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Abstract

A theoretical analysis is made on the relation between light-induced
thylakoid shrinkage, slow light-induced absorbancy changes about
520 nm, and light-induced scattering changes observed at 90°, which
occur in isolated chloroplasts. A simple model of the thylakoids stacks
(grana) is assumed and by a mathematical formalism a correlation of
these effects is shown. The light minus dark difference spectrum is
shown to peak around 520 nm, a fact that confirms earlier sugges-
tions that this difference band is due to the combined effects of the
selective dispersion and optical-conformational changes in the grana.

Introduction

When light passes through chloroplasts it is subject to both scattering and
absorption. Isolated chloroplasts exhibit reversible light-induced
structural changes which may be monitored by electron microscopy,
absorbance changes, or 90° light scattering changes [1-6]. Electron micro-
scopy has demonstrated a shrinkage of the thylakoid grana structure upon
actinic illumination [4].
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Difference spectra (light minus dark) for both absorption and 90°
scattering show a peak in the region of 520 nm which cannot be attributed
directly to a specific photopigment of the chloroplast. In a recent paper [7]
in which both the slow component of the light-induced absorbancy change
and the light-induced 90° scattering change were measured and shown to
peak in the region of 518 nm, a correlation between the two effects was
shown, and it was suggested that the slow absorbancy change was due to
the scattering change. It was further concluded that they were both
manifestations of the same phenomenon, that of selective dispersion due
to light-induced proton uptake with accompanying conformational
changes in the chloroplast thylakoid membranes. The peak in the region of
520 nm was suggested to be due to the selective dispersion of the
cartenoids but no mathematical appreciation was given.

Changes in light scattering and absorption caused by changes in particle
size of biological systems received some theoretical attention earlier [8].
However, selective difference spectra were not discussed, and the origin of
the 520 nm peaks remained obscure. To our knowledge, no theoretical
investigation has been made to account for this 520 nm band, yet it is
important since it is directly linked to the establishment of the high energy
state of the energy-transducing photosynthetic mechanism of the
chloroplast.

In the present work we give an appreciation of this light-induced pheno-
menon in terms of optical-conformational changes in the stacked
thylakoids (grana) of the chloroplasts. On the basis of a simplified model
structure we calculate the effective refractive index of the grana. This is a
function of the incident wavelength of the light and the assumed geo-
metrical parameters of the grana stacks. The light-induced hydrogen ion
(H*) uptake by the chloroplast grana is accompanied by an efflux of Mg
ions and water which leads to a shrinking or flattening of the thylakoid
layers. We assumed that the grana formations of the chloroplasts were
sufficiently large to apply the corrected van de Hulst equation [9] to
calculate the extinction cross sections in both light and dark conditions.
This theoretical approach shows that the model system of grana gives a
maximum of the light minus dark difference spectrum in the region of
520 nm. The precise wavelength at which the maximum can occur is model
dependent, but lies close to 520 nm for a fairly broad range of parameters.

In the process of the calculation, for simplicity, we have taken account of
only two photopigments, chlorophyll a (438, 676) and collectively the
carotenoids (500) where the absorbance peaks are given in nanometers. It
is known that chlorophyli b is not essential to generate the 520 nm band
since a barley mutant without this chlorophyll also gives similar light-
induced effects with the same peak [10].
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Model and Results

Significant progress has been achieved recently in the study of the structure
of chloroplast membranes (thylakoids) and a fluid mosaic membrane
model seems plausible [11, 12]. On the basis of this and on recent informa-
tion concerning chlorophyll-protein complexes, their dimensions, and
possible structure [13, 14], we visualize the grana cross sections as shown in
Fig. 1. The circles represent the chlorophyll-protein complexes, the sizes
of which vary from 80 A to 160 A, apparently depending on the type of the
complex. These are embedded in the lipid bilayer membrane with possible
partial external surface protein layer attached to the intrinsic complexes.
These external proteins are not shown in Fig. 1. The fluid cytoplasm is
located in the regions between the membranes, and these layers contract
upon illumination. The refractive index of cytoplasm may rise slightly
due to a loss of water. The effective refractive index of the whole structure
changes then for two reasons: (a) a decrease in the volume fraction of
cytoplasm in the whole granum and (b) an increase in the refractive index
of cytoplasm layers. Changes in scattering and absorbancy of light follow
the alterations in the refractive index.

It is well known that multilayered structures are optically anisotropic
[15]. This is the reason why we need, in fact, two refractive indices to
describe optical properties of grana. Denote by m* the refractive index for
light polarized perpendicularly to the membranes and by mll the refractive
index for light polarized parallel to them. Since the grana absorb light
both the refractive indices are complex functions of the wavelength. Letnt
and nl' be the real parts of m'and m/ respectively, and —k* and —&!l denote
their imaginary parts. In other words, we may express mland m*as follows:
mll = nll — izl and m! = nt — ik, We mention here that in the present case

lipid

b I‘c cytoplasm

lipid

cytoplasm

Figure 1. The schematic cross section of grana. The circles represent protein—chlorophyll
complexes: a is their radius, 4 the center-to-center separation. The protein—chlorophyll
complexes together with their lipid surround effectively represent a slab of thickness 2a. The
intervening cytoplasmic layers have thickness I, and the sandwiched membrane—cytoplasm
structure repeats itself many times.
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the difference between m' and mlis small, thus Figs. 2 and 8 refer to m* only;
analogical plots for mwould be verysimilar.

Figure 2 shows the real part of the refractive index of grana—nt(X),where
Ais the wavelength for light polarized perpendicularly to the membranes.
The curve exhibits fluctuations in the values of ntaround the wavelengths
of peak absorptions. This phenomenon is known as selective, or
anomalous, dispersion [15, 16]. The calculations leading to Fig. 2 were
based on equations derived in the following section. The geometrical para-
meters used in these are detailed in the caption to Fig. 1. We assumed that
chlorophyll a is located solely in the spheres and that the carotenoids were
confined to their lipid surround. According to published data [13], the
protein-to-chlorophyll ratio in the spheres was taken as 13:7; and the
carotenoids comprised 4.5% of the remaining lipid mass, i.e., excluding
chlorophyll. The absorption bands were centered around 438 nm and
676 nm for chlorophyll a, and 495-500 nm for the carotenoids in vivo.

For the light-induced state the only change made was to reduce the
thickness of the cytoplasm layers from 30A to 15A. The membrane
thickness was left unchanged and the volume of a granum stack decreased
by 18.6%. In Fig. 8 we plot the light minus dark difference in the refractive
index n' as a function of wavelength. It is seen from this figure that the
increase is not uniform, but fluctuates around the absorption wavelengths
in the same manner as does the refractive index (Fig. 2).

For absorbancy calculations a granum structure was assumed to be
equivalent to a spherical particle of the mean refractive index
m'=(2mL+m")/3.The particle was immersed in a medium of the refractive
index n,=1.34, which corresponds to a 0.33 M solution of sorbitol as used
in measurements on chloroplasts. Extinction cross sections, which are pro-
portional to measured absorbancies, were calculated for particles having
radii of 250, 400, and 500 nm. The extinction cross section is defined as the
ratio of the energy of light scattered and absorbed by the particle to the
incident energy per unit area [15]. The equivalent spheres were subject to
light-induced shrinkage in the same proportion as the grana, i.e., 18.6% in
volume. The differences (light minus dark) between the cross sections as
functions of wavelength are plotted in Fig. 4. The positions of the maxima
depend on the sizes and vary from around 510 nm for the smallest particle
to 518 nm for the largest. Thé curves also show minima around 490 nm.

This explanation of the 520 nm difference band should be treated as a
qualitative one. Nevertheless, since we are able to demonstrate this by the
application of selective dispersion to a granum model which includes a
light-induced shrinkage effect it would seem that the intuitive model is an
appfoach to reality. For simplicity we have assumed that light-induced
shrinkage involves only the compression of the intervening cytoplasmic
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Figure 4. The light minus dark extinction cross sections of spherical particles consisting of
grana thylakoids. In the dark the radii of the particles are 250 nm (curve 1), 400 nm (curve 2),
and 500 nm (curve 3).

layers; however, in practice the lipid membrane also appears to undergo a
light-induced reduction in thickness. This latter change serves only,
however, to enhance the nature of the selective dispersion demonstrated,
with the maximum optical effects still occurring in the region of 520 nm.

We conclude then that the light-induced shrinkage of the grana struc-
tures is indeed responsible for both the slow light-induced absorbancy
and 90° light scattering changes which peak in the region of 520 nm. This
peak region is determined by the selective dispersion effect associated with
the absorbancy bands of the carotenoids and chlorophylls.

Mathematical Details

Several characteristics of light-absorbing materials can be described in
terms of the linear damped harmonic oscillator model of the dielectric
permittivities [15). If the material has N absorption frequencies
w, 1=1,2,..., N, then its dieletric permittivity can be expressed by an
equation

N ¢
e(w)=1+ N
() 12:1 1 — (wfwy)? — inw/w}

(1)

where the frequency w is related to the wavelength A through the relation
w = 2mc/\, v, are “damping factors” related to the half-widths of the
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absorption peaks, and ¢, are the absorption strength constants of these.
The coefficients C; can be calculated when the dielectric permittvity is
known for frequencies between the absorption bands [17]. In the present
case we consider two pigments: chlorophyll and §-carotene. Denote the
dielectric permittivities of pure materials by €y for chlorophyll a and €cay
tor B-carotene. According to Eq. (1), we can write

Cl CZ

+
11— wl —imwlwl 1—wwi— iy, w/w

Em=1+ +C3 (2)

o
€car = 17+ ) 24 7 +GCs (3)
1 — W /ws — iyswfws

Here, w;and w,correspond to the absorption wavelengths of chlorophyll
a: 676 and 438 nm, respectively, and w; corresponds to the wavelength of
500 nm taken as the peak absorption for §-carotene in vivo [18]. .For the
sake of simplicity we considered only one peak of §-carotene, that which is
related to the 520 nm difference band. The constants ¢; and C; account for
contributions from the ultraviolet parts of the spectra; unfortunately, these
are not well known, so we make the assumption that these parts of the
absorption spectra contribute as much as the visible ones to the dielectric
permittivities. For frequencies in the microwave region, when
w <€ Wy, Wy, w3, thevalues of gy and €.y should notdiffer much from the
dielectric permittivities of other lipids which may be taken as 2.2. Hence
from Egs. (2) and (3) we obtain, in the low frequency limit,

14+C +Cy+C32 1+Cy +C5 = 2.2 (4)

For simplicity we assume that the extinction coefficients of the 676 and
438 nm absorption peaks are of the same order, and so C,=C,; then,
keeping in mind the ultraviolet contributions to the permittivities, we
obtain

C1=C,=03 (5a)
C3 = 0.6 (5b)
Cs=Cs=0.6 (Be)

The constants y,, y,, and y; are estimated from the half-widths of the
absorption peaks; in the calculations the values used are
Y1=y,=0.14x 10" sec™!, y,=0.12 x 105 sec’".

In the protein—chlorophyll complexes and in the lipid bilayer
surrounding them the pigments form only fractions of the total mass. We
use the following simple interpolation formulas to express the dielectric
constants of the protein—chlorophyll spheres e, and their lipid—carotene
surround, €,,:
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6s=1+vp(€p_1)+(1_vp) (€cu—1) (6)
€m=1+vl(el_1)+(1"vl) (€car— 1) (7)

where €pand ¢; are the permittivities of nonabsorbing protein and lipid in
the visible region, respectively. In the calculations we use the values
vp = 0.65 and v; = 0.95, which are simply the corresponding mass fractions
of proteins in the spheres and nonabsorbing lipids in the bilayer [13].

The dielectric constant of each cytoplasmic layer between membranes
changes as the thickness of each layer decreases, since some water is
expelled with an increase in the proportion of suspended protein particles.
To account for these changes we use the Lorentz~Lorenz formula [15],
which relates the dielectric permittivity of a medium to the polarizability of
its molecules. For protein particles suspended in aqueous sucrose of
permittivity €, the composite dielectric constant €, can be found from the
equation

€ — €y _ € —€w (8)

€ +2¢€,, € * 26,

where f is the volume fraction of the protein particles in the cytoplasmic
layer. It is difficult to estimate this volume fraction, so we fit the value of it
which yields €,=(1.85)?=1.82 in the dark adapted state, given €,=1.77 and
€=2.4 [19]. When grana are illuminated by light, shrinkage occurs and the
volume fraction, f, and € both rise. A decrease of thickness by 50%, as we
assume in the model calculations, brings about the doubling of the volume
fraction and the increase in €. to 1.90 (refractive index n,=1.38).

Finally, we proceed to calculate the dielectric permittivity ot whole
grana. We apply formulae derived in relation to a birefringence problem
in vision research by Ninham and Sammut [19]. From these formulas we
can calculate the dielectric constant of the structure shown in Fig. 1; given
the permittivities of the components: ¢ for the spheres, €, for their lipid
surround, and €, for the composite cytoplasmic layers. First, the dielectric
properties of a plane of spheres of radius a, center-to-center separation 0,
are equivalent to those of an anisotropic dielectric slab of thickness 2a and
permittivities

©)

Apys —9.0338(a/b)?
€$1=Em 3 2,12
Apps —9.03388(a/b)> +2ma’/b

(10)

6" <Ams +4.5169(a/b)® — 27ra2/b2>
= €
Pl Em Apps +4.5169(a/b)>

in the directions perpendicular and parallel to the plane, respectively. The
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quantity 4,,,¢ is defined by

2€,, + &

A =
ms e e

(11)

Second, the medium consisting of stacks of these slabs, separated by inter-
vening cytoplasmic layers of dielectric permittivity € and thickness  (see
Fig. 1), has the permittivities [15, 19]

&=(Q+2@<§-+§%> (12)
3 P!

I L€, + 2ae‘ll,1 (13)
lo+2a

Note that Egs. (12) and (18) are valid even when the thickness of the layers

varies, provided the overall structure is periodic and the spatial period is

small compared with the wavelength of light. In such a case, 1, should be

replaced by the mean over the period.

Now, the refractlve indices of grana for light polarized parallel to the
membranes, m!,and for light polarized perpendicularly to them, m?, are
readily obtained from Eqs. (12) and (13) by applying the familiar Maxwell’s
relations:

(mly? = ¢ (14a)
(m')? = e (14b)

Equations (14a) and (14b) conclude the calculation of the refractive indices
of grana. Both mland m'are complex since the permittivities €, and € are.
The light-induced changes in grana structures are reflected in changes in
the values of m! and m'since (a) the thickness J, is decreased [cf. Eqs. (12)
and (13)] and (b) the value of & is changed with the increase in the fraction
of protein particles suspended in the cytoplasm [Eq. (8)].

In order to calculate the light-induced absorbancy changes we identify a
granum structure of chloroplasts w1th an equivalent spherical particle of
radius R and mean refractive index m'= (m!+ 2m')/3.The particle is assumed
to be in a medium of the refractive index n,=1.34. Denote by m the relative
refractive index of the particle: m=m'/n,. Denote also the real part of m by
n and the imaginary part by —, so that m=n—ik. We apply the van de
Hulst equation of anomalous diffraction {9, 20] to calculate the extinction
efficiency of the particle, Qext:
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Qext = 2— 4 exp(—p tan B) ( %) sin(o —f)

cos B)?
—4 exp(—p tan f) [( pSZB) J cos(p —2B) (15)

2
+4 (cos %) cos 23

where p=47R(n—1)/A and tan B=k/(n—1). The extinction ethiciency is
defined as the energy of light scattered and absorbed by the particle to the
incident energy geometrically intercepted by the particle; the extinction
Cross section, Cexy,is related to Qeyy by the formula

Cext = i Qext (16)

Equation (15) applies only to particles larger than the wavelength of light.
However, there are empirical corrections derived by Deirmendjian
[21, 20], which bring the values of Qgx;to within +4% of the exact ones cal-
culated from Mie’s theory. The corrected value of the extinction efficiency

B Qe = (1+ D) Qext (17)

where Qext is given by Eq. (15) and the factors D; are specified for four
ranges of p provided that 1<n<1.50 and 0<k<0.25:

Dy =0.61(n—1)? F(ﬁi” _ 55((:—_11))1;6[; (18)

for p<5(n—1)<4.08/(1+3 tan );
Dy = 0.123(n — 1) E@T.}ﬂﬁ (19)

for B(n—1)<p<4.08/(1+3 tan f);
Dy =05(n—1) _LB*1 (20)

n(l+3 tan f3)
for 4.08/(1+3 tan §) < p < 4.08/(1 +tan f8);

- F)+1 21
Dy =2.04(n - 1) oF B (21)
for p>4.08/(1+ tan f). In these equations F(B) is defined by
F({B)=(1+tanf) (1 +3 tan f) (22)

The calculations which serve to plot Fig. 4 are performed for three
particles having radii of 250, 400, and 500 nm. Upon illumination they are
taken to shrink to 216, 345.6, and 432 nm, rcspectively. Their refractive
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index, m, changes in the way described earlier. The absorbancy changes are
proportional to the changes in the extinction cross sections, since the
absorbancy, E, is related to Cextby the equation (8]

E = 0.434LNCeyy (23)

where E=log,,(1/transmission), L is the vessel thickness, and N is the con-
centration of particles.

To conclude this section it seems worthwhile to discuss to what degree
the measured scattering and absorbancy changes are due to the grana
formations. Apart from the grana, light is also scattered and absorbed at
stroma membranes and chloroplast envelopes. However, as the measure-
ments of Krause [22] show, for chloroplast suspensions in which grana are
artificially unstacked the absorbancy and scattering are significantly lower
compared with intact chloroplasts. Thus the absorbancy and scattering
changes must be due predominantly to the changes within the grana. This
also supports the view that the development of grana is necessary to
achieve increased absorbancy of light by chloroplasts.
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