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Spectroscopic Studies of Photosynthe~is 

ABSTRACT 

c 
\ 
.\ 

\ 

Sensitive measurements of the visible absorption spectra of photo-

synthetic r::aterials have revealed that upon illumination conducive to 

photosynthetic activity the concentrations.of various endogenous com-

pounds are reversibly altered. Such measurements require sophisticated 

averaging techniques to achieve the necessary noise levels of less than 

lo-5 O.D. units and the time resolution of less than l millisecond. 

Suitable instl~ntation is described in detail. 

A major consideration '>'las the identification of the photo.-reactive . 

species on the basis of their absorption spectra. A sur:Yncl!'Y of the. 

available data on the various compounds thought to be involved is pre-

sented, and from this evidence it is concluded that chloroptzylls, 

cytochromes, flavins, quinones, carotenoids, and pyridine nucleotides 

are involved in algal and bacterial photosynthesis. The types of 

reactions which these molecules might undergo are also discussed. 

Our studies included a measurema~t of the redo~ properties of 

bacterial chromatophores which indicated that there are two essential 

pigments involved; one has a midpoint potential of +0.44 volt and evi-
. ...-"· 

dence is offered that this pigment is bacteriochlorophyll; the other 

has a midpoint potential of -0.04 volt. We also undertook several 

kinetic studies. Some of the intermediates found in the bacterial 

systems showed different decay kinetics from compound to compound. 

On such a kinetic basis it was possible to relate the photoproduced 

absorption band at. 433 m~ to the photoproduced electron paramagnetic 

resonance signal. Kinetic studies in algae iJldicated by indirect 



-iv-

means that a close correspondence exists between the overall electron 

flow behavior involved in oxygen evolution and the initial decay 

rates of the photoproduced intennediates.. The re5tr1ctions that 

such observations place on photosynthetic mechanisms are discussed. 

A semi-quantitative mathematical analysi0 of electron flow systems · 

is presented. Relationships between the mather..atical models and the 

experimental observables are emphasized. Analog computer tecbniques 

are briefly considered. 

"!!, 
.~'----
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Chapter I TIITRODUCTION TO PHO'IOSYJ:ID!ESIS. · 

Photosynthesis as it occurs in the algae and higher plants can 

be sunrnarized by the well lmo\'m equation: 

co2 (gas) + H20 (liq) light ) (CH20)x + 1/2 o2 (gas) (I-1) 

This net reaction is, of course, accomplished by a very large number 

of intermediate steps. Although each step is important to the overall 

process, they \'Iill not be of. equal interest to us. One useful concep-

tual device is to separate Eqn. I-1 into two stages: 

a) the photochemical evolution of o2 and the concomitant P::Od~ction 

of. a strol"-tS reductant and "high energy" phosphate; 

b) the enzymatic reduction of carbon dioxide using the reductant· 

and phosphate carrier produced· in (a). 

These reactions are indicated below. 

P 1 + Y + H20 + X _light . ~ P-Y + 1/2 02 + XH2 
enzymes 

(I-2) 

(I-3) 

We shall be most· interested in those reactions· which involve light 

directly and those which use the 1Jnmediate products of the light reactions. 

The reactions encanpassed j_n Eqn. I-3 have been explored in great detail 

·by Calvin and his colleagues.l,2 A relatively complete picture of the 
~ 

· "carbon-fixation cycle" ha.s emerged from }hese and related investiga-

tions. 

It has long been suspected that the tools associated with the 

study of carbon fiXation--radioactive tracers and paper chrOmatography--

would not be suitable for detectin~ and identifying the intermediates 

.. -
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participating in Eqn. I-2. Techniques were sought that gave rapid, 

sensitive indications of chemical reaction withput requiring the 

isolation of products. One of the l!lOSt promising approaches at the 

time our study began t-.ra.s the use of spectroscopy, in particular the 

absorption of "visible" and micro\ .. ave radiation. Our own work has 

grown more or less directly out of the earlier and continuing efforts 

in this broad area.* He set out . to learn as much as possible about 

the steps included in Eqn. I-2 by these techniques, hopefully a;rTiving 

' at a fairly detailed set of elementary react:lons. 

This paper will be divided into six chapters. The rest of this · 

chapter presents a b-~adly sketched outline of the primary processes 

of photosynthesis. Chapter 2 contains.the details of the inst~~enta~ 

tion developed and of soine of the routine experimental procedures used. 

Chapter 3 reviews 1n detail the specific ~urking hypotheses for the 

reactions of interest to us. Emphasis is placed on the role that the 

spectroscopic studies have played in the development of current . ' 
theories. Some of our results are included in this discus~ion. i'":ost 

of our experimental ~urk is described in Chapter 4. · Chapter 5 considers 

a mathcrr.atical model for electron transport reactions. Chapter 6 con-

tains the· final. surmna.ry and conclusions. 

*Specific references will be given in Chapters 3 and 4. 

, 



1., 

/) ., 

. ) 

'; A MODEL FOR PHO'IDSYl'ITHESIS 

Eqn. I-2 calls for the photochemical oxidation of I'Jater in the 

presence of an ele.'Ctron acceptor (X) and plant materla.l. Let us 

divide the elementary'reactions iDvolvecl into three classes: 

1) Li..r;ht absorption, resonance energy transfer; 

2) Energy trapping, conversion of electronic energy· to· chemical 

potential. 

3) · Electron transfers from terminal electron donor (water) tC? 

terminal electron acceptor (X) '(!Ji th associated production· 

of "high energy" phosphate. 

itle Mmt to consider these sets of react1.ons in more detailt including 

a brief discussion of some of the important evidence for them. 

Absorption of Light 11 Energy Transfer 

The photochSmical oxidation of water in photosynthesis proceeds 

efficiently with photons of all visible.· \'iavelengths (400-700 m ). 

Figure I_;l sho\'~s a typical action spectrum. 3 High efficiency over 

such a broad spectrum of low energy photons makes this a remarkable 

photochemical reaction. It becomes even m::>re unique when one realizes 

that the light being utilized is absorbed by many structurally dif

ferent compounds (Figure I-2) •. Furthermore, neither water nor the 

likely candidates for X* have strong absorption in the active part of 

*!,is probably triphosphopyridine nucleotide (TPN) 9 with the absorp
tion spectrum shovm :in Figures I-2 and III-27 and the structure 
shown in Figure III-26. 

3 
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'Wavelength lmp) -+-

·.Efficiency of light :absorbed by Chlorella sp. determined ·over the range of 
·.the ViSible spectrum. 'Emerson 1and Lewis 

M'U 8 -'6 7'91 

.Pig. r...;l. 

,_, 

" •• 
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Ch!orella CELLS 
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0"'"''''' MINOR COMPONENTS ,, 
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I \ /"\ 
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,_300 400 500 600 
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700 800 
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Fig. I-2. Resolved absorption spectra for photosynthetic pigments • 

. These spectra are only approxjmate. !'fore accurate spectra 

are presented in Chapter 3. 
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the spectrum. Her.ce the overall reaction is formally one of "photo-

catalysis" or "photo-sensitizationn •. Thus we must provide a mechanism 

for transfer of the excitation enerzy to the reactants. 

The pie;ment molecules sho'~'<n in Figure I-2 have intense overlapping ~· 

absorption and ern~Lssion bands. The molecules are highly concentrated . 

(ca. 0.1 molar) ir. small volumes "dthin the cellular tissue (Figure 

I-3).4,5,6 Direct electronic energy transfer from the high energy 

levels of one molecular species to the lm~er lying levels of another 

molecular species is· quite feasible in these systems.7,8 Such a 

mechanism is commor.ly proposed for the very eff:lcient quenching of 

fluorescence in concentrated solutions of pi@nent molecules in vitro.9 

Let us assume for the moment that chlorophyll . ~ rn0lecules· lie at or 

near the end of this energy transfer process (vide infra). Then this 

.type of reaction would involve the following steps: 

P + hv = P* 

P* + Q = Q* + p 

~ ·-·--·cl· i ..i. c~..1 * + Q -...:·: ::C 1 ~: - II £.. · 

(I-4) 

(I-5) 

(I-6) 

where !J .2. are any pi@nents, _:indicates the first excited singlet. 

Good evidence for reactions I-5 and I-6 comes from fluorescence 
\ . 1 . 

experiments such as that sho11m in Figure I-4. O Only chlorophyll ~ • 

nuorescence is observed ::!.n in ~ material even though the other 

common pi@nents are fluorescent in vitro. Also, ·polarized excita-
.' ' . . 11' . .. 

tion does not produce polarized fluorescence, indicating a series 

of "transfer" ·steps among randomly oriented molecules. These experi

ments point to one basic photochemical reactiopn for the photo-c;>xidation 

of t<ater rather than parallel pathv..ays for each pigment. 

/ 
r 

.! 
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Fig. I-3. Chloroplasts 1n Liverwort. 
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The free energy storage imrolved .in the overall photosynthetic 

reaction (Eqn. I-i) can be so high (30..1!0%)12 that the quantum yield 

of the above reactions must be extremely good. Eack reactions and 

losses of various types are then relatively unmportant. These last 

include chlorophyll a fluorescence (l%),13,l4 long-lived fluorescence 
. . 

or che~illuminescence (0.1%),* phosphorescence (not yet detected), 

and nonradiative transitions (up to 50% of the input ener&y, approxi

mately 25% of the input quanta).~8;19 

The relative amounts of ene~bY appearing as fluorescence and as 

stored chemical potential give some indication of the relative rates 

9 

of the reactions involved. The radiatj_ve lifetimes of the pigments are 

of the order of 10-8 seconds. Since none fluoresce except chlorophyl~ £,, 

the processes leading to chlorophyll must take a much shorter t:ime, 

perhaps 10-9 to lo-11 seconds.** 

Energy Trapping, "Quantum Conversion" 

Once the absorbed light energy has been transferred to the chloro

phyll ~molecules (producing excited singlets), it must be ''trapped" 

efficiently. At this point we are pr~ily interested in the nature 

of the trap and the type of reaction it undergoes. Impressive but cir

cumstantial evidence suggests that ·the photosynthetic traps have some. 

unique properties , rather than being any randomly selected chlorophyll ~ . 

*Ref. 15 quotes this commonly accepted valu~, but see Refs. 16 and 
17 for other views. 

**This t.ime scale i's supported by the fevr compounds that do fluoresce 
:tn ~· These compounds., the phycoerthyrins found in red and blue- · 
green algae, have very short radiative lifetimes, ca. 10-9 seconds.20 

\., 

. ·. 
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molecules. Einersen and Arnold first shm-red that the active centers, 

whatever they might be,· are much less numerous than the chlorophyll £ 

molecules.21 Trap concentrations are estimated as.O.l to 1.0% of the 

chlorophyll. concentration.6,21,22 Sensitive absorption measurements 

have L!dicated a small absorption band at scrnewhat longer ~~velengths 

than that of the bulk of the chlorophyll .e_ (Figure I-5) .23 The . , 

absorption in this region is strongly dich..-...oic, implying that the molecules 

are aligned relative to one another in an ordered array (Figures I-6 

and I-7). 24 .~~ 25 This array has fixed orientation with respect to the. 

electric moment . and the geometry axis of the cells of subcellular 

units in WhiCh they are containect.26 The concept Of an ordered. sub

structure is· strengthened by the .observation of a polarized fluores-

cence , at somewhat longer i.•.Javelengths thnn the bulk of the chlorophyll 

fluorescence.27 

Su.rrnnarizing this line· of argument: approximately 5% of the long

\\e.velength absorption of in y~ plant tissue belongs to a ~90-700 rnil 

absorption band. The ·molecules responsible for this absorption are in · 

an organized array. We postulate that one or more molecules ~~thin 

the 0~6anized unit are the actual site of photoch~tcal activity. ·The 

trap itself is almost certainly a porphyrin-like molecule (from its 

spectrum), but no structural details are kno\m. 

not be chlorophyll a itself. - . -
Thus it may or may 

A trap absorbing at 700 m is a weak one at room te.'llperature 

(350 cm-1 compared to kT of 200 c~-1). Thus its efficient opera~ion. 

must depend upon rapid depopulation through chemical reaction rather· 
. ~ to 

than its being a lCmg-lived rnetastable state. \-!e also know that the 

' ... 
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ABSORPTION AND DERIVATIVE SPECTRA 

SCENEDESMUS WILD-TYPE CELLS 
AT -196°C 

Absorption 

T 
60.D.= 0.2 
j_ 

400 600 

A ( mJJ) 
(After Butler and Bishop) 

Derivative 

MU-35701 

Fig. I-5. Absorption and Derivative spectra of ScenederJnUs cells.23 

Shoulder on absorption curve slightly exaggerated. 
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SPINACH QUANTASOMES 

ABSORPTION OF ORIENTE[) CHLOROPHYLL o 

ORIENTED 
Chi. a 

WAVELENGTH (mJI) 

MU-25449 

Fig. I-7. Absorption spectrum of oriented and unoriented 

chlorophyll ~· .sauer and Calv1n.24 
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reaction 

Chl a*+ T ~ .T* + Chl a (!-7) 

must proceed quite rapidly sjnce it provides excellent competition 
. a . 

with chlorophyll~ fluorescence (lifetime ca .. lo---· seconds). 

f1uch of the attention of photosynthetic investigations has been 

focused on the "quantum conversion reaction". By way of definition, 

the quanturl conversion process is that cne~ical reaction which changes 

electronically excited species into chernical compounds which are in 
-

thennal (but not thermodynamic) equilibr5.um iv-ith the environment. 

As we examine the possible mechanisms for this reaction, keep in 

mind that it must accomplish a large net change in ·chernical potential 

("- 1.4 electron volts) with high efficiency ("- 75%). Fo~ general · 

mechanisms that have been considered are: ' 

PhOtosensitization 

T* + A + B = T + A+ + B- · (I-8) · 
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Rearrangement 

T* y (I-ll) 

(Y then reacts to give charge separation) 

The electron transfer mechanism is the commonly accepted one today. 

The prirna.ry evidence comes from spectroscopic studies such as described 

in this paper (Chapterr.; 3 and 4)., Studies of the effect of changing the 

redox potential of the environment on the photoproductioh of intennediates 

have rr.ade it possible to measure the (dark) reversible oxidation-reduction 

potential associated with the interm<:..,diates. If one can then assume that 

ce!tain spectroscopic absorption bands are related to the trap' itself, 

it is possible to learn some details of the phOtochemistry. Results of 

such experiments point to a one-electron photo-oxidation of the trap 

molecule (Eqn. I-9b) as the fundamental quantum con~rsion process.28-31 

Assignment of the "primary step11 in this fashion is quite a diffi-:

cult tasl<. Of the four reactions mentioned above, none can be rigorously 

excluded on the basis of present evidence. Reactions I-10 and I-ll ~.,rould 

seem to be the most unl:tkely. T'ne redox stud:'i.es have generally found no 

pH dependence of redox potent::i.al~29 indicating an electron transfer. But 

the complexity of the b:tolog:tca.J. material makes even the simplest inter-

pretation of straightforward pH or isotope studies a risky business. 

The plausibil:tty of direct nuclear rearrangement is lowered because of 

the lack of good model reactions. Most photochemical reactions proceed 

along the thermodynamic gradient.. In those cases vrhere the high energy · 

form is favored (such as c1.s-trans isomerism of conjU,.csated olefins) 

only a snall fraction of the photon energy is actually stored, and the 

quantum efficiencies of such reactlons (i.e., events/quantum) are also .. · 

low•32,33 
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Somewhat more satisfactory models exist for the electron transfer 

mechanism (Eqn. I-9)• Some photocathodes in photomultiplier tubes 

show very high quantum efficiencies (up to 75% of the absorbed quanta 

produce photoelectrons). Chlorophyll can be used as an electron donor 

or acceptor in reversible photochemical reactions t-Jhich involve the 

oxidation of weak reductants (such as ascorbate) or the reduction of 

weak oxidants (indophenol dyes:) ."34 t35 Energy storage in such reactions · 

cannot be more than a fe\.r tenths of an electron volt out of 2 • 0 ev. 

Rabinowitch has recently reported the photobleach~lg of thionine by 

·ferrous ion in a two-phase system. Energy storage here is also 0.3 ev.3~ 

Thus our problem appears to be the choice between electron transfer 

and photosensitization reactionsG One basic testable difference is that 

T+ or T- (I-9b,c) should be susceptible to direct spectroscopic study. 

In the case of photosensitization one must measure the concentration of 

!*, which, at ordinary intensities, is quite likely to have such a low 

steady-state concentration as to be undetectable by absorption spectroscopy, 

· although it might be observable by means of a characteristic emission. 

··. ,. · · The postulated identification of an absorption band associated idth 

a trap, if correct, seems to rule out th~ photosensitization mechanism. 

To sumrnarize,;once more~ a good bit of circumstantial evidence points 

to a discrete, unique "trap" which is the recipient. of the electronic 

>·· 

excitation ene~7 obtained from the. absorption of the photons. The trap ~ 

molecule then reacts possibly via a direct electron transfer step to 

produce highly oxidized ~d reduced moieties. 

We will next consider the pathways by which these reactive 
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intermediates provide or accept electrons to produce the final materials 

of interest to us (:xrr2 and 02 ) o '\<Je will also be .interested., in passing, 

with the mechan:i.sn for the forwation of A'rP. 

Electron Trans.r:ort Reaction,s, 

The study and interpretation of the electron transport reactions 

of photosynthesis have been greatly influenced by a unique. and rela

tively \';ell understood metabolic reaction system: :respiration. The 

overall reaction is strikingly similar to the one we are considering, . 

except that the electron flov; is reversed (1. e. , electrons move in the 

direction of ,spontaneous reaction).37 ,38 

(I-12). 

vie can again subdivide the reaction into parts~ with the interesting 

partial reaction being: 

1/2 02 + f1'PNI~ e TPN +j + 1~0 
lDPNh = DPNj 

This reaction is formally exactly the reverse of Eqn. I-2.' 

(I-13) 

The molecular mecha.."l.ir,m for respiration is no-v: available in rela

tively complete forme One s:L.11plifiE:d scheme ·is sh0\'11'1 in Figure I-8)9 

11'he major poihts of interest to us are the molecules involved, the fact 
. .. . I .... 

that transfer proceeds through r and 2 electron redox' reactions:!; and 
. '~ 

the formation of NrP at s:.titabie potential ,jumps. 

Spectroscopj_c methods played a vi tal role· in analyzing the role of. 

various canpour1ds in the. respiration pathv..ay ... · If similar reaction$ are 

indeed. to. be found :in photos:ynthesis, then the application of such 

techniques \IIOUld hold great promise for mechanistic studies. Because 

of the Vi!'(rY close analogy between the net reactions, much of the current 
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r Poosible sites of phospho1lation of ADP l 
AH2XDPN+x. FH, 2 Cyt b Fe3+x 2 Cyt c Fe2+x2 Cyt a Fe

3+x H20 

A DPNH · . F 2 Cyt b Fe2+ 2 Cyt c Fe3+ 2 Cyt a Fe2+ i02 
+H+ t + t 

I 2H I 
I I 

Succinate Ascorbic acid 

Possible sites of coupling of phosphorylation with electron transport m 
liver mitochondria. ( Fruton and Simmonds) 

MUB-6795 

Fjg. I-8. 
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photosynthetic mechanism· is based on at'1.alogy 'l>rlth the respiration \li/Ork.; 

v!e will treat tl1is model in some detail in a later chapter and hence 

111ill defer a more extensive analysis of results and conclusions until 

that point. 

we·have seen that the complex reactions making up the overall 

process of photosynthesis can be brol-\en up into sets of simpler reactions 

. t1hOse mechanisms; for the most part) can be understood in terms of 

analogous systems. Thus the steps of lit;ht absorption, energy trans-

. fer, energy trapping, photoionization, and electron transr~rt form a 

workin,~ hypothesis for the photosynthetic mechanism that seems correct 

in broad outline. \1e shall assume that a certain number of these steps, 

premmJ.ably .:involving highly organized molecular and subcellular stru~-

tures; can provide a satisfactory framework for understanding the 

studies to be described here. 

. ' .. \, 



Chapter U. INSTRUJ'··1ENTATION 

Introduction 

The exper:lments on which this thesis is based are. for the most 

part of a sins;le type.. We measured changes in the visible absorption 

spectrum of pt:otosynthetic systems before, durirt.g, and after excita

t:ton wi.th strong actinic light. He \.v1shed to obtain both spectral and 

20 

kinetic information from these experiments. The concentrations of 

photoproc1u.ced intenneclia.tes t._rere ~ generally, quite low (ca. 1o-8 molar), 

and sane lifetimes t<J"ere less than .. 01 seconds. One commercially· 

available instrument wa.s useful for some of the larger, slo\'~er signals; 

but more often special equipment had to be constructed to meet the 

severe sensitivity requirements~ Because so much of' the i'iOrk to be 

described t~s performed ne~~ the l~~its of sensitivity of visible 

spectroscopy, it is h'Or'chvrhile to consider the general features of 

· spectrometers operat1ng in the 350-1000 nlll region. 

Ceneral Rem..arks 

As \'.rlth any spectrowter; the basic components are a source, a 

monochromator, and a detector. 

A. Eout'ces. 'rhe light source is an extremely important part of 

a high-sensitivity visible spectroF.~ter because, as we shall see in 

more detail later, it is the limiting noise source. He required a 

continuous, high-intensity, high-stability light source. 

Tungsten filoo1ent projection bulbs served as excellent sources 

from 320-1000 fill• Relatively high wattage (500-1000) and color 
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temperatures (3100-3250°K) were readily available. The outstanding 

characteristic of tungsten bulbs is their very high stabllity. Short 

term fluctuations (1 second) are normally limited by the power supply 

regulation which can approach 0.01%. 

Por shOrter 'l'.<a.Veler.gths xenon arcs or hydrogen lamps are needed. 

Relatively little work trds done ~nth these sources so their detailed 

properties will not be discussed. 

21 

B. Monochromators. 1\'~u.ch of our V\'Ork was in the visible and near 

infra-red regions. HE-)re a grating monochromator has some adYantages 

over a prism un:1.t. Resolution was never critical since most of the 

absorption bands of tre molecules of interest proved to be quite broad 

(5 to 10 mJ.J half band it>Tidth). Furthermore, stray .light, the major dis

ad vantage of a grating monochromator, never offered seriou~ difficulties. 

Absorbancies were ·kept low and color filters were ~vailable to remove 
' 4 ~' • 

higher ordar radiation. 

C. Detectors. Photomultiplier tubes (PMI') ata now almust uni-

versally employed as detectors for radiation of the ~avelenghts of 

interest. There are t)·JO basic designs: end-windo'tt-t tubes i\'hich permit· 

illumination of the photocathode through a flat \dndow of glass or 
..... ..:. - . 

quartz; and side-illumination tubes where. light passes through a 

·curved· envelope. The former co~e in a wider range or cathode materials 

and generally have more lig.,t gathering power, but they are usually 

less mechanically stable, sorne\'lhat more noisy and less compact tha11. 

their side-illumination counterparts. 
.., 

" 

Photomultiplier tubes have low intrinsic noise levels. The "dark" 
) 

noise never proved a limiting factor in these experiments. Photomultipliers 
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also have very fast intrinsic rise times. All of the common tubes 

have respon.se tim~s faster than 10-8 seconds, the ult~~te l~it being 

the transit t:lme of electrons through the tube. Another pleasant. 

feature of these tubes is their linearity, which is in the. order of 

1-3% at low output currents ( 'r'lell below saturation). The output 

impedance of such devices falls in the range of 10 K to 1 r-1 ohms, 

easily compatible with conventional amplifiers. Finally, their 
. .. ' 

dynamic range is very large, approaching one million. .Thus one can 

look for small changes in large signals -.;.,rithout much loss in sensi-

tivity. 

\'le routinely used end-vlindow tubes. Our choice \'las based on twq 

factors: it \~ds easier to obtain good red-sensitive end-window phot~-

multipliers, and their wider collection angle made them more suitable 

for the high light-scattering associated ~~th cellular and subcellular 

sized particles. 

D. Performance. There are t.....o main areas of interest to us-

sensitivity and response ttme. 

Sensitivity. Let us define.the sensitivity of a spectrometer as 

the smallest change in optical density (absorbance) that can be dis

tinguished from the noise. If one is primarily concerned \d.th small 

signals-that is, small percentage changes in absorbance-the follm.f'mg . . 

derivation relates changes in absorbance to the changes in transmitted ~ 

intensity: 
,I 

(II-1) 

l-vhcre ~ = absorbance, Io is the intensity of illumination incident on 

.. 
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the sa11ple, I is the intensity of illumination transmitted by the - ' 

sample. Then 

A±. M 
'Io 

= 108lo 1 + l1I (II-2)· 

M is the change· of absorbance~ !!;_ is the corresponding change in the 

tranmnitted intensity. 

Dividin.:-:; the argument of the logarithm by J/I and separating the 

log terms, 

(II-3) 

or 

~ l1A = -· log10 (1 + 6!/I) (II-4) 

I lli/I is much less than I we can simplify further: 

. (II-5) 

For small chan5es in absorbance we can-then consider a s~nple 

measurement of I and H.. b being much larger, is correspondingly easier 

to measure, being· simply proportional to the voltage from the photo

multiplier. l\1easure.'Ilents of 6I are also directly obtained a~ the 

changes 1rl the PMT output. Hov~-ever, they may be quite small and, in 
, 

general~ such measure~ents are lfmited by shot noise in the light source; 

pickupb hum, and mechanical vibrations; and control loop noise. 
. . . 

In a 'l'lell-desl.o~ed system the shot noise is the most frequent 

limitation. This noise can best be thought of as random fluctuations 

in the photon emission from the soUrce. Being a rru1dom phenomenon this 

noise is just proportional to the square root of the total number of 
0 

photons/sec. which cause eJection of electrons from. the photomultiplier 

cathode. A rough calculation indicates that a 3 mp :bandwidth in the 

green region of the spectrum; using a tungsten source and a ~20 
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photocathode and a sa~ple With optical density_l will have~ 1012 

photoe~issions/sec. or a s~gnal/noise for a one~second time_constant 

of ~ a million to one:;:. Instruments to be described here cari. approach 
. I 

-this value within a factor of t\\c.* 

Pickup and hum canh in principle, be reduced to any desired level 

by suitable circuit design &'1d shielding. In practice they aiv.ays give 

. rise ·to some interference but usually they are not a major problem. 

Low frequency mechanical noise (vibrations of electron tube cornponents, 

wall movements of the light beam dUe to building Vibrations,· etc;) can 

be a s:ignificant problem if long time constant experiments are under

taken. Such noise, being nonrandom,. does not_average out effectively 

unless one measures at intervals which are short ?anpared to t~e xnajor 

periods of the vibrations. . . ' ~ 

r'lost commercial recording spectrophotometers requ:tre extensive. 

control circuitry to m~tain photometric accuracy in the fac~ of 

changir.g lamp properties, photomultiplier drift, and sample absorbances. 

These circuits frequently contribute s:I.gnificant noise to the total 

system so that none of the conmonly.available spectrophotometers 

really approaches shot-noise limited perfqrmance. Figure ;II-1 illus- · · 

trates the various types of noise which can be found in electronic. 
-

systems. 

*If an instrtt."'lent is perfonning near the shot noise l:imit the only.: 
'!tray to i.ncrease the s:lgnal/noise ratio \'lithout increasing the time 
constant is to increase the photocurrent in the cathode of the PMT. r 

This can be done by improving the quantum yield of photoelectronsD 
or, more readily~ by increasing the light lntensi ty. As indica ted .. 
above, the signal-to-noise ratio should improve as r112. This r..arti- -· 
cular route ·v.ras not open to us because too bright a detecting light 
would cause appreciable excitation of the material under studYo. 

' . ,. 
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TYPES OF NOISE 
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LOW FREQUENCY NOISE (4 sec. scan) 
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Fig. il-l. Types or electronic noise. 
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Some \":ell-}:no\rm problems in other photometric ~ttrumentation are 

not particularly :llnportcillt in our applications •. For ·example~ the 

thermionic eilission ("darkn noise) of P~'ll's only beccrr.es significant 

at very low light levels, sucn as mi€r.ht be present in loi;r-level fluores-

cence studies. As another ex<l!ilple, lon.:;-term calibr~tion.· is -fairly easy 

to maintain because small signal measurements involve linear instead of 

logaritrmic circuits and because changes in Pl'<IT sensitivity; mono-

chramator efficiency» or lamp output are automatically corrected since 

they all enter into_ both the t,I and ! terms. 

Response Timeo As indicated earlier, a visible spectrometer using· 

PM circuits has the capability for fast time response. The limits of 

10~ seconds are seldo.il even approached •. And commercial equipnent is . ' 

usually l~uited to a quite slow response of 0.1 seconds. Needless to 

say; one should select a response tiine that is faster than that of the 
' ' 

phenomenon to be studied but not so much faster as to waste sensitivity. 

The relationship.between sensitivity and response time is readily 

available if the noise 'is random in time and all frequencie~ are rep

resented by equal amplitudes. For this "white noise" limit 

' v 0. (1/T )1/2 
r (II-6) 

l<~here v· is the root-mean:...square noise voltage. and Tr is the response 

time. This result t\1111 apply, for example, to the shot noise described 

abov~. 

' ,, 

For .low frequency mea'surements (10 cps or less) other fonns of 

noise such as vibrations or line nuctuations beccrne relatively more 

important. Although these interferences are random in time, they do 

not exhibit amplitudes that are independent of frequencyo In fact: 

such noise is often termed "llf" noise because the rrns voltat;e is just 

/ 
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inversely proportional to frequency. Under these conditions no improve

ment is obta:ined if the response time of the instrument is reducedo The 

only effective means of reducing the interference from 1/f, noise. (aside· 

from improving the instrument itself) is to make measurements for times 

short compared to the major 1/f components and then average the results. 

Digital.techniques particularly well suited for this approach have been 

described in the literature40 and i'v'ill be discussed in detail belowe 

. We have seen that sensitivity_ in a well-designed visible,spectrometer 
·1~ • ' 

is l.:imited by the ;random nature of the photon emission from the light 

source. As long as this noise is dominant, sensitivity and response-· 

time can be exch~ged for one another, sensitivity being inversely pro

portional to the sque.re root of the response t:ime.. Holt.'eVer, m all ' 

practical circuits 1/f tJ.oise becomes :important at long times (ca. 1 · 

second). Other means are needed to reduce interferen~e of this type~ 

Instrumentation 
' 

Let us turn from our consideration of the general principles of 
. . ; . . . . . . ' 

visible spectrometers to a detailed discussion of the instruments used 

in our studies. 

The Cary Spectrometer 

,A conventional Cary MOdel 14M doubl.o-'bemn sp~ctronhotometer (Applied 

Physics Corp., Monrovia, Calif.) \-JaS outfitted with a scattered trans

mission attachment (I"'odel 1462) (Figure II-2)... This unit uses a 2.-inch 

encl-i-.rindow Pl'1r placed within an inch or tv;o of the sample cellso This 

arrangement collected a large fraction of the light which trould ordi-. ' 

m.rily be scattered out of the monochromator beam by suspensions of 
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Scattered transmission attacnnent, Gary Model 14 

Spectrometer. 
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algal cells or chloropiasts. The instrur.1ent could be used for several 

experiments involving chemical difference spectra or light-minus-dark 

spectra~ rro obtain optimum noise levels .t"~-e routinely used a 0 to 0.2 O.D. 

slidewire, low photomultiplier h~Lgh voltage settings~ and min~um gain 

:ln the slit servo circuit. The net effect of these adjustments was to 

produce a noise level of a0005 O.D. units in the blue and .002 O.D. units 

in the near infra-red. The response t:ime 1!,'<3.s of the order of 0.1 seconds. 

Thi.s ·basic unit \1]{18 readily modified for photochemical studies. \·Je 

replaced a side panel with a new panel that permitted illumination of 

one of the cuvettes at approx~tely 90° to the measuring beam. A small 

part:ttion prevented the actinic light from reaching the reference cuvette. 

If spectra were to be measured while the actinic beam was on, care \lias 

taken to ·exclude the (normally) intense actinic beam from reaching the 

photomultiplier.* With strongly scattering samples this could only be 

accomplished by using complernentary colored filters in front of the 

actinic source and the PMT. (See Figure II-2). ·Th~se filters had 'to 
-

be changed to examine d1Sferent regions of the spectrum. · A list of thOse 

used is given in Chapter N. In some cases fluorescence fro.11 tr..e sample, 

induced by the actinic beam, interfered with the measurements. Even 

though this fluorescence is nominally not modulated, a combir~tion of 

60 cps ripple (the modulation frequency in the Cary is 30 cps) and the 

steady bias from this light caused increased noise (fourfold at high 

actinic intensities) and a baseline shift (.01 OeD. units)&, 

*In any case, it is not good practice to illuminate a PMr \'lith very 
intense light~ even with the accelerat~~ voltage turned offb Irre
versible damage can occur to the photocathode surfaceo 
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The Ca:ry when used as described proved a versatile and pOl.\:erful 

toolo Yet it did not meet either the sensitivity .or time resolution 

requj_rements of many of our experiments, and it proved neces&-J.r".f to 

construct our own instruments,. for such studies. 

High Sensitivity Fast-resnonse Inst~~nts 

Our t"t>rln goals of fast response and high sensitivity were mutually 

exclusive in the standard spectrometer designs available at the time 

this t-.'Ork t\ta.S started. Furthermore, the Cary is a ~"'ell-designed, it.;ell-

constructed instrument, and it seerned unlikely that a "home-made" copy 

could proceed in the same direction more successfully.. Thus we atte11pted 

to approach the problem from a different point of. vie'tl>;. 

First the sensitivity vas :L11proved simply by using constant \'.ride, 

slits (1 rrm, 3 IDIJ bandvddth), thereby delivering as much light as pos-

sible to the photomultiplier. v; Second, we decided to select for those 

signals i·;hich were produced by the actinic bea.'TI. vJe did this by moQ'u;... 

lating the actinic light. (instead of the normP...l practice of modulating 

the detecting berun) at a known frequency and then using frequency,and/or 

phase sensitive detection circuitso 

In all, three differe~t instruments were constructed. The primary 

difference among them vras in the detection circuits.. 'l"'hese tr..ree Here 

all of the single bernn ts~e. A double beam instrument is currently 

under construction. Fif;ure II-3 shows a schematic block diagram which 

is suitable for all three single beam unitse ·He ·wished to measure the .. 
effect of the actinic light on the absortA:"lnce' of the sample. If the 

actinic light is on ·and off for times whicl"l are long compru."'ed to the 

*Although the detecting beam r.ad to be much weaker than the actinic 
beamr; there was still a large improvement factor available over the 
Cary whtch, after all, is programmed for max:i.mum resPlution ratner 

than maximum sensitivity. · 

.• 
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react:i.on times, a plot of &1rhple absorbance at one MlVelene;th versus time 

· might look like Fi._,nure II-4. Here •w-e have shovm a reversible increase 

in absorbance dur~mg the actinic illum:lnation period compa:r·ed to the 

absorbance in the dark intervale Note that each transient under these ~ 

condi.tion::; displays the inforrnation needed for kinetic analysis: rise 

and decay curves, as well as steady-state conditions t during both the 

·light and the dark .intervals.. Note tbat the baseline is best desig-

nated in terms of the dark steady-state level. The figure also attempts 

to indicate the relatively poor signal/noise ratio present in measure-

ments of this type. Hmvever, if all of the repetitions of such transients 

t'lfere essentially identical except for random fluctuations, a suitable 

averaging deviS.!e 't!Duld perrnit a major enhancement in sonsitivity e rhe 
instruments described belOW differ mainly in the Tt.>ay this averaging \'i"a.S 

performed. 

A ~~ed Volbrreter 

Principle of operation: &~ actinic light source capable of being 

• 
modulated ov·er a \'l'ide rar1,;;.~ of frequencies \\'8.S used.. A frequency-sensi-

tive voltmeter ~,.as\aajusted to the frequency of modulation a.~d the alter-

nating signal at this. frequency t'llCl.s recorded9 A "dark" reading '\'.as·· 

obtained with the acti.'1ic lamp flashing, but 'llith the actinic beam 

itself blocked by means of a shutter so that it did not fall on the 

sample. 'J.1he dark signal was usually very small in the absence of picJrup. '" 

The signal produced by the actinic beam W?.s then proportional to the 

change in transmitted intensity of the sample. A separate measurement 

of the t17ansmitted· intensity -v:a::; made, and a plot of 6I/I as a ftmction 

of \'l'd.Velength was prepared. · Kinetic information ,;as available from a 

' J 
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Fig. II.J.i. Representative absorption transient as a function 

of time. 
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plot ?f the signal at any one ~avelength versus modulation frequency. 

A detailed description of the various components in ttLts instrtunent 

Detection monochromator. A 500 nrn Eausoh and Lamb grating 
-~ . . 

mor.ochroraator equipped t.;ith a 500 v1att tungsten projection bulb (Type 

CZX) served as a detection source~ I•bnocr..romator slits cf 0.5 to 2.0 rnm 

were routinely employed. · The dispersion of the instrument Nas 3.,5 mlJ 

per milliJneter of slit width. Checks on various samples shOi·:ed th:;.t 

3 mm (11 mu) silts caused some loss of resolutiono Smaller slits were 

satisfactory for the braod bands usually found in the difference spectra. 

Direct measure11ents of the monochromator beam intensity shov~-ed · it· to be 
. ' 

less than 1% of the normal actin~c beam intensity •. C2~ibrations of the 

i'aVelength scale against mercury and neon lines were perfonned at infre-

quent intervals. The unit operated for a period of three years wlthin a 

1 mu tolerai'1Ceo Cr.ecks agamst calibrated narrovr-band interference 

filters ~-,rere used periodically to insure continued ~.Jg.velength calibration., 

1rhe tUD!.ssten source i'fas run from a ·well-regulated low.:..ripple f•iid- .. 

eastern supply (sr 100-10, 1'-l~deastem Electronics, Springfield, N. J. ). 

The lamp was run at 105 volts or less» 11;nich greatly increased its life 

and stabil;~y. Ordinarily no ripple was visible jl an oscilloscope was 

connected toith.e PM output. More sensitive measurements showed con

siderably less than 0.1% signal at 60 cps and less than o.Ol% signal 

at 120 cps. \ rvlost of these signals could be rer.noved by carefully el:imi

natjng ground loops .. 

2e Sample cornpartment., The final design for the compartment 

which holds the sample cuvette, the Pf'l1', .and the necessary lieht filters 

... 
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is shov.n in F'igure :U.-5. The following features are of interest: 

a) metal construction of the entire compartment acted as a 

Faraday shielt'i.e 

b) a second PI1'lT ~as employed to monitor the actinic flashes 

and/or· scattered light. 

·· c) the E·f[l' ;.;as mounted on a track so that it could be posi

tioned a.'1Yi"~here along the length of the compartment. 

d) the scunple cuvette was held on a small removable table o 

Different tables -v;ere constructed f'or a ~tlide variety of e:h.'Peri

m.ental needs. r.rher:;e L'1Cluded provisions .. ·.for a flow apparatus, 

low temperature devarsj) double bean spectroscopy, and actinic 

illum:i..nation of the cuvette from either the normal 90° ar._c;le or, 

alternatively~ co-l1near vn:th the detecting beam. Some of these 

designs are jJ1dicated in Figure II~6. 

e) a small photodiode (Eoffman Type 120 CG) hras mounted on 

a movable arm so as to be easily s-v11.mg into position to monitor 

the intensity bf the actinic beam. 
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3. Photomultin1ier tubes. Various tubes were selected dependin..~, 

of course, on the \'.aveleflb"ths to be studied.· Typical relative sensi

tivity curves are sho~Jn in Fit,tUre II-7. Secondary considerations "'-ere 

the no.ise levels and the stability of the tubes. The tubes irl'ere all 

of the end-window type. with 10 stages (dynodes). They v:ere all in'cer

changeable. The base c:ircuit we employed is shOwn in the next figure 

(Figure II-8 ). This circuit giive microsecond response t:i.mes. l·Je nor- · 

mally used a NJE (Model C~-·64H40, NJ".t.<: Corp., Kenilworth, N. :J.) high 

voltage supply. 500-1000 volts prov~~ suitable for most applications. 
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F:4;. II-6. Interchangeable tables to be used for special 

exper1Inents as indicated. 
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Fig .• li-7. Photomultiplier response curves. Only thf' relative 

responses at each wavelength are of interest inasmuch 

as thet-'ie curves c::.re 'veit:;hted by the monocl1romator and 

lamp characteristics. 
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Fi;~. II-8. Photomultiplier Base Circuit. 
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Regulation \l..tas good ( 0. OJ.%) and 120 cps ripple was not detectable at 

the millivolt level. A TI1!J metal shield protected .the PI1I' from magnetic 

pickup. The ratber close proximity,.of the actinic team.9 the sample, 

and the Pf<TT frequently required tbat we tape the detecting beam n.lters 

directly to the front of the m!J metal shield to minimize lic;ht leaks. 

4. Actinic source6 The actinic lamp for these experiments was 
' . 

a 40 vatt electrodeless neon arc~ driven by a 10 megacycle oscillator. 

The lamp could be turned completely on and off at ... freque.ncies -OL·::~:r· .'; 

P.:•:J: .. }!YCl~~;_-pe:r:.:_seq;,t_q J,O~QOO qycles~·Pe:r:'L·s.eG. by the simple expedient of 

gating off the driving osc1llator on and off. 'l'he lar.\ry design and a 

vJOrking model. ·were kindly lent to us by Dr. L. Piette of Varian 

I~ssociates. 

The spectral output connists of the usual neon line npectrum~ vdth 

most of the energy . betv:een 500-750 mu (Figure II-9). Light output 1t.B.s 

approxirnately 1ol6 qu,:mta/sec/cm2. Rise and decay t:tmes ·were in the 

order of 10-20 microseconds. Appreciable jitter in the rise t:ime 

occurred if the lamp. \·Jas run at very low frequencies ( 0.1 cps).. Up to 

50 microseconds of jitter "'-'8.S observed under these conditions. Forced 

cooling helped the :-;tability~ Amplitude fluctuations were very small 

(1% or less). 

Dllbs were constructed in the follovr1ng :rr.anner. Ten l=cm diameter 

bulbs Cqu<l!"tz or pyrex) were blm·;n on capillary tubi.""lg. 'l'he tubing t\as 

connected to a vacuum line in the us-u.al fashion, provision being made 

for donnectj.ons to a flask of neon (Linde, high purity) and a I"1icLeod 

gauge. 'I'he bulbs ·were outgassed for several hours, sparked with a 

Tessler coil, and heated in an attE:mpt to remove most of the ad!.>orbed 

oxygen~ l~oon '.<.as added -to a pressure of 2 rmn. Sparking was resu.'Tled, · 
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SPECTRUM OF NEON LAMP 
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Fig. II-9. Output of Neon Lamp, corrected to relat.ive nwnbers 

of quanta at each wavelength. 
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and the system was degassed once more.. Then neon was readmitted at 

the s&ile pressureo/ The neon pressure Nas a very critical factor in 

obtaining high intensity discharges. Dnly 10-20% of the bulbs ran 

satisfactorily. Hm-.rever, hulb life ~·;as very long (greater than 1 year), 

and the lot~· yield 1:ra.s not a serious d1ff5.culty. 

M·ercury arcs could be readily obtained by cooling the lmnps to 

liquid nitrogen t€mp91'atures Nhile they Here S~ilJ. On the vacuum system. 

A small amount of mercury j.-.rvuld then distHl over from the McLeod gauge .. 

Essentially all the euissior1 would be found in the normal lines of a low 

pressure mercury arco l'-~odulation performance \lias s:irni1ar to that 

described for the neon e1·c~ but the very h:i,gh frequency performai'1ce 

\'~as inferior. 'l1he quartz bulbs produced apprec5.B.ble lj.ght at 1850 ~ 

and 2547 ~~ and the usual care required for tnr sources r~d to be exercised. 

In operation these lamps shO~tJed tv.o major disadvcmtages: relatively 

lO\Ii intensity and lack of emission at rnany ~·.avelengths of interest. 

Hcn1Tever, the ease of modulation over a ~tide range of frequencies made 

them useful actinic sources for our early studies. 

5.. Deteation system. The PMI' output was connected to the input 

of a wave analyzer (He\•rlett-Packard fv1odel 302A 11 Palo Alto, Calif .. ). 

This tu~it served as both a highly sensitive amplifier (1 microvolt gave 

a meaningful scale deflection) and a tuned voltmeter operating 'l•!ith a 

3 cps bandNidth at .frequencies from 10 to 50,000 cps. \•Je improved the 

sensitivity bf thj.s U.'1it still further by connecting its output to a 

slow-response electrometer voltmeter (Keithley JVbdel 220:; Keithley 

Instrume~ts, Inc.,. Cleveland, Ohio). This permltted tpe detection of 

one part per million c~T,e in absorbance under normal operating con

ditions. The system ·-response time was limited by the time constant of 
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the voltmeter to 5 seconds.* 

Evaluation of performance: As indicated above, noise levels with 

this apparatus wE:>re of the order of lo-6 optical density units. Tran-

sients with frequency components up to 50,000 cps (corresponding to a 

time constant of 3 microseconds) could bE:' detected. The averaging t~ne 

constant 1.-as approx:inmtely 5 s~conds. This apparatus ""as useful fo.t> 

' .both ~avelength dependence and kinetic response studies. However~ 

there 111ere several basic difficulties. First, and most :l.mportant, to 

obtain a true "time course" from frequency :information tNould require 

taking a.complete frequency spectrum and then obtaining the Fourier 

transforms o v:e lacked both the very lo1t1 frequency data and the means 

to easily record and manipulate the data into a form suitable for com-

puter processing. SO instead of performing these calculations we 

measured the frequency response of the photochemical systeme Figure 

II-10 shows the results of such a measurement on the phosphorescence 

*Notice that for the study of repetitive signals a measuring system 
contains two different types of time constants. The first is what 
might be call~d the transient response time. 'l'his is the shortest 
interval that v.rould contain meaningful information about the repet-i
tive signal. .' In the exper:tment2 we are discussing this time would be· 
assqciated with frequency components of 50,000 cps.. Bttt we cannot 
learn of non-repetitive ch:mges in this system at anything like this 
ratea At best, the wave analyzer l'IOuld respond in a time commensurate 
with its 3 cps bandt-Jidth, and \•Je had also placed a 5 second filter in 
the circuit.. 'l'his second time constant we could caJ.l the averag;ing 
response timE}_. ArJ, :implicit assumption in all of our experjJnents of .· 
this type :t.s that the santpl~ propcrt:teo are conatar1t over the?. averaging 
time period o This separation of t:i.me constants is not normally found 
in most chemical experiments because there are fer;t chanc.es for rapid 
repetition of exper:lJnents. Photochemistry and the relaxation tech
niques no\'1' used for rapid reaction studies are the major exceptions. 
Thus it v:m.s essentially the reversible nature of the signals we -~·. 
obtained that permitted a repetitive exper:lJnent to be set upo Thi.s 
in tum permitted us to learn "high-frequency" information without 
sacrific~~ sensitivity. 
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Fig. II-10. Uranyl Sulfate Phosphorescence Lifetime. The 

alternattn£; signal induced by the flash is plotted 

against the frequency of modulation. 
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of uranyl sulfate. The plot of alternating phosphorescence signal as 

a function of frequency of modulation shows a smooth decline at ~igh 

frequencies. For such a case v:e can determine that ~re are dealing 

wlth a s~sle first-order decay rate constant. The exper1mental value 
. . . 

of 7 • 9 X 10-5 sec compares ir·;cll '\.vi.th the literature Value Of 9 .X 10 ... 5 

sec. 41 Some of the other problems vd.th the ·Have analyzer u.'1it 

included: 1) sample fluorescence and scattered light could only be 

corrected for by a rather uncertain control experiment; 2) this method 

of detection ~ns not sensitive to signal polarity (one could not tell 

readily 11Ihether a given d.eflection represented an increase or decrease 

in absorbance).* . 

Examples of tbe results t~ obtained with this apparatus are shoy-.rn 

in Figures II-11 and II-12. 

The P~xcar Integrator 

Principle of operat:i.on: to meet the difficult:les just discussed 

i'Ie adopted a time sampling technique (instead of a frequency sampling 

one). The circuit we employed '\<lias a well-kno"tm one, developed for Nr•TI1 

spin echo studles. In essence it measures the signal occurriP.g during 

a very small portion of the repetition period. This inform-:1tion is 

accumulated for many repetitions. Then a second small interval is 

investigated. Tb.is principle, now used for sampling oscilloscopes, 

results in a faithful representation of a repetitive transient with 

considerable improvement in signal-to-noise ratios •. 

* One rnethod loJe used to determine signal polarity was to mix in, 
deliberately,. a small anount of scattered light. This light must 
ahays simulate a decrease in absorbance. rl'hus' if the signal plus 
the scattered light gave a deflection that was the sum. of the two . 
separately, both must have the same sign (the signal i·Jas an ab
sorbance decrease). If the combination gave one of the algebra:tc 
differences, the sil!,nal and the scattered light hod opposite signs 
(signal v\'8-S an absorbance increase) •.. 
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Fig. II-llo Light-dark .spectrum of Chlorella cells using wave 

analyzer. Neon lamp modulated at 20 cps. Polarity 

of s~ls determined as described in the text. 
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The monochromator, saxnple compartment, and Pivf.rs i--rere not altered 

from the previous instrument • 

A. Actinic La.rnnso !'lOst experiments did use the neon and mercury 

lamps previously described. Hm~ever, it proved possible to use a con- · 

ventional tungsten source chopped "V;ith a sector wheel. The wheel was 

adjusted to provide a dark period of 27.7 milliseconds and a light 

period of 5.6 milliseconds, corresponding to a repetition rate of 30 

times per second. The intensity v~as adjusted by means of a Variac, 

the wavelengths could be selected ~Y interference filters and color 

glasses. 

B. Detection Circuit.. A block diagra'11 of the spectrometer- is 

given in Figure II-13. In brief, the spectrometer operates as follows: 

'The light from the monochromator passes through the sample and then 

falls on a photomultipl.:i.er. A modulated actinic beam also illuminates 

the sample. Changes in the absorption of light by the sample thus appear 

as a modulation on the transmUted intensity.. The photomultiplier output, 

then, consists of a de signal (trunsmitted :Intensity) and a small ac 

s).gnal (repetitive absorption char..ge). The ac signal is amplified fur-. 

ther while the de level is stripped off by ac coupling or de suppression .. 

The amplified signal now consists of a pulse ti:ain \~se voltages repre

sent the periodic fluctuations in the absorbance of the sample. The 

pulses are fed into a sampling circuit-the so-called "boxcar intee-,rator" .. 

The boxcar· integrator is turned on for a very short time at the pulse 

repetition frequencys It is held in a fixed (but adjustable) pr~se 

relation to the inco<'Tiing signal and acts as a rectifier. · Thus a de 

signal related to the average input. volta.:~e during the short sarnpl:lng 
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interval is available to charge an RC circuit~ The noise level on the 

output depends on the value of the integrating time of thiG filter 

circuit. However, the.time resolution dependsonly on the small time 

interval that the boxcar circuitry is on. Thus 11e have achieved our 

goal of the independence of sensitivity and transient response timeo 

. The filtered output drives the Y axis of an X-Y recorder.- Appropriate 

motor drives permit an autornatic readout proportional to the changes 

jnduced ·in the sa'Tiple by tt.e actinic light. Figure II-13 also shovm 

. the .... ~aveforms in various parts of the spectrometer •. 

Voltage amplification of 100 to.lO,OOO .is used to bOost the initial 

signal above the int_ernal noise in the detection circuito vJe have 

employed Tektronix plug-:Ln preamplifiers with limited success. Since 

· \ these units t-\fere desiol1ed for oscilloscope? use,. they do not have. long-

. term stabjlity of very lm,• noise levels. li'or various applicatlons ":e '· 

have u::>ed the 'T:Jpe D, · Z, and E plug-ins,. powered from a Type 127 pOiier 

supply. 

The boxcar integrator was. constructed locally from a circuit due 

to Blume.42 FigUre·II-14 shows the circuit we used. It differs only 

in m:lnor details from that described by Blume., T'ne unit can_ be thought 

of as an electronic S\<dtch and a storage circuit •. The four diodes 

(VI-4) are normally back-biased and nonconducting until an enabling 

gate is supplied. • The average incom:ing potential during the gate 

interval is impressed across the capacitance (Cl). If the RC charging 

time (oft~n called the "learning time") is short compared to the gate 

duration,' the voltage across Cl is equal to the average input voltage. 

After the enabling gate j_s turned off, this potential remains unchanged 
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except for leal<age paths to ground. Since the back resistance through 

the ce~amic diodes (V3,4) is about lol3 onns, the discharge t~e (or 

"holding t:iJTlEt 11
) is very long, on the order of thouscmds of' secondso 

Note that if one gate interval is not of sufficient length to charge the 

capacitance to the full input voltage, successive pulses ~rill also con-

tribute to the·potential across the condensord Thus one can.average 

many samples of the same sj_gnal » allo~;'IJ.ng a signal-to-noise improvement. 

'I'he proper phasing of the enabling gates 11rlth the incomi.."'.g s:ignal 

.is essential. vle use a four-trace preamplifier ('l'e}ctronix 'l'ype N) in 

conjunction With a Tektronlx 535A oscilloscope. Also!) we use tt-.ro separate 

boxcar chan.'1els, one to give us a reference s:ignal. The tv;o enabling 

gates, the amplifier output, and the signal from a photomultiplier vJhich 

monitors the flash lamp are all presented sirnulta:neously. Figure II-15 

shovts a block diagram of the required trigger circuits. Figure II-16 

presents the phase relationship of the spectrometer ·Navcfonns. Figure 

II-17 shO\•lS the boxcar output obtained by slO\"ll.y changing the phase of 

the "s1::";!18.1 gate 11
, allowing the boxcar to trace out a rapid electronic 

transient. 'l'he boxcar output is compared to that obtaL'1ed "!hen a low-

pass filter is used to reduce the noise in a conventional circuit. For . 

comparable noise levels the latter i'lould greatly distort the transient 

shape. 

For construction details the reader is referred to Blume's paper}2 

Considerable care must be taken because of the very high resistance 

required ;for successful operation. For instance~ ordinary shielded 

cables represent virtual short circuits .. 
. ~\.~~ 

Teflon-insulated wire is re-

quired in the vicinity of the storage -circuit and the diodese The hj.gh 

.··rf', 
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resistances also require the use of the electrometer tube.. Trying to 

read the potential on the condenser \'l:Lth an oscilloscope or a11 ordinary 

vacuum tube voltmeter rapidly discharge;; the c5.rcuit. 

The perfomance of the boxcar i11tegrator has been. quite satisfactory. 

Typical operating condition;:; are 10-1.1sec to 10-msec gate durations; 1 to 

10 cps repetition rates, and storage t~es of 0.01 to 1 sec6 Internal 

noise under these conditlons is less than 1 mV. T'De peak-to-peak noise 

level from the incom:inG signal is 5 to 50 mV (wi.th amplj_fiel"' gains of 

200) and corresponds to a cha~.tge :Ln absorbance of 5 to 50 p_pm. The 

center of the noise (the signal detectability) can be read as closely 

as 1 pp,1 under opt:irnwn conditions. 

c. Autcrr.atic Gain Control Circuit. It will be reme.llbered that a 

small change in .: absorbance is determined by tv.;o measurements: tl1e 

change in tranwitted intensity and the absolute value of the trans

mitted intensity. If some mea.'1s were available to maintain, automatically, 

a constant value of the transmitted intensity, then measurEJilents of ~I 

TtJOUld lead directly to Mo 

It proved much more convenient to manipulate .the Pr"!!' output rather · 

than the actual tr.:>.m:rnitted. intensity, but thln bas no effect on the 

argu.ment .given aboveo. A feedback circuit to rnaintain constP..nt PI<7l' out

put is shom in :Figure II-18. 'l'be aruplifier (tube 6DJ8) acts as a 

variable resistor. \<;'hen the PMI' signnl tries to go more negative 

(greater trar1z.nt'Lssion) the gr:l.d of the passing tube is forced negative 

and the tube conducts poorly;, acting as a large droppin;.; resistance 

Khich decreases the actual high voltage developed across the Prlf.r. · If 

the absorbance were to :tncrease, the PI1P tries to s•.-_ring more positive, 

because of the gain the- gr:id of the pas sinEs tube does go more posj_tive, 
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which permits a higher voltage to be applied to the PNT. Such a circuit 

permits a constant PI'!Tl' output (± 2%) for very 1:dde changes in incident 

light and P;'1l' sens:i.tiv:tty (fae:tors of a tr.ousand or more, depending on 

the gain in the feedback circuit). A lm1 frequenc:• cutoff filter ca."'l 

be. used to prevent tlle feedback from suppres~ing fast signals. 

The automa.t:lc ;:;cin control c~t.rcuit v.rorl<ed satisfactor;ily for whole 

cell . studies 1;1hich normally involved fast response (about 0. 01 seconds) 

photo signalG. Our normal opernting conditions did increase the noise 

in the spectrorneter, probably from a low level, low frequency oscilla-

tion. Hmvever, the convenience involved :tn using the circuit far out-

weighed th:i.s loss of s:lgnal/noise ratio. Figure II-19 shows a spectrum 

run in 5 minutes h'ith the automatic gain control circuit; compare it, 

11;r:lth F:i.gure III-1, \<:here the spectrum '1\C.S taken in a point-by-point 

rtanner &'1d took approximately 4 hours. To the best of our knovdE"~dge, 

the use of the AGC loop illith the boxcar detection unit provides the 

first continually sca.r.n1ng spectrometer t>JOrl{ing at these sensitivity 

levels·;,: 

The expected advantages of the boxcar detection unit over the 

tuned voltmeter '"ere in fact achieved. The follm·r.i.n£; perforrnance 
/ 

figures ~~re no~~ly available: 

Transi.ent re.sponse: lo-5 seconds (lo-6 seconds \~ith 

alternate pulse Generators) 

Averaging time constant: 10-4 seconds to 10 seconds (longer 

tL.-n.es were limited by drift in 

the apparatus) 

Noise level (not. scanning): lo-5 opt:i.ca.l d.ens:lt;v units for a 

1 second averagi.Yl[?:; t:lme 
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Noise level (scanning): 

Spectral scan rates: 

AGC frequency response: 

60 

5 x lo-5 optical density units for a 

0.3 second averaging time 

1 IDJJ/ second ·· 

signals slm·1er than 0.5 cps \·Tculd be 

attenuated 50J~ 

. Of' course the problem of sit~J.al polarity did not develop with. this 

circuitry, which is directly coupled.. Some success vra.s achieved in 

sep.:'lrating fluore!>ccnce and scattered light from the signals of interest 

just by placing the sur.1ple gate 1 millisecond after the light ,,Jent off, 

· because the former had much faster response times. However, this tech-

.nique \;as only useful for relatively small amounts of fluorescence · 

(10 times the signal magnitudes or less). Larger amounts upset the , 

control loop. 

The major disadvantages in this instrument were: ·. 1) it vvas rela

t1.vely inefficient for obtaining 1-::inetics because only one small interval 

of each sigr..al vas examined on a single repetition; 2) a.s mentioned 

abOve, the feedback control v.;as only sutisfactory for rapidly reversible 

signals. I·'lany of the cell-free preparations had too slov1 a response 

t:ime to permit use of the scan unit. Examples of the kinetic da"~a ." · 

obtained 1.-;lth this unit are sho-vm in Figure II-20. 

Dir;';ital i·1Er11vrv Jnstrurnent 

A third detection system ~as set up to provide greater·efficiency 

in obtaining kinetic infonna.tion~ We employed a digital memory and 

assccj.ated logic circuftry. to proVide on-line averes.ginge A few addi-

tional changes in the spectrometer asse.·nbly are aJ.so discusr;;ed below • 

. 1 
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F'ig. 11-20. Rise and. decay curves for the 523 m\.1 band in !h. 

spheroides cells. Boxcar spectrometer with automatic 

scan. 
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A., Actinic larno. After some experience i-rl.th the biological 

r..aterials of interest it beca-ne apparent that the intensity and i'rave-

le11.gths of the. actinic light i'Jere just as· t.11por~a'lt variables as the 

rise and decay· tj_mes of the flash. Thus we .looked into methods t-Ihich 

't'!Ould pennit the modulation of conventional continuous sources. There 

are many types of light shutters but most had various problems asso-

ciated with adaptat.lon to our particular needs. Sector \'!heels v:ere 

far too inflexible . to meet the range of on and off times v;e need~ o 

'I'hey also failed to provide a fast rise or decay time 11hen used for . 

slm'l transients. Kerr cells and pocket cells are not 'v'llel1 suite~ to 

long flashes of light (0.1 to 10 seconds). Also, tr..ese units are not 

"fast" optically, requiring a fair degree of col:imation, and.; of course~ 

hro polarizers. Camera shUtters had far too short a lifetime in our . 

experimental situation. 

Our solution to this problem was to adapt a stepping motor to act 

as a light shutter, follovv~-; a sugge:::tion of Dr. Re Ruby of our 

laboratoryo 

Ke modulated actinic light by means of a shutter (phosphor bronze) 

driven by a comnercial stepping motor (Cedar Engineering, Vdnneapolis, · 

Minn., Model SS-1100). This motor moves in 45° steps on application 

of a. suitable trigger pulse. Transit t:imes are 3 msec.. The circuitry 

has arranged so th9.t successive trigger pulses drove the motor alter-
. . 

nately clock\'l'ise and counterclockv.rise. Thus the shutter first blocked 

the actinic light beam and then, on a trigger, it move-d rapi?lY to an 

11open11 p<:>sition., A second trigger pulse restored the shutter to its 



ori.gjnal closed. posit:i.on. Commercj.al pulse generators ~~Jere used 

(ModelG 161 and 162,. Tektronic, Eeav~rton, Orci~On). 

The sr.utter had o. 5·-2. 0 msec rj.:::e or dcc.ay times (depend1~'; on· 

be.:;.m geometry and tr,e driVir'0 current supplied to the r:1otor) ~ Jitter 

is less than 1 msec o 'l"hc: "light on" and "light off" times ca-:. be 

:tnde::;endently adjusted to have dura.tion!3 from a fev< m~lltseconds to 

irldefin:i.tcly lonr?;. · Because it r.as a s::na.ll number of moving p<Jrts, the 

stepp~; motor should have a long life. It has t€en used for many 

thousands .of operations \'rithout noticeable chc"l~'3C in performance. The 

drive circuit is shoi!Jl1 :in P5..e;ure II-21. It was constructed locally 1 

·closely follm~ti.ng the rnanufacturer' s suggested circuit. 
F. 

B. Detection s;vstem. Two new ampliflers gave additional gai..'1. 

an.d :tability. 'l1he Philbrick (P65AH, Philbrick. Research; Poston, 

.Mass.) amplifier provides a gain of J.O and a de bias control (F'igure II-22). 

It 1.s located ~~1.tMn the sari1ple compartment to minimize pickup problems. 

The YJ.ntel a'Tlplifier provides additional gain (10 to 1000). 

We used a co:mnercially available mult:i.scaler~ the Computer of. 

Average Transients, mn.nufactured by Technical MeaSJff.ements Co!';~. 11 Pearl 

River, N. Y. The theory and operation of these :instruments i".ave been 

discul';se-.1 in• detail elsewhere. 40 They ca"'l record L"lfornmtion of 

moderate frequ.end.e::: (0-10 Kcps) ~::lth a vc:ry high dynrunic r8J1ge. For 

som.e a.ppliqations they provide a conventcnt and poNerftil method of 

:i.mproving titT.al/no:tse ratiof:\• The trigger circuits needed to syn-

chronize the IWO charnels of computer memory 1-1ith the flashes of 
.i 

actinic lj.ght are sh0'\.,1!1 in the next figure .(:ti-23). 
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Performa..'1ce 

Transient response t:i,rne: lo-4 seconds (but flash rise time only 

lo-3 seconds) 

Averaging time: 

Noise level: 

up to a few tr.tOi.J.&Wd seconds:J limited 

by the stability of the biological 

material 

less than lo-5 optical density units for 

a 100 second real-time experiment. The 

theoretical .factor of (10)112 could be 

obtained for each power of ten increase 

in averaging tj.me 

Ipstru"11entation in Other Laboratories 

Several other laboratories have developed rougb.ly equivalent 

:instrumentation. The various types of instruments "'Jill be brlefly 

discussed in trSs sectiono 

1) Duy::;;ens and. his associates r.ave constructed a single-beam 

spectrometer.. It follows the usual conmercial design, chopping the 

detecting becrrn and then detecting the modulated signal v.rith a tuned 

amplifier.. The actinic beam is not modulated, but, of course, causes 

·changes in the a..-nount of modulated light trancrnitted by the f..ample \·Jhen 

the photochern.ical reactions occur. The detecting berun cai'1 clso be sent. 

trJI>ough a reference position t.;hich can be used to compensate for photo

multiplier drift. Noise·levels of lo-4 optical density units for 0 .. 1 

second'response times are achieved. Conventional actinic sources and 

shutters are usro.lO 
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2) ChP' .. .nce has developed a similar instru.'Tient. 43 One lmportant and 

unique feature of Chance v s spectrometer is th~t t·.·~'O separate mono-

chroma.tors are used to provide two detectir~ bea.·ns of different "N-ave-

lengths to monitor the absorbance of a single cuvette •. One v,aVelength 

is selected as a nreference" \-!B.velength. A tuned difference amplifier 

measures the changes in absorbance at the tv..D different. vaveleP.gths. 

Although there are occas:i.ons when a stable reference wa.veleP_gth is 

difficult to establish, this double-beam feature provides a s~nple and 

efficient method of compensating for both instrumental and sample 

"drj.fts11
• Response times up to 0.03 seconds are possible.. The sensi

tivity is comparable to that of DuysensJ lo-4 optical densit~ linits. 

A version of this instrument is now available commercially through 

Arninco (Cat. r~o. 4-8450s .American Instrument Co., Silver Spring; !Vld. ). 

\vitt and CO'I'IOrkers have utilized the flash photolys:i..s approach. 

A single unmodulated monitor beam of relatively high intensity passes· 

through the sample. A high intensity nash tube prov~tdes the actinic 

light (approximately lo22 quanta/second, duration 10":"5 seconds), 

Absorbance signals are a11plified and displayed on an oscilloscopea A 

··.frequently euployed averaging technique is to take a multiple exposure 

of the results of several flashes& Instrument response time is faster 

tha.."1 lo-5 seconds. The noise level :ts so.1·newhat higher than most of the 

other mstrwnents discussed; but it approaches l0-4 optical density 

units under favorable conditions. 411 

Kok95 instrument is actually the closest to the one built at· 

· r.-erkeley. A sector 'i'Jheel modulates the actinic source. Another 

rotating shutter blocl<:s the monitor beam VJhen the actinic light is on. 
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This elimin.q,tes interference from fluorescence ~..nd scattered light" 

After the actinic light is extinguished the monitor beam·is restored 

and measurements can be performed ·vii thin a millisecond after the flash$ 

A tuned am.plifier 11 ad,justable RC filter, and a gating netl~'ork are used 

to pennit examination of different ·portions of the decay curve. Sensi

tivity is sOlnev,'llat better than lo-Ll optical.density units, response 

time is as fastas;lmillisecond, Averagint-; times were 0,1-1.0 seconds.45 

Recently Ke46 h.q,s described a d1gital memory device use'J. in con

junction r,.oJith a Hitt-type spectrometer. 'I'he specif:Lcatiomof. such a 

unit are identica~ to the digital :lnstrurnent \'Je. have built, excep:t that 

Ke47 bas reported a some:i.·:hat higher noise level'. (2 to 5 t:irnes lo-5 optical 

density units for a 100 second experiment) .. 

\tie haVe considered at sc-..me length a variety of high-se.•sitivity~ 

low-resolution, rapid-response spectrometers. f,1ost operate at tr...e l:Luit 

of performance as determined by the intensity of the detection beam and 

the qufu"1tum efficiency of the PMr ~ The only \-vay to jJ11prove performance, 

~:~hen operating at these l:iJnits, is t!:JroU(T,h some fonn of averagitlf?; pro

cedurea vJe have .discussed three avel:'aging techniques: RC filters 9 

digital memories, and rnu.ltiple exposure photog,raphs. There are many 

other methods such as magnetic tape, hand calculations 11 am computer 

calculati.ons. Generally speaking, the digital method has t"Jo advc.ntages. 

over the other cornrnon techrd.quc-s" . First., it has a very ~1'ide dynamic 

ra11ge; second, it permits tbe reduction of 1/f noise. · Its major dis

advantage with respect to capacitors or photographic fiJJa is the limited 
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rezponse t:lme currently available. For most of the experiments described 

here the digital equiprntSnt has proved a superior 8pproach. It has pro-

vided a 2 to 20-fold gain .in sensitiv:i.ty over that obtai.YJ.ed jn other 

laboratories. This :marg:Ln of :;;erform:mce he.s mC1.de possible many of the 

kinetic measurements to be described. 

·, 
,• ·: 
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Chapter III. ABSORPriON SPECTRA OF PHO'IOSil'ITJ:iETIC INTERJI'iEDIA'I'ES . 

AND REVIEhT OF PHOTOSYtm-nm:c MECHANISHS 

The purpose of our exper:iments -v.ras to study and hopefully eluci-

date the mecr.anis:rt.of the quantum conversion ai'1d electron transport 

reactions of.photosynthesis. Needless to ~ay, a large body of experi-

ments and theories have been published in this field.. No atte.mpt vri.ll 

be made to revieH this \~!Ork in its entirety., Instead -v;e will consider 

those points wr~ch appear to be most directly pertinent to the CA~eri-

ments conducted in this laboratoryD 

Theories usually start from a central core of fact~ and the ·facts 

at the heart of the preserrcly accepted theories of photosynthesis are 
' 

a collection of light-Ininus-darl<: difference spectra -v;hich are thought 

to show the reactive intermediates in the quantum conversion CL~d electron 

transport processes. In this chapter vre '\.\'ill first exa'Tiine these spectra 

and discuss the identification of the various absorption bandse Then we 

shall consider the reactions in which these compounds might participateo .,. 
Figures III-1 to.'III-14 are a representative collection of dif

ference. spectra of photosynthetic organisms and subcellular preparations. 

~nere possible absorption spectra are presented as well. Table I serves 

as an index to these figures. . ·; ! 

.\ 

.~; .l·f 
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III-2 

III-3 

III-4. ·,· 

III ... 5 

III-6 

III-7 

III-8 

III-9 

III..:.11 

III-12 

III-13 

III..:l4 
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Table I 

Organism State •rype of Organism Reference ·for 
difference 
spectrum 

Chlorella cells green alga 

Scenedesmus cells green alga 50 

Porphvridiuln cells red alga 48 

Il.nacystis cells blue-rgreen alga 51 

Ochromonas cells brov:n alga 52 

Nitzchia cells diatom 50 

.Sp:tnacea chloroplasts higher plant · · · -50 11 53a 

!1._ rv.brum cr!l'ornatophores bacteriu-n · 31 

R., rubrt.un . cells bacterium 53;10 

B:._ spheroides chrorr.atophot'es . bacteriUJ11 31 

cells bacterium 

R. snheroides chromatophores bacterlum 
carotenoid-
less mutant 

' ' 
· Chrornatiurn cr'l!'omatophore s · bacteriu.'Tl 31 

rt, vaneii - cells bacterilli~ 55 
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Fig. III-1. Absorption and light~inus-dark difference spectra for 

Chlorella. 
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Fig. III-3. Absorption and light-minus-dark difference spectra for 

PorphY£1diurn cruenturn. 
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Fig. III-5. Light-minus-dark difference spectrum for Oc~ danica. 
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.Fig. III-6. Light-minus-dark difference spectrum for Nitzchia. 
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Fig. III-7. Absorption and light-minus-dark difference spectra f'or 

spinach chloroplasts. The difference spectra for chloro

plasts are extremely sensitive to pretreatment.50 
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Fig. III~. Absorption and light-minus-dark dti'ference spectra for 

R. rubrum chromatophores. 
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Pig. III-9. Light-minus-dark difference spectrum for !h. rubrum cells. The absorption 

spectrum \<.'Ould be essentially the same as that of III-8A. 
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Fig. III-10. Absorption and light~us-dark difference 

spectra for R. snheroides chr'Omatophot--es. 
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Fig. III-11. Light~inus-dark difference spectrum for ~ seheroides 

cells. 1he absorption spectrum would be essentially the 

same as that of III-lOA. 
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Fig. III-12. Absorption and light~inus-dark difference spectra 

for the chranatophores of the blue-green mutant of 

!h. spheroides. 
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Fig. III-14. Light-dark difference spectra for Rhodom1crobium 

vaneii. 
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The most striking feature of the spectra just presented is their 

divets:Lty. Some use can be made of this t·;ealth of spectral information, 

The usual assumption one must make is that the in vivo spectra can be 
. ----- . . 

related :L.'1 a reasonably straightforward fashion to the in vj.tro spectra 

of isolated chromophores. ftrl implicit and more subtle assumption is 

that the very sma.ll ;::unounts of the photoactive pigments have ,the same 

molecular structures as the spectroscopically similar compourids \r.rhich 

are actually isolatable from the livir"~..r; materiaL Of course, n.ssump-

tions of this type are not rigorously correct. The Inost comn~n diffi-

culties occur i•Ihe.l1 the in vivo spectra are strongly perturbed from the 

"model" spectra, a.s, for example, by the binding of chromophore to a 

protein molecule. The question of &ilall structural differences is also 

difficult to settle by spectra alone. Bacteriochlorophyll provides good 

exc-unples of t'Oth of these problems. A quick glance at the large nU'nber 

of peaks :i.:n the 750-1000 mp region of the bacterial spectra r.hm-m no 

close corTespondence with the spectrum for bacteriochlorophyll in solu

t5.on (Figures III-SA.; lOA, 12A, compared to Figure III-20).. And even if 

a s..mll:: photoa.cti ve band were observed in this region, one caTJ. only 

speculate that the active chr6mophore is indeed structurally identical 

bacteriochlorophyll. Clearly, the assi,.q;nments suggested by the dif-

ference spectra must be confirmed by other types of experiment. 

V,!itll these difficult5.es in mind, we can proceed to the assignments 

of the compounds involved 1-n the light-rninus-dark spectra. Our interest 

v;ill be a critical but not exhaustive survey of the proposed identities .J 

of the light-dark bands. Heavy emphasis t-r.Ul be placed on observations 

made in this laboratory, but strongly dissenting opinions or evidence 
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w111 certa:lnly be noted. The following outline vdll be use-J for the 

. various compound;:; of. interest: 

1) Structur:al formulas of the cr..romophore; 2) in v.itro spectra 

of the isolated cihromophore, orl/l if possible~> of an isolated and puri

fied protein-chromopr.iOre ccrnplex; 3) in ~ spectra; 4) spectra of 

pertinent cbemically or photoche!ll.ically produced derivatives; and 

5) interpretations and conclusions. 

Cytochrome-type ii1olecules 

The structure of the heme portion of cytcch.."''me £. and its bindir,g 

to the protein moiety are known (Fi§,ure III-15). 56 A Hide ;arie:ty of 

cytochrome spectra are available~ The :1pure11 protein-cbromophore com-

plexes of some c;ytochromes are cor:-rrnercially obtainable. Pigure III-16 

shm·1s the visible and W spectrum of cytochrome .£_.,57 Spectra of the 

protein complexes are in good ar;reernent tdth the L"l vivo spectra obtained 
. -- . 

from relatively.unpigmented materials such as mitochondria and etiolated 

plant leaveso58,59 Cytochromes readily .undergo one-electron redox 

reactions t'lith the iron atom comrnonly changing beh..;een +2 and +3.; Oxi-

. dized-.·ninus-reduced difference spectra r..ave been measured and· ordiriarily 

sho't'r a characteristic four-line spectru:u 'in the visible reg:lon (Figure 

III-17). 6o This distinctive patte:!"n plus the high molar extinction 

coefficients make possible the detection ar..d identificat:ton. of cyto-

G~me-type molecules •. A more difficult question is to determine i'lhich 

type of cytochrome is involved ... 'l"his can be anm.-:ered from both spectral 

and redox considerations. The two most coi·nmon cytochrOmes lmm~n to be 

present in photosynthetic tissue are a "b" type with absorption ·.maxima 

.. 
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Fig. III-15. Struct~ of heme group and the probable b:indi~ of 

the heme to the proteiro moiety for cytochrome £.• 
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Fig. III-17. Difference spectrum for ox1d1zed~1nus-reduced 

cytochrome £· 
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at 420-425, 525-530, and 555-565 m11, a11d a midpoint potential of approxi

mately 0~00 volts and a "c" or 11f 11 type 'Nhich absorbs at 415.JI25, 520-525, 

and 550-555 m~, and has a high potent:ia.l (cB .• 0~4 volts)o A swnmary of 

typical cytochrome absorption bands is given in Table II.. 

Participation of cytochror.1e molecules in the l:lght-dark difference 

spectra is easily detected in Figures III-3, 4, 9, 13$ 14o The close 

correspondence strongly suggests that the cytochromes are undergoing 

reversible photo-oxidationo Tv:o sidelights of the role of cytochromes 

in photosynthesis are pertinent here.. Kamen has frec,.!Uently proposed a 

"ferryl" form of cytocbrO:-;'le 11ith the iron in a +4 oxidation state .. 64,65 

The spectrum of such a canpound 5.s not readily available. 

Sorrte isolatE.<l cases of cytochrome photoreduction have been reported, 66,67 
' . 

althow.:.;h there is no .. · clear-cut indication of this type of reaction in the 

spectra we have collected. 

Chlorophyll-type I"iolecu1es 

The structures of chlorophyll §:;, chlorophyll .2, and bacteriochloro

phyll are shoi1!1 in Figures III-18 and 19. The spectra of the vcri'ious 

chlorophylls in organic solvents are shovm in Figure III-20. 68 IJ.'he 

visible transitions· are quite solventsensitive,69 Chlorophyll-pr:otein 

complexes have been prer:-ared, and their spectra shm'J considerably per

turbed, red-shifted rnaxilma. o 70 1'he loru..;-~<·laVelength transition. is particu

larly sensitive.. The rr.aximum of the red band in acetone is ~0 fill from 

that iri living tissue6 The bacteriochloropcyll transition is shifted 

over 100 m~.. The chlorophyll-protein complex apperu"'s to afford a good 

model for in ~ absorbances. Otber data cornes from the "carotenoid-

less" mutants of various algae and bacteria. L'1 fact, tbe chlm"''phyil ~ 
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Table II 

. . Cytochro.'ile Pands . 

Oxidized bands Reduced ·bands Ref. 

~oret s a So ret f3 a 

422-3 540 597 443.5 517 603 62 

Lll8 545 429 532 562 63 

~12 530 560 421 525 556 61 
': !, 

. 429 537 563 58 

410 530 lf16 522 552 61< 

422 524 563 58 

*1<pj.gher plants 

Table III 

Approximate Chlor·ophyll Absorption in vivo - . -----:-

390(sh) 434 

(480)? 

625(sh) . .. 678 

375 590 800 850(sh) 

650 

880-890 

93 

\ 
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Pig. III-18. Structures of Chlorophyll !!_, Chlorophyll !:?_, and 

bacteriochlorophyll. 
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Fig. III-19. Structure of Chlorophyll ~ showm~ the 

extended phytol chain. ·• 
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absorption is so intense that it ev~n dominates the spectrum on normally 

pigmented cells in the Lf30 and rt.'Cl regions. Thus, ass:tgnment of most of 

the in vivo absorption rmix:ima can be d~nc vd.tl1 some confideribe ('rable III) c 

A considerable body of data is not~r available on the oxidation and 

reduction properties of chlorophyll in organic sol vents. Also the 

absorption of the lowest triplet has been measurede Representative 

spectra are given in Figure III-2169b71,72 Figure III-22 contains the 

calculated difference spectra for these reactions if tt~y proceed from 

the nonnal chlorophyll ground state absorption as a startirg point. Of 

course the prediction of J:n ~. spectral features from these figures 

is a highly speculative businesso 

Inspection of the light-dark spectra shows, in each case~ loss of 

absorption in the ma.jor red co ... ·.1cl blue chlorophyll absorptio.."1 bands of 

bacteriochlorophyll and chlorophyll §!:.• Speaking broadly, there have 

been no conclusive identifications of increc.ses in absorbance ilihich 

have been sho~n to be related to these absorption decreases. (However; 

see Ref. 30.) ·whether the positive bands for the triplet or reduced 

forms i<JOuld be seen is a difficult question. 'J.lhat the 430 and 700 mll 

bands are due to a singlet ~ triplet conversion is normally discounted 

because the lifetime observed for it in chlorophyll solutions is much 

shorter (10~ to l0-5 seconds)9 than that .observed for the absorbance 

transients (lo-2 seconds). The choice between chlorophyll oxidation 

or chlorophyll reduction has been based on redox experiments~ some of 

which i·Jere performed in this laboratory. They 11r:i.ll be described 1.'1 

detail in a later chapter. The strongest conclusion we draw from the 

spectr-a.l evidence a'Pove is tr.at cnlorophyll a and bacteriochlorophyll 

I 
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Fig. III-21. Absorption spectra of chlorophyll der1vatj.ves of 

:interest. The "oxy chlorophyll" and "reduced" 

chlorophyll are not well-characterized cowpounds. 
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Fig. III-22. Difference spectra for "Intermediate11-minus chlorophyll 

... ground state. Calculated fran data in Fig. III-21. 
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are photochemically active and are transformed by light into a ·v~eakly 

absorbing form. 

trMinoru Chlorophyll Reactions 

Several bands in the bacterial systems and a few in the green · 

systems can also b~ tentatively ascribed to chlorophyll reactions. 

In particular, the bands at 260, 605~> 765, 792 and 810 m u, in Figures 

II-8, 10, 13, and at 380, 620, and 650 m ).1, in Figures II-1 or 2, 

probably arise from some reactions of bacteriochlor\)phy11 and chloro-

phyll ~or chlorophyll b respectively. Notice that mc1ny of these bands 

shovJ a characteristic positive, negative pattern (increased absorba.'1ce 

at the shorter t·avelength) t-ihich suggests a slight blue shift of the 

absorption bands. This su~~estion is supported by direct absorption 

measurements in the 800 r.1u regj.on for R. rubr-um chrcmatonhores. 73 - . . 
The interpretation of these shifts is not easy. Let us assume 

that these difference bands do arise fron1 chlorophyll.* It is thought 

that the multiplicity of absorption bands in the near infrared (F~res 

II-8, 10, 12, 13) are due to bacteriochlorophyll bound to a variety of 

protein environ~ents.** In green syste~s both protein-binding and 

v:tbrational bands probably contribute to the ~ ~ absorbance spectrum.' 

The s1mplest interpretation of the light-induced changes in 

absorbance would be that illumination produces a small, reversible 

perturbation on the binding of the chlorophyll molecules to their sup-

porting protein. This perturbation shifts the electronic transitions 

*Extraction and chromatographic studies have only detected one form 
of chlorophyll in each of these systems~ except that both chlorophyll ~ 
and chlorophyll b are present ~n green algae. 

**Relative magnitudes are sensitive to pH and to grot·oth conditis:>rts, ruling 
out vibrational splitti~ss as the exp~'1ation of these b~~ds.r~ 
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slightly and affects any Vibrational splittings a sffia.J.l amount o Such an 

interpretation would consider these biphasic s~~als as arising from a 

different phenomenon than a light-induced electron transfer reaction; 

although the shifts might l'<'ell be a reflection of such an electron 

transfer step,occurring "nearby". 

Carotenoids. 

The structure of a common carotene and that of its hJ~oxylated 

derivative are presented in Figure III-23. The visible. absorption 

spectrum consists characteristically of three closely spaced max:lffia 

(Figure III-24). The splittings are assumed to be vibrational, fine 

structure o There are indications tr.at the carotenoid absorption :ir1 

vivo is not greatly different& Notice for instance Figures III-8~ 103 

'Where the carotenoid ba..'1d8 are relatively free of interferences~ A 

typical carotenoid spectrum vas also found by. a difference spectrum 

tec!mique using spinach quantasornes t'lhich had been partially irre-

versibly photo~xidizect~75 

Carotenoids are lmo1-m to undergo t¥JO phOtb;.;.reactions, a general 

irreversible photo-oxidation, and a cis-trans conversion~ Both of 

these reactions produce large blue shifts in the absorption spectruxn. 

The lf00-500 mll region of the light-minus-dark spectra is a most 
i 

compl~x one. . 'I'he only clear-cut assignment of bands to.). a carotenoid 

molecule can be made in the & s,pheroides spectrum~ As sho'Wl'l in detail 

in Figure !II-25; the minima in the difference spectra match the carote

noid max:ima; and the maxima in the difference spectrum are un:lformly 

red-shifted by approxirrk'1tel~l 15 IDf.l. A carotenoid-less mutant of R. 

spheroides that can live photosynthetically does not shov,r any of tbese 
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Fig. III-23. Structures of representative carotenoids. 
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Fig. III-25. A detail of the light-minus-dark difference spectrum of 

!h. spherojdea cells. "Rapidly reversing" reactions have 

a half t:1me $ 5 seconds. "Slowly reversirg" reactions 

have a half time of ~ 30 seconds. The calculated cyto-

chrOme spectrum was computed on the assumption that a 

positive-going s:i.gnal of the same shape as that shown 

for the slow spectrum but only 50% as large was present 

in the rapid spectrum. 
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bands (Figure III-12). In other bacterial samples there are no dist:inct 

light-induced changes of this type, altho~q;h the small amounJ::-. of s'cruc-

ture at 500-585 m~ in R •. rubrum and ca. 485 fill in Chroma.tium might 

arise from carotenoid effectso 

In general, algae and spinach preparations also do not shoi'l a 

six-line spectrum such as that of !h_ snheroides. The one exception is 

the spectrum of Ochro:nonas (a brm·m alga}, recently reported by Ke52 

and shown earlier .in Figure III-5 .. · ·. Ho~;ever, exper::iments done so:ne years 

~~o by Chance on a carotenoid-less rrrutant of Chlamydamon~s (a green alga) 

sur~est that the pronounced difference bands at 480 and 520 m~ that are 

normally seen in green alga might be directly or indirectly produced by 

the presence of carotenoid pigments since· these bands were missing .in 

·the mutant.76 Assignments made in thiG fashion ares> adrnittedly, extremely 

tenuous, and there exist a wide ra~~e of other proposals for the identity 

of the 480-520 m~ bands.* 

None of the above observations are in keeping with the large .blue 

shirts to be expected from carotenoid photochemistry. 'lbus ~~e 'tvould 

again propose that the light-dark differences be understood as small 

chemical or str1ctural changes which do not directly alter. the carate-

noid·molecules. Instead, t~ese changes affect the bind~~ of ~he 

carotenoids to same other. speciese This interpretation has focused 

on 11bindi.ng11
.. Other weak interactions could p:roduoe these t!lffec'csa 

Some possibilities include a change ·in the local dielectric constant 

or electr~c field strength, a sn~ll bending or rotation of one or more 

*Chlorophyll reduction;77 ghlorophyll trtplet;78 complex with plasto-
quinone;l9 chlorophyll £e 0 . 
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of the carbon-carbon bonds,_ a small chv'•.nge in electron density due to 

a shift in nearby hydrogen bonds or "charge-transfer" complexese These 

sue-,gestions are meant to e111phasize the relatively weak D..a.ture of the 

postulated interaction and a.lso to point up the fact that there 'are 

many physically reasonable sources for such changes. 

The logical consequences of this interpretation include the important 

idea that the "carotenoidn difference spectra need not shoitl identical 

physical, chemical, or kinetic properties to those intermediates i.<Jhich · 

lie directly along too electron transport pathvJaye 

Pyridine Nucleotides 

The structural formulas· for THl and 'l'PNH are given in Figure III-26. 

In vj.tro spectra are available for both the oxidized arid reduced forms of 

tbe pyridine nucleotides (Fic?;Ure III-27). 81 The oxidized-:1linus-reducs.Q 

spectrum looks very much like the oxidized spectrum at i'JaVeleng'chs longer 

than 320 ffi)Je J£ vivo spectra have only been obtained indirectly., There 

is scme evidence for a moderate red shift of the oxidized abc;orption 

m-'lX:imtJ.m out to 350 mp (TPNH) or 360 fill (DPNH). 82 Additional confinr.ation 

of the activity of pyridine nucleotides in living cells cbmes from fluores

cence measurernents. 82,83 A sizable fraction of the compounds in cellular 

systems is not closely bound to protein moieties, and this pool shoi•is a 

moderately strong blue-ereen fluorescence \'Jhen excited at 340 mil .. 

Eoth the absorbance and fluorescence data indicate that pyridine 
/ 

nucleotides are reduced .during illum:lnation of '\'~hole cells., The broken 

cell systems do not show s~~ilar effects because the p~ldine nucleotides 

• 
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Fig. III-26. Structures of oxidized and reduced triphospropyridine 
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Wave length, m.u 

Absorption spectra of triphosphopyridine nucleotide (solid line) and of re
duced triphosphopyridilie nucleotide (dash line). ( Fruton and Simmonds) 

MU B-6792 
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have been removed during the preparative procedurec;'R 

Flavins and Flavoprote1ns 

1'he structures of some com·non flavins are given i..'>'l F:i.J~ure XII-28. 

Spectra for the oxidized and reduced forms as \'Jell as an oxidi.zed-.'TI.inus-

reduced spectrum and a schematic representation of the semiqu:inone 

spectru11 are collected in F'lgures III-29, III-30; 84 and III-3L 85 

An examination of the l:lght-dark spectra for an .indication of some 

of the difference spectrum sho1:m in Fi_r.:;ure III-30 must take into con-

.sideration the relatively lm·; molar extinction coeffj.cient of the 

flavin· chrornophore. A small but definite loss of absorption at 450 mil 

. is particularly noticeable j_n the green algae (Fi~es III-ls 2)., · There 

are some ¥..:1netic :"md.ications that the broad negative band centered at 

400 m11 contains a component that corresponds to 450 ffilJ componentso86 

Careful examination of other difi'erence spectra also indicates small 

negative bands in the !150 nl).l reg:i.on. 

On the assu.T!ption that this band i.s . a flavoprotein$ the loss j_n 

absorption ~~uld indicate a light-driven reduction~ 

Other Compounds 

·rv.io cornpounds have been reported by other 't~orkers that have not 

been studied in this laboratory. 

A quinone., perhaps plastoquinone (str-u.cture, Figure III-32; spectrum, 

Figure III-33)87 is thought to be responsible for the loss in absorption 

in the 260 m~ region (Fie;ures III-12, 33). If ~~-e base our interpretations 

~rPyridine nucleotides a.'1d appr'Opri8.te enzymes can be restored to s~.:.ch 
a system and on illumination a hj.gh rate of PN reduction C?J1 be observed. 
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Fig. III-29. Spectrum of oxidized and reduced flavin mononucleotide (B1~).84 
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PLASTOQUINONE 

MU-35809 

Fig. III-32. structure of Plasto(]uinone. 
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upon the i.'l vitro spectra; bOth light-driven reductions &id li:;sht-driven 

• ' ' • 1 • . rt op, 0°9 90 ox1aac:LOns .1ave oeen rcpo e( , ou, , 

Plastocy&iin has been studied in some detail by de J'\ou::.houGky anC:: 

as a Jhoto-oxidation of this copper conte.:inin:::; ptgment. F. spectrum of 

purified plastocyanin is sho'rm in Figure III-34 0 92 

Finally, there are so.rne absorption changes 1-ihich have not been 

related to any lmot.·m compounds. Particular note should be taken of the 

433n~ band in bacterial chrome~ophores (Figures III-8, 9, 25) 8nQ the 

c"11all 555 mil band in green algae (Figures III-1?. 2) .. 

In su.'Th;:nry, it has been pm>sible to identify most of the barid.s in 

the light-<1:1.rk difference spectra as either the compouncls known to be 

present in unilluminated photosynthetic tissue or as photop:t•oducts, 

:particularly oxidized or reduced fonns, of the compounds present in 

These :'Ldentifications v:ere made by means of analogy v<:i.th in vitro 

spectra and obviously requjxe much supporting evidence. The specific 

assj_gnments made in tb:l.s section should be reg.c .. rded, for the most part, 

as sirnple 'V·;orking assumptions. r~.r .. tch of the \'.vr1< to be discussed in 

later chapters can be thought of as tests of some of these assumptions. 

vJe turn next to the presently accepted theory ;,ftJ.ich attempt~; to corre-

late the spectra \1ith the general considerat:l.ons outlined in the first 

chapter. 

Current Theories 

Although photosynthesis in plants and bacter1a ::;bows r..a.'1y differences, 

it is corrmonly thought that some essential features are very sirnilar .. 93!l94.ll95 

-. 
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Absorption spectra of tht: oxidized 
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It is lmo'\\n, thotl[';h, that oxygen production is on the ·Nhole a. more com-

plex process. He sh<:'lll first describe the 11green plantn mechanism. 

Then "ire shall consider those rart;s of the mecharJ.inn which e.ppe2r to be 

d.irectly applicable to the photosynthetic bacteria. 

Photos:y11thesin in Oxygen Evol vjng. Systems 

Considerable evidence ind:i.caten the.t oxygen production involves 

t'\\"0 light-driven reactions. The most universally accepted scheme; 

shm'n in greatly smpl.ified foim in Figure III-35, ~as proposed by Hill · 
' 

a~d Bendall.96 The. figure clearly indicates three essential features: 

1) t\-10 quanta are needed to transport one electron from H20 to· 'rPN+; ·. 

2) the t'\>!0 photo-steps are separated by a set of dark reactions which 

move electrons along the potential gradient from about zero to +0.4 

volts; 3) two more sets of dark reactions, one at either end, connect 

the photoproduced oxidant a..~d the photoproduced reductant to water or 

pyrldine nucleotide respectively. 

The mechanitm, even in this s:!mple fonn 11 makes three powerful 

predictions.. Firr;t, the qua."ltu:n requirements for steady-state oxygen 

evolution should be not less than 8. Second, the color of the actinic 

l.i,sht might have a large effect on photosynthesis, depending, of course; 

on the \'Ja.Velengths of light that are effective in driving the t't'.o photo-

chemical steps. Th.t.rd, \·Jith suitable chemical or biological (i.e. ~t 

mutants) means. it should be possible to "split" photos~mthesis· into ttA:o 

independent halves: the oxidation of ~ater and reduction 0f added 

electron acceptor by "h'V2"; a'ld the reduction of pyridine nucleotide 

and . .oxidation of some added electron donor by 11 hv1". 
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SIMPLIFIED HILL-BENDALL SCHEME 
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Fig. III-35 •. Simplified Hill-Bendall mechaTli:::m for photosynthesis. 
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All of these predict5_ons have been borne out to so.rne degree as v:e 

shall now see. 

Q..lantu1n vields. This basic measurement turns out to be a very 

difficult one because of the probler.ls of determ:ining; the true o.osorp-

tion spectrurn of the biological materials. I..:lght, scattering is severe, 

and the p:tcrynent molecules are contained within i11ho.wgenous structures 

which~might produce large internal cha.""~ses in the index of refraction. 

·Furthermore, few techniques are sensitive enough to permit working at 

loV~r absor•tcu1c.es) thus most exper:L'lents must deal ~~.r.tth a faj_rly steep 

light intens5_ty gradient across the sample. Finally; there are not 

very satisfactory cho'Tlical actinometers in the 600-900 mtJ range, a 

region of cr't.lcial interest to photosynthetic stur..lies. Of course,. these 

technical problems are superimposed on the va,.r~arj.cs of biological 

materials. All of these diff:Lculties r.tre clearly reflected in the 

Nide range of quantu.'il yields that have been reportcd .. 97 For the 

'.· 

classical case of the oxygen evolution values of the quantum require-

ment per mole of oxygen rcu')f,;e from 3 to 12 or more~ The generally 

accepted value is approximately 8, vrhich does fit the picture of 

2 qua"1ta/electron. Hovrever, some quite reliable work. r.as consistently 

given values of 6 to 7 for lonf,-term quantum requiren:c."lts (i.e.~ a 

several-hour experiment)$*98 

Dependence on v;avelqne:ths of actinic light. Figure III-36 indi-

cates the results obtained in a t~_,rpical exper:i.ment \<ihere the quantum 

yield of oxygen evolution ls deternti.ned as a funct:ton of the color of 

·~Even if this findl.nr;; were correct, it w'Ould not automatically rule out 
two light reactions arranged in series ;;jnce one of these steps could 
transport theoretically tiD electrons per qua."ltum, 
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Fig .. III-36. Quantum yield of o2 production as a function of actinic wavelength. 

Solid curve: no supp.iemental light, "red-drop" exper1ment. ! Dotted curve; 

with shOrt wave- length supplemental light, "enhancement" experiment. 
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the actinic light. 99 Notice the pronounced drop in quantum efficiencies 

on the long wavelength side of the chlorophyll maximum. As a separate 

experiment, the figure also shows the results ~<Ihen t\VO light beams are 

simultaneously sho'!J.n on the sample. It is found that the rate of oxygen 

is now higher tlwn the sum of that produced 111hen the two lights are 

applied independently • . If the entire "excess" oxygen production is 

ascribed to the :L.'1creased efficiency of the long havelength light, one 

obtains the quantum yields shot'lrn .. 

These experiments certainly form an integral part of the theory. 

we are discussing.. They supplement the :rr.aterial already presented by· 

indicating that the tt-<'0 light reactions have overlapping "photon ~ol

lection systems11 from 600-800 mil• Only beyond 700 ffit.J are the light 

.. collection systems sufficiently separated for the overall process of' 

oxygen evolution to be strongly affected. The actual quantum step 

associated ~~th each photochemical reaction is difficult to ascertain. 

The hX~J. quantum would seem to have a longer wavelength than 700 m).l. 'l1fle 

hv2 quantum might:' lie between 650-680 ffilJ ~ 

The interactions that obviously occur bet\-Ieen the two reaction 

syste1r:s, as indicated by the "enhance.·nent" eil.-per:iment described above, 

is a subject of great current. interest. J.'iotice that the Hill-Bendall 

picture shov..rs the photochemical steps coupled by a set of dark reactions. 

This is cor1sistent with recent findings that relatively little inter

action occurs at the level of direct excitation energy transfer.lOO 

Separ:ation of partial reactions.. ~u well-knm·m chloroplast reactiond 

are thought to be the ti-'TO ;~artial reactions predicted by the Hill-Bendall 

mechanism.. The first is the n.Hill reaction": oxygen evolution 11.1ith the 
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reduction of an exogenous electron acceptor such.as ferricyanide, benzo-

quinone, or indophenol dyes. Second• if oxygen evolution is poisoned 

with DCi\TlJ (dichlorophenyl djJnethyl urea) photoreductive capacity can . 

be demonstrated if an external electron donor is used. Ascorbate can, 

for instance, be used to reduce pyridine nucleotide.. These two reactions 

shot-v different action spectra, different quantum yields, different 

limit:tng rates, different stabilities to aging or detergents, and 

they can be shmm to proceed in certain mutants 1n which the complete 

reaction from H2o to co2 does not occur. 

'rhus, considerable evidence is available to support the hypothesis 

of two quite different photochemical reaction pathways that are present 

in the photosynthetic ~~terial derived from ~3ae and plants. Furt~r

more, these reactions tie 1n v:ell "t-.rith the partial steps postulated by 

Bill and Bendall. However, in spite of this jmpressive circumstantial evi-

dence, the actual nature of the relationships bet"'-ecn the tuo processes 

is still a matter of speculation. 

Reaction se@~nces in the Hill-Bendall mechani~. Hill and Bendall 

placed reaction intermediates at various points along a "potential" 

diagram. These sequences \'Iere largely determined by redo~ potentials · 

ar~ by analogy to the respiration electron transport reactions. This 

general approach has been considerably extended so that all of the 
·, 

spectral bands which have been assigned can be associated ~Jith various 

steps in the sche-ne {Figure III-37). fu this section we will discuss 

the cUl:"rent state of development of the theory as well as discussing 

same of the supporting evidence. 
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a) Photochemical Reaction 1 

The small fraction of chlorophyll ~ ~t;hich appears· to be responsible 

for the losses in absorption at 430 and 700 m1.1 is thought to be the pri-

mm"y reactant, undergoing the reaction: 

Chl §:. (700 ffiJJ form) + hv1 = Chl ?;_+ + (e-) * (III-1) 

A redox potential of +.45 volts has been reported for the c11lorophyll a -
' -

chlorophyll a+ couple. 51** Tr1us, this reaction would be incapable of 

provj_ding oxygen directly • 

The path of the electron produced in Eqn.. III-1 is fairly clearly 

mnrked. An iron protein, ferrodoxin, *** has been isolated from photosyn

thetic tissuelOl and has been shovm to be a highly stimu.latory rc_ngent 

·· for the photoreduction of added pyridine nucleotides by cell-free 

materialsel02 The ~vivo potential for ferredoxin is estimated to be 

-o.4 volts. Recently Chance, et al." have shown that substrate amounts 

of ferredoxin can al~~ be reduced in such systems, indicating that the 

electron is generated by a strone reclucta11t .103 .· Ferredoxin tmdergoes 

univalent electron trai!sfer reactions. The only major argument against 
J 

ass:i.gn~..g an :lmportant role to fcn"''doxin is that it has not yet been 

detected, or at least identified, by in v1vo absorbance studies. How

ever, as Figure III-38104 .indicates, the extinction coefficients are low 

and, further, the t-:mds occur in the region of chlorophyll and cytochrome 

spectral transients (see also Figure III-39). Thus, the faUure to observe 

the postulated ferredoxin reactions in vivo is presently ascribed to a 
maskir~ effect of the other intennediates. 

*This is a 'partial reaction. , The electron is certainly not "tree". 

!Ht'l'he experi.'llental procedures used will be discussed :i.n the next chapter. 

***i:v'hen associated vlith a flavoprotein moiety the name 11photos;ynthetic 
pyridine nucleot·1.d.e reductaso" (PPl\TR) is appll.cd to this material. 
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Fig. III-38. Oxidized and reduced spectra for PPNR.l04 
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M U- 3 58 04 

Fig. III-39. Light-dark and reduced-oxid1zoo spectra for PPNR.l04 
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As! mentioned earlier, ferredoxin is isolated in close association 

with a flavoprotein. Eoth ccrnponents are required for efficient reaction 

with substrate amounts of electron acceptors~ The redox potential and 

. the detailed structure of the flavoprotein are not knovvn, but the 

potential can be estimated as falling in the -.4 to -.2 volt r.:mge. 

The 450 mlJ band present as a distinct minimum 1.n the difference ·spectra 

of the .. green algae might be indicative of the photoreduction of this 

compound. The tv:o reactions descril'..ed above are: 

e- + Ferredoxin (Fe+3) ~ Ferredoxin (Fe+2 .· (III-2) 

2 Ferrodoxin.(Fe+2) + Flavoprotein (ox) = 2 Ferredoxin (Fe+3) +. 
Flavoprotein (reduced) : • (III-3) · 

. . . . 

Pyridine nucleotides!) particularly •rpN+, have long been associatE:d 

with electron tran3fer reactions. 1~ey are likely candidates to fo~ 

the brid~e bet\'-leen the very l0'\11 potential, relatively unstable, reductants 

. formed fro,'11 the photochemical reactions and the normal biochemical reactions 

of car·bon dioxide fixat:i.on and respiration. The midpoint potential· of 

the TP!~+-TPN.ll couple is estirnated as -0.3 volts. The absorbance increase 

centered at 350 mt-~ probably arises from the photoproduction of TPNH. 

Flavoprotein (red) + TPN+ = Flavoprotein (ox) + TPli!H 

H20 + 2TPN1{ + co2 Enzymes) (CH20) + 2TPW + 2mr 
ATP 

(III-4) 

(III-5) 

Having envisioned the path of the electron from chlorophyll to C02'; 

let us turn our attention to the fate of the positlve hole left 't'.,ehind . 

as Chl a+. As noted earlier, the pool of photoreactable chlorophyll is, 

not large .. enough to maintain steady:...statc phOtosynthesis for any appre- · 

ciable t:l.me. Thus we are seeki!".g a path·Nay to a suitable e~ectron source. 

The first reducin!: agent on this path is not kno~>J!l. One popular candidate 
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is the "f" type cytochrome: 

Cyt f (.Pe+2) + Chl+ = Cyt f (Fe+3) + Chl (III-6) 

These cytochromes have appropriate characteristics: Eh "' +0.3 volts 

and univalent transfer reactions. Also they are concentrated in the 

chloroplast tissue.. The major piece of direct evidence CQ~es from low 

t~nperature spectroscopy (77° K)~ At these t~~perattwes, in oxygen

evolving systems~ photo~ox:tdatj.on of chlorophyll and cytochromes can 

be observed, but these processes are no longer reversible. No other 

absorption changes are noted at these ternperatures.29,105 There are 

several ob,,ectionsto this role for c;ytochrome.f.* Hm·1ever, no other 

compound can fit all the data any better. 

If ·~>te assume that some reaction of the type of Eqn. III-6 j.s 

involved, we can '...rite a summary react:ton for the first photochemj.cal 

step: 

H20 + TPN+ + 2 Cyt f (Fe+2) hv1 ) 2 Cyt f (Fe+3) + TPNH + Olf" (III-7) 
Chl a 

b) Photochem:i.cal Heact~.on 2 

'£he next series of reactions serve to oxidize \·m.ter, tra."'lsferring 

the electrons thus produced to cytochrome f or its equivalent. If "fle 

*'rhese include: no steady-state cytochrome sj,gnal is observable in 
green plants or green algae under "normal" conditions. The cytoch.romes 
are there and can be photo-oxj.dized but only in the presence of far-red 
light~; DCMUI) or low temperatures :ts a detectable steady-state obtained. 
Furthermore, one must postulate a light-induced electron transfer from 
cytochrome to chlorophyll to explain the oxidation of cytochrome and 
the absence of a bacl-c reaction. Eut thj.s v..'Ould lead to a very low 
steady-state level of reactive chlorophyll; much smaller than is, in :,, 
fact, observed. Finally, as Chance has sh0wn,105 there i~; no evi-
dence of .an inductj.on period :ln the rise time of Cyt +, tJ.aking it , ,:'·, 
unlikely that Eqn~ III-6 is strictly correct. 
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start again with the photochemical reaction, 

(III-8) 

where X is an unknovm high energy oxidant (Eh greater than +0.8 volts 

at pH 7 and probably even higher since oxygen is evolved efficiently 

at pH 4). No absorbance signal has been w1ambiguously assigned to X~ 

ir!:l.tt feels tha.t chlorophyll b serves this role in the green algae and 
' - . . ' 

plants.8° Almost all the ~orkers in the field feel that some form of 

a clllorophyll-type molecule is involved. Sirr.:ilarly, the· reactions . 

whereby x+ produces 02 are not knovm. In the absence of infonnation 

let us make tbe simplest asSt.l.l.'11ption: 

{III-9) .. 

'l'he electrons generated in the oxidation of W'd.ter are thought to 

follow the sequence of steps given below before being available for 
·;, . 

the reduction of cytochrome: .. ( . . 

2 e + plastoquinone (ox) = PQ (reduced) 

PQ (red) + 2 Cyt b6(Fe+3) = PQ (ox) + 2 Cyt b6(Fi;+2) . 

or PQ (red) + 2 plast0cyanin = 2 plastocyanin (red) + PQ · 

(III-lOa)· 

(III-lOb) 

(III-lOc) 

/ ? 
\ plastoc:y-an:ih+ Cyt f(Fe+ J) = plastocyanin (ox) + Cyt f(Fe+2) (III-lOd) 

These steps have been formulated prirr.arily on ,the basis of the appro-

priate redox potentials (for spontaneous rea.ctions) e The presence of 

appropriate steady-state absorbance che.n.ges for. th.ese intermediates is 

not, unfortunately, u.-11 versally found. However, such a· sequence as 

sho·wn in Eqn, III-10 is probably a good "''Orking modelj even if the 

exact components va:ry from one orga."1ism to anothero 

In surnm.ary, vte have discussed at lei\:a;th the currently accepted 

detailed mechanism for electron flow in photosynthesis. In broad 
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outline it tice ir1 ucll with the m..;.jor qualitative experiments. Hm'<ever, 

many of the explicit reactions are rather tenuously supported by the 

spectroscopic studies. 

Bacterial Photosynthesis 

Bacterial photosynthesi~ i.s generally considered to be a s1mpler 

p:rocess than that of the higher plants becauz.e no one has been able to 

sho~ the presence of t·,'IO light reactions.l06 Action spectra do not 

j.ndicate any compounds i~rhich have lm<T photosynthetic effic:tencies 

THAT CAH BE "El\t1JANCED11 by other wavelengths of actinic light. Nor has 

it been possible to separate the bacterie.l electron tra11sport system 

into tNO or more parti.:1.l react:i.ons. 

' A sirnple startir,g .::tsGUJ11ption is that the mecha11ism of bacterial 

photosYI1thesis involves only the rrJ.ld oxidant, strong reducta.'1t step 

we have called photoreaction 1 (Eqn. III-7). Certainly pyridine nucleo-

tides are reduced and, as \•Je shall see, evidence points to the presence 

of an oxidized bacteriochlorophyll \'<'ith a redox potential of +0.4 volts·. 

· (Chapter 4). -Ferredoxin is also present in vlhole cells of bacteria, 

though it is l'ja~>hcd out of the chromatophore preparations. 

'l'hus, we shall tentatively postulate a single photochemical process 
• I ' ' 

analogous to photoreaction 1 v:here n0\1 an electron-donating substrate 

(:mch a._, malate or t;,ucoinate) oerve~ 1:n th~ l"'ole or tho cytoorl.!'omt~h 

Substrate + TPN+ . -!~§ht .. · )' TPNH + oxidized sub~;trate .(!II-11) 
enzy;nes 

An inter~sting extension of this hypothesis -wJuld siiTlply require that 

. the substrate interacted '1.\.'ith the bacterial electron tra.'1.sport chain 
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at the level of f) say, the qujnone in Eqn. III-10• 'l'her1 the mechanism 

of bacterial photosynthesis might be even more analogous to that .just 

described for the higher plants. Such an extension is quite in keepi!'l.g • 

\;1.th the spectroscopic data \·rhich indica..;es that both cytochromes and 

quinones are act1 ve intermed:tates in bactc·rlal reactions. 
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Chapter N. RESULTS: HEDOX AND 1\li-fjj:TIC EXPERIJI'Eiri'S 

A mechanism as complicated as the Hill-Bendall proposal can be 

tested in many \'lays. One · could, for example, study the specific int_er- · 

actions that are proposed: chlorophyll-cytochrome, ferrodox:tn .... TPNH, 

etc. This is the approach most frequently pursued by i~JCrkers in this 

field. Or one could examine the overall behavior of the set of reactions 

under a variety of conditions. Our ra.tiork<:tle vm.s (and is) that the 

basic qualitative features of the total electron transport system should 

be developed as rapidly as possible. Althou~ specific steps are 

extremely important, it is precisely the coupling of several rela-

tively unsurprising reactions that produces the unique efficiency of 

photos:ynthesis. \vhichever point of vieN is adopted, studies of the . 

' 

. specific steps and .studies of coordinated sets of reactions are both · 
' . 

necessary for a complete understanding. The previous chapter \"Ja.S pri-

marily concerned ~~th a discussion of specific reactions. In the next 

t\•JO chapters we shall emphasize the "systems" aspect of photosynthesis. 

T\·.'o different kinds of experiments are discussed in this chapter. 

The response of suitable cell-free materials to alteration of the 

external redox potential seemed a logical starting point since the 

primary motivation for the dL!lvelopment of the Hill .... Bendall theory \~as 

the redox properties of the intermediates. Second, the most positive 

tests of reaction sequences and over~~l system response can normally · 

be made throu.o.;h kinetic measurements. The first .section of this chap- · 

ter discusses the redox properties of bacterial chroiT'.a.tophores with 



respect to their photochemical reactionso The second section presents 

a ·wide range of kinetic studies involving chrorr..atophores, whole-cell 

bacteria, and i<.Ihole-cell and cell-free materials from oxygen-evolving 

plants. 

A. P.EDOX EXPERD'JENTS* 

Since oxidized and reduced mo:teties are formed very early in the (;\: 

energy conversion process~> a careful systematic study of the redox 

dependence of light-induced Cha..11ges might result in the identification 

of the participating pigments and indicate ho~rt they interact· with one 

another. 

If some or a~l of the redox couples composing the photosynthetic 

apparatus equilibrate l'dth the potent:tal established in thE;· external 

medium by a suitable redox buffer, the effects of light might be 

expected to be seen as transient departures from the redox equilibrium .. 
. ' 

For those systems in which the equilibrium oxidation-reduction ratio 

is essentially completely in favor of that oxidation state tm-;ard rJhich 

light drives it, the light could not produce a noticeable char6e. 

Cell-free materials were obviously required for these studies. 

since cell walis greatly restrict the rate.of equilibration of ~ell 
; 

contents with the external medium. He shall ass\.Une that the results 

obtained are directl:v applicable to the ~photochemical aspects of photo·~· 

synthet:tc mechanism. \?e choose bacterial preparations for two pUrely 

pragmatic reasons: the signals involved were ten times as large as 

*i~brk in this section hra.s done in collaboration tdth Dr. P. Loach 
(present address: Department of Che11istry, Northwestern University, 
Evanston, Illinois Y. r1uch of this material has been published in 
Ref. 31. 

·, 
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those from correspondir~ preparations of algae or plants; and tt~ 

bacterial mechani3m is thought to t>e the simpler one. 

Experimental* 

f·'ia.terials.. Chemicals, special rea,~ents, and the preparation of 

chromatophores from Rhodospirillum rubrum, Rhodopseudomonas spheroides, 

and Chromatium used in these studies have been described eisewhere.l07 

Nethods. All redox experiments reported in detail have been con-

ducted in the presence of a 10- to 1000-fold molar. excess of the external 

redox couple over the estimat~J concentration of the photoactive pigments. 

Values of potential are measured at 22 ± 2° C and pH 7 ~4. \11th these 

large excesses of redox "buffers" the electrodes responded· irr.mediately 

to small changes in potential (0.5 mv), and adjustments to desired 

values 1,yere made ~ui te easily .. 

. For interpretation of the d~ta obtained it has· been assumed that 

the relatively high concentrations of redox buffers do not· complex with 

tr.e pigments being :1nvestig:atcd to such an extent that the pigment 

properties are changed. \>Jhere possible a number of redox couples have 

been used to cover the same range of potential, a~d experL~ents were 

carried out to determine .the effect of reagent concentration and the 

effects of light on the couples .. 

Measurernento in the absence of air, used apparatus and techniques 

patterneq after those designed by Harbury.l08 A rectane,"'Ular, four

sides-clear quartz cuvette t·<as cemented (de Khotjnsky 's cement) to 

pyrex tubir~; as illustrated in Figure IV-1. From standard taper 2 

*For ease in reading, some of the experimental details are presented 
in conjunction with the experiments rather than in the instrumenta
tion ch::tpter. 
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5~ 

APPARATUS FOR 

ANAEROBIC 

EX PERl MENTS 

MU-30799 

Fig. IV-1.. Apparatus for anaerobic redox expE>.r:illlents. (1) 10/30 

standard taper for sample cell ( 5) or microburette; 

(2) 10/30 standard taper for connection to reference cell 

or for microburette; {3) four-sides-clear rectangular 

quartz cuvettes; (4) bridge to reference cell; (6) main· 

titration vessel with water jacket. 
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a bridge i-'4a.S con..'1ected to a second cuvette which resided in front of · 

the reference beam of a Cary spectrophotometer. The t"t<.'O cuvettes ~.;ere 
. . 

separated, when placed in the spectrophotometer compartment, by means of 

a black metal septum. 1vith this apparatus both the reference and the 

sample material could be adjusted under identical conditions and light- . 

minus-dark spectra observed., Chemical difference spectra could_ also be 

obtained i·Jith a minimurn of manipulat:i.on of the sample. Also sh0\\111 in 

Fi,<?;ure IV-1 is a cell in standard taper 1 which could be deaerated and 

filled with a sample of the material being investigated. The contents 
' ' ' 

of this cell could then be examined with the rapid-response spectrometers 

described L~ Chapter II. 

Instrumental.. The light-dark difference spectra and the spectr~ 

cr.anges attendant to chemical titrations were measured on the Cary Nodel 

14M spectrophotometer, also described in Chapter IL The excitation 

source was a 500-watt tungsten projection bulb. Appropriate filters 

prevented the exciting beam from reaching the photomultiplier. Table 

N shows the filter and photomultiplier combinations c:mployed for dif-

ferent regions of the ~pectrlli~o 

Table N:.: .. 

Filters and Photomultipliers Used in the Cary Spectrometer 
' ' ; ' •, . ~. ' • ' I 

Detecting ExcitiP_g Detecting 
wavelengths WE'i'Velengths Pi!otbmu.lt:tplier beam filters* /1 beam filtersfrl, ~H: 

(mlJ) (m\.1) .. . ,• ··~-'!' 

650-1100 400-500 Dumont 6911 2403 · 1~6oo, 9782 
380-620 ·.I 650-900 . HCA 6217 9782 21103 
260-1~20 ' . . 750-900 Dwnont 7664 9863 2600 

*Placed in front of nhotomultiplier 
#All numbers refer to Corning color glasses 

**Cary experiments included a 5 .em water filter in the exciting beam 
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The pea.l<-to-peak noise under normal operating conditions VJas 

0. 0005 O .. D. unit. when using the blue-sensitive photomultipliers• An 

increase in.the noise (0.002 to 0 .. 003 O.De unit) and a base line shift 

(0.001 to 0.010 O.D. unit) occurred as the exciting light was turned 

on for measuranents above 650 m11. These effects were not observed at 

lov1 light intensities and pr-o'W.uly resulted from infrared fluorescence 

or scattering of the actinic light. Since the base line shift is inde-

pendent of v.:avelen:~thll it was easily corrected for by selecting a ~·:ave-

length at which no absorption change occurs. The precision of these 

experiments \'las consistent Nith the noise levels described. 

Results 

f1Iq-:<;nitude of reversible phOtoabsorption .chan;;es as a. function of 

redox potential 

1. High potential. samples of the dea.era.ted chromatophores \'!ere 

treated with mixtures of K4Fe(CN)6 and ~Fe(CN)6 to cover the potential 

range of +0.30 to ,+0. 55 v. * Hepresentative absorption spectra and light

dark difference ·spectra for control samples (Eh = +0.35 v){H were shov,n 

in Figures III-8, 10, .13.. 'l'hese results are in relatively good agreement 

ldth those of other v;orkers.l0,30,110 . · 

The oxidizcd-ffiinus-reduced and the light-m:i.nus-dark signals at 792., · 

810 and 865 mp ·m~re measured at each potential. As sho..,..rn 1n Figure rl-2 

and Table V; raising the potential through the region of +0. 4 v removes 

*In the absence of externally a.dded redox couples a well-defined oxi
dation-reduction potentlal of each sample could be measured aDd the 
systern sccmed to be scrnewbat buffered at the measured value, but the 
couple(s) equilibrating with the electrode is un1movm. 

**The symbols Eh and Em are used as suggested by Cl.!3I'k.l09 
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Fig. IV-2. Variation with "high" potential of the light-induced 

absorption changes at 865, 810 and 792 rm.t 1n cr.ranato

phores from !!.:. rubrum. 0.05 M phosphate buffer, pH 7 .4. 

Absorption at 880 m~ was 2.0. Total concentraticn of 

ferricyanide and ferrocyanide varied from 5 x 10-6 M 

to ? x lt')-4 f1. Heducine; ~ent, 0.01 i~ Na2Si>Jt• After 

removal of oxygen, enough K4Fe(CN)6 was added to make it 

5 x 10-6 M. O, .6.1 0, experimental points taken at 865, 

810 1 and 792 m~ after increasing K3Fe(CN)6 concentration 

to increase potentj.el. e, .&, •, experimental !X)ints taken 

at 865, 810 1 and 792 zn~ upon addition of increasing amounts 

of t.Ja2¥4 to lower the potential, beginning after all. 

K3Fe(CN)6 had been addt."<i. The solid and dashed lines were 

obtained by use of the equation Eh = f1n + H'l'/nF ln(rn. s. -

l.s.)/l.s. with n = 1 and 21 respectively, and bm = +0.439 v, 

m.s. = maximum light-induced signal, observed between +0.35 

to +0.30 v, l.s. = light-induced sigrel observed at potential 

reported. 
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Table V 

Qua'1titative Comparison of Lif~ht-dark and· 
Chernically-induced Spectral Cbanges!f 

tDD192 + 110D810 ll0D865 

Photo- Che<'nically rrotal active Photo- Cbc~mically 
Eh oxidizable oxidized . p.:l.ftllent .. oxidizable oxidized 

0.377 0.051 0. C05*'n 0.056 0.,041 0. 004-:H~ 

0.396 0.043 O.Olil 0.057 0.032 . 0.009 

0.411 0.036 0.019 0.055 0.032 o. 016. 

0.1.132 0.032 0.026 0.058 0.026 0.022. 

0.460 0.016. 0.039 0.055 0.015 0.036 
J 

o.491 o.oos 0.045' 0.053 0.008. 0.036 

140 

'l'otal active 
J2igment 

0.045 

.0.041 

0.048 

0 .. 048 

0.051 

0.044 

*Data not corrected for irreversible selective or general bleaching 
**Arbitrary zero assigned on basis of 90 percent light changes at 0.38 v 
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the light-dark signals» replc-.t.Cing the11 ~~ith the sarae r.ands in the 

~· ,, oxJdized-reducc-d. ·spectra. The samples were then reduced :i.n a step-

tvise fashion \'Vith sodium dith:tonite to de11onstrate the revGrsibility 

of the effectsa The midpoint of both the disappearance of the photo-

changes and the che:7lical titrations for each v.avelength stud:i.ed w-as 

+0.439 v. Figure I 1l-2 also srDws the theoretical curves for one- and 

two-elec.tron transitions with Em = +0.439 v. The data are consistent 

with a one-electron ·transition occurriDL.:; in a key p~t.gment (s) with a 

midpoint of +O.Ll39 v. v,tithin the 1:tmits of the exper:iment there· :ts 

quantitative agreement bettreen the ~.:anount of rr.aterial available for 

reversible photochemistry and that available for reversible oxidation 

(Table r:v, colunms 4 and 7). 

In the above experiment potassium iridic chloride could replace 

· potassium ferricyanide as oxidant:. and potassium ferrocyanide could 

replace sodium dithionite as reducing ae;ent •. Results to be described 

below shcnv that char~ses in the ldnetics are not responsible for the 

loss of signal .. 

2. · Intermedi;9-te potential. ;Experiments conducted through the 

range of potential from +0. 05 to +0.35 v shQwed no variation in the 

absorbance chc111;;:;e spectra. 

3· Low potential. · 1'he reversible light-i.nduced absorbance changes 
' ' ... ' 

in !b.. rubrum cbromatophores. are not observed if the redox level of the 

solut:l.on is belo\~ ·-0 .. 15 v. I<'igure IV-3 shoNs the effect of lov:ering the 

potential through the region of +0. 02 v to -0.1 v. The oxidized forms 

of' indigo tetra- and trisulfonio acid were present at 2 x 10•5 M as 

"buffers11 in the potential ranges +0.02 to -0.06 and -0.06 to -0.10 v, 
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F1g. lV-3. Variation w~th "lo'tl' potential in the light..;imuced 

absorption changes at 810 ani 792 rr.l£ in !h. rubrum. 

chromatophores. 0.05 H phosphate buffer, pH 7 .4. 

Absorpt:ton at 880 l1llJ was 1.22. Total concentration 

of reducta1'1t used varied from 5 x lo-6 l"~ to E x lo-5 r·~. 

Reducing agent, reduced indigodisulfon:tc ac10.. The dyes 

1ndigotetrasul.fon1c acid ond indigotrisulfonlc acid were 

present ~t approx!Inatcly 2 x lo-5 r.~ concentre.tions to 

act as redox buffers. , exper1mental points uutained 

fran the SU"i1 of 6 0D at ?92 ond 810 fill as recorded by 

the Car;y spectrophotcrrteter using very high light intensity; 

points v;<er-e recorded seque~tis.lly as the potential was 

lo~;ered. , exper:imental point obtained as circles except 

, experimental 

points taken from a separate experiment in which indigo

tetra.sulfon:lc ac1.d (1 x lo-5 I(1) was the only dye present. 

, experimental points obtained from steady-state values 

at 792 T!llJ us:!ng the kinetic spectraneter; these data have 

been corrected for ct~es in decay rate over this potential 

range (Figure IV -12) as noted in the text. The solid am 

dashed lines were obtainP.d by use of the equation Eh = ~ 
+ RT/r.F' ln l.s./(m.s.-l.s.) with f1~i == -0.044 v and n = 1 

<:!nd 2 respectively. As in Figure IV-2, m.s. = maximum 

s:lgnal observed between +0.35 and +0.30 v and 1. s. = the light,;.. 

induced sl_iZJlal observed at the potential reported. Anaerobic 

conditions. 
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respectively. The potential i\18.6 lm·.rered slowly by the oodit:ton of 

reducing agent, reduced :tnd:i..godisulfonic acid, prepared separately by 

95 percent reduction vd.th sodiuin dithionite, Th.e absorbance chal'\?;es 

. at 792 and 865 mp di~ppeared in. the same relative proportions as· the 

potential has lowered~ Unlike the ferr:tcyanide treatment, this reduc- . 

tion does not replace the light-induced signals \·lith. chetrd.cally-produced 

counterparts.. r.L'he only pronounced change :1n the visible or near :infra-

red spectrum is the reduction of an iron porphyrin ccrnplex {probably 

the Rhodospjrillum he~e protein of r~~en and Dartsch .. lll. 1he low 

potential data are also compared v.rith theoretical curves representing 

one- and tv.io-electron transitions in Figure IV-3~ The data are con-· 

sistent \·rlth a one-electron change v>ith a midpoint of -O.QI.(LI v. Again;, 

results to be described below show trat changes in the kinetics are not 
' 

alene responsible for the loss of si.r;nal. ; 

The effects of lo-5 £!.. conc~ntrations of other strong :reduci.l"lg 
. . . 

8.1-:;ents (sodium ditbionite, sc;iiiquinone of methylviologenp and reduced 

phenor:iafranine) were _each examined on separate samples of '.'Jell deaerated. 

£b. n .. 1.bnun chromatophorr.:s. In each case no ligbt-1nduced signals could 

be observed in the presence of these reducing agents. 

Discussion 

The observation that we. can .duplicate in a quantitative manner the 

action of light by use of a moderate oxidant (ferricyanide) is not sur

prising in terms of the theories so far discussedd \'Je wuuid predict 

for bacterial systerns that that· a chlorophyll-type molecule would undergo 

photo....ox:1.dation if the analogy with the Hill-Li:.!ndall picture did hold. 

The experiments just considered indicate a one-electron photo-ox:tdation, 

characterizing the reacting pjgment as having a redox potential of 



+0.44 v. In earlier discussions of the difference spectra (page 97) 

evidence v-;as sUiimarized that ind .. i.cated tllat this pigment ha.s a reduced 

band :in the 865...080 fill region, 2:2. v1vo,, making a :porphyrin-typ? pig;ment 

a likely candidate. 

The titration of abson)tion changes at low potential can also be 

derived from our working hypothesis if a few more details are added to· 

the mechanisme Thus, the proposed reaction v..rith light is:· 

LlCbl(865) .lw ~ 
....-.----7 + -BChl + e (IV~l) 

There is no evidence fm; a 11poolt1 of Hfree11 or solvated electrons in 

these syste.rns, so v;e must, in fact, have a very rapid react; ion with an 

electron accepter. Now the normal te:rmlnal acceptors such as ferro-

'1 doxin or pyridine nuclGY.)tj.des have b(~en removed during: pr~eparatior.J.a 
; 

Furthermore, no substrate has been added.. 'rhe reversible Edgnals that 

we observe must tben constitute a closed cycle. Thus a better repre-

sentation of the elc'Ticntary reactions NlU.ch tak.es both of these obser-

vat ions irito account is given by: · ·· ··· 

h\1 
f.X:hl + X 

___ ,i.t:_...;..~ 
EChl+ + x-

~---

x- + y --~ r + X 
~-~~ 

(N-2) 

y- + EChl+ ------~ EChl + y 
~--- ... .· 

In such a mechanism a stror.s, extemall~i added, reduc:int; n;::;cnt ca.."'l. 

:lnteract in 8everal i~Ta.ys. 

y-, m:Lght he rer!udhle to another nonreactive state. Second, X or Y 

or both m1.ght be reduced con::.plete·ly, leavir1g no rcad:i.ly ava5 .. lable 

electron acceptor. Thus the realization that the photochem1 st:ry 
., 

requires u cyclic process in these cell-free prepa.rations offers 

various explanatio:ru:; for the ob::;ervD.ti6n that too lo'" a potent:tal 
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'\'Jill stop the entire sequence. 'l'he picture of a photo-inducc:d electron 

transfer .f:ro.il a h:l;3h potential donor (En1 ?:. H·O .. l;l~ v) to a low potential 

acceptor (l';n .:. -Oo 04 v) is quite eonsi.ctent 1·d.th the mechanisms so far 

cons1dera1. The electron acceptor shOuld be susceptible to spectro-

scopic study thout-sh i.t r..ay absorb 11,rell into the T.JIJ. L'1 addition> we 

l1P..Ve seen some evidence that a OCh.l-type molecule ts :1nt5J11c,tely involvc>d 

in the photo-{)Xidatiol_1. Tentatively, vje assjgn this molecular species 

the role of the "trapping ~;j te" at . whi..ch qtvmturn conversion tec1.kc~s place 

ln ba.cter:i.al photosynthel:;;:is. 

New and interesting infonnation pertinent to the nature of the 

photo-=tctive specie~;; and the:tr interaction(s) vlith their environment 

·.·.as obt~ined by treating cr,romatopllores with very strong oxidants. This 

'.l;ork is described belo'tlt. 

strong oxidants 

Irreversible oxidation of larg;e arnetmts of the long '"avclength 

absorbing pj.J3IT1ents in the presence of GJ1 oxcess of strong oxidantl07 

leaves a material 'tv'hich still has, on reduction:~ absorption cha.Yl!Jes of 

the same magnitude as the or:l.ginal samples4 Fir;..rr'es IV-4_, 5, 6 compare 

the light-dark changes and abf3orpti·:m ~.;pectra. of K2IrC16-treated 

cbromatophores prepared fro."rt R. rubrui7t, £h. sr;heroid~~ and Chromatium. 

The similcu·ity of th!; absorbance of thes"~ materials in the ne?...r :infra-

red iG ·as striking m; the dis:s5m~~..lari ty among the absorbance of the 

origir.al crromatophores. · Note also tbe loss of the light-dark carote-

noid crmig;c :in &_ .:c>Dhcroides (compare changes a~ 41+1+, 46 0 ~ 4 70, 487, 

510, and 522 m11 in Figures rv-5 a."l.d III-10), and the participation of 

what is probably an iron porphyrin complex in the lif!,ht-inducecl c:hanges 
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Fig. IV-4A. Absorption spectrum of K2IrCl6-treated !h_ rut-rum chromato-

phores suspended in 0. 05 r-1 phosphate buffer, pH 7. Li; 1 em cuvette. 

Fig. IV-4B. Light-induced absorption changes in the sample whose absorbance 

is given abOve; 1 em cuvettes. 
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Fig. IV-~· Absorption spectrum of K2IrCl6-treoted !h. soheroides 

c.hrOmatopbores susperoed in 0.05 M phOsphate buffer, pH 7 .4. 

Excess K4Fe(CN)6 present (approx. 0.05 M); 1 em cuvette. 

Fig. IV-5Ji. Lie;ht-induced absorption chai¥;es in the sample whOse 

absorbance is given above; 1 em cuvettes. 
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MUB-1909 

F'if~· Dl-6A. Absorption spectrum of K2IrC16-treated Chrorr.<:rdum 

chromatophores suspended in 0. 05 M phosphate buffer~ pH 7. 4. 

Excess Klt:Pe(CN)6 JJreBent (approx. o. 05 H); 1 em cuvette. 

Fig. IV-6B. Light-induced absorption changes in the srllllple wl!Ose 

ausorbance is given abOve; 1 crr1 cuvettes • 
.... . 
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of Chromatium (compare similarities at -wavelengths lllOQ 423t~ and 556 ffiJJ 

in Figures IV-6 and III-13 •. Higher incident light intensity is required 

to produce the same size absorption change in these K2IrCl6-treated 

systems as in the urmodified material; this seems to reflect the loss 

in absorption rather than (l ma,jor change in quantum eff:"~ciency e 

If the K2IrC16-treated material from !1_ ru.brum :i.s reduced \'lith 

~errocyanide~ dialyzed, ard then is chemically titrated in the dark 

with ferricyanide, absorbance changes identical to those obtained by 

the action of light can be observed. Thus,\) it appears that the bulk 

p~nents are not essential components in either the light-produced 

absorption changes or the cbe\1lically-induced changes. 

One very exciting aspect of the K2IrCl6-treated preparations \-Ja.S 

that it had a much higher ratio of active to bull< pigments. At best' 

the relative concentration of active pigment \'JaS increased 10- to 20-fold, 

which left it at the level of 10.% of the total IR absorption. However,\) 

this ~~s a sufficient enhancement so that it was thought profitable to 

explore spectroscopic and chromatographic means to attempt a more posi-

tive identification of the active components. 'J.'hese experiments ,were t)er-
. 

formed in collaboration w.lth Dr. E .. Gould.* The experimental details have 

been reported elsewhere.ll2 The important findings for our present pur-
.. . 

poses were that only bacteriochlorophyll and its oxidation products 

could be obtained from acetone extracts of the ox:tdized chromatophores. 

Thus t'ie will continue to adopt the hypothesis that bacteriochloi"'phyll · 

is the active site. The unique resistance of the "trap" towards irre-

versible oxidation is ascribed to some feature of the protein environ-

ment of certain of the bacteriochlorophyll molecules. 

*Present addre~s: Stanford Research Institute 11 r~1enlo Park, California, 
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In su'Tiffiary ~ the removal of the bulk pigment absorption· produces 

only small changes in the IR spectra of the photosignals and does not 

change their magnitude. It thus appears that the 880 rnu pigment in 
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R. rubrurn,. the 850 rnll and part of the 800 tnl-1 pit1f1~!1t in & spheroides, 

and the 880 and 800 mil pigments in Chr:ornatium.\) v.rhich can be irreversibly 

renoved by chemical ox:lde.tion, are not essential components in either 

the light-p~uced absorption changes or the light-produced E~)R signaJ.s_,l07 

bOth of t-1hich may be produced qUalitatively and quantitatively in the 
' .. 

same fashion in their absence as in their presence. Thus.; the bulk 

pigments can only act as energy-gathering artd energy-transferring sys- · 

terns v;hich may supply the photoactive unit o This clean-cut separation 

of the active ar.d bulk pigments offers considerable support to the con-

cept of a nphotosynthetic u.>1it11 .10,21,30,110 '· ., 
'. ~ . .-~·· ' 

B. KTI\IETICS 

Kinetic measurements· have ·a long and productive historY as the 
l 

nmethOd of choice" in mechanistic studies. It ViOuld be profitable at 

this t:ime to outline the types of information one can expect vvhen such 

measurements are performed on complex systems such as t~ ones of 

interest to us. These ideas_ will be. developed in a more quantitative 

fashion in the nextchapter. 

Assume for the present purposes that the photosynthetic reactions 

are of the general forms: 

a) Z +A = z- +A+, nLightn reaction 

b) Z,... +X = Z + x-, nnark" reaction 

(IV-3) 

(IV-4) 

. ' 

·. ~· .: 
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Assume that in the whole cell reactions these electron tra.."lsfer · steps 

form a reaction sequence from an ultimate electron donor to a terminal 

electron acceptor. In cell-free systems the. reaction chain may involve 

various added substrates or redox reagents or the reactions may proceed . . 

by 1a cyclic path involving no net electron transfer to or from the 

environmente In the dark the concentrations of the various redox couples 

are determined by their effective potentials and their participation in 

the reactions associated with the normal cell metabOlism. ~ben light 

is applied the concentrations of the intermediates shift from the 

steady-state values.. Fi&.:,"'Ure lV-7 shows, schematically t~ some of the 

tlir.e courses that might be seen for light-induced absorbance inc~easeso 

f:. indicates the pattern that might be expected for a typical 

nintennediate" somewhere in the middle of the reaction chaine Some · 

time is required after the light is turned on before reaction begins. 

This lag time or induction period is associated with tr~ time required 

for precursors to respond to the light. Similarly, ~vhen the light is · 

turned off, preceding intermediates do not return to their dark steady

state concentrations "1nstantaneously11 ~ and the time required for a 

substantial change in the precursor concentrations may also create a 

"light off" induction periode 'l'hese induction periods are functions 

of light intensity, the vnrious rate constants, and the initial concen-

trations along the chain so that their r.k"'gnitudes . cannot be predicted: 

Without considerable additional inforrratiorl. Also i~~icated in Figure ! 

. are the times for half-rise and half-decay J the maximal rise and decay 

rates, and the steady-state level of the signal, which are all useful 

parameters ~~th which to characterize the reaction chaino 
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ABSORBANCE CHANGE KINETICS (Schematic) 

B 

Fig. N-7. 

A 

t 
off 

Induction 
period 

Overshoot 

\, 

Max. decay rate 

t 
off 

Schematic absorbance change kinetics: 

Q 

MU-35819 

see text for details. 

·~ 
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Signal B has no 'observable ir.<iuction periods. Such a s:t.gnal is 

expected for the primary quantum conversion steps and for &.J.y fast · 

"follow" reactions. The data in signal B is rnore readily translatw 

into other useful information because of the lack of induction periods. 

The initial rise rate; vklich is noN the maximum rise rate; can be related 

to the max:imurn qua'1t1JII1 yield of: 'che intermediate reaction. f( The initial' 

decay rate is useful as a measure of the steady-state rate of electrons 

flowing through the intermedia.te. This rate can also be converted to 

the "steady-statett quanturn yields.* 

.Signals .9. and £ illustrate sorne of the complicated nover..:shoot" 

a.11d "under-shoot 11 transients that may be seen in a cyclic or straight.:.. 

chain system vlith appropriate t:l.me constants.; Ii'urther complications 
' 

could arise from inte:t·actions cf the two different pbotochei7J.ical reactions 

postulated for "green plant" photosynthesis. And any of the kinetic 

patterns could be added together by having t..,.JO (or more) different com-

pou..nds absorbing at the same \'vavelength. 

'I'hcre are several obvious differences between this type of study 

and photoct.temical or therrnal reactions of less complex systemse One 

is normally j.nterested, in these latter cases$ in relating the rate of 

production of products to the conccnt~dtion of reactants. One ordi~ 

narily formulates a hypothesis based· in large part on the concentra..;. 

t:i.Ol'l. depend<!'!'1CI!.l of the reaction rat~. Th(ll) biological system :tnvolvos 

three major differences.· First, the reactions arej) under many condi-

tions, zero order \;1.th respect to substrate concentration 9 being limited 

by rates ;along the chain itself~ Thus, our problem needs to be redefined. 

*For absolute calculations one \'v~Uld need extinction coefficientso 



We will usually wish to express reaction r&tes in terms of intermediate 

concentrations. Second, we i'lill normally not be able to exercise any 

direct control over tbe internal reactant concentrations and thus must 

resort to various indirect procedures to test and even to develop the· 

rate lav;s of interet:.te Tr..ird.$ increasing amounts of evidence,. some .of 

\fqhich v:e exa..r:1ined in the last section3 point to independent pho'toactive 

units which !'1.}-:lY contain a very 8rrl.all number of reactive molecules. The 

rate laws displayc::d by a ool1ection of a large. number of such small units 

will not, 1.'1 general, be the rate la-ws exhibited by similar reaction 

mechanisms occurrir,g in nonnal solution chemist~;. 

As mentioned earlier, all of these qualitative ob3ervations \-rlll 

be dealt vdth in a more quantitative fasrJ.on in the next chapter. They 

should be kept in mind as t~-e exanrl.ne the kinetic studies described below. 

I.. .Absorpt:1pn Ch8.T112,£e Kinetics .pl ~cterial ,Chromatophores* 

· Experj.mentaJ,.. The multiscaler detection system was usede All of 

the work described here v~as done \'rl th the neon discbarge la."'lp (previously 

described) as the actinic source. The filters and photQT.Ultipliers 

needed for the various spectral regions are given in Table VI.. Note. 

that the same excitation ''~ayelen.c;ths \vere used for most ~f the detecting 
I 

wavelengths. Chromatophores ~t.rere prepared and redox ad,justments \'Jere 
. . 

performed as w:tth the titration experirnents .described em"'lier. }ID 

anaerobic cell for. the kineti.c spectrc11eter vJhich could be used to .. 

re'nove samples form the major redox control equipnent vas shcr .. m jn. · 

Figure IV-1. 

*ThiS . t-vnrk is part of the redox study done ivith Dr. Loa.ch. 
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·Table VI 

. Filters and Photomultipliers Used in the Kinetic Spectrophotometer 

Detectir.g l'Jwiting Detecti!l.i!, Exciting 
wd.velengths vavelengths Photomultiplier beall filters*·~~~* bemr, filters·H 

(rnl.l) (mll) 

750-1100 580-700 Dumont 6911 5031 (2) . 3480 
46oo (2) ~ rrfil 

350-500 . 580-700 Dumont 6292 

607' 650-700 rrurnont 6292 

*Placed in front of photomult:tplier 

~H~All numbers refer to Corning color glasses 

'.:' 

5031 (2) 

J]Jfl# 

31-180· 
4600. (2) 
JY1;L 

J/. J:Ftr 
2030. 

il:eaird-atomic broad band i11terference filter.' (transmits .580.:;.720 mJJ) 

f.l#Ea:trd-atomic narrC;N band interference filter (transmits 607 ± 6 IT.ll!) 

Kinetics 

Rise and decay t:lmes v·;ere studied as a function of waveleri.i;th, light 

·intensity, and potential.. 

Variation of kinetics with -v.avelengtho ··Typical rise and decay curves 
.·. ;. . . . ~· . . 

at 433, 792~ 810,· and 865 mil for deaerated samples (Eh = +0.35 v) are 

· shovm in Figures IV-8 and IV..,.9. The rlse time~ were all inversely · 

related to the absorbed intens1.ty from the actin1.o sou.t•ce. ·Hence~ 

different sources, high optical densities, or the presence·or colored 

reagents could change the rise constants. The dec~y constants· i'lere not 

particularly sensitiVe to these effect So· . Although the time for half

rise was nearly the' same for each band measured, s;ignjf:fOOnt differen.ces 

.. ,_ ••) ·,· 
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Fig. IV-3. Variation with wavelength in the rise kinetics of the light-

induced absorption changes in !b_ rubrura chromatophores at 

It·)..-, 7~"~...., "10 "'nr1 P65 m .,..J.Jt ;JL... " ' .......... v •il· Par purposes of' canp<.lrison 

signal heights are nonr..::tlized a.'"l.C! all signals are shown as 

positive. r.l'he actinic lamp v.as on for o.4 sec. and off for 

3.6 sec. A.'1aerobic conditions; lo-4 !·1 K4Pe(CH)6 present to 

l<:eep ~ = +0.35 v; 1 em cuvette; 0.01 !'If phosphate buffer, 

pll 7 .4; OD at 880 miJ, 0. 10. 

.• 
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F1E;. IV-9. Variation with waveler>..gth in the decay kinatics.cf the 

light-induced absorption changes at 433, 792, 810, and 

865 m .. :in !!.:... rubr'l.b11 ctrur...atcphores. ~nditioos as in 

Fig. IV-8, rrhe bars represent the total estimated uncer

tainties including base line drift and sample variability. 

The actinic lamp ~s on 0,.5 sec. arxi off 7.5 sec • 
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occurred in the decay v~netics~ The rise and decay kinetics are complex. 

The s:i;;J.plest interpretation of the data. is a first-order (or pseudo f:trst-

order) forh~~.rd reaction and tv.to parallel first-order (or pseudo first~. 

·order) decay (or back) reactions (Figvres IV-10 a~d IV-11). Rate con-

stanto for the first-order reactiom; are compared in Table VII .. 

'i'able VII 

Rate Constants for Photoabsorption Char1Jz;es* 

[ass~~ing a first-order forhard reaction (Kr) and t~~ parallel 

first-order back reactions (1\Bl, KB2)] · 

~ave1er~~th Kr (sec.-1) 
(m~t) 

433 16.3 ± 0.3 

792 15 .. 9 ± 0.3 

810 '16.1 ± 0.3 

865 16.3 ± 0.3 

f.·Deaerated samples, Eh ""' +0.35 v 

1. 7 :!:: 0.3 

1.9 ± 0.3 

0 .. 2:!:. 0.06 

O.LI ± 0.1 

0.4 ± 0 .. 1 

'0.9 ± 0.2 

.. These. different decay kinetics at different ~\fa.Veler~t:hs' indicate . . \ 

' tbat the absorption. ohar'l[;es studied . bel~ng to at least three differ.ent 

· Variation of kinetics with light :intensity~- A further study of 

the kinetlc order of the decay r~actions invol ,;e~ changing the steady-·· 

state level of photoproducts by variation of the incident light intensity. 

*This conclusion is only rigorous if \•!e keep to our assumptions that 
the various redox couples haVe only tw'O formse 
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95% OF 
STEADY STATE......._ 

VALUE 

100 

R. rubrum 
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Fig. IV-10. Analysis of rise kinetics for 433 mJ.I as sro\!.n in :Fig. 

IV-8. .XO = max:llnurn observed steady-state absorption cha.nge, 

X = absorption change at any given time. 'l'l1e solid line is 

the theoretical plot for a first-order reaction with Kr = 
16 sec-1 • Other wavelengths show similar behavior. 
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R rubrum 
CHROMATOPHORE S· 
792 mJ.L 

',¢ 
" ..... 

Slow ',~ 
decay/ '',~ 

Fast Ks2 

TIME (SEC.) 
MU-30807 

Fig. IV-11. Analysis of decay kinettos of the light-irrluced aboorption 

changes at 792 fill in&,. rubrum chrornatophores shown in 

f'lj,g. ~V-9. 'I'he vertical scale is logarithnic. Two decay 

processes are shown by solid lines (Kbl and KB2). The com

puted decay pattern (dotted line) was obtained from 

Xcaln = a exp ( -Km t) + a exp ( -KB2 t) 

where X = concentration of phOtoproduced species, Km and 

KB2 are first-order decay constants 2.0 and 0.46 sec-1, 

respectively. a is the extrapolated Y intercept for the 

slow decay process. a = total initial signal minus a. t is 

time measured fran when the lamp went off. 
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A fourfold change in the steady-state level produced less than a 20 per-

cent change in the t:L'!le. for h:tlf decay. rrhis observation strorJ>:;ly sup-

ports the as:.;ign11ent . of one or more first-order or pseudo firs.t-crder 

decay reactions to. each of the three different·p:l.gmentG. 

Variation of kJnetics with. potential. tvhile the rate constant for 

the forit-.ard reaction, Kf, 1::; nearly independent of potential in the 

regions studied, the decay constant, KB1, is a function of redox 

potential. Figure IV-12 shows the variation of the first-order decay 

constant KBl for the changes in the 865 m~ band in the potential r~ge 

of -0.15 to +0. 5 v.. The rate ccmstant for the 792 mlJ band showed si.'1li-

lar behavj.or. The rapid chan.e;c in half times :In the vicinity of --0.05 v 

SUf"l;ests the reduction of a p:l.grncnt wh:tch can then interact· with the 

photo-ox1.d1.zcd materio.ls. 

The. decay rates never becooe rap1.d enough to exple..in the loss in 

signals at lct-J potential (or~ .for that matter, at high potential). For 

the reactions described here the steady-state concentration of the photo-

oxidized species i3 given by. 

-L 
or p· ~:~ 

v;here ~ is the initial concentration of the oxidizable species, p+ is 
. . 

the concentrat:ton of the oxidized material, & ts tbe f:trst-order for~ 

...,:ard rate constat1t, .!SB is the fast bac1( reaction firsto.oord(~r rate constant. 

Kr = 16 sec. -1, !Sa varies ·from 2 to lLt sec. -1 Experimentally the steady

state value of p+ V'.TOUld fall from 89 percent of' !:a to 53 percent of P 0 

because of the 1.-·1crease 1n deca.v constant from 2 to 14 sec • ...:1. Exper:i.-

-L 
mentally the steady-state level of P · fell to lm·;er than 2 percent for 

K8 = 14 sec. -1 (at Eh .,; -0.12 v). These findings support the assignment 



T 
(.) 
Q) 
VI 

CD 
:::.:::: 

-161 a-

.I I I I I I I I I I I I 

0 0 
R. rubrum CHROMATOPHORES 

0 DECAY CONSTANT, 865 mJ.L 0 15 r-
0 -

Q) 

0 
10 - -

0 

0 

5 - 0 -
0 

0 0 
0 

0 

0 

0 I I I I I I I I I I I I 
-.15 -.10 -.05 0 .05 .10 .15 .20 .25 .30 .35 .40 .45 

Eh (VOLT) 
MU-30809 

P:tg. IV-12. Variation ·.dth potential of the decay rate constant 

(Kro.) of ligllt-irouc~d absorption changes in !h. rubrum 

chrOIT:atopt.cres. Experimental conditions as g1ven in 

F'"" ;."'s IV-2 3 -- .J""\.Jt • • • J • 
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of the losses in the steady-state signal to the titration of pigments 

required for the appearance of the lisht signal rather than those 

hastening its disappearance. 

It is of interest to note that the decay rates tend to approach . 

the same high value (K3 0! 14 sec.-1 ) for each :>f the three wavelengths 

studied at hig.h concentrations of K1+Ii'e ( CN) 6 ( > 0.1 !1). (Figure IV-13) • 

Discussion of kinetic findings 
~~~--~-------------~ 
The discovery of different decay times for different absorption 

changes i'Tas one of the most strildng features of our studies on 

chrornatophores. These results can be docurrented by the finding of 

Olson and Kok that, in cl1rO~~tophores treated w.tth phenylmercuric ace

tate the behavior of the 433 m~ band was consistent vlith very slo~'l decay, 
,. 

while the chlorophyll bands we1~ more rapidly reversible. 113 However~ 
. ' 

kinetics were not measured directly in this work. The difference in 

decay times we have been consider.L~g suggests ntqny other experiments. 

One extension of this work is discussed in the next section. 

The exponential rise and decay curves require further consideration 

because our theories are certainly predicated upon bilnolecular reaction. 

A mode 1 based on the concept of a reaction unit containing very few 

active molecules is our current favorite. The development is outlined 

in Chapter v. 

II. 
. . , e . * 

1S1not1o Comp~iC!lon with r.;:t~otron Partl.llrnl1ro_®t;tc ~@sol'l.ane~ -~:tr.mm.lr:; 

Before leaving the experimental discussion of photosynthesis in 

chromatophores, w·e should examine our only rna.) or attempt to relate the 

1!. 

.. In collaboration with Dr. R. Ruby; present address: Department of 
Biology, HIT, Cambridge, rvlass. 1his m:1.terial was published in Ref. llll. 
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Fig. IV-13. Effect of ferrocyanide concentration on decay kinetics. 

Potential was held nearly constant with added ferri-

cyanide. Other conditions as in :B'1gs. IV-2. 3. 
I• 



absorption changes in these systems to other aspects of photosynth~siso 

Light-induced e~ectron par~~gn~tic resorance (EBR) signals have 

b~n observed in photosynthetic systems for many yearsoll5,116 A posi-

tive identification of the signal w-lth a definite molecular species has 

proved difficult on the basis of EPR properties aloneo Thusll correla-

tions of these properties with other physical measurements have been 

sought. Independent studies of absorbc..nce changes in photosynthetic 

bacteria30,31~117 have led to the tentative detection of_bacteriochloro-

phyll positive ion, thereby leading to the working hypothesis tht.it the 

EPR signal might be BChl + .115 This vievl was strengthened by recent 

\·;ork showing that the bacterial spin signal could be produced by chemi

cal oxidation.l07 Parallel kinetic studies \-?ith both spectroscopic 

1nethods offered evidence trlhich tt;as not consistent 'llith this hypothesis. 

Experimental 

The optical spectrometer ;.;as the one just outlined above. The EPR 

spectrometer has been described in earlier publ1cations.ll5 Chromato

phores from 5-day grmJth of R. rubrum were prepared in the usual fashion. 

111ey v;ere suspended j_n glycylglycine buffer.. The EPR aqueous sample cell 

(0.4 nun optical path) was used for both spectrometers. Typlcal exper-1-

mental conditions were: redox potential +0.30 v; pH 7.5; temperature 

22+ 2° c; incident light intensities lol6 hv/cu2/sec; absort~ce approxi-

mately 1-1.5 optical density units. 

'l'he EPH signal.t S(t), \'Ja.s measured at the point of max:l.Jnum slope 

of the absorption curve~ and is proportional to the number of observable 

unpaired electrons. The response of this signal to the light pulse is 

shO't\Tn in Figure IV-14. Also sho"l'm is an exarr>.ple of the grOt~th of the 

signal when the light is turned on (when an expanded t.irr'.e scale. is used). 
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R. rubrum Chromatophores 
Transient EPR Signal 

8 
UJ 
N 

~ 
~ 
0: 
0 z ... 

s(t) a .42 e-2.1 t + . 58 e-~ 25 t 

1-1.6 s-4 
TIME--+ 

MUB-2312 

Fig. IV-14. Time response of the electron paramagnetic resonance 

(EPR) signal to light. The insert is the growth of the 

EPR on an expanded time scale. Also srown are exponential 

curves fittin~ the data. Sr is the normalized steady-state 

value of the signal. 



The grovJth ma.y be described . by the expression 

st = sr (1 - ekrt) 

a~d the decay curve by the expression 

S (t) = Sde-kctt + Sd 9 e-Y-ct v t, with 3z. = ScJ. + So.'., 
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(IV-5) 

(IV-6) 

§r is proportional to the steady-state of pt~toproduced spinsD. §U and 

.§a_' are proportional to the fraction of photoproducoo spins decaying by 

parallel paths tr;ith urllinolecular rate ~Jonstants ~ and ~ ~" tz.. is 

approxirnately the unimolecular rate constant for spin production. 

As t-ve :r.ave seen11 the changes in absorption show s:imilar kinetic 

responses although the t:i.me constants varied through the major ooncis 

in the light-dark difference spectrao \'ie compared the t:iJT.e cours.e of 

the EPH and optical sig;nals, t·d.th the results shovm in Figure IV-15. 

Conclusions 

Tne following conclusions rna.y be dra''Vn fro.--n this evidence: (1) The 

rise and decay kinetics of the spin signal are the sa11e as the kinetics 

of the 433 mJ.I absorbance chan:..;es, w·lthin exper:J;nental error, Of the 

major absorbance changes, only the one at 433 ITIJ.:I shows this close agree-

ment. He thus assign the observed EPR signal to the molecular species 

which produces the 433 ffiJ.I optical change •. (2) The molecules responsible . . 

for the 'flbsorbance change at 433 ffiJ.I are not the same as those molecules 
[ 

responsible for the absorbance change at 8~5 n~ because of the much 

slo~rer decay rate of the 433 m~ ba~. 

Unfortunately, 1tie have little informatl.on about the nature of the 

433 ffil-1 pigmento The difference band is most often found as a large 

signal in daw.aged cells (heat-treated) or in chromatophore pr·eparationso 

Even is we assume that it is the source of tbe EPR signal in cr1romato

phores, there is no guarantee tr...at this compound plays an :lmportant role 

in photosynthesis. 
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NEUTRALIZING EFFECT OF RABBIT 
ANTI-HUMAN URINARY ERYTHROPOIETIN 
ON ERYTHROPOIETIN EXTRACTS 

PERCENT RADIOIRON INCORPORATION 
INTO RBC OF POLYCYTHEMIC MICE 

Extracts 

Phenylhydrazine 
anemic sheep plasma 

Human urinary erythropoietin 

Saline control 

* Standard error of the mean 

Normal 
rabbit serum 

13.51±1.36* 

11.88±1.11 

Anti-E serum 

3.91±0.50 

0.28±0.07 

0.18±0.04 

MU-32311 

:f.,ig. IV-15. Comparison of EPR and OD signals from the same sample 

of &._ rutrum chroma.tophores. Experimental conditions are 

given in the text. 
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III. Kinetic Studies of Oxye;en-evolvin?? Systems 

In contrast to the bacterial studies$ most of the vlOrk on 11green 

· plants11 has been done vlith >'ihole cells, and particularly vr.Lth the uni.:.. 

cellul<.J.r ali,;aes Porph;yriJiwn cruentum, Chlorella» and Scenedesmus. · :::Orne 

general reliJarks are in order. 

AJmost all systems-including the photosynthetic bacteria-show 

ti\o broad ran.ges of decay time constants for the light--minus~ark 

transients. 'fhe fast reactions in POlJ2hyridium or ~orella have times 

for half decay of about 0.02 seconds. Chloroplasts or chromatophores have 

nonnal decay times of a second, but the reactions in tbese samples are 

extremely sensitive to previous treatment and environmental conditions. 

However, there are also a class of reactions with t:iJne constants of 

sevE:-ral minutes or longer. For example~ the cytochromes in· some chromato

phore or chloroplast preparations oxidizE:' v~hen first exposed· to light &nd 

are not reduced in the dark for extre:nely long times (many minutes or 

hours)ell0,118 Similarly, some of the difference bands shown 1n F~~ure 

III-1 for Chlorella display different kinetics on the first flash of 

light as opposed to later flashes (Figure IV-16) o It takes tvJO or three 

mi.t!utes in the dark before the system reverts to its orig:inaJ. behavioro 

These slm'ITly reversiP.g reactions could \'Jell be of great .importance to 

the proper operation of the photosynthetic mechanism. Eowever f) they 

have been relatively little ::;tudied, in part because of considerable 

technical difficulties involved in very sl0\'1 measurements. Also there 

is a strong presurnption tr.at 'l-;he basic quantum conversion steps and 

reactions:· closely associated w1.th them will show the rapid decay 

kinetics which imply rapid turnovere 

.. 

.. 



ci 
0 
<l 

-169-

CHLORELLA CELLS, 520 m~ 

100 flashes I sample 

f (~0.5 sec---~ 
light 
off 

MU-35815 

Fig. IV-16. Kinetic curve!: for t~e 520 rillJ barrl of Chlorella, showing 

the difference bet\>~een the response to l:tght after a 

very long dark time and the normal repetitive experiment. 

1 flash/sar.1ple: obtained in a stoP-flow apparatus, about 

10 mfuute dark time. 100 fl~sbes/sarnple: obtained under 

normal conditions of .25 seconds light/. 75 dark .. 
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Ordinarily~ the whole cell repponses show many s~ilarities to 

those of the bacterial chrcm3..tophores discusse-d in the last sectica. 

The sign'lls are almost always lackinr; induction periods.,* 'I'his is 

t:rtle even for the signa1s produced by the first flash of light after a 

long dark time? Rise times \·Jere very se:>nsitive to light intensities, 

varying approximately linearly over the ir].tensity r~ange available to 

us. Decay times, but not initial decay rates, vrere much less sensitive~ 

The decay kinetics usually d:l.splay the two exponential functions found 

for the bacterial kinetics. Unlike the chromatophores; one customarily 

observed differences in rise t:imes in loold..r;g at the various intermediates. 

Figure Dl-17 ind:tcates sorne of these differences for Chl¢r8,lla6 rl'he ;.rr10le-

cell decay patterns show relatively little difference from one ·compound 

to another,. probably indj.cating that the \.-Jhole cell reactions are closely· 

coupled to .each other. Representative absorption change kinetics obtained 

frc:m normal, healthy cells are shovm in later fit:,"1lres (rv--18~ 19) .. 

Electron floH exner:lments 

The great i·Iea.lth of kinetic data has proved relatively unenlightcning 

upon close scrutiny. One would hope, of course, for clear jnd:lcations of 

reactiot;,sequences along the electron transport path.-;ay.. In fact~ the 

almost complete absence of induction periods under normal conditions 

makes it very difficult to assign detailed reaction mechanisms. 

\•Je have chosen to approach the problem from a different standpoint. 

As ment:!,oned earlier, it is possible to measure electron flow rates by 

measuring the inittal decay rates from an illul1'Iinated. steady state,. If 

i~e make :Such meawrements under conditions which are 1movm (independently) 

to influence the overall rates of . reaction from C02 to o2 Ne · can look for 

coordinated differences ·in the kit"'letic~i of the (presumed) ·:intermediates.; 

· Exper:tmente of' this type are described below: .. 

i'1The min:imum j_nduction period that could be determined is limited by the 
on and off ~imes of the flash (a few milliseconds). 

.;. 
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CHLORELLA CELLS, RISE TIME EFFECTS 

t lighl t 
on off 

t 
on 

lighl t 
off 

440 m~ 

~flighlf 
on off on off 

( wavelenglh of absorplion changes as shown) 

on 

F.ig. IV-17. 

Rise time effects in Chlorella. Notice the differences in the half-rise time for 

the 430 and 440 mJA bands.. Excitation wavelength: 660-670 mp. Aerated Chlorella 

cells, o.o. 1.0 at 678 fnJJ .. suspended in poosphate buffer at pH 5.0. 
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One of the simplest starting points for an· examination of electron 

flov; '~~-as sur_;;;gested by the Emerson 11red-drop1t and "enha"1.cement11 experi-

ments (Chapter III). These shot.<Jed that one could influence electron 

flow r'itcs (steady-:::tate rates of o, evolution) by: varving the wave-c.. . ~ 

length of the exciti.YJg light. It i'>!as to be expected, then, that the 

decay kinct.i.cs of the spectroscopic intermediates would also display a 

sensitivity to excitation \lavelength. Several ·.·JOrkers had reported that 

the stea.dy-state level of chlorophyll_,51 cytochromes,66:,119,120 and. 

quinone79,82 is closely associated \dth the color of the actinic light 

employed~ In general, alterat:lons :tn the concentrations of reactive 

species \•JOuld be expected to result from differences 1.n the rise ~d/or 

decay ldnetics associated ·with the photo-react:tons. 

Experimental 

Materials& Cillorella p_yrenoidosa \vas r;roM1 i.t1 continuous culture 

as described in Ref. 1, Chlcrellc. e;_lii?soidea> Scenedesn1us obliquus, 

and Poroh;vrid.ium cruentum were gro-wn in cotton-plUf!',ged 125 ml flaskso 

Chlorclla vJas grovm. on modified t·1eyers' medium,l21 Scenedesmu.s on 

Lynch's mediu1n_,122 aml Porohyr:tdium on nrtificial sea \'later. Cultures 

were normally used resuspended in f:~:rm ... rth medium to an optical density 

of 1. 0-1.5 in the 680 mu cb1orophyll band. 

Chloroplasts were prepared by standard techniques.123 Dichloro

phcn.yldirnetbylurea (DCT·'!U) '111-qs purchased from dePont de Nemours.~> 

i'Jilmington, Dela\lolrlre. 2 ,6-Di.chlorophcnol-lndoprtemol (DCPIP) \las pur- · 

chased from K and K Lahoratori.es) ,Jamaica, N $ Y. 

We used the di,q;itaJ. me.mory. spectrometer for these studies. The 

actinic source '·'JaS the 500 mm Bausch and Lomb monocr.romator described 

earlier, used in conjunction vrlth the stepping motor shutter.. For some 
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of these experiments 1·;e used a 150 ~~ tungsten lamp as a second actinic 

source. In some .exper:tments it provided a contlnuous 11 background11 light 

which Nas focused on the same face of the sample cuvette ao. the first 

actinic· be 2m. Nari'Ot-.' rend interference filters · (Eaird-Atornic) and 

suitable Corning color glasses 1-·rcre used to select the desired h'ave-

lengths. Typical filter half-b<:md 'tridths were 5-10 mJ.J. The photomulti-

plier tube vas protected f:r.•cm t;he actiltic light tvith ccmplE':mentary filterse 

Relat:tve light intensities ;.1ere measured vdth a silicon cell 

(Hoffman 'rype 120 CG)., I,'laximum incident i.l'ltensities were of the olXler 

of 1ol6 quanta/sec/cm2. 

Errors 

The reproducibility of .the data in these experiments is l:lm.ited by 

coherent noise, low frequency noise)) and changes in the biological 

material. In practice, proper triggering and the use· of stable pm1er 

supplies place the electronic noise level well below the. nbiologicalt. · 
> '.:;;;.~~; ~:·-

noise11., Typical limits on the day-to-day reproducibil:i.ty' of rr~nitude 

· and rate data \vere ± 10 percent D...'1d ±. 30 percent respectively for samples 

of comparable.·, preparation and treatment. U!1doubtedly, variations in the 

physiological _state of. the organisms are princir.al components prcducir,g 

these fluctuations and will ultirn.ately r&4,uire specific investigation. 

There ls the presumpt:.ton that these fluctuations do not reflect· day-to-day 

alterations in tho basic quantt.un conversion apparatus. r.rhis presumption 

is, of course, open to.exper1mental test. 

Results 

L Decay kinetics as a function of excitation Navelength. 

Our first exper:t.ments were des:I3.11ed to measure the rise and decay 
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t.:imes of the :major absorbance charee bands as a function of the vmve-

length of the actinic l:l'1bt. 'Typical absorption spectra and light-dark 

spectra for Chlorella and Porpl::,.Tidium cruentuiil tvere sho"J.n :Ln Figures 

III-1 9 3. No baclr.ground. illwunatioh (exc~,pt for- t:l::;.."J.t provided by the 

weak a:1alyzing beam) -~<Jas used., Actini.c fla3bes 1,1ere "br1ght encuz,h to 

saturate tbe absorption changes at eacJ.1 actinic -r;avelength up to 710 mp. 

He found that, in general, the r~tse ldr;etics ~~lel"'e insctmitive to exciting 

\\'O.Velength. On the other hand~ the decay kinetics of the absorb&sce changes 

:2.howed a p:;:>onouncccl and unifonn dependence on the color of the e.ct:"Lnic. 

beam, quite apart fran .any effects of i...'1terlsity. Excitation with light 

of vravelengths longer th:ln 700 mf.l, which we v-rlll her1ceforth call hv1~ 

produces llluch slower decay kinetics thEm does short-wavelength a.ctinic 

light_, hv2 (550-630 mll for Por[2hyridium; 600-800 !TlJ-1 for Chlorella:.and 

Some typic2.1 exam;:•les of these kinetic effects are shov.n 

in Figure IV-18., 11Act:ton spectra:' v,·hich plot reciprocal l'it'llf life or 

initial decay rate as a fW1ction of exciting wavelensrth are given ·L'1. 

Figures IV-19 and rv-20. L'1 the case of Porphyrid:lum (Figure rl-20) 

the action spectrum indicates that light absorbed.by the chlorophyll a 
:·:· 

and that absorbe'J by tr.e phycobilins participate to different degrees in 

the reaction studied~ an observation i:<e11 docui·nented by oth0r types of 

exper:ir.lC!ltso12 1~ .Table VIII sum;narizes the tirne for half-dE:cay for the. 

absorba11ce chane;es v-re have studied to date. V..7e conclude that the initial 

decay rate~ of the absorbnncc:: . cha."lges at'e a strone: function of exciting 

v.avelength; the rates fall sharply in the reg:tcn of 700 m)J. 

2. Effect of background illuminat:lon on decay ldne:cl.c.E:_ 

In view of the relatively slov; decay rates produced by hvp a.'1 

' obvious experiment is the effect of a b--:lclrB;t'ound of h"V2 on the klnt3tics 
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KINETIC DEPENDENCE ON EXCITATION WAVELENGTH 

PORPHYRIDIUM CELLS 

422 mp 
560 

CHLORELLA CELLS 

520 mp 425 mjJ 

t--------1 
. 0.2 sec 

Tl ME --7 

ABSORBANCE CHANGES 

422 m11, 520 miJ, 425 mp. 

EXCITATION WAVELENGTHS 

560 miJ, 650 mjJ, 
700 miJ, 720 m!J. 

Light on (tl and off (.j,) 
as shown. 

650 

MU 8·3597 

Fig. IV-18. Representative decay kinetics induced by different actinic 
) 

. wavelergths. Experimental conditions given in text. 
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"ACTION" SPECTRUM FOR DARK REACTION 

520 miJ band in 
Chiarella cells 

A of exciting light 

ABSORPTION SPECTRUM 

for Chiarella cells 

600 650 

A I ffiiJ 

700 750 

MU B-4262 

F:tp;. IV-19. Rec:trrocal t1mes for nnlf-decay as a function of actini9 

t-t:tvelength. 520 m11 nbr:orr·tion ch.:me_;e in Chlorell.:J. Part 

of the a.bsorrt1.on spectrur. is shm-m for reference. Ha:;dmum 

value about 15 sec-1. 



,. 

:· 

1/) 
I&J 

~ 
0:: 

>-
<t 

1.0 c.> 
I&J 
0 

..J 

~ 
!:::: 
~ 

~ 0.5 
1-
<t 
..J 
I&J 
0:: 

.... 
c.> 
z 
<t 
CD 
0:: 
0 
1/) 
CD 
<t 

500 

-177-

"ACTION" SPECTRUM FOR DARK REACTION 

422 m~ bond in Porphyridium cells 

A of exciting light 

ABSORPTION SPECTRUM 

for Porphyridium cells 

550 600 
A~miJ 

650 700 750 

MU B-4263 

Fig. rv-20. H.elative initial decay rates as a function of actin1c 

wavelengt.h. 422 m~ ab:.:.orption ci1<:nge in Porphyrldiurn. 

Part oi' the absorption spectrum is sl10lil.n for reference. 
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Table VIII 

Decay ?;:..inetics as a Function of Excitation by hv2 or bv1 

Organism 

nl. or·n h·""" -; o' -lu·''' (;="~ ... j.J.. ...... -L ~u 

Detecting • 1\.ssi.gnment of 
v<avelength Absorbance 
· (rn11) cbt:':r1ge* 

3 1~o 
405 
lJ22 

Reuucr2d PU 
Oxidized cytochrome(f?) 
Redu.ced cytocl:rr·cme ( t?) 

Cb1orella elp. 405 Der:c1.1dG on cxcJtation 
vm.ve 1engt11;H~ 

ChlorE~11a n;rr 6 

Scenedesmus 

430 
620 

340 
425 

520 
560 
650 

520 

Chlorophyll, cytocbrome(?) 
(see Ref. 125) 

Chlorophyll 
? (see Ref. 126) 

Heduced PN 
Chlorophyll, cytochrome(?) 

(see Ref. 125) 
Chlorophyll 
QJinone comolex;127 

caroteno1ct76 
chlorophyll b(??) 

fl -· 

Cytocr.rome(?) 
Chlorop.byl1 .£.(??) 

(see Refs. 51$126) 

Quinone . comg1ex; 127 
carotenoid'{6 • 

'l{:Lne for 1-:-U:llf 
hv2 

excitation 

0.2 
0.015 
OaOl 

0.02 
0.02 
0.07 

0.07 

ODOB 

0.07 

0 .. 05 

0.05 

decay (sec) 
hv1 

excitation 

(0.3-0.7) 
0.26 
0.16 

0.16 

Oe16 

wrn:l.s list reflects the current literature and the ass~ents made by 
the various authors. Aside from the spcc:tfic v.:orks, ;· ... cit~dfl the reader 
is referred to Chapter III for e;enervdl discussion., ·· · 

**The sj_gnal ;;olarity is/a function of excitation 
51,125). Hence the:"l~/t:lmc constants may derive 
pounds and may not be directly ccmpn:able, 

i•.aveleng;th (see Refs. 
from different com-

.; · .. 
\ 
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produced by a flash of hv1 • 'rhis expcr:lment is a logical ~1.t'1B.log to the 

Emerson ''t:nha.ncement11 exper:lments.99 h'e find~ as Ernerson did \\d.th 02 

evolution, that the slow deop.ys associated vrlth hv1 excitation are 

speeded up in the presence of a continuous bacl-<.t;round .illumination of 

hv2 • The most pronounced effect t·Jas seen with tl:"le cytochrome bands in 

Porphyridium (Figure N -21) o Our prel:iminary experiments SW£;est tb.at 

. the t:Lrne for half decay, for the 1~05 and 422 m.1 bands is inversely propor

tional 'co the backe;round intensity. A sirni.lar 'but smaller effect was 

observed for the 520 mll band in Chlorella and f>eenedesmus. De Kouchousky 

and Fork have recently reported qualitatively similar results for the 

590 m11 absorba.'1cc cr...a.JJ;c in Chlorella. and in Ulva. 91 numberg h.as -also 
. . -

reported syste:r1s in wrd.ch decay rates were enhanced by using a .second 

flash of light in place of a continuous backgroW1d.;80 

General Ranarks 

Effects of DCf•'lU 

E.xcttation Nith either hvl (710 rr111) or hv2 (660 mtt) in the presence 

of lo-5 r·'l DCrfJU vields s:Unilar kinetics a.nd signal m.:1gnitudes to those 
- IJ • • 

produced by hv1 in the unpoisoned system (Fj;:;ure N -22). 

Chloroplast and ouanta1;ome pre:cn.rr.ti._q~ 

Sp1nach chloroplasts. and quantasomes6 v.rere studied under a variety.· 

of reaction conditions. These included untreated fresh chloropla::;ts 

and leaf homogenate, chloroplasts in Hill reaction m:i.xtures (ferricyanide 

or DCPIP) and triphospbop:Yridine nucleotide ('l'PN) reduction systeus, 

usiq?; eit[1er B..,O or DCPIP-ascorbate as electron donor.123 Nor...z- of the 
. L I . 

broken leaf fractions shm·red rise or decay kinetics tha.t ·Here influenced 

by the color of the act:lnic light (F:isure IV-23)$ although sections of 
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EFFECT OF BACKGROUND LIGHT ( 550 mJ.I) UPON KINETICS 

0 

INDUCED BY 710 mJ.I LIGHT 

light off 

J, 

1.0 

TIME (sec) 

PORPHYRIDIUM CELLS 

Absorbance Change 
at 422 mJ.I 

Relative Intensity 
of background light 
as shown 

2.0 

MU B-3591 

F'ig. :r:v..:.21. ":Snha.nceme::tt exper1r1.cnt 11
• ?lash 710 In)..1• t>ack[)-"ouni 560 InJ.t. 

422 m~ band in Po;rxh;yridium. 
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Fig. N-22. Effect of lo-5 r1 DCJ'I'lU on 1430 mp absorbance change in 

Chlorella. Two actinic wavelengths were used, as shown. 



0 
0 
<l 

"C 
G) 

N 

c 
E ..... 
0 
z 

i 

t 

BROKEN CELL KINETICS 

SPINACH LEAF "HOMOGENATE" 

1---f 
0.1 sec 

-182-

430 mJJ 

CHLOROPLASTS, DCPIP HILL REACTION MIXTURE 

1---f 
0.1 sec 

i 

Tl ME----+ 

430 mp 

ABSORBANCE CHANGES 

520m~. 430mJI, 
405m~. 430m~. 

EX.CITATION WAVELENGTHS 

660mJJ, 710mJJ, 430m~ 

Light on (t) and off (.j.) 
as shown. 

MUB-3598 

, Fig. IV-23. A.bsorbanoe change kinetics in various broken cell reaction 

mixtures. Preparation of materials and reaction conditions 

are described in Ref. 123. 

,~·. 
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the whole leaves from which they vrere made sh01:-ved the general behavior 

reportoo for sreen-' a.lgae. " 

Anaerob:lor::.es 

L011i oxygen t.ens:i.on can also rr.at(~r:ta.J.1y affect some of the ri.se 
.,1<• 

.::;.nd dec~.y rates. v:'e feel these e:;ffects c>.rH not suff:lc:i.ent to explain 

decay rates were 11 ntab1e" for some t:t,.rn~ (many minutes a.t these low cell 

. concentrations) before the cuvette went anaeroblc. Aeration could never 

mal<:e the hv1-induced decay commensurate !tlith those found ~·vlth shorter 

lf.rave lenr::;t bs. 

_ , Inten::>ity d.ependenc'2' 

I\ prelirrrtnary study of the lit;ht intensity dependence of tl-.te absorbance 

chc'trlge ldnet:i.cs vJas undertaken. 1'he results cf interest here are: 

(1) rise and decay 1{,~.netics in these green and red alga.e shm1r some 

:lntem;:tty dependen.ce~ the init:i.al r.:i.s(~ rates are directly related to 

intensity; (2) the effects described in this paper are most pronow'1ced 

at l'tigh actinic tntensit:i.es; (3) taken as a whole, these :lntensity effects 

·are not suff:l.ci.ent to expl11in the :::-er,ults a:::cr:i.bed to actinic ''~<:tvelength. 

D:J.scussion 

It is interesting to note t'h8.t s regsrdless of the deteiled mechanism 

:l.nvolvoo~ much of the data p:rcs~~nted ;:i.n tbiz paper· cru1 be conveniently 

SUTI1l1'..a.rized in terms of the Emerson 11red-dropn c:u1.d "enhancement 11 experi-

ments on 02 evolution. To rn.a1~e this comparison~ ,.,.e need only assume that 

the rate of 02 evol"~tion :.ls directly relat-:K1 to tlle steady-state rate·. of 

electron flo•:r tbrcugb a series of n~versil)le redox reactions c 
·t 
~\e can 

convert our kinetic data into 1~1.tes of electron flow if ~>re tn(:-:asure the 

' ,·, 
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init1.cl rates of the darl-: reactions.. A detailed discussion of the 

a;::;su:nptiOi1s required to relate rates of 02 evolution to the reaction 

rates of clcctron tra..'1sport intermedJates is given in the next chaptero 

Th~se asGumpticns a.re not particularly restrictive, and would be con

sistent ;d.th most proposed Ji1echa..'1isns for photosynthesis~ 

'I'hUs 11 we interpret the drop :in initial decay rates observed at 

lon.;-; excitat:1.on \otJ.velengths (Figures Ill-18 9 19, 20; Table v:UI) as 

reflectil1G the ~)ame phenomenon that :Ei:rerson observed vihcn he fot:.nd that 

tr.10 ra.te ~f o2 evolution in fr~-red light 'i:ar.? much slcwcr tbzm in light 

of shorter 1rJaVe1cn.cr;th~ Furthermore~ l:Je feel the incrcase in the Tlfar

redrr in:!.ti2l deca;: rates when a short 'ii~3.velength bacv.ground ljght- is 

added (Fif;,IXC'e IV-21) is closely related to the 11 enbancement:t of 02 evolu

tion rates :in similar exper:l.ment~. J:i'jr~ally., the slm; dcca;; :'atcs obs0rved 

for DC:VlTJ-trcated ali;cW (Figure r~l-22) are consistent "Vdth tr.e m.arkc'(! inhi

bition of 02 eVolution 1...'1 -these caseso Vie feel that the Cho . .tlgCS i1'1 decay 

rates involved are large enough to explain tbe alterations in tbe steady

state concentrations of photuactive internK.·cUates mentioned in the i..'1tro

duct:ion (Hefso 51!)66,82,119,120,128).. 'l'hi;:; is particularly true of 

Porphyridiuzn wbere the "erillancement" in decay rates can be quite strikirJ8;e 

FrOJ:l the fact tr'lat most o:."' all of the ligbt-dal"'k difference bands 

sbov: the stme qualitative cffccts8 v;e can dravi some general conclusions. 

Ji'ir:;;tj! .follc.m:t.ns tbo lo.~1c une.u by Bner:;~on for the oxyg<.\'Jn r~e~ult:!l~ \"/e 

find:· 

(1) T•.-;o or more light-driven reactions .r.ave been de11onstratecl at 

the spectroscopic ;Level in tenns of kinetic behavior of the optical 

density char,ges absorbnncc~ 



(2) These light reactions can interact .with one another. 

Our· stuc1y ean nlc:,o po.:in'u to the mode of the 5_nteraction bet'f;een 

the h,,:) light reactions: 

(3) Gen:;rally speaking, the products of the light reaction i.nteract 

-:.·,-:J.th. each otl'1el' c.t tb~ level, of 11do.r1\!l recoVCL..,Y reactions.- · 'l:his follovm 

from our prm.ary obs.crvation that the r:-;ajor difference bet\·;ee:;n hvl and 

bv2 exc:'Ltr:ttion is a difference in uecay rate$ ratber tre.n rise:: rates • 

.tm even more direc'c den~onstration of the type of interaction .:? • .rj . .ses fro.-n 

the 11two-lightn exper:i.mEmts wlJerE: there vJas a speed-up in thE~ decay 

reactions prcduced by hv1. when )w2 vr.:u:; added as bactground light. 

(ll ) 'I'he \•rholc cell environment seems to he required for the effi-

c:i..ent j_ntt:•r<.::.ctJ.on of' the h.o-lls;ht systems becau~;c chloropla13t prepara.
\ 

tions. which 1·:ere phys:iologi.co.ll:r r..tctive f'Ol" 'l'.PNl-12 fonnaticn or H:tll ' 

rcz.ct:ton:;; dld not sbm·J cny of the whole CE:ll effectr;- d~,scr:~bed above.;; 

The conclusions reached here concerning the photosynthetic mechanism 

have, for the most part 11 been reached independently by other ~iOrkers using 

many different tecbnjques~ ObGervationG of these t:fpes are most fre-

quE.·ntly used to support. the broad outlines of the Hill-Eendall rriechanir:m 

discussed in Chapter III; vll:D.ch -postulates tic,K) light reactions cooperating 

ir-1 series t<Jith each other. Rather than developing this point of view 

further, ,,,!e t'lill.discuss br~efly two as:;:.:-ects of tl"lis ~;,ork which require· 

som~ effo!'t to fit into th0 1-lill-:Bendall pictur~. 

Fin.;t, in connection i-rlth tr.te eDh&nccment experiment shmm jJ1 

F:tgure IV-21~> :tt ~1hould be pointed out that t!:te .fastest decay t:i.me observed 

*Rumberg has reperted a specially treated chloroplast sy7tem which does 
"'hO\•' c·pec~-:r'O"CO·oj C int-,_.,,..,,,c~-1 ~,~ '' of' +-·,.,.. ., ·i ~.-\.{- . .,..,,..~ct:l· en-:' SO 'T'rl"' ,,.,..,,, "'O"'S U .~ ~.>, v &...:> ~· .. .i ._. v~..l..(.~ V..t...VLhJ ,.... V~~\.) ..J.~L...t::;..J.JV .J..I\.: .. C::..t .,-~ •:Jo .- ... - .J..-c""'"~.) '..i. 

for the difference betv;een his system and ours are not ,cle~ ~ 



jn the double :L.TTadiation experiment· ( 40 msec) · is considerably lonr;s-r 

than the 10-20 msec decay produced by 5G0 J~tJ..l excitation alonr:; (F1sure 
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IV -18) o ?urther,no!'e, the absorbed intensity of 560 rnJ..l light usc-:::i as 

brJ.ckgrou.11d. illum:Lrv:a.tion jr1 tb:is experiment v;a~, fH'ty t:lr,1es tbc-~t of the · 

TOO !Yifi flash. TllUr.{, there docs not seem to be a si111ple quzmturn.;..for-

qua:ntura interaction betv;een red and .Groen lighte. 'l'he simplest e.xplri!la

tion consonant V..i.th tbe ser1cs mecll<J.nisrn is that l1V2 dr1ves both light 

reactions approxir:mtely equally SJ' thus leilVing very few excess quanta to· 

couple \dth the flush of rw1 o An altc::rnative expla.'1ation is tr,;at the 

coupling of tbe t11o light reactions represented by this enbancer:1ent of 

decay rate is$ ir:: fact, an inefficient process .. 

Second 11 to pursue thi~:; latter cLrgument a bit further~ the chloro

plast preparatj_ong de~3Cribed in the test showed good quantum y5.oldG for, 

r:.a:i, 'I'PNli2 reduction ~<Jith n2o~ fut they ~~hov:ed none of the kir:ct:lc effects 

ascribed to the presence of tv:o coopcrati.ng light l'cactions, nor did they 

shov/ significant 11eru·~anccaent 11 effects as measured by Tr1NH2 reduction 

ratesol29 These observations nrlgt1t lead us to conclude tr.at efficient 

photosynthesis could well require only one photochemical reaction. 

L"1 conclusion 51 althOugh the correspondence described in this paper· · 

between the .spectroscopic results and the oxygen evolution experimentc 

is qui\;e E:nc?uraging, both as a tool for further ztudy and as evidence 

that the- ab.~orbanee eht~eH! ru•e rutht·t~ cllreetly r•al/rlt(bd to tb~ ptlOto ... 

SJ1'1thetic processes., it should. be rerncmbered that the· molecular basis 

for, and the :iJ;lpOrtance of~ the E.rnerson enhc;ncemcnt effects is /still 

, 'l'he experiments on tbe effects of the color of the actln1c beam 

on reaction kinetics led natur-ally to an investigation ofthe interactions 



between the p:taotochem:i.cal steps •vhen two actinic beams of different 

10,..., 
V( 

color were applied together & i-Je used a flash of one color and a steady 

back6l~ou.'1d or~ in some cas en~ a long flash of the ·other color o &nne of 

these results were considered (pol79) when the enh<mcement experi1!1ents 

v-:ere present~>d. 

Double excitation expe:r:'...ments 

'l'be prorrdnent difference lx:mds in Porl)hyr:id:ll£:1 (the ltQ5-LI25 cyto

chrome s:L:';nals am the 700 m11 change as::~ociated v:ith chlorophyll) provide 

strong evidence for the presence of tvi'O light...r.J>iven reactions. There 

are four basic experj;nents to consider: 

(1) A flash of hv1 on a ba.cJ:'.ground of lT~2 
(2) A flasl:l of hv1 on a long flash of h\12 

(3) A flash of hv2 on a backgrow1d of hv1 

(4) A flash of hv2 on a_long flash of hv1 

'I'he experimental conditions v;ere very similar to those of the experi-

rnents just desc.r·ibed~ 'l'he second light source vm.s also equ.i.pped with a 

stepping r:totor shutter for sane of the O.ou.ble flash e.x-perili'lents& 

Results 

· The f:ir::.t experiment 1s ,just the er1hancEment study C~1ready referred 

to (F'1,g.t.1!'e IV -21). It ilrHl he rcrnembered tha.t the very slow decay 

kinet:Lcs :i..nduced by far-red exc:i.tat;i.on Nere speeded. up cons:1.derably 

VJhen. a hacJ\ground of short l 1!ClVe18!"l.gth J.j_ght NaB also presented. The 

interpretation offered vJas that the 560 mu excitation actually drives 

both photoreactions,. thus lead:II1-tS to the nEt oxldation of the c:ytochrome 

and to tr£ build-up of an undefined source of -redudrJ€: ::1gent. 1'his view 

i.s confirm0d by the double fl<.lsh 1l·rork. Because of problems \·rith filterin . .g 
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the actinic and detectir~ be&~s, these experiments could not be success-

fully performed for the chlorophyll band. 

'l'he complimentary study using flashes:·of hv2 and background light 

or long flashes of hv1 provided additional infonnation. :B,igure IV-2LI 

shm;s <the cytochrome b<'lnds at 405 m~ (positive signal indicates cyto..:. 

chrome oxidation) v;lJen the actinic be8J!i was 560 mJ.t • It also indicates 

the results obtained when a strong background l,_;ight of 710 m11 \'.Jas added. 

The double flash experllnent strongly supports the observation that a 

net reduction of the cytochrorr.e occurs when a suitable oxidation level 

has been achieved by means of bc1.cJr..ground light (Figure IV-25 ~::~ detecti.ruJ; 

h'a.Velength 425 ffil-!ll a positive defiectj.On ino.icates cytocf>.rome reduction)., 
. .· 

Some of the interesting aspects of.the reactions can be brought out more 
' 

strongly by varying the intensity of the background light. s~ Figure 

IV-24 again for the single flash result at 1405 mll; Figure IV-26 .shoi>m . . 

the double flash result for 425 m11•. Notice, first, tha'c bipolar rise 

and decc.y patterns were obtained. It appears that ll kinetically speaking~ 

the initial photooo()xidation and photoreductton reactionsJI as ~1ell as the 

dark reduction and photo re-oxidation by the bacv,ground light, proceed 

independently of one another.. Second, _the photoreduction reaction and 

in some cases the re-oxidation by background light are quite slow steps& 

The interpretation of these results in Hill-Bendall terms is rela

tively straightforward., The part of the mechanism which concerns us 

here can be written: 

X h\12 
--~ x- (N-7) 

x- + Cyt+ K 
--:P X+ Cyt (IV-8) 

Cyt . hv~J._-7 Cyt+ (IV-9) 

\".Jhere the light reactions are sumrna.ry forms, rather than the elementary 

reactions themselves& Thus, the action of the tv:o photo-steps is predicted 
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EFFECT OF RED BACKGROUND ILLUMINATION 

0 

light 

PORPHYRIDIUM CELLS, 405 mJJ 

.5 
Tl ME (sec) 

Actinic Light, 560 mJ.I 

Relative Intensity, 1.3 

Background Light, 680-700 mJ.I 

Relative Intensity of background 
light as shown 

MUB·3595 

Fig. IV-24. Effect or red background (hvl) on kinetics induced by 

green (hv.,) flash. Intensity effects are also in::licated. 
t-
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PORPHYRIDIUM CELLS, 425 miJ 

hv1 off 

hv1 = 680 m~ 

hv2 = 560m~ 

1---2.0 sec----1 

MU-35825 

Fig. IV-25. Porp})yridium double flash exper1ment. Detecting beams, 

425 mJJ. Actinic beams: hvl (680 mp) on for 4 seconds, 

hv 2 (560 mp ) on for Oo 4 seconds. Dark time: lJ seconds. 

The abaorbed intensities of hv1 and hv2 were comparable. 
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PORPHYRIDIUM CELLS, 425 m1J 

1-----2 sec---,-----1 

h111 = 680 m~ 

h112 = 560 miJ 

MU-35817 

Fig. lV-26. Double ·nash kinetic curves as a function or hv1 

intensity. Other corxUt1ons as 1n Fig. IV-25 • 

. ( 
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to be antagonistic-one dr:l..\ring the cytochrome more oxidized, the second 

driving the cytochrome more reduced. Remember that the 560 m~ photons 

can excite both reactions--pre~mably the rate constants and concentra-

tions being sufficient to produce a net oxidation. 700 rn~ quanta are 

used in the hoJ1 step much more readily than in h"2• Both the hit:)l 

steady-state level of cyt+ and the slow dark reduction of cyt+ after 

exposure to 700 mll light confirm the prediction that an amount orr 

, .. 'Ould be formed in far-red li?;ht.. For the plY..>to-oxidation and photo

reduction--as 1•Jell as the back reactions--to appear together, we must 

postulate sorne method of 11 't·Jeak coupling" in the system.. There are four 

general ..,;ays of explaini.'1g the apparent kinetic independence of coupled 

reactions. A large pool of thE) X-X- couple t-;ould have this effect. A 

small amount of X-x-, or even Cyt-Cyt +, could suffice if 'llle postulate 

steps which allow· these compounds to interact idth the environment, such 

as 

(IV .... lO) 

where S; s+ are substrate materials. These methods ·work by mak.ing the 

concentrations of one or another of the intermediates approximately inde-

pendent of the reaction conditions$ A third possibility is that the time 

constants for the opposing reaction are so very different that the fast 

reaction can proceed nearly to completion before the slow step is nfelt". 

Lastly; we could be dea.l:i.ng \•lith strictly independent parallel reactions, 

involving non-equilibrating pools of cytochr-omes. 

Each of these alternatives has certain advanta..,~es and certain diffi..,. 

culties. The first three are consistent 'tdth the Hill-Bendall picture. 

A very slovt step is :perhaps undesirable in that it places a slovt rate• 

l:!miting step on the overall processp lm~ering the quantum yield. Too 

,., 
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much interaction itilth the environment t-..uuld permit the partial reactions 

(oxygen evolution using a substrate electron aoceptor 9 co2 uptake using 
. ' ' 

a substrate electron donor) to proceed independently of one another, in 
·., 

conflict with the well-knotm stoichiometry of normal photosynthesis. 

Certainly these possibilities are not mutually exclusivell and they may 

all be in part responsible for, the Ir.inetics 111e have seen. Independent 

reactions involving only a SITk'lll amount of interact:i.on is the only i<Ja~' 

suggested thJ.t runs counter to the Hill-Bendall picture of series-linked 

photochanical steps. 

The. slowness of the photoreduction and photo re-oxidation can be . . 

explained, by the mechanism su.rsgested aboveo If \ve write out the rate 

equations.a.'sroci.ated \dth Eqns. N-7, 8, 9ll we have for the flash.effect 

A dX/dt = -11I2X!Xo + K[X-][Cyt"'"J 

A dCyt/dt = -AI1C/C0 + K[X-][Cyt+) 

(IV-11) 

(IV-12) 

where the 'L'.l' s symbolize tbe cha.na;e in absorbed intensities due to. the ·-. . ...... 
. . . : . . 

' . 
flash of 560 mt.~ light.. 'l'he initial ra'::e of cytochro,11e reduction, dCyt/dt 11 

is seen to be a balance of two opposed processes and measurement of it 

does not tell us hm·v efficiently electrons are being transferrc~. Again 

we must rely on the initial decay rate when the flash is extinguished. 
::: ..... 

The rapid reduction at thio point would be interpreted as the "enhance-. ' . ' . 

ment" phenomenon tve have seE>..n before~ The slovJ re-oxidation or xecovery 

from this reductive "spike~' ia a bit more puzzl:trlg s:J.nce it can be much 

slo~rer than the original 700 rnt.~ produced oxidation prior to the 560 m~ 

flash (Figure rv -26). Aga:':n one could postulate a balance of opposing 

rates so that the true re-oxidation rate is never observed. 

We .have spoken IDr;J.inly of the Porphvridium cytochrome(s) •.. Interestir,gly 

enough, P700 shoi<JS essentlally the same feature of photoreduction by hv2 



/ 
19Ll 

if hv1 is present as a bacJr.ground light. Although our experiments were 

l.Luited to s:lngle flash experiments~ Figure N-27 indicates the bipolar 

reactions obserired \ ... rith a f}.ash of relatively weak 560 m11 lighto The 

700 mv. .detecting beam served as the hv1 bacl<.(f,r'OU11d excitation. vie see 

the srune qualitative results: a fast photo-oxidation, a slower photo

reduction; then when the flash· is ove:r » a· very raptd reduction is fol

lot•Ted by a slow oxidation. 

t·Jithout tying; ourselves too closely to a particular mechanism 

these results suggest, at least for photo.synthesis in Porpl"l,y;r:idium) 

that: 

(1) Two or more light reo~tions nre presente 

(2) These reactions t:fork., at least in part !1 i.n opposition-that is, 

one supplying C?Xidiz:i.ng po\'Jer, the other reclucing power. 

(3) Tr..e react :tons are, at least in part, cooperat1.ve in that they 

act to an unlmovm but finite extent on the smne intermediates. 

(4) The coupling between the photoreactions is relatively weak 11 but 

the :lmplications of this coup~ing for overall rates or quanturn efficiencies 

are difficult to determine. 

Chlorella and the other green algae studied did not shmo; these pro

. no~~ced effects involving bipolar kinetics. vJhether this reflects a 

difference in rate constru1ts or in mecrBnism is not known • 

. . I· 

f*· 
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705 mJJ ABSORBANCE CHANGE: INTENSITY DEPENDENCE 

t J, 
on light off 

0.5 

Tl ME (sec) 

PORPHYRIDIUM CELLS 

Actinic Light 
560 mp 

Relative Intensity 
as shown 

1.0 

MUB-3599 

Fig. N-27. 705 mp absorbance change in Porpl:Y£1diu.m: 560 mu actinic· 

flash, the detecting beam serves as hv1 background actinic 

light. 
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Chapter V e THE KINETICS OF ELECTRON TRANSPORT SYST'i'.MS 

Earlier we exmrdned in sumrnary forrn the \\Uys in which the kinetics 

of photosynthetic systems mi;ht vary from the problems of interest in . · 

simpler cases. '11-vo major points were made: First, we vrl.sh rate lm•1s 

in terms of intermediate concentrations (instead of reactant concen

trations); second!) \·le need a formalism to deal with independent reactive 

units which contain very fet.,r active molecules per unit. \~e 1dll explore 

these tt<10 problerns in a more quantitative fashion i.n this chapter. 

The reactions we have been considering can be treated as a set of 

consecutive bimolecular reactions of the type: 

A+B 

C+E 

~ C + D 

A+ F 

(".f-1) 

01-2) 

where ~ £, £r, etc. are intermediates and the !S_' s are rate constants 

'\':hich may include light dependent terms~ The rate expressions for a 

set of such reactions consists of a set of s:lmultaneous non-linear dif

ferential equations.. In the general case, these equations can only be 

solved numerically or by analog canputers$ Several approximate methods 

can be made .to yield useful info~~tion.130 

We are bas.ically interested in how much tr..e kinetics can tell us 

about the photosynthetic mechanisme In the absence of a fairly good 

guess at the detailed elementary equations and rate constants; it would 

be hopeless to attempt to find some method of plotting the observed 

kinetics against a derived function of concentnations of reactants to 

"prove" or udiGp!'O\Te11 a proposed mechanism, even given the high-speed 
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computer facilities no\1/' available~ vle have decided to use a less 

satisfactory but more rnanageable approach-namely, to use a fev; very 
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simple model systems~ Even these are generally not soluble in closed · 

\ form, so that we have resorted to various approxitnation methods to 

achieve some ufeer' for the important parameters in the kinetics of 

such reactions. As a starting point we haVe selected several 

characteristic features of the exoer:imental concentration-versus~t:iJne 

curves and studied the way in which comparable features in the model 

system kinetics were derived from the rate equat:i.onso For these pur-

poses; shorter versions of the Hill-Bendall mechanism served as a good . 

place to begin. vJe found that some parameters were fairly easy fo esti-

mate, These included (1) iriitial concentrations, (2) initial rates of 

reaction, (3) maximal rise rates$). (4) steady-state concentrations~ (5) 

terminal induction periodsil and (6) initial decay rates. ~uantities , , 

that \',rere much more difficult to calculate were (1) maximal rates of . . .. 

reaction if they were not the initial rates 3 · (2) apparent rate constants 

or half-times for rise and decay~ and (3) the points of inflection for 

tbe complicated kinetic patterns sometimes observed. 

Reactions 

The mechanism we propose to study is given belm·I. . The column· on 

the right indicates hoi'.r the reactions are related to the Bill-Eenclall 

mechanism. 

Net reaction: 

lw' 
---..;-~ N- + M (V-3) 



Elementary reactions:. 

·A + X· 
KL2 

?. A+ + x- Photoreaction 2 (V-4) 

K' .A++ f~-
. l 

~ A + l\11 Tenninal oxidation (V..:.5) .. .. 

x-+ Q K2 } o- + X Electron transport (V-6) 

N + c KLl_> c+ + rr Photoreaction 1 (V-7) 

" c+ + s KL~. c + Q Coupling of system ., , .. 
1 und 2. (V-8) 

' K4 
... e!lt!-~ Q- .. + .+ 

L~teraction with Q + s s 
~.~ potential setting . I\5 

substrates· (V-9) 

where . y'L2 :s $2I2 (A/A • 
'·. 0 

X}Y ) * '"() , e,nd r~1 ::;. 4>1I1 (C/C0 )y; (V-10) 

Assume that ·N-, ~ §., s+ are in very high and hence constant concen-

+ + tration compared. to the intermediates, t:_, A , X, x-, Q, cr :1\ .£, C e 

Then def:l"'le: 

' . 
K - v . (111] 1 ::: l\1 ,. ' K . 1"

1 
[2)+] . . '5. = '5 ~ . (V-11) 

*I1 is the light :L"ltensity absorbed by photosyste"TI 1. ·· This qtiantity 
is not dependent on the concentration of C because the reactive centers 
are present in very small amounts compared to the absorbing pigments~ 
}Io~:,·ever, the reaction rate does depend on the concentration of C si..'1ce 
the absorbed quanta can only be used if C · is present. Thus !I the ·· · . 
d:lmensionless quantity (C/C0 ) is s:tmply the reaction prob-:lbility for a 

~- t;ivcn intensit~J. A s:tmilal"' treatment is needed for the other photo 
reaction. It should be noted that throughOut this ch::1pter ·Ne have 
used the steady-state approx1runtion for all of the electronically 
excited species which are involv~d in the energy transfer reactions 
discussed in Chapter I.- .. 

"' 



199 

Rate Equations 

He next \<Jrite out the differential equations for the concentrations 

of the reactants~ products, and intenned:1.ates as a function of t:lme \·;hen 

the system is illuminated .. 

d!-1-/dt = -K1[A+] CV-12) 

rur/dt e <illil(C/Co) (V-13) 

dA/dt = -4> 2 r2 (A/ A0 • Yv"Y'O) . + K1[A+J = -dA+;Idt (V-i4) 

dX/dt = -q,2I2(A/A0 •X/X0 ) + K2[x-][Q] '- :-dJC-/dt (V-15) 

dQ/dt = -K2[:x-][Qj + i\
3

[c+][Q-] -K4Q + K5Q- = -dQ-/dt . (V-16). 
_., 

K
3
(c+J[Q-] -d.C+/dt 01-17) ' dC/dt = -¢1Il(C/Co) + = 

The t' s are quantun1 efficienciesJ:J the I' s are absorbed moles· of 

quantR/cm2/second. 

Initial Cond:i,tions and Rate Constants 

Aside from the order of magn.itudc assumptions we made above to pick 

out pseudo-first-order reactions, it is difficult to "guess" relative 

concentrations of the active pools of the :intermediates. For simplicity 

.,,,e sha.ll assume that .all,.the.~pobl$;.are;ofc:equal::,sizef.:::k·. :a:·.;{.:::·ci;·.·a. :::: (j..,, 
' . . . ' . ·. . ' . . ,' ,' 0 "0 '"() ' 0 

Let us assume tr.at in the dark the concentration of the reactive species 

A+; x-~ and c+ are ·zero. Assume that c~ has a rE..>dox potential 1..'1 the range - - ·- ' ' . -· . . 

of normal cell potentials and hence the clark concentration is not zero. . . . . 

We chose 9.. to be largely oxidized.. :L'1 the clark by . setting the ratio of 

!55/[-4 as 9. oo~ 

It is also difficult to make ~priori assignments for the values of 

the various rate constru1tso Let us assume that ·10
1
· :;: k2·, :; I{' ~ l and· 

. . 3 
that K,. and Kc: are much smaller. We need this last assumption because 

-"! ....... .) 

a reaction such as (V-9) really represents an uncoupling of the oxidation 
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of :f\1 and the reduction of ~ v.tith S and s+ substitutjng for the normal 

electron donor m1d acceptor. Such reactions are kn0\1n but are much 

slm·1er th<:m norm·'ll photosyntl"letic reactionso 'VIe also assurne tr..:J..t 

Ini ti.:ll Rates of Heaction 

Using; the darlc stationc:.:rr::~-state concentrations and the differential 

rate equations we ca"1 obtain the limiting initial rise rates for the 

various compounds. ~:: 

' 

(dH-/dt)1 -- 0 (V-18) 

(clN-/dt)i = I 1 (il-19) 

(d.A/dt )1 0:: -12 = -(d.A+/dt)i \v-20) 

(dY,/dt)i '-(dX-/dt). 
,. 

(V-21) = -I2 = ' J. ' 

(dQ/dt)i :: 0 ·- '-(dQ-/dt)i (V-22) 

rct"' I . ._) \ 1., Q\.. i = 0 "" -(dC+/dt)1 (il-23) 

Thus, all compounds ><Jbicb are directly associated \-Tith the photo-

che'Tl:tca.l steps show intensity-determined initial rateso Other inter~ 

... )J1EX1iates··,have zero initial rates. This generalization· '\llOuld ·also hold 

for any nuruber of electron transfer interrnediates in reactions of the 

type: 

Q- + p K 
~ p- + Q (V-24) 

Of course, it is assw11ed that the t:l.lne scale on which these measurements 

are being m.ade is long compared to the rise time of the 'actinic flash 
' ' 

a~d also long compared to the time it takes for the electronically 

excited species to· come to their stationary-state concentrations. 

., 
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Inductton·Pcrlods 

Exact calculations of i.'1duction periods are very difficult. Ho'J.;ever, 

good approx:imations to the first portion of the rise curves can be ob-

tained by use of the. initial' riE:;e raten • 

"' If (dA/dt) = -I') · 
c.. 

then the initial behavior of [A] is available by integration: 

[A] ~ A0 - I2t 

arrJ [A +J ;; I 2t 

Sirililarly, 

[X] "' 

[C] 2! Co 
.,- ,_ - .J..lv 

[c+J "' -- I1t 
...... 

H :::::No - I1t 

U sin..s these functions 1-re can estimate Q ( t). . 

(dc~dt )1 = -K2[:x-J[QJ + E3cc+JccrJ 

- -K2[I2t][Q]1 + K
3
[r1 t][crJ1 

,·\ 

· .... , :• 

'\ ·. 
···'. 

(V-25) 

(V-26) 

0f;...27) 

- (V~28) 

0!-29) 
, 

(V-30) 

. 01-31) 

(V-32) 

(V-33) 

Assurnc that the terms :ln I\1,Q ar1d: Kr.:Q- 01"'1:; negligible. ··.Initially 
f J . 

[Q) and [(r] do not change much from the:lr dark steady-state values, 

so that we can :L'1tegr'ate in this sjJnple fon11: 

Q(t) ~ Qi - K2I 2t 2/2 Qi + l<3I1 t
2/2 (Q,0 - Q.1 ) .· (V-34) 

Since the first t:lme-dependent tenn is quadratic, some lag or 11 induction" 

phase is always to. be expected~ Of course the lag pcrlodt> to be 

observable:. must extend for a sufficient period of time so tl-at it can 

be distinguished from the 11n:;ar r:tse rates of the primary intermediates. 

'\ 
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We can attempt to place the 11observabil:tty 11 
. of the induct:1.on period on 

a quru1titative basis by calculating the time it takes for ~ to react a 

certain amount •. If we choo:::;e, arbitrarily~ t.o define the "induction 

time11 as the time it takes for Q to cb'--mge by 10% of Oo' and if Ne sub

stitute in values for Q1 and (r;r)1, vJe find that 

(t)lO% reaction = (t.,l)Q = (O.l/(.05 12) - 0.45 I2>112 

(Qi = 9.00, Ql = 1.00, K3 = 1~ K2 = 1). 

We next need to estimate the t:L-ne it takes for A+ or c+ to undergo - - . . 

a change of similar mngn.itude. 'l'hi:3 is obtained from Eqns. V-26 and V-30. 

Ct.l)A+ = 0.1112 

and (t.1 )c+ = o.l/I1 

01-37) 

. (V-38) 

A plot of the trinducticn time", as defined in Eqn. V-36, is given in·. 

Figure V-1. The heavy straight lines mark the . regions where 

(t.l)A+ or (t.l)c+ ~ (t.l)Q (V-39) 

The follo\ving interpretations are, perhaps., intuitively correct: 

if Ct.l)Q > <t.l)A+ ·~ <t.l)c+ (V -4oa.) 

then Q will shoN noticeable quadratic character •.. 

.. . · · (V-40b) 

then the t>ise of· Q \i;ill :look linear. In effect,- these cases 
, l· '~ • -- : . 

are ,just those of the light reactj_ons being rate-limiting steps for the 

fonnation of Q. -- Under these conditions t~ can change no faster than its 

precursors. 

Notice that although this treatment has a:;:;sumed particular values 

for the constants, changing the values. of ~; [ 3 or the initial values 

of .9; Q- \<iould be equivalent to displacing the entire family of curves 

vertically or horizontally. 
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INDUCTION PERIOD AS A FUNCTION OF LIGHT INTENSITY 
I -

II .25 

.50 

.I 1.0 

.... 
2.0 

.o1 .L ___ _JL_--l:-------~-----""1tlo 
.01 .I 

MU-35816 

Fig. V-1. Induction period as a function of light jntensity. (t .l)Q 

plotted as a.. funct1ml of I, and I2 as given by Eqn. V-36 •. 

The heavy lines mark off regions where (t .l)A+ or (t .l)c+ 

are greater t~ (t .l>Q (Eqns. V-37, 38). No induction period 

\tiOuld be observed for 2. 1n these regions. 
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Three factors l:i.mit the observation of the quadratic portions of · 

the rise curves in an actual exper~nent. First, sie)1al/noise ratios 

may be poor enough to preclude seeing such effects. Second, the light 

flash has a f:tnite rise time (1-2 milliseconds in our experiments). 

During this period induction phenomena wlll be observed even for the 

direct photochemical reactions .. ·''rhird, these calculations are approxi-

Lations, based on certain assumptions. If these assumptions are not 

met by the particular case in pvint, the quadratic portion of the curve 

might not noticeably arise. The detection of a zero :initial slope, in 

response to light, is sufficient evidence for tr.at ccrnpound being an 

intermediate ratl~r than a direct photoreactant or product. 

\1e can e:l.."Plore further the cond5.tions under tt:hich an induction 

period \v-ould be most pronounced. F:trst, inspection of Eqn~ V-36 and'. 

Figure V -1 indicates that for a11y values of h and I2 such that 

.05 K3I1 "' .45 K2I2 a very long delay phase :is expected. VJe can calcu

late the relative t 10%t:tme for Q and for either c+ or A+~ \•thichever is 

the faster in reacting for th'O limiting cases: 

a) r2 » I 1 

(t.l)Q. I2 

(t.l)A+ ~ (K3Il- K2I2)112 
(V-41) . 

b) Ii >> I2, 

(t.l)Q !1 

(t.l)c+ a (K3Il- K2I2)li2 

Because of the rather complicated dependence on t\\'0 light steps, the 

only simple predication generated by Eqns. V-41., 42 is that appropriate 

variation of I1 and I 2 might well reduce the deno~inator sufficiently 

to produce a long relative rise tt~e. 

\ 

•. 
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If ~~ calculate the duration of the induction period rather than 

its relative value, ~Je find: 

tinduction = <t.l)Q- (t.l)A+ or c+ (V~43) 

Since ti .::_ 0, ~;e find on 'substituting Eqns. V-36 or V-37, 38 into Eqn• 

V-43, 
1/2 0.1 

ti·. = 4 .05 I1 - Oo 5 I2 
(V-44) 

Assume that the I 1 term is small~ then t 1 has the form 
. if, 

t .,:t a - L 
1 I2112 I2 

This equation leads to F:l.gure V -2 't'lhich plots 

ti ·~ 1 -= t.... . 
a I 1/2 

2 

.. !3/a __ ... -~ ... ..........-
/:I? 

(V-46) 
' ,I •- , ... 

for e/a = o. 01 

tn'laX and ! for tmax can easily be found! 

tmax = (!/a 
.. 4 2 

I(tmax)""' ..L . a2 

' I 

(V-47) . 

(V-48) 

Thus, as long a.s the initial assumptions remain true,. t.:e find .~he various 

constants do not change the shape of the curve, but . only act as scale 

factors. S:1mi1ar considerations t•IOUld hold for the alternative assump

tion that K3I 1 >> K2I 2• 

We can now make some qualitative predictions for the observation 

of induction phenQ~ena 1n lL~ht-driven electron transport systems: 

(1) The duration of the induction period should increase at low 

light intensities~ but at very low intensities the photochemical reactions 

will become rate-l:!rnit:lng and the effect will disappear. 

(2) The relative duration of the induction period compared to a 

s:tmilar port:ton of the rise curve of the pliotochemical steps h'ill increase 
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30~----------------------------------------------------, 

INDUCTION TIME AS A FUNCTION OF INTENSITY 

MU-35810 

Fig. V-2. 

Induction time as a function of r2. See Eqn. V-46 and discussion in text.-
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.·. at ru,gh l:tght intensitieso This effect can increase without 15mit, 

but instrumental porameters ;v111 place an upper l:init on the time 

resolution •. 
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(3) For intermediates '1'\rhich lie beth"een ttv-o light reactions (such 

as Q in our mechani&11) induction. phenomenon will be observed for inter

mediate values of light intensity 6 .Such induction periods should be 

. sensitive., to either an increase or a decrease in either r1 or I2 ~ 

Vle can extend this general line of analysis to mechanisms with 

more electron transport steps both bett·;een the t"''O light reactio~ or 

at either end. 

First, consider a series. of electron transport reactions at one 

end of the overall mechanism. The general form of these reactions is: . 

Bi + Ai+l Ki ~· Ai + Bi+l (V-49) 

where the &' s are the reduced forms of the 1th redox couple and the 

~' s are the oxidized forms. 

The first step is given by 

where e- represents the light-Produced reductant. The assumptions 

we have previously invoked are (1) "'-e are still in the linear portion 

of the rise of ~- so that 

e- a (e-)1 :!: It (V-51) 

and (2) the dark steady-state conditions were achieved before the light 

l'fas turned on. Then, if we calcuiate. the initial rise behavior we fmd 

that 

so 

.·; 

- dA1 a ,It 
d.t 

- ll.Al.. {'t It2 
't 

(V-52) . 

(V-53) 
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If \1e next consider intermCd.iates.:>ITh1ch. lie betvreen the two light 
. ' .. :.~~:.; 

reactions i'le can character:i.ze a st8p bjl ho·w far it lies from the light 

~· . 
steps. Thus ~ti is t~e 1 vn redox couple from light reaction 1 and the 

jth couple from light reaction 2,. ·By the r:Xime arguments given above,· 

(V-56) 

As a check '"e can note that the Q, Q- couple in this notation would have 

i = j = 1. Then 

Q(t) = (a - S)t2, as we sah' before · · (V-57) 

Induction periods can be calculated as i-ve did earlier •. · 

Ma.x:imum Rise Rates 

vJe i'iill not be able to calculate the maximum rise rates for a 

general electron tra."'lsfer step, even using approximate methods •. P.tm.;rever, 

the maxL~um possible rates cari: be .calculated in a very simple fashion from 

the initial concentrations. The rraximum ri~e rates for our mechanism are 

derived from the differential equations (V-12 through V-17). 

(dA/dt)max = - I2 

(dY,/clt)max -

(dC/dt) ·.· = 
. max 

- I2 

-. Il 

(dQ/dt)max = - K~~Q0 ·:~r- K3C0 Q
0

f l\'hichever is 
greater 

(di,1/dt) = - I\1A0 max 
(ciN-/dt)ma.X e:: "': .I.: 

(V~58) 

(V-59) 

cv:...6o) 

(V•61) 

(V-62) 

(V-63) 

.. 
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There.tis one very important conclusion available from these equa-

tionso The COID[Jounds which are direct participants in the light reactions 

have maximu.'TI rates vvl':>..ich CAJ>J INCHEASE WTI1-IOUT Lii'vliT as the light mtensity . 

is increased.* On the other hand, (dQ/dt) can never exceed a certain 

rr.aximurn value 11 regardless of hoN much higher the light intensity is 

raised~;· :~'This resu.lt can be expressed in another 1tl8.y. In any mechanism 

. of the type we are considering the light-driven steps can always be 

, made much faster than the other steps. 

Thus we rave a general test for distinguish:ing light-driven reactions 

from dark reactions by measurin:; the rna.ximum rise rates as a function of 

light intensity. Such a test should ""ork even if no induction· period is 

readily observable or if the s:t...~al has a complex time course.' The 

actual experi~nt is limited by the rise tiue of the actinic lamp and 

the possibility that very hlgh light intensities i.vould be required. 

Steady-state Concentrations 

If we solve the differential rate expressions ·(V-14 through V-17) 

for the steady-state· (by setting all the reaction rates of the inter-

mediates equal to zero) Ne·find: 

I2 (A/ Ao) (X/Xo) = K1(A+) (V-64) 

I2 (A/Ao) (X/Xo) = · K2
[x-J[QJ · . (\r-65) 

I2 (A/Ao) (X!Xo) "" .1<3cc+J[Q-J \H~· (V-6fi) 
'. 

I2 (AIAo)(X/Xo) = I 1 (C/C0 ) · 0/-67) 

' ~For any .light intensity presently obtainable with high intensity . 
flashes. At extreme intensities we could no longer assume the 
steady-state approximation for the excited states. 
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'We have· four equations in four unb1owns (reme.1nbering that the sum 
. . . . . 

of the concentrations of the oxidized and reduced forms of each couple 

equals a time-independent constant. Though 1,r,re can solve these equations 

explicitly, the resultJng e.i..-pressions contain roots of a fourth power 

polynomial and are CUlubersome, to say the least. A much si.rnpler approach 

employs the follovdng equations Nhich are derived from the steady-state 

solutions a11d the stoichiometry: 

[X] s == K1/I2 (A0 ) C<o) 

[x-Js = ~· - [X]s 

[QJs = KlK2 (A+Jsf[x-]s 

[Q-Js = Qo - [Q]s 

[c+]s = Kl [A+]s/K3 [Q-Js 

[C) = Co - (c+Js 

01-68) 

cY-69) 

(V-70) 

(V-71) 

(V-72) 

(V-73) 

(V-74) 

We can solve these equations by selecting values of any ratio of 

concentrations and a light intensity and then solving for the other con-

centrations and light intensity.· Typical solutions are given in Figures 
. ' . 

V-3, V-4, and V-5, sh0iv1P,e the steady-state concentrations as a function 

.of .h and ±2• The constants fu, !S.2' and K3 were set equal to 1; 

Ao = Xo = .. 9o = Q0 = 1; ~4 =· !<s = 0. Several features of these plots are 

of interest to us.. First, the "push-pull" effect of the tv.10 photo

reactions means that most of the redox couples cannot be completely 

oxidized or reduced by light> no matter how intense. Second, the light 1 

saturation curves of the intermediates are somet~hat different from one 

another (Figure V-'1). It should be possible, with careful and accurate 

saturation data, to gain some informat:ton about the. sequence of reactions. 
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Fjg. V-3. Steady-state concentrations or interraediates in the mechanism given on page 198 • ~ 

as a function of r1 and I2. Detailed equations and conditions are given in 

Eons. V-68 to V-74 and page 210. 
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STEADY-STATE CONCENTRATION OF OXIDIZED INTERMEDIATES 

as a function of 11 , (! 2 = I) 
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Fig. V-4. Comparison of "saturation curves" of the intermediates. I 2 is held constant as 

r1 varies from .01 to 100. Conditions as in Fig. V-3. 
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RELATIVE STEADY- STATE CONCENTRATION OF A 
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Fig. V-5. Steady-state concentration of fi. as a function of .!J. and 

]2. Lines connect equal concentrations of A. Conditions 

as in Fig. V-3. 



Steady-state Rates 

i\no~·Jing the .elementary re;:;ctions and the steady-state concentra-
. . . . . 

tions, it is an easy matter to calculate the steady-state rate of the 

overall reactj.on. For the particular case Nc have been treat:lng, · 

(V-75) 

+ . . .Smce [A ] .J.s present i.n same finite concentration, it is clear 

t~.at thi~ model dlsplays "ljght-saturationn of the overall rate. .At· 

high intensities the rate become0 irrlependent of intensity. 

Thi.s model also contains the enhancement phenomenon we have spoken 

of; previously. Fisure V-5 is replotted in somewhat different form from 
. . 

F:t;;ure V-3. It st;ows the steadv-state concentration of A+ as a function ... - ·. 

of the t"'.ro light intensit:Les; the linE·s comcct equal concentrations. of 

fl.+. rro measure the overall rate of reaction Ne need only this one nUm

ber. To shm..r the enhanceuent effect let us do the following thought 

experiment. Calculate the rate of the reaction using "far-red" light 

(say, r1 = 10, r2 == 0.1, since pure excitation is not practicable). 

The rate is approx:i.r.1ately· 0.-08.. Now use just "red" light (Il "" 0.1, 

I2 = 10). Tbe rate is 0.09. The sum of the tlf:O independent flashes 

is 0.17. HO'I'Jever, if the· bro lights had been given simultaneously, 

the comb::!.ned illui:rrination •t.rould have the composition !1 ""· 10.1, 

I2., 10.1, whtch would produce a rate of 0.47, an almost threefold 

greater value than 'the·previous "exper1ment"e 

The effect is based on the fact that the ovcroll st~ady-state rate 

of the reactions drivirg electrons in series must be no faster than the 

slower rate of quantum input. Hence most of 11 ! 1
11 is wasted in the 

"far-red" l:l,ght, most of the ''I2" is 'lo\'<3.sted in the "red" ·light, since 

the rate-l:trnitine step ln both cases is very slm·r~ · The combined lights 

. ' ; ' 
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raise this slow rat.e from 0.1 to 10.1, a vtJ.lue sufficiently high so that 
\ ...... , ... / 

other reactions become 11.mit:1ng (i~e.~, the combined rate ir, not 100-fold 

greater than that of tbe incUv:ldual bearns, as would be expected if tr..e 

system v~as respond:ing :tn a linear fashion) • 

Eefore leaving the top:l.c of steady-~:;tate rates 11 let us i'eturn to 

the quest1on of the effect of "uncoupl:lng" reactions such as: 

CV-9) 

We rearrange the steady-state equations as shown: 

. (V-76) 

By substitution; 

(V-77) . , 

but 

· cv-ia) 
Thus 

(di4/dt)
3 

...; (dlr/dt) 5 = K5 ~ - CK4 + K5)["1]5 (V-79) 

Dependir.g on the values of the constantn and the concentration t.ei-ms 

the photo-reactions can thus proceed at different rates.. ·The effect. 

~dll be strongest at lov-: Jntensitics since the consumption of r:!, and the 

production of l:!- are sensitive t~ the ltght intensity whereas the K5 %. 
term is not. 

Thus, the 11decoupling" effect of this type of reaction is readily 

apparent. As mentioned prev1ouf3ly, it is thought that this sort of 

process is not too :tr.Jportant in steady-state pbotosjrnthesis \vbcre tbe· 

rates of oxygen evolution and carbon dioxide uptake agree to :_ 105~. 
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Steady-state· QuantlJln Yields 

. Unlike the steady-state rates, the quantun yields dirn:tnish with. 

increasing light intensity.. If 1.'re select em· efficient comb:tnation of 

I1 e.nd I 2 (say, i 1 = I 2), the relative quantum yields drop as shovm 

in Table IX. 

Table IX 

Qu.antura Yield as a Function of Light Intensity 

Jntenstty of elther 
light (Il = I2) 

• 01 

.1 

1 

10 

co 

'-.1uantum yield 
rJ> ., Rate 

Il + 12 

0.5 

o.4 

0~15 

0.023 

0 
': 

The quantum yields generated by this mechan:1.sm have the form 

4> ·- tPo - cxi for lO\'l intens:tties 

$ = B<Po for high intensities 
·~ 

.1. 

~0 = quantum yield at zero intensity. 

Decay Heactions 

The rate E.'Quations for the decay reactions· arc: 

drr/dt c o . 

dA/dt ~ K1[A+] = - d.A+ /dt 

-

(V-80) 

(V-81) 

'(V-82) 

(V-83) 

(V-84) 

; 
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dX/dt = K2[x-][Q] = . - dX-/dt (V-85) 

dQ/dt - . -K2[x-][Q] + K3[c+][Q-] + K5 q- - Ki~ Q = - dQ-/dt (V-86) 

. SC/dt "" K3[c+][Q-] . = - ctc+ /dt · (V-87 

Although this is. a simpl~r set of equations than the complete set, the 

non-linear terms rr.,.9.ke it too diff:tcult to solve in closed form.;:._ Thus, 

we will t~ to the type of approx:imat.ions used in the earlier parts of 

this c:b.aptcr ~ 

Initial Decay Rate3 · 

Assume that the . i1lumina.tod . steady-$te.te \•:as o.cbieVed ~ If we. 

exam:ine the system rap5.dly enou.;h. after . the light i,s extiP .. p;uished..., the 

concentrations of the .intermediates w:i.ll have chanp;ed only a negligible 

amount from their steady-state values. The initial. decay rates are ' 

thus: 

(dA/dt):tnitial = + . 
Kl[A )s. = -(d.A+/dt)i' (V-88) 

. (dX/dt)i = rr rv-J [r~) = -(dx-;c:t)1 (V-89 ;r\.') L.l\, I'!'" :. ~ c.. i:,) ~~ 

(dQ/dt)i = 0 = -(dQ-/dt )i .. (V-90) 

(dC/dt)i. f:': K3[c+)
3
[cr]

3 

. + 
Ol:. -(dC /dt)i (V-91) 

We then expect that 9., .the. one compound whicn does not interact directly 

t~:"ith the light; t:::i.ll r,ho~:: a. zero initial~ecay rate tmd the attendant 

induction reriod. 'Ehe other intermediates shoN their r.m.xirnum decay_ rates y· 
i 

as the l:lght :l.s extinguished~ 

Another :lmporta"1t observation is the expected relationship between 

the initial decay rates of the photo-reactants and products and the 

*Aside from noting· that A+ = (A+)d e- K2t where (A+)d is the concentra- · 
tion of A+ at the time the actinic beam is shut off. 
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steady-state rate of electron now~ For the closely coupled case; i'Jhere 

!S4 and K5 are zero, 

(drtJ/dt)
8 

= (dlr/dt)5 = K1[A+] 5 (V-92) 

Reference to Eqns~ V-64 to V-67 and V-88 to V-91 indicates that the 

initial decay rates for ~, ~ and ~ are just equal to the steady-state 

electron flow rate as postulated earlier (page 151). If the ti'JO photo-

steps are partially uncoupled (K4, K5 ~ 0), each photo-reaction achieves. 

its own steady-state condition. Tnen 

Ho11rever, those :lntermediates involvec.'l directly wUh the reaction of M 

will shm.; initi.al decay rates equal to .I (dflJ/dt) 5 j whne the>se ?J1v,olved 

with the formation of N- will shovJ 5.nitj_al decay rates of I (dN-/dt) 5 !. 

It Irust be emph-:ts5.zed that these. relationsh:i.ps are only valid :lf a 

steady-state v,as reached. during illu.Jni.nation, and_ if the ccmpounds 

involved have an intensity-dependent term in thej.r rate expressions 

\'1hich accou.'1ts for all of the net reaction ln that dj.rection. A very 

fast reaction with a direct photoproduct could approxi"nate these require

ments. It may appear that the init:1.a1 decay rate calculations are of 

the same type and :importance as the calculation of the steady-state 

rates (page 214). Thls is not so. The latter results are only available 

if the mechanism is lmm,rn, 1-,,hereas the relationship between the initial 

decay rates and the steady-state rateG is quite gener<:U within the limits 

set by the assumptions just discusserJ. As we have seen, jnitial decay 

rates are, in practice, a very useful tool in compari~~ experimental 

results with the (unv..nmm) mechrmism under study. 

,lj 
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Induction Per1.oc1 for Decay Reactions 

\~e can proceed exactly as v;e d:td for the :i.nduction p€:rlod a.sso-

ciated ,_,rith the r5.se cur-ve. - + . As before, ;5. and Q.. vary line.:1rly durins 

the f:Lrst pha;.~cs of the dark reo.ct:i.on. Thus, 

[x-J [Y-[ 
"~ s (V-94) 

and (V-95) 

,, 1 ~ 

l\2 = K3 for a closely coupled system. 

Substituting these values into tbe r2"te express:l.on for 9.. yields: 

. (V-96) 

Q C8..'1 increase or decrease quadratically or stay f.:'Ssentially constant • 

This expression does not conta:ln l:i.p;ht intensity as an explicit variable. 

We. could t~'Ork out in detail the .same type of. relationr:,hip. that 1118 derived 

earlier for the duration and relative magnitude of the induction period 

associated N:i.th the decay curve~ but in the absence of accurately l.moi•m. 

constar1ts it vrill suffice to say that t.he qualitative behav1.or :l.s rather 

s:1milar to F:tgure V--1.. It is possible, at least ln principle, to perform 

the same type of experiinent suge;;ested earlier where one varies the light •· 

intensity ani, hence the steady-state level of ,9, hoping to fihd that 

critical region where the induction phase is extended [7'eatly for a 

mnall change .in light intensity. 

These rates can also be estimated jn the marmer usro for the maxi.rnu'11 

rise rates, which yields the values: 



= (dl'~'!/dt )max 

(d.N-/dt )max "" 

(dA/dt)max = 

(dX/dt )n-aX = 

(dQ/dt )max · -
or = 

(dC/dt) = max 

1" A - "1 0 

0 

KlAo 

rxn · .. '2· ·o'';o 

= 

- •• V' Q 
l'\2r•o'"10 

+ F:3COQo 

K3CoQo 

= 

+ 

= 

' ,.··~ .,. 

" .I. 

(dA '/dt )max 

- (dX-/dt)~ar 
J.il" ~-

... 

KLl% ::: - (-~0-/dt) 
"-''>/~ ma.x 

Kc:;O'D _, 

- (de+ ,(dt )rrE.x 
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(V-97) 

(V-98) 

(V-99) ·• 

(V-100) 

01-lOla) 

· (V-lOlb) 

(V-102) 

These calculatiom; support the conclusions drahrn prev1.ously about the 

value of measuring rise s.nd decay rates as a function of JJ.ght 5.ntensity 6 

This cornpletes 'GrR. detailed ·. cn.lculations. i'Te vdll perform for this 

type of model system. The next section explores in. a more qualitative 
' ' ' 

fashion the. complex rise and decay curves that have been observed experi-

mentally. Analog computer methods will be br5.efly considered as an 

attractive ll!aY to gai.n further :Insight into these. complex patterns. 

9omplex Ri::;e and Decay K:tnetic::; 

v.re have been focu:c.:tng our attentj_on on the various aspects of the 

k:tnetic curves which were readily accessible to a quantitative or semi-

quantitative study. However, ·Ne have really only dealt vv-lth a small 

part of the :LYtfon:..:'1t:i.on contained :tn _such curves and, in fact, 1-;e have 

said almost nothing of the more striking features of the time courses 

obtained experirnentally-narnely,_the "overshoots",_ rrtwo-phase rise" 

anct "bipol.'ll' risen curven wh.1.cb ;·Jere illustrated schematically in Fi,_c::;ure 

N-7. Actual kjnetic curVes ho.Ve been presented at various points in 

our discussion (see F:l.gu.rcs JY~17, 21,21-1,25, 26, 27). 

T~ro conditions ne€d to he met before a system.of coupled reactions 

can show k:lnet:tc effect:=> of' these types. First, three or more intermediates 
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are required. Second, there must be one or more relatively slow steps 

which detennine the overall approach of the system to _the illW7tina'ced 

or darl< steady-state. One or nore relatively fast steps will then be 

be sufficient to produce complex kinetics of these t;ypes. 

Some qualitative calculations cEm be predicated on these condi

tions. The kinetic curves :in which \-?e are :t.ntereGted have the property 

of a point with zero slope after tlYc ~lnductj.on period and before reaching 

steady-state. The rate..:.li:niting step ha.s only the steady-sta~e as a 

poL'1t of zero slope (except for tl1e induction period). 'rhus"' we can 

solve the differential equations for these points of extrerna by setting 

the various· rate expressions to z-ero INDEPENDENTLY of one another. (if 

they are all equal to zero simultaneously~ we have, of course~ the 

steady-state condition). If it is possible to rna1te reasonable approxi

mations for some of the non-b.neo.r terms (sucll as A = X fol~ the initial 

phases of the reaction) 11 we can calculate the concentration o.t which the 

particular intermediate has a point of zero slope. To dcc:'l.de whether 

this point is a Inax~T.t.u1l 9 nin:irnum, or :Lnflection point we need to k11ow 

the steady-state concentrations~ .SUch an approach :ls actually more 

quantitative than might be thought at first glancq~ However,; it is only 

really· applicable to cases wher·e there is a well defined rate-lirniting 

step. 

Analog ComEut~tion 

A modern analog computer provides a rapid and accurate method for 

graphical·· solution of the sets of linear and non-linear differential 

equations that we have been considerin(?;. 'rhis approach has been used. 

relatively little for chemical lr...:lnetic problems, but a copious literature 
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is available on the principles and use of canmercial insti"Ulnentation_,l31;132 

and no difficulty ~as experienced in s0tting up mechar"J.:l.sms of ~ .. ridely 

varying con1plexity. A saraple circuit diagra1. for the mechanism we h·we 

been analyzing is shov.n in f.'i.._'7,U!'e V-6& It talces approx:l.mately ti'i'O to four 

hours to dravr out and "patch11 a problem of thj.s size. .Systematic varia-
. . 

· · tion of four and even five rate consta'1ts :ts feasible, requirirlg atout 

eig;ht to sixteen hour".:; of ru.r.ning t:11ne. Obviously, a considerable 11feel" 

for the nature of the solutions em be developed if one explores kinetic 

probl011s in this manner. \·k~ u:.:;~'<l a large 100 runr;lifier unit (Electronic 

Associates) Inc., Long Br·anch, N. J ~) at trJe Lav,;rence Had.iatiori LaL'Ora-

tory in Livennore.. Only a few of the results obta:tned '"Jill be' sunmiru•ized 

1.'1 Fi[,rure V-7. Not:lce hO\'l closely the experimental cur1ies (Figures 

JY-17 11 21) can be s:imulated. by a model such as we have been us:1.ng. It 

shOuld be realized, however$ that the transient behavior patterns are not ·. 

severe tests of the overall mechc:.nism.. . For exarnple 11 any more ccmplicated 

system a."'ld some les:;; compllcated sets of reactions will also account for 

these transients. In fact, the re2.ct1ons do not even have to be bimolecular. 

A closed cycle of .first-order reactions h'ill aJ.so h:"\Ve sufficient.icomplexity 

to generate curves· of .these types.. The computer analysis, coupled .... ~tth the 

qualitative calculations already alluded to, is more revealing for the 

explanations it provides for the complex reaction patterns. r.rhese expla."1.8.- · 

tions ca.."'l. probably be taken over to .a rather general forrn Nhicb could, 

of course, be very useful· in determining reaction ~;equence. For example, 

the 110vershoot11 pattern ?...rises because a relatively fast step is follot·.~ed 

at some later point in the electron transport cl1ain with a relatively 

sl0\'1 step. During the init:'i.al phases of the reaction the fast step may 

,ii 
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*Ole • K:O+K:5 OJc = Kl::~5 

MU-35828 

Pig. V-6. 

Analog computer circuit for basic ulechanism (Eqns. V-3 to V-9).. Standard Sy!lltols 

are usool31 and initial conditions are indicated. 
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COMPUTER RESULTS 

A+____./ 
x-~( 

K1•K2•K3= I 

11•0.4, 12 •0.6 
K4 = .01 \_:5· .21 

\_ __ _ 
------~~---'~--------

c+ ___ __. 

t t 
off 

t 
on 

t 
off on 

MU-35829 

F1g. V-7. 

Analog computer results from ci"~'cuit shown in F:lgure V-6. r.rhe initial conditions .az•e 

sho\r.n in Fig. V-6. The values of the constants are given. 

.. 
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proceed relatively una:wa.re of the slov" oneo However, sooner or later 

the overall rate will.be set by the slow step, and thus the steady-

.. state level of the fast reacting component will undergo either a 

transient overshoot or undershoot. This point of a "slo'!tl' follow 

reaction is '1'7ell taken for the 520 mu absorption change sho\tm in · 
' ' 

F~~e IV-17. The overshoot is normally seen at very high light 

intensities. However; \·lhen DCii"JU, an inhibitor of electron flm~ ll is 

added, the overshoot transient appears at very low intensit5.es •. This 

indicates that some step following the photoproduction of the 520 mu 

ba.'1d is the one primarily affected by DCf•iU. Similarly, the two-phase 

rise curve develops in those situations \·lhere one intermediate takes 

a relatively long tL~e to make a major change in concentration~ 
._ ; 

Then 

intermediates that are 11downr.trcam" and which can react rapidly will 

reach a pseudo steady-state early in the reaction from which they v;ill 

shift as the slm'ily changing compound assumes its final steady-state 

value. Of course$ the magnitudes of these effects cannot be predicted 

from such crude considerations. B.lt even the qualitative information 

is valuable in studies of complex reactions. 

We have seen that a simple Hill-I:1endall t'ype mechanism proyides a 

suitable mathematical rnodel to describe most of the qualitative kinetic 

patterns that have been measured exper~entally. It has been possible 

to deduce many of the properties of electron transport chain kinet'ics, 

even if complete solutions of the differential rate equations were not 

feasible. Same of our predictions are quite suitable for exper~~ental 

tests) particularly those involving light intensity experiments. Finally, 

we point out once again that the agreement between theory cmd experiment 

at this stage of our discussion is SUf:Zestlve that reaction systems of 

this general kind are involved in photosynthesis, but the actual 
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verification of. the proposed mechanisms on strictly mathematical grblli~ds 

is still beyond our reach• 

Derivation of Fj_rst~rder Kinetics 

The moGt significant feature of the kinetics of the ptotosynthetic 

reactions that is not explained by the model considered above is the 

first-order rise and decay curves \'Jhich we and other ~~'Orke:::-s have reported)1 :~ 105 

First-order ¥inetics do not arise easily fran a set of b~11olecular reactions 

under the nonnal conditions of solution or solid state che."11istry, unless 

one of the compounds in each of the coupled reactions is present -in large 

excess.· This assu;nption Kould be inconsistent with the knov.n concentra

tions of active species in the photosynthetic reactions and with the' con-

centrations as measured directly by light-d<:trk or oxidized-reduced dif-

ference. spectroscopye 'ro pursue this matter more qua,~titatively \·le need" 

t\>lO pieces of information: (1) what is the smallest independent unit 

which can perform the photochetnical steps of photosynthesis and (2) what 

are the reagent concentrations vdthin such a unit. There is fairly vdde-

spread agreement that the srna~l subcellular fragments we have called 

"quantasomes" and uchromatophores11 are the physical containers which 

enclose the "photosynthetic unitn •. Tbese units are certainly independent 

of one another in the isolated preparations. Only linear dependencies of 

rate upon particle concentration have been repor'ced. * Recent measure:nents 

of the concentrations of transition metals wlthin quantascmes strongly 

*At very high concentrations of particles less than linear relation
ships have been noted !J but these arise from the very strong absorption 
of light under such conditions. 

.. 
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sussest that the actual number of active molecules of any one tj~ per 

quantasome is very small indeed (Table X),l33,134,135 approaching one 

.or t'VJO active molecules of each species per quantasome. 

Table X 

Approximate Numbers of Active* ~blecules per Photosynthetic Unit 

Intermediate 
or Metal Ion 

Ntunber of molecules or equ:tvalents 
· per unit (m\·l = l,ooo,ooo) 

---------------~--------------
Chlorophyll 

Quinones: total 
active (ca. 10%) 

Phosphate: total 
active 

Fe: 

Cu •. . . . 

total 
cytochrome f 
cytochrome b6 

total 
plastocyaniri 

*Est:i.mated from data in References 133,; i34~ 

·»*Refere""!ce 135.. · 

1 

20 
2 

150 
? 

6 
1 
1 

3 
1-2** 

1 

~.; ' 

.... ; 

l : ~· 

Thus i>re are faced lf,ri th kinetic ana.lysis of a rather unUSllal reactd:on 

systan-'-11amely11 t-.re must predict the behavior of a ·very·large number of 

independent reactions, each reaction being able to influence only a 

Very small number of molecules.. Recent fonnulations of chemical kinetics 

in tenns of the theory of stochastic processes136,137 provide; in prin~iple, 
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the most satisfactory method of analysis of such a probl€m. The detailed 

procedures involved in this approach become rather complex, even for very 

simple cases such as 2A ~ B.l37 

He have developed a different method which is considerably less 

elegant~ provides less information (dispersion terms are not calculated) 11 

and is much easler to manipuiate a..'"ld relate to the chemistry. 

Cons.:tder a system of N ir:rlependent reaction cells each containing 

no more than X reacting molecules, If X is a very s.rnall nwnber- (X < 10) · -_ 

the observed kinetics of the total system of N cells can be quite dif

ferent fro."ll those obtained lf the total number of particles (NX) 1t.rere 

allowed to react under normal solution chemistry cond:ttlons. Thi-s 

differe.'1ce in kinetics is not due to any change in the elementary 

reactions which the molecules undergo because of their relative isola-
·,, 

tion. 'l'he behavior of the total system can be predicted in a straight-

forv-.ard rm:mner o The critical factors are the mechanian of tr.t0 reaction 

occurring in the cell and the number of reacting molecules within- the 

cell. 

Let n~~ be the concentration of cella Which contain X reacting 
:2:Jf_ •• 0 

~olecules of type ~ l reacting molecules of type §, etc. x;y:p ~ ~ are 
, 

small integers ·. with any value betvreen 0 and X2 Y ¥ •;•. .; Then; ln general .!I 

x=x y=y 
A = I: xn ; B = E ynxy; •ee.ee (V-103) 

x=o .XY•·• • y=o \: .. 

where {i, fu •• • are the concentrations of reactants in the total solution. 

Our problem is to calculate the' concentrations of the various types. 

of cells ·(n00 ... , n10 ••• _. etc.) as a function of time.. As the chemical 

reaction proceeds one type of cell is converted to &~other. Explicit 

calculations thus require a lmowledge of the mecr.unisrn so that t'ie know 

..;,., 
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i'ihat interconversions are possible~ and a lqlowledge of the rate consta11.ts 

for these 11cell reactions" vihich we can ohtain fran the concentrations 

of reagents hQthLT"J. each cell and the intrinsic rate constants of the 

chemical reactions. Our assu:nption th'lt tre reactions t'lith:ln a cell 

proceed independentl~t of reactions in adjoining cells requires that the 

converr;ion of one type of cell into another t:me is a first-order process~ 

thus yielding for oU.r cell reactions a set of coupled first-order rate 

equations. It is well knm·:n that such a system yields exact solutions 

in clm;e<l forme 138 These solutions are in fact expressible as a series 

of exponential terms wlth various coefficients arrJ. t:ime constants: 

n (t) ... (C
0
• )e-(Koyo~.)t 

--x_y e •., :l• •. • 

+ (Cly .... )e-(Kly ••• )t (V-lOlt) 

+ (C2y.o.)e-(K2y .•• )t 

The £.' s and K' ;:::. will be related to the explicit mechanism for the 

chemical reactions. The connection w:i.th the macroscopic observables such 

as the concentration of A, B, etc., is given belovv: 

F~t a generalized elementary chemical reaction, 

aA + bD + ••• ~) cC +.dD + • 0 •. (V-105) 

\'m have:.· 

. nx y ..... 
Kxy.6. 

-"""'-'--~ n(x-a)(y-b) • ., • '(V-106) 

n(x-2a) (y .... 2b) ---~) .... 
WhGI'C Kxy e ).r,Ailyb. (V-107) 

Kr~,:,w-.tng h~w the nx2·, s ct!.\.n react and knowing the Y"xv 1 3 peX'ffil t i.; Us 

. to '!!./rite out the rate equations for cells of var1.ous types: . 

dnx:l,. = 
dt 

dn(x:-a) (y-b) 

dt 

etc. 

-I<xy nx.y 

. / 

. -. 
(V-108) 

(V-109) 

..-.·, 

·:.·. 
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As remarked above, these sets of equations, bei."1g linear in the variables 

rlxY..r 8 , can alV~:nys be r:.olved in closed forJrt. * These solutions plus the 

initial conditions allow one to calculate the n_g_vsn of Eqn. V-106. 

Thus we expect ~ general chemical reaction to yield sums of 

first-order kinetic curves. By ivc.y of exarnrle, consider the s:lmple 

bjmolecular reaction: 

l\ + B _Js__ C (V-110) 

Assu.rne t.hat we initially hr."lvc in all of the cells 2 molecules of 

A, 2 molecules of B, and 0 molecules of c. The possible cells are then 

no other conbin8.tions of A, B, C molecules/cell being available under 

the mecha."11sm a':lcl :t;·1:tt1a1 cond.it~_ons .. 

Hm.,r are these three t~IJ.leS of cells related to one another? ~P.lle' 

flow diagra'il is also determined s:lrnply from the mechanism~ 

. K220 K111 
n220 ----- n111 ----- noo2 ~ (V-111) 

The cell rate constants K;w,. K21 are calculated fro.'il Eq..118 v.:...107 .. 

K220 ~ k(2)(2) e .4k 

Kill = 1<(1 )(1) :. . k 

The rate eqUd.tions for the cell reactions are: . , 

dn220 
. dt c . -1\220 D220 = -4k n220 

drilll 
' - = 
d'c 4kn22o .:. knn1 . . 

dn . . 
. ~~2 = K111 r.111 = · kn1n ~ 

. Let k = l. 
' 

: ;: 

(V-ll2a): 

01-112b). 

0!-113b). 

(V-113c) .. , 

*Although a computer may be required to manipulate the high order 
secular equations Hhich are generated. · 

'I 
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'These equations are readily integrated. 

n220 = Ne-4t 

n111 = 4/3 Ne-4t + '4/3 Ne-t 

noo2 = + 113 Nc ... 4t - 4/3 Ne-t; 

A 

A 

= 2n220 + ln111 = 2Ne-4t - 4/3 Ne_:4t + 4/3 Ne-t 

= · 213 H {e-4t + 2·--e-rt} 
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(V-114a) 

(V-114b) 

ri-114c) 

(V-115) 

(V-116) 

(V-117) 

(V-118) 

So instead of a second-oi·der reaction .. as we it;ould r.l8.ve expected for 
. ' " 

(! :1n solution, \-ve find t\•JO expcnentials. · 

A more complicated example was set up .. 'as·.,an analog computer problem 

to investigate the co:nplex kinetic patterns tbat a s:lmple Hill-Benda.ll 

scbeme might yield wben recast into tenus suitable for very small photo-

synthetic reaction uni.ts. 

The ·computer program (Figure V -8) used the follovdr..g mechanian: 

A 2.2_> A._ (V-119) 

A-+ B· K ·.~· A+ B- (V-120) 

c I1 ------; .... + ·(_; (V-121) 

c+ + r:.-
.{ 

..!.J_) C +.B (V-122) 

This will be recognized as a simple version of the Hill-Beroall 

scbe11e. It was selected to see if the B, e- couple Hould reproduce the 

tHo-light exper:L11ents shovm in F:Lz;ure IV-26., · i'Ie used this mechanism to 

check the !!small cell" ideas just discussed.. 'l'he possible reactions 

for the case of 1 molecule each of the couples A) A-; B~ B-P c, q-
per reaction cell are: 
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B : c1 T Cz + c 5 + c6 

c = c1 + c3 + c5 + c7 

MU.35827 

Fig. V-8. Analog computer c.1rcuit for small reaction cells. Set up for the 

differential Eqns. V-127 to V-136. Initial conditions as indicated. 

~-.\ 
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c&C{ 
I2 
~ CA-XX 01-123) 

\ 

Cxxc I1 ) Cxxc+ (V-121-1) 

CA-I:-'X K2 ~ CAB-li: (V-125) · 

cxB-c+ ~ Cxa:; (V-126) 

The C' s repn:;~:;ent the concentratlons of cells having· the· cornposi-.,... 

'ticn shov;n in st;.bscr:tpt. The X' s indicate t!o..at the state of those 

pt:l!'ticular couples i::>, not :important to the reaction indicated (i.eell 

the four cells CABC' CADq+ 9 CAB-G., and CAn-e+ vJill all react by Eqn. 

V-119 to give CA-xx). 

A sjmple nflo'l';n diagram can be set up for the eight possible cell 

types: 

CA-EC 

lil 

\ 

CA-r:c+ 

Il 

. ..:;·. ' 

CAn-e+ 1£. 

'th~ di:tt~rt,}nt:lf:.\1. oquations tu>i~ rcac'lil.v e.va.ilabl.(;! .!'l"'n1 .. th:ta d~.agral'n .•. 

vie introduce the ~\ho~t1¥md notat:l.ort: 

CAPC = cl CA-JJC - c5 

CAJ::C+ !i c2 CA-EC+ E c6 

CAB-c - c3 CA-B-c E c7 

CAB-c+ ::! c4 CA-B-c+ 5 cs 



• -(Il I2) cl cl = + 

c2 = -I2C2 + rlcl 
• -(Il 12) 

,., 
c3 = + \..,3 

c4 = ('" + I')) c4 ·.- !\1 . ,_ . 

• -(Ii K ) c .. ·=. .. ~ c~ 
) 2 .) 

• cc = -K2C6 + .,. l"l 

-!-J.L-5 
• 

-Ilc7 c7 ~ + I'?C~ 
'- ..J 

• Cg = -IlC7 + I2C11 

+ K1Ct1 

+ K2C5 

+ IlC3 

+ r2cl 

+ ·I2C2 

- KlC8 

+ IC2C6 

+ KlC8 

2j4 \ 

(V-127). 

(V~l28) 

· . (V-129) 

.· (V-130) 

(V7131) 

(V-132) 

(V-133) ..... 

(V-131~) ... 

As can be seen from F:4,"'UU'e V-9~ the general kinetic features of 

Figure IV -26 can be duplicated by this type of mechanism. · 

. JUl in all~ the 11cell reactionn model is worth pursu:ing over. a very 

limited set of experiJnental conditions.. It becomes important ~vhen only 

one or tt~"O molecules of reactant are present per cell. Since these are 

precisely the conditions tl~t we expect for the photosynthetic mecl~nism, 

it ~"Ould seerr1 that any detailed matherratical model of photosynthesis 

should·take into account these differences from nonnal solution kinetics. 



(]) 

"-
0 

z 
0 

~ 
0::: 
f-
z 
w 
(.) 
z 
0 
(.) 

COMPUTER RESULTS 

-235-

hl!l os shown 

hv2 • 10 

MU.JS826 

Fig. V-9. Analog computer results for circuit of Fie;ure V-8 for 
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Chapter VI. CONCWSIONS 

Nost of our t:i.me has been spent in discussion of various parts of 

the photosynthetic apparatus. Detailed conclusions 111ere taken up as 

-·they arose in the earlier chapters rather than saved for a major "syn-

thesis" here. 

At this point I vJould like to explore a qUestion that motivated 

much of the thinkjn3 behind these studies: which (or how many) of the 

reactions i•Ie have discussed are responsible for the high quantt..."TT yield 

and good free energy storage displayed by overall photosynthesis. Of 

course, in a multi-step process of this kind each reaction has some 

effect on the total result, and, obifi6usly~ the overall yields can be 

no better than the 1r10rst step. 

We first considered those reactions which involved the absorption 

of light ~~d the transfer of the absorbed energy to a reactive site. 

If we accept the proposed mechanisms for these steps, our major concern 

is with the efficiency that accompw~ies such reactions. The obvious · 

quanta losses are (1) non-radiative degradation of quanta and (2) radiative 

emissions. Both of these loss processes appear to be rather inefficient. 

The former, estimated from fluorescence data, accounts for 10-30% of the 

input quanta; the latter, including all forms of radiative emission> 

cannot exceed 1-3% .of the input quanta. 

Such small losses must be attributed to very large ~~te constants 

in the fonmrd direction, approaching loll seq,_.-1. This .is not an im

probable situation. After all, the type of energy transfer that t·;e have 

been considering; involves exothermic reactions as quanta from the blue 

end of thr:? spectrum are degraded into 650-700 m).l quanta~ 
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Several papers have pointed out that a rather large loss in the tJ? 

takes place during; the absorption of light. This loss can be treated as 

a Carnot efficiency problernll or it can be thO'l.J.ght of' as arising from the 

very small concentrations of excited states that are produced during 

illumination at normal light intensities.. Roughly ·3m~ of the calories 

present j~ the light of these intensities is not available as free energyo 

Neither the quantal nor the liF losses in these steps is particularly 

surprising when one considers the behavior of concentrated solutions 

(liquid or solid) of pigmentse Such systems, say ll 0. 01 f•1 chlorophyll 

in methanolt shoi~ strongly quenched fluorescence which indicates effi-

cient energy transfer. t:.F terms of the type described above must also 

be present in the solution. Furthermore~ the random orientations of the 

pigment molecules in solution, are in keeping ~~th the random orientation 

of the bulk of the pigment molecules \'Jithin the photosynthetic apparatus. 

The major difference bet\•reen the chlorophyll solution and the EJ.. vivo 

system is that the latter has a pathi'ay for further reaction, vv-hereas 

the solution rapidly degrades a.ll of its photo-energy. 

Let us turn then to another examination of the trapping systeme As 

we have just seen, the forv..ard reaction must be quite fast to prevent 

competition i'tith energy losses from the electronically excited states. 

Furthermore tJ the back reaction 

(VI-l) 

must be relatively un:lJnportant. i~e are reasonably certain that the trap 

itself is a very shallow one. Its performance. is made even more diffi-

cult by the degeneracy factor which must favor the 100 or so chlorophyll 

molecules \'ihiCh al"'e thought to be associated with each trap site. Thus, 
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as vte concluded in Chapter I$ the efficient performance of the trap must 

be based on v~~etic considerations. In fact, we wish the quantum con-

version reaction to proceed rapidly ccrnpared with that sho1tm in Eqne 

VI-1 and to proceed in such a rriarmer as to rninilnize bad:: reactions: . 
\. 

fast 
rate ., 

T* " T+ + e-
slow 
rate 

(VI-2) 

If Eqn. VI-2 goes through a triplet intE'!rrnediate or if a direct photo-

·ionization reaction is involveds it is quite feasible that a large 

forhm>d rate constant could exist. (Kr"" 1011 sec.-1 or 1015 liters/ 

mole-sec.*). Before 1ae di:::-rniss the question of the fori-iard react::ton, 

note that a b:im.olecular mechanism forces us to a high loeal concentra-

tion of active intermediates so tJ:"l.at tbe rate vtill be fast enough to 

compete ·with the (essentially) urllinolecular emissive and nonra.diative 

decay processese If Ne postulate t~at K2nd order has a "norrnal" value 

of loll liter/mole-sec.» then such a process can only compete effectivel;; 

with the first order processes if one of the reactants' concentrations 

approaches one molaro A limiting case of this model envisions the mole-

cules •"hich are involved in the bimolecular reaction-s·.as having essentially 

fixed positions in space. This picture indicates the manner in which very 

high., local concentrations can be established even·when the overall con-

centration of reactant, distributed throughout the nolution, is quite 

small. In effect 11 one can treat the fixed position case as a un:i..rnolecu~ 

1ar reaction ~~th a rate constant approaching that for trDlecular vibrations 

*Based on uniform distribution throughout solutione 
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(lol3 sec.-1). This first order behavior is, of course, implicit in 

the kinetic ancuysis at the end of Chapter V. 

To prevent an :irnportant l"J8.ck reaction there must be on0 or more 

essentially irreversible s:ceps. These crill arise by forming an energy 
! \ ' 

'· 

barrier to a back reaction·. or to the rapid depletion of the compounds 

needed for the back reaction. A straightforvJard barTier to b-'lck reac-

. tion has never been a popular proposal because of the high efficiency 

of the overall processo However, orJ.y 30%. of the :input energy is actually 

stored as free energy. The early steps of the reaction probably run at 

less. tra.YJ. twi.ce this value (say 50%). Thus, a quite large ba.rri.er to 

back reaction could be constructed t·r.tthout cuttj.ng :into the efficiency 

of the system. A fe~-.J tenths of an electron volt v.rould, after all, be 

"'··orth several poHcrs of ten in the relative concentrations of high and 

low energy levels.* 

Rather s:imilar results can be obta:ined by a suitable selection of 

t.ime constants. Cons:i.der the mechanism below: 

(VI-3) · 

y+ +A (VI-4) ·· .. ·· 
'. \. ' 

x- + z x + z-
·, J_: 

. (VI-5 

In such a situation if K1 > K2 (or K2 > K]) then KB can be ·quite large . · 

(-v K1 and >> I) \'>lithout altering the quantum yield or free energy storage 

*{:Orne very stimulating experiments by Arnold and Claytonl39 have indicated 
that reversible absorption ch~~es can be observed at 1° K (in bacterial 
chromophores J. This result can be interpreted as evidence for a small 
back reaction barrier. HO'Idever., this arGUinent doesn~t help if the photo
chemical process and the dark reversal reaction proceed by different 
mechanisms. 
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appreciably (Table XI). It is encouraging that a range of relatj.vely 

si.11ple ri1echani~ns ·suffice to greatly reduce the significance of direct 

back reactions. 

\ 

Table XI 

Effect of 1\B on Quantum Yield::> for Reactions VI-3, 4Jl 5 

Light intensity ¢> Relative 

vleal<; 0.1 0 .9 

0.1 .9 

1.0 .9 

10. .• 9 

00 0 

fVJOderate, 1.0 0 .50 
'.; 

0.1 .. 50 

1.0 .48 

10 .. .41 

co 0 

/' 

Strong, lOo 0 .• 09 

Oe1• .4oa. 
·' ~ . ' 

1.0 .09 

10 .. 1>08 

"" 0 . '. 
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h'e have considered many electron transport reactions '1-ihich, at 

least, seem to serve as suitable models for s:tmilar steps withirl the 

photosynthetic apparatus.· J.n sum, those reactions conta5.ned \•Jithin 

the photosynthetic systems probably proceed ~'lith efficienci~s similar 

to those· of the electron transport reactions of resp:tratione ··Although 

such efficiencies may well be hj.ghil · it would seem tbat most of the 

nha.rd ,.,'Ork" has been done ty this point, and. that no fea.tureo unique 

to the photos;ynthetic mechanis:n need to be involved. 

The central result of the speculations i.s not unexpectecL. Namely~ 

it :ts the high degree of orgnnization at the qUCJ.J.turn convers:i.on site· 

•·ihich permits a rapid bj.rnolecular re:=.ction to compete effectively 

w:tth the i..m:i.molecular losses associated 1-Jith all photochemical procesnes. 

Thus~ this organization is essential to the efficiency of the entire 

photosynthetic mec r.a.'1isrn. 

,. 
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