found in this laboratory that the position of absorption and CD bands
- for monomeric . chlorophylls, where tnere is only one component to the
electronlc tran31t10n band, ydo not always'correspond theudlrectlon of

~ the discrepancy varies from case to case (see the spectra in Houssier

and Sauer, 1970, for examples);

Discussion

dThe multiple components in the absorption and CD spectra of the
BChlfP are most readily interpreted in terms of an exciton model. We
define an.eXCiton state as the collective excitationbof_an assembly of
molecules, by contrast with the localized excitation of each individual
member of the assembly. This is thelmolecular exciton model of Kasha
(Kasha et al., 1965), first formaily developed\by.Davydov (Davydov,

19h8).v The like molecules are resonantly coupled to one another so

strongly that it is not possible to excite one molecule individually.



The source of this coupling is in electrostatic interactions between
transition charge distributions usually approximated as transition
dipole-transition dipole interactions. These intéractiona result in the
splitting of energy levels, where the number of new. levels equéls the num;
ber of molegules interacting. Each of these energy'levels.will.have a
_characteristic transitién probability determined by the geometrical rela-
tionships émo?g the'moleéﬁlés.A

‘The éigns gnd rotational sprengths‘of the CD.band components resulting
from exciton‘intéréction\h gré, .determined by the specific geometric
arrangemeﬁﬁ of the interacting molecules, rather than by the inherent .
asymmetry 6fvthe individﬁai molecules. The exciton contribution to the
rotational strength is conservative (Tinoco, l962),fmeaning that its
contribution‘to the rotational strength should sum to zero o#er the
exciton band.:‘Thus, it is characteristic of exciton interactions that
the different components within the one electronic band will have both
positive and negative signs.

.Other contriﬁutions; besides exciton interaction, to the rotational
strength of'the BChl"g_transitions within the protein ihclude thé asym-
metry of the individual molecules (roughiy of the same ﬁagnitude and sign
as seen in Figure 1) and asymmetric interactions of each of the BChl a
molecules withftransitions in the protein matrix.énd with non-degenerate
transitions in the other BChl a molecules. The maénitudes and signs of

vthese last contributions are difficult to estimate (Hsu and Woody, 197la;
Hsu and Woody, 1971b) without knowing the detailed molecular structure
of the BChl—P, but evidence is given below which‘implies that they are
not the major source of the BChl-P rotational strength.

The molecular exciton model provides a consistent explanation of

the band splittings observed in the BChl-P spectra. Five resolved
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céﬁfoﬁents ére visible in the CD of Figure 3. vThé CD for Both the Qy
and Q bands is greatly enhanced as compared with the BChl a solution
monomers (Figure 1) and the characteristic positive and negatlve com-
ponehts Of_a conservative exciton contributionvto rétational strength
are preseht. |

- In the past, multiple components in absorptioﬁ_spectra of photosyn~
“thetic méﬁéfials have been assigned to chlorophylls in different eh?iron-
ments (Vredenﬁerg'and Amesz, 1966; Clayton, 1966). Wé feel that our
data is ﬁétter explained by exciton interaction than-by BChl g_moléﬁules
- being in‘different local pr;tein environmeﬂts.‘ If;the primary_perturba—
tion on the BChl‘g_mblecules which causes the band splitting at YTK
(Figure.3):is'the specific protein environment of eééh BChl a, then it
“would be:eipeéted that each of the component absdrption peaks would.be
of approximafely the same area. Studies of variousvéhlorophylls in solu-
tion show that the dipole strengths (absorption iﬁtehsities) are virtually
invariant in different solvents, although the band maxima may differ in
poSitioh by 16-20 nm (Seely and Jensen, 1965; Sauer, Lindsay Smith, and
Schultz, 1966). Although multiple protein envirodméﬁts;are‘undoubtedly
present for the differently situated BChl a molecules in the BChl-P, the
exciton mpdel_provides theKonly satisfactory expiahation for the widely
'differéntvihtensities (vand areas) found forveach'6f the ébsorption
coﬁponehts.shbwp in Figure 3 and listed in Table I.

‘ Equations for calculating exciton spectréi pfopertieé have been developed
by Tinoco,(1963). The wave function for an exciton state is written as

a linear combination of states in which the excitation is localized on
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each of the.molecules of the aggregate.. These linear-combination wave
functions and the energy of the transition to each of the exciton states
are obtained as the eigehvalﬁes and eigepvectors pf the perturbation
matrix whose elements are the transition interaction energies be?ween
eéch of the pairs of like moiecules; The interactioﬁ energies have roughly
an inveréé‘cube dependepce on distance. Using this pfocedure, calculations
vere undertéken to see if the distances between BChl a molecules could
be estimated. In these calculations the elements of the perturbation'
matrix were obtained by using electric transition mpnopoles located at
each of the conjugated atoms of the porphyrin ring:(Phi;ipson et al.,
1971), rathef than by the more common point dipole aﬁproach. This
method bet#ef takes into account the effect of delocalization on the
interaction potential. |

For fhese model calculatioﬂs the cenfers ofvthé five'BChl & mole-
cules were arbitrarily fiiéd:at thefcoordiﬁates of a‘reéuiar'array (either
a trigoﬁal bipyramid or a linear arréy). The diéfance befween molecules
was allowed to vary and for each different distange; five orientations

: A
of eacﬁ;BChl a molecule were supplied in a random manner by the computer
program. sting these geometries and the monopoles for the Qy transition
(Philipson g&_g;L, 1971), the calculated exciton band width (the energy
difference between the highest and lowest compohénﬁs) was then compared
with that found experimentally (490 cm-l) for the BChl-P. Agreement
between the calculated and experimental band splitting was found only -
when the‘molecules wére between 12 and ‘15 R apart, regardless of their N
orientation. On this basis we estimate the disténce between BChl a

centers to be between 12 and 15 8. We consider this estimate to be
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reliable uhless the BChl a molecules are in an unusual geometrical arrange-
ment (9;5;9 511 £ransition'oscillators oriented approximately parallei
to one Qnétﬁer) such as to cause inérdinately large or small band‘spliﬁtings.
The CD an& absorption are inconsistent with highly symmetrical molecular
arrangements, however. | | |

The diameter of this non-compact, spherical protein, gs,ment;oned
éarlier,_is‘gi.S % and its measured specific volumé‘is 193,000 83 (Olson
and Thornber, 1971). The calculated diameter ofibne:subunit'(assuming a
'-spbericalNShape) of the ﬁrotein is, thérefbre, 45 R,- These dimehsions
for the Subuhit will sufficé to hold five mdlecuies.of BChl a with centers
12 to 15 2 frém one another. ' Thus, the disfances_estimated-from the
exciton calcﬁlations above are consisteht with what is known about the
protein étfucture. Because of the dependence of thevinteraction potential
on the inﬁerse/cube of the disténCe, exciton interéctions between BChl a
molecules in.adjacent subunits are unlikely to resulf in additional
obServable.optiéél effects.

The mggﬁitude of the observed splitting indiéafes that we are
dealing vith strong coupling according to the criteria of Simpson and
Petersonv(Simpson and Petérson, 1957); ﬁhis case is designated weak
exciton coupling by Frster (F8rster, 1965). Qualitatively, this
'requires.that the exciton band width be greater than the band width
for an individual molecule and implies that excitation-is delocalized
over the”afray. Additional mechaniéms for'energy transfer (e.g.,
'localized exciton migration or F8rster's inductive resonance) must
exist 1&11212; where some of the intermblecular.distanCes are greater

and the interactions are not so strong as within the BChl-P subuhits.
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In most photosynthetic organelles therevis probably anhéterogeneous
arrangement of the photosynthetic pigments, with strong exciton delocali-
zation predominant among chlorophylls in close contact and FBrster
resonance transfer occurring among the more widelf separated subunits.

In order to fit the shoulder on the long wavelength‘negative com-
ponent in the CD (Figure 3), it was necessary to use two large gaussian
curves of opposite sign almost on top of one>another.: These are the
 components in FigurelS (located at 812 and 814 nm) thch largely cancel
' one anéthér. This feature is.interesting in that it Qould seem to
explain the variasbility (see Results) which is sometimes found in the
CD spectra of different samples of the BChl-P. That is, if there are
large componehts in the spectrum which largely cancei each\other, a small
shift in protein conformation which siightly’alteré‘transition energies
would resﬁlt in relatively large changes in thisvsensitive region of
the CD 5pectrﬁm. The computer curve resolution impliés that two of the
CD componepts.may be only 2 nm apart. This small separation leads to
an observable:inflection in the f?K CD spectrum (the 817 nm feature in
Figure 3) and is an impressive demonstration of the superior ability
of CD to resolve cbmponents which are undétectable in absorption measure-
ments., |

The narrowness of the gaussian curves (Table I) used in the reso-
lution of thg spectrum is unusual. The half-widths of these compoﬁents
(as small as 6.6 nm) are less than would be expected on the basis of
studies of the'spectrum of monomeric BChljg as a function of temperature.
7 The hélf—widths of the Qy band of BChl & in ether at 26° and -93°C are

k4.0 and 36‘5_nm, respectively (J. Lindsay Smith and K. Sauer, 1966,



PR | ~1k-

untutlishedkdﬁta). The very narrow components in the BCh1l-P mﬁy be the
result of the rigid protein matrix or en ekciton effect (Kasha, 1963).
In casesvtt stréng coupling, whgre the‘excitation is spread ofer several. _ B
m@lécules,-the internuclear distances will be 1ittie_affected by excitattpp
into'vibratipnéily éxcited components of the upper elebtronic state. By

the Franck-Condon princiblé} this wiil mean that thetO-O.vibrationless

electronic transition will tend to pfedominate and a characteristic band

narfowing will-be observed. Thus, the surprisingly5§mail-band'widths fouﬂd

for the BCh;—P‘may be another manifestation of thetStyqné exciton inter-

actions present in this systen.

The poééibility of'elgctronic excitation energy.transfer by an

exciton mechggism ana its implications within the photosynthetic unit

have been diséﬁssed;in 8 theoretical7papér by Robinsont(Rotinson, 1966).

Recent work on various chlorophyll—broteins’provides1evidence that exciton
interactiohé playlén important role in vivo. In particular, the absorption

and CD of reaction ceﬁter preparations from the purpléfbacteria R. spheroides_
(Sauervgt_gl;, 1968)-and R. viridis (ﬁ.'Coyne, 1968, unpublished data)

have been interpreted in terms of exciton interactions among three BChl
molecules in the feduced'férm and between two»moleculgs in the oxidized

form. 'Speétrﬁl changes accompanying the protochloropﬁyllide to chloro-

prhyllide transfofmation in holochromes indicate exciton effects (Schultz

and SaUer,'iQTE).
Ch has’proved to be a useful tool in detécting exciton interaction,
owing both to its sensitivity to intermolecular interaction and to its

ability to resolve closely spaced components. Since CD closely reflects

the geometrié‘arrangement of molecules, it should also prove useful in
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detecting similarities between chlorophyll-proteins from.different
organisms. Using this method, reaction‘centers from R. spheroides and

R. viridis appear to be similar and a BChl-P from Chlorobium thiosulfato-

philum has been found to be closely related to the BChl-P from Cps.

ethylica (J. M. Olson, K. D. Philipson, and K. Sauet, 1972, in prepara-

tion) diécussed in this paper. Thus, a CD‘sfudy can reveal more detailed . . .

similarities than would be possible through biochemical techniques.
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"TABLE I: Parameters of the Computer-resolved Components of the'Absorpfion and CD Spectra of the

Qy Band of the BChl-P at T7K (see Figure 5) and Data on the Qy Band of BChl a in Acetone at 299 and 180K.

- Dipole Rotational | Full-width

. Mam) . strengkh . strength - . at half maximum . Skew®
Abs - CD ~~ (gebye®) (debye magneton) (nm) -
BCh1-P at 7K - | | |
| 792 787 9 -6 | 13.2 .65
gou 800 2 13 9.8 65
813 812 25 2.5 6.6 LTS
817 814 _ 2 1.6 66 .65 \
824 823 9 1.2 o 8.3 .82 @
BChl a in Acetone at 299K” | | |
0 TR 06 | o 69
BCHL g in Acetone at 180K> . | o R |
o IR S T % m

aHa.lf—width of long wavelength side of gaussian = (Skew) x (Half-width of short wavelength side).

;. g, Lindsay Smith and K. Sauer, 1966, unpublished data.
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Figure Legends

FIGURE lf‘Absorption and CD spectra of BChl a .n ether at room temperature;

conc. 1 x 10°° M and path length 1 em (L. Coyne, 1968, unpublished data).

FIGURE 2: Absorption and CD spectra of Qy band of BChl-P at room tempera-
ture in potassium glycerophosphate, tris buffer (pH 7;5, .2 M NaCl),

glycerol; BChl a conc. 1.3 x 10" M and pathlength 3 mm.

FIGURE 3: Absorption and CD spectra of Qy band of BChl-P at TTK in
potassium'glycerophosphate, tris buffer (pH 7.5, 2 M NaCl), glycerol;
BChl-g.éonc. 1.3 x 10"5 M (uncorrected for solvent shrinkage) and path

length 3 mm.

FIGURE h:,Absorption and CD spectra of Qx band of BChl-P at room tempera-
ture in glycerol, tris buffer (pH 7.5, .2 M NaCl); BChl & conc. 5.2 x
107> M and path length 5.7 mm. ' '

‘FIGURE 5: The absorption and CD of the Qy band of the BChl-P at 77K resolved

into asymmetric gaussians. See text and Table I. Experimental data, o;

gaussian component, - - -; sum of gaussians, .
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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