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Abstract

The spatial organization in photosystems containing chloroplast membranes is such that some of the relevant
distances are of the order of the wavelength of the absorbed light. Consequently, interference between
incident and reflected light may occur. This paper calculates the heterogeneity to be expected in the resultant
light intensity. The pattern is determined by the wavelength-dependent phase shift of light during scattering.
We show that in stroma-membranes this heterogencity may well be responsible for paradoxical polarities of
the photovoltaic effect in which flash illumination of a chloroplast suspension generates a macroscopic electric
potential opposite to that expected from shading. The grana-stack dimensions are calculated to lead to the
classical picture of shading, consistent with a “normal” photovoltaic effect. We demonstrate that the
simultaneous presence of stroma- and grana-membranes may explain the observed wavelength dependence of

the polarity of the photovoltaic effect.

Keywords: Chloroplasts; Heterogeneity; Membranes; Photovoltaic effect

1. Introduction

The light reactions of the photosynthesis in
green plants take place in a complicated mem-
brane structure within the chloroplasts [1,2].
About 1000, interconnected, disk-shaped com-
partments with a diameter of about 500 nm con-
stitute the thylakoids. In some regions thylakoid
membranes are stacked forming the so-called
grana-stacks. (Unstacked thylakoid regions con-
stitute the stroma-thylakoid or stroma-mem-

brane.) The physiological role of the difference
between grana and the stroma-thylakoid is not
known although their relative contents of the two
photosystems and H*-ATPase differ [3]. Because
of the presence of the various membranes, at the
distances of the order of the wavelength of the
exciting light, a complex pattern of diffraction
and interference is to be expected in this system.
We here address the question of the resulting
distribution of light intensity. Light intensity dis-
tribution in the thylakoid structure is related to
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the polarity of macroscopic photovoltaic effects
of a chloroplast suspension and to the free energy
transduction efficiency of the chloropiast.

The very first step of the photosynthetic en-
ergy transformation is a charge separation in the
photosynthetic reaction center. This microscopic
charge transfer can be detected macroscopically
as a transient voltage (the photovoltage) between
two electrodes immersed into a chloroplast sus-
pension that is subjected to a light flash [4-6].
The existence of the macroscopic signal depends
on the uneven distribution of the light in the
thylakoid system. (If the light intensity was the
same at the two sides of each vesicle, the voltages
generated by the opposite sides would cancel
each other.) It is well established, that during the
charge separation an electron moves from the
inside to the outside of the thylakoid vesicle. If
the side of a thylakoid vesicle that is closest to
the light source is subject to a higher light inten-
sity than the side farther away from that light
source, the illuminated vesicle should generate an
electric potential positive at the side farthest away
from the light source. Since the same holds for all
vesicles in the suspension, the electrode the far-
ther from the light source should become posi-
tive. In the following we refer to this polarity as
positive. This polarity was found in the early
experiments with white light pulses coming from
a flash lamp [4-6), as well as in an experiment
with laser excitation [7]. In line with this, so-called,
“light gradient theory” the signal vanished at
saturating light intensity, i.c. when a minor differ-
ence between light intensities does not lead to a
difference in charge transfer rates.

However, the polarity of the macroscopic pho-
tovoltage was negative in many other experiments
and the origin of the different polarities was
debated [8-10]. As we showed in the accompany-
ing article, the polarity is determined solely by
the wavelength of the exciting light [11]. Roughly
speaking, polarity is positive at the blue and red
absorption bands of chlorophyll, negative be-
tween them and negative at wavelengths above
700 nm. There is also a wavelength region where
the photovoltage exhibits two polarities differing
kinetically. Neither the photovoltage of negative
polarity, nor the wavelength dependence of the
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polarity can be accounted for by the original
explanation.

To explain this wavelength dependence a mod-
ified version of the light-gradient theory was pro-
posed by Meszéna and DeVault [10]. According
to these authors, wavelength-dependence of the
light-distribution is responsible for the wave-
length-dependent polarity. Since the geomettical
dimensions of the thylakoid vesicle system are in
or below the range of the wavelength of the
absorbed light, it is insufficient to reason in the
terms of geometrical optics and suppose that the
one side of the vesicle simply shades the other
one. Within the lamella system the light should
be subject to optical interference [10],

In this paper we deveiop the modified light-
gradient theory in quantitative terms and show
that it explains at least qualitatively the reported
wavclength dependence of the photovoltaic cf-
fect. We calculate the light-intensity distribution
in the stroma-thylakoid as well as in the grana,
and compare our results to the photovoltage data.

2. Results

2.1 Theoretical background

The fact that the photovoltage signal is posi-
tive within chlorophyll and carotenoid absorption
bands and negative outside them suggests that
the complex polarizability (e.g. the absorbance
and the refractive index) of the pigments has a
crucial role in determining the interference pat-
tern. In other words, the wavelength-dependent
phase of the scattered light (relative to the inci-
dent light) determines the interference pattern in
the thylakoid system.

In classical electrodynamics interaction of light
and matter is described in the following way [12].
The electric field of the light forces the molecular
charge distribution to oscillate. The resulting os-
cillating dipoles reemit light in all directions. In
the inhomogeneous case of particles in a medium,
emitted light is observed as scattered light from a
distance much larger than the size of the scatter-
ing piece of material. Inside a continuous medium
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both absorption and refraction are the conse-
quences of the interference between the incident
and the emitted light. In that context the emitted
light is usually not referred to as scattered. To
avoid any confusion we will use the term “re-
emitted light” to refer to the waves that are
responsible for scattering as well as refraction
and absorption. Inside an inhomogeneous struc-
ture the outcome of this interference is more
complicated. To interpret the interference pat-
tern as a combined effect of scattering, refraction
and absorption, is not necessary and straightfor-
ward.

Since we are interested in the light distribution
pattern in the direction of the incident light, we
restrict this paper to the one-dimensional case.
Accordingly, we approximate the thylakoids as a
set of infinite sheets. This allows us to use an
elegant way to describe the interaction of electro-
magnetic waves and matter developed by Feyn-
man and Orear [13] rather than employing the
complicated formulas of scattering theory. In this
method a sheet rather than a molecule is re-
garded as a unit of description: the sheet has an
oscillating and, consequently radiating dipole-mo-
ment density. The bonus is that we shall not have
to calculate the wave radiated by the sheet as a
superposition of the waves emitted by the individ-
ual atoms in it.

By way of illustration, the reemitted light wave
is calculated in Appendix A for the case of a
single absorption line. Our ultimate calculations
are based on the empirical absorption spectrum
and the Kramers-Kronig relation {12]. The con-
nection between the reemission coefficient of a
single sheet and the absorbance and refractive
index of a continuous medium is presented in
Appendix B.

2.2. Light intensity in front of and behind a single
sheet of absorbing matter

We begin by calculating the light intensity in
front of and behind a single sheet. We suppose,
that the incoming light waves travel perpendicu-
larly to the plain of the sheet. The sheet is
perpendicular to the z axis, located at z=0 and
thin compared to the wavelength of the light (fig.
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Fig. 1. Interaction of light and a single sheet.

1). The incident light propagates in the positive z
direction. In complex notation the electric field
component of the incoming light reads:

Eill = EO eisz, (1)

where time dependence exp[—iQ2mc/A)] is
omitted and k, stands for the wave number in
the solution,

. 2mn, )
w A ( )

(A is the wavelength in vacuum, n,, denotes the
refractive index of the aqueous medium.)

This field forces the molecular dipoles to oscil-
late. The oscillating dipoles (distributed evenly
over the sheet) radiate light of the same ampli-
tude and phase in either direction,

Ereem = 5 eikWIZIEO’ (3)
where
§=5,+i8,=r i (4)

is referred to as reemission coefficient. r is the
relative amplitude and ¢ is the phase delay of the
reemitted light relative to the incident light.

8, =r cos ¢,
8,=r sin ¢ (5

are the real and the imaginary parts, respectively,
of the reemission coefficient. For a biological
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membrane r < 1. (A single sheet of membrane is
almost transparent.)

In Appendix A, 8, and 8, are calculated for
the case of a single absorption line. At the ab-
sorption maximum § is negative real, i.c. ¢ = 180°
corresponds to pure absorption. Away from the
maximal absorption 8, becomes small and the
reemitted light becomes out of phase with the
incident light. The sign of §, is opposite at the
two sides of the absorption band. It is positive
(¢ = 90°) for frequencies smaller, while negative
(¢ = 270°) for frequencies larger than the reso-
nance frequency.

The resultant field is

E = Ey(eitv® + § eikwizl), (6)

Behind the sheet, i.e. for z> 0, the incident
and the reemitted waves propagate in the same
direction,

E(z>0) = Ey(1+8) eikv?, (7)

Consequently, behind the sheet the light will have
a phase and amplitude slightly different from the
incident ones. Absorbance is a consequence of
the destructive interference between the incom-
ing and the reemitted light. The amplitude of the
light behind the sheet is | E|= (1 + §,) E,. 8, must
be negative (otherwise the sheet would amplify,
rather than attenuate the light, which would re-
quire a source of free energy). Its absolute value
equals half the absorbance by the sheet. The
refractive index comes from the phase shift of the
light caused by interference between the incom-
ing light and the out-of-phase component of the
reemitted light. Consequently, it is related to 6.
(According to eq. (B.8), n>1 for frequencies
below the absorption maximum of the medium,
because &,>0 in that case.) The out-of-phase
reemission is also responsible for light scattering
outside the absorption bands.

In front of the sheet (z <0) the incident and
the reemitted waves propagate in opposite direc-
tions and give rise to a standing wave interfer-
ence pattern:

E(z<0)=E[e v+ § e ikw7]
=E [1+r e_i(“"'"“’(‘/")_m]. (8)
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For the amplitude of the wave at the two sides
of the sheet, we find:

|E|=Ey(1+rcos ¢), forz>0,
|E| =Ey{1 +r cos[4mn,(z/A) — ]},
for z <0. 9

(r <1 was used.) Note, that the amplitude is the
same for z=+0 and z= —0: it is the same
immediately in front of and behind the sheet.
This conclusion is definitely different from the
common sense expectation of sharp intensity
change across a thin, but optically dense sheet. In
wave optics, everything has to be smooth at scales
smaller than the wavelength. This phenomenon
has an important consequence for the photovolt-
age problem: it makes the concept of “shadow”
in the original version of the light-gradient theory
unreliable.

The full line in fig. 2a illustrates the implica-
tions of eq. (9) for light of the wavelength of the
absorption maximum. Behind the sheet the inten-
sity is reduced, but in front of the sheet an
interference pattern arises averaging around the
intensity of the incident light. Figs. 2b and 2¢
show that far away from the maximum absorption
wavelength, the interference pattern in front of
the sheet is retained, but shifted relative to that
of fig. 2a.

2.3. Calculation of the reemission coefficient, &

To calculate the light distribution as a function
of the wavelength we have to know §,(A) and
8,(A). —4, is simply half the absorbance, hence it
is known. But 8, is very difficult to measure. (It
could be calculated from the refractive index of
the thylakoid, but no homogeneous sample of the
latter is available to measure that refractive in-
dex.) Fortunately the real (8,) and imaginary (3,)
part of 8 depend on each other through the
Kramers—Kronig relations [14,15],

1 = 8)(0) |
d(w) = ;37‘ o —w de’,
1w 8y()
52((0) = - ;9 _wm dow . (10)
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where & denotes the principal value of the inte-
gral and w = 2wc /A the angular frequency. These
relations (known also as the Tickmarsh theorem
[16]) are valid for any linear response. (The only
requirement is causality: the response must not
come before the input.) The proof of the rela-
tions can be found in various places in different
contexts (for instance [12,17]), [16] being the most
general one. Using the symmetry properties

31( —w) = 81((")7
8y(—w) = —8,(w) (11)

and rewriting in terms of wavelength rather than
frequency, one obtains the relation
2A fn —68,(X)

dn’, (12)

8, tends to be positive at the long-wavelength
side, and negative at the shart-wavelength side of
an absorption line, similarly to the behavior found
in Appendix A for a single absorption line.

We are interested in 8, in the visible range,
but, according to eq. (12), it gets contributions
from absorption bands at other wavelengths. We
split the imaginary reemission coefficient accord-
ingly,

8,(A) =83 +83%(M), (13)

where 8Y® is the contribution of the visible ab-
sorption lines of the pigments in the membrane,
while 87 is the consequence of the absorption
lines outside of the visible region.

The dashed line in fig. 3 shows 83° (together
with the absorption) as calculated by restricting
the integration in eq. (12) to the visible range
A €[350 nm, 700 nm]. The absorption curve has

Fig. 2. The amplitude (E) of the resultant electromagnetic
wave in front of and behind an infinite thin sheet as a
function of the distances (z) from the sheet. (a) ¢=—
(within the absorption band). (b) ¢ =— 7 /2 (@ <wp). (©)
¢ =1 /2 (0 > wy). (Dotted line: the amplitude of the incident
light propagating from the left to the right. In the horizontal
axis the unit is the wavelength in the aqueous medium. The
sheet is located at z =0. r = 0.15). Amplitude (E) is shown
relative to that (Ey) of the incident light. Calculated from
eq. (9).
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two distinct peaks. Both of them have a contribu-
tion to 8y similar to 8, calculated for a single
absorption line in Appendix A. 8}* gets a posi-
tive contribution on the long-wavelength side of
an absorption peak and a negative one on the
other side. Consequently, it has two positive peaks
shifted to longer wavelengths comparing to the
absorption peaks and it is negative at the blue
end of the spectrum. Between the two absorption
maxima it gets opposite contributions from the
two absorption peaks, so it is small, but happens
to remain positive.
According to eq. (B.8)

8= (n- Dk,a, (14)

where n is the refractive index of the pigment-free
membrane relative to the surrounding medium
and a is the membrane thickness. We suppose,
that n is approximately wavelength independent
in the visible region. (This is true, if the relevant
absorption lines are not very close to the visible
region.)

2.4, Light distribution in the stroma-thylakoids
The stroma-thylakoid consists of pairs of adja-

cent membrane sheets (fig. 4). The question is
which of the two sheets receives more light than

400 450 500 550 600 650 700 750
wavelength (nmy)

Fig. 3. The reemission coefficients as a function of the wave-

length. Continues line: |3;| (absorption, experimental) and

dashed line: the visual contribution to the reemission coeffi-

cient 87, as calculated from eq. (12) restricting the integra-
tion to the visible wavelength range 350-750 nm.
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Fig. 4. Stroma-membrane geometry.

the other when they are illuminated perpendicu-
larly.

Above, the interaction of light with a single
infinite sheet was discussed. One can calculate
the light amplitude at either sheet as a superposi-
tion of the original incident light and the light
re-emitted by the other sheet. Because of the
weakness of the interaction (# < 1) one may use
the amplitude of the original incident light to
“calculate the light re-emitted by the second sheet
rather than taking into account that the first
sheet also modifies the light amplitude at the
second sheet. (We neglect the possibility that a
photon can be scattered more than once before
its final absorption.)

According to eq. (9) (with z > 0), the ampli-
tude of light at the sheet in the “shadow” of the
other one, is

|E,| =Eo(1+rcos ¢) =Ey(1-|8,|) (15)

as a consequence of presence of the other sheet.
That |E,|<E, (eq. (15)), reflects the shading
effect of the classical light-gradient theory [4,5).
The sheet nearer to the light source experiences
an amplitude (from eq. (9), z= —d)

|E;| =Eg[1+r cos(¢ + 4mn,d/\N)]
=Eo[1—|8,| cos(4mn,d/A)

-8, sin(4mn,d/A)], (16)
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where d is the distance between the two sheets.
(eq. (5) was used.) The first term (E,) may be
ascribed to unperturbed incident light. The two
other terms are due to light back scattered from
the second sheet, both the in-phase and the out-
of-phase reemission having a respective contribu-
tion.

The relative light intensity difference (light
gradient) between the sheets is

Ar\ | -|Ef
(_)m' IEl
=2{|8,|[1 — cos(4mwn,d/})]
-8, sin(4mn,d/A)}, 17

I

where I, is the incident intensity. (r <1 was
used.) The first term (which is proportional to the
light absorption) has two components: the former
(“1”) comes from the shading while the latter is
due to the interference between the incident and
the back-scattered light. In total, the first term is
always positive: absorption (in-phase reemission)
leads to a “normal” light gradient. But this light
intensity difference is smaller than predicted by
the shading alone. The second term is a pure
interference term. It is positive at the short wave-
length side of a single absorption line (where §,
is negative), but negative at the long wavelength
side. Consequently, the out-of-phase reemission
leads to an “inverse” light gradient at the long-
wavelength side of an absorption peak.
For

d<) (18)

(which is realistic for the chloroplasts) we can use
a Taylor expansion of eq. (17):

AT 8 5d 16m2n2(-6 qy 19
_io_"“"_“nw ZX+ Trnw(_ 1)(;) ()

The light intensity difference between the
sheets becomes zero at zero distance. (This phe-
nomenon is related to the fact mentioned at eq.
(9), i.e. that the light intensity is the same imme-
diately in front of and behind a single sheet.)

Our second observation concerning eq. (19) is,
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that the leading (linear in d/A) term comes from
8, rather than from the absorption, i.e. from
interference at the front sheet between the inci-
dent light and the light out-of-phase-reflected
from the back sheet. For d < A this term is more
important than the absorption at the front sheet.
At the long-wavelength side of an absorption
band &, >0, making the leading term negative.
(The reflection invokes a ¢ = 90° phase delay. At
the front sheet the phase difference becomes
larger than 90°, so the interference becomes de-
structive, because of the path length difference
between the two light waves.)

Our conclusion is, that in the case of §,> 0,
which obtains at wavelengths exceeding an ab-
sorption maximum, the front sheet of the
stroma-thylakoid receives less light than the back
sheet. This situation leads to an inverse polarity
of the photovoltaic effect compared to what would
be expected from the original version of the light
gradient theory.

2.5. Light distribution in the grana-stacks

We will approximate the grana-stack as a sin-
gle homogenous sheet with thickness D rather
than handle all of the membrane sheets sepa-
rately (fig 5). This is possible because the distance
between its thylakoid lamellae is much smaller
than the wavelength. A short calculation estab-
lishing this approximation in more quantitative

membrane
e
‘ -
L reflected light Iod
incomming \
light -
L. -
Ll 4
D 0

Fig. 5. Grana geometry.
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terms is presented in Appendix C. The light
intensity pattern is determined by absorption as
well as by the reflections at the front and back
sutfaces of the grana-stack.

According to Appendix B, the (average) com-
plex refractive index of the grana-stack (relative
to the aqueous medium):

16
n=1-i—,

- (20)

w

where [ is the number of membrane sheets per
unit distance perpendicular to the sheets. The
complex wave number of the light in the grana-
stack:

k,=nk,. (21)
The real part of k, (k,) is the wave number in
the usual sense, while its imaginary part (k,) is
half the absorbance [12). The reflection coeffi-
cient a (in terms of the amplitudes rather than
the intensities) at the surfaces, if the light derives
from the grana region [12] equals
n—1

= . 22
* n+1 (22)

According to Appendix D, the interference
pattern is the following:
eikgz +a e—iksz ‘ .
E= T——(XWEO = (e'kﬂz +ae k) E,,
(23)

(z =0 at the back surface of the grana as shown
in fig. 5. E, is measured here.) Only the numera-
tor depends on the position. It corresponds to a
standing wave interference between the incident
light and the light reflected from the back sur-
face. The denominator (constant in space) is a
consequence of the reflections back and forth, (It
depends on the ratio of the grana thickness to the
wavelength. The situation corresponds to a
Fabry-Perrot interferometer.) If | | is small (as in
the present case), and only one reflection is im-
portant, the denominator is equal to 1. We will
use this approximation.

Using the approximation n —1 <1, eq. (20)
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gives, for the real and the imaginary parts of the
reflection coefficients, respectively:

15,
1184
az— 2kw ‘ (24)

Eg. (23) leads to the following expression for the
light intensity:

2
ﬁ)_ = L@ ze—llSﬂz + la|2 el|5]|z

Iy Ey

+ ki[ézcos(Zklz) +8,Isin(2k,z))

)
=1-18,]z+ e [8,c08(2k,2)

+18,|sin(2k,2)], (25)

where I is the attenuated incident intensity at
the back surface and I(x) is the intensity at the
position x. |e| <1 was used once more, and the
absorption term was linearized.

With respect to the photovoltage experiments
we are interested in the sum of the light intensity
differences across the individual thylakoid disks
in the grana-stack,

Al= 21(12:‘-1_125)-
(1, stands for the light intensity at the kth sheet.
Sheets are indexed from the surface facing the
light. Af is positive, if it leads to a positive
photovoltage signal.) We calculate this sum using
the light intensity values at the membrane sheets
derived above from the continuous model of the
grana. The light intensity changes approximately
linearly with distances much smaller than the
wavelength, so

(26)

din
Ly L= 2_(121'_121'+1)’ (27)

bet
where d;, and d,., are the distance of the two
sheets in one thylakoid vesicle and the distance
between two adjacent vesicles, respectively. So
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the light intensity difference we are interested in,
is proportional to the light intensity difference
between the front and the back surface,

"
Al= Z (Lo — 1)

i=1

n n
(i =)+ X (L= L)
i=1 i=1

Y
2n-1
L1,
= i§1 ( ! ) =Il—‘[2n
Y Y
I{-D)—-1I(0
= (__)_()., (28)
Y
where
y=1+—. (29)
bbet
Combining egs. (25) and (28) one obtains:
(Al
T = (21\81|D ~(I/k)
0 /grana
X (8,[1 — cos(2k,D)]
+[8,sin2k, DYy (30)

d;, = dy, and, consequently, y = 2 will be used in
the following.

The first term corresponds to the simple ab-
sorption phenomena, while the other two terms
have a wave-optics origin. Obviously, the first
term dominates the formula for large D. In other
words, grana follows geometrical optics, if the
thickness is not small compared to the wave-
length.

2.6. Prediction of the polarity of the macroscopic
photovoltage

Far below the saturating light intensity the
photovoltage is proportional to both the light
intensity difference and the absorption at the
given wavelength;

AU~|5,|AL (31)
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To make the grana- and stroma-membrane pre-
dictions comparable we use a value relative to the
area A of the membrane involved in the genera-
tion of the signal. In the stroma-thylakoids two
layers are involved, while in the grana the num-
ber of layers is ID. Consequently, the relative
photovoltage for the stroma-thylakoid and the
grana can be written as

AU, |8,|A1

stroma troma
Aétmma 2 ,
AUgrana - |81|Algrana (32)
A /)

grana

Note, that [ drops from AU,.,n,/Aroma bECaUSE
eq. (30) is proportional to /.

We have two geometrical parameters to esti-
mate: d, the distance between the stroma-mem-
brane sheets, and D, the grana thickness. The
thickness of the thylakoid membrane is 7 nm [1].
In the EM pictures (see for instance ref. [2]) the
innet space of the stroma-thylakoid has the same
thickness as the membrane itself. This suggests
the distance between the central planes of the
membrane sheets to be 14 nm. (We cannot be
sure whether the fixation procedure necessary to
take the EM picture affects this distance.) The
grana thickness varies. The value D =200 nm is
chosen as representative according to the EM
pictures [2].

There is a third parameter to estimate: the
relative strength of the two origins of the reemis-
sion constants. (Remember that 6, and 83° are
related to the absorption lines in the visible re-
gion, while 8 is related to the absorption lines
outside this region. Obviously, multiplying all of
the & by a constant factor does not modify the
light distribution pattern.)

According to ref. [1], there are around 10°
pigment molecules for each thylakoid disk, with
500 nm in diameter. This amounts to 2 X 101
pigment molecules/cm? surface density, and
|6,|=10"3 around 650 nm. Choosing n—1=
0.01 (that is, supposing, that the refractive index
of the thylakoid membrane differs only slightly
from the aqueous medium) leads to a similar
value for 83 (eq. (14)).
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Fig. 6. Predicted action spectra of the photovoltaic signal.

Dotted line: stroma-thylakoid; dashed line: grana; continuous

line: a linear combination of the two with weight 0.25 and

0.75, respectively.

Fig. 6 shows the expected action spectrum for
the stroma-thylakoid as well as the grana for the
parameter values mentioned above. As a general
rule, the expected signal from the stroma-
thylakoid is negative, while the expected signal in
the grana is positive. In the region of short wave-
lengths the stroma signal becomes positive, too.
The grana curve follows the absorption. Com-
pared to the positive grana peaks the two nega-
tive peaks of the stroma signal are shifted to the
direction of the longer wavelengths. (This is a
consequence of the behavior of the imaginary
part of the reemission coefficient near to an
absorption band, as mentioned before.)

The linear combination of the expected grana
and the expected stroma photovoltaic effects is
similar to the experimental results as summarized
in fig. 3 of ref. [11]. See section 3 for a detailed
comparison.

3. Discussion

In this paper we have calculated the implica-
tions of optical interference for the macroscopic
voltage generated by a suspension of chloroplasts.
The results explain the hitherto ununderstood
features of the experimental data, i.e. inverse
polarity and wavelength dependence.

Perhaps a simpler way to explain the wave-
length dependence of the photovoltaic effect
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would have been to consider the changing ratio
between the wavelength and the geometrical dis-
tances in the system. But the complicated form of
the wavelength dependence makes this possibility
unlikely. The observed relationship between the
photovoltage action spectrum and the absorption
spectrum [11] suggests the relevance of the phase
of the reemitted light, while the kinetic difference
between the positive and the negative experimen-
tal signals suggests different structural origins for
the two types of signal. The present paper
demonstrates, that these two factors together can
explain the basic properties of the effect.

It is worthwhile to note, that the circular
dichroism spectrum of thylakoids also has a wave-
length dependence seemingly connected to the
real and imaginary part of the reemission [20,21].

Fig. 6 shows that the grana signal is expected
to be positive, while the stroma signal is expected
to be negative except at the blue end of the
spectrum. Comparing this result to the fact [11],
that the positive signals have a slow decay compo-
nent, while the negative ones do not, we conclude
that only the grana signals have this slow compo-
nent. Decay of the signal is usually attributed to
ion relaxation around the thylakoid system. A
possible explanation of the difference in relax-
ation times may be the restricted mobility of the
ions between the appressed membrane regions in
the grana stack.

For photovoltaic experiments the two most
frequently used light sources have been the fre-
quency-doubled Nd-YAG laser and the ruby
laser with wavelengths 530 and 694 nm, respec-
tively. (See for instance the investigations in refs.
[9,10,18,19].) At these wavelengths the grana sig-
nal is expected (cf. fig. 6) to be negligible, and
only the fast, negative stroma signal should con-
tribute. This conclusion is in accordance with the
observed polarity [9]. (Investigations with these
two types of laser led to the controversial conclu-
sion, that the laser generated signals are different
from the ones generated by flash lamps [9]. But
different experiments with different types of lasers
[7,11] have since excluded this proposition.)

It was an important observation by Trissl et al.
[18,19], that under stacking conditions only the
PSI contributes to the photovoltage, while both of
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the photocenters do so under destacking condi-
tions. These workers explained this observation
by the delocalization of the excitation energy
within PSII units in the grana stack. (“Excitonic
short circuit”.) Taking into account, that these
observations [18,19] were made using a Nd-YAG
laser, the present paper offers an alternative ex-
planation: At the wavelength used, only the
stroma-thylakoid generates photovoltage. PSII
particles are present in the stroma-membranes
only at destacking conditions [3].

The grana signal follows the absorption curve,
because the leading term in eq. (30) comes from
the absorption. It has two wide maxima around
420 and 660 nm (fig. 6, dashed line). This predic-
tion agrees with the observations of slowly decay-
ing positive signals at this wavelength region
[7,8,11].

There are kinetic differences between the two
peaks [11}: the signal generated by a 660 nm flash
does not have a fast decay component, while the
signal at 420 nm does. These differences can be
explained by considering our results as presented
in fig. 6 and the fact, that both stroma and
grana-thylakoid are present in the experiments.
Above we concluded, that whereas the photovolt-
age generated by the stroma-membranes decays
quickly, more or less as a single component, the
photovoltage generated by the grana decays by
both a quick and a slow component. In a macro-
scopic mixture we should thus expect photo-
voltaic signals with a slow decay component to
follow the action spectrum predicted for the grana
stacks (i.e. the dashed line in fig. 6). Photovoltaic
signals with rapid decay should follow some wave-
length-independent linear combination between
the stroma (dotted line in fig. 6) and the grana
(dashed line in fig. 6) action spectra. The full line
in fig. 6 is one possible linear combination (with
relative weights 0.25 and 0.75 for the grana and
for the stroma-thylakoid). More specifically, at
420 nm one should expect a strong slow and a
strong rapid component, i.€. a positive signal with
biphasic decay. At 660 nm, where the full line in
fig. 6 is nearly zero, one should expect a slow
positive component, with very little fast compo-
nent.

There is a wide wavelength region around 600

K]

nm in which the predicted grana signal (that is
the slow component) is positive, while the sum
(predicting the fast component) is negative. In
that region our theory predicts a signal with an
alternating sign: a fast negative peak is followed
by a slow negative one. These predictions fully
agree with the measurements [8,11].

The relative weights underlying the full line in
fig. 6, are arbitrary. The ratio between the mem-
brane types is variable and even depends on the
light adaptation. So we cannot expect that any
experiment with different species and /or differ-
ent experimental conditions reproduces the lack
of the fast component close to the red absorption
maximum. The important point is, that we can
interpret even the kinetic difference between the
two positive signals generated by different wave-
fengths by taking into account the behavior of
85"

In the calculations we did not take into ac-
count the minor difference between the action
spectra of the two photocenters. It might be
important at the red end of the visible spectrum,
where the PSII stops to work at 680 nm, while
PSI is active until 700 nm. This difference can
contribute to the sharp polarity change at the red
end of the visible spectrum, because the PSI
located in the stroma-membrane generates nega-
tive signal.

A limitation of the work reported here is that
it is restricted to membrane structure aligned
perpendicularly to the light path. There are two
observations on photovoltage signal from chloro-
plasts oriented parallel to the light path, both of
them reporting slow positive signals [23,7]. Origi-
nally, it was argued, that these results exclude the
light gradient explanation [23], but later they were
explained within this framework [7). We approxi-
mated the grana structure by a continuous
medium. In this approximation it is quite obvious,
that a similar signal should be generated in either
orientation.

We approximated the stroma membranes by
infinitely thin parallel sheets. This approximation
could be questioned on the basis, that the dis-
tance between the membrane sheets is similar to
the membrane thickness. An alternative approach
would be to consider the reflections on both of
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the surfaces of every membrane sheet. (Such a
kind of calculation was carried out in ref. [24].)
However, interference between the two reflec-
tions gives the same wave as calculated here
using the reemission coefficient, if the membrane
thickness is much smaller than the wavelength,
With this condition, the real membrane is equiva-
lent to an infinitely thin sheet having the same
reemission coefficient and located at the media-
tor plane of the membrane. The validity of this
approach is independent of the distance between
the membranes.

An important shortcoming of our theory might
be that in reality the pigments are not distributed
continuously in the thylakoid membrane but lo-
cated in pigment—protein complexes in a well-de-
fined order. The characteristic scale is in the
same order of magnitude as the distance between
the sheets: nanometers. Moreover, the distribu-
tion of the complexes in two adjacent membranes
are not independent from each other. (For in-
stance, interactions between the light harvesting
complexes play an important role in membrane
stacking [25].) There are no simple ways to deal
with these spatial inhomogeneities.

Pigments do not interact with the light inde-
pendently. (See ref. [26] for the general theory.)
The interactions between the pigments within a
single membrane sheet are not a problem, be-
cause the only consequence of such a kind of
interaction is a change in the absorption spec-
trum of the sheet and we used the empirical
spectrum. (The Kramers—Kronig relations remain
unchanged.) The situation is different for the
interaction between the pigments of two different
membrane sheets. Such an interaction leads to a
spectrum depending on the inter-membrane dis-
tance. The fact, that no geometry dependence of
the spectrum is known, suggests that neglecting
this interaction is a justified approximation. (Fol-
lowing ref. [26] there is a way to take into account
the interaction of homogeneous sheets, but, be-
cause of the above-mentioned lack of homogene-
ity, we considered the implementation irrelevant
for the present study.)

We made a distinction between two sources
contributing to the reemission coefficient. 8, and
83 come from the visible absorption peaks of the
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pigments and can be calculated from the visible
absorption spectrum, while 83 comes from the
absorption peaks outside the visible range and
can be calculated from the refractive index of the
pigment-free membrane. The ratio between these
two components is a crucial parameter of the
present theory. We supposed, that both of them
have a contribution in the same order of magni-
tude.

Unfortunately, the refractive index of a mem-
brane is hard to measure directly. An estimation
based on the refractive index value of oil droplets
from natural sources gives a value between 1.45
and 1.52 for the refractive index of a biological
membrane [24]. It corresponds to a refractive
index around 1.1 relative to that of pure water.
Using this value for n rather than the 1.01 we did
use, 83 should dominate 8}* by an order of
magnitude, leading to a prediction of an almost
wavelength-independent negative stroma signal.
That prediction contradicts the experimental facts
quite strongly, as positive signals are observed
most definitely. We interpret this discrepancy as
a result of oversimplification: a thylakoid mem-
brane is far from an oil droplet. In fact, thylakoid
membrane contains virtually equal amounts of
lipid and proteins, as well as a considerable
amount of water. Moreover, the water between
and around the membranes is full of proteins. A
0.4 M sucrose concentration alone increases the
refractive index of the aqueous medium from
1.333 to 1. 352 [27]. Consequently, the difference
in refractive index between the thylakoid mem-
branes and the medium between them may in-
deed be as small as only a few percent,

There are a few other problems making the
ratio between the two components uncertain;

— There is an uncertainty in the estimation of
the pigment content.

— The problem of inhomogeneity affects the
two components differently, because one of the
components is connected to the pigments, while
the other one comes from all of the molecules.

— It is not clear, whether refractive index mea-
surements on isotropic samples are relevant for
the bimolecular liquid-crystal structure of a mem-
brane or the partially ordered water structure
between the membranes.



G. Meszéna, H.V. Westerhoff / Biophys. Chem. 48 (1994) 321-336

We conclude, that the qualitative features of
the wavelength-dependent photovoltaic effects
observed in chloroplast suspensions can be ex-
plained by our theory. Understanding of the phe-
nomena in all its quantitative aspects however,
requires more experimental as well as theoretical
investigations.

The optical interference effects reported here
may have functional implications. It remains to
be seen if perhaps the thylakoid structure in
chloroplasts is optimal with respect to the light
intensity pattern.

After submitting this article we were attended
to the paper of Paillotin et al. [28]. In this work a
similar theory was developed for the light distri-
bution in the stroma-thylakoid. These authors
prefer to use reflections from the two sides of a
membrane sheet rather than reemissions from
the membrane material, which is an equivalent
formulation of the same physics. The important
difference between the two approaches is, that
Paillotin et al. intend to explain the positive as
well as the negative signals by light intensity
difference between the two membrane sheets of
the stroma-thylakoid. To get the prediction of
positive signals within the absorption bands they
use different numerical values than we did and
assume a smaller diclectric constant inside the
thylakoid vesicle, then outside.

Appendix A. The frequency dependence of the
reemission coefficient calculated for a single ab-
sorption line

In this Appendix we calculate 8(w) for the
case of only one absorption line as an illustration.
(w denotes the circular frequency of the light.)
We use a treatment of the radiation of an infinite
sheet developed by Feynman and Orear [13] which
saves us from complicated integrations.

Let «(w) be the frequency-dependent complex
polarizability of the membrane. (More exactly,
the excess polarizability of the membrane over
the polarizability of the reference aqueous
medium around the membrane taken into ac-
count by the reference medium refractive index
n,,.) If the density of induced dipoles is d =« E.

in?
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the current density (current per unit distance in
the Y direction) is
j=d=«kE, =

—iwkE,,. (A.])

This current radiates electromagnetic waves to
the +z as well as to the —z direction with the
same amplitude. The Maxwell equation
47 oF
totH= —J +e—
< ot
implies [13], that at the plane of the sheet the
magnetic field, H of this outgoing radiation at
z2=01is

(A2)

™
2\}Ioutl =4?|]| (A3)
{One has to regard a rectangular closed curve
around j. The magnetic field of the outgoing
radiation is opposite on the two sides of the
membrane sheet. This discontinuity is connected
to the electrical current in the sheet. CGS units
are used. c is the velocity of light in vacuo.) It
implies for the outgoing electric field at z =0:

2m
E.=- a]. (A4)
Consequently the radiated field is:
E,, =8 e WtkizDE  —§ k2E. | (A.5)
where
. 2w
5= fo——«. (A.6)

w

(6 is real if the polarizability is purely imaginary,
and vice versa.)

Let us suppose, that the polarizability can be
modeled by one classical oscillator with reso-
nance frequency w, and damping factor s. The
x(¢) displacement of the electric charge satisfies
the equation.

A q

E+st+oix= ;Ein (A7)

where ¢ and m represent the charge and the

mass of the electron, respectively. The solution is:
q/m

x=————F. A8
w%—wz—swi m (A.8)
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The complex polarizability is

E, m wi-e®-soi’

K

(A9)

where 7 is the number of dipoles per unit area.
The real and imaginary part of § then become:

2mnq? sw?
Re 5 = - n b} < 07
Mo (wg—w?) +s%”
2mnq?® wi—-w)e
Im 6= (w5 —7) (A.10)

my (w% - w2)2 +520?

This shows, that the reemission coefficient is
strongly frequency dependent around the reso-
nance frequency. The real part (always negative)
represents the absorption. It has an extreme at
the resonance frequency. The imaginary part rep-
resenting the out-of-phase reemission changes
sign at this frequency. (The connection between
the out-of-phase reemission and the refractive
index is discussed in the next Appendix.) These
features remain unchanged for the general case
according to the Kramers—Kronig relations. (See
the main text.)

Appendix B. Connection of the reemission coeffi-
cient to the absorbance and the refractive indices

To clarify the relation of the reemission coeffi-
cient to the absorbance and refractive indices we
investigate the propagation of the light through a
continuous medium that will be regarded as a set
of consecutive sheets. Let / be the number of
sheets per unit length in the z direction. The
electric field behind the sheet at a distance z
(from repeated application of eq. (7)):

E(z) = Ey(1+8)" ettwz, (B.1)

where k,, represents the wave number in-the
(nonabsorbing) reference medium. (k, is real.) If
|8]| < 1 as we suppose,

(1+8)" = el (B.2)
so that
E(z)=E, eikd-i8/kyz (B.3)
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One can compare this expression with the follow-
ing one describing light propagation in a medium
with the complex refractive index n relative to
the reference medium:

E(z) =E, el"kwz (B4)

(For real n, eq. (B.4) describes wave propagation
with velocity v/n, where v is the velocity in the
reference medium.) The comparison gives the
relation
- 5

n=1-i—,

k
One can separate the real and the imaginary part
of n:

E(z,t) =E, e/ eik+its/ku)z, (B.6)

from which one obtains the absorption coefficient

as

d - In(E/E,)?
dz

The real part of the refractive index is related to
the imaginary part of the reemission coefficient &
by

(B.S)

w

=-216,=2k,Imn. (B.7)

15,
Ren=1+—.

ky
It is important to stress, that n refers the refrac-
tive index relative to the nonabsorbing reference
medium, in which & is measured.

(B.3)

Appendix C. The repeated sheets concept of the
grana stack compared with the quasi-homoge-
neous concept

Here we present a calculation checking
whether eq. (30) remains valid if we regard the
grana stack a set of thin sheets rather than a
continuous medium described by a refractive in-
dex. / is the number of sheets per unit length. For
simplicity we will use the approximation that the
contribution of the sheets are additive, that is we
calculate the reflection from the sheets using for
every sheet the same value for incident intensity.
This is the same approximation as was used to
calculate the light intensity in the stroma-
thylakoid.
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The interference terms of egs. (25) and (30)
comes from reflexions from the sheets. The sum
of the reflected waves at the position z can be
calculated as a geometric series,

I(—z) o
Ereﬂ(z) =E0 Z d CZlkaJ

j=1

4q

= = 21ka (1 _ e—21kz)E0

(C.1)
(z is located at the back surface of the grana
stack. E, is measured here.) Using the fact, that
the distance between the lamellas arc much
smaller than the wavelength, that is ke < 1:

1
Eq(2) = E—k—{( —8,) sin 2kz

+8,[1— cos(2kz)] ) E,. (C.2)

This formula leads to the interference terms of
eqs. (25) and (30).

There is no doubt, that the absorption term is
also the same in the two cases.

Appendix D. The interference pattern eq. (23) in
the grana

Let us first consider the light waves that have
suffered an even number of reflections. They
propagate in the positive direction. The electric
field of the wave that has experienced 2m reflec-
tions is:

E, (D.1)

This equations derives from the considerations
that this wave has travelled a longer path to the
point z than the incident one by 2mD and that
‘every reflection contributes by a factor of a. As a
consequence of eq. (D.1), the sum of the waves
reflected an even number of times (including the
incident one with m = (),

even E (az eZIkD) ) eiszO

1sz
0

1 — g2 e2i*D

_ 2m Lik(z+2mD)
m=aTe E,.

(D2)

(Ja| < 1 was used.)
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Any wave reflected 2m + 1 times propagates
to the negative direction. It has a longer path to
the point z than the wave reflected only once by
2mD. Consequently, the contribution to the elec-
tric field is

E2 = a2m+l ik(— z+2mD)E
m

(D3)

The sum of all waves with an odd number of
reflections amounts to

Ey = ( Z (a2 eZikD)m)a e—iszo
m=_0

a e‘”"E
= 1 — a2 2kD (D.4)
The total electric field is
lkZ +a e—lkz
E=Eeven+Eodd TezlkD—EO (DS)
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