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Terry L. Trosper
Lawrence Radistion laboratory

University of Califomia
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ARSTRACT

in order to elucidate the molecular enviromment of chloro-
ﬁhyli 2 in chloroplast lamcllae and to determine the mechanism
of energy transfer ameong these molecules, compressicon charac-
teristics. and flnnrcsccnco properties of simple model membrane
systems - lipid monolayers contalnxnp chlorophyll a - were
investigated. Conditions are éiscussec u,der-wnich two non-
radiative transfbr éechenisms; inductive resonance and migra-
tion of localized excitons, could occur in the nodel systems,
Fluerescence polarization data for cach system are analyzed
to determine which of tné so wechenisms, if either, exists in
the podels. A monolayer fluoroneter was constructed to make
the necessary measuremcnts,

A method for purification of small amounts of the lipids
was developed., The compression Lehavior and stability of pure
filums of these lipids, and of mixed ponolayers of chlorophyll a
with each lipid, are reported. In sddition, chloroplast lipid-

chlorephyll a interactions were studied in carbon tetrachloride



-

solution, Both monogalactolipid and sulfolipid broke up
chlorephyll a dimers in this selvent, by forming one-to-one
pigment-lipid corplexes,

The degree of polarization of fluorescence from films
of chloroplast rmembrane fragments was also observed,

Fxperimental results sugpest that chlorophyll a is

,“:5
Qs

unagpregated and randemdly orient &U in wonogalactolipid;
that cnergy transfer occurs awong pirment molecules by inductive
rescnance in this environment. In sulfolipid chlorophyll may
be aggregated or partially oriented. In the latter case,

sxciton migration may occur at biph pigment concentrations.

it is unlikely that the aggregated portion of the chiorophyll a
complement of the photosynthetic apparatus is associated with
@nOaaiactol¢pzug but it may be associated with sulfelipid,
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1. INTRODUCTION

Emerson and Arnold first introduced the concept of a photosynthetic
unit to explain the maximum photosynthetic yields they ohserved in
flashing 1light experiments (1932), The original operational definition
of this unit was the number of chlorophyll.molecules per rate-limiting
step in the reaction series resulting in carbon dioxide reduction or
oxygen evolution. Their hypothesis was supﬁorted by Gaffron and Wohl's
calculations (1936), based on chloroplast size and chemical constitution,
Basic to this concept is a requirement for cooperative action of many
chlorophyli molecules in absorbing light energy and transferring it
efficiently to a site of chemical activiﬁy associated with the unit,

The unit's existence has received confirmation from research designed to
determine its structural and functional aspects in photosynthesizing
organisms, Despite extensive investigations, which have yielded a wealth
of in{ormaﬁion on the composition,.structure,_énd chemical reactions of
the photosynthetic apparatus, the specific microenviromment of chloro-
pnyll a molecules in chloroplasts remains §oor1y defined and the mechanism
of intermolecular energy transfer not well understoodlg ST

Study of energy transfer in a suitably chosen model system of con-
trolled chemical composition should shed light on these phencmena, In
the present work, we have investigated emergy transfer among chlorophyll a
molecules in a lipid matrix. We have observed polarizatidn of fluores-
cence from pigment-containing lipid monolayers at a gas-liquid interface
as a function of chlorophyll concentration in films of various lipids,

hese systems represent an extreme simplificétion of the in vivo enviren-

ment of chlorophyll a molecules. However, properties of the photosyntheti



apparatus snd of this two-dimensional model suggest that the Ilatter iy a
' reasonable first dpproximation to the former, Fxercising considerable

caution in applying our results, wo may then aftempt to enlarge upon

current understanding of the molecular envirvonment and interactions of

chilorophyll 2 in chloroplas : .

A,, Chiovophwll a in Monolayers - iistorical Packeround

.

The amphiphilic nature of chloxophyll a, the hydrophobic phitel chain

&

% 1nl -3 P =y e
et iinkages to the magneajv*~

“and a wethyl group attached via hydrophilic es

Id

containing porphyrin ring (Flguwre I1.1), allows orientation of the molea
at an interface (Hlughes, 183G), Mixea chlorophyll a and
first spread as monolayers on an aqueous subphase in the 1930°s. Hughes,
réporﬁing pr@s5ure=arsa behaviour and sarf*cerpetentials,-determined that
fiyst the noytol chain and then the porphyrin ring are expelled from the
surface into the air phase upon compression. lic alse noted that m ”ﬂow“vm

is extracted from the pignent molecules when an acidic, pl &6, subphase
o i 2

¥

t4

used,. flanson (1937, 1939) proposed that the porphyrin ring of chlorophyll

is planar, aftor comparison of calculated ring areas with the area occupled
T - U e @ S g - ‘ . efil -

wer molecule at zero compression of monolayers. UﬂSuCCGSale gttempts to
spread monclayers of moethyl chlorophylliides lod him to suggest that the ‘
phytel moiety is required for surface activity. Langmuir and SGchacfer
(1937} measured surface viscosity of chlovophyll monolayers es a function

- L o surface nTessy The fiims behaved as liouid A
of hhpaa e pH and surface pressure, The films behaved as ligquid mono- -
lnyers at pressures below approxinstely 20 dynes/centimcter, displaying »
Mewtonian viscosities in this rogion. aftesr spreading chloro-
phyil on the surface in a benzene solution, Tagmuir and Schaefer observed J
red pigment fluorescence which disappeared as the spreading sclveat evas- .

wrated from the wcna’"'“ro

h
1



< ik NUEIE RS- DN

et cemeermste py e tpe L eteeax e tmAn e meee p rEm AL e izers wr

-3

Figure I.1.

MU B-14007

Chloropayll a molecule, showing possible
orientation at a gas-aqueous interface in
a monolayer under compression.
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More recently, properties of pure and diluted ckl orophyil a films
have been investigated. An excellent review of these studies has just
been published (Ke, 1966). The narller ﬂualthTlV° observationsg have
N
generally been upheld by this more guantitative work, Colmano (1961); ’
Roégff and Aron (1965), and Bellamy; et .al, (1963) have all studied”{he €
chemical stability of chlorophyll a monoldyers. They resort phaeophytinis
zation cn acidic'subpnases. In ac d itiomn, Lolwﬁno remarked that pilgrent
filns were ve;’ sensitive to phoLo-lﬁdufeu bl eaching, Beliamy et al,
were able to i _nnzblt this process by keep i g the monolayers in an inert
atmosphere cf nxtrogcn o7 argon. i | | |
Careful pressure-area me"*urpments have SLCWR thab the porpﬁyr*n
rings of chlorophyil a lie approx1matc1y in the p lane of the subphase
surface in a completely cxpanded fllm Uﬁox compression, the rlnhs tl;i
out of the Qurf"ce 7\:onolaofers- tcnu to collapse above pressures coTTeS~
ponding tc a vert1c11 position of tho norphvrln 31aﬂ6 (Reliamy ot al,
QDGSTQAl
Mixed mon wlayers of chlorophyll a and surface active lipids have also
been cbserved (Gaines et al.; l§64* Tweet EE.EE;; 1964a). Lipids which
are miscible &ith the pigment disperse the latter in an idéal two~dimen-
sional solutlon, as evidenced by pressur c—aréa cnaraéuerlsticq and N
ptical properties of the tmo-cougoqent films.
Differences in absorption Spectra of chlorophyll‘solutions aﬁd mono-
1°Yé19 may be indicative of molecular associations caused by arranging .
the molecules in & condensed two=dimensional array:—‘ﬂaccbs—gﬁigl;-619543~_

1957) were the first to inve 1 rate this pessibility, by comparing the
absorption spectra of chlorophyll and chlorophyllide monolayers removed
from the aqueous surface to a glass slide with those of chlorophyll and

chiorophyllide microcrystals. They found that while the red maximum in
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the crystalline spectra showed large shifts, of the order of 70 nm:*

compared with the maximum in solution, the wonolayer red peaks were

shifted only about 15 nm, roughly the same as that observed in vivo
(Sauer and Park, 1964), Trurnit and Colmano (1959), using improved
techniques, observed the same shift. The correlatién of the maxira
positions with those in spectra of biological materials led Colmano
(1962) to try to simulate the spectrum of Chlorella with a monolayer
of mixed pigments. She feund that a mixture of chlorophyll a, chloro-
phy1l Eﬁ and B-carotene in the ratio 613:1, when spread on a buffered
aqueous subphase and picked up on a glasé'slide9 had an absbrption
spectrum similar to that of Chliorella in bcfh peak positions and peak
‘height ratios. This result suggests that pigment interactions in vivo
may be essentially two-dimensional. |

Ke and Sperling (1560) havé carried out time depenaent_studies of
the absorption of chlorophyll a monolayers deposited on slides coated
withblipid films, Changes in red absorption werénoted9 optical density
decreasing with time. The decrease in tﬁe far red was larger than that
in éhe red, indicating that degradatiéﬁ of aggrepates occurred preferen-
tially. Since the films were deposited at very high surface pressures,'
mzltilayers may have been present.

Recently, Tweet.(1063) and Tweet et al.,(1964a) devised spectropho-
tometers for measuring monolayer absorption and fluorgscence spectra in
situ, They observed similar shifts in absorption spectra as had bgen
reported earlier, the red absorpticn maximum being at 683 nw (Rellamy
et al,, 1963}, By diluting chlorophyll a films with miscible 1ipids
forming two—diﬁensional solutions, they shifted the maxirum back~fo
675 mn. They could not accurately measure spectra of monolayers more

dilute than 30% chlorophyll a by area (Gaines et al., 1264). They also
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found much lower fluorescence yields for pure‘chlorophyll a films or

those diluted with an imeiscible lipid than for wonolayers which were

two-dimensional solutions of pigment and lipid. These workers proposed

that deéreasing fluorescence\yields observed as concentration of the
fluofescing moiety increased were indicative of increased energy trans-
fer ambng these molecules, Effects of fpréign Quencher concentration
spon chlorophyll a monolayer fluorescence were étudied to test this
hypotheéis‘ A decrease in fluorescence yield as quencher concentratibﬁ
increased suppbrted their suggéstion (Tweét et al., 1964; Gaines et al,

1965). Tweet et al. (1964b) were unable t§'dctect any polarization of

the fluorescence of either pure or diluted chlorophyll a monolayers with

their experimental arranjementg which employed oblique illumination of
the films. Howevér, with a different optical éfréngement, we have suc-
cecded in‘observing thié pfoperty.

From this brief review, we propose that chlérophyll g;ccntaining
monolayers are reascnable subjects for Qur.iﬁvestigations. Their spec-
troscopic properties do not differ grossly from those of biological
material, The enviromment of the pigment molecules may be controlled

with relative ease., Two-dimensional monolayer geometry is more simply

described than a corresponding three-dimensicnal system., Lastly, a

- property of this model system, which we shall relate to energy trans-

fer, namely fluorescence pelarization, can be measured with a fair

degree of accuracy.

* am = nanometer = 1070 meters.,

AN
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B. Plan-of This Investigdtion

Expressions for the degree of fluorescence polarization applicable
to the two-dimcnsional monolayers are derived in Chapter II., ~Also in
this chapter we discuss the effect on the polarization of non-radiant

energy transfer among the .fluorescing molecules for varying strengths

N

of pigment interactions,

i

o

In order to detect polarized fluorescence from a highlyld'luted'J'
chlorophyll monolayer under controlled t0nditions,'xe modified a Langmuir
film balance. A description of the monolayer fluorcrmeter, and experi-
mental methods as well as results of the fluorescence polarization
studies appearbin Chapter III, We used chloreplast structural lipids,

in addition to castor oil and oleyl alcohol, as film diluents in these

“experiments. Some properties of the mixed monolayers of biological

materials might be indicative of specific molecular interactions., As

these latter would bear upon the interpretation of results and be of par-

ticular importence for understanding in vivo molecular relationships, we

also studied chlorophyll a - chloroplast lipid interactions inborganic
]
solvents (Chapter IV),
Brief investigations of more biological models and current knowledge
of the photosynthetic apparatus are considered in Chapter V. A discussion
of the implicationé of the model behaviour for chlorophyll a interactions

and microenviromment ig vivo concludes the thasis,



-3

IT. THEORETICAL CONSIDERATIONS

The rate of energy transfer among chlorophyll a molecules in a A
monolayer will depend on the strength of the intermolecular interactions
in this two-dimensional model system. These interactions are electro-
static, their strength Qarying with pigment-piement separation and
orientation, and with the dielectric constant of the medium, The medium
may further affect clectrostatic pigment interactions by complexing with

pigment molecules, Thus we can vary energy transfer rates by changing

.

the pigment concentration and using different diluent lipids in the

mondlayers. We have observed fluorescence polarization of the pigment-

containing films, a property which depends on energy transfer, and wish
to interpret these, data.

In this éhapter we examine the published theories of fluorescence
polarization and energy t;ansferp developing expressions appropriate to
ur model systems where feasible. We must detérmine the degree of
fluorescence polarization as a function of concentration for the appli-
canle ene;gy transfer mechonisms. The equations derived contain molecu-
lar parametersAwhich arc measured or calculated independently of the
fiuorcscence polarization studies., Thus they permit a compariscn of
parameters predicted.by theories with values observed in the polari-
zation experiments. This comparison may indicate which mechanisms of

transfer are operative iu the model systems and help us to suggest which -~

could occur in chloroplasts.
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A. Degree of Fluorescence Polarization.

1. Polarization in the absence of energy transfer or molecular
motion
Consider a system of non-interacting molecules irradiated with
linearly polarized-light,. The fluoréscence observed is emitted by
primarily excifed molecules.,

If thevmoleculcs do not rotate during their excited stéte life-
time, the poiarization of fluorescence from individual molecules depends
solely on the nutual orientation of their absorptlon and emission os-
cillators. When the molecules are.randomly distributcd the observed
polarlzatlon, whlch 1s avcragod over all molecular orientations, also

depends_only on this orientation.

Molecular motion or interactions leading to transfer of excitation

energy to molecules oriented differently from the primarily excited ones
will result in depolarization., We make‘the initial approximation that
the modcl systems under 1nvest1th1@n are rigid during the excited state

11fct1me. Then changes in 9olarlzat10n caused by varying the concen~

tration of fluorescing molccules may be attributed to variations in

1ntcrmoLecular 1ntcruct10ns and cnergy transfer with concentration,

wluorcscencc polarlzatlon in the absence of molecular 1ntcr1ct10ns
of rotations is designated the 11mit1ng degree of polarization, P,, of
the éysteﬁ. F. Pefrin (1929) dérivcd thé expression for P, applicable
to avrandém three dimensional array.of molecules excited With'iinearly

polarized light,




-10-

where o is the angle between absorption and emission oscillators., The

t

highest limiting degree bf pblarizatioﬁ is observed when these oscil-
lators are parallel, the lowest when they are pcrpcnxlrular, i e.,
-1/3 = Py g 1/2,vas o ranges from w/2 to 0,
| We wish to determine the value of P, when the molecular'ensemble
13 two- d1w0n31oza1, F‘strlctlons on the oraeutaLlon of the molecules
may bo‘i posed by the nature of the interface anortue extent of com-
Apression of the monolayer,- e derivation of P_, wﬁich iq now dependent
on thé directioh of 6bsérvétion of the enltted llght requires a detailed
geometrical de crxptLOﬂ of the model.
The x-y‘ﬁlane is Lhﬁt of  the noqola"er, wnlch is e>cited by linéarly -
polarized light from,the z direction with the electric vector ﬁarallel

~to the y axis. The limiting degree of polarization is then defined as

Py = S e %)

wnpro Iy an&'f are tie avcra&e Eluo rescence 1Ht6ﬂ9111“$ with clcctrlc
vectorc in the x and y dlchalon@ Consider the absorptlon? A, and
enissi on, F oscil lators restricte d to a plane of the'mbiecule;-a_suf-
ently accurate assunpulon for chlorophyll a, The normal to this
nlaﬁe forms an arglv 8 with res cct to the -surface normai.(z-axis, sea
Flgure K.l). For chldrothll'g at an air-water iﬁterféce, 7/2 S8 % 7,
These cscillators form angles 8y and op witb thevz-axis, respectively. ' "
hicy arc sépaf ted oy “an~angleTa in~theplane—of the-molecule, The——— —
projections of the absOrption and emiésicn”oscillators in the x-y plane
form angles g, and éygvrespectiVely, withArespect to the x-axis. The

fluorescence intensities emitted by this molecule are
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Figure II.1. Orlentation of molecular absorption, A, and
cmission, F, oscillators of chlorophyll 2
with respect to a monolaycr surface (x-y
plane., A and T arc in the plane of the por-
phyrin ring. See text for definitions of
angles. '
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S . ;N2
I = (sin 8y sin pA)z (sin ep cos gr) ‘

- : - o (11.3)
I, = (sin e, sin £,)° (sin ey sin £r)

- ,: . . . - o o A
To calculate the macroscopic polarization, [quation II.Z, these
intensities must be avéraged over all possible molecular orientations, ‘
We accomplish this by averaging over all azimuthal angles and all
allowed polar angles, remembering o is constant, gy and fy are re-
lated by
s o= sin . CAh Y a o .
Cos @ = sin 8, sin Op cos (éA éf)‘ COs 8, COS Op .
Rearranging, we obtain
: . cos o - cos’eA cos ep.} _
b= VSA " COS‘}T" — . (11,4
Co T sin 6, sin &, ' :
R IS
- Also, 6, may be defined in temms of e, «and 8, as follows:
- . -2, 2 M2
COS 8, = COS a COS O * Sin o {sin “g -cos” 8y) . '
By cbserving the spatial anisctropy of flvorescence intensity from
a wonolayer containing chlorophyll a, Tweet et al. (1964b) calculated
that | |
cos o~ sin 20° cos (8 - #/2) = 0.34 sin 8. ' o (I1.%)
We thus obtain® =~ ' ) ' o S ‘ -
cos Oy = sin B (0.34 cos a *+ 0.94 sin o) . (11.6) ‘ v

According to Equations®II.5 and I1.6, 0, and O depend only on o
. Y ; X
and 8., o is fixed in the molecules. Rellamy et al, (1963) and Tween et al,

(1964b) present evidence suggesting that for a chlorophyll a monolayer
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under constant compression, the average value of 8 is a constant
determined by the compressioﬁ. 'If we assume that B is indeed con-
stant,-Equation I1.4 becomes g = éA - v, where y is a constant angle,
Substituting this expression iﬁto Equation 1I.3 and éveraging over
all éA frdm 0 to 2=, yicl&s upon -substitution into Fquation II.Zﬁ

COSZO‘. - 2 COS a COS QA COos ep + COSZGI\ COSZSF - -
p= ‘ % -2 (IL7)

0 " -2
$in“e, sin“e,

~

i

When absorption. and emission oscillators are parallel, o = 0, and

0p = Ope Then the limiting degfee of polarization reduces to
1 - 2 cosbo + cos™e o
p = . ,';, 1/2:: 1/2 .
o sin*e

When absorption and emission escillators are perpendicular,

2 2 '
PO =“co~ 8, cote. - /2 .

&
We emphasize that Equation 11,7 was obhtained using the assumption
that a constant average angle g determines the orientation of the mole-

cular plancs with respect to the plane of the ensemble, which assumption

is appiicable to our experimental model: Im this case, if a =0, P is

the same as cbserved in a fandom three-dimensional system. However,
when the absérption ahd emission oscillators are not parallel in the
two-dimensional model, the limiting degree of polarization depends on
the orientation of the modecule with respect to the surface, as well as

upon a. In three-dimensional systems, P, is a function of the angle

0
e 30 t} ‘]T't . 1
between the oscillators only,

The error introduced into Cquation I1.7 for P, by assuming B8 is con-

stant pay be determined by differentiating Fquations 11,5 and II.6 with

respect to B, We obtaln .



h A
~Lo=

'd (cos 8,) d {cos 8g) _
- = P * = cot 8 4B .
cos SA | Cos 2

For example, a fluctuation of 3° in 8 for § = 155° causes an uncertainty
in the cos 8, and cos op of about 4%, This sitt ion may not be un-

reasonable for highly compressed monelayers containing chlorophyll a.

2, Effect of'molééuiar fotation

Perrin has detérminéd“tﬁe'dependencé,of dengGAOf'poiafization upon
moletuiar'rotation,: Assﬁw ng that fluorc,cence 1nLen51ty decreases |
accordlng to if% IO °‘£n(tim§) when the'ensemhlc of molecules has been

exczted tuntaneousl;, and 31<o tnq the emissionh oscillators undergo

average 1qotrog tatlons d@scribeu by cos x ="u(t), he shows that

v
.

the polariz tiov is smallﬂr thmn the 11mJtA“n value, P,, according to

_-.

R S SR £ | -1
-6-"&-.- 5 -
¥ 3. {o 3

(T‘E(&T‘) L C{I11.8)

As -the viscosity of the medium is decreas- 5 u(b) will also decroase,

-

resulting id 4 lower polarlaatLoa. In a monols vor, molorular rotations
1

in the pilane cf the surface will be random p i“OVlﬁ ed that tqerc is no

ixteri tion with surrounding molecules; If we assuwe, in aﬁqlo’y to ‘the

('?

nree- d1ﬁ3ﬂ31onal case, Ln<L the movement of the molecules in the sur-
face is inversely re-&ted to the surface viscosity, the fluorescence

polarization of the mdﬂuluycra will also decrease as the viscosity of

[ s
h
s
sk
a3
et
£
-
~
)
=,
]
4
o
o
©

3. Bhffect of encrgy transfer
At infinite dilution, monodisperse solute molecules do not 1nter1ctv

and energy transfer is not possible, Thus the experimentally observed
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e
polarization of fluorescence should, in the absence of molecular motion,
reach the limiting value, 2, predicted by fguations II.1 or II.7. As

the concentration of the fluerescing species is increased, energy trans-

mmong differently oriented molecules before emission will decrease,

"

fe
the polarization. Interactions among the fluorescing molecules cause
this transfer., Specific mechanisws of interaction which may be appli-
cable to the model systems under study or to chlorophyll a in the
chloroplast will be considered in detail in the next section,
Dmpirically, the ngroe of polarization of fluorcscent three-
dimentional solutions depends on concentration of the fluorescing
moiety according to the law first enunciated by Feofilov and Sveshnikov

(1541},

1 1 I
‘i’; = -[-;—- + Act s

where ¢ is the concentration of the fluorescent molecule and 1 is the

experimental lifetime of the excited state. A is a constant of the

system.
| This concentration dependence has beén derived *h@o- allv only
in spcciql éescs, Vavilov (1943} has ohtsained it for 1ON Jolutn concen=
srations from a phenomenological consideration of transfer probability
# . .
which disregards back trunsf"rs, ' By employing an expression for average

trar sfbr rate whicih is applicable to a unlfcin molecular distribution
in which back transfers do not OCCurg'Webcr (1954) also arrived at the
obSﬁrvcc concentration dependence, Although his final equations are

~

not useful to us, we review his formulation of the problem in order to

introduce the general casc and point out the difficulties which its

solution entails.
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If a quantum of excitation visits n - 1 different molecules before
it is emitted by the nth molecule, the degrees of polarization of this

mitted radiation will be

1 1. (11
‘Ph 3 Po 3 cos® 6

where 6, 1is the-anglé between the initially excited oséillator and the
emitting one, aﬁd Equation II.§ has been used. If the molecules move
during their exciteé state lifetime, 1/PO - 1/3 in,this‘cquation is
equal to 1/P - 1/3 obtained from Equation iI».SP Henceforth the moie-
cules are assumed not to move, in which cése Pé is the limiting polari-
zation of Fquation II:1 or II.7. Letting & he the angle between any
pair of emission oscillators in two molecules in a randomly distributed

array, Jolclllet (1929) shows, using Stokes' parameters, that

2 . TR
3 cos“en—l 3 cos®o-1 n

o =
2 2

Weber, with the aid of his addition law (1952}, obtains the observed
,’ . Al A

macroscopic polarization

i-eI h ll -1

I /P, - 1/3

el o
i

G f-
i

CTL.DE0

where I, is the fr wction of the total intensity I emitted by the nth

molecule to be cxcxt;g as the energy is transfierred in the array., With

. L

Scleillet's “eiatlo“, this becomes

: [ > ni{ -1 ‘
I Y B S 1 In{ 3 cos”e-1
3 Po 3 T 2 ) (11.9)

el NN
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In order to obtain 1/P in closed form, we desire an expression
for the fractional infensity enitted by the nth different excited
molecule in the transfer sequence of the form a<b™, with a and b inde-
pendent of n, If 5;(?)15 the average probability that the nth excited
molecule is excited at time ¢, then'.

o

. S O
I T/ pp(t) eft/’ at

where 1 is the experimental lifetimé of the excited state. p,(t) depends

[

in a complicated manner on the rate of encrgy transfer to and from n,

We may write

P = - ey (T # )T ey P () ¢ pln,Ty) - (TTL10)

.

oy
—

»

where the p's éré partitidn funciibﬁg. Thewfofm‘of the_transfcr rates

3 j will depend,on tﬁé strength vaﬁolecular‘interactioné. ‘?he rates:are
functions of the concentrqﬁion. The necessity of describing back trans-
fers of‘eﬁergy with the proper weights anmng'raﬁdomly distributed identi-
caivmolécules, and of distinguishing transfer steps, makes the third
term in this equation unwieldy.

. We do not pursuc a matheﬁaﬁical solution of the pencral transfer
case, Rather, we turn to a consideraticn of possibleltfansfcr mechanisms,
and special cases in which the dependence of polarization on concen-

tration may be obtained explicitly, We shall use these cases in pre-

senting an approximate evaluation of the data in Chapter ITI,



-17-

B, Fnergy Transfer Mechanisms

We con51der only those mechanisms of energy transfer vhlrh could
reasonably occur among chlorophyll a molecules 1n chlorcplast membranes .
or in lipidvﬁonhlayef models, Lhe conditions necessary f{ for the occur-
rence of these mechanisms are considered briefly. We present the
dewvujeqce of fluorcscencn polarizaticn on the concentration of the
fluorcsciﬁg-moiety in two special cases, in terms of a parameter which
may he calculated from independentlylcbtained spectral data, This may
nake péssible a confirmation of the existence of a particular transfer
:echanism in the model system, | |
Experimental'evidenpe Tules out'séme traﬁsfer processes which have
been suggested as opérative in biolovicallsystems. The trivial mechas-
nism of emission and reabsorption may be dlqrcvaréed as Feofilov (1961)
has shown that the LepoluTIZlnﬁ effect of this process cannot account
for the obsmrved extent of depo;arlzatlon., The small effect of reab-
sorpticn is differentiated from the totél depéiaiization observed by
its dependéucc on the volﬁne 0% the-sample and its having no effect on
the excited state lifetime of the fluorescent molecules. In a mono-
layer under cémpfession, as well as in chloropiast ﬁembranes, the
possibility of molecular migraiion and energy trénsfer by collisions
of excited and unexcited pigment molecules is unlikely. Varioﬁs wor-
rs'have pro“oscd semi- or pﬁotoconductive energy tra qfcf mechanisms f :

in vivo, and photocurrents have been measured in biological materials.,

However, the efficiencies obse rved are not sufficient to account for
the high photosynthetic yields reported (Clayton, 1966).

We assure then, that energy is transfer Cu among fluorescent wole-

cules by a non-radiative mechanism that does not involve transport of
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rmass and does not reQuire plgment contact. Two such mechanisms, in-
ductive resonance and exciton migraticn,.bave been treated extensively
in the literature. Franck and Livingston (1049) and Katz (1949) both R
suggested a role for these processes in photosynthesis many years ago.
Lacking sufficient and accurate experimental information, they were
unable to discuss the problem in.depth. The question of which one of
these mechanisms occurs in chloroplast lamellac, if either, has not ’
vet been resolved. We will address this problem after discussing ex-
perimental results in light of the theoretical considerations presented
here,

Electrostatic interactions among molecules are responsible for hoth
these transfer mechanisms. In the point dipole approkimation, the paif-

wise interaction eneryy is

i (11.11)

2, | . I :
lul is the square of the dipole moment, n the refractive index of the
mediun and Tij the center to center distance hetween molecules 1 and j.
When the average interaction energy in the ensemble is computed, the

orientation factor,

fyeery

(= €OS .. ~ 3 COS Y; COS . (11.12)
| ij i i

where'wi and . are the angles between the ith and jth dipoles, respec-
3 :

1)
dipoles, nust be averaged over all possible positions of the molecules.

tively, and the line joining them, and ¢.. is the angle between the

In a three-dimensional random array,

05 ¥.. = 5in Y. sin Y. cos d.. + CcoOs Y. COS Y.
COS ¥ 5 v; sin vy élJ vy vy
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where ﬁij is the angle between projections of the ith and jth dipoles

}rbe

onto a plane perpendicular to the line joining their centers. Thus

- in this model,

X (3?0 =lsin wi‘sin ¢j cos ¢ij - 2 cos ¢, cos wﬁf (I1.13)

The angles by @5 and ¢ij are independent, and.the_average valué of k
may be‘calculatedvdirectly.

We must also deterndne the average value of k f{or thevmonolayer
: models;- in this case, the line'joining dipoles i and j in two diffe-

rent.molecules is parallel to the plane of the monolayer. Then'

e . = "'i . 3 .
;o; ¥ sin 6; sin él

i

Ccsrwj = sin ej sin 4

s u.. = sin 8. sin 6, cés 5. CO .+ osi . 51 ) o+ 0. .
'c§) wij | s i St oy ( él 5A¢3 - sin ¢1 in ¢J) cos ?1 cos GJ

Substitution inte Equation II:12 yields '

k (2D) = sin 0; sin ej {cos ¢i cos';éj - 2 sin ¢i sin'éj) + COoS ei cos oj

All the angles may be varied indépendently of each other, éi and ﬁj may

vary from 0 to 2w, but if we again assume that the normal to the mole-

cular plane in wﬁich»thé oscillators"aré located forms a constant angle
with respect to ﬁhe surface:ﬂérmal, 8 and'ej-will be constant, Thus

the average angular factor in the two-dimensional models is obtained by

P cfaginé Eqﬁationiiielé over éi and»éﬁ only. We-will necd to use these_ .
forms of k in a modification of Cguation II.11 when we calculate energy

transfer rates appropriate to inductive resonance or exciton migration,



1. Tnd active resonance

Forster (1248, 1949, 1951} has developed an extensive formalism
for encrgy transfer by inductive resonance, to describe the phenomena
of scnsitized fluorescenc and fluorescence depolarization in &ilute
VisCous solutlons. | |

,.

2 transition oscillator of an cyc1rca molecule 1 1nduces a di-

pole field in a second molecule j a distance v,

i3 from it. Both classi=-

cal and quantum~mechanical treatments, the latter assuming a continuum
of excited states, of this dipole-induced dipole problem.lead to the
same results (Forster, 1951 1960). The pairwise transfer probability,

expressed as a fréquency, is given by

SCWLEEE (11.15)

where his Tl anc”'s constant, u the point dipole interaction energy given

<

by Equation i1, 11 e’ th@ band width of a single vibronic energy level,

* thﬂ kruncP—Conuon ovcrl P 1ntncra1 for *he vibronic transition,

and 8§ Syv

port

The g fa tora re no*mal;21nf Factor fo~~ the nopulatlons owC the v qna

o

’

v? yibratlonal levels.

T

Forster defines a cr1t1c11 41 ce Ré as that molecular separation

at which transfer and emission are equallf nrobghle accordlno to

_fV_ 6

v is the experimental lifetime of the excited state,. and Equation IT.11

2 kZ IU!4

~ v ' b

£
¥
o))

Y13 e s A
+J haet n? (rij)

has been used. This transfer rate, swmed over all possible pairs of -

lecules, appears within the summations on the righthand side of
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Equation 11,10, for the probability pn(t} that the nth visited molecule
is excited at time't,

When By is derived from classical electromagnetic theory, Forster

finds o -
9 k2 1n 10 c4 . dv - :
5 e () £(v) = S oaan
1287 n* N . v

' . . . . ’9 - . : ' - . ‘. . .
where ¢ is the velocity of light, N the number of molecules in a milli-
mole, T, the natural fluorescence lifetime of the molecules, e(v) the

extinction coefficient of the molecule at frequency v and f(v) the

* quantum spectrum of fluorescence, The integral may be obtained from
“the overlap of absorption. and fluorescence spectra. Using Equation 11,17,

Tweet ot al. (1964b) haVe;calcuIatéd Ro'from their Speétrai‘data on mono-

layers cont@iniﬁglchlorbphyll 2, With approﬁrinte;quificatibns in k and
n, they find R, = 54 + 8 A. We will wisﬁ to compare this value with one
calculated from pélarization data,

Since the geﬁeral solution of Eqﬁdtion 1.9 is not ;vailable, we
must make simpliffing restrictions. Ve wili consider two cases, one
step depolarization and a. uniform array without back fransfer;_wz

a. One s;ep.depo1érizatioﬁv

3

The first, due to Forster (1951), will ¥ield an upper limit for R,.

If one transfer of excitation energy amony molecules in a random array

s
6]

sufficient to depolarize fluorescence completely, the relative degree

of polarization—is a-direct-measure.of the fraction of initially excited

molecules which fluoresce!

P 5 @'l_.,"/ép

pO 5 4 @;\/@C ®
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Here, ¢, is the fluorescence yield of the initially excited molecules,
and o the totalzyield at concentration_c, This assumption obviocusly
represents the fastest possible decrease in polarization with increasing

energy transfer. Furthermore, Forster expresses the relative yield,

@A/QC as 2 function of the critical concentration Co, chosen such that

P _ 1 when €= C, B
Py 2 . (11.18)

This critical concentration may be read directly from graphs of 1/P vs
C, and the critical distance, R,, calculated from it. We will assume
for this calculation, as did Forster, that the average pigment distri-
%ution is uniform,r We obtain a maximum value for the critical separa-
tion with this methed. |
| b. Uniform array ﬁithout back transfer

In the second case, suggested by Weher (1954), the fluorescence
polariiation is assumed to be inversely proportional to an average
transfer rate, Implicit in Weber‘s.use of this assumption is the
omission of‘back transfers from consideration and the further assump-
tion of 2 spatially.uniform molecular array. These assumptions are

embodied in the substitution of

W. . - ..
T i] | ij
< \

intc Equation IL?n This model ovérlooks the fact that énergy transfer
will occuf rapidly between two very closely spaced molecules, yet as
the muber of these transfers increases, polarization of fluorescence
emitted by the molecules is not correspondingly decreased, As a result,

the average depolarizing effect of the sum of the energy transfers is
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overestimated, and the critical distance underestimated.
With this discussion firmly in mind, we proceed to derive the

dependence of polarization on concentration in this second case.

»
Application of our final expression will yield a lower limit for the
critical distance. ‘ ’ ; : . R
Cguation II.9, after rearrangement, now becomes
1.1 = 1 .1 143 sin ] ' (11.19)
P Py 3 2 T e . : . . »
. - 13
J
' § w3 5 'is obtained by averaging, over all angular orientations, the sum
_ : ’ L L,
of the pairwise transfer rates for all Ty3e Because Forster's critical
distance Ry includes the angular factor k, we define a new critical
- distance, R’ as follous:
: . .
1 .2 By 6
“ij T % e d
| Tij
Comparison with Equation II, 16 shows that =~ . S (I1.20)
6 2 . 16
R, = K0 (R)l .
Then the average transfer vate is, where 2a is the molecular diameter,
: ’ PN 5 ) 2 |
Z’”" . @) J p(ryy) dry; K | - |
. -lJ T ' ( . " !
s , , ¢ PO
i ‘ '\ 24 (rij) angles
.

In a three-dimensional uniform array, p(r)dr =-4anCdr, € is the concen-
tration per unit volume, and k is given by Tquation 1I.13. By substi=-

tution and integration we obtain
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i . - 5 - ‘Q' 6
wij- {30, B W:STIC (o)
3 2t (2a)°

Now, at low concentrations, in the absence of fluorescence quenching,

= 1
oL TR,
3 ‘
If we make these substitutions in Equation 11,18, and compute sinzeij 0
we obtain
L1 o (L 1) {;ds Oy
p 3 Py 3 1 32 (2a)3
Plotting 1/P vs C, we may calculate Ré from
. S 1 |
v+ - 4 32 Slope (2a)3 | 6 o - -
Ry (3I) = 7 1 . , (11:21)
oo L AScw e ' : ’
Py T3

i

Use of Tquation I1.19 then yields the critical distance R, which applies
to this special case.
A similar treatment of the two-dimensionhal case with p(r)dr = 2rC dr,

L ) . . : s - .
C as the concentration per unit area, and Fquation II.14 gives

v o,.1. 0 ‘
1 1 _ 1 1 3nC () - : 2 S e
pehah el “"“""? 1~ (o) o B cosza- coOs 0. v 1 i
p 3 po 2 4 kS J M .

4 (2a) :
+ E.sinzo. sinze.
4 i J .
We have used the simplifying notation
2 1. 2 —~
B = 1 - cos?d, cosie, - $l51n26. sin“s. = sin’e..
i i 2 1 ] S
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' - - . - . - - - - . 1
Ry, the critical separation in two dimensions, is again obtained from

‘a plotof 1/P v sc:

Nl)—-“v

4 (2@) slopet, 1

‘~._,£ 2 2. .5 .2 .2
7] B (cos 8. ;os ejv> smoi sin ej)

o

4

-l

Fnergy transfer by inductive resonance occurs between emission os-
cillators in different molecﬁles. Thus in the monolayer modéls where |
/¢ have assunﬂd b ‘is a constant defxuod by nquatlon II.J, ; = gj ;'SF
e substituted into Lquutlon 11,21 for F (2D). :

o

is to
‘From yOlarlZatIOW data we will calcu 1atn the upper and lower limits
of the critical wolecular scparatlon acc0161nc 10 Hquations 11.18 and
I1.21 or 11,22, If these cnplrlcal Values comﬁa“e favorably with those-
computedvfrém_spectral ;iatas we may conclu&c thatvfluorescence depolari-
zation observed in the model systems is consistent with energy transfer
by inductive;resonénce-among the chlorophyli 2 molecules in thé two=

dimensional arrays.

2. Exciten migration
Energy'transfer due to exciton migration has been discussed in

monographs on molecular excitons (Davydov, 1962; Kiox, 1963) as well

as in various review articles (McClure,. 1960} 3nd4symposia (Kasha, 1963).

In genéral, two types of excitons have been considered: 1) strong or

free, and 2) weak or localized (Kasha, 1963h). These two cases have

heen considered to be completely separate from inductive resonance

~

33CT .

L’)

energy tran

Recently Forster has used a unified approach to the problem of

determining which of the three transfer mechanisms, strong or weak ex-

(11.22)
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citons or resonance transfer, occurs in a given system, Wé shall
review briefly the criteria he derives, which are based on a compari-
son of the electrostatic intermolecular interaction strengths with
molecular spectral properties., We shall see that under certain con-
ditions we may disrcgard one or two of the three alternatives. We use
available data for chlorophyll a and Forster's expressions to detexmine
when exciton migration may occur in our model systems. Having decided
when we are justified in expecting exciton migration to occur, we
discuss experimentally observable proverties pertinent to this type of

energy transfer in our systems.,

a, Criterias for coupling strengths

An exciton exists in a molecular ensemble when the molecular intere
actions are sufficiently strong that excitation energy undergoes os-
cillatory trahsfefs among the molecules (Forster, 1960). éxcitbns have
been classified as free or localized, coerSponding to strong or weak
molecular coupling (Kasha, 19é3b); This classification reflects fhe
length of time the excitation remainé at any one molecular site, with
respect to the relaxational time constants of the system. When the
time the excitation stays on one molecule exceeds the vibrational re-
laxational period of the molecule, the localized exciton picture may
be appropriate (Davydov, 1962). Alternatively, the distinction between
strong and wesk excitons can be made by a comparison of the melecular
interaction energy with the spectral band widths of electronic ﬁfansi-
tions of molecules in the ensemble (Simpson and Peterson, 1957; Kasha,
1963b). In this scheme, if the interaction energy is less than the

electronic band width, the exciton is considercd weak, or localized.
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‘The weak exciton case is to be distinguished from that of very
weak coupling, defined analogously by Forste et (1065) as occurring
when the interaction energy is much less than an individual vibronic
" band width. In the very weak.coupling situation, which is equivalent
to inductive resonance, energy transfer is no longer oscillatory. The
excitation remains on a particular molecule longer than the timc re-
quired for intramolecular vibrational energy to exchange with the
lattice, Such'an exchange, or "collision" of the molecule with its
surrounding s,'éestroys phase relationships be“wven molecules 1n the
system, In this case, energy transfer is dlffu51ve rather than os-
cillatory., _. v

Porst cr ( G5) derives numerical relationsﬁips for the limits

‘between thm cases of atrong, Weak, and very weak couplln Starting
w1th the assumptloq that at time t = ﬂ a nqrticu;ar nolcczle in the
'ensvnmle is ex c1tcd he calculates the prOhablllty tnat another mole-
cule is excited at a later tlne, t, from the sq uare of the coe£f1c1cnt
of thc.appropriaue term in the tine-oepcn¢ent wave ‘unytlon. In order
fo int rato equations for this nronaolllty over broad electronic
energy bands, the tine the yc1tat10n is at the particular moxec11e
rust be very ShOTt; For this case, which is equlvalent to stropp

coupling, Forster requires
2jui] s> AR . N ¢ & 55|

where u—is—the-total-electronic— 1n£craction-m1trin—elomenL,_and AE_ls
the electronlc band width., ¥When thn couﬂllnn is wmkerB so that only
vibronic energy levels lnteracts Lhc energy may stay at one molecule

for a longer lee period. The 1ntegraL10nv15 now perform%d'over a

vibroni¢ band of width Ae’ , So that the restriction on interaction
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energy becomes
8E > Z]ugyt] >> ae’ (11.24)

W' dis the vibronic interaction matrix element between two vibrational
levels of an electronic state. This inequality defines the range of
interaction energies for which the weak exciton scheme is appropriate.

If the coupling is very small, so that resonance can occur only
within a small repion of & vibronic band, excitation energy is localized
for a time long compared with those in the two cases just discussed,

The expression for the probability that a molecule is excited at time t
is then evaluated in the limit of large t. This process imposes the

inequality
lu o] << e’ o ' (11.25)

on the system. Forster has further determined that Uy ¥ Ae'/4 is the
approximate limit between weak exciton coupling and very weak coupling

leading €6 inductive resonance,

[ _Applicaﬁion to chlorophyll'g
Webwishfﬁow to evaluate these criteria for chlorophyll a in lipid
monolayers, We usé Equation II.ll.for the interaction eﬁergy,‘setting
rij'equailto the average nearest neighbor distance, The diﬁole moment

is obtained from

ful® =

' TR . = SRV |
where £ 1s the oscillator strength, and v the center of gravity in om
of the absorption band of the molecules (fichae and Xasha, 1964), For
chlorophyll a in a nonpolar sclvent, £ = 2,23 and ]/%'= 6.7 x 10°° e

/
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(Sauer et al., 1966). Due to the extreme thinness of the monolayers
compared with the wavelength of the ex iting light, the refractive
index of the medium is taken as the average of that of the subphase
| and the nitrogen atmospliere above the film, We thus oétain n¥ 1,17,
Subst 1tut1n these'valuesfinto Lquation I1I,11, we cbtain

by

-
“

r!)

[ )

u = 1,15 x 10

i

where 1 1< the cenuer-to-cen*ﬂ* neafest neighbor distance in.Angstfoms;
The orientation fattor, k, may range from 0.1 for a random molecular
dist rxbution to 1.0 for parallel oscillators, .Table I7.1 lists values
of the interaction enérgy as a funculon, or r for these two values of k.
Since absorption. cgnctra of cnlorOﬁhyll a monomers in dilute lipid
monolayers are not available {Gaines EE_EQW_have published spectra of
ébncentratéd films, 0n1y§ wé‘approximaté the bénd>@idths AE and‘Ae*
from 2 three-dimensionulvsolution sneétruﬁ bf?thé pigment in a polar
solvent, The total e&ectronlc absorption band, which is ccmnogcd of
distinct'v1brat10nal.bauasp has 2 width of apprqximately AE ¥ 2000 cm'l.
The 0 - 0 vibratiohal band is about 600 cm';'widé. Ggguﬁhaséfgﬁéétré;of
chiofophyll a are not avallable and low temﬁerature <olut10n spectra do
' not=show’furtner resolution ‘of this. V1brat10nal band. - Thuss Forster's
vibronic band wid h, which is the w1dtn of a COﬂponent of tha ‘vibra-
tional band, cannot be obtained from.experimental data. Forster (196Sj

suggests that 30 et is a reasonable estimate for this quantity at

- -room-temperature;—but-cautions-that- t%e existence-of- weak excitons is—-

questionable when vibraticnal hand flne structure cannot be ohserved.
We now compare these spectral band widths with the interaction
energies listed in Table II.1, to decide when excitons could occur in

the pigment systems. Even when chlorophyll a molecules are adjacent,



Table II.1
IRLCTQCClO“ energy of Lﬁloro nyll a molecules as a function of nearest

neighbor alstance and’molecular orientation

r : k= 0.1 k= 1.0
l |
’ ) N
5 A 88 em ™t 880 et
10 R 11.5 e 115 em L
zn R 1.4 et 14 cm
25 A °75‘c:m"1 7.5 em™t

=5 ﬂ and parall 01, k = 1 thc 1ngefacti0n energy is nét high enough
for formatlon of strong GXCltOnaq Weak excitons may exist, under condi-
tions of favorable orlenﬁatlon, when the pigment molecules are 20 Xor
1es$ apart. However, when the mcleé&les are randomly oriented, excitons
probably would not be present unless the average nearest neighbor sepa-
ration were less than approximately 10 R, vhen chlorophyll a molecules
arc further anart .exp“(t energy transfers would occur by tﬁe mecha=
nism of inductive resonance. |

The average nearest neighbor separation of chlorophyll a molecules
in the monolayers 1s calculated from the coﬁcentrationﬁof pigment in
the 1ipid and the area per moibcule‘at any given pressure. Thsse two
quantities are kﬂown from experimcﬁtal conditions, The relative orien-
tations of the molecules in the films are, however, unknown, By consi-
dering the effect of exciton transfer on the polarization of fluorescence,

we hope to elucidate the extent of pigment orientation.
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¢, Properties of chlorophyll'g;containing nonolayers
in which excitons occur
In view of the above discussion,‘we shall be concerned in this
section with localized or weak exéitqns only. Free excitens appafently
cannot exist in the mixed moholaférs, hecause the interaction energy | ‘ e§f
is net sufficiently lazro.

Forster has shown (1060) tldt the average pairwise transfer rate

for localized exciton mlgratlon”ls-

4 }u:.} 3

ot TR ) B e Syt (11.26)
v

whcre the 1ntcract10n energy ulJ is glvon Hy ¥quat10n 1T, 11g and the .

other symbols have tne same S lf1C81C9 as in Equation II 13. Com-
parlson OA the above relatlon w1th Fquathn II 5, whlcn is tqb induc~
tive resonance transfcr race, show3 ?ha tne ]OCuIlZOd eXC1ton rate may
bé c5nsidered due to a flrst ordcr pe*txrwatzon by the inte raction
enery, Qy, Qneréd resonance transfer is aﬁsacond-oraer éerturbation
nhenomenon. Beczuse - tﬁﬂ 1nteracr10n energ betw“nﬂ‘two molecules is
ancrscly nroweleonal to tne cube oL t? :» separation and thﬂ SumMma-
tlon over r‘rrmcf-C‘ondov'x ovbrlan integral is <1, exc iton migration w111
- oceur ﬂach TIOTE ravloly than w111 resonqncb.trans;er between a given
pair of molecules. |

de, ina s)stem in Whlc; exciton migration is sfch1ent a pair- - !

wise energy *ransaer ra?e haq ]1t*1e nay sical al?ﬂlflcaﬂcu. However,
we may use lquation I, 26 to gain. insight 1nto the extent of migration
of iOCullZGJ excitons 1n a molccular ensemble, As in Forster's treat-

ment of the inductive rescnance case, we set
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T'rom »pectra* data we may calculate the Ycritical distance," Re,'for.

exciton transfer defined by this relation.: We use the expression

(Ferster, 1969)

L d

(po' . Tg 3 h A:
e ot gdninrql?

where Ao'is the ce nfcr of ﬁqulLy of ;he .bsorytion and emission bands,

and -8/2, the rcla ive fluor e’cence ylcld We make the fbllo ring QD?TOYL*

mati@ns. “mployix Tweet ot ﬂl 's ”1“54) 1SSUﬁvt10n Tﬁat thﬂ relatlwc
$1uorosceﬁc~ yield is not QPOTCClaOLY alfrornnt in films from that in
ullute solu+1qub, we set @/@ » 0.3, Ve again approximate the refrac-

tive 1ndeX‘ n Y 1,17, rrom the puoll%heu absqrpfieﬁ'and fluorescence
spectra of Qllutbd cnloroalyll a monolayer“ (Bel Z‘ry et dl., 1563;

Ga1 125 et als 1964) we obtaln A, = 675‘i S nm; JastlyQ we must evalbafe
fh sum over thc Franck- Londcn overlap ints ara1° of the v1b rational
stétes, weighted .DY the popuiatiOn factors of those statcs. As ?orster
pa:n s out (1“60), this sum is L‘ulV&l ent to *?c probab llty of cmission
by é transition to the wopulatod vibrational level of “hc ~*oun€ state

cf an unexcxtcd molecule, and is of the order of 0.1 for dye molecules.

e approximate this probability from overlap of mono“ycr absorption
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et al.'s spectra (1964), we find I

ties into Fquation II1.27 yields 7
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and emission spectra in the region of the 0 - 0 red ban, assuming that

only the lowest vibrational levels are occupied., Again using Gaines

e

i

0,16,  Substituting these quanti

i

—en 12 .4 . .
580 K A, Possible overestimation
of ¢/¢, and the sum could cause an overestimation of Ry by as much as a
factor of 2, so R, = (400 + 120}k A.  If the exciton state exists in a

random array of adjacent molecules, k.= 0,1, and R, = 40 + 12 &, which

is the same order of magnitude as the critical distance, Ry, for reso-

nance transfer. However, for exciton migra{ion to occur in a dispersed
arréy of chlerophyll, k nmust apprbach-unity. vTﬁcn Re'=‘4002i'120 A -

Rather than interprét the distance Ré’as the molecular separation
balow ﬁhich energy transfer is mere prokﬂ>le than e 'ssion, we:suﬁqcst
that it be cun31dered the average rddlhb of Lho area over whlrh an ex-
c1t01 could mlgrdtc in the ensemble. When Ry is 1arve thls area must
contain n&ny pigment molccules in a falrly well orlenLcd arr xy in order
for an cxc1ton state to ex1st in Lhe system, “hus, although the exci—
tatlon hlll reach a moleculc a few hundred Anys;rons away from the |
initlally xc1tea one with a pYOPaDlllty 25 - FIOat as tHe ew1sqlo
probab ity, it.may VlSiL muny molecules in bctween these two in' the
process. - | | | |

1f Ry "is ﬁo be considéréd‘a tr ansf@r dlstance it might anpro-
prlatclv bc oquaued with thv ave ragc path length of wlgrablon before

emission. In either of tncse 1wo cascs, we see t1at cyc1tat10n wovnsg'

on the averaﬁe; mucn*further before emissy onif an eititbnf§thte is
formed than 1{ the energy is t*ans{errcd by inductive resonance.
whcn localized excitons exist in a separated array of chloTOphyll a

Tolcculoa, tne fact that many molecuics are momentarily excited before.

emission will not automatically imply tn“t {fluorescence is depolarized.
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As we have sgen, the pigment molecules must be favorablyvoriented for
such an c1t0u bbdtb to exist, whercas random mOiecular orientations
in the ensemble are the cause of depelarization. We therefore pradict
that the incréased extent of euergy trunsfer due to formation of exci-
tons at a given gbncentration'in a system of dispersed molecules will
- not cause a prqpoftignate decrease in fluorescence polarization, be-
caﬁse favarabie orientation is required for the formation of this exci-
ton state,

On the other hand, if CllOlOﬂu)ll g_molecules are randomly oriented,

exciton states are not formed in the system until the pigment concen-

tration has increased to the point where the nearest neighbor distance
. ‘
is ~5 A, This distance is only slightly larger than the thickness cof

the porphyrin plane of cu;oropnfll,; Thus the decrease in fluorescence
" polarization obs eTVﬁd as the pigment concentration is iucreased in a
random array is duc to energy transfer: by Jndurtive resonance conly, up

to aimo"* 100% cnlorovh/ll. Below this latter point, we would expect

no abrﬁp? change in the rate of polarlzuglon d crease'bgcausc there 1s
no change in the cnergy transfer'mechanism."'

The charactef of the polarization vs,conCenﬁfation curve may there-
@ .
forc enable us o dptcrmino the ﬂ\tont cf orlﬂntat*on and the type of

energy Lransfcr occurring at rglatlvelf hig h cnlovonﬁ/ll a concen-

tratlons in the mono;&yers.

3.. Diffusion of io‘.ollvzc’1 excitons
Sone 1nv0311y4t0“¢ concerned with the mechanism of emergy transfer
in nxouoqyntn~° have considered emergy migration via diffusion or-

randon walk of localized LkL““LNS (Tuysens, 1252; Pearlstein, 1964

1966) . Making certain assumptions zbout the arrangement of pigment



molecules in the cell, ‘the y have shown that Cﬂ]Ch]ﬁ*bd transfer rates

and criticzl distances are consistent with some experimentally observed

N

properties of the biological systems. . Triifaj (1958) has determinc

.

theoreticalrtransfer prﬁ5“4171tlos for TiFFuslon of localized excitons

e

e

1 three-dimensional array. . The freg uc“cy of transfer is a;*ertly
proportional to the équare\of'the 1nteractlon energy, 1.e., to l/r .
Thereforz, this mechanism of Snergy *rans{ T can be treated as was
inductive resonﬂﬂce, and it cannot he uqulnou1ghL“ fIOm;thb latter by

our investigat ions.

T‘e thcore cal con51derablons yf@ﬁonted here w111 aid us in eva-
'luating our expgrimental res ultq for encrgy transfor m°chan15ms havi nw
'1/r3 and 1/1‘6 dénéndendes on.ﬁolecular separation., We shall calrulate
cfiticgl separations for encrny t*anafcr among C1Lorophjll a mclecule
by the weak, l/r . 1ntnract10n rro'n polurxzat101 data for low plqmcn
concéhfraﬁions, These ulStuﬂC”S hlll be comaqrbd with other emnhrlcal
Valﬁes of fhe Efitical distance. Consi ' ency of *hes nuTHeTS would
support.thé'h) oth651s that iﬁductiyc Tesonance energy tféngfbr occurs
in the model. | | | |

The.criteria'for‘éirong interacfions in'thesc_models have been

tiscussed. Indications of nervy transfer duc to exciton migration in

monolayers with hish conce ntrations of chl hyll a2 will be sought.

After limitations of the theories.and accuracy of the data have boen

cmnsiderod we hope to suggest under what conditions these two transfer

mechanisms occur in the models and in the chloroplast.



III, LIPID MONOLAYER STUDIES

We have discussed pr0pev“1es of the fluoroscencn of molecules in
a two«dxmenalonal array in LCTﬂS of the mechanism of energy transfer
among them° In order to propose which transfecr mechanisms occur under
what conditioﬁs'in the chlorophyll a-containing monolayer nodels,vﬁcs
require fluorescence polariz tion data not previously measured, The
eVperlﬁcnts described in this chapter were undertaken primaril v'to
cbtain such data, |

in ordér to ohserve pOlaTlZ&thﬁ of cblo*annv} a fluorescence
as a fimction of nlp”CPt concentration, the monolayers were diluted
cvith miscible surface active lipids, In addition te castor oil and

oleyl alcohol, we used isolated chloroplast .structural lipids for this

d‘:

ﬁurpose? ;As the surface properties of these latter lipids have not been
éxtenﬁiﬁely'studiedg th@ir‘moﬁolaYcr bchavior; and that of mixed films
of‘cﬁiorophyll a and structnr11 lipids, is‘reported in detail,

Ve discuss the experimental results in tcrmg of the analysis out-
lined in the last chapter, - The data support the hypothesis that energy
transfer apong chlorophyll @ molecules widely dispersed in a two-
dirmensional lipid environment would pracecd‘by inductive rescnance.

We note some peculiarities in the behavior of chlorophyll a present
at high concentrations in films of plant lipids which mey be indicative
of stronger intermclecular interactions. The significance of these

ghservations in determining the pigment environment in vivo is dis-

el

cussed later.



‘A, Experimental Procedures

1., Monolayer Fluorometer

For simultaneous cobservation of monolayer coﬁp:ession pfoperties
and fluorescence polarization, we required a surface film balance with
a suitably arrangcd'énd very sensitive optical system. A comrercial
Langnuir type film balanée (Central Scieﬁtific Co., "Cenco Hydrophil
Ralance," catalogue #70551) was modified to suit this purpose,

The lacquer coatvwas scraped from the immer surfaces and edges
of\thc broﬁze trough, which was then painted blackgand heavily coafed.’
with pa;affin ("Parowax"; American (il Company, Chicage)., This surface
was renewed as necessary. The torsion balénce supplied with the instru-
ment, with the platinum_fbiis and ﬁica float lightly pafaffineda_was
“used without further alteration. The trough, with torsion balance
attached, stood on a mount of Dural aluminum. On the latter; which was
eQuipped,with leveling SCrews, was constructed an autonratic barrier
drive mechanism similar to_tﬁat_designod by Gaines (1963), This
- machinery moved the barrier slowly and éontinuqusly vack and forth
~along the trough edges.

The drive mechanism (Figure I11.1) consists of a lead screw to
which are attachgd’forks for hélding the barrier flush against the
trough edpes, ways for ouiding the moverent of the fbrﬁs, a reversible

Rodine speed reducer motor, type MSY 12R, 6C rpm, ard Poston reduction -

gears, Two 12-inch stainless steel l¢ad screws, 172 inch—in~diameter;
1.0 £ 0.01 wn/turn, were joined to cbtain the required 19-1/4 inch

threaded length. At the far end of the assembly, the screw is mounted

in the trough support block in a ball bearing washer. The untlhireaded
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Tigure III.1. Monolayer fluorometer autematic barrier drive
and trough mount, :

Trough

Torsion balance
tlotor

Gears

Teflon washer
Leveling screws

7)

8)
03
10
11)
12)

Support block
Collar

Barrier fork-

Lead screw

Barrier fork ways
Ball-bearing washer



end of the screw passes through the otﬁer support block near the motor
and ié joined to the gearAshaft via a teflon washef and spring arrange-
ment, A gear reduction ratio of 3:1 was used, so the'barrier moved at
a rate of 20 mm/minute, Becausé the edges of the trough had not been
milled evenly, it was necessary to spring load the barrier in its
forks, as well as spring loading the forks to the bronze collar which
rode on the lead screw, to-preveﬁt strain on the latter,

Since chlorophyll ay QPOBayers and alaat lipids tend to bleach
andfbxi&ize. respectively, in‘air (Bollamy, et al., 1903; O'Brien and
”cnqon, 1964), the trou;h must be kept in 2 controlled afmosphere in the
dark during eXperimguts.' A 1/4—inch Lucite cover ;alﬁted black,
aCCOmplishes this, It encloses the trough, torsion heéd, and barrier

ve wcc51n1sm, with the exception of the motor and fcars, To allow
moﬁitoring of film pressurc and'area, windows permit observation of the
float pointer and barrier position indicator. The cover is constructed
so that the vernier scale on the torsion wire is also outside, and may
be adjusted without disturbing the film or exposing it to air. Ports
are proviééi in the cover for sweeping the enclosuré with gas, for use
of a siphon if desired, for spreading the Lilmi and for inserting the
photopultiplier (sce below),

It is desirable, when studying fluorescence polarization, to have

the exciting light lﬁp‘ﬁ”O on. the monolayer normal to the plane of the

Filr, and to observe the fluorescence oizted in the same direction.,
Although this geometry presents optical difficulties; it has been used

(Figure I11.2). The light source, an air-cooled GE A~ 100 watt mercury
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Figure III1.2. Monolayer fluorometer electronic and optical
Sce text for details.,

schematic diagram,
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arc iamp, is mounted in a horizontal position on a separate bench

der the experimental table, where vibrations from the cooling fan

do not disturb the films. The light passes through a collimating lens,

1

fiiters for isolating the chosen mercury line (Filters 1), and a
polarizer,lpolaroidg HN 22, which can be rotated exactly 20° in its
holder, After passing through a hole in the table, a blackened Lucite
tube, and a window in the bottom of the trough, the exciting light

impinges on rho %anLuVPT f*ow J”IOW. The window, a 2-inch diameter

1/8-inch thick polished quartz plate, is seated with O-rings to prevent.

leakage., It is held in place by a stainless stecl collar clamped with
set sCrews.in,a tubénweldéd to the'bottom of the trough. Avshutterv
which slides between the trough mount and table has prevision for a
Temovable standard fluorescing filter. ¥e found that a Corning red
cutoff filter, #2~63, when placed.befbfc the trough window, fluoresced
with sufficient 1ntcn ity that it could be used as the fluorescent
standard. Trench (1965) had noted this phenomenon, and has.since
reported the flubrescence spectra of several cutoff filterE.Vthn

llmmninated with a high intensity visible source, #2-63 fluorcsces

[

strongly in the reglon of chloroy 3)11 a fluorescence, which.makes it
particularly useful rorcrcwcc for our work,

The photormltiplier holder fits in the trough cover directly

~

over the window. It, too, is made of blackened lLucite. Attached to

tn

its lower end is a holder for filters to hlock the exciting light
end isclate the desired fluorescence hand (Filters II), This fllter

helder ends Gown into the enclosed ares to within an inch of ?ue

LY
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water surface when the trough is filled. A separate holder for the
analyzer, Polaroid UR, fits inte the phétomultiplier holder. It can
be rotated 360°,

Except where noted, the filter ccrmlnatlons used in all experiments

were as follows:
Ti ters I: Two 406 mm narrow band pass interference filters
(Baird-Atomic, Inc., type D-1, with IR blocking)
Corning band pass filter, #5-58
Filters I1: Optical Coatings Labotﬂtorics, Inc,, dielectric
rejection filter, OD = 2.7 at 400 mnm
Two Corning red rugoff filters, #2-58 and #2- 59
Piguré III;S shows the apparatus with the cover mnd photomultiplier in
place, ready for an experiment, |
he polarization of the exciting lipht reaching the monclayer
was mcaSuréd’by_rgplacing Filters IT with neutral densit} screen 1d
filters, Witk the polariicr in either position the exciting heam was
greater than 96% polarized. |
For the detection of chlorophyll a ’luorcsccnce we used a red-
sensitive puotewuifznlver, RCA #7326, operated at 1800 volts from a
- Pecersen Flectronics 3KV, 10 ma revulaco< supply. The photomultiplier
was not cooled, but was sheathed in a mu metal shield connected to an
extra shield on the photormltipiier leads, This latter shield was
grounded at the chassis of the DC microvoltmeter, Keithley Model #151,
used fér signal as*llchatloﬂ The amplified signal could be recorded
on a Moseley Model 6& Autop af recorder.. A resistor, 0,24 x 100 ohm,
was placed across the inmput terminals of *10 velumcter o reduce the

noise level. A schematic diagram of the electronic circuit is also

sbiown in Figure ITI.2,
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Fig. III.3. Monolayer fluorometer prepared for experiment.

Photomultiplier socket
Photomultiplier holder
Torsion balance vernier
Barrier position indicator
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Using this monolaycr fluorometer, we could excite a film with
approximately moncct ic linearly polarized light absorbed by chloro-
phyll a and observe the pelarization of the entire red fluorescence band,
‘The sensitivity of the photormultiplier served as the-upper cutoff for |
thiz band, The time constant of the DC detection system was of the
order of a fow seconds, precluding kinetic studies, Detection systoms
with faster timé constants were not sufficiently sensitive for our
purpose. Thus, we could neither detect the presence of, nor determine
the polarization of, any delayed fluorescence or phosphorescence which
nmight have emanated from the films. However, a weak phosphorescence or
afterglow from chlorophyll a in vitwe has been'rcpor ed only when the
pigment was carefully dried (Fernandez ond Becker, 1059), at wave-
lengths longer than these to which the photormltiplier is sensitive
(Singh and | vLChPT, 1960), or when chemicael changes cccur in the pigmen
(Coedheer and Vert, 1962). Tn view of this evidence, we do not make
any correcticns for possible offeéts’of delayed light,

2, Materials \
Chlorophyll a was isolated from s3 1ﬂnch c}}nrnpl t fragments

by chromatography on columns of powdered polyethylene (Now Chemical Co.,

"3

»214 index < 2) and powdered sugar (C & H) {according to the method of
Anderson and Calvin, 79(2} The eluate from the sugar columm was stored
in a refrigerator in the dark vpdcr nlfrnw en. To prepare spreading
solutions, allquots‘of this mlcrocrystalllne suspension of the pigment

»

in iscoctanc were Gvap\‘ated to dryness on a rotary cvaporator and

weighed into a small volumetric flask., After making wp the solution

to known volume in the appropriate spreading solvent, we checked the



concentration from the absorption spectrum, which was recorded on a

Cary 14 s;::ectrop}zotometer, using extinction coefficients reported by

n (1805}, ‘'When Lq.tc'f in the

[+ 9
1
2]
s
tn
Q

Bellany ot al, (1963} or Seely an
"~ investigations, disagrcement in molarities cal culateu Ly weight and from

f the chlorOph}rl‘i had derraded, it

optical density indicated that some ©
was rechromatographed on povidered sugar -in small lots vith freshly dis-

tilled iscoctsne. The pigment wss dried on the columm, the broad chloro-
phyll a band cut out, and the chlorcphyll eluted with ether or acetone

to avoid contamination by coler}.esw impurities soluble in the iscoctane,

 The repurified pimﬂmt was used irmediately. All operations on the

-

~ chlorophyll were c-arrzgea out in dim green light or in the dark,

8 poise, was

b3

Castor oil, @B refined grade, M¥ 928, viscosity

oy

-~

obtainéd from the Baker Castor Qil Company, Payome, M. J. Aliquots

,‘of.' th e cil were taken from ‘frefshly openéd cans, as it tended to oxi-
dize with time when exposed to air. 7

»"«A-’ke'u_sed cleyl alechol (9-octadecen-1-ol}), > 95% purity, - from -
the Hormel Institute, University of Miinesota, The viscosity of this.'
._co;r;?}émxd is not available in the 1iferz-z"cure. _k';’e determined t‘m vis-
cosity of our sample rclative to glycerol (Baker and Adamon; Teagent
grade) using a wodified (Ostwald vi xcor}e‘cen A Kimax viscometer tube,’

#3060, imnersed in an ©il temperature b t}\ was maintained at 25,0 % 0,1°C

nd

during t’né'meas'urementg With a total Iigquid voltme of & mii
each material, we took several readings of flow time %:?w.fough the vis-

cometer capillary. Using standard procedure for the calculation

(Panicls gg_g]_:m 1956), we found n = 0.57 £ 0,06 poise for cleyl

alcohol at this terperature.

-4 e

P Ly,



Plant strucut ral lipids (Figure ILI 4) were obtained from

'Spinach chloroplasts prepared by the method of Park and Pon (1‘361)g
except that versenol was omitted from the grinding buffer. ('Brien and
Benson (19264) have .described a » method for isolation of the sulfo- and
galactolipids from‘plaﬁt leéves and algae. Ve isclated these lipids
from chloropiasts by & medified procedure described in the next section,

Chloroform, methanol, and acetic acid solvents (Baker and
 Adamson or J. T, Baker, reapg rt'grade) used for the 1ipid preparaticns
were all distilled prier to use.‘ Nitrogen was bubbled through each
solvent befbre it was put in contact-with the lipids. Z,2-Dimethoxy-
propane (acetone-dimethylacetal) was cbtained from X § X Laboratories,
or from Dew‘Chewﬁcal Co., ’

Ecnzéne, and ﬁcxane containing 1$ pyridine by volume were used as
sprc c1nm solvents. Baker and Adamscn ot J. T. Baker reagent grade
hexane and pyridine from Qrothcrs Chemical Co.'were used without further
purification. Penzenc from the some seurces was TPQ19t73TCU from sodium
_ hydride and kept in a tiphtly stoppered bottle, |
A1l monolayers were spread on a subphase of 10-3 M aqueous phos=
uphate tuffer, pH 7.6 - 7.8, made from reagent crade potassium monc-
and dibasic phosphates and zistille¢ water which had passed through a
deionizing colum of mixed Nowex 50 and 8 resins, 100 - 150 mc;h,

4
s

,A_J

solation and Purification of Plant Lipids

e

(hloroplasts prepared by fhe methed of Park and Pen (1961)
from approximately 1 kilogram of fvoc 11y washed spinach leaves were
. homogenized in about 10 volumes of chloroform - methanol, 2:1 by volume,
'gv’

Yo
y IO

under nitroren. The extract was filtered, also under nlfruwﬁnb
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Figurc III.4. Chlorcplast structural lipids, according to

e ' ‘Benson {19064), showing possible oricntations
at a gas-aqueous interface, MNote polar sugar
substituents and nydropnoblc fatty acid groups.
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residue was reextracted in the same solvent,until the extract was only
slﬁghtly colored and the residue was pinkish- or yellowish~brown,
Sulfolipid was isolated from the combined extracts by Tlorisil
and DEAG cellulose column chromatography according to O'Brien and
Renson’s proéedure. A}l operations were carried out under nitrogen.
THG effluent from the first column could be put directly onto the top
of the next via a three-way stopcock and jointed glass tubing., Eluents
were also introduced ontb the célumns under nitrogen, by use of slight
positive pressuré to force them slowly out of large reservoirs. The
final eluate from the DFAE cellulose column, containing the_sﬁlfoiipidp
was evaporated to dryness on a rotary evaporator. The resulting residue,
resuspended in approximately €0 ml of cﬁloroform~mefhanol, 4:1, was
dialyzed in tubing preparéd according to Q'Prien, Eﬁ.ﬁl:'(1964) against
1600 mls, of a010n ized water. The diglysis was carried out in a nitrogen
box fcr 30 - 40 hours, with several water changes, The sulfoiipid formed
a‘fluffy white phase at the interface between the chlorcform and the |
water-methanol phases in the dialysis bag, - It was also partially dis-
solved in beoth phases, as vxdonckd by their slight yellowish color.
At the ond of the dialysis, the contents of the bag werc evgporated to
~dryness on a 10tsry evaporator and weighed, The 1lipid was then resus-
pended to a concentration of 1 milligram/ml ir redistilled benzene or
chloroform=methanol, 2:1, and stored in a stoppered flask under nitrogen.
Ye found that some monogalactolipid wss eluted {from the Tlorisil
colurn by the chloroformemethanol, 2:1, solvent when we followed OfBrien
ad Benson's procedure, Also, some pilgment passed through the DFAR

[»9)

colunn in the chloroform-wethancl, 2:1, eluate with the rest of the



galactolipids., ~Thus we resorted to preparative thin-layer chromatography

to purify mono~ and digalactolipids., - - : .
Plates were coated with Silica Gel G (Research Specialties Co.,,

Richmend, Calif,) following the te hnlqvoq of Lepage (1%64) and acti-

vateé 20 minutes at 110°C just prior to use. The last third of the

&

ch oroform—metbn, 9:1, eluate from the Florisil colum, which eluate
had.bécn concentrated by.evaboratinng was. streaked ente three plate

under nitorgen. A fourth plate was spotted and nun simultanecusly.

The plateskure developed with chlorofom-methanol, 9:1, for 50 minutes
in the dark and then allowed to dry in & nitrogen hox, h*i pl«rentco
spets on the fourth plate were mariked before the plate was &pravnc w1th
50% H2SC4 and charred at 200°C for 15 minutes, Tnlq procedure brought
out a large spot which ran directly behind the slowest rurning pigmented
‘compound visible before charring, This compound had previcusly been
identified by its behavior in various solvept sv«tems as 10no ralactolipid
(Nichols, 1964). Thé corresponding areas on the.str@a'ed plates were

then scraped off into a sintered glass Quincl., The lipid was eluted
from the supportvwith,chlorsformwmethanol, G:1, still keeping the
material under nitorgen. The eluate was evaperated to dryness on a

- Yotary evaporator and weighed. Finally the llpld was resuspended to

. j

a concentration of: 1 milligrom/mi in rcd1<tlllco henzene and -stored in |

. i

a stoppered flask under nitrogen. This material was checked for purity -
Ly thin-lzycr chromatography on plates prepared as describ od above,

using chiorcform-methancl, 9:2, as a developing solvent. The cluate
was spotted beside it for comparative purposes. In this wore polar

.
e

solvent, any pigments and quirone impurities vould run closer to th



solvent front, and.the polar lipids would be more w1éely separated,
After spraying with 50% 1550, and chorring, we could aetect only one

' spot in the purified matérial,vcérTQSponding to that which héd been
tentatively identified at‘monogalactolipid in the eluate, A laboratory
- record of analyticalithin-layer chiromatograms was kept by out 1ining
spots with a fine liypodermic needle and Xeroxing the platOS,

“The digalactolipid was obtained similarly from the DEAT column
chloroform-methanol, Z:l, eluate, However, a developing solvent of
chloroform-methanol, 4:1, gave the best separatlon of this more polar
1ipid, Tespite rechromatopraphing we were unable to free it completely
of chlorophyll-like contaminants, which remained at a relative concen-
tration of approximately 0.01 mole pexcent. Thereforea we did not use
this lipid for {luorescence polarization or chlorbphyll gflipidAinter-
action studies,

The purity of sulfolipid preparatlons was also ascertained by thin-
layer chromatOgraphy._ A solvent system of chloroform, methanol, acetic
acid, and watef, 85:15:12:1, was used to obtain sufficient migye t;ou of
this very polaf 1ini&; One sample was found to contain about the same
arount of pigment cantxwiuunu as the digalactolipid, The pigwent con-
centrations were calculated from optical densities of solutions of the
lipids at 665 mn. Spectra were receorded-on a Cary 14 spectrophotometer.

The identity of the lipids was further confimmed by performing an
nthrone test for sugars on the products of acid hydrolysis, Anthrone
f?a"“nt gives a green color with galactcsep paximm absorption of the
rather broad band occurring at 625 mm (Weenink, 1962)., The product
fermed in the presence of sulfoquinovese, however, absorbs {further in

the blue, hSV1np a maximm at 522 ne (Figure T1II.5).

Lt
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The anthrone reaction is very sensitive to the conditions of the
test. Ixcess anthrone reacts with, the colored product, resulting in
decoloration.n Overheating will bleach the product. The color intensity
increases with time in the presence of sulfoquinovose, but apparently
not of galactose. The anthrone yeapent itself is very light scnsitive
and ages rather quickly. In addition, we wished to detect small quanti-

f sugars, of the order of 50 - 100 wmicrograms, After considering

r\
$-2s
0
]
(4

- these difficulties and studying various procedures reported in the
literature (Radin, EE.E&L” 1955; Bailey, 1955; Weenink, 1963), we chose
the following conditions to suit our requirements, They proved to be
sufficiently sensitive and fairly reproducible.

A stock anthrone solution, 10 mg/ml in concentrated 1804, was aged
for 4 hours in the dark; and then stored in the refrigerator, No stock
solution was kKept more than two days. Mo hundred to 580 microgram
aiiqﬁots of glycolipids and 50 - 250 microgram salactese standards were
hydrolyzed in 2 ml reagent grade HzPQ, (SS%) for 15 minutes at 60 - 95°
and then cooled § minutes in ice. Then 5 wl of freshly prepared anthrone
reagent (1 wl anthrone stock solution in 24 ml Hp30,/10,0, 2:1) were
added and the solution stirred vigerously,  The mixture was heated for
12 simutes at 90 « 95°C, and then ceoled in ice in the dark for 30 minutes
to allow full cnlor:&evclopment, The optical density cf the solutions
from 520 to 700 nm was then recorded on a Cary 1é spectroplotometer,
using the control selution (2 ml [ixPQy + 5 wl anthrone reasent heated
as were the sarples) in the reference compartment. The 0,1 slidewire
of the instrument was used for recording the absorbance of dilute solu-

tions,  Galactose standards pave an optical demsity ratio at the two
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wavelengths'of interest, 592/625, of 0.75 under these test conditions.
Due to the presence of other lipid hydrolysis products, this ratio was
'élightly higher for the galgctolipidga Sulfelipid hydrolysis products
v, produécd a ratio of 1,3,. Ratios of the order of one, which were
obtain edlﬁrom earlicr.lipié'samples, which were not purified by thin-
‘Iaynr ch*omatOQraphv indicated crpssfccntaﬁination of sulfé- and
galactolipids, The suzgr Conc¢ntrations of- the sarples were calculated
from tﬁe absérbahce§ of the Jnown galactose standards. From this data

we could determine the original amount of lipid in the samples and use

03 -

this as'a further critericﬁ of purity. Molecular weights computed from
}e ctructurc< given by'ﬁﬂnso (1964) and shown in Figure T11.4 were
used in these ;alculatlons. |

4, Monelayer Tochniqucﬁ_,

Ail experiments were rorform >d 1n a small ClOGOn room main-
tained at 18 ¥ 2°C. Thé roomn could be darkened completely, and was
also equi paéd with.a.dim'green safe light, ‘Pefore cach Film was
spread, the browg“, movab e harrier, and float were washe d copiously
with distilled and then d61onlzed water, to romove dust znd traces of
chemical contaminants. Aftcr~1evcling.the mount with the trough in

prlace, the torsion balance was screwed in position, The torsion balance

supports did not £it {flush against the trough edges when the latter were

%)

coated with paraffin., To prevent leckoge of the films at these points, .

it wes necessary to place small, plinble L-sKaped polvethylene washers
between the trough edees and the tersion balance supports. The trough
was then filled to the brim with the subphase buffer described in

section 2. - Approximately 1640 ml of buffer filled the trough sufficiently
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to produce a slight convex meniscus above. the edpes, The subphase
surface was then swept clean ofdust and lint, before the movable barrier
was put in plaée. We fmund‘tﬁat.nylon sewing thread (Brock's "Crystai
fhrenf} WAS exce]lcnt for this purpose., After ﬁoting the position of
the harrier on the trouﬂh, we placed the cover carcfully over the
apparatus. The enclosure was flushed with nitropen gas saturated with
subphase buffer at slight positive press ure throughout an oxperinent.

1f the compression properties of the film were to he observed,
an aliquot of S?readinp soluticﬁ was next deposited dropwise onto the
subphase surface wi +h a micropi potue which Flt through a small hole in
the cover, Spreading solution conceﬁtrations were adjusted so tha

-

1-4x 1016 molecules covlo be deposited on the surface in 50 - 200
micreliter aliquots, Slow spreading permitted evapor ation of the
spreading solvent as each drop expanded on the surfac This was

solvent from reaching the paraffined

(’)
('\ N
;.4.
"’3

necess ary to prevent the r“r
frdug; edges end barriers in large enough quantity to dissclve some of
the paraffin, Reprodﬁcibilit” of pressurc vs. area behavior indicated
that this difficulty was successfully aveided, After a few minutes had
bheen allowed for comﬁleté evénora ion of the solvent and formation of

the lipié monolayer, the torsion balance was zevoed and the film com

pressed by moverent of the barrvier at a constant rate. The torsion

—
[
B

alance was adjusted to nuil position and the surface pressure read
every 20 seconds, FOT“TC051Oﬂ was stopped when the harrier reached the
lisht path, or when film collapse was indica{od_by a leveling off or
lecrease in surface prossure, T we stopped compression %efmré col-

lapse, the stability of the vonnlavar at the Final pressure was chserved.
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In all cases, the films were Teexpanded and the zero-point compression
" checked to ascertain thaf the 1ipid did not leak past the float or bar-
rier during thé experiment.

| When monolayer fluorescence polarizatidn was studied, the room
was darkened after the troﬁgh was covg:reds and>the photomﬁltiplier-
assembly installed in the cover, After the mercury arc had warmed up
end the photomultiplier dark current stabilized, the light reaching the
phototube with polarizers crossed and parallel was recorded. A small
_signalg the orde: of a few tenths of a millivolt, was always-defectable
in thé ébsence of'a filh;j This waé due to incomplete blocking of the
exciting light by the rejection filter and weak fluorescence from the
red cutoff filters, After recording the signal from the fluorescing
filter used as a standard, we spread and compressed the monolayer as.
described above., Compression was stoppedvat'a'pressure-of approximately
12 dynes/centimeter, at which pressure the films were still stable. The
monolayér‘was maintained at this pressure whilevseveral measurements of
_fiuorescence intensity with polarizers crossed and parallel were taken.
Thirty-secon& to onerﬁinute traces were recorded for each polafizer set-
ting o minimizebthe_effects of spufious noise from the mercury arc and
photommléipliere The final barrier position Qas read from a scale on the
cover which was calibrated to actusl position along the trough.

We also observed the fluorescence polarization of three-dimensional

viscous solutions of chlorophyll a using the menolayer fluorometer.
his wos accomplished by placing a small covered pyrex petri dish of
solution directly cover the window in the bottom of the cmpty trough.

The edges of the dish were masked to avoid light scattering., Sample
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fluorescence intensities were measured as described above for films,
In this case, however, the petri dish filled with solvent was used to

obtain biank readings.

B. Results of the Monclayer Studies

1, Compression Characteristics

A wonclayer of -a pure substance is generally characterized by
the pressure-area curve obtained as the film is compressed slowly and
uniformly (e.g., Adam, 1941). This curve is a plot of the force per
unit length, or surface pressure, on the float comnected to the torsion
balance, as a fﬁnctidn of the average area occupied per molecule in the
monclayer. The pressure and area at which a film collapses, the slope
of the pressure-area curve, and the area extrapolated to zero pressure
should all be reproducible quantities characteristic ofiihe molecules
spread, These remarks apply equally well to a film of ideally mixed
substances which form a two-dimensional solution. In this case the
pressure-arca plots should be additive and céllapse should occur repro-
ducibiy at a pressure intermediate between those of the pure materials
(Crisp; 1949), At pressures below the cellapse pressure, the monolayers
should be stablé. The predicted idesl behavior of a mixed film is cal-
culated from the'pfeSSure—area data of the pure substances according to

| A(rj = npfg () + npAs(m) (I1I1.1)

where ny and n, are the mele fractions of substances 1 and 2, tono-
lavers of Campbnenté which ave immiscible or which interact chemically
generally have anomalous and irreproducibie compression characteristics,

altiough the pressure-area curves may be additive, Tehavior of a mixed
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film upon compression thus serves as a fairly sensitive indication of
its st‘albilvity and uniformity.

We: have observéd:he compreésion characteristics of the pure
and mixed rronolayers used in fluorescence polarization studies. ‘These
pz‘epertieswil_l aid us iﬁ. determining the state of the chlorophyll a
molecules .in the films, as well as indicating monolayer instability.

a. Chlorophyll 2. Bellamy, et al, (1963) have studied the
'cm.,gression behavior of .;';ure chlerophyll a monolayers thbroughly,- Our
data argree with theirs within an experimental Spreac?ing error of approxi-
ma,‘lielly 5% (I‘isvura 111.6). ‘The solid line is the average of data from six
samﬁiosg spread on. 107’5 :‘( phosgjhétebuffer, .pH 7,8,, which were conipressed
at mtgé from 10 t§ 13 -ﬁizfnmil.ccule/miztu‘t.e. These ratés are within the
Tange where Bellamy, g_g_ ;_1_}_:_ obs;érved reproducible ‘}Sc-hix.vio;:'° |

'b, Ch_lgmph_yll _g_ + castor oil, Thel preS‘suré—érea. behavior was
within 10% of_that pfedi(:fed by an ideal mixture , at as high a chloro-
p'nyli 9_ concentration as 0,5 mole fraction '(Figure 111.7). At chloro-

2

phyll 3 con.centxat:ions bele épproximately 0.1 _mble fraction, the films
%mhavéd essentially as did those of pure castor oil, Monolayers of pure
“castor oil have been investigated by several workers (G- Adama 1941),
Collapée pmséu;es' in the' range of chlorophyll a concentrations between

8.1 and 0.9 mole fraction. depended on the relative amount of chlorophyll

in the film, and exceeded the collapse pressure of a pure castor oil v |
monclayer. - oL
c. Chlorophyll a + oleyl alcohol. This monolayer system has -

been thoroughly studied by CGaines, ct al. (1564). e used chlorophyll a
concentyations less than 0,05 mele fraction in the films, in which range

Gaines,et al, observed ideal behavior,

i
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d. Plant structural lipids. Monogalactodiglyceride, digalacto-

- diglyceride, and sulfequinovodiglyceride make up approximately 45% of

bad

the total lipid complemqnt of chioroplast membrane {ragments
(Lichtenthaler and Park, 1563). . ghly sarface active due to their
armphiphilic ature (Figure II1.4), they are logical candidates for
chlorofhyll a monolayer diluents. These structural lipids form stable
corpressible monolayers of the lithd ex"anaed type (Adam, 1941) on

10-3 M phosphate buffer, pl 7.6, in a nitrogen atmosphers. The pressure-
area curves (Figure II1.8) are reproducible when freshly isolated material
is used. tewever, the galactolipids seem to undergo changes after a few

davs, despltc storuve in benzene in the oark under nitrogen. Extrapola-

tion of the pr1 ressurc-area graphs to zero pressure yields the maximum

area occupied per molecule bv a uniform monclayer, Sulfoquinoveodiglyceride,
having the WOwt polar hydrophilic group of the three lipids, has a maximum
packing area of slightly less than 47 XZ ¥ 10%. This is approximately

the arca of the glyceryl moiety of the molecuie, if the sulfoquinovose
extends down below thelwater surface, That éhe extrapolated areas of

md digalactolipids, S5 and 80 Q@ respectively, are larger

g}

than that of the sulfolipidlis expected. lowever, L*cer{alptles in
spreading and in the state of the 1lipid molecules make attempts at a
quantitative description of packing in these monoiayeré ambipuous.
The collapse pressvfes of the monciayers vere between 36 and 41 dynes/
centimeter, and were reproducible for each lipid.

As the plant 1iplos are partially water-soluble, we CﬂCCth the
stability of the monolayers with time at pressures used in the fluores-

cence polarizatien measurements, TFigure I1I1.9 is a plot of the surface
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- chlorophyll a, mixed films of pigment and sulfolipid or of pigment and

- pressure of a suifolipid film maintained at constant area. As may be
-seen, the pressure fell siightly at first and then remained constant
- for over a quarter of an hour. Monogalactolipid £fiims at constant area

. remained at constant pressure for at least 20 minutes, which was the

length of time required to complete fluorescence polarization measure-

ments.

e. Chlorophyll.a + plant lipids. At low mole fractions of

B

monogalactelipid behaved essentially as did the pure lipid films. Pres-

sure-area plots of mixed menolayers containing larger amounts of chloro-

“phyll a are réprcduced in Figures I11.10 and III.11, Within experimental

1

‘error, the obssrved curves, which are averages of three samples each,

agree with the theoretically predicted ones. The collapse points also

depend on the amount cof chlorophyli a in the film, approaching the

collapse pressure of a pure pigment monolayer when the mole fraction of

chlorophyll exceeds 0.l.
Mixed ronolayers of monogalactolipid and chlorophyll a were
stable with time at pressures of 15 dvnes/centimeter and below, at all

concentration ratics used for fiuorescence polarization measurements,

However, when the chlorophyll a mole fraction exceeded about 0,04 in

sulfolipid films, the monolayers were not reproducibly stable with time

at pressures above approximately 10 dynes/centimeter.

f. Discussion, The pressure-area curves for the mixed films

were within experimental error of the weighted surs of the plots for

N

the two components. This agreement will be observed either for on

mixed film, or for a film of immiscible molecules, The varia-

]
Y

ideall

N

tion in collapse pressure with amount of pigment in films of all four
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lipis. aré the increase in £7uorcscencc yield obscrvoﬁ upon CthTOﬁthl‘g
dilution (sectlon B 2) suqae¢t that the mlxed monolayers are actually two-.
dimensional solutions, | | |

The indtability of sulfblipidlfilms containing chlorophyll.g
is ccntrar& to this ihterpretation.n This phenomenon'ucouid be dﬁe to
pigment moléculeé enhancing the solubility of sulfolipid in the'aqueous

ubphaée, or to the formation of specific chlorophyll-lipid complexes
which are partially water soluble and occupy the same ‘area in the inter-
face as thevsum of the two'compbnent molecular areas, or to slow phase chan-
g6s: i fijmgqnder pressﬁreé With the exception of a phase separation,
‘these possibilities are consistent with the proposed dispersion of pig-
ment molecules in the sulfolipid'monoléyer, Evidencé suggesting that
a phase sepafétion_of the pigment does not occur is obtained from
flvorescence polarization data discussed belcw..’Lipid~chlqrophyll com-
plexing will be considered iater (Chapter 1V), | |
2. uorﬁscenco Polarization of Chiorophyll a. n.hbiolayers

We assume that a monolayer contalnlng chlorophyll & in a lipid
with which it is miscible is a random two-dimensional pigment array.
In light of the results just presented, this is“not an_unreasonable
o»xumntiun to make at low chlorophyll 2 concentratlnnq ~Then the cxpres-
sions'developed for inductive resonance transfer in Chﬁptei 1T, Section B.l,
may be applied to the fluorescence observed'froﬁ the chlorophyll a mole~
cules in such a film. The exciting light impinges on the monolayer {rom
below, traveling in the z-direction (refer to Figure 11.1), It is
linearly polarlznﬂs with the ﬂlectrlc vector parallel to tbe plane of

the film, ‘The Fluoreaccnce in the z-direction is observed from above
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the ronolayer after passing through an analyzer, the transmission
axis of which is éatallei or perpendicular to that of the polarizer.
The analyzer is not moved durinq én experiment' the polarizer is
' rotated by exactly 90° in order to compicte thc measurements,. Pre-
lzmlnary measurements showed thot moving the y 014“1ze* instead of the
analyzer did not introduce a measurable error into the results, We
expected this on the basis of Tweet, et al.s(1964) cbservation that
‘there is no preferred azimuthal orientation taken by,chioréphyll‘g
moleculeé in a moholayer.r

From a trace of the intensity reaching Lhc aotomultlpller when
the poiarizers are-parallel and then crossed, the degree of polarizaf
vtion'df the fluqreécencc'is'calculated as follows: .

P='A°,f(2'z_; » a9 =(11, - Ij/f@' 2 ) N (111.2)

where A" = I' — I', and hne prlme derotcs Antenslty ralues corrected.

i <+
for the signal observed in the absence of a film; and for variations
in sou;te intensity as indicsted by the TllOTGS ent st andard, Thé
average value‘and,standard deviation of P were calculate&_fromvscveral
zLDA pairs for each film or solutioﬁ; We express the concentration of
chlorophyll a in the monolayer as the fractional area occupied by the
pi?ﬁﬁnt; Then from plots of 1/P vs. C for each dilutingvlipid§ we

obtain the critical distance for energy transfer among the pigment

roelcules at low concentrations by inductive resonance., This critical

1

separstion is also éetermincd*by'Fcrsteris—mcthodf——?ﬂe‘exnerimenta¢
and empirical values of Ro are compared, to test the hypothesis that

resonance transfer of €Nergy occurs in these dilute pigment systems.
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e characterlstlcs of the depcnacnce of polu-lzatlon on con-
centration at highcr chlorophyll concentrations are carefully observed.
Thef may indicate thé presehce or absence of eXciton‘states, as dis=~
cussed in Chapter II. _ ., |

_a. Viscous solutions of chlorophyll a. We studiéd these well

- documented three-dimensional systems not.only.to check the performance
of the morolayer fluoroncter, but also to be 151e to compare results
from three~ and two-dlmanslonal model systems. of the . same materlals.
Goedheer (1957) and Goutorm th) and Gtryer (1962) have chermlnod the
:ac*lon spectrum for chlorophyll a fluorescence rolar1zat10n in castor
0il solutions. Tor very oxlute'solutlons of the pigment in this viscous
o0il, in which energy transfer is highly uniikelyﬁ:they report §o1ariza-
tions of 0;2 3‘0;04 when fludfestencc is excited by 406 nm light, Stuﬁp .
(1952) , whose published polarization action 5pe¢trum ddeé nbt'agree'with}
those of the above workers, also oLtalned a Value of 0.21 at this exc1t1ng
wavelength., Extrapolation of our ﬂata for thls system (Figure III,12)
to zéro*toncentrat;on,ylelds a max1mum polarization of 0,214 I 0,008,
in~agreeﬁent with the published.values. We conclude that the monolayer
fluorometer funct;cns satisfactorily. | |

Using the 510pe and intcrcept of the straight 11ne in Figure III, 12}
’in‘quatlon II.Zlﬁ we find the lower limit of the critical distance,
RS(SE), aﬁ which.transfgr probability equals'emission probability to
be 42 £ 3 R, This disténce corresponds to a spacing of 37 23 R for Roe
If the critical distance is determined by Forstcf”s method, equation
Ileisp we find Ry = 82 * 5% as m upper 1imit to this parameter. These

values of K, should be compared w1th the value of 76 Q.calculatcd bv
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Goedheer (1957) using Porster's"methbd;;edhation 11,17

| "'I'he'critical distance conputed from spectral data does indeed
 fa11 between the twoblimiﬁinw values obtaiﬁed from the polarization
néultsc Near . procmﬁnt with the separatlon obtained by assumlh“,
that one trdnsfer 1s 5u€f1c1cnt to caus polarlzatzon suggests that
this apprexlmatlon is not unreasonable for the viscous, three-dimensional
dilute solution. |

When we aralyzed our data for the éystem chlorophyll a in oleyl
alcohol solution in the Same»manncr,'wc obtained & maximum polarization
‘of 0,109 ¥ 0,025, The critical distance, Ryy = 37.5 * 5.5 R, is within
' experimentallerror of that‘fdr'the castor 0il solvent. The same con-
saderation, apcly to ﬂnorny LranﬂfeL in +h1s ﬂolvent as to that in castor
o0il,

The maximum polarization cxpcctec 1n a random Lhroe-dlmen51onal
system 1n the absence of cncrp) traancr if the abqorptlon and emission
oscillatoxs are-narallel is 0.5 (eauatlon I1. l} It has been proposed
Vu the oscwllator absorbing 406 nm llght in chloropﬂyll a is parallel
to the fluorescent oscillator, ' Now, experimental values lower than 0.5
“indicate that the molecules move auring their excited state iifetime,
or that some ébéorption is due to a transition oscillator which is not
parallel to the emission oscillator. Perrin (1939) has shown by specific
suhstitutiqn into equation 11,6 that in the ahsence of energy transfer,
‘l/P'uzl/ﬁg and that P = P, when 1/n =‘m. If we plot F vs, 1/n for our
two selvents, castor oil and oleyl alcohol, we see that the‘extrapola-
tion to infinite viscosity is'very short (Figure I11.13). Then the
adrittedly bad éssunmtion that the two experimental points do indeed fall

cn & straight line does not introduce too large an error in the maximum
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polarization obtained from the extrapoiafion, In performing.this
extrapolation, we consider the error in the'intercept due té the

_largeét pbssible experimental errors in the point representing the
data for oleyl alcohol solvent. The intercept, P, = 0.24 I 0,03, is.
stiil only approximatelyvone~ha1f the theoretical maximum,

If failure to exhibit the maximm degree of polarization is due,

in this system, to overlap of ahsorption bands of two perpendicular
oscillators at thé excitation Wavclength, as proposed by. Stupp (1952},

. approximately 30% of the absorption at 406 nm must be due to the
oscillator oriented‘pcrpendicularly to the y-polarized emission transi-
tion, Dy straightforward decomposition we divided the absorption
spectrﬁm.befween 350 and 470 nm of a chlorophyll a solution in a non-
polar'solvent'intq ihree symmetrical Cuassian curves centered at 434,

416 and 380 mm (Figure I1I1I1.14). We sec that essentially none of the
absorption at 406 nmm is due to the x-polarized band at 434 nm, Approxi-
mately 40% of the 406 nm absorption, however, is due to the higher energy
transition centered at sbout SSOlnm° This transition is thought also to
have yfcharactcr, in which case it woﬁld not contribute to the lowering

of the fluorescence polarization. However, current work in this

iaboratory (Sauer, pfivate commnication) using a point monopele
expansion to describe the transition moments, suggests that, due to
configuration infceractioﬁ9 the transitions correspoﬁding to the blue

.satellite absorption band have considerable x-cliaracter. This situa-

tion would be cquivalent to 0 < « < w/2 in equation 11,1, If this

- interpretation is correct, substitution of P, = 0.24 in equation II.1

yiclds o ¥ 35°,
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" The present investigation was not designed to resolve this diffi-

culty. When we evaluate the behavior of the two-dimensicnal solutions
of chlorophyll a in lipid monoléyers, we ﬁill consider the nossible
éffects of.non-parallel absorption and emission oscillators.on the
Vmaximum polﬁrization obscrved and thus on the critical distances we
calculate. DBecause of the nature of the model, this ambiguity has
only'a quantitative, néf.a qualitative effect on the interpretation of
results, |

be Pure chlorophyll é.monolayers. The fluorescence of several
chlorophyll gﬂmonolayefs was recorded atva~surface pressure of 12 dynes/
centimetér« In.nolfilm did the dcgrée of polarization calculated from
equatioh 111.2 exceed 0.008 % 0,005, In most casesvit'was less than
this, The best precision obtainéd with the instrument useé as described
in section A.4 waslf 0.004, even forvlarge, highly polarizéd signals.
In this case, therefore, the relatively weak fluorescence #as not
limiting the accuracy of the measurcment. |

In a monclayer éf pure chlorophyll é_the pigment molecules are
sufficiently ciosc tobeach other than an exciton state may exist in the
film, 'Howevgr, even in the absence of exciton migmtion9 energy trans-
fer may be expected to proceed very rapidly among adjacent molecules.
- If the chlorophyll a molecules are randomly oriented with respect to
the nomral to the film.surface, the fluorescence should be depelarized
regardless of the energy transfer mechanism, We observe unpolarized

fluorescence in accord with this prediction.
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Co Chlorop y1ll 2 in lipid monolayers
'T&e rela,lve fluorescence yield and: degree of polarization are
shown as a function of chlorophyll a concentration in f;lrs of castor

- 0il, oleyl alcohol, monogalactolipid and sulfolipid in Figure I11.15,
‘a - éo The pigment concentration is expressed as the fraction of the
total area of.the monolayer occupied by pigment molecules at the pres-
sure at which the measurements were made, These values of C were
“obtained from pressure-area curves of the‘pure substances, We assumed .
that all.chlgfophyil molecules wére,tiltedfout of the surfaéé to the
same extent, As discusseé'in Chaptef IT, the error introduced by this
approximation is small, | |
Both fluorescence yield and degree of Uolarlzafjon 1ncroase as
the chlorophyll a conreﬁtrdtlon in the film decreaueso This aehav1or
is a log lCnl consequence of the fact thut nterwolecular int cractioﬁ\
creryv is lowered as the molecular separatlon is 1ncrﬂ‘sed. We shall
analyze these fluorescence polarization data for evidence of energy
trensfer by inductive resonance or cxciton'migration_as cutlined in
“hapter 11,
At hivh concentrations of chlorephyll a in monolayevs of castor
0119 ole¢1 alcohol, and qulfohps.d the fluorescence polarlz ation does

not ;nueax to fall to zero, This nﬁonomeﬁon was checked carefully with

_f ims of cnlorapﬁyll a in sulfolipid. The rate of decrease in polari-

zation with increasing concentra n. appe care, to lessen at about .06 C

area fr&ction of pigment, This copcertratlul corresponds to an nvcrage

A

p;rm““L separation-of the order of 25 3 at ine wmonolaycr pressure at

i



“76-

wﬁich'the measurements wére‘madeu The polarization remained approxi-
mately constant at 0,015 ¥ 0,004 up to SO%Aarea fraction of pigment
in the film,
Similar behavior‘has been observed for fluorescent dyes at

high concentraﬁioﬁ in viscous sclution (Fecfilov and Sveshnikov, 1940).
- Since this oécurs-in fhe region of strong fluorescence quenching, where
‘the .1uorescencé.1ifétimeiis considerably shortened,_?cofilov (1QGlj
.suygestSa that_the'numbér of'enérgy transfers possible before emission
bas'been reduced sufficiently to prevént further depolarization. We
qu@stion‘whether this explanation is completely satisfactory for our
‘pigmbnt~centaining monolayers, -because the polarization falls smoothly
to zero as chlorophyll a concentration is increased in monogalactolipid
films (Figure‘IIlesc). If 1ifétimo shortening werc due simply to-
'inc;easing cOﬁcentrationb we would expect residual fluorescence'polari-
zation at high,pigmentAconcentratibns in this iipid,aléog Instcadg the
diluting 1ipid‘§eéms to determine the polariiatiqn béhavior of the pig-
ment in the monclayers.

We éuggeét the folldwing alternative éxplanation‘fér the observed
results. "Firét,(éhloropsyll a may be randomly dispersed and orieﬁted
in galactolipidvmonélaycrsg but ﬁot in sulfolipid films. In this latter

model system, the pigment may hé either aggregated or partially oriented, |

-

If it is aggreéated, lifetime shortcning would account for the cbserved !
residual polariéation,'z:éut tbis possibility is inconsistent with the

observation that fluérescente of pure chlércphyll a monolayers 1s
‘unyolarizedigﬂigg infra), in which system the lifetime of the pigmeﬁt

should be as short or shorter than it is in the nixed films, As men-

tioned above, the alternative to lifetime shortening is partial
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orieﬁtatidn of the nlgnent molecules by the Sulfbllpld If such
_alignment were prcscnt, 1ncrea51ng the extent of energy transfer
by 1ncr0d91ng concentration would not result in furfhor dnpola ization,

. If the hypothesis”of'pigment‘orienta;ion at high concentrations
in sulfolipid is correct, conditions in this system are suitable to
exciton formation, 'From Table II.1, we see that the maximum pigment
separatioh,at which_excitons may exist in a chlorophyll a array is
appfox mately 20 A Ihu; exc1ton migration nay occur among pigment
mrTecules in a two-dxwensmcnul sul Qilpld matrix at thevsame concen=
 _ trations at which resldual polarization was ébsefved,. |

Wedo not predicf exéiton formation invpigment-containing
galaét 1ipid monolayers bégauSe‘chioréphyll ﬂ_molecules‘are'abparently
noriented in th1< llpld | | |

We next ngmlre our rcsu‘ts aL low chlororhvll a concentra-
ticens for evidence of inductive resqnance energy transfer. The polari-
zatidﬁldata Qf each system have been plotted as 1/P vs. C for low pig-
ment Coqccntratlonsg and the ncst era;p it line fit to the data obtained
by the method of 1east squares (Figure III,lG_a -~ d). Je note that the
'extrapolated values for maximum fluorescencé polarization of chlorophyll 2
Cin monnlaycrs (Flgure I17.16 and Table TII. 1) are well. helow ‘the value,
0.5, p§eiicted for parallel abSOrption and‘emission oscillatprs (equa-
tion I1.7) in this geometry. This phenoﬁenon may be due to non-parailel
oscillators or to finite viscésitiés of the 1ipLd menolayers} or both,

We have calcuqucd the expected value of the limiting polariza-
tion, P_, from equation I1,7, using o = 35° for the angle between

absorption and emission oscillators. This angle was chosen on the
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basis of polarization observations made on three-dimensional viscous
soiutions of pigment aﬁdvon Saver's calculations (vide infra), Ve ohtaiﬁ
Py = 0.36 j»0.0ngthé limits including the phase ambiguity in equation
I1.6 as well as uncertainties in « and 8, This value of Py is still
considerable higher than the extrapolated values, suggesting that the
monolayers under compression are not rigid systems, and that monolayer

- viscosities arc lower than bulk viscosities for glven materials,

We did not have the apparatué necessary for measuring surface
viscosity, so could’notvverify this suggestion experimentally. However,
a'conparisoh of available surface viscosities of fatty acids and alco-
hols (e.g., Boyd and Harkins, 193%) with their bulk viscosities indi-
cates that tﬁc'fofmer are at least an order of magnitude lower for
films at compressions which we uSed._ Although molecular movcment.is'
no doubt restricted in monolayers under pressure, it is unlikely that
it is prevented in thesc liquid-expanded films. The media of non-
infinite viscosities would lower the observed values of the limiting
polarization,

From {he slope and intercept of the 1/P vs, C curves, we have
calculated the»éritical distance RC(ZIQ for inductive resonance transfer,
using equations I11.22 and 17,20, To perfom these calculations, we

‘must also assign a value to the effective molecular diameter, 2a, and
calculate o from cquation 1.5,

First, in choosing the effective-wolecular—diameter,-we-consider .

the distance of closest approach of two pigment molecules in the {ilm,

1

Since the area per chloreophyll a molecule in the monolayers under
‘o n ja & r 3 Ta e Qz +ale = {\(\11/2 = {R e A
pressure is approximately 100 A%, we take 2a = (100) = 10 A, Thoe

~

smallest possihle separation is of the order of the thickness of a pig-

by



Table I11.1

CRITICAL DISTANCE POR ENERGY TRANSFER IN DILUTE CHLOROPHYLL g_M}NOLAYERS '

— S 4 T /.
Lipid Diluent S1ope(® I B VR VIS SR AL A

. Castor oil 5.4+ 0.57 x100 | 16,55 + 1,03 175+ 64 | 57+ 4R

3
[®x %
{+

© Oleyl alechol - | = 7,58+ 1.46 x 10° C2na9 w42l | s s 7R ] szam R

n'.:,"'vs;.;; v‘r . . R L ’

- - ‘ A
Monogalactolipid | 11,37 + 2.08

o
o0
o

co .
+

o]

N

| +

x 10° . C 9.3 r 2,20 0 L 2.5

o

o}
°
(8]
i+
~
. 0 .
~J
[+.=]
[ R4
o]

Sulfolipid 0.51 + 0,865 x 10° | 13907 +71.94 | 1

(a8) from Figure IIl1.15 ) B uationshffgzzland 11.20 (<) Equation.II.IS
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rent molecule, about 5 &, and the larpest molecular "diamcter” the
length of a side of the porphyrin ring, about 15 2. The resulting
50% unccr;alrty in 2a introduces an uncertainty of 33% in P This
error has been addou to those due to dev1atLons of the slope and inter-
cept of the 1/P vs, C curves9 in calculating the range of the exper-
imental critical distance, |

A1l poTar143*1on Teasurenents were carricd out on monole ycrs
maintained at constant surface prossurcs between 10,5 and,13 dvncs/
centiﬁeter. Fram Figure IIT.6 we sece that the area pcr cnlorop yll a
molecule in the lem varied less than 39 in these cxrcrmcms° Follovi-
iﬁé'Bellan&Q_gﬁgﬁl'(1963), we ‘find that for cnlorophyll E_monplayefs

in this pressure range, 3 - v/2 = 26.5°, -From equation II.5 we have
‘ el
‘8 = cos.” [sin 20° cos 26.5°] = 72 + 4°,

The‘resulté of tﬁe’célculétioné of the ériticalf istance For each
1ipid diluent aré'pfeéented in céIUmn 4rof:Table III.1. ¥e also list
in'coiumh S of {hg table the moiétularisepafatién, ﬁ",'at,the critical
concentrétion Cg cbtained from polarization data by Forote 's methed
{equation 11.18). |

we wish to'compare'fhése critical disfances with thét preéictod

_by.Tweet etial (lQﬁé).from.spectral data, As discussed in chapter II,

- we cxnect Forster's method of data evaluation to y1cla an upper limit,
and heber‘s approach (equation—I1T719)—a-lower-limity—for-the-critical

g

=]
separation. Indeed, the spparation computed by Tweet, ¢t al, 54 + 8 A,
falls hotween the distances calculated from the nolﬂr ation data. This

result is consistent with our hypothesis that inductive TCSONAnce energy
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transfer among the chiorophyll gimoleculés éauses the observed fluor-
escence depolarization at low pdgment conéentrations°

Forster's assumption of coﬁplete depolarizaticn after an average
of only one transfer of energy appears to be sufficient for the deécrip-
;ioﬁ of the pigment in caétor and oleyl aicéhol monolayers. It is,
however, a poor approximation for the chloroplast lipid systems. The
data suggest that in these latter monolayers; more than one intermolec-
ular energy transfér is required to depolarize fluorescence. This ré-
quirem@nt would be necessary if pigment orientations were not completely
random in the system; As more than one fransfér is not necessary for
depolarization in castor oil and oleyl alcohel films, a non-random
-chlorophyll g;arrangement is apparently not imposed by con Finement
of the molecules to en interface, but rather perhaps, by interaction
with the diluting 1i?ido

Compression characteristics of the inixed monolayers do not rule
out the occurrence of molecular interactions. .Spectral data might
give us an indicationlof tha,presence_éf suéh compléxes. Unable to
study pigment ~ lipid coﬁplexing by absorptiﬁn spectroscopy of the

monolayers, we have investigated this phenomenon briefly in solutions.
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IV. INTERACTIONS BETWEEN GHLOROPHYLL A

AND PLANT LIPIDS IN SOLUTION

The observed increasé in fluorescence yicld and pola:rization as
chlorophyll a con'centration was decreased in the mixed lipid mono-
layers suggests that these lipids disperse chlorophyll a aggrega_%:es
effectively., That the pigment and lipid molecules interact specifi-
cally cannot be determined from the data., Such interaction is indi-
cated, however, at least in the monogalactolipid-chlorophyll a model
system, where fluorescence polarization falls rapidly to zero, and
yields remain high at fairly high pigment concentrations., 'I“né ex-

periments described here were undertaken to investigate this proposed

interaction by studying the effect of the plant 1ipids on chlorophyll a

aggregates in solution.

Infrared and nuclear magnetic‘resonance studies by Katz et al
(1963) of deuterated chlorophyll a in c;arbon' tetrachloride estahlished
the fact that chlorophyll a'exists largely as a dimer in this soivent.
Anderson (1963) and ‘Axiderson and Calvin (1964}-, performing similar ex-
'peri'r{aents_, came to the same conclusion, and also documented changes in
the visible absorption spectrum as the concentration of chlorophyll a
wés varied, Sauer ¢t _a__1~ (1966) have made ra thorough speétral study of

pigment dimer formation in the same solvent. They determined the pure

monomer and dimer spectra from difference absorption spectrophotometry

of solutions of varying concentrations. From spectrophotometric
titration data for samples of known total pigment concentration, they
computed the monomer and dimer extinction coefficients and the dimeri-

zation constant,

L e e e e e e, FrR et i W o

s e e pp
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The thorophylilg dinmers may be broken u@ by addition of polar
solvents or lLewls bases to the carBon tetrachloride solutions (Katz
et al, 1963); Pyridiﬁe and ethanol are the most effective agents in-
vestigated so far, Water will also cgmp@%é ésva comﬁlexing agent with
dimerization (Kﬁ and Sauer, private commﬁnication). ‘ |
The optital‘rotatory dispersion (Sauer, 1965) and, most recently,
the circular dichroism (Drgtz et al, 1966) of chlorophyll a dimers
have been investigated,- A double Cotton effect in the region of the
red absorption bend of the dimer is characteristic of these spectra.
Polar solvents guch as.éthanol cause attenuation and diéaﬁpeafance of
this effect at‘sufficientlyxhighAconcentrations;' | |
_ We propose that the ﬁlant structural iiéids, mdnogaiactodiglyceride
and sulfoquinovodiglyceride, may Eehave as Leﬁis bases, interacting
épecifically with aggregatéd formé of ﬁhlorophyll a--thereby causing its
dispersion in,solufions or iﬁ‘ﬁonolayefs, If this doés happen, we
should 5e able to follow‘specfral;changes duc,to a shift in the monomer-
dimer equilibrium és we add lipid to a solﬁtibn éf the ﬁigmeht in carbon
tetrachloride, We observed this effect qualitatively in optical rota-
tory'dispersion spectra,vand quahtitatively by absorption difference
spectrophdtometry, the 1attérvtechhiqué préving more sensitive to
changes.induced by small amounts of lipid. |
The blént lipids do break up the pigment dimefs effectively., We
calculate the free energy of chloroPhyll'Eflipid complex formation .
relative to the free energy of dimerizafi§no 'Monogaiactolipid appears

to be as strong a complexing agent as ethanol,



A, Materials and Methods

We used thlorophyi 'a and pxaﬂt lipids from stock material pre-
pared as.described in Chapter,III,' A weighed amount of chlorophyll a
was evaporated to u*yﬂe=s on a rotary evzfoxafor and stored overnight
in thé dark in a nltrogen ‘box through which gas waS»circulating-slowly.
The nighent was-dissolvéd in carﬁon tetrachloride from a freshly
opened bottle, Baker and Adamson, reagent grade, which had heen
flushed with nitrogen.. This stock'chlorophyll a solution, 1,16 x 10'%&,
wAS si@?ed in the dark'in a well stoppered flask in a nltrﬂgen box,

svw le solutions of ‘pigment ahd monegalactolipid were prepared
by rcauspcnalng an‘allquot.of lipl“, vhlch had bheen evaporated to
dryness, in'é-measured amount of‘stock chlorophyll‘solution.4 The
sﬁlfoiipid, howévef;'wé5 not sufficiently scluble in the carbon tetra-
rbxor;de pigment sélution to permit usé of this procccure. Instead,
a stock solution of bulfollalu in carbon tetrachloride was prepared,
énd aliduotc of this added to a measured amount of the stbgk chloro-
,-phyllvi'solutlona This method proved satisfaétorys but wé éouldlnot
uSeias_lérqe excesses of 11p1d as were 1Ltairah1 t @ experiméﬁts
with tﬁe galagtolipid, |

amgic was rerorﬂed on a Cary 14

i

cach

Ul

The. visible spectrum o
spectrophotometer, using a 0.1 centimeter light path with a chloro-
phyll a solution of the same concentration as that in the sample in

the reference compartment. The 0.1 SllQO ‘ire was used when avSOrptlon

ey

di”ferenc&s wewe vcry small, Fresh solutions were prepared for the
reference compa rtment for cach samp1o ob<CTVPo kecause the solutions

‘ended to changa slowly with time in the.light heam,
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The oﬁtiéal rotatory dispersion (ORD) of similarly prepared
samples was récorded onsa Cary 60 épectrophotometer; .¥e.also re-
corded the ORD of pure 1ipid solution; to asceféain that the lipids
thchCIVCD were not optlcally actlve in the visible regioﬁ of inte-
rest. The.ORD curves of the mixed solutlons were éombared with those
of a solutlon of pure chloropuvll ain carbon’ tctrachlor1ue at the

same conccntratlon.

B, Results and Discussion ..

:1. Optical fotatory dispersion

;The«oﬁﬁ»bctween 620 .and 720 nin of solutions of lipids and of 1.6 x lO'ﬁﬁ
éthrophyll a with aﬁd withodt'én excess of lipi‘ is shown in Figure IV,1.
- The 1 ure 11p1”s an no optical act1v1ty whatever. in tHAa region of thé
spectrum, The cnaragtcrlstlc p051txvc Cotton ev fect exhibited by chloro-
phyll’ a 61mers was uccreased and chanwed somewhat in snape upon-addition
of an excess of llpld. This result lndiCﬂtCS-tth the 1lipids iﬁteruct
in some uudctcrvlncd manney wlth the cnloronhyll dimer. configuration,

”e dlu not pursub the SLLQy fnrther, 25 the analysis and inter=
retation of the complex ORD spectra was uncertain., AlSo,.it‘did not

lcnd it oelf directly to determination of equi li?rium constants for

complexing. - . : o —

2. ‘Absdrption difference
Unon addition of lipid to thé chloronhVIl a solutions, the optical
density ¢ ‘enAJ a maximum docrcase at 682 nn. The long Qaveleﬁgth
shouléér of the diner rcd aosorptlon band 15.15ca£ed Very neax this
- wavelength., This "nouldor is Jbsnnt from the moﬁoﬁer spectrum, $O a

3

decrease in aoooz>t10n at this wavelength is indicative of a decrease



ROTATION

OPTICAL

LIPID

! I

4+ MONOGALACTO-

| I |

620 840

860 - 680 700 720
A, M

MUB14018

!
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in dimer concentration, The concomittant increase in ahsorption at
663 nmm indicated that the concentration of monomer is inéreased at
the expense of dimer. The magnitude of tﬁe Changes depends on the
amomt of lipid added. Figure iv;z,_which is a reproduction of some
of the data obtained for mixed solutions of chlorophyll a and galacto-
lipid, illustrates these poxnts.

A plot of the relative change in optical density at 682 nm,
A/ ODygg » vs the relative concentration of lipid added is given in
Figure IV.3. Thevtheo&eticai curve is ébtained from an assumed eﬁuili-
bfium'consﬁant of complex formation of 8 x 10:5 1iters/molé. This con-
stant and the calculaued ontlcal ue151ty change curve were obtained
in the followxnc ‘manner.. . ; '

First we must determiﬁe the dimerizatien'constént’for the reference
solution. In the absence‘of'any lipids, the diﬁariiétibm constant for

the equilibrium

Ky
2M 2% D

is obtained from the three equations:

C

- . - v,," V- d : -
Mesz = enln * €aCd 3 G =G+ Cos Kg= == - (AVI-3)
o S : (G ™ '
where ¢, is the total chlorophyll a concentration in the solution,

T

and C4 are the concentration of monomer and dimer, respectively, and
€ and.ea are the corresponding extinction con'f1c1nnto at 682 nm,
Using the extinction coefficients of Sauer et al (1966), we find

4 1iterQ/mole, T“ls is mdrﬁ hlwhﬂr tban thv value

Kq = 4 4 1 1 x 10
thcy Teport, 1.0 + 0.4 x 10 1Lt9r5/molo, poscl}ly hecausc we stored

tne dry nlumcnt undcr strwamlnp dry nitrogen frs, This procoss may



present in the solution at one-h alf of its concentration i

have removed some complexing water molecules noymally present, and
thus enhanced dimer formation.
Next, we wish to determine the equilibrium constant for complex

formation between cnlorcphyll and lipid. We asswie that 4 one-to-one

omplex only is formed. Then

L + M i& L o«
ke
cand .
o Coo L ava
c . , : '
(C; - CIG,

where C and €y are the concentrations of complex and total lipid, res-
pectlvnly. Mow the optical density decreases at 682 o may be saturated,

1. c.; at suxf1c1ent1y nlvh llpld/chlorophy’l Tatios, furthc; increase in

the llpla concent tration w111 not cause any a’ iti qal cH11¢c in the ab-
sorption of the mlxeg solutlon, because all’ €1mcrs originally present
are broken up. At that point in the tltration where the optical density

change has reached one-half of its maximum-value, we assume dimer is

.

-t

1 the absence

‘of 1ipid., At these partluulur concen&Latlons

v

€y = 2% . @y
L ,A
o (C1 % 7
€ = = (1V.6)

NSRS
[ J—

The otal 11p1u co-cwngration at thl% point mgy He read fron Figure IV.3.

This v 1;e tooetqer wlth the concen**atxogo obtalneu Lrom Fauations
9 b 8

IV.5 and IV.6 may then be SUbSthULGﬂ into Fquatloq V.4, From our data,

e e e miis s e i s e e eeteasmm sermibe e



CHLOROPHYLL a + MONOGALACTOLIPID IN CClg
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Ao.D.

- 600 650 700

MU B 14018

Figure IV.2. Absorption difference spectra. Reference
"+ solution, 1.6 x 10-%M chlorophyll a in carbon
tetrachloride; samplc solution, same pigment con-
' centration with varying amounts of monogalacto-
- 1ipid. .

- a, Lipid/chlorophyll = 8.2
b. " 5.2
c. "o 3.1
d. " 2.0
¢. DBaseline
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- Figure 1IV.3. Change in optical density at 682 nm as a function

of the lipid/chlorophyll a ratio in solutions of
carbon tetrachloride. Ixperimental data for
monogalactolipid (o) and sulfolipid (4). Theo-
retical curve calculated for formation of a 1;:1
complex with cquilibrium constant K. = 8 x 10°
liters/mole.




approximating (AOD/OD)I/Z = -0,18, we find K.-= 8 + 2 x 103 liters/
mole, | | |

In the presence.of a 1lipid which forms only a one-to-one complex

with chlorophyll a

€ é; + élc"+ e ¢! o |
AR | mm o dd e -1 S - (IV.7)
o .ré%" ! &Cd
vhere
_ ? ? i .
Cc = Gpt gd *Co .; . (IV.8)

If we make thq anStltuthH as well as using ?quatibn'lv;Sg wé obtain
a quqdratlc equatxon in C as a functlon of . OD/Obvaﬁd constants which |
we can calculate, “The extlnctlon coeff1c1ent oF the complex is also
detennlnad Frow Equation IV 7, using the concentratlons and optical
‘densityvchange cglculated for'the hnlf~fitfation ﬁbint; Using our
values, wé cbmﬁuté‘ec = 2.3_: 0.7 X 104.1iters/ﬁole—centimeter. C;
obtaiﬁéé framlﬁquation iV.7 fof'anyvc 10sen Oﬂtlcal den ity change is
then used to calculate ;1 frow Equdtlon V.4, The smooth-curve in
Tigure IV}E is a ﬂLot of AOD/OD vs Cl/ within erfof, it is a very
good fitfﬁo the experimental data for the galaétolipid.l

Thé results bf thisyéaiéﬁlation sucgeét hat galactolipid inter-
acts with ChlGTophyll a. Jlmﬂrs in carbon te*raCHTo -ide by forming one-
to-one chlorophylldlipid complexes with,an equilibrium constant of
g+ 2 X 103 lit@is/mole. - The Sulfolipiilaléo appears to form one-to-
one cdmble;es.' We were~uﬁable to obtain data;at high enough lipid
coacnntratto > to determine the tqu*lanme constant for their for-
mation qu aat1tat1vo1y. However, res wults at Jower éulfnlipid.concen~
trations indicate that the _équilibriuﬁvcox sta r; is of the same order

~of magnitude,
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It is of interest to compare - the aurquuﬁ of the pigment-pigment
and the pigment-1lipid interactions. If we consider the free energies

of bond formation,

AF f -RT 1n Keq L (IV.9)

where R is the gas constant and T the temperature in degrees Kelvin,

we find

Fy = 6.3 +4O;4 Kcal/mole, and F_ = 5,3+ 0.3 Kcal/méie s

od . _ <

i.e., the forces giving rise to the chlox oahylt-galdc olipid complex

are approximately 88% as 'Sercuo as the interaction between plgment

-molecules., Ku and Sauer :r1vate communication) havé nected that

ethancl is a cqmplexing agent of similar strength, while the chloro-
hy 1 gi- water cémplex is cauéex by forces of about 6,“ the strength
of the pigment-pigment interactlon.

Wé conclude that galactolipid, and probaﬁly also 51)111?01;’4)31&,i
forms s trong complexes with chlorophyll a, and mlLl com )ctc more
effectively than water for the pigﬁent. Thus, in the presence of
cxcc“"lipid; galactolipid—chlorouhyll a complexes will be formed at.

wense of chlorvophyll @ aggr egation. This result is in agree-

ot
3
(6]
¢

ent with the pro osed LﬂLO”p“CtﬂtiOﬂ of the f{act that fluorescence
yiclds remein high at 1athn high cnloronzyll COHC“QtI&thHS in

galactolipid monolayers.
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V. BRIET INVESTIGATIONS OF BIOLOGICAL FﬂDEIS

The subjects of expefimental investiggtions discussed sb:far have
been model systemsvcompdsed'of purified biological ma aterials in an
abiological environment. The behavior of moré biclogical models should
aid in determining the significance of the results of these studies for
undcrstandinc the qurrovﬂdinvs of chlorophyll a in the cell,

We consider here two studies of complex fllms COW?OQLd of chloro-
phyll & and substances with which it is assoc1ated in the plant cell.,
| First, measurements were made on monolayers of lipid extracts to deter-
mine the space chﬁired.by this material, and thusipossible modes of
packing, in vive. We also cbserved fludrescence'poiarization of films
of cﬁlorovlast subunitsg which data may be compared with that prescnted
in Chapter II1 and with that for uhcle chlorovlasts reported in the
literature. |

Before these'experiments are discussed, a Brief survey of the
present.understandiﬁg of the nature of the plotosynuhctlc apparatus is
in order.

A, The Environment of Chlorophyll a in vive -

In higher plants, the photeosynthetic apparatus is contained wholly
iﬁ chloroplasts. As revealed by light and electron microscopy (P ark
966), these subcellular particles contain lamellae, organized into
stacks in some species, enbedaed in an aqueous stroma matrix. Close
pection shows that the lamellae consist of flattened membrane sacs
called thy?anoyds (Menke, 1960), ig} resolution electron microscopy

of chloroplasts (Weier, et al., 1965) and of membranc fragmcnts pre-

pared by sonication and copicus washing of lysed chloroplasts (Park



cence pola T1_3t1019 relative to dilute solutions of pigment; reported

« 00

and Pon, 1963) has demonstrated the ;quly O”piﬁx warc1cu1atc nature
of these lamellae. Park and Pon (1961) suggested that the 185 x 155 x

.....

0
100 A particles; or gquantascemes, ooserved in the membranes be equated

with the functional nhotosvnthetic unit,

- Chloroplast mcnbrune preparations have bcc1 anal vzed CﬂLﬂlC&lly,

and *curo to contain & 7rox1ratcl JO° hrotein and 50% lipid by weight.
P P ), g

'(LiChtenthaler and Park9'1963). The protein fraction COﬂtains cyto-

&>

chromnc bg and £, as well as a ’argp non-heme comporent (Biggins and

1963} It is apparently lar elv hydrophobic, as high COHCGHLTG“
tihns cf d"*cracn* are requxrpd to prevent its uvyrvnatlon in _aqueous_ 
soluticn (Bicgins, 1965, Criddle and Farn9 1964),

Chemical °ﬁ"Ly51s (11c1tnn?halpr and Park 1963), flzofesconce
ﬁscrosCOﬂy {Spencer and Wildman, 180623 Lintilhac and Park, 1966); and
absorption Spectroscépy,(Parkg 1965) have all served to locate chloro-
phyll 2 and accessoryfpigments in the lamellase. The Yisible absorption
spectrum of susﬁenSiéns of quantasom aggICgateS is very.q imilar to that

of whole chloroplasts (Sauer and Z’ar.\s 1964), The absorption maximum

in the yed region, where only the chlorophylls absorb, is shifted

several nenometers to longer wavelengths ) these spectra compared with

the maximum of chAoropn}ll y monomers in several organic solvents

1

(Seely and Jensen, 1965), This red shift,,as well as complex optical

rotatory dispersion spectra (Sauer, 1905) and a large double circular

‘dichroism component—(Dratz, et al., 1966)}_iSfiﬁdicatiV@uOffChl@?@?hYll“—~

chiorophyll inteyactions in vlJoo This p*O“”S fw<nt h@qregation is

P

1

further supported by low chlorophyil a fluorescence Vi 31d€ and fluores-

>

for biological matorials (Clayton, 18663 Goedheer, 1957),
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Low tempereture fluorescence spectroscopy (Goedheer, 1964:

Govindjee and Yang, 1966) of leaves and chloroplast fragments gives

evidence that chlorophyll a exists in more than one form in vivo.
Sauer (1965) and Sauver and Calvin (1962) observed flow and electric
dichroism of quantasome aggregates, A large dichroic ratio occurring

Coiy Pig

only at 695 my, on the 1ong wavelength side of chlorophyll a absorption,

led them to suggest that a smell percentage of the chlorophyll a mole-

‘cules in this material is aggregated in a hiphly oxdered array.

Butler,‘gggal. (1964) have detected a polariied conponent of fluores-

cence from algae chloreplasts using various wavelengths of exciting

1ight, and shown fhatvthis is due to a'portion of the bulk chlorophyll

in the éhldroplasgs which is oriented parallel to the lamellac, The
phenomenon is observed in cells lacklng the small complement of chloro-
phyll absbrbiﬁg at 705 nm‘and'believed by some workers to be the only
highly orienteé_pigmént in the system, -The experimental evidence sug-
gests, therefore, that ch¢oropbyll a may be pro ent in several degrees

of orientation and states.of aggre gaulon in the plant. The bulk of the

pigment molecules is probably in onc of three forms: a small, aggre-

gated, but poorly oriented, fraction; a larger, more weakly interacting,

fraction that i falrly woll oriented in 1Le lamellar planes; and a

: 1arrc, unwpproﬁatvd and wnoriented {rnct1on. The ontlcal studies

_1nd1catc fhut, at room Lemp0rature, some energy may be transferred among

-

these different forms, However, investig ti ons of r}O*OSYPtthlL effi-

ciencies as a function of the wavelength of the exciting light (e.g.,
Saver and Park, 1965; Kelly and Sauer, 1965) sugp "t that g physiologi-
cal distinction may exist within the pigment complement of«chloroplasts

which prevents energy exchange between two pigment systems,
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 Lamellar lipid composition has been reviewed recently (Benson,
1964),  Three surface active glycolipids, mono- and disalactodilinoie-
nate, and sulfoquinovodiglyccride, make up approximately 452 by weight

of the lipid fract_ion° 1f membrane f onts are specifically attacked

-

" hy gal: actolipase, the rcmalnlng hé rial is still particulate
{Bamberger and }e“V, ¢96V,.l Pxtraction of pigments and most other
| iipidslfrnm these p eparatloﬂq also 1eavva a particulate residue (Par::g
1965). This ev1oenc¢'suggests thét the lamellaé cbnsist of pigments
-,.iﬁnd lipids céatiﬁg'a ﬁrofei frame wor;\° The aﬁpﬁlpﬂll?C nature of the

- glycelipids (Renson, 1&6@; 0' Brien and %en%on 19643 this 1nvestiga-
éiur Chapter III}Jand ﬁhe_hydraﬁhobic'properties of the mcmhrane

v'protein'ﬁurther supﬁorﬁ the hypot hcseb that auloronlast la wolldc are
“: ﬁmf; corplex than the C1a551cal it membranes. o{ Robertson (1964).
vCalculatlong bascd.cn chlorbrhvll content ard lﬂmCllaT area of
féhiorop;asts showedAthat all the chlqrophyll molecules_cqulm flt in a-
v;monora¢ecul.r la/er in tib me;branc (Thomaél et algg 1956},'1Bire-“s
1_fringcnce‘mcasurbuﬁvtqs 1n%r1n51c birefringence b“iﬂg negligible |
(;“PﬂuCeT 1957)5 25 well aévthc diéhroism studies, indicate that the
pigments are present in 1 ayered Struc‘ures, in an 1mper§éét1y ordered
3rrénﬁenmut on a.macrosccpic level,

In summary, we find chiox op1"1 E.in the planﬁ associated with

. uﬁphlphlllc lipids and hyurnn%obnc proteins in rerbranous -structure

IF protein wnits Forw t%o core of the ﬁarﬁlCULa- 1V;e 1Le the
| Lty i % &

- .

<

ilorophyll will be cenfincd to lipid surface 1ay~rs ro more than a e
ffnw molecules=-possibly cnly one molecule--thick., The structure of
chlerophyl1 a suits the 1olecule to oriéntation at hYOLG“u001C“

‘hydrophilic interfaces (sce P«ruxe I.1), such as wa; ist on the

e et~ e o P 20 8+ e ST o1 et o e+ e n b
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surface of chlofbpléSt membranes.  One simple méﬁel for this possible
in vivo arrangement is the chlofophyll-containing 1ipid monclayer on an
aqueous subphése which we have used in this investigation. We now con-

sider more complex two-dimensional systems of chloroplast material,

B, Studies on Cuantasome Lipid Extract

Gorter and Grendel (1925,'1928; extracted lipids of red blood cell
ghosts and,determined‘thé area that a known amount of extract occupied
ﬁhen spread as a ﬁcnolayér, From fhis data, they were able to. propose
a medel of the lipid arrangement in the cell mcmbrane; This work‘and
the calculatiéns of Thomas et al, (1956) prompted us fo.carry out a
similar investigation of thellipid‘components of cﬁlofoplést_membrane
fragments. By spreading the iipid exfracted from a known weight of
quantasores on the modified Langmuir £ilm balance, the érea of a morio-
layef of thevlipid‘moiecﬁles at zero pressurc could be determined. A
| comparison of this value with the surface area and volume of the quanta-
somes extracted may indicate the arrengement of the 1ipid'molecu1es in
the lamellae, | |

1, Methods and materials

Quantésome aggrégates ﬁrepared,from leaves.of Spinacia oleracea
according to the method of.Pérk and Pon (1963) were lyéphilizcd and a
weighed amount of the lyophilized material extracted as follows:

| 50 microliters of pyridiné were added to the guantasomes, and
the mixture diluted with enough n-hexane to make the final suspension
}%‘in pyridine by volume.  The mixed suspension was spun in o clinical

centrifuge for 5 minutes and the supernatant decanted, The residue was

re-extracted by the same procedure five times,
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'TheAcombined extracts were evaporaﬁed under nitfdgen, and
both extract'and residue were dried overnight in a vaanm desiccator,
Weighings cf the ﬂzledkrcq1guo 1nd extract indicated that 30.1% of the
total w01cht of the material, equivalent to 58.3% of the total lipid,
had been extracted, These figures are based on. analyses showing 51,6%
of the membranc'weight o be‘iipid (Lichtenthaler and Pérkﬁ 1963).

| The extract was redissolved in n-hexane containiﬁg 1% pyri-
d;nc by voluwe o a final concentration by weight of 0,256 mg/ml. The
chlorophyll a concentration in the sample was determined by the methéd
of V Kinney (}940)o A known allouot of extract was evaporated and,
under ﬁltrorcn, resuspcnged in 80% acetone by volume. The absorption
spectrum of,thls solutlon was recardcd on a Cary 14 spectrophotometer.
The chlo*o“hyll a concentration in_the extract was calculated to be
27.6% by weight, Chlorophyllvg;constitutes enly 14.5% by weight of
the total chlgroplast membréne lipid, Fxtractlﬂn the 1ipid with the
spreadlﬂo solvent to av01d wknown losses of material upen changing
solvents made necessary our working with this extract of wmrepresenta-
tive composition,

2. Hesuits and discussion
Techniques described in Chapter 111 A4 were used to determine

the pressure-area behavior of four 200-microliter samples, cach con-

’

taining 6.0512 mg extract., A curve of average pressure vs, area

behavior, with area expressed at total film ares in square centimeters,

= 3

5 o . ~ . N : .
Tne zrea covered by tihe 02,0512 mp sampl2 at zero prossure 1s

-~ H

found by extrapolation of the plot to be 422 cm®, We assume that the
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40 ‘
 QUANTASOME EXTRACT
~ MONOLAYER |

3 STANDARD
DEVIATION

| | L
- 200 300 400
AREA, CMZ

MU B-14029

Figurc V.1. Pressurc - arca behavior of a monolaycr of quanta-
- some lipid extract, abscissa expressed as total
film arca per 0.0512 mg. material., Sce text for
discussion of extrapolated values.
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varca oécﬂpied byvtﬁe extract is'apprpximafely thc‘samé as that wﬁich_
would be‘ﬁéeded by a répresentative‘chloroplastllaméllérvliﬂid saﬁplé'ﬁ
of the same weight. If we consider the basic svbumt of Chloropl'lst
1ame11ée to he the QUantasome of MY 2 x 108 rharacrcrlged by Ddzk zndi

~ Pon (1561}, and latexr by Park and Blﬂplns (1964}, tho 0.0512 mg of

' 1¢p1d material representq 30.1% by nelght of 5.3 b 10*3 quantacowcs._;f
Then, w1th the above assumpt1ons the tOnal lipid of one ouantasomc should
occvpv an arca of 136,000 ﬁZ B -

If the quantasome is an e1110501g with axes 185 x 155 X 100 A

(Park and Biggins, 1964), 1t nas a surface. area of hpprox’raLoly 56 000 ﬁ
Al J.layer of lipid coatmg th1.> part:_clc would thus cover an area of
- 312,000 R whcn spread as a nonolayer, if the volccules were slmllarly
oriented in both cases. The 136 000 R.requlrﬂd by the no‘ccules on- the
Langruir trouoh suggests tnat the lipids in these.sumunlts.may not form.,{‘rif'¥(ff} 
‘.a umit bllaycr merbrane about the partlclcb w1th the bydrophlllc proups e
Hof the molecules oriented in the plane of the surface, The rcsults of
thisboxperiment ¢o not allow us to distinhuish amohg SGver 1 othvr pos-vfli{;a fj&f>j}
sibilities: 1) that a more blwh;y compresseo lipid bllayel is nresnnt | I
on the quaﬁtasome surface than in the monolayer; 2) that Lue llpld forns:r 2
~a non-uniform cdating onvthe particles partly thicker than a bilqyer,‘v';f ;71j1 .;55‘

3) that the lipid molecules are dispersed throughout the subunits; x

4) that the extracted lipid does not occupy the same surface area as

the same amount of total lipid extract weuld,

We disc rd possibility 3) on the basis of the differential .
extraction expcriments (Bamberger and Park, 1966) discussed in section A, . .-

po

In support of the first suggestlon, we note that if the extrapolation is .. - =
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made from the steepest straight segment of the pressure-area curve,

the area at zero pressure is 352 cm?, This correspends to a surface
area per quantasome of 115,000 KZ, which agrees closcly with the cal-

culated area of a surface double layer per subunit. As the last

.explanation is applicablé, according to the chlorophylllcontent9 and

the second carmot be ruled out, we regard this agreement as fortuitous.

These results do, however, lend support to the premise that lamellar

lipids and pigments are located on the surfaces of the chloroplast

membranes, in thin layers,

The fluorescence properties of these films were not studied

‘v_quantitativély@ Several accessory pigments, as well as chlorophyll a,

¢

absorbed the exciting light, and made interpretations in terms of

- chlorophyll-chlorophyll energy transfer impractical. The.fluorescence

vield was of the same order of magnitude as that expected from a chloro-

phyll a-lipid film of the same pigment concentration,

C. Cuantasome Supernatant Films

Lse

 Variocus workers have measured the polarization of fluorescence of
chloroplast fragments in dilute viscous solutions. Arnold and Meek
(1956) reported a degree of polarization of (.15 ~ 0.16, compared

with 0,24 for chlorophyll a in viscous solution, when chlorophyll-protein

extracts prepared by the method of Smith (1930) and suspended in water

were excited with polarized 600 - 630 nm light. This surprisingly hign
polarization implies that the fluorescing chlorophyll molecules remained

fixed during their excited state lifetime, and that either therc was

little energy transfer among them or they were highly ordered., This

cculd only be possible in agueous solution, if the pigment molecules
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were well separated in very large protein aggregates, or if the chloro-
phyllféhlorochyll interactions were so strong that the excited state
lifetime was shortened by more than an order of‘magnitude; In this
latter case, a large red shift of the abéorpticn spcctrum might be
expected, but it is not reported. - As the nature of the extract ié not
well wnderstood, we will not comment fufther on these cbservations,
Exciting an aqueous As plmlera suspension with polarized light at wave-
lengtns.below SQO,ng Coecdheer (1957) was unable to detect polarized |
fluorescence.’ If he used red 1i ght absorbed by chlorcphyII; he observed
a polarization of 0.525, o&L”r (prlvaLO communlcacion), reporthg
fluorescence polarization ratios, fbgnd py X 0.09 % 0,06 for suspen-
. sicns of'qﬁantasomes prepared by the g@ﬁhod of Park and Pon (1963) and
ilthuminated with 500 nm light, This LOTT”Sp nds roughly to the degree
of polarization observed from whole alpae samples.

 The fluoreséence polarization obsexved by Goedheer and by
Saver frém chloroplast fr gwents gpﬁears to be no larger than that detected

from whole c¢ells., We mould expect to find no greater polarization from

aggregates, unless we had succeeded in pre-

& i

a filn of small quantasome
varing lamellar fraprments containing only oriented chlorophyll, or pip-
& fich { 7 j) 4 &

rent molecules sufficiently separated that energy transfer among them

was impaired. The experiment described below gave no evidence that

a.

rregates_had.a unique.orienta-

chlbrophyllwg_in the small quantasome agg
tion. |
1. Materials and methods
Chloroplasts were prepared by the method of Park and Pon (1961).
from 225 grams of commercially grown spinach leaves, and washed once in

(el

dilute buffer. They were then TQSUSPVPQOa in 25 w1 qelonlved water and
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- sonicated approximately 100 seconds at 9 Xc. in a Raytheon sonicator.
- The sonicate was fractioned as shown 'in Figure V.2 to give samples Nos.

1, 2, and 3 for use in the experiment. Fluorescence polarization of

suspensions of these sémples was measured by the technique desétibed
for viscous chlorophyll a solutions in Chapter ITI,

By careful dropwise deposition of an aliquot of sample No, 3
on 10°3 M phosphate buffer, pli 7,6, we were able to form films of this
material, . Aliquots'of samples Nos. .1 and Z appeared to sink into the
subphase, probably due to their lTarger particle size. Pressure-area
ahd fluorescence polarizatién meaéurements on films of sample No. 3

material were carried ocut as deteiled in Chapter IIX, After fluores-

“cence intensities had been recorded, the cover of the instrument was

remeved, the surface swept clean, and a blank reading taken, In this

"way, any fluorescence due to dissolved material was detected, and data

could.be_coxrécted for it,

| Absofption époét:&'of'the”saxmles were recorded on a Cary 14
spectféphoﬁbmeter’equipped with a scattered transmission attachment,
‘The 1ipid and protein content of the material was determined by cxtrace
tion of a dried and weighed aliduot three times each with reagent grade
benzénéﬁ}then acetoné” and finally methanol., DPoth combined extracts
and residues were dired overnight in a vacuum dessicator hefore weighing,

2y Resulfs and discussion
The visible and near ultraviclet absorption spectrum of‘samp1e

No. 3, which is tihe supernatant from the quantasome precipitation

{Figure V.2) was very similar to that of the guantasome fraction in
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_sonicated
chloronlast

Lany s gy o v L
ITASTSINS

14,000 x g for 10 minutes .

L 3

ppt. discarded

|

supernatant

110,000 x g for
' 10 minutes

N s

Pt (large aggfegatcs) )
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the red region., However, the supernatant fraction had a higher optical
density in the blue énd,ultraviolet regioné where caroteng and quiﬁoné
absorvlstrongly,’indicating that this material was enriched in these
lipids. The analysis bore out this prediction, - The sarmple was approxi-
mately 70% 1lipid by weight, compared with 50% lipid in quantasome
aggrecates,. The extra lipid probably enhanced the film-fonning
capacity of this sample. o

The results of fluorescence polarization measurements on the

suspensions are listed in Table V.1.  We see that fluorescence of these

quantasome aggregate preparations is essentially unpolarized.

Table V.1

A. DUSPCNS1ONS

sample _ selvent o : P

1 . 10-2 M phosphate buffer, pH 7.25 A

2 . .‘ . .n. . h 1 ‘n n,(}

3 ' . 1 . "' ' . " " - . A0
2 1008 glycerol ~0.001 * 0.004

B. Films -

sample I - ,Erepér;étion " - r
2 . dried £film - ~0.601 * C.004
3 ' ' " monolayer < ¢ ' 0,008 * 0,006

The films formed by sample #3 were compressible, The pressure-
arca behavior was not very reproducible, varying as wuch as 25% (Figure

V.3). This was undoubtedly due to partial dissolution of material in
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Figure V.3, Compression behaviour of sarmle #3 as a function
arca occupicd by 0.2 willigrams of material., (o),
(a), and (e), threc differert films. -
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the subphaée upon spreading‘ Once a stable film was forhed, however,
1ess than 10% change in area eccurred in times longer tﬂmﬂ necessary
to perform polarlzatlon peasurements, The average fluoresc&ncc polariza=-
tion from films of sample #3 calculated according to cquation II1.2 was
oﬁao.s“ * Q‘.oo'e",' after corrections had been applied for the slight film

instability, This value is somewhat lower than those reported by

Coedheer (1957) and Sauer (private communication) for excitation of

chlcroblast fraqménts with red light. However, we illuminated the
fllms w1th A06 nm 11ght whlcb is as sfrongly absorbed by accessory
plqments as by chlorophyll 2 (Rabinowitch, 1951). The former transfer
energy eff1c1ently to chlorophyll a, .Thus the emission observed came
from chlorophyll molecules whose orientation thh respect to the pri-
marily excited molecules is not known, and which may be random. In

this situation, we would not expect, nor do we find, a degreec of

polarization as larpa as that observed when only chlorophyll a mole-

cuiles are excited,

We conclude that sonication of ruptured chloroplasts does not

break up the lamellae into subumits with similarly oriented chlore-

phyll a molecules, and that energy transfer among pisments in the

quantasome aggrcgateé obtained by this treétlent is essentially unim-
paired. Since each quantasome contains over 200 Cth*Oﬂdyll and a
complete complement of accessory piom ents, and also because fragments
cbtained by'ébnicatiOn contain at least several quantasomes, this
result is not,snrpriéingo Invesﬁigation of films of the special

chlorophyll-protein complexes reported in the literature (Boardman and

Anderson, 1864; Cederstrand and Covindjee, 1966 Ol<on 1906; Coedlicer,
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1966) might indicate assymmetries in these subunits, if thev exist.
t is of interest to de crmlne the covcadtratinn of cnlorophy 1'5

in the monmlay;rs of biological lipids at which the fluorescence -
‘pbla:izatioh is the same as that-observed for films of quantasome
mﬁtérial,' This latter value, 0;008 (Tablé V.1B), is reached by chloro-
fhyll glin_monogalactolibid ﬁonola?crs at a concentration of 0,09 mole
fractibn. The fluoresccnce pniar zation of the pigment in sﬁlfolipid
. films does not anpear to fall as low as 0, JOU. Now, the chloronnyll a

: concentr tion 1n vivo is cstlmqtvd as 0.06 to 0,2 mo1c fracthn
(Habindw1tch 1945). We see tnﬁﬁ tbc p1pmﬂnt concentratlon in the
galactolipid ronolavar, at whxch polarlzatlon equals that observea

frcm quantasome fllms, falls in this range. Tﬁls arrecmcnt may 1nd1—
cate that fluorescent chloropnyll a moleculeé in the cell are associated
with galactolipid, Likewise, we may suggest that this pigment component

is mot dispersed in sulfolipid.
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VI. GENERAL DISCUSSION AND CONCLUSIONS -

In order to determine tﬁe mechanism of energy transfer in model
membrane systems of chloréphylllg*and surface éctivevlipidsv we formue
lated the general problem of fluorescence depolarization as a function
of ehefgy transfer rate, _Thé mechaﬁi_sm9 and therefore the rate, of

energy transfer depend on the strength of intermolecular electrostatic

_interactions, The observed degree of polarization from a random ensemble

of molecules becomes a very complicated fimction of transfer rate when

back transfer is considéred. Lacking a solution to this general case,
we have investigated polarization.bebaviof under certain specified con-
ditions. |

In the chlorophyll a conéentration fange wﬁere we predict very
weak coupling, and thus transfer by iﬁ&uctivé resonance, polarization
data are consistent with our hypothesis. Because of this agreement,
we are able to suggest that enerpy is transferred among well dispersed
pigment molecules a{ a rate prportional to the square of the inter-
aétiqﬁ energy,.'Apparently eﬁergy migration is, in this case, a second
ofder perfurbation phenormenor,

. At high chlorophyll a concentrations in the model systems, the

mechanism of energy transfer appears to depend on the mutual orienta-

tions of the pigment molecules. - This orientation is determired, in
part, by the lipid matvix in which the chlorophyll is embedded. We
have proposed that pigment may be randomly dispersed and oriented in
monogalactolipid monolayers, and that inductive resonance may remain

the dominant mode of energy transfer at all chlorophyll a concentrations -
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in this lipid. However, an abrupt change in the decrease of fluores-
'r\

cence polarization with increasing pigment concentrations in the sulfo-

lipid films has led‘us to suggest that chlorophyll a molecules may be

L&

pdrtlally orlenth by thc sulfolleo. Such'an arrang01ent would facili-
tate the fonnatlonvof Tocalized cxc1tons the prcschﬂ of‘wﬁlcp soula
r65u1t in an energy transfer rate proportional to the interaction energy.
This flTSL order perturhatlcn phenowcpon would not decrease fluoresccnce
noldxszagioﬁ, because tne rolccules in the qutcm arc or;entea. Observed_.
- benavxor c01qc10cs thh this pICLlCtJOR. :
A)tern“lec cxplanutlons of cur data at high pigment concentrations
ére pos$1ble§ hO\OVCT ‘those. 3ased on the assumption‘of varying extents
of~ag, regation and dlr;erent fluoresccﬂt lzfctlmeq in thc different
lipid ﬂmtxlces are not consis tent with the observed unpolarlzcu fluores~
cence from the most aggxegatod,modela tbe pure‘éhIOTOphyll a monolayer.
ﬁadlkinetic sfudiés of fluoréscence polafization been ?oséible with our
au>aratuag these other proposals could have P*ecn investigated further.
In supﬁort of our original sugpestions,; we do know that the chlero-
piast structural lipids interact with chlorophyll a dimers in soluﬁion»
offectively causing dispersal of the‘éggregated pigment; Monogalacto-

dilinolenate appears to form a very strong one-to-one cowvlet with

chlorephyll a, the free energy of complex Lormatxon being greater than

80% of that for plamCﬁt dimerization. Plant sulfolinid also serves &s

a styong complexing 1nent for ch‘oropﬁyll a. The free energy of one-
to-cne complex formation appears te be of the same order of magnitude
as that for monogalactolipid- pigment complexes.

The extension of these results to biolegical material is somewhat

tenuous, because the liquid-gas interface environment of the model may



bé a poor appfbximation to chloroplast lamellar surface interfaces,
Also, the'présence of many Othcf.molecular species, some wifh\enérgy
1CVhlS close to uhose of cnlcxophyll a, may affect the CleTOphyll~
chlor0p1y11 and chlorophylil-lipid 1nteracglons s*ualcd here, If we
assume that thcso ciffcrcnces in ﬂooel "and biolcgical chloronhyl; a
cnvnron ents do not grﬁdtly afxcct pipment 1nteractions;-we may make
some predlctloas anout cnloropby1l in w:vo. |
The fluorescence propcrtles of ¢l lororhyll a 1n 91010v1ca1 material
0“est that absorbed Zighf énexgyvis transferred efficiently among
these mélecules. Calcuxatloxs‘ﬁased on energy'fransfér rates propor=

t1onal to the square of the strcn 7th nf the anolc interaction (Puyscnso

19523 Iakevam49 1962 Pearlstc1n, 1066) show that ths interaction

mechanism may adequately-aCCOunt for the'ooserved.properties of the

biological material. In aq idition, we have observed that the second order

perturbation phenomenon of inductive resonance is sufflcient‘to account

for the extent of chlorophyll a fluorescence depolarization observed in

- vivo, if the pigment molecules are rtandomly oriented. In fact, we would

not expect exciton migration, a rate process proportional to the inters

action energy, to occur in this arrangement. However, exciton migration

may occur in the orient eca clo ely spaced chlorophyll complement of the

photosynthetlc anpa*aLuss as suggested by the results of sulfolipid-

2FI434

pligment monolayer uXﬁcri“cntQ.

In light of the morpholoylcal and spectroscopic evidence, we pro-

pose that the cLspc rsed fraction of the 'bulk" chlordphyll a may be

. associated with‘galaCtollplu on lamellar surfaces in the chloroplast.

Further, if the photosynthetic enerpy trap is a worphologicsl entity
consisting at least in part of aggregated or oriented chlorephyll a,

this trap is probably not associated with or embedded in galactolipid.
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The féilure of fluorescence polarization to fall to zero at high ciloro-

phyll concentrations in sulfolipid could be interpreted as indicating s .
that the pigment molecules are partially.aggregated'or oriented in the
'presenéeAcf this_lipidvat én.iﬁterface, 'Tﬁe occurrence of sulfolipid
in conjunction with:cﬁlorcphyll appeafaﬁcefand disappearance (Shibuya
and Hase, 1965) and fluorescence polarization’changes {Coedheer and
Swmith, 1959) measured in greening experiments also suggests that this
1ipid may be involved in’pigment aggregétion in vivo,’ |

‘A nore sophisﬁicateé monolayer fluorometer, with provisioﬁ for

measurement of surface viscosity and pgtential as well as fludfescgnce
polarization Spectrég,would,allow a search for evidence of such -specific
.wolecular arrangeﬁents in films, Abr&ﬁt changes in the depéndgnge of
‘surface viscosity or surface potehtial on pigmentjconcentration would
indicate phase changes'occurring iﬁ the film, which may be caused by
stoichiometric complex formation. Changes in the state of chiorophyll

aggregation wouid'be fefléctcd‘in spectral cﬁanges. Information gained
frém these experiments would clarify the molecular descriptioﬁ of the
‘models, We could then be more prociéé in comparing_the behavior of the
models with that of the photosyntheﬁic-apparatusc

In this investigation, we have dealt with the simplest possibie
two-dimensional, two-component model of the chloroplast lamella, An

obvious extension of this problem to a more biological level would be o

the inclysion of accessory pigments and other lipids in the monolayers.

However, interpretation of spectroscopic studies wou'd then be feasible
“only iF menochromators were built into the apparatus, When the properties

of chloroplast lameliar protein become well understond, making it a
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is simplified in two dimensions.
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tractable chemical substance, the properties of models containing this

material should he studied. We do not yet have any direct evidencé

~that lamellar lipids and pigments will form a surface lsyer on chloro-

plast proteins. Anomalous behavior of monolayers containing all three
cormponents would provide this information. Finally, variations in the
jonic strength and compesition of the subphase may induce changes in

ronolayer propertiés which could be related to biological merbrane

activity, In future, we hope. that studies such as these will be com-

plemented by those involving liquid-liquid interface and bilayer tech-

. Finally, we note that a2 monolayer fluorometer capable of measuring

polarization smectra may be a useful analytical tool for studying inter-

aactions in any system--e.g.; energy transfer among dye moieties bound

N

to large surface active rolecules--where the description of the model
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