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ABSTRACT

PHOTOELECTRIC ACTION SPECTROSCOPY OF

CHLOROPLAST BLACK LIPID MEMBRANE

By

Shilling Feng

Bimolecular lipid membranes containing chloroplast pigments

(chl—BLMD'in aqueous solutions are currently considered to be the

most realistic approach to the thylakoid membrane of chloroplasts

both from morphological and functional points of view.

’The present work can be summarized by the following three points:

(1) Physical and chemical pr0perties of chl-BLM both in dark

and in light: It was found that chl-BLM has a high dark

resistance (106 ohmrcmz) and capacitance (1 uF/cmz). Ohm's law holds

within certain transmembrane voltages (e.g., t 32 mv, at KCl bulk

phase, pH 5). Electrical voltage was generated across the membrane

upon illumination. This photoinduced voltage was greatly modified

either by introducing photomodifiers (for example, FeCl , DCMU, or DNP)

3

or changing the pH of the bulk phase. A non-linear dependence of

photovoltage on the intensity of incident light was observed.

(2) Mechanism of photovoltage generation in chl-BLM: The polar-

ity of photovoltage is closely related to the dark transmembrane volt-

age. At high dark transmembrane voltage a biphasic waveform photo-

response was observed which can be analyzed into four components.



Shilling Feng

The proposed mechanism of photovoltage generation involved

the generation and trapping of excitons, hole migration, oxidation

'of water, and proton migration.

(3L Photoredox action spectrum of chl-ELM: The term photoredox

action spectrum is defined as Open circuit light-generated voltage

across ch1-BLM.versus wavelength of incident light. Three types of

action spectrum of chl-BLM formed with fresh lipid solution were found

at different times after the membrane formation. Among them only the

one appearing latest followed the absorption spectrum of the same chl-

BLM forming solution. The red band in the action spectrum showed a

time dependent blue shift from 670 nm to 660 nm and then 655 nm. It

is suspected that there exists a form of a pigment (probably chl a 670)

whidh undergoes transformation both in dark and in light. One or more

extra peaks were observed beyond 700 nm which may indicate the exist-

ence of pigment(s) absorbing far-red light.
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. GLOSSARY

BLM bimolecular (or bilayer or black) lipid membrane

BLMFI photovoltaic action spectra taken from chl-ELM (less

than one hour old) formed with fresh MFM

BLMeII photoelectric action spectra taken from middle-aged

chl-ELM formed with fresh MFM or young chl-ELM formed

with aged MFM

BLMrIII ' photoelectric aetion spectra taken from aged chl-ELM

formed with fresh or aged MEM

chl chlorophyll or chloroplast

chl-BLM ‘bimolecular lipid membrane containing chloroplast

pigments

CIn dark membrane (chl-BLM) capacitance

CMU 3-(p-chlor0phenyl)-l,l-dimethylurea

DCMU 3-(3,4-dichlorophenyl)+1,1-dimethylurea

DNP 2,4-dinitrophenol

E peak ratio of red maximum peak height/blue maximum

- peak height (Data were taken from those action Spectra

which had been calibrated for constant incident energy.)

Et dark transmembrane voltage

MFM . 'membrane-forming material

PS-I and PS-II photosystem I and photosystem II

photovoltage voltage generated by light

Q peak ratio of red maximum peak height/blue maximum

peak height (Data were taken from those action Spectra

. which had been calibrated for constant incident energy.)

Rm dark chl-BLM resistance

Y peak ratio of red maximum peak height/blue maximum

peak height (Data were taken from those action spectra

which had not been calibrated for constant incident

energy.)



CHAPTER I

INTRODUCTION

Artificial bimolecular lipid membranes (BLM) were prepared for

the first time by Mueller, Rudin, Tien, and wescott (1962a). The phy-

sical, chemical, and biochemical investigations of these model meme

braneS have Opened new possibilities in membranology. Some of the

basic features of the BLM are the following:

(1)

(2)

(3)

(4)

(5)

These ultra-thin membranes have been proved both theoret-

ically and experimentally to be Of bimolecular Structure

(Goldup, Ohki and Danielli, 1970; Tien, 1971). The polar

head of the lipid is oriented towards the aqueous phase

and the long apolar hydrocarbon chains are randomly inserted

inside the membrane. That is why they are usually termed

bimolecular or bilayer lipid membranes (abbreviated as BLM),

Because of the hydrophobic interior of the BLM, the resis-

tance and capacitance are relatively high (106 - 108 ohm-cmz;

0.5 — 1.0 uF/cmz),

The BLM is permeable to water and neutral lipophyllic mole-

cules under certain circumstances. However, it is generally

impermeable to ions such as Na+, K+(Mueller and Rudin, 1969),

They have relatively long Stability in aqueous solutions,

The BLM separating two aqueous phases shows a very close sim-

ilarity to the bimolecular leaflet concept of natural membranes

introduced by Gorter and Grendel (1925) and later modified by

Davson and'Danielli (1935),



(6) The prOperties of BLM are, in several respects, similar to

those of biological membranes thus making them useful for

the study of membrane-associated phenomena at the molecular

level.

Owing to these and the advantage of Simple and neat techniques,

BLMS have been extensively investigated by many scientists. Within

the past decade (1962-1971), much information has been accumulated

including different chemical and physical prOpertieS and basic struc-

ture of BLM as well as technical improvement of membrane formation.

A detailed review of the basic physiochemical properties Of BLM and

the techniques of membrane formation have been published by Tien and.

Diana (1968). A comparison of the different membrane models and the

biological membranes has been made by Bangham (1968) and CaStleden

(1969). The biological aspects Of the BLM'have been generally reviewed

by Thompson and Henn (1969) and the two most recent reviews have been-

published by Goldup g£_§1. (1970) and by Tien (1971).

Recently, intensive experimental investigations have begun in

order to study such biological phenomena in which membrane structure

is thought to be of fundamental importance. First of all, three out-

standing examples should be mentioned: the problems of visual process

using a modified BLM as noted by Kobamoto and Tien (1969, 1971); nerve

excitation as noted by Mueller §£H§1.(1962b) and Mueller and Rudin

(1968); and photosynthesis and related phenomena.

The aim of the present work is both experimental and theoretical

invBStigations about the possible rOle of the membrane in the primary

Processes of photosynthesis. The importance of such studies lies (among



others) in the proof of the following hypothesis: Bassham and Calvin

(1957) and Katz (1949) have suggested that a crystal-lattice (-like

.configuration) containing chlorophyll molecules and other compounds

might be involved in the photosynthetic apparatus, and such an organ-

ized structure of light sensitive pigments might possess photocon—

ductivity. By recognizing the Similarity between BLM Structure and the

high degree of orderliness and lamellar organization of chlorOplast

pigments in nature, Tien (1968a) began to elaborate a method for form-

ing BLM containing photosynthetic pigments and lipids.. This lipid mem-

brane constituted from chloroplast pigments in aqueous solution exhibits

the photoelectric effect. On the basis Of various available information

the current picture of BLM containing chloroplast pigments can be con-

sidered as a Structure having liquid crystalline-like and lamellar or-

ganization, i.e., as a model system for the photosynthetic thylakoid

membrane of the chloroplast.

Therefore it is quite clear that studies on the mechanism of the

conductivity and photoelectric processes of a chloroplast BLM (chl-BLM)

can make some contribution to a better understanding of the primary

processes of photosynthesis. Therefore, the photoelectric properties

of Ohl-BLM were studied under various conditions.



CHAPTER II

LITERATURE REVIEW-

, General Concepts of Photosynthesis

Solar energy is the primary energy source of the world. Photo-

synthesis is the unique way to convert solar energy into useful form

(i.e., chemical energy} in living systems. The process of photosyn-

thesis is carried out in green oxygen—evolving plants and photosyn-

thetic bacteria containing chloroplasts and chromatophores, reSpect-

ively. Compositions of these photosynthetic organisms are pigments,

lipids, and protein which are arranged in an orderly lamellar structure.

The major functional component is chlorophyll a, which absorbs about

.502 of the solar spectrum (wavelengths shorter than 700 nm). Actually,

602 of the absorbed solar energy is probably absorbed by the pigments,

rather than wasted by various processes (e.g.,_ref1ection, inactive

absorption, etc.). Throughout the process of photosynthesis more than

half of the absorbed energy is wasted. Even under Optimal conditions

only 342 of absorbed solar energy can be transferred into effective chem-

ical energy (Rabinowitch and Govindjee, 1969). substantially, photo-

synthesis can be discussed on the basis of two chain processes:. energy

honversion and C02 fixation.

Energy conversion is that chain of processes in which solar energy

is converted into the chemical energy of metastable high energy come

pounds (e.g., reduced pyridine nucleotides and adenosine triphosphate)

through a series of electron transfer reactions and the so-called



non-cyclic coupled phosphorylation. This series of processes is usu-

ally called the primary processes of photosynthesis or photosynthetic

apparatus.

In the second process of carbon dioxide fixation, atmospheric CO2

incorporated by the plants is reduced and carbohydrates are formed

through the Calvin cycle and related processes. These processes are

supplied by the energy stored in the primary processes (ATP, NADPH).

Combining the above processes allows the overall reaction to be

summarized in the following equation:

 

light

C02 + H20 green plant> 02 + (CHZO) (l)

The processes in CO reduction have almost been worked out in sufficient

2

detail. Rabinowiteh and Govindjee (1969) and Kok (1965) treat the dif-

ferent aspects of these problems in detail. As far as the primary pro-

cess is concerned, it has been extensively investigated for many years

in various laboratories. However, very little information is available.

This is probably due to the following reasons: the reaction rates of

15 to lO_4 seconds); the intermediatesthese processes are too fast (10—

are unstable (photosensitive); and they are very structure dependent.

Therefore their direct (in vivo and in vitro) investigation is extremely

difficult from a technical and experimental point of View.

Since it is such a complicated process and its ramifications cover

so many areas, a complete review in a few pages is practically impossible.

Here, attention is focused mainly on two topics: primary processes in

photosynthesis and action spectra.



Introduction of Primary_Processes in Photosynthesis

There are working hypotheses about the mechanism of primary pro-

cesses in photosynthesis. Among these the most promising one is the

existence of two photoacts, namely PS-I and PS-II, taking place in

photosynthesis. Each photosynthesis unit (PSU) contains about 250

chlorOphyll molecules, but only one of the chlorophyll a molecules

(per photoact)--the so-called trapping center--is capable of converting

the energy of its excited State into chemical energy, The remaining

chlorOphylls and all the accessory pigments transfer their energy to

this particular trapping center. The trapping center in PS-I is known .

to be P700 (Kok, 1956). In PS-II, there is much evidence which indi-

cates the existence of a trapping center different from P However,

700'

there is at this time no way to identify it. It should be noted that

Doring, Stiehl, and Witt (1967), and Doring, Bailey, Krentz, and Witt

(1968) have suggested that the trapping center of PS-II might be P696' '

The composition of these two photoacts is not the same at all in Spite

of their structural similarities. PS-I contains mainly accessory pig-

ments and few chlorophyll a, whereas PS-II contains mainly chlorophyll

a and few accessory pigments. Therefore, the maximum functional wave-

length for PS-II is shorter than PS-I (below 680 nm). For a number of

years much evidence has been found supporting the existence of a coupled

'function of two light reactions. It is believed that the metabolic

energy transfer chain consists of coupled oxidation and reduction reac-

tions. The most likely mechanisms by which the energy of an excited

chl a molecule may be converted to chemical free energy is that the



excited chl a molecule donates an electron in the excited state to a

neighboring molecule and then this electron-deficient chl a molecule

accepts an electron from an adjacent donor molecule. It is believed

that PS;I and PS-II are coupled in functioning. Excitation of PS-II

results in transfer of an electron from +1 V to 0 V, thus creating a

primary oxidant, namely X, and a primary reductant, namely Qu. This

strong primary oxidant, X, is capable of oxidizing water which leads

to H+ generation and 02 evolution. The electron from_the primary re-

ductant, Q-, is then tumbling down through the so-called electron—

transfer chain effecting non-cyclic phosphorylation which is located

between the two pigments assemblies. The terminal electron carrier

cytochrom f or plastocyanin is thus reduced. The energy generated

via this process is about 4 eVs, which is thought to be used in ATP

700. This

excited P700 donates an electron from a redox potential Of 0.4 my

formation. Photons absorbed by PS-I are transferred to P

to -0.6 my to an unidentified acceptor, namely Z. The reduced cyt-f

or plastiquinone from PS-II will then be able to give up an electron

to the oxidized P700.

The primary reductant, Z, is assumed capable of reducing NADP+

with the presence of H+ and mediated by some enzyme and electron car-

riers. The over—all electron pathway and its intermediates can be

[easily visualized in the Z scheme (Boardman, 1968).

In case the absorbed quanta were not used by transfer to neigh-

boring pigment molecules, two possible routes of deactivation of energy

are possible: (i) dissipation as heat, and (ii) emission of light



(fluorescence). For an efficient photosynthesis, energy must be trans-

ll
'ferred to the trapping center in the order of 10- to 10..10 second

(Boardman, 1968).

Investigations on the Action Spectra

of Photosynthetic Organisms

Action Spectra of the photosynthetic organism (e.g., intact leaf,

chloroplast extraction, etc.) have been widely investigated by various

means. Some important findings will be reviewed hefe. Action spectrum

in photosynthesis is defined as a plot of the intensity of certain

evolution, NADP+ reduction,measurable quantities (e.g., CO fixation, O
2 2

cytochromrf reduction, photoelectricity, and luminescence, etc.) versus

the wavelength of the incident or absorbed light, which produced this

quantity.

Quantum Efficiency of the.
 

02 Evolution and CO2 Fixation

 

Action Spectra for the photosynthesis obtained by Emerson 55 a;

(1943, 1959) and by Tanada (1951) with green algae, red algae, and

diatom, respectively, led to the conclusion that quanta absorbed by

carotenoids are relatively more ineffective in bringing about photo-

synthesis than other pigments (chlorophyll a and b, phycobilins, etc.).

The same conclusion was drawn by Englemann (1883-85) and Dutton 55:31

(1940) (cited by Rabinowitch and Govindjee, 1969) on the basis of 02

evolution. This hypothesis is proved to be true in most of the cases

except in the red algae. Haxo and Blinks (1950) and Halldal (1969)

_found that the photosynthetic action spectra of green brown algae agree



with the absorption Spectra for these algae. However, in the case

of red algae, the action spectra for photosynthesis followed the ab-

sorption of light by the accessory pigment phycoerythrin, primarily,

while chlorophyll a appeared practically inactive. In the higher

plants, Emerson's hypothesis seems to be valid. By measuring the

action spectra for CO2 fixation of radish and corn leaves, Bulley,

Nelson and Tregunna (1969) postulated that if the action spectrum

is based on constant incident energy, the red region of the spectrum

is more effective in the photosynthesis than either the green or

blue one. On the other hand, if the comparison is made on the basis

of a constant number of quanta absorbed in each regiOn of the spectrum,

the blue region becomes as effective pr even slightly more effective

than the red region.

Recent Investigations

The above hypothesis was deduced primarily from the similarity

between the action Spectrum and absorption spectrum. This Similarity

has been observed under various conditions with different techniques.

Izawa, Itoh and Shibata (1963) studied the effect of monochromatic

light on the rate of photoinduced shrinkage of intact chloroplasts ex-

tracted from fresh Spinach leaves. Action spectra Obtained in this

way Showed two major peaks, a minor peak, and a shoulder. In Spite of

the Small peak around 720-740 nm, the action Spectrum resembles the

absorption Spectrum of the same sample, whereas the action Spectrum for

corn leaf by Balegh and Biddulph (1970) has a higher red band (see

Figure l and Table l). Balegh and Biddulph thought this was due to the

layer scattering at short wavelength rather than at the longer wavelength.
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Figure l--The photosynthetic action Spectrum and absorption

Spectrum Of bean leaf (after Balegh and Biddulph,

1970).
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From many extensive investigations (summarized in Table l) the

following conclusions have generally been made:.

(1) The two major bands around 675-680 nm might be attributed

I to the absorption of chlorOphyll a.

(2) The minor peaks around 650 nm and 490 nm might be due to

the absorption of chlorOphyll b.

(3)~ The dip around 600 nm observed by Govindjee and Bazzaz (1967)

and Rabinowitch and Govindjee (1969) is probably caused by

a short wavelength component of a double absorption band be-

longing to an aggregated form of chlorophyll a (e.g., a di-

mer). The long wave component of this doublet may be reSpon-

sible for the red drop above 680 nm (Rabinowitch, 1968). The

other kind of interpretation offered by Lewis (1943) and Myers

(1963) was that this dip might be due to absorption of chlor-

‘oiahy‘n b’ which is. inactive 1h “pistes” f“

 

(4) As far as the dip in the blue region is concerned, both chlor-

Ophyll b and carotenoids are possibly reSponsible for it.

(5) The regular red drop in action Spectra is related to the well-

. known Emerson effect (drop of photosynthesis quantum yield in

'red region and increase of photosynthesis effectiveness after

illumination by short wavelength.

The position of the red peak in action spectra was found to have a

relatively large deviation between different systems. For example, the

red peak has been Observed by Black 2; §l_(l962) and Izawa 25 a; (1963)

at 680 nm; by Jagendorf e£_§l_(1958) at 675 nm; by Rabinowitch'ggngl
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(1968) at 678 nm; by Kok and Hoch (1961) at 710 nm. The most inter-

esting Observation was the one demonstrated by Litvin and Ho (1967).

From.their research for action Spectrum on Elodea leaf they found the

-following things: (1) An increase of light intensity resulted in

a shift of maximum in action Spectrum from 680 nm.to 670 nm and 650 nm.

(ii) ‘Maximum of action Spectrum for oxygen evolution also shifted

from.700 mm to 680 mm and 670 mm.with time. This changeable charact-

eristic of the red peak pOSition reminds us of the multiple forms of

chlorophyll a (e.g., chl a 673 and chl a 683) in vivo (Govindjee and

Rabinowitch, 1968). With this concept in mind, the discrepancy between

the red peak position determined by different investigations seems not

unexpectable.

Investigations on the Action Spectrum

of PS—I or PS-II and the ’
 

o

'
Demonstration of the Emerson Effect

From action Spectra the individual or cOupled functions of PS-I

and PS-II are observable. Duysens,'Amesz and Ramp (1961) obtained an

action Spectrum for cytochrome oxidations in DCMU-poisoned algae.

This action Spectrum showed peaks at 680 nm due to chlorophyll a,.and

at 560 nm due to phycoerthyrin. This is the first report of an action

Spectrum for PS-I alone. Horio and San Pietro (1964), by measuring the

ferricyanide reduction in a normal Hill reaction, recorded the action

Spectrum with a peak at 660 nm for which the PS—II is supposedly res-

ponsible.

Similar investigations have also been carried out on the model

"system. Ludlow and Park (1969) using formaldehyde-fixed algae, measured
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the activity of PS-I and PS-II individually. The algebraic sum of

these two action Spectra is generally in agreement with the absorption

spectrum. The action spectrum determined by Mueller e£_al_for the pro-

duction of the fast absorption changes at 515 nm (PS-II) and 433 nm

(PS-I) in chloroplast fragments, indicates that PS-II is activated by

the light absorbed by chl b and chl a 670 nm, and that PS-I is acti-

vated by the light absorbed by chl a 683 and chl a 695 nm. From

these investigations, pigments involved in each system are now iden-

tifiable. Currently it is believed that PS-I is enriched with chl a

685-690 nm, chl a 700-705 nm, and chl a 720 nm; while PS—II contains

chl a 670 nm and chl b.

The Emerson enhancement may also be demonstrated from the in—

vestigation of action Spectra. Kok and Hoch (1961) reported that

photosynthetic action Spectra of blue-green algae showed that quanta

absorbed by chl a alone were much less effectively used than those

absorbed by both chl a and phycocyanin. Litvin and Ho (1967), by

measuring the action Spectra of photosynthesis of higher plants, an-

nounced that they were able to demonstrate the Emerson enhancement.

Later, Govindjee, Rabinowitch and Govindjee (1968) observed an enhance-

?ment only when a strong blue light, 480 nm, was added to far-red light.

However, this is different from the work of Warburg, Krippahl and

Schroeder reported in 1955, in which they demonstrated (by addition

of a catalytic amount of blue light) the Emerson enhancement.

Model System Investigations
 

Two new working hypotheses, the possible crystalline structure of

the lamellarly ordered chlorophyll and the probable nonenzymatic process
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(non-specificity for different electron acceptors) in the primary

mechanism of energy conversion and electron transfer, Offer a great

possibility for in vitro studies in the primary processes in photo-

synthesis. A few characteristics of these new concepts and some of

the representative model systems are summarized below.

A.monomolecu1ar chlorophyll a layer on a cadmium sulfide film

was investigated by Nelson (1957) as a model system for studying the

primary proceSses of photosynthesis. Photoconductivity of two come

ponents was Observed in which a fast rise was followed by a slow one.

Both the absorption Spectrum and the action Spectrum of this chloro-

phyll monolayer were taken between 600 nm and 740 nm. The red band

in both measurements fell at the same wavelength, 675 nm. In contrast,

the position Of the red absorption peak of the chlorophyll a cOmponent

in solution is around 660 nm and that related to photosynthesis is

around 680 nm. This substantial agreement of the peak of photosynthetic

action spectra with the peak positions in the :bSorption and the photo-

electric properties strongly support Katz's (1949) as well as Bassham's

and Calvin's (1957) hypothesis, i.e., the photoexcitation of chloro-

phyll molecules followed by the generation of electrons and holes in

the membrane (or lamellar). Similar photoconductivity was observed

earlier on a chlorophyll sample compressed in the form of a disk by

- Eley (1948). Furthermore, Tweet, Gaines and Bellamy (1964) were able

to Observe fluorescence from chlorOphyll molecules spread in monomole—

cular films on aqueous Surfaces. The fluorescence emission of the

chlorophyll a films was dependent on the cOncentration of cthrOphyll a;

an enhanced concentration quenching was pointed out. Although there
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are several possibilities for the interpretation of the concentration

quenching it seems very likely that the intermolecular energy migration

due to the inductive resonance transfer mechanism might be reSponsible

for it in the first place, which was suggested and experimentally in-

vestigated by Rabinowitch (1956) and Forster (1959). This migration

will lead to fluorescence quenching if the excitation energy is trapped

bypa center which has a high probability for nonradiative transition to

the ground state (e.g., a non-fluOrescent dimer).

However, it should be noted that this interpretation based on such

an energy transfer mechanism differs from that prOposed by Katz as well

as Bassham and Calvin. The mutual points between theSe prOposals are

the following:

(1) the photoexcitability of chlorophyll molecules, and

(2) the highly organized structure of chlorophyll molecules,

providing a possibility of intermolecular transfer.

The other distinctive model system in the research of primary

processes in photosynthesis which Should be mentioned here is chloro-

plast pigments containing bimolecular lipid membrane (chl-ELM) in

aqueous phase (Tien, 1968a and b). In membrane research, chl-BLMS are

currently considered to be the most realistic model system from'both

morphological and functional points of view. The important similarities

now being discovered between the cher M Synthesized membrane, and in

vivo thylakoid membrane Structures are the following:

(1) The thickneSs in both cases is around 60-90 R.

(2) Unit membrane theory is proved to be true in BLM. In the

thylakoid membrane there is a great possibility that this

theory might hold also.
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(3) The resistances of both membrane structures are quite high

(106 ohms).

(4) Chlorophyll molecules are supposedly arranged in these mem-

branes.

(5) Energy conversion is prOposed to occur in these membranes.

(6) The environment of chl-BLM, aqueous phase, is closer to the

physiological environment of the thylakoid membrane than the

other model systems.

The early Studies on this mOdel system carried out by Tien (1968a

and b) indicate that both photoconductivity and photovoltaic effects

are possible in the chl—ELM; Tien (1968a and b) has concluded that

the observed photoelectric phenomena are due to the charge separation.

This hypothesis is based on the highly insulating character of the

liquid hydrocarbon layer in the interior of the_chl-BLM and on the high

field strength due to the transmembrane potential (asymmetry, applied

potential). In considering the fate of the separated electrons and

holes, redox reactions at opposite Sides of the chl-BLM should be the

most likely processes. According to Tien's picture, the most probable

reaction which can take place at the interfaces or biface in which the

holes accumulate is the photolysis of water. The results in photo-

current studies indicate the appearance of a proton, which is one of

the hypothetical products of the photolysis of water. Whether the water

oxidation does indeed happen under the illumination of chl-BLM is not

certain at the present time, because the data from experimental measure-

ments indicate that both electronic and iOnic charge carriers might con-

tribute to the observed photoelectric phenomena.
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~ Hesketh (1969) confirmed Tien's observations from the negative

correlation between observed photoemf and temperature. In the fol-

lowing year, Van and Tien (1970) measured the temperature effect

to the photoemf on chl-ELM. It has been reported that the thermo-

electric behavior of chl—BLM has a temperature coefficient of about

6x10"2 mV per degree over the range of 15-40 °C. Therefore, it is

certain that temperature effect in this kind of observation is neg-

ligible if the temperature condition is within the range of 15-40 °C..

The charge generation and separation processes followed by redox reac-

tions were once more confirmed by Tien and Verma (1970). By introduc-

ing modifiers such as Fe+3 into the aqueous solution, the photoreSponse

was dramatically enhanced. Similar results have also been reported

by Trissl and Lauger (1970). In their case, membranes are formed from

a mixture of lecithin and chlorophyll a.

The distance between porphyrin rings in BLM was calculated from

the fluorescence measurement observed by Alamuti and Lauger (1970).

Concerning the arrangement of chlorophyll molecules in BLM, it was

tentatively proposed that the hydrophobic phytol chains were inserted

between the hydrocarbon chain of the lipid solution and the plane of

the porphyrin ring lying in the polar surface of the BLM (Ting, et al,

1968). This description is generally in agreement with the results of

Tien and Diana (1967) deduced from surface tension measurement. The

only exception is that the latter workers believed that the plane of

the porphyrin ring is perpendicularly inserted between the polar groups

of the lipid molecules of chl-ELM. Additional suggestions were made by
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Cherry, Hsu and Chapmann (1971). By comparing the polarized and un—

polarized absorption Spectra of chl-BLM, it is inferred that there is

SOme degree of orientation of porphyrin rings of chlorOphyll molecules

in the bilayer and at transition moments the red and blue bands must

lie in different directions. To point out what actually occurs, fur-

ther investigation is necessary.





CHAPTER III

EXPERIMENTAL

Experimental Detail and

Meterials and their Preparation

Extraction of Pigments
 

ChlorOplast pigments used in the present investigations were pre-

pared from fresh spinach leaves obtained from the local food market.

The following procedure described by Tien 35 a1 (1968) was modified in

order to obtain a suitable extract for BLM formatidn:

1. The Spinach leaves were waShed, the ribs and Stalks removed,

and then the leaves, free from ribs and stalks, were dried.

The dried leaves were chopped in a buffer solution (pH 7.5)

consisting of 0.5 M/l sucrose and l M/l KHCO in an electrical
3

blender at relatively low Speed for five minutes and high

Speed for three minutes.

The above products were filtered and the dark green filtrate

was twice centrifuged (the condensates were discarded).

The residue was treated by petrOleum ether—methanol (2:1 V/V)

solution and after separating the aqueous and petroleum phases

the petroleum ether was evaporated in an evaporator at 40 °C.

The dried residue (petroleum ether-soluble pigments and lipids

fraction) was used for ELM-forming solution and dissolved in

suitable BLM material (e.g., n-dodecane and n-butanol solvent

2:1 or 1:1, V/V).

21
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The dry product obtained in the above procedure consists of pig-

ments (chlorophyll a and b as well as a small amount of carotenoids),

lipids (glycolipids, including mono- and di-galactosyl dilinolenins),

and fatty acids (probably mainly phosphatidylglycerol, etc.) (Goodwin,

1965). ’

This pigment did not Show any physical or chemical change after

a storage of several weeks in the refrigerator. Since the extract con-

tained light-sensitive pigments, it was Stored in the dark to protect

it from deterioration.

Other Chemicals

All compounds used for bathing solutions and photomodifiers were

purchased from.various chemical companies and were used without further

purification in the form of aqueous solutions.

As buffers, acetate solutions were used, and pH was adjusted to

the suitable value by adding appropropriate quantities of either HCl or

KOH. The pH values of the solutions were measured with a Beckman pH

meter against Beckman Standard pH buffers at room temperature.

Formation of BLM

The dried pigment-lipid extract was dissolved (as a membrane-

forming material) in a mixture of n—dodecane and n-butanol. The meme

branes were formed on the orifice of a 10 ml Teflon chamber introduced

by Tien g£_al.(l967). The whole cell assembly consisted of an outer

glass cup of 20 ml and an inner teflon cup of 10 ml. The teflon chamber

had a 1.13 mm diameter Opening upon which the BLM formed. To eliminate

. the reflected and scattered light, the inside wall of the white teflon

cup behind the orifice was covered with a piece of black plastic film.
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To form the BLM, 0.002 ml of membrane-forming solution was injected

into the hole with the aid of a Hamilton microsyringe (Model no. PB-600—l,

100 pl). This process was carried out in green light of low intensity

and membrane formation was observed visually through a low-powered micro—

scOpe. I

The actual diameter of the bilayer Structure was approximately

1.0 mm and its thickness 60-90 X.’ The lifetime of the investigated

BLM was relatively long (one to two days). However, it Should be noted‘

that the physical behavior of BLM containing pigments shows a definite

change with time. These problems will be discussed later.

Instrumentation and Principles of the Measurements

Measurement of Membrane Resistance
 

The D. C. resistance measurements were carried out on the basis

of a method given by Tien 25 a1 (1967). The circuit diagram for these

. I A *

measurements is shown in Figure 2. It is easy to_see that if R >> Rm

andR n
m

1 then the following relation holds:

 

i (2)

a

where E and E1 are the measured potentials without and with external

' *

resistance, respectively. (E is a function both of Eo and of Ea') In

. . *

the case of the present measurements, R had a value of 1015 ohms, R1

*

was of the order of 108 ohms, and E ran about 30-40 mVs. A switch was

used to connect the external resistance R .' Throughout this work the

i

outer solution was grounded, i.e., the active electrode was in the inner

cup.
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Measurement of Membrane Potential

For measuring the dark membrane potential and the photoelectro-

motive force, the arrangement shown in Figure 2 was used. The external

resistance R1 during these measurements was connected (switch position

#3) or disconnected (switch position #2) depending upon whether an ex-

ternal voltage source was employed.. In general, the external resiStance

R1 was always higher by some order of magnitude than that of the membrane.

The effective transmembrane potential was measured by the electrometer

(Elm.Type Cary 31) which had a preamplifier.

Measurement of the Redox Action Spectrum

For measuring the photoelectronic (or redox) action spectrum, the

arrangement given in Figure 3 was used. A D.C. Xenon arc lamp (Hanovia,

Type 976C, 1000 W) served as the light source. This light first passed

through a heat filter and later through a visible grating monochrometer

(Bausch and Lomb, Model 5). It was possible to change the wavelength

of the exciting light automatically, continuously, and linearly, with

time between 350 nm and 800 nm. (The duration time for a complete scan-

ning was three minutes.) The membrane was placed in the path of the

monochromatic light beam emitted from the monochromators. Before each

scanning the dark baseline was recorded_and served as a reference for

the photoreSponse. For wavelength identification and for evidence that

the monochromator motor was running-constantly and uniformly, marks were

placed on the chart paper at different wavelengths.

To Study the influence of electrical field on the Spectral photo-

reSponse, the circuit described in paragraph 1 was used under the cir-

cumstances given in paragraph 2.
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Figure 2--Circuit diagram for the measurements of membrane resistance where:

E8 = external battery,

*

R = resistance of the electrometer (Elm)

R = the membrane resistance to be measured

C = membrane capacitance

E = membrane self-electromptive force

R = external resistance

R = resistance of the external potential source (E)

S = switch
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Figure 3-the apparatus for BLM formation and measurement of

photoelectric action Spectrum where:

Xe = Xenon lamp

Mo = monochromator

= lenses

CE = grey filter

I = illuminator

G0 a glass cup

TC = teflon cup

0 = opening

1 = electrodes

E2 ’

Elm.- elecrodemeter

R1 = recorders

R2

P = power Supply box

9 a shielding

MPh = microphotometer

'5
"

n phototube

3
3 ll microscOpe

heat filterI
! II
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The relationship between photoreSponse and incident light intensity

was also investigated at several discrete wavelengths. In order to

gradually decrease the exciting light intensity, grey filters of known

optical density were used. The diagram of the apparatus used in these

measurements is Shown in Figure 3.

Measurement of the Absorption Spectra and Intensity

‘Absorption spectra of both_the membrane-forming solution and the

BLM were taken. To measure the absorption Spectra of the lipid solutions,

a dilution (1:40) of the stock solutions was made and quartz cuvettes Of

1 cm pathlength were used. For measuring the absorption Spectra of the

BLM, a five layer wire Screen was used on those membranes formed by

using a few drops of the ELM-forming solution. After forming the BLM

on each mesh of the screen, the wire frame was carefully transferred

into the quartz cuvette which was then filled with acetate buffer at pH

4 5 and utiIized to measure the absorption spectra. The absorption Spectra

in both cases (diluted BLMeforming solutiOn and the five-layers membrane)

(were measured with a photoelectric recording grating SpectrOphotometer

Cary 15. The band width in the Spectral range investigated did not ex-

ceed 0.5 nm.-

Spectral Correction
 

Assumed values taken from the action Spectrum and those directly

(recorded were 18, and the relative heights of lamp energy distribution

at every 5 nm (between 350 nm and 800 nm, see Figure 4) are lb. la and

Ab were functions of incident wavelength. -A. in the present correction,

was a series of discrete wavelengths increasing at each 5 nm.between 350

nm and 800 nm.
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0

Figure 4--Spectral energy distribution of the incident light

(measured by a Spectrally flat thermOpile), arbitrary

unit. (Taken from Dr. N. T. Van)
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Action Spectrum corrected for constant incident energy was ob-

tained from the following two steps:

(1) -1a was divided by _lb at each fixed wavelength, and a series

number was obtained, namely .lc.. (There are 91 numbers in

’ the present work.)

i (2) Then the -Ac'8 were divided with the maxima of themselves,

1and another series number was obtained (91 numbers), namely

-Ad' Plotting each -1d

action Spectrum corrected for constant incident energy was

value versus wavelength, a normalized

L
—

received.

Since the corrected spectrum was already normalized, it illustrated

the energy efficiencies for different wavelengths.



CHAPTER IV

GENERAL PROPERTIES OF CHL-BLM

The results obtained in the present work are presented in three

chapters, namely: (1) general prOpertieS of chl-BLM, (2) mechanism

of the photogenerated voltage, and (3) action Spectra of chl—ELM.

In this chapter only the results of Section (1) are given and dis—

-
m
’
j

i
l
l

cussed. The mechanism of photogenerated voltage and photovoltaic

Spectra will be given and discussed in the next two chapters.

Membrane Resistance and Capacitance

Figure 5 shows the time dependence Of membrane resistance and

capacitance (R.m and CIn respectively) during the membrane thinning

process. It was observed that R.In decreased while CIn increased. How-

i'ever, oncebbleck lipid membrane was formed, both of them would remain

constant--as long as the System was not disturbed. This result was

not unexpected. The value of R.m equals the sum of R.o and R.d where Ro

is the resistance due to orderly arranged molecules contained in the

thin membrane and R.d is due to randomly arranged molecules Sitting

in the interior of the thin film, and the Cm is inversely proportional

to the thickness. Immediately after the injection of membrane-forming

' solution to the orifice, it was known that the membrane was not "black"

or bimolecular in thickness. It thinned down gradually under the

molecular interactions between the membrane—forming solution and the

aqueous solution. It took about 30 minutes to decrease the thickness

of a newly formed membrane by a hundred times or more and to reach the '

steady State.

33
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Figure 5a--The time course of the dark membrane resistance as a

function of ionic Strength.
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Figure 5b--The time course of the capacitance as the function

of ionic strength.
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Dark Current-Voltage Relationship
 

The relationship between the dark transmembrane current versus

the dark transmembrane potential as a function of the pH of the bath—

ing solution is Shown in Figure 6a. The result shows that the I—V

curve 1S not linear at pH above 4. It can be seen that current at

fixed transmembrane voltages increases as H+ ion concentration in-

creases. It probably signifies that H+ ions contribute to the trans-

membrane current. Because of its acidic property, assymetrical appli-

cation of FeCl3 may generate a pH gradient (less than 0.1 pH unit in

' 0.1 M acetic buffer at pH 5) across the chl-BLM. 'Figure 6b shows an

I-V curve under the effect of 0.1 pH gradient across chl-ELM generated

" by acid treatment. It can be seen frOm Figure 6a and 6b that the mem-

brane resistance decreased at high transmembrane voltage, especially

when the pH of the bathing solution wasahigher than 4. This may be

the reason that in the Study of the transmembrane voltage dependence

of photoemf, which is presented in the next chapter, the applied

transmembrane voltage was never beyond this limit, namely i 22 mV.

The nonlinearity of the I-V curve has also been observed in many other

BLM systems. A variety of theoretical considerations are available

in literature (for example, SOthgl, 1969).

. Photoinduced Voltage of chl-BLM
 

The shape of the Open-circuit photoemf is shown in Figure 7,

containing fast and slow components. The qualitative discussion in-

cluding the identification of the nature of charge carriers is post-

POned until the next chapter.
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Figure 6a--Dark current-voltage curves as functions of pH.

.Membranes were formed in 021 N KCl solution.
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Figure 6b--Dark current-voltage curve of a chl-ELM in 0.1 N

KCl solution with a pH gradient of 0.1 across the

membrane (inside pH 5.1, outside pH 5.0).
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In order to examine the reproducibility of the result a membrane

was repeatedly illuminated and the photoemf was recorded. It was found

that the repetitive illumination changed neither the magnitude nor

the wave form of the photoreSponse appreciably (Figure 8).

Shown in Figure 9 is the effect of duration of illumination. It

shOwS that in order to generate a maximum photoreSponse, four seconds

is enough. Prolonged illumination doesnot help at all, but rather

depresses it. This is probably due to the competition of two kinds_

of charge carriers upon illumination._ This will be discussed in the

next chapter. In regards to the intensity studies, it'can be seen in

Figure 10 that the increment of the photoemf decreases with increasing

"aé-ii‘iightiififiéfistyE 'ThiS‘iS probably because the number of excitable

pigments in a BLM is finite. In order to understand the process of

generation of photoreSponse, redox action Spectra were taken by using

..-.---. s-‘va. ....~ - «a. ;‘°°--‘-D.a.‘5"".’ overs». ~ ;° arm-ram . --r~ - -- u" ”--

two different methods. Redox action Spectrum is defined as the photo-.

generated voltage as a function of wavelength ofgthe incident light.

In the first method, the action spectra were constructed from reSponses

taken at a number of monochromator settings between 350 nm and 800 nm

and are Shown in Figure 11. They were also continuously recorded by

Scanning the wavelength of the incident light from 350 nm to 800 nm

and vice versa. The result is Shown in Figure 24. The striking resem-

blance between the absorption Spectra of the membrane-forming solution

(Figure 27a) and the photoemf action Spectra of the membrane indicate

-«that chloroplast pigments contained in chl-BLM are the primary photon

absorbers and that all the pigments are functioning at.approximately

.the same efficiencies. Because of the similarity between the two action
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Figure 7--The wave pattern of the photoemf of chl-BLM excited

with monochromatic light of different wavelengths.

Bathing solution is 0.1 N acetic buffer (pH 5) with

10.3 M FeCl3 in the inner chamber. Dark transmem-

brane potential is 0:6 mV.
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Figure 8—-The effect of repetitive illumination on the photo-

reSponses. Wavelengths of the incident light were set

at 425 nm or 650 nm. The membrane was formed in 0.1

N acetic bnffer (PH 5) solution, and 10-3 M FeCl3 was

added to the inner chamber.
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Figure 9--The effect of the duration of illumination on the

photoreSponse. The wavelength of incident light

was set at 440 nm. Rest.in dark occurred for 1.5

minutes between two illuminations. The data was

récorded from'a single membrane formed in 0.1 N

acetic buffer solution (pH 5) with 10“3 MFeCI3 in

the inner Chamber.



0
3

:
0

A
v

2
0
5
-
3
.
:

*
0
c
2
3
3
0

  

4

T
O
—

 

I
o
—

 

 
 

w» Wow



50

Figure lO-éThe effects of relative intensity of incident

light on photoemfs of BLM-I (triangles) and

BLM-III (circles). The exposure period was

seconds in order to detect such a photoemf

which contains both the fast and slow compo-

nents .
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. Figure ll—-Action Spectra of a chl-BLanith a series of discrete

monochromatic incident light from 800 nm to 350 nm,

and the reverse series. Arrows indicate the direction

of wavelength scanning.
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spectra taken from the systems with and without FeCl , it is certain

3

that FeCl is not responsible for the photoemf generated by the yellow

3

light. Therefore, the chloroplast pigments contained in chl-BLM

undoubtedly absorb quanta, and light energy is converted into electric

energy with the aid of highly organized BLM structure. This further

confirms that the system used in the present work serves as a very

realistic model system in the studies of the primary processes of

photosynthesis.

Effect of Modifiers on the Photoemf

It was found that the magnitude of photoemf was enhanced by intro-

ducing electron acceptors or donors in one side of the BLM formation

'chamber. On the other hand, it may also be suppressed by applying

the electron uncouplers or proton carriers. The effect of proton

carriers on photoemf will be discussed in the neat chapter since it

is related to the mechanism of photoemf generation. The effects of

the rest of the mmdifiers, however, will be.presented here.

(a) Effect of FeCl3

various electron acceptors and donors have been reported serving

as photomodifiers. Among these, FeCl was extensively studied in the
3

present work. It was found that the magnitude and wave form of the

photoemf did not change by shifting the position of FeCl3 from one

side of the chamber to another, whereas the polarity of the photoemf

was reversed. The Open-circuit photoemf was tremendously enhanced

with the presence of FeCl in the system, and the side containing FeCl
3 3

was always electrically negative. This might be due to the fact that

'Fe013 has a relatively high redox potential (0.77 V), and will with-

draw (or trap) electrons from the photoexcited chl-BLM. 'In clean
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systems (without any modifiers), a relatively slow and much smaller

photoreSponse was observed. The sign of this photoemf was generally

in agreement with the small dark membrane potential. This agree-

ment indicated that transmembrane potential plays an important role

in the observed photoreSponse--probably charge separation.

It has been mentioned in the previous section that the open-

circuit photogenerated voltage of chl-ELM formed in 0.1 M acetic buf-

fer (pH 5) is greatly enhanced with the presence of FeCl3 on one side

but not both sides of BLM. A typical curve is shown in Figure 12.

It is interesting to note that Figure 12 follows approximately the

action spectrum of chl-BLM instead of a horizontal line. This means

-that FeCl3 is more efficient for pigments which have two absorptions

at 640 nm and 460 nm (probably chl b) than for other pigments in

BLM (e.g., chl a, and carotenoids). Chlorophyll b molecules could

transfer an electron from its excited state to the electron acceptors

more easily than other pigments could. In order to find out the op-

timal FeCl concentration which would give the maximum photoemf, and

3

how FeCl3 interacts with the chl—BLM, a concentration study was car-

ried out. Experimentally, this was achieved by fixing the bathing

solution (0.1 M.acetic buffer) at pH 5 and increasing the FeCl concen-

3

tration at the inner chamber. Shown in Figure 13 is the dependence of

photoemf on FeCl3 concentration. It can be seen that the presence of

4 x 10..3 E FeCl3 in the inner cup gave a maximum enhancement of the

photoreSponse. This fact indicates that ferric ions, or their hy—

drated complex, are bonded reversibly to the BLM surface and the number

of binding sites on the chl—BLM is finite. The other evidence that



Data was taken from

3

3.

a single membrane in 0.1 N acetic buffer (pH 5). 10-

Figure 12-—Enhancement of photoemf by FeCl

MLFeCl3 had been added to the inner chamber.
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‘ Figure l3--Dependence of photoemf on FeCl3 concentration in

the inner chamber. Curves correspond to two max-

imum peaks in the action spectrum. Membrane was

formed in 0.1 N acetic buffer (pH 5).
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supports the above assumption is that in the system containing FeCl3

in the outer chamber, a cloudy layer was observed covering the surface

of the BLM. If one sweeps gently with thetip of the microsyringe,

this cloudy layer can be removed for a short time.

Figure 14 shows a plot of the dark membrane resistance as a

function of FeCl3 concentration in the inner cup. Maximal R.m was

observed at a concentration of 2,3 10.3 M FeCl3 in the inner cup.

It seems that the magnitude of the photoemf was closely related to the

membrane resistance. Very small or no photoemfs could be detected

on chl-BLM with a resistance lower than 10‘l ohmrcmz. It is worth

noting that the form of the action spectrum was not changed by chang-

_ing the FeCl concentration in the inner chamber.

3

(b) Effect of Electron Uncouplers

Two strong electron uncouplers of PS-II, namely DCMU and CMU,

were tested in this Study. Figure 15 shows the concentration depen-

dence of both photoemf and transmembrane dark voltage. In both

cases of inhibiting, the photoemfs decreased with increasing concen-

tration, while the dark transmembrane voltages increased linearly

with concentration. Furthermore, the membrane resistance decreased

by one order of magnitude in the presence of 4 x 10.3 M.DCMU or

5 x 10-3 CMU in the outer chamber. CMU acts to prevent electron flow

from.water to PS-II (Mueller, Rumberg and Witt, 1963) and DCMU may

inhibit electron flow between the primary oxidant, Q-, and plasto—

quinone (Kok and Cheniae, 1966) and uncouple the electron flow from

H20 to X (Izawa and Good, 1965). Both DCMU and CMU are electron un-

.coup1ers, and in the nonenzymatic BLM system they may act in a similar

manner in the electron (hole) flow process of the membrane.



61

.Figure 14--Dark membrane resistance as a function of FeCl3 con-

centration in the inner chamber. Bathing solution:

0.1 N acetic buffer (pH 5).
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Figure 15--Dependences of photoemf and dark membrane voltage on

DCMU and CMU concentrations. Membrane was formed in

0.1 N acetic buffer (pH 5) with DCMU or CMU in the

inner chamber and 2.5 X 10"4 M FeCl in the outer

3

chamber. Arrows indicate the amount which drops the

membrane resistance one order of magnitude (from 105-7

5-6
ohm-cm2 to 10 ohm-cmz).
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(c). Effect of Bathing Solution pH

As far as the bathing solution was concerned, it was found that

‘photoemfs with fixed amounts of FeCl (in the inner chamber) were also

3

pH dependent. By changing pH of the bathing solution from 4 to 5,

photoemf increases about 7 times. A systematic investigation on this

aSpect was also done. Figure 16 shows the pH dependence of membrane

resistance. Comparing Figure 5a-and Figure 15, it is seen that FeCl3

in one side of the membrane has a certain kind of proper effect on

BLM resistance. A maximum membrane resistance was reached at 5. This

might be due to the effect of the H+ ion concentration on the titri-

able groups contained in chl-BLM. Varying the pH of the bathing solu-

tion changed the magnitude of the photoemf; however, the wave form

of the action spectrum remained unchanged. Figure 17 shows the rela-

tionship between photoemf and pH of the bathing solution. It shows

a maximum photoemf at pH slightly above 5. The coincidence that both

of the two maxima, resistance and photoemf, fall at pH around 5 again

strongly indicates that photoreSponse is closely related to BLM resis-

tance .

Selection of a Standard System

Based upon the experiments described in the foregoing paragraphs,

it was felt that enough information to select a standard system for

further experiments was available, leading to a better understanding

of the redox action Spectrum and the mechanism of the photoemf gener-

ation. The selection of the Standard system was based on the follow-

_ ing two criteria:



Figure l6--pH dependence of dark BLM resistance. Membranes were

formed in 0.1 N acetic buffer with 10..3 M FeCl3 in the

inner cup.
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Figure 17--The effect of pH on photoemf with incident light of

different wavelength. Bathing solutions were 0.1 N

acetic buffer with-10m3 M FeCl in the inner chamber.

3 .

(Each point is the average of five BLM.) Data are

those of action spectra taken at different pH.
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(l) 0.1 sodium acetic buffer at pH 5 was chosen as bathing

solution because at this pH the photoemf was maximum and

the membrane was most Stable.

(2) Only 10-3 MFeCl3 was introduced into the inner chamber

after forming a chl-BLM, to enhance the photoemf without

generating any detectable pH gradient across the BLM.

The findings using this standard system are considered in the

next two chapters.



CHAPTER V

MECHANISM OF THE PHOTOGENERATED VOLTAGE

Introduction
 

In this chapter the nature of charge carriers and a possible

mechanism of the observed "photoelectric" energy conversion are dis-

cussed. In the present work this problem is tackled Simply by apply-

ing an external voltage across the chl-BLM and Studying the relation-

ships between the amplitude and polarity changes of the photovoltage

'and the transmembrane dark voltage. To establish a general overall

view of the physical processes, results relevant to this problem will

. be presented in the first part, and the possible interpretations and

a discussion of the mechanism of energy conversion will follow.

Results

Effects of Applied VOltage m

The effect of transmembrane dark voltage on the overall photo—

electric action Spectra is shown in Figure 18. Data shown in Figures

19a and 19b was taken from a single chl-BLM'by measuring the transmem-

brane dark voltage dependence of the photovoltage at maximum light

intensity. The ch1-BLM*was formed in 0.1 N sodium acetic buffer at

3
pH 4.5 with 10- M FeCl in the inner chamber. It should be noted that

3

throughout the present work, the electrode of the inner chamber is

assigned to be the cathode and thus the open circuit photoemfs are neg-

ative readings. The effect of transmembrane dark voltage on the

71
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Figures 18a and 18b--Photoelectric action spectra under the

effect of the external field across the chl-BLM.

Curves a, b, c, d, e, and f were taken at the ex-

ternal field equal to -6.0 mV, -4.0 mV, 2.5 mV, 5.0

mV, 8.6 mV, and 14 mV, reSpectively.

The external resistance was set at 109

ohms. Chl-BLleaS formed in 0.1 N acetic buffer

3 M FeCl in the inner chamber. Inci-

3

dent light was scanning from long wavelength to short

(pH 5) with 10'

wavelength.
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Figure 18a--Corrected and normalized for constant incident

energy.
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Figure 18b--Uncorrected action spectra.
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Figures 19a and l9b--Wave forms of photoemfs as functions

of transmembrane voltage. Different components

are indicated. lO-second exposures were taken

with 1.5 minutes between each exposure. Membrane

was formed in 0.1 N acetic buffer (pH 5) with

-3
10 M FeCl3 in the inner chamber.
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Figure 19a--Incident wavelength: ~460 nm.
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Figure l9b--Incident wavelength: 665 nm.
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photoemf was remarkable, especially at those positive values where

the waveforms of the photoemfs are biphasic within a limited range

of transmembrane dark voltage (Et)° Beyond this range, biphasic be-

havior disappears. In contrast, for all negative transmembrane volt-

ages the photovoltages Show a monotonic increase. The enlarged pic-

tures of typical biphasic waveforms of the photoemf under the effect

of positive and negative dark voltages across chl-BLM is shown in

Figures 20a and 20b respectively. From Figure 20a the waveform of

the photovoltage can be analyzed into the following four components:

(i) Component F1: The sign of F1 was totally dependent on the

side of the chl-BLM on which the electron acceptor was pre-

sent. However, its absolute.value decreased (perhaps expo—

nentially, see Figure 21) with increasing Et'

(ii) Component F2: This component was strongly dependent on the

magnitude and polarity of the transmembrane voltage.

(iii) Component S: This component showed rather Special behavior.

Its absolute value increased with the increasing algebraic

sum of components F1 and F2. The polarity of S was controlled

not only by the Et’ but also by the concentration gradient of

protons generated across the membrane which will be discussed

later.

(iv) Component E: This is nothing but the steady State summation

of all previous components.

When the light was off, component Fl disappeared almost instantan-

eously. The residual F2 component thus overshot to the positive
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Figures 20a and 20b-~Enlarged Wave patterns of the photoemf

under the effect of positive external field (20a)

and negative external field (20b) across the BLM.

Components are indicated. Experimental conditions

were the same as those in Figures 19a and 19b.
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direction until the disappearance of components F2 and S caught up

and finally decayed to the baseline.

Effect of the Proton Carrier

The effect of DNP (2,4-dinitrophenol), a well-known proton car-

rier, on the photoemf of the chl—BLM has also been examined. It was

observed that by introducing 2.5 X 10'.4 M DNP in the outer chamber,

membrane resistance decreased to about 60% of the original value.

For 5 X 10-4 M DNP, it further decreased to 40%. The photovoltage

was completely eliminated after 40 minutes, no matter what the con-

centration of DNP or on which side of the membrane the DNP was intro-

duced.

Figure 22 shows that under the influence of DNP the slow component,

namely 8, declined faster as the membrane became older. This result

Strongly indicates that the charge carrier responsible for the slow

component S is the proton.
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Figure 21--The dependence of the F1 component of photoemf on the

dark transmembrane voltage.

Figure 22--Effect of DNP on wave patterns of photoemf. Membrane

was formed in 0.1 N acetic buffer (pH 5) with 2.5 x

10-4 M DNP in the outer chamber and 10.-3 M FeCl3 in

the inner chamber. Wavelength of excitation light

fwas 465 nm.

Curve a--before introducing DNP

Curve b--10 minutes after introducing DNP

Curve c--15 minutes after introducing DNP
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A Suggested Mechanism

In order to understand the origin of each component we have to

consider all possible factors which may influence the photoreSponse.

In the present experiment, temperature, pH of the bathing solution,

and the/intensity of incident light were kept constant; therefore,

the total number of pigments excited by a constant incident light

per unit time should be a constant.

The following three factors are primary variables reSponsible

for the observed results:

(1) FeCl asymmetrically applied in one Side of chl-BLM,
3

(2) transmembrane potential (Et)’ and

(3) hole generation leading to water oxidation.

Considering these three factors, the following mechanism is prOposed.

The present membrane system is believed to be constructed as a

liquid crystal with the polar groups of lipid molecules and chromo-

phores of pigment molecules arranged in more or less regular manner

at the surfaces of the membrane, and the hydrocafbon tails of these

molecules randomly located in the center of the membrane as a liquid

phase (Tien, 1968a).

It is proposed that upon illumination, excitons are first gener—

ated by the pigments (primarily chlorophylls) contained in the membrane

surfaces. Some excitons will be trapped by the ferric ions immediately

and lead to the reduction of ferric ions to ferrous ions. Once formed,

these ferrous ions are readily replaced by the ferric ions stored in

the inner aqueous phase. Products of this trapping process are the

holes left at the inner surface of the membrane.~ The rest of the
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excitons can also be either trapped by some other electron acceptors

or donors contaminating the chleBLM or recombined to give fluorescence

or phosphorescence, depending upon whether the exciton is in singlet

or triplet State. The diffusion of the holes can be enhanced or re-

tarded by the external electric field, depending upon the direction of

the field. Therefore, the accumulation of holes can occur in either

surface of the membrane, lead to oxidation of water molecules, and,

hence, the generation of protons by these holes. These protons asym-

metrically accumulated in one Side of the membrane surface can diffuse

through the membrane and reduce the established photovoltage. Of

course, this last process will be affected by the external electric

field, too. The above hypothesis can be summarized as follows:

 

 

 

 

 

 

pigment hv #pigment* (3)

pigment* ' ‘ epigment + exciton (4)

exciton + Fe+3 >hole + Fe+2 ' (5)

electron + hole* : ;luminescence (6)

hole + 1/2 112% 1 711+ + 1/4 02 (7)

The overall reaction is:

1/2 1120+ Fe+3 ' >H+ + 1/4 02 + Fe+2 (8)

Based on this hypothesis, the component F1 is thought to be the

accumulation of holes at the outer surface of the membrane as the result

of diffusion (see Figure 23). That is why the polarity of F1 is solely

dependent on the side of the membrane on which the electron acceptors

are present, i.e., on the surface of the membrane from which the holes
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Figure 23--Schematic illustration of the basic electronic (hole)

and protonic charge transfer processes in photoactive

chl-BLM separating two aqueous solutions. 6 = elec-

tron; 0 = hole; 90 = exciton.
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are diffused. The component F2 is considered to be the separation

of excitons into electrons and holes and is thus strongly dependent

on the direction and magnitude of the external field. That the F2

component is thought to be relatively slower than F1 is based on the

fact that in a clean case (without FeCla), photovoltage was observed

relatively slower. The diffusion of protons through the membrane,

as a result of components Fl plus F2 and water oxidation, is identi-

fied as the slow component S which tends to decrease the established

photovoltage.

If the external field is set such that the positive holes are

readily able to drift from the inner to the outer surface of the mem-

brane (negative Et)’ the direction of'component F2 is the same as

F1, and thus the negative photovoltage is greatly enhanced (see Fig-

ures 19a and 19b). If the direction of the external field is reversed,

-component S will tend to decrease or even overwhelm the photovoltage

established by F1, provided that the field strength is large enough.

The resulting waveform is a small overshoot in the negative direction

followed by a large positive component.

As far as the magnitude of the F1 component is concerned, there

are two possible explanations:

(l) A positive Et tends to draw ferric ions away from chl-BLM

thus decreasing the total number of ferric ions on the surface

of chl-BLM.

(2) A positive (or negative) Et decreaSes (or increases) the bind-

ing strength of ferric ions and chl-BLM, thus decreasing (or-

increasing) the efficiency of trapping electrons in the excited

state .
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The exponential relationship of F1 and Et favors the second expla-

nation, if we assume the binding strength is directly proportional

to the dark transmembrane voltage (Et) and follows the following

equation:

/

Et = C(Eg — b)/2KT (9)

-where E8 is the binding strength between Fe+3 and chl-BLM, and b and

c are positive constants. The exponential relationship of F1 and Et

can be written as (from Figure 21):

F1 = exp(a/m) exp(-Et/m) , (10)

where a = 14, b = -0.5 for incident light at 665 nm (Figure 19b); and

a = 17.2, m 8 -0.354 for incident light at 460 nm (Figure 19a).

‘ Then the effect of field strength on the magnitude of the F1

component can be easily explained by the following equation, in terms

of binding strength, E8:

Fl = exp(a/m) exp(cb/ZKT) exp(-cEg/2KT) (11)

This equation was obtained by combining Equations 9 and 10.

Because of the involvement of proton diffusion (or drifting) in

the suggested mechanism, the Observed fact that the photoreSponse

does not return to the dark baseline at the offset of incident light

if the bathing solution is KCl instead of buffer solution can be under-

stood. The effect of DNP on the 8 component can also be interpreted

on the basis of this hypothesis. Since DNP was applied in the outer

chamber, protons generated by water oxidation would soon be removed
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by this proton carrier and would lead to the faster declination of

photovoltage in the S component (see Figure 22).

This suggested mechanism can be used to predict several obser-

vations which need further investigation:

(1) Since the photogenerated exeitons are either trapped by

electron acceptors or recombined to give luminescence,

large photovoltage will result in small luminescence,

and vice versa.

(2) Oxygen evolution should be observed upon illumination.

(3) Since the generation and diffusion of protons are in-

volved in this prOposed mechanism, a reasonably large pH

gradient across the membrane will modify the wave pattern

of photovoltage to an appreciable extent.

According to this analysis, the F2 component will be missing if

the external field is absent. Unfortunately, the data for this Speci-

I

fic case is lacking due to experimental difficulty.



(1)

(2)

(3)
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Conclusion
 

following conclusions can be drawn:

Charge carriers involved in the photoelectric effect of the

present system are both electronic (hole) and protonic.

Chl-BLM is not only an energy transducer but also a chemical

reaction frame. .

This photo-induced H+ accumulation at one side of the chl-BLM

using the highly insulated membrane structure and the movement

of H+ ions occurs only at high pH gradient and/or transmemr

brane voltage and strongly indicates that the native charged

BLM is rather impermeable to the H+ ion. .This water oxidation

resulting in H+ generation and accumulation has been widely

observed in photosynthesis Study, both in vivo and in vitro.

Izawa and Hind (1967) can even directly measure the pH rises

asymmetrically in illuminated ChlorOplaSt suSpension.

This coincidence reminds us of the so-called_Chemo-osmotic hypo-

thesis suggested by Mitchell (1966). It is thus postulated that the

phenomenon of H+ flux across chl-BLM at high concentration gradient

prObably supplies the energy required for ATP formation.



CHAPTER VI

ACTION SPECTRUM 0F CHL-BLM

/ Introduction
 

In this chapter three typical photoelectric action Spectra of

chl-BLM are discussed. Attention is focused on the peak analysis

and the time dependent peak ratio (E) change. Current vieWpoints

about the action Spectrum principle mentioned in the literature re?

view will not be repeated here.

It is generally accepted that the action spectrum for photo-

synthesis is parallel to the absorption spectrum of the same sample.

This kind of spectrum is characterized by a major band around 430 nm

and a minor band around 670 nm, caused by the constitutional pigments

chl a and the red-peak/blue-peak ratio Y, which is usually less than

1. .Nevertheless, recent investigations have reported higher red peaks

in leaves of higher plants such as bean and radish (Table l).

. The action spectra of chl-BLM formed with fresh lipid solution

exhibited three distinctive spectral characteristics with time after

the membranes were formed. Among these three types of action spectra,

only the one taken at the final stage, designated as BIMFIII, was in

agreement with the above statement; i.e., it followed the absorption

Spectrum.of the same BLM-forming solution. Since it has been reported

that aging, heat, and radiation treatments of chloroplast preparations

result in loss of photosynthetic activity (Kok, 1965), the time de-

- pendent spectral change of the chl-BLM'becomes very intriguing.

96
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Results

The majority of the photoelectric action spectra reported in this

study have been calibrated for constant incident energy, and only these

spectra are used for critical discussion.

Shown in Figures 24a and 24b are the three distinctive types of

photoelectric action spectra calibrated for constant incident energy

and taken from a single BLM at 0.5 hours, 2 hours, and 3.5 hours after

the addition of 10"3 M FeCl3 in the inner chamber. Their uncalibrated

spectra are shown in Figures 24c and 24d. All the experimental condi-

tions in Figures 24a, 24b, 24c, and 24d were the same, except the

direction of wavelength scanning. The spectral patterns recorded by

scanning from 350 nm to 800 nm (Figures 24b and 24d) were similar, while

those scanned from 800 nm to 350 nm (Figures.24a and 24c) show the fol-

lowing three obvious differences:

(1) photovoltage increased with time,

(2) E was time dependent, and

(3) a blue shift of red peak was observed.

These three types designated as BLM—I, BLM-II, and BLM-III, are clas-

sified with a parameter, E, which is equal to the ratio of red peak

height to the blue peak height of the uncalibrated action spectrum.

The peak ratio calculated from the uncalibrated spectra is defined as

Y. The ratio Q shown in Table 2 is the peak ratio (red/blue) taken

from the spectra calibrated for a constant incident quanta. BLM—I

is defined as the action spectrum observed with chl—BLM formed with

fresh lipid solution (less than 1 hour old). This kind of spectrum

has an E value larger than 1. BLM-II is thought to be a transition

state between BLM-I and BLM—III. It was observed that chl-BLM formed
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Figures 24a, 24b, 24c, and 24d--Three different types of action

Spectra of a single chl-BLM. BLMFI, BLM-II, and BLMr

III are spectra taken at 0.5 hours, 2 hours, and 3.5

hours, respectively, after the addition of 10.3 M FeCl3



99

Figure 24a--Scanned from 800 nm to 350 nm, calibrated for

constant incident energy.
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Figure 24b--Scanned from 350 nm to 800 nm, calibrated for

constant incident energy.
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Figure 24c--Scanned from 800 nm to 350 nm, recorded directly.
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Figure 24d--Scanned from 350 nm to 800 nm, recorded directly.
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with fresh solution or chl-BLM formed with aged lipid solution and has

an E value around 1. BLMFIII was observed from chl—BLM formed with

either fresh or aged lipid solution. This type of Spectrum had an

E value smaller than 1. The detailed characteristics of the three

types of calibrated action Spectra are Shown in Table 2. It is inter-

eSting to note that the red peak position shifted from 670 nm through

660 nm to 655 nm. The peak ratio, Y, decayed with time after the

formation of the membrane. It leveled off after 70 minutes and in-

creased slightly after 2 hours (Figure 25). 'This time dependence

of spectrum change was also detected from chl-BLM formed with aged

lipid solution (e.g., 61 days in the refrigerator at 4 0C in the dark).

It is worth noting that in this case only BLM-III could be observed.

5
The increase of chl-BLM resistance from BLMPI (1 X 10 ohmrcmz) through

5 ohmrcmz) to BLMEIII (7.5 X 105,ohmrcm2) was also no-BLMéII (5 x 10

ticed. The efficiency for energy conversion in BLMHIII was higher

than that in BLM-I and BLMFII (shown in Figures 24c and 24d). Action

spectra were also recorded on chl-BLM before and after illumination

for long time periods. In comparison, spectra 1 and 2 in Figure 26

Show apparent spectral changes. There were two obvious differences

after prolonged illumination:

(1) Photovoltage decreased throughout the whole range of Spectrum,

and

(2) Peak ratio E decreased from a value larger than 1 to a value

smaller than 1.

.A certain kind of recovery seemed to exist by letting the membrane rest

in the dark after prolonged illumination. Spectra in Figure 26 were all
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Figure 25--Relative ratio of red peak and blue peak in chl-BLM

action spectra as a function of resting time in dark.

Standard experimental conditions.
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Figure 26a--Peak height recovery of chl-BLM by resting in the

dark. Calibrated for constant incident energy and

normalized. ‘

Curve l--Action spectrum taken from newly-formed

chl-BLM.

Curve 2--Action Spectrum taken after 1 hour with al-

ternative illumination at 670 nm and 440 nm.

Curve 3--Action Spectrum taken after resting in the

dark for 2 hours.

BLM‘were formed under the standard experimental con-

ditions.
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Figure 26b-Peak height recovery of chl-BLM by resting in

the dark. Spectra were taken directly from the

recorded. BLM were formed under standard exper-

imental conditions ;
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recorded from a Single membrane. Spectrum 2 in Figure 26 was taken

after one hour of alternative illumination at 670 nm.and 440.nm.

Appreciable decreases in both absoluted peak heights and the E values

were Observed as compared with spectrum 1 which was taken from freshly

formed membrane. After a Spectrum was recorded, the membrane was

allowed to rest in the dark for 1.5 hours and then Spectrum 3 was

taken.‘ The blue peak showed 100% recovery while the red peak Showed

only about 502. It Should be noted that the Y value of the spectrum

scanned from shorter wavelength is always smaller than the one scanned

from.longer wavelength.

In order to understand the causes of the above.observations,

absorption Spectra of fresh as well as aged membrane-forming solutions

and chl-BLMS formed with these solutions were taken (Shown in Figures

27a and 27b). Notice that the change in blue peak was observed in

absorption spectra taken from aged and fresh BLM-forming solution.

It was also surprising that the absorption Spectrum of chl-BLM formed

with fresh lipid solution showed an unusual difference from others,

namely, that the red peak absorbence was higher than the blue one. An-

other interesting finding was that the red peak.maximum in the absorp-

tion spectrum of chl-BLM formed with aged solution, Shifted from 670

nm to 660 nm.as compared with the one formed with fresh solution. This

shift seems responsible for the observed blue shift of red peaks in

the action spectra mentioned previously. A summary of the absorption

spectra is Shown in Table 3.
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Figure 27a-Absorption Spectra of chl-BLM forming solution.

Open circles: freshly prepared membrane-forming

solution; closed circles: prepared at least Six

months before taking spectra.
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Figure 27b--Absorption Spectra of chl-BLM. Open circles:

chl-BLM formed with fresh lipid solution; closed

circles: chl-BLM formed with aged lipid solu-

tion. The aged lipid solution was stored in the

refrigerator, at 4°C in the dark.



‘
8
0
0

 

 

F
r
e
s
h

  

7
0
0

3
5
0   

( nun bouqav ) ,oo

W
a
v
e
l
e
n
g
t
h

(
a
m

i



Table 3--Absorption Spectra peak positions and peak ratios

RED SIDE (nm) BLUE SIDE (nm)

1

 

 

 

 

 

 

 

' major 'shoulder rshoulder major -Y

I

Figure 273 660 600-612 465-480, 435 0.69

(fresh) 420

Figure 27a 655 600-612 465-480, 420 0.55

(aged) 435

Figure 27b 670 612, 570

(fresh) 670

Figure 27b 660 612, 570

(aged)

chloroplast

pigments in 660 430

diethyl ether

chloroplast

pigments in 675 440

living cells ‘       
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Discussion
 

Since the difference or similarity between the chl-BLM photo-

electric action Spectrum obtained in the present work and the

action Spectra for photosynthesis reported in literature is not known,

a direct comparison between these two kinds of action Spectra seems

impractical. However, it is possible to compare the absorption

spectra shown in Figure 27a with the absorption Spectra of chloro-

plast pigments in solution. It is also possible to compare the ab-

sorption Spectra of chl-BLM shown in Figures 27a and 27b to the

absorption spectra reported by Rabinowitch and Govindjee (1969).

In the following, information obtained from peak analysis con-

cerning the different features of the action Spectrum of chl-BLM

and the action spectra for photosynthesis is summarized in Table 3.

It can be seen from Table 3 that the absorption Spectra shown

in Figure 27s have a blue band around 430 nm and a red band around

660 nm. The absorption Spectra of chloroplast pigments in diethyl

other as determined by Rabinowitch and Govindjee (1969) confirmed

the two peaks at 430 nm and 660 nm, respectively.

The red absorption band at 670 nm.(see Figure 27b--fresh) pro-

bably correSpondS to the red absorption at 675 on reported by Rabin-

owitch and Govindjee (1969) after working on the absorption Spectrum

of chloroplast pigments in living cells.

It has been reported and widely accepted that the red absorption

band of chlorophyll a in solution is much narrower than in living

cells (Rabinowitch and Govindjee, 1969). Recently, careful observa-

tions suggested that the broad nature of the red band in vivo is due
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to the presence of more than one component, namely chl a 670 nm, chl a

680 nm, and chl b 650 nm (Rabinowitch and Govindjee, 1969). Similar

observations can be found in the present work. Looking at the red

absorption bands of ChlorOplast pigments in chl-BLM (Figure 27b),

one notes its greater width compared to the correSponding bands in

solution (Figure 27a). This probably indicates the following:

(19’ Membrane structure might be crucial in order to detect

. more than one form of chl a,

(ii) In a chl-BLM newly formed with fresh lipid solution, two

forms of chl a may exist, and

(iii) Since the red absorption maximum is strong at 670 nm in ch1-

BLM.prepared from fresh solution (Figure 27b--fresh), but

in aged solution Showed only a small Shoulder (Figure 27b--

aged), it is suggested that chl a, which has an absorption

band at the longer wavelength Side in the absorption bands

of the two chl a forms, might be unstable.

..

Peak Identificatign_

Among the three types of action Spectra, BLM-I, -II, and -III,

only the Spectral pattern of BLM-III did not Show any apparent change

in magnitude and peak position when the direction of scanning was re-

versed. iTherefore, in the analysis of action Spectrum peak positions,

attention will be paid mostly to the BLMkIII., Differences between the

three types of action Spectrum will be compared and discussed after

the peak identification.
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It can be seen from Figures 24, 27a, and 27b that BLMelIIs fol-

low approximately the analysis of the Spectrum in terms of absorp-

tion peaks of the same samples (both in the form of BLM and in solu-

tion), except for one or more additional regions with distinct maxima

in the far-red region of the action spectra.

Peak Beyond 700 nm

First of all, a remarkab1e_difference was found in the chl-BLM

action spectra in the far-red region. One to three minor but distinct

maxima were observed in the action Spectrum above 700 nm (i.e., 720

nm, 745 nm, and 790 nm), whereas the absorption Spectra (Figures 27a

and 27b) Showed no band in the same region. This result indicates

the presence of a small amount of pigment (or pigments) which absorbed

the far-red light both in chl-BLM and in its forming solution. The

absence of this (or these) peaks(s) in the absorption Spectra was pro-

bably due to the fact that the light energy absorbed by this pigment

(or pigments) was much more efficiently utilized for photoelectric

energy conversion than was the energy absorbed by chlorophylls and

carotenoids. The presence of these peaks in all three types of action.

Spectra (HIM-I, -II, and -III) indicates that the pigment (or pigments)

responsible for these peaks is quite Stable.

Actually, Similar arguments for the existence of this pigment (or

pigments) have appeared in the literature in various systems related

to photosynthesis.

AS early as 1952, Duysens had postulated the presence of very low

concentration of a pigment which had an absorption band in the region

of the fluorescence band of chlorophyll a. In 1953-1954, Jacobs gt_§l,

C
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working with the microcrystals or monolayers of chl a, observed an

absorption.band around 735 nm. Six years later, Rabinowitch (1960)

reported the inhibition of photosynthesis by additional far-red il-

lumination (maximum at 745 nm). In 1961, Govindjee, Cederstand, and

,Babinowitch identified an absorption around the 740 nm to 760 nm

region. Izawa gt El (1963), after measuring the light-induced Shrink-

age of chloroplast suspension identified an absorption peak around

the 720 to 740 nm region. A similar conclusion was also made by

Lundegardh (1966) after studying a wide range of incident wavelengths

on higher plant leaves; and by Ichimura (1960) on the photoconduc-

tivity of chlorOplaStS. .

Peak in Red Region (665-660 nm)

'and in Blue Regign (425-430 ago

The two peaks which are known to have two absorption peaks at

660 um and 430 nm (Zacheile and Comar, 1941), are probably due to the

absorption of chl a. The ratios of red peak (660 nm)/blue peak (430

am) for the absorption Spectra Shown in Figure 27a-aged, and the ac-

tion spectra, BLMFIII (Figures 24a and 24b), were approximately equal,

0.61 and 0.623, reSpectively. This indicates that light absorbed by

these bands (430 nm.and 660 um) had the same efficiency on the photo-

electric energy conversion. I

Shoulder between 670 nm and 675 nm

and Peak in the Blue Region--

437 nm to 445 nm

The shoulder at the long wavelength Side of the red band and the

. maximum at 437-445 nm.was probably due to one of the two forms of chl a
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which was reported to have two red bands at 673 nm and 683 nm (Krau-

ovsky and Kosobutskaya, cited by Rabinowitch, 1951, and Butler, 1965).

A blue band at the 437 nm to 438 nm.region was also reported (French,

1959). These peak positions in BLM action Spectra agree with those

of Soret and the red bands of chl a in the action Spectra for CO2 fix-

ation of bean plants as determined by Balegh and Biddulph (1970; 437

um and 670 nm).

The small maximum or shoulder at 605 nm, 570 nm, and 405 nm might

have been due to the absorption of chl a with a secondary absorption

peak reported at 615 nm, 575 nm, and 410 nm, reSpectively (Zscheile

and Comer, 1941). '

The shoulder between 630 nm and 640 nm is quite difficult to

analyze; it might have been due to the chl a secondary absorption band

or a chl a doublet (French, 1968). Another possibility is chl b

having an absorbing maximum.at 640 nm in solution (Zscheile and Comer,

1941). If indeed chl 15 should be reSponSible for the shoulder between

630 nm and 640 nm, the shoulder between 450 nm and 455 on may correSpond

to its blue absorption band. Since carotenoids absorb light signifi-

cantly from 530 nm downward (Emerson and Lewis, 1943), the Shoulder be-

tween 450 um and 455 nm could also be due to the absorption of carotenoids.

The minor peak at 470 nm is prdbably due to the absorption of chl b

(Sauer and Calvin, 1962).

Comparison of Three Types

of chl-BLM.Action Spectra

The three remarkable differences among BLM-I, -II, and -III men-

tioned in the results will be discussed here.



126

The time-dependent blue shift of the red maximum from BLMEI

(670 am) through BLMPII (660 nm) to BLMFIII (655 nm) and the rela-

tively narrow band width in the red region of BLMPI indicates:

(1) the existence of two forms of chl a in chl-BLM, and

(2) only chl a (670 nm to 675 nm, 437 nm to 455 nm) and pro-

bably carotenoids or chl b (470 um) could be detected in

the early period (for newly-formed chl-BLM from fresh

lipid solution).

The reason why an E value larger than the one obServed in BLMFI

(scanning from 800 nm to 350 nm but not in reverse scanning or other

cases) might be explained by either one of the following assumptions:

(1) In the early period, the light energy absorbed by chl a in

the red region (670 nm) was much more effectively utilized

in the generation of photoelectric voltage than in the blue

(437 um), and -

(2) This pigment (670 nm and 437 nm) was unstable and could be

deactivated or change its form (due to, say, certain chem-

ical reactions) both in light and in dark.

That photovoltage increased with time can be easily explained in

terms of dark resistance. It was found that membrane resistance in-

creased 7.5 times as the action Spectra changed from BLMEI to BLM-III.

The most probable reason why the membrane resistance was increased is

that the membrane constitutional Substances had changed. Perhaps cer-

tain pigments, which undergo certain kinds of chemical reactions, either

in the dark.and/or in the light, can alter the chl-BLM conformation and

increases the resistivity of the membrane. It is also possible that the
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chl-BLMZmay have lost solvent, which can also change the pigment

environment. In regard to the blue shift in the red region, similar

Observations were reported by Litvin and Ho (1967). They found

that: I

(i) the maximum of high plant leaves (Elodea) action spectrum

for 02 evolution was shifted with time from 680 nm to 670 nm,

(ii) an increase of light intensity resulted in a shift of max-

ima in action Spectrum from 680 nm to 650 nm, and

(iii) in early periods of photosynthesis no chl b (650 nm) was

detected in action spectra, whereas an appreciable amount

of chl a was found between 685 nm and 69Q nm.

In order to interpret the results presented in this chapter,

the following hypothesis is advanced.

we can specify the changeable substance which may have caused

the increase of chl-BLM resistance as chl a 670 nm. This pigment

is thought to have two different forms, designated as "A" and "B".

In freshly prepared membrane-forming solution, A form is predominant.

It is believed that A form undergoes a transformation (or bleaching)

to B form'both in the dark or catalized by light.

 

A.(670 nm) dark or 115%; 4A>B (probably chl a 660 nm or a

' dark deactivated chl a 670 nm)

This may be a reason why the action spectrum of a BLM.formed with

fresh solution when scanned from long wavelength to short wavelength,

will gradually shift the maximum of the red peak from 670 nm to 660 nm

(Figure 24a). However, if the spectrum was scanned from short wavelength
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to long wavelength, the pigment would quickly be transformed (or

bleached) from A form to B form by the short wavelength light before

the scan reached the red band. As a result, no apparent blue shift

was observed in this case (Figure 24b). Since the transformation

(or chemical reaction) could proceed in the bulk phase, too, in

the aged membrane-forming solution, A form of the pigment was not

detectable. Consequently, no BLMéI type spectrum was observed in

the membrane formed with aged solution. The evidence supporting

this hypothesis also comes from the absorption spectra of chl-BLM

(Figures 27a and 27b). Note that the spectra formed with fresh solue

tion had a maximum absorption band at 670 nm in the red region, while

the other formed with aged solution had an absorption maximum at 660

nm. In the dark, this transformation (or bleaching of chemical reac-

tibn) could be reversed slowly. Prolonged illumination could deacti-

vate (or bleach) all the pigments contained in the chl-BLM, and, as

a consequence, a decrease in efficiency of energy conversion mediated

by BLMLwould take place. The recovery by resting in the dark can be

similarly explained (Figure 26). Further, this may explain the fact

that the E value of the spectrum scanned from.shorter wavelength is

always smaller than the one scanned from longer wavelength.

Finally, it has been reported that chlorophyll molecules tend to

spontaneously lose their Mg atoms, which only absorb light in the blue

region (425\nm). This would appear to give a good interpretation to

the observed decay of the E value (Table 2); Alternatively, the last

possible reason might be due to the intrinsic properties of chl a and

b (the Y value of chl a is always larger than the Y value of chl b,
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In order for this to be true, the assumption must be made

othat in early periods only an appreciable amount of chl a can be

detected.

I

Conclusions

The following conclusions can be drawn:

(1)

(2)

figment(s) absorption of far-red light (beyond 700 nm)

is believed to exist.’

The decrease of photosynthetic activity in chloroplast

preparation by aging, heating, digitonin (detergent), or

radiation (Kok, 1965), was probably due to the disappearance

of a pigment (probably chl a) which had an absorption max-

imum at the longer wavelength side of the red band. _This

pigment (chl a 670 nm in the present experiment) was either

structurally or environmentally dependent or both, because

only in that BLM which was immersed in a polar solution

(e.g., 0.1 M acetic buffer, pH 5), was it observed.



CHAPTER.VII

SUMMARY

In the present work the photoelectric effect of chl-BLM formed

with extract of spinach leaves was studied. The dark current voltage

curve.shows nonlinear behavior, especially when the pH of the bath-

ing solution is higher than A. The photoelectric action spectrum of

chl-BLM showed a striking resemblance to the absorption spectrum of

the same sample and indicated that chloroplast pigments contained

in the membrane were the primary light absorbers and were function-

ing at approximately the same efficiencies. Asymmetrical addition

of FeCl3 on the membrane system enormously enhanced the photovol-

tage, probably via the trapping of electrons by ferric ions. Pig-

ments which had an absorption maximum at 640 nm in the red region

and an absorption maximum in the blue region (perhaps chl b) showed

greater ability to transfer electrons in the excited state to this

electron acceptor than other pigments do (like chl a, carotenoids).

Electron uncouplers (or Bill reaction inhibitors) suppressed photo-

response of chl-BLM effectively. The optimal bathing solution pH

for the present experiment was 5 which gave maximum.photovoltage and

stable chl-BLM. The membrane resistance was closely related to the

photovoltage. Membranes of large resistance usually gave large photo-

voltage. Very little or no photovoltage could be detected if the

resistance was below 1 X 104 ohm-cmz.

130
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The membrane was considered to be a liquid crystalline structure

which generated excitons upon illumination. Charge separation was

influenced by Fe+3 via trapping of electrons or by some other uniden-

tified impurities contaminating the chl-BLM. Photolysis of water was

postulated to take place on the surface of the chl-BLM. Charge car-

riers involved in the photoelectric effect of the chl-BLM system were

both electronic (hole) and protonic. Therefore, the chl-BLM functions

not only as an energy transducer but also serves aS'a substrate for

chemical reactions.

 
Further analysis of the action and absorption Spectra of chl-BLM

led to the qualitative identification of pigment molecules responsible

for the observed peaks. Three types of action Spectra at different

ages of the membrane were found to correspond with three different

states of the membrane. The extra peaks in the far-red region of the

action Spectra indicated the existence of a pigment-absorbing far-

red light (higher than 700 nm). The maximum red band showed a time

dependent blue shift, namely from 670 nm to 660 nm and then to 655 nm.
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