UCRL-16207

University of California

Ernest O. Lawrence

Radiation Laboratory

. h
TWO-WEEK LOAN COPY *
This is a Library Circulating Copy
which may be borrowed for two.weeks.
For a personal retention copy, call .
Tech. Info. Division, Ext. 5545 *

SPECTROSCOPIC STUDIES OF PHOTOSYNTHESIS

Berkeley, California




DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



\

AL ) 2 e

Frme, |

.

U«

Rosearch and pevelépnétt

UCRL-16207

UNIVERSITY OF CALIFORNIA

Lawrence Radiation Laboratory

.' R _ ' : Berkeley, California

' AEC Contract No. W-7405-eng-48

SPECTROSCOPIC STUDIES OF PHOTOSYNTHESIS®

Irwin Douglas Kuntz, .]'r.‘
(Ph, D. Thesis)

- June 1965



~iii-

Spectroscopic Studles of Photosynthesis
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Sensitive measurements of the visible absorption spectra of photo- i’;

synthetlc rmaterials have revealed that upon illumination conducive to

photosynthetic activity the concentrations.of various endogencus ¢om-

pounds are reversibly altered., Such measurements require sophisticated'_r

averaging techniques to achieve the necessary nolse levels of less than:

10-5 o, D, units and the time resolution of less than 1 milllsecond.

Suitable instrumentation is described in detail.

A maJor’consideration was the identification of the photo-reactive -

specles ocn the basis of thelr absorption spectra., A sumery of the

avallable data on the various compounds thought to be involved'is pre-.‘;'

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

cytochromes, flavins, quinones, carotenoids, and pyridine nucleotldes o

are involved in algel and bacterial photosynthesis. The types of '

reactions which these molecules might undergo are also discussed. -
Our studies included & measurement of the redox properties of -

bacterial chromateophores which indicated that there are two essentlal

pigments involved; one has a midpoint potential of +0.44 volt and evi—t_  '

dence 1is 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 kinetlc basis it was possible to relate the photoprodiced

. absorptioh band at. 433 my to the photoproduced electron paramagnetic

resonance signal., Kinetic studies in algae indicated by indifect

[T
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means that a close correspondence exists between the overall electron -

flow behavior involved in oxygen evolutlon and the 1nitial decay
rates of the photoproduced intermediates. The restricticns that

such observations place on photosynthetic mechanisms are discussed.

A semi-quantitative mathematical analysic of electron flow systems

1s presented, Relationships between the mathematicai medels and thé

experimental observables are emphasized. Analog computer techniques

are briefly considered,
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Chapter I INTRODUCTION TO PHOTOSYNTHESIS.

Photosynthesis aé‘it occurs in the algae'and highér plants can
ﬁe surmarized byvthe well Ynovn eqﬁation; '

00, (gas) + HyO (1iq) Light > (CHgo)X +1/2 0, (gas) | (I-1)
This net reaction is, of course, acéomplished by a very large number |
of intermediate steps. Although each step is important to the overall
process, they will not be of equal interest to us. One useful concep-‘
tual device.is to-éeparate Egn. I-1 1nto'two'stages:

| a) the ﬁhotocheﬁical evolutioﬁ of 05 and the concomitant p;odgction
of.a strong reductant and '"high energy"‘phosphate;

b) the enzymatic reduction of carbon dioxide ﬁsing the reductant:

and phosphate carrier produced in (a).

These reactions are indicated below.

Py + Y+ H0 4+ x 2B N py+ 100, + Xy o (I-2)
o enzymes ' -
3P-Y + 3XH, + COp SHZVEESN (CH0)y + Y+ Py + X (I-3)

~ We shall be'most'interested in those reactions which involve light

dlrectly and those which uée the immediate products of the light reactions.

- The reactions encompassed in Egn. I-3 havé ‘been exploréd In great detall
by Calvin and his colleagues.l:2 A relatively cémplete plcture of the

"earbon-fixation cycle' has emerged from these and related investiga-

tions. : C : _ 4 K y
It has long been suspected that the tools assoclated with the
study of carbon fixation—-radioéctive'tracers and paper chromatograpliy-——

would not be suitable for detecting and identifying the intermediates

.} -~ -
¥ '



participating 1n Eqn. I-2." Techniqués were sought that gave rapid,
- sensitive indications of chemical reaction without requiring the oot

isolation of products. One of the most promising approaches at the

©

time our study began vas the use of spectroscopy, in particular the
absorption of "Visiblg*.and microwave radiation. Our own wérk has |
grown more or 1ess<directiy out of the eérlier and continuing efforts
in this broad area.® We set out.to learn aé much as possible about
the stéps included in Eqn. I-2 by these techniques, hopefully arriving
"at a fairly detailed set of elementary reactions.

This paper will be divided into six chapters. The rest of this
chapter ﬁresents a broadly sketched outline of the primary processes
of photosynthesis. Chapter 2 contains.the details>of the instrumenta-
 tion deVeléped ané of same of the routine cxperimental procedures used.
Chapter 3 reviews in detail ﬁhe sbecific working hypotheses for the
reactions of Interest to us. Emphasis is placed on the role that the
séectroscopic‘studies have played 1n the development of current

4

theories, Some of our results are included in this dlscussion. MNost
of our experimental work is described in Chapter Q‘ 'Chapécr 5 congiders
a mathcmatical.model_for electron transport reactions. Chapter 6 con- - ¢

tains the'final-summary and conclusions.

#Zpecific references will be given in Chapters 3 and 4,



© A MODEL FOR PHOTOSTNTHESIS
™ - ' :‘Eon. I-2 calis'for thevphotoéh@nical oxidétion 6f waéer"in the
N presence of an electron acceptor (X) and plant material. Let usv
divide the elementary ‘reactions involved into three clasges
1) Light abs orption, resonance energy transfer. ; _
2) Lnergy tranping, converoion of electron;c energj to chemical :
potential. | 3
3)'E1e6trbn tfansfers_from“terminai'élééﬁrbn donbr‘(water)rtq
terminél electfoﬁ acceptor (Z) Qith aséociated production!
' of "high energy“~phospha€é.» | | ' ”
We want to consider these\seté'of reactioné'in'mofe'détéilglincludiné g

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

Absorption of Light, Energy Transfer

| ihe photochemical oxidaﬁidn of waéer 1ﬁ éhotosyntheéis proceéds, 
efficiently with ph‘o'tons of all 'visibl‘e’ wavelengths (400-700 m ') |
Flgure I-1 shows a typical action Spectrum 3 High efficiency over
such a broad spectrum of low energy photono makes this a remarkable f
photochemical reaction. It beeames even more unique when one realizes
- that the light being utilized is aﬁsorbed_by many structurally dif-
ferent‘compounds (Figure‘1~é);\'Furthermore, neither water nor the

'1ikely'candidate5'for X#* have strong absorption in the aétive part or '

%X is probably triphOSphooyridine nuclcotide (TPN)s with the absorp-
tion spectrum shown in Figures I~2 and IT1-27 ard the structure
shown in Figure III—26. _
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Flg. I-2. Resolved absorption spectra for photosynthetic pigments,
These spectra are only approximate. . More accurate spectra

‘are presented in Chapter 3.



the spectrum. Hence the overall reaction is formally ocne of "photo-
cetalysis" or "photo-sensitization";: Thus we must provide a mechanism
- for transfer of the e#citaﬁion energy to the reactants. | |
The pigmeﬁt molecules shown in Figure I-2 mave intense overlapping
_aboorptioq and emission bands. The molecules are hig ighly concentrated
(ca. 0.1 molar) in small volumes within the cellular tissue (Figure
I-3), 4,5 6 Direct electronic energy trunsfer from the high energy
levels of one molecular species to the lower lying levels of another '
molecular species is*quite feasible in these systems.7s8 Such a
mechanism is commonly proposed for the very efficienﬁiquenching of
fluorescence in concentrated solutions of pigment molecules ggrzgggg,g
Let us d$sume for.the moment that chlorophyll'g;molecules-lie at or
near the end of this energy transfer process (vide infra). Then this

-type of reactlion would involve the following steps:

P+hv =P¥ S ¢ SO N
P# +Q =Qt+pP R (I-S); 
Q**'-i-Chia Cbla*-l-Q ',\'(1"6).

where P, Q are any pignents, # indicates the first excited singlet
Good evidence for reactions I—S and I-6 comes from fluorescence _-
exper;ments such as that shewn in Figure I-M 10 Only chloronhyll a ,v'
fluorescence is: observcd in in vivo material even thouyh the other

'

common pegments are fluorescent in vitro, Also, polarized excita—

1 indicating a series

tion does not produce polarized fluorescence,
of "tranofcr“ steps anong randomly oriented moleculee. ‘These experl-
- ments point to one basic photochemical reaction; for the photo-oxidation

of water rather than parallel pathways for each pigment.
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Fig. I-3. Chloroplasts in Liverwort.
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Fig, I-4, Chlorella Fluorescence Spectra.lo



The free energy storage involvod in the overall photosynthetic
reaction (Eqn. I~1) can be 80 high (30~a0p)12 that the quantum yleld
of the above reactions must be extremely pood Back reactions and

losses of various types are then relativelv unﬁnportant. These last

. Include chlorophyll a fluorescence (1%),l3slu long-lived fluorescehce '

or chémilluminescencé (0.1%),¥ phosphorescence (not yet detected),_

~and nonradiative transitionv (up to 50% of the input energy, approwi—

mately 25% of the input ouanta)18 19

The relative amounts of energy appearing as fluorescence and as
stored chemical potential give some indication of thevrelative_rates N
of the reactions involved. The radiative lifetimes of the plaments ave
of the order of 10“8 oeconds. Since nohe fluoresce except chlorophyl}-g,

the processes leading to chlorophyll must take a much shorter time,

: perhaps 10 -2 to lO"'ll seconds, ¥#

Enervy Trapping. "Duantum Conversion”

Cnce the absorbed light energy has been transférred to the chloro~ -

- phyll & molecules (producing excitod,singlets),,it mist be'%rapped"

efficiently. At this point we are primarily interested in the nature

of the trap and the type of reaction it undergoes. Impressive.but'éir-‘ oif

cunstantial evidence ugvesto that the photosynthetic traps have some.

unique prooerties rather than bcing any randomly selected chlorophyll a

%Ref. 15 quoteo this commonly accepted value, but see Rcfo. 16 and
17 for other views,

#%This tﬁne scale is <uoported by the few compounds that do fluorcsce -
in vivo. These compounds, the phycoerthyrins fourd in red and blue= ™
green algae, have very short raa1at1VQ lifetimes, ca. 10—9 seconds.
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‘ molecules. Imerson and Arnold fifst showed that the active centers,
whatever they mi@ht be,'are nuch less numerous than the chlerophyll a
molecules.2t Trep concentrationsAare estimated as.0.1 to 1.0% of the
chlerophyll,eoncentration.6»21922 Sensitive absorptlon measurements
have indica;ed a smallrabserption band at somewhat longer wavelengths

than tba of the bulk of the chlorovhyll a (Flfure 1-5).23 - The

absorption in this region is strongly dlchroic, Implying that the: molecules

are aligned relative to cne another in an ordered array (Figures I-6
and I-7). 24,25 This array has fixed orienta‘ion with respectfto the
electric moment and the geometry axis of the cells of subcellular '
units in which they are contained.26 The concept of an ordered sub~
structure iS'strengthened by the observation of a polarized fluores- ‘

.cence at somewhat longer wa.velengr‘che than the bulk of the chlorophyll

fluoreucence.47

‘Qummarizing this line of argument: approximately 5% of the long-

anelength absorotion of in vivo plant tiosue belongg to a 690—700 mu

absorption band., The melecules responsible for this absorption are in-

- an organized array. We postulate that one or more molecules within

the organized unit are the actual site of photochemical activity. The

.trap itself 1s almost certainly a porphyrin~1ike molecule (from its
spectrum), but no structural detalls are known. Thus it may or may -
not be chlorophyll a itself.

A trap_absorbing et 700 m is a weak one at room temperature |
(350 enr-1 conpared to KT of 200 cm+1) Thus 1ts efficient operation.
must dcpend uoon rapid depopula tion through cbemical reactlon rather

than its bein; a 10ng~lived netastable state. we also.know that the



-11-

. ABSORPTION AND DERIVATIVE SPECTRA
g SCENEDESMUS WILD-TYPE CELLS
' AT -196°C

Absorption Derivative

T
AN0.D.20.2

l ] 1 s |
400 500 600 700 *° 600 700

A (mp)
(After Butler and Bishop)

MU-35701

- Pig, I-5, Absorption and Derivative spectra of Scenedesmus cells.23

Shoulder on absorption curve slightly exaggerated.
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Fig, I-6, Electric Dichroism spectr{im of spinach quantasomes.
8y

Sauer and Calvin,
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SPINACH QUANTASOMES
ABSCRPTION OF ORIENTED CHLOROPHYLL a

T T T T T
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640 660 680 700 720
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MU.25449

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

chlorophyll a. Sauer and Calvin,2l
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recaction _

Chl a® + T = T* + Chl a | (1-7)
mdst proceed gquite r@pidiy.since it orovides exéellent competition'
with chlorOphyll a fluorescoﬁce (llfetime cits 10'4 seconds) s

Much of th ttentiOn of pnotcsynthetlc inVestlgatlons has been
- focused on the "quantum conversion reaction". By way of dafinition,
the quantum conversion pfOCGSo lb that Cnemical reac+1on ‘which changes
electronically excited species into chemjcal compourds which are in °
thermal (but not thermodynamic) equilibrium with the enviromment.
| As we examine the-possible:mechanishs for this reaction, keep in
mind that it rust accomplish'a 1arge net change4in-chemical pobeﬁfial
-~ (v 1.4 electron volfs) with high efficieﬁcy (v 75%). Four géneral;

mechanisms that have been'considered are:

Photoseﬂaitizatlon ‘
™A+ R = THateE 0 (1-8)
Electron Transfer - | - | S
™™= Theem . (Im)
or TE4+A = THHAT . (I-9b)
or- T® ¢+ X = T~ + X*l N  "(1-90)
Proton Transfer _ v .
TH* + A = T4AH . . (I-l0a)

i

or TE4XH = TH+X - . (I-10b)

A
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Rearrangement _
™ =Y - | (I-11)

(Y then reacts to give charge separation)

The électron transfer mechanism is the commoﬁly accepted one today.
The primary evidence comes from spectroscopic studies such as described
in this paper (Chapters 3 and 4), Studies of the effect of changing the

redox potential of the envirorment on the photoproduction of intermediates

have made it possible to measure the (dark) reversible oxidation-reduction
potential associated with the Intermediates., If one can then assume that

certain spectroscopic absorption bands are related to the trap‘itéelf,

it is possible to learn some detalls of the photochemistry. Reéults of

such experiments point to a one-electron photoaoxidation of the trap

- molecule (Eqn. I-0b) as the fundamental quantum conversion proceas.28‘3l

Assignment of the "primary step” in this fashion is quite a diffi-
cult task., Of the four reactions mentioned above, none can be rigorously
excluded on the basls of present evidence. Reactions I-10 and I-11 would
seem to be the most unlikely. The redbx studies have generally found no
pH dependence of redox potential,29 indicating an electron transfer.v But._
the complexity of the biclogical materiai makes even the simplest inter-
pretatioﬁ of straightforward pH or isotope studies z risky msiness.

The plausibility of direct nuclear rearrangement is lowered because of
the lack of good model reaétions; Most photochemical reactions-pfoceed
along the thermodynamic gradient. In those cases Qhere the high eﬁengy‘
form is févored (such as cismtfans isomefism of conjugated olefins)‘
only a small fraction of}the photon energy is actually étored, and the

quantum efficlencies of such reactions (i.e., events/quantum) are also
Tow.32s 33 | \,



v y
Somewhat more satisfactory models exist.for the electron transfer

‘mechanism (Eqn. 1;9)5 Some photocathodes in photomultiplier tubes

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

produce photoelectrons). 'Chlorophyll can be used as ah electron donor

or acceptor in reversibie photochemical reactibns-which involve the

oxldation of weak reductants (such as ascorbate) or the reduction of |

" weak oxldants (indophenol dyes), 34,35 Energy storage in such reactiono :

'cannot be more than a few tenths of an electron volt out of 2 0 ev.

Rabinowitch has recently reported the photobleaching of thionine by

ferrous ion in a two-phase system. Energy‘stofage here is also;0f3 év.3§'
Thus our problem appears to be the choice between electroﬁ transfer

and photosensitizat.ion reactions. One basic testable differaice is that

Tl+ or T“ (I~9b,c) should be suséeptible to direct spectroscopic'study;

In the case of photosensitization one rust measure the concentration of

T*, which, at ordinary_intensities, is quite likely to have such a low

steady=state concentration as to be undetectable by absorption spectroscbpy,

~-although it might be observable by means of a characteristic emission,
The postﬁlated identification of an aﬁsorption band associated with
~a trap, if correct, seems to rule out the photosensitization medhanism;,'

| To summarize;bnce more, a good bit of circumstantial evidence pointé
to a discrete, unidue "trap" which is the récipient.of the electronic
excitation energy obtained from the absorption of the photons. The trap
| molecule then reacts possibly via a direct electron tfanéfer step to |
produce highly oxidized and reduced moleties.,

We will next éonsider the pathways by which these reactive
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intérmediates_provide or accept electrons to produce the finel méterials

of interest to us (X, and 0p), We will also be interested, in passing,

‘wdth the mechanisn for the formation of ATP,

Flectron Transport Reactions

The study and interpretation of the electroh_tfansport reactions

'of_photosynthesis have been gfeatly influenced by a unique.and rela-

tively well understood metabolle reaction system: _pespiratioﬁ. Tbe 

overall reaction is strikingly similar to the one we.are éonsiderihggA |
éxcept tﬁat the electron flow is réVersed'(ige,s electrens move in thé '
direction of spontaneous reaction);37,38 o |

| 1/2 Oé‘+ (CHQO)X = COp ¥+ HO - (I-12). -
We can again subdivide the reaction into.parts,_with the intéfesting\

partial reaction being: _
o , g

1/2 Oy +|TPNH "= TPN [+ H,0

S DPNH = DPNT

(I-13)

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

The molecular mechanism for respiration is now avéilable_in rela- gy
tively complete form., One simplified scheme &S shown in Flgure I~8.39_'

The major points of interest to us are the molecules involved, the fact .

' that transfer proceeds through ;ﬁand 2 electron redox reactions, and

‘the formation of ATP at suitable potential jumps.

} 'Spectrbscopic methods played abvital role in analyzing the role of,
various compounds in the;respiraﬁion pathway, If similar reactions are
indeed. to be found in photosynthesis, then the applicaticn of such

techniques would hold great promise for mechanistlc studies. Pecause

of the very close analopy between the net reactions, much of the current
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Possxble sites of phosphorylatxon of ADP

AH, DPN X 2CytbFe XZ Cythe XZ CytaF H,0
A DPNH F Xz Cyt b Fe**/ g Cyt ¢ Fe3+ 2CytaFe’*” 1o,
+HY boL

l .

. l .
Succmate Ascorbic acid

Possible sites of coupling of phosphorylation with electron transport in
hiver mitochondria. (Fruton and Simmonds)

MUB-6795

Fig. I-8,
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photosynthetic mechanism 13 based on analogy with the respiration works

We will treat this model in some detail in a later chapter and hence

~ will defer a more extensive analysls of results and conclusions until

that point.

We have aeen that the complex reactions making up the overall

procesu of photosynthesis can be broken up Into sets of Dlmpler reactions

whose mechanisms, for the most part, can be understood in terms of

analogous system%. Thus the steps of light aboorntion, enervy transe-

"fer, energy trapping, photoioni ation, and electron transport form a

working hypothesis for the prtOSJnthetiC mechanism that seems correct o
in broad outline, he shall assume that a certain number of theoe steps,
nresumably involving highly organized molecular and subcellular strucu_
tures, can provide a satisfactory framework for unders ’canoino the

studies to be described here,
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Chapter II. INSTRUMENTIATION

‘ Introduction

The eroeriments on which this 'ChC‘Sio 1is based are. for the moat

part of a s:mg;le type.  We measured chcmr*es 1n ‘che visible abscrption
spectrum of photosynthetic SyS’cems before, dumng, and after ex01ta-

tlon with strong _acti.nivcl ligkxf. We wished to obtain both snec tral and
.kine‘cic information from these expemmen‘cu. The concemr'atlons of
. pho‘;éprbduced irtermediates weré, génerally , qulte low (ca, 10~8 molar_),v
and scmé Jifetimes were less then .01l seconds. One cormercially :
available ins‘cmmler’\t‘ was usefﬁl for sorr‘é of the larz er, slower slg;nalo,
- but more often special cquip"aent had to be conu‘cructcd to meet tne |
| severe sen31tiV1ty reoulrements;, Because S0 much of tbe work to be
| déscriﬁed was perfomea near the limi’c of sensitivity of visible
Spectroscop;z, it is worthvwhile to conoider the general features of :

- spectrometers Opcmtmu in the 350-—1000 mu region.

General Remarks

'As xﬁrith any ev{ecﬁmﬂeter,. the 'b_;aSid/compdnenté ére a source,a - -
nonochrcmator, and a detector.. | o N o o |
_ A. Eources. The 1‘L)ht source 3..> an extremcly meortant part of
a high~sensitiVit}' visible spectrometer Abecause, as we shall see in~
more _detaii_l‘.ater,, it is t_be ljmitinc—‘ noi °é S urce; ' v’e requireo. a ‘.
continuous, high-intensity, mr*h-utability Light source.
Tungsten filament projection bulbs served as excellent sources '

from 320-1000 mi. Relatively high wattage (500-1000) and color
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hiwher order rauiation.

“their side-illumination counterparts. |

_ 21
temperaturés (3106é3250°K) weré readily available; The outéténding
characteristic of tungs ten bulbs is their very high stabilitj. Short
term fluctuations (1 second) are. normally limited by the power vupply
regulation which can approach 0. Olp.

For shorter wavelengths Xenon arcs or hydrogen lamps are'needed.

- Relatively little work was done with these sburces so thelir detalled

propertieo will not be discussed.

B. WOHOChFQmatOTayV Mach of our work was in the visible and near |

infra-red regions. Here.a grating monochromator has,some advantages

over a prism unit. Resolution was never critical since most of the
absorptlon bands of the nolecules of jntereot proved to be ouite broad
(5 to 10 mu half band width). Furthermore, stray 11ght the major dis-

advantaoe of 2 grating monochromator, never offered oeriouo difficulties.

Absorbancieq were kcpt low and color filters were available to remove

\

C. Detectors. Photomultiplier tubes (PMI) ate now almost uni-
veroally employed as detectors for radi tion of the wavelenuhts of
interest. There are two basic designs: endawindow tubes which permit

illumination of thc photocathode through a flat window of glaqs or

‘quartz, and side-illumination tubeo where liyht passeu through a
“curved’ envelopo.‘ The former come in a wider ranoe of cathoac m terials
and generally have more light gathering power, but they are usually

 less mechanically stable, oomewbat more noisy and 1ess compact ‘than

e

Photomultiplier tubes have low intrinsic noise levels. bfhé dark”

noise never proved a 1imiting factor in these experiments. Photomultipliersvv
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also have very fast intrinsic rise times. All of the common tubes

have response times faster than'10‘8 oecondg, the ultxnmte limit belng

the tran31t time of electrone through the tube. Another eleasant
feature of theoo tubes is thelr linearity, vhich is in the order of
1-3% at low output currents (well below saturatlon) The output
impedance of such devices falla in the ranre of 10 K to 1l M ohms,
easily compatible with conveqtional amplifiers. Pinally, their '
dynamic range is very large, approachlng one million. Thus one can _
look -for small changeo ;n laefe signals without much loss in een51—
tivity. _ | ’

We routinely used end—window tubes. Oﬁf cﬁoice wee ba ed on two
factora. it was easler to obtaln good red—sensitivc end-w1ndow photo-
mﬁltipliers,_and their w1der‘collection angle made them more suitable
" for the high light—scetiering'associeﬁed with cellular and subeellular
sized partlcles.. | | _ |

D. Performance. fheré'are'two ﬁein ereae of interest to us—
sensitivity and reuponse time. | | .> - 'i}

Sensitivity. Let us define the eensitivity of é spectrometer as
'the smallest change in optical dcnoity (absorbance) that can be dlo-‘4
tinguished from the noio~. If one is nrlmarily concerned with small
signals—that 15, small percentage changes in absorbance--~the following
derivation relates changes in absorbance to the changes in transmitted
intensity: _ | .‘ | |

A = logyy T B ¢ s X3

where A = absorbanee; Io is the intensity of illumiﬁation incident on

s



-log terms,

or

the'sample; I is the Intensity of illuminétion transmitted by the

sample, Then

At m = loglé I“%E%ﬁ? | | | | | '(Ii_z)f

A is the cnange-of abéQrbahcé, AL is the corresponding change in the

'transmltted intenSLty.

DlViGinF the argument of the lovarithm by I/I and separating the
F o e dew 1T o Ty TRy
A = AA logiolo/l “ _loglo(} ¥ AI/I), | (IL 3)

im = - Loz o1 ¥ AI/I) | o (IT-b)y
I AI/I is much less than I we can simplify further' ._ _ :
M = - 0,434 AT/I . 'f~ - , (1I-5)

For small changes in absorbance we can then consilder a Sﬂnple

measurement of I and AI I, bveing much larger, is corrConndingly easier

to measure, being simply proportional to the voltaue from the photo-
' multiplier. Measurements of AI are also directly obtained as the

changes ih thé PWT‘output however, they may be quite small and, in

general, such measuremcnts are limited by shot noise in the 1ight source;
plckup, hum, and nechanical vibrations, and control loop noioe.

In a well-ue igned system the shot noise is the most frequent

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

in the phoﬁon emission from the source. Being a rardom phenomenon this

noise is just. proportional to the square root of the tétal'humbér df_

‘pﬁotons/sec, which cause ejebtion of electrens from!the photomultiplier

cathode. A rough calculation indicates that a 3 my-bandwidth in the

green region of thé spectrum, using a tungsten source and a S-20-
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photocathode and a sample with Opticél density 1 will have ~ 1012

0

phOoOemLQ lons/sec. or a 51gnal/noiae for a one—second time constart

of ~ a million to one. -Instruments_to be described here can approach

.-,")

‘this value within a factor of ﬁﬁoii |

Pickup and bum can, in principle, be reduced to any'desired‘ieVel
by suitable circuit design and shielding. In practice they always give
. rise to Some inﬁerference but usually they are not a major proolen.vx 4
Low frequency mechanical noise (V1brations of electron »ube compOﬁentss
: c"na.].l movements of the llght bear due to buildinu vibrationss etc.) can -
be a sﬁenlficant nrob1cm if long time constant eyneriments are under-
taken., Such noilse, belng nonrandom»;does not -average out ef*ectlvely
unless one measures aﬁ-inﬁervais which are short conpared to tﬁexnajor
periods of the vibration | |

Most commercial recording Spectrowhotometers require extensive. N
| control c1rcu1trj to malntaln photometric accuracy in the face of |
 _chang1nb lamp proner*ies, ph0comultiplier dr;ft and sample abcorbances.
- These circuits frcquen*ly contribute significant noiue to the total
sygtew £0 that none of the comﬂonlv(available opectroohotometero
really approaches shot-noise lﬁnitea performance. Figure;II—l illus- -

~ trates the various types of noige which can be found in electronic.

systems.

#If an instrument is performing nezr the shot noise limit the only . =
way to increase the signal/noise ratioc without increasing the time ,
constant is to increase the photocurrent in the cathode of the PMI. = 1

This can be done by improving the quantum yield of photoelectrons,
or, more readily, by increasing the light intensity._ As indicated .
above, the signal-to-noise ratio should improve as I4 2, This parti- "
cular route was not open to us because too bright a de‘cect:m0 light

. would cause appreciable excitation of the material under study.

¢



TYPES OF NOISE

WHITE NOISE (! sec. scan)

"COHERENT NOISE (80 cps)

LOW FREQUENGY NOISE (4 sec. scan)

MU-35328

Fig. II-l. Types of electronic noise.

i
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.  Some well-known problems in other photOmetric iﬁgtrumentation afe
not particularlv *mportant in our applicationu.. For ‘example, the
thermionic emission ("dark" noige) of PMT° only becames significant
at very low light levels, such as might be present in lowbléVel fluoreé-
cénce studies., As anothéf example,.long—term calibfatign]isffairly easy
to maintain because smail signal measurénents invol&é linear instead of
.lcgarithmic circuits and because cﬁangeé in PMI sensitivity, mono-
.chrcmator efficiency,'or iamp output are automatically corrected_since.
they all enter into both the Al and I terms. | |
Response Time. As indicated earlierg a Qisible spectrometer uainu.
_PMvcircuits has the capability for faet time responu . The limits of
_ 10;8 seconds are seldom even approached., -And commerciél eqﬁipmént is
usually limited to a quite slow reuponse of 0.1 ueconds., Needless té _:
vuay, one should uelnct a rcuponse time that 1s faqte” than that of the
phenomenon to be otudied but not so ruch faster as to waste sensitiv;ty.
The relationship.betwéen sensitivity,and response time:is readily
available if the-ﬁoise‘is random in time and all frequencies are'rep—
resented by equal amplitudes. For this "white noise" limit .
Vo ()2 o (11-6)
_where V' is the root-mean~¢qu@1e noise voltage and T is the response
time. This result will apply, for exzample, to the shot noise described

&bOVéa
" For 1ow frecuency meaeurement; (10 cps or less) other forms of »
noise such as vibrations or line fluctuations becane relatively more
impértant; Although these inﬁerfefences are random in time,_they do
| not exhibit amplitudes that are 1ndependent of frequency, In fact,

such noise is cfton termed "1/f" noise because the rms voltage is just



in our studies.

. -

'invérsely pfoportional to frequency, Under these conaitionsvno improve-

ment 15 obtazned if the reuponae tune of the 1nqt”ument is reduced° The

only effectlve means of reducing the 1nterference frcm l/f noioe (agide

_from improving the instrument itself) is to makeAmeasurcment§ for times

short cbmpared to the major l/f'gompoﬁents and tﬁgn avefage the résults. o
Digital.téchniques particularly weillsuited for this apprpach have been
described in the literaturel0 and_wili_be discussed in detail below..

.: We have séen ‘that seﬁsitivity in a well;designed.vi sible spectrometer'
is l;mitcd by the random nature of the photon emission from the light

source. As long as this noise is domlrant, sensitivity and respon%e

time can be exchanged for one another, sensitivity being inversely pro—

v'portional to the squaré root of the respoﬁse tjme. However, in all

practical circuits l/f noise becomcs important at long times (ca.

| second),_ Other means are neoaed to reduce interferenoe of this type.

1

Instruméntation

Let us turn frem our considération_of the_géneral principles of -

visible spectrometéfs to a detailed discussion‘of the instruments used

Tne Cary upectrometer

A conventional Cary Vodel LUM double~besm spectrophotometer (Applied
Physics Corp., Monrovia, Calif.) was outfitted with a scattered trans-

mission attactment (Model 1462) (Fisure II-2). This unit uses a 2-inch

end~window‘PMT'placed within an inch or two of the sample cells. This '+

 arrangement collected a large fraction of the light which would ordi-

narily be scattered out of the monochromator beam by suspéhsions of
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SGATTEREIE) TRANSMISSION ATTACHMENT, CARY MODEL 14

REFERENCE MU METAL SHIELD
CUVETTE
ADJUSTABLE
1 2" PHOTOMULTIPLIER ECTRONICS]
OPTICS
~  (PM on track)
FILTERS
SAMPLE CUVETTE
A
| Je——acTinie Lens
| l(—-FILTERS 8 FILTER HOLDER
ACTINIC
BEAM
MU-35329

Fig. II-2. Scattered transmission attactment, Cary Model 1

Spectrometer.

£ 7]
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algal cells or chloroplasts‘ The instrument could be used for several

exnerﬁnentc 1nvolving chemical dlfference gpectra or light~m1nus—dark

spectra° To obtain optimum noise levels we routinclv used a O to O 2 0,D.

slidewire, low photorultiplier high volt tage settings, and mAinimu gain |

in the slit servo circuit. The net effect of theee adguetmentu was to

- produce a noise level of ,0005 O D units in the Llue and 002 0.D. units -

in the near infraared. The responsc time was of the order of 0 1 seconds.
This basic unitvwas readily modified for photochemlcal studlesa _we

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

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

partition prevented the actinic 1ight from reaching the reference cuvette.
If spectra were to be measured while the actinic beam was on, care was
taken to ‘exclude the (normally) intense actinic beam from reaching the

photamultiplier.® With etrongly scattering samples this could only be

: accomplished by using complemcntary colored filters in front of the _

actinic source and the PMT. (See Figure II-2) - Those filters had o

be changed to examine'different rezions of the spectfeh.i A 1iet of.thcse
used is giv¢n-in Chapﬁer IV, In some caeeé fldorescence»from the‘Sample,:_
induced by the actinic bean,'interfered with the measurements. Even
though this fluorescence is nominally ot modulated a combination of

60 cps riople (the modulation frequency in the Cary is 30 cps) and the
steady bias from this light cauucd increaeeﬁ n01oe (fourfold at high

actinic intensities) and a baseline shift (.01 O, D. units)

#*In any case, it is not good prectice to 1lluminate a PMT with very ‘
intense light, even with the accelerating voltage turned off. Irre-
versible damage can occur to the photocathede surface. S



The Cary whcn used as described proved a verSQtile and powe rful
toolo Yet it did not meet eith@r the qensitivitv or time resolution
requirements of many of our experimenus, and it proved necessary to
construct}our own instrumentaﬁfor such studies.

High Sensitivity Fast-response Instruments

Ourftwin goals of fast response and high sensitivity'were mutuallyv
exclusive‘in the standard Spcctrometer designe aveilable ac the:tﬁﬂe .
this work was started. Furthermore, the Cary is a welleesigneo well—
constructed ;netrument and 1t 7GCWCd unlikely that a “bomeqnade" copy
could proceed in the same direction more °uccesufullys Thus we attempted
to approach the problem from a different point of view, C

Plrst the sen31t1v1ty was Ilmproved simnly by using conbtant wide
slits (1 mm, 3 my bandmd’ch), thereby aelivering as ruch ligrh’c as pos-
~ sible to the photomultiplier.® Second,'wevdecided to select for those
signals which were produced by-the actinie beam, Ve dic chis by MOdut
lating the actinic liﬁht (instead of the normal practice oflmoéu‘ating _

- the detecting bean) at a known frequency and Lhan u51ny frecqency ard/or '
phase sensitive detection circults, _ _

In all three clffercnt inotruments vere constructed. The-prﬁnary
difference among them was in the detection circuits, These three were
all of the sinole bemﬂ type. ‘A oouble beam irstrumént ié ccrrenfly"
under construction, ﬂiyure II~3 shows a schematic block ciagram which

s suitable for ali uhree umgle beam units., he w1ohed to measure che :
Aeffect of the actinic light on the absorbance of the camplc.- Ie the |

actinic lignt js on and off for times which are 1ong'comparec to the

¥Although the detecting beam had to be much weaker than the actinic

beam, there was still a large improvement factor available over the
Cary which, after 211, is programmed for maximum resolut on rather
than maximum >enoitiV1ty.
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SPECTROMETER —— BLOCK DIAGRAM

ANALYSING

SAMPLE COMPARTMENT

sample cuvette
J \‘E] . : DETECTOR
— ] R
MONOCHROMATOR _ AMPLIFIERS SYSTEM
. :::gnueas ‘
4
ACTINIC ’ .
BEAM : ,
/7
V4
Ve
/
ACTINIC TRIGGER CIRCUITS i
LAMP [~=— == == —rmmm — — m s — — o — e — = —
to x-y
RECORDER
MU.-35327

Fg. 1I-3. Spectrometer —- Block Diagram. See text for detailed

descriptions.
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' réaction timeé a p16t §f saﬁplo absorbanée éﬁ’One wavelength versus time
‘might look like Figure II-4. Here we have shown 2 reversible increase |
"~ in absorbance during the actinic illumination period compared to the
absorbance in the dark interval.r_Note that each transient under these
'-.COnditIOﬂo dis nlajo the 1nfbrmatlon neede d for kLne+ic &n&lJSLo. rise

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

vli;ht and the dark intervals. Note that the baseline is best desig-

" nated in terms of the dark steady-state lovel° The figure aisd attempts
to indicate the relatively poor sigral/nolse ratio present in measure-
menﬁs of this type. However, if a1l of the repetitions of éuch transients
were essenulullv identical except for random fluctuations, & ¢uitab1e
avéraging'deVLQe @ould permit a major enhencement in o@ﬂoithity. The
. iInstruments described below differ mainly in the way this averaging was
vperforméd. | |

A muned Voxtrcter

Principle of operation: an actiniC'ligﬁt source capablé of being

. modulated over a wide rahge of frequencies was useds A frequency~sensi—
tive voltmeter was aafuatca to the frequency of modu.ation and the alter-
_ nating signal at this freoucncy was reco;dedé. A "dark" readiné vas: -

obt qined with the actinlc lamp flasnino, but with the actinic beam

1tself blocked by means of a shutter so that 1t did not fall on the
éample. The dark signalvwas usually very small in the ap§§nce of pickup.
The signal produced by the actinic‘béah was then proportional to the
change iﬁitréhsmitted intensity of the sample,x A separate measurcment ‘
of the tﬁansmitted~ihtensity wes made, and 2 plot éf AI/I‘as a function

of wavelength was prepared. - Kinetic inszﬂéiion was availablé from 2

L

%
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A0.D.

REPRESENTATIVE ABSORPTION TRANSIENT
AS A FUNCTION OF TIME.

i030.0.

&«—-light on——> <—light on—> <—light on—>

< | sec -
TIME
MUB-5951

Pig, II-4, Representative absorption transient as a function

of time,
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plothf thé signal at an&lQne wavelength versus modulation frequency. -

| A detaiied‘déscription of the various components in this instrument
is given below,™ | o

‘1. Detection monochramator. A 500 mm Bausch and Lemb grating

ménochromator equipped with a 500 watt tungsten projectidn bulb (Tybe
CZX) served as a'detecﬁion source,” Fonochromator slits of 0.5 to 2,0 mm
were routinely émployed._'The dispersion of the inStrumenﬁvW's_305 my
per miilimeﬁer of slit width. Checké on various samples showed that
'3 ma (11 mg) sllts caused some loss Qf resolﬁtioﬁ,- Smaller sliﬁs were
satisfactory for the braod pands usually found in the aifference spectra.
Direct meésurementé of the monochremator beam intensity shqwed‘iﬁ‘to be
less than 1% of thé/ﬁorﬁai actinic beam intensity,,.Calibraﬁionsvof the
‘ wavelengthlscale against mercury and neon lines were éerfbrmed at infre-
'queht'intervalsé The unit operated for a period of three years within a
1 mp‘tolerance; CheCkS_agai?Sy calibrated narrow—band 1ncerfvrencc
filters @ere used periodically‘to insure continued wavelength_calibrationo‘
‘The tungsten source was run from a'well-regulated ldw#ripple Mid-
eéstéfn supply (sr 100—102 Midea tcrn Electronics, upringinId, No J4)e
The lamp was run_aﬁ‘los volts or léSS, which greatly_increased'itS»life
and stabilit?. Ordinarilv no rippie was‘viéiblé if,an’oscilloccone was
connected ta tne P output.. More sen31tivo measurements showed con-
uiderab J 1e°~ tnan O 1% signal at 60 cps and essvthan 0~Ol% signal
at 120 ops, Most of thcoe oignals could be removed_by carefully elimif:.
' nating ground 1o0pE, |

2. Sample compartment, The final des ign for the compartrent

which holds the sample cuvette, the'EMT and the necessary lluhu filters
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is shown in Figure IT-5. The following features are of interest:

a) metal construction of the entire compartment acted as a

Faraday shield.

b) a second PIMT was employed ﬁo monitor the actinic flashes
and/or scattered llght. | |

¢) the P."“ was mounted on a track so that it could be posi-
tioned anywhere along the length of the compamment.. : ’ |
| a) the sgunple cuvette was heid.on a small removable table;
Different téblés {f:ere constructed for a wlde variety of experi-

mental needs. Th ese ncluded provisions,:for a flow apparatus,

low tmocm**ur‘e Gevars, aouolc bedx opectroucopy, and actinigc

1llummauon of thp cuvette from either Lhe pomal 90° anglo or,
ali.ﬂrrmt*vcl,/, co—J:t'lear with tne detecting beam. Some of ghege_
QC‘ulgnu are mdjcatexi in Figure .L-6 o

“e) a small photocnouo (Imfﬁqm Type 120 CG) was mounted on
a Amovable srm 50 as to be easily svung into position to monitor -

the iIntensity of the actinic beam.

‘3. Protomultiplier tubes. Various tubes were selected depending, .

of courw, on the wavelengths to be studied.  Typlcal relative sensi-
tivity curves are shown in Figure II-7. -Secondary éonsiderations were
the nolse levels 'and. the stabllity of the ’cubes. The tubes were all
of the end-Window type,ﬁi‘ch 10 stages (Gynodes), They were all inter-
changeable. Tlﬂe base circuit we employed is shown in the next figure |
(Figure I‘I,-8)'.'_ This. circult ge sve niicrosecond response tiimés_. We nore
mally u'sed.a'NJE (Modiel _CE--~613HI%O, NJE Corp., b.enilmr-th, N. J.) high

voltage supply. 500-1000 volts proved suitable for most applications. -
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FILTER AND LENS
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SAMPLE COMPARTMENT e
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y FLASH
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Fig. 1I-5. Sample Compartment.
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lGRAVITY FEED OR PUMP

PYREX CUVETTE

[ \ £

|

COLLECTION VESSEL

SINGLE OR DOUBLE BEAM FLOW SYSTEM
(Top view) ) (Side View)

HALF~SILVERED

MIRROR
]
DETECTION
BEAM
ACTINIC
BEAM

COLINEAR ACTINIC AND DETECTION BEAMS
(Top View)

NITROGEN DEWAR
(Top View)
MU.35335

Fiz. 1I-6. Interchangeéble tables to be used for special

experiments as indicated.
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RELATIVE RESPONSE

Fig, II-7.
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PHOTOMULTIPLIER RESPONSE

6217

MU-35334

Photomultirllier respeonse curves, Only the relative

responses at each wavelength are of interest irasmuch

as these curves are weighted by the monochromator and

lamp characteristics.
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PHOTOMULTIPLIER CIRCUIT
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Regulation was good (0.0i%) and 120 cps ripple was not detectable at
the miliivolt lefel.v A mp metal shield proteo?ed,the PMT fronl magnetic
plckup. The rather.close proximityizf the actinic.beam, the sample,
and the PMT’frequeﬁtly requiréd ﬁhat'we fape the detecting beam {ilters

girectly to the front of the mu metal shield to minimize light leaks,

k, Actinic soufce. The actinic lamp for thebc ercrnnent% was

'ia 40 watt electrodeless neon arc, driven by a 10 megacycle oscillator.
The iamp could be twmned canpletely on and off atgﬁrequehci¢5uofﬁx:n j'
Qedi.cyclesiper.secito 10,000 cycles per.sec by the smple expedient of
gating off the driving oscillator on and off. The lump design and a
worring model were kinaly lent to us by Lr. L. Piette of Varxan
As soc1ateo. ’
The spectral output consists of the uuual neon line spectrum, with
‘most of the energy : between 500-750 my (Figure II—9). Light output vas
epproximately 1016 quanta/s ec/cm Rise.énd decay times vere in the
order of 10-20 mlcroseconds. Appreciable jitter in the rise time ,'
<m“¢¢curred if the lamp wa§ run at very low frequencies (0.1 cps). Up to .
50 microseconds of Jitter was observed under these conditions, Forced
. cooling helped the stabllity. Amplitude‘fluctuations vere very sinall
(1% or less). | /. |
DBalbs were constructed in the followlng manner. Ten l=cm d;ametéri
uibs (éu&rtz or pyrex) were blcwn on capillary tubing. - The tubing was
connectoc to a vacuum line in the usual fashion, provision belng made -
For connectaons to a flask of neen (Linuc, nigh nurit;) and al icLéod-:
| gRuge, -lhe_bulbs were outgassed for several hours, sparked with a
Téssler coil,'and heated_in an attempt to renmwe most of uhe adserbed -

oxygen, HNeon was added-to a pressure of 2 mm. -Sparking was resumed,
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SPECTRUM OF NEON LAMP
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rig. II-9. Cutput of Neon Lamg, corrected to relative nuibers

of quanta at each wavelength.
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and the system was degassed once more, Then neon was readmitted‘at
the éame pressure, . "he neon presuure was & verJ crltic factor in
obtaining high intensity dluchdrgtb. Onlv 10~20ﬂ of the bulbs ran
satiéfactorily. However, bulb 11fe was very 1ong (greater than 1 year),-
and the low vie;d was not a serious umffwcthy.

Mercury arcs cou-d be readily obtained by cooling txevlamps to
iiquid nitrogen bempcratures while they were s@ill_on the vacuuﬁ system.
A smallbémcunt of mercury would ﬁban distill over from the McLeod ga e
Eusentlall" all ﬁhe»gmi ion would be found in the normal llneu of aylow
pressure mercury éfés Modulation performance vas similar to tnat:
‘deseribed for the‘neéh'afc,:but the very high frequency performance
waé inferior., The_qﬁartz bulbs produced appreciable 1light at 1850 2
‘and 25M7‘2 and thé usual care reqﬁired for UV scurces had to be exercxoed.

In operatxon tnese 1anws showea TWO muJor dis advan est _relatlvely
low intenuity and 1ack of emlssion at meny wavelengths of interest.
howcver, the ease of modulation over a vide range of frequen01e made

them us;ful actﬂnic sources for our carlv ctudies._

5% Deteqtlon system, ihe PMI oubput was connected to uhe innut
of a wave anaiyzer (HewlettfPackard,Model 302A, Palo Alto, Calif.).
This unit served as both a highly senéitive amplifier (1 microvolt gave
a meaninzful écale dsflection) and a tuned voltmeter operating with a

3 cps bandwidth at frequencies'from 10 to 50,000 epa. We fimproved the »

®

sensitivitv bf thj° unit still further by connect*ng its outnut to a
ulow-reﬁoonue elcctromctcr voltmotcr (heLth¢ey Model 420 Keithley
In,trumcnto, Inc., Cleveland Ohio). This permitted tpe detection of
one partiper mzllxon Qhange in absorbanée under ncrmalioperating CONe- -

i

ditions.' The system response time was limited by the time constant of
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the voltmeter to 5'second£;% v

Evaluation of perforﬁance:' As indicatéé above, noise levels with
this apparatus were of the order of 10-6 optical density units. Tran~
slents with frequency cemponents up -to 50,000 ¢ps (corresponding to a
time constant of 3 microseconds) could be detected. The averaging time
constant was approximatelj 5 seconds. This apparatus was useful for o
-both waﬁelength dependence an& kinetic response studies. However,
there were several basic diffioulties. First, and most important, to
obtaln a true "time course™ from frequency.information would require
taking a.compiete frequency spectrum and_then obtaining the Fourler
transforms, We lacked both the very low frequency data and the means N

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 system. TFigure

1I-10 shows the results of such a measurement on the phosphorescencé
et st o ’

#Notice that for the study of repetitive signals a measuring system
contains two different tvpes of time constants. The first is what
might be called the transient response time. This is the shortest
interval that would contain meaningful information about the repeti- :
tive signal., ' In the experimente we are discussing this time would bz
associated with frequency components of 50,000 cps., But we cannot
learn of non-repetitive changes in this system at anything like this
rate. At best, the wave analyzer would respond in a time commensurate
with its 3 cps bandwidth, and we had also placed a 5§ second filter in
the circuit., This second time constant we could call the averaging
response time. An impliclt assumption in all of our experiments of
this type 1s that the sample propertlies are congtant over the averaging
time period., This separation of time constants 1s not normally found
in most chemical experiments because there are few chances for rapid
repetition of experiments. Photochemistry and the relaxation tech~
niques noW used for rapid reaction studies are the major exceptions.
Thus it was essentially the reversible nature of the signals we
obtained that permitted a repetitive experiment to be set up. This
in turn permitted us to learn "high~-frequency" information without
sacrificing sensitivity.
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of uranyl sﬁlfate;_ The plot of alternating pﬁosphoréécence signal as
a function of fféquency of modulation'shoﬁs_a‘Smooth decline at high
frequencies.' For such a case we can-detérmine that we are deaiing

with a single first-order decay rate constant.‘ The experimental value

of 7.9 x 102 sec cdmpares well with the literature value of 9 x 1075

seceul Some of the dthef problems with ﬁhe'wave analyzer‘unit ,
included: 1) sample fluoresceﬁce and scattered light could only be
corrected for by a rether uncertain control experimehé;‘zj this method
of deﬁection was not sensitive to signal poiarity (one could nét tell
readily whether a given deflection represented an increase or decreasé :
in absorbance), # . | -

Examples of the results we obtained with this apparatus are shown

. in Pipgures II-11 and II-12.

The Boxcar Integrator

Principle of opergtiont to meet the difficultiés‘jusﬁ discussed
ve adopted a time sampling technique (instead df a frequency sampling
one), - The circuit we erployed was a well-known one, developed for NMR

gpin echo studies. In essence it measures the signalvoécurrihg during -

- a very small portion of the repetition period. This information is

accumulated for many repetitions. Then a second small interval is

investigated. Thls principle, now used for sampling'oscilloscopes,

'results in a faithful representation of a repetitive transient with

considerable improvement in signal~to-nolse ratios..

¥ One method we used to determine signal polarity was to mix in,
deliberately, a small amount of scattered light. This light must
always simulate a decrease in absorbance. Thus, 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 was an ab-
sorbance decrease). If the combination gave one of the algebralc
differences, the signal and the scattered light had opposite signs
(signal was an absorbance increase). ' v
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WAVE ANALYZER SPECTROMETER,
Spectral Measurements

RELATIVE 40D iN CHLORELLA
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MU-35331

Fig. II-11. Light-dark spectrum of Chlorella cells using wave
analyzer., Neon‘lamp‘modulated‘at;20'cps. Polarity

of signals determined as describec in the text.
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WAVE ANALYZER SPECTROMETER,
Kinetic Measurements
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Y ' ploctted against the frequency of modulation.
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The monochromator, sample compartment, and PMTs were not altered
from the previous instrument.

A. Actinic Lamps. Most experiments did use the neon and mercury

1émps previoﬁsly described. However, it proved poésible to use a ¢on-
ventional tung sten source chaoped with a sector uheel 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 seconds The intensity was adjusted by means of a Variag,

the wavelengths could be selected by interference filters and color

glasses,

B. Detection Circult. A block diagram of the spectrometer is -
given in Figure 114135 In brief, the spectrometer operates aslfollows:
The light from the monochromator passes through the Saméle and then
falls on a pﬁotomultipljer. A modulated actinic beam also illuminétes
the sample, Chanbev in the abuorﬂtion of light by the sample thus appear
as a modulation on the transmitted 1ntensity, The photomiltiplier output,
then, cons sists of a de signal (trunsmitted inteno'“y) and a small ac
signal (repetitive absorption change)._ The ac signal is amplliied fUre
ther while the de¢ level is stripped off by ac coupiing dr dc'suiapression°
The amblified signal now consists of a éﬁlse train whose voltages repre-
sent ﬁhe periodic fiuctuaﬁions‘in the absorbance of the sample. ;hé
pulueu are fed into a uamﬁlinv circuit—-the o-called "boxcar integratnr".
The boxcar infegrato is turned on for a very ohO time at the pulse
_repet*t*on frequercy,l It is held in a flxeu (but udguotablc) phase
relation to the incoxinL smgnal and acto as a rectifier, ﬁhUDva de

signal related to the average 1nput‘voltage during the short sampling
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interval is available to charge an RC circuit, The noise level on the
output depends on fhezvalue of the integrating time of this filter
circuit. However,: the time resolution depends only on the small time .
interval_fhat the boxéar circultry is_on, Thus we have achieved dur' B -
goal 6f the indebendence of sensitivity and transient response time°
,The,fiitered”output drives the Y axis of an X-Y recorderﬁj Agpropriate |

motor drives permiﬁ an automatic readout proportional tq the_changesj'.
" induced in the sample by the actinic light. Figure II-13 also shows
the waveforms in various parts of_the_sbectfémeter;_ "

Voltage amplification of 100 to.10,000 is used to “boost the'ihitial‘ o

- signal above the internal roise in the detection circuit. We éavé |
c emblo}éd‘Tektronix‘plug—ih preamplifiers with limited suCCess, Since -
' these uhits were designed for oscilloscope_use,,theyvdﬁ not havé(long_
-Term stability of‘véry low noise levéls; Forxvarious applications we ™
have used the Type D, Z, and E plug-iné, powered from a Type 127 power

sSuUPplys. | _u ‘ ‘ .‘ |
Thé boxcar. integrator was,constructéd_lpgally,from a_circuit'due'L°'
to Blume. 42 ‘Figure"li~lﬂ shows the Cifguit we used. It differs Qﬁly__“'
In minor details from that_described,by Blume,v_The_unit can;be thought
éf_as an electronic switeh and a storage circudit. The four_diodes

(VI-4) are rormally back-biased and nonconducting until an enabling
gate is supplied.  The average incoming potential during the_gate S ; '“
intefval is impressed. across thé‘capécitance‘(Cl).. it the RC cﬁarging.}, o
time_(oftgn called the "learning tiﬁe") 1s short compared to the gate |
duration,;the voltége acrosS-Cllis equal to the_average'input voltagéy

After the enabling gate is turned off, this potential remains unchanged'
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excepﬁ for lealage paths ﬁo ground, Since th¢ vack resistance through.
the ceramic diodeév(V3,u)'is about 1043 6hmsg the discharge time (or
‘:"holding time") is very long, on the order of thousands of seconds.

Note that if one gate interval is not of sufficient length to chargefthe' .
capacitance to the full input voltagé, successive pulses will also con-
tribute to'the‘potential across the condensor, Thus one can average
many samples of the same signal, allowing a,si@malmto~noise improvement,

© The proper phasing of the enabling gates with the incoming signal
ié essential. We use a four~trace preamplifiér (Tektronix Type M) in
conjunction with a Tektronix 535A oscilloécopeu A1509 we use.two sepaxrate
boxcar chamels, one to give us a reference signal, The two enabling
gates, the amplifier ou‘tput9 and the signal from a photomultiplier which
monitors'the flash lamp are all presented simultaneously. Figure II-15
 shows a block di&gram of the required trigger circuits. Figure II~16
presents the phase relationship_of the spectrometer waveforms. Figure'
I1-17 shows fhe boxcar output obtained by slowly changing the phase of
the "signal gate", allowing the boxcar to trace out a ra@id electronic
transient. The boxecar output is compared to that obtained when aﬁibw-._
pass'filter is used to reduce the noise In a conventional cireuit. For .
comparable noise ievels the latter would greatlyvdistort the‘transiént'
shape., |

For construétion detalls the reader is referred to Blume'slpapef.ﬁg ®

Conslderable care st be téken bécausé of the very highvresistandé'
requiréd for successful operation.:'Fbr'instaﬁce, ordinary shielded #
cébles repreéent‘virtual Shbrt‘circuitéw Teflon—inéulated wire is f%i '

guired in the vicinity of the storage cireult and the dicdes. The high
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A o 56
resistances also require the use of the electrometer tube. Trying to
- read. the potentiél on the condenser wiﬁh'an oséilloscope or an ordinary
vacuum tube voltmeter repidly discharges the circuit. | |

The performance of the boxear in%egratdr has been qﬁite satisféctoryé
Typical operating conditiona are'10~usec'to 10-msec gaté dufétions; 1 to
10 cps repetition rates, and storage times of 0.01 to 1 seé; Internal
noise under these conditions is less than 1 mV. The peak—to-peak noise
level from the incoming signal is 5 to 50 mV (with amplifier gains of
200) and corresponds to a change in absorbance of 5§ to 50 ppm; The
centef of the nolse (the signal detectability) cen be read as closely
as 1 pm under optipum conditions, o

C. Automatic Gain Control Circult. It will be remembered that a -

small change in :-absorbance 1s determined by two measurements: the
change in transmitted intensity and the absolute value of the trans—
mitted intensity. If some means were available to maintain,~autométically,
& constant value of the transmitted infensity, then measurenents of AT
wouid lead directly to ééf_ |
It proved much more convenlent to manipulate the PMT.batput rather:

than the actual transmitted_intensity; bgt this has no effect on the

sument given above, A feedback-qifcuit to maintain.consﬁént PHT oﬁt—
put is shown in Figure JI-18. The'émplifier (tube 6DI8) acts as a.
varlable resistor. Wwhen the PMI signal tries to go more negative_
(greater transmission) the grid of the passing tube is forced neéative
and the tubetconducts poorly, acting és a large dropping resistance - *ﬁ
which decreases the actual.high voitage developed across the PMI,  If
the absorbance were to increase, the PMD tries to swing more positive,

because of the gain the grid of the passing tube does go more positive,
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which ﬁermi s a higher voléage to be applied to the PIMT, Such a_circuit
permits a conatant PYT output (¥ 2%) for very wide changes in incident
light and PMI sensitivity (factors_of a thousand or more, deperding on
the gain in the feedback circuit). A low freqﬁency cutoff filﬁer can
be used to prevent the LG@Qb@Ck from supnﬁcsslng:fast qAéna*o.'

The automatic zein .control circuit worked setisfactorily for whole

cell studies which normally. involved xast.fespOnse (about 0.01 seconds)

photo signals. Our normal operating conditions did inbféase the noise
in the spectrometer, probably from a low level, low frequency.oscilla-
tion. However, ﬁhe convenience inveolved 1n.using the circuit far out-
weighed this loés of signal/noise ratio. Figure 11419 shows a Sp§ctrum
n in 5 minutes with the automatic gain control circuit§ compare it‘
with Figure III-1, where the spectrum was taken in a polnt-by-point
manner and tool approximstely 4 hours. To the best of our knov ledg
" the use of the AGC loop with the boxcar detpction unit provides the
first continually scanning spectrometer working at these onnuitlvity
levelé.f 

The expectcd advantages of the boxcar detection unit over the
tuned voltmeter were in fact achleved. @he following performance
figures were normally availavle: ‘

Transient response: - . - - 107D seéoﬁds (10“5 secorkis with

alternute puloc generators)

104

Avera in: time constant: seconds to lOfseconds"(longef
times wefe limited by arift in
the apparatus) |
Noise levelr(not scanning): 10~D optical density units for a

1 second averaging time
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Noise level (scamming): 5 x 1072 optical density units for a

. » : : © 7 043 second averaging time

Spectral scan rates: - 1 mw/second-
AGC freguency response:  signals slower than 0.5 cps would be

attenuated 5075

Of course the pr-o'r{_lem'of sigml polarity did not develop with this
ciréuitry, which is diréctly coupled, Some success was'échieved in
'separatingbfluoréscence and scattered light from the»signals of interest
Just by placing the sample gate 1 millisecond after the light went off,

fbecauée the former had much faster feSponse times., 'Howevérs tbi;~tech-'
'.nigue was only ugeful foflrelatively smali amounts of fluoreécendej
.inttim@s the signél magnitudes or less). Larger amournits upset the .
controi loop.

The major disadvanteges in this instrument were: ' 1) it was rela-
tively Inefficient fo: obtaining kinetics,because only one gsmall interval
of each signal was exanined on a single repetition; 2) as mentioned
atove, the feedback control was on1y satisfactory for rapidly reVersiblé
signals. Many of the cell-free preparations had too.slow’d response
tﬁne to permié'use of the scen unit, Examples of the kinetiec déta;ﬁ”
obtained with this unit are shown in Figure II-20.

Digital Memorv Instrument

A third detection system was set up to provide greater efficiency
in obtaining kinetic information. We employed a digital memory and .
- asscciated logilc eircuitry to provide on-line avereging. A few addi-

tional changes in the spectrometer assenbly are also discussed below.
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BOXCAR SPECTROMETER,
Kinetic Measurements
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"Fig. 1I-20. Rise and decay curves for the 523 mu band in R.
spheroides cells. Boxcar spectrometer with automatic

scan,
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A° Actinic lamp. After same experience vdth the biol zical

| materials of interest 1t beCane avparent that the intensity and wave-
lenéths of the.actinic llght were just as: imnortant var¢ablcs as the
rise and decay times of the flash. Thus weelcoked into methcuo_whlch_
, wouldkpennit the modulation of conventional_continﬁous sources. There
are meny‘typeé of 1ight shutters but most had various prcblemé.assc-
*ciated with‘ daptatjon to our particular needs.. Qector wheels were
\ ‘far too 1nflexible to meet the range of on dnd off tlmes we needed°
They alSO fdlled to prov1de a faot rise or decay time when used for
olOW trans1entsd Kerr cells and pocket cells are not,well suited to’
long flashes of light (0.1 to 10 seconas) A1¢O, these units are not
"fast" opclcallyS recuirznu a fair degree of colunation, and$ of course,
two polarxzers. Camera shutters had far too ohorf a Jifetﬁne in our |
experimental 51tuatlon. | | | -

A , Our. eolution to tbie problem was to adapt a stecping motor to act f
as a light shutter, followin? a uﬁgc ion of Dr. R. Ruby of our |
‘laboratory, ] o 77”” |

le modu;ated actlnic light by means of a ehutcer (oho phcr'bronze):
driven by a commerc1al stepping motor (Cedar Enuineer*ng, Mﬂnneapolis,»;
vM¢nn.9 Model SS- llOO), This notor moves in h5° steps on application
of a suitable triggcr pulse.‘ Transit times are 3 msees The eircultry
was arranged go thaL successive trxoger pulses drOVe therrotor alter- o
‘nately clockwise and counterclockw1se. Thuv the shutter flrst blocked i
the actinic lloht beam and then, on a. triwger, it moved rapld y to an |

"open” posi’ciono A gecond trigger ruloe restored the shutter to its -
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original closed position. Commercial pulse generators were used
(Modela 151 and iEE,,Te&tronic;_Eeaverton, Oregon).

The shutﬁ,”‘hal o.sz.o msec rise or decay times (dependif on’
beam geonmetry and fh@ driving cufreﬁt‘supplied_to the‘motor); Jitter

i

[&]

less than 1 msec. The "light on" and "light off" times can be
ind;pendently adjusted ﬁé have duratioﬁs from a few milliseconds to
indefinitely 1ongQ * Because it_has a small nunber of moving parﬁs, the
stepping motor should have a long life. It has been used for many
thousands of operations without noticeable change in performance. The
drive circuit'ié'shown in Figure I1-21. It vas constfuct@d locally,
‘ploselyvfoilowing the'manufacturer’s suggested circuit. o

. B. Detection system. Two new amplifiers gave additional gain

and 'éf-ability._ The Philbrick (PG5AH, Philbrick Research, Boston,
Mass.) amplifier ﬁrovides a gain of 10 and a dc bias control (Figure II¥22).
It Jg located within the sample compartment to minimize pickup problems.
The Kintel amplifier provides additionzl gain (10 to 1000).

| wé'used'a commercially available multiscaler, the Computer of
Avéfége Transienté, marufactured by Technicél Measurements Corp,, Pearl
River, N. Y; The theéry and<operatidn o?_thesé instruments have béen .
diséﬁsse‘ ine detall elsewhere,uo Théy can fecord ipformatién of
modefate frequencies (0-10 Keps) with a vefy high'dynamic ranée, . For
some appliéatioas they prqvide a COnveniént and powerful method of
imﬁroving sigral/roise ratios{ The triggér cireuits needed to syn~
chronize ﬁhe 400 chammels of computer mehory_with the flashes.of

actinic light are shown in the next figure-(II»éB). B
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I1-23. Lamp Trigger Circuits. The block diagram shows
alternate paths for use of the neon lamp on the

stepping motor shutter,



Performance
Transient réSponse time: lC-u %ecords (but flash rise time only
0“3 seconds)
Averaging time: | “ up to a few tuousand ”econds, 1ﬁniﬁed
by the sﬁabjl*“v of the biologlcal
| material | | |
- Nolse level: - x‘v ~ less than 105 optical density units for
| a 100 seceond realatimévéxﬁeriment. The
._-theoretical-factor of‘l(lo)l/2 COuid be
obtained for each power of ten increase

in averaging time

Instrunentation in Other Laboratories

Several other laboratories'have deveioped roughly e iraJent
instrumentation. The various types of instruments will be briefly
discussed in thls section, |

1) Duysens and his associates huve congtructed a 51n?le~bcum
spe¢trometer, It follows the us '«l commerczal design, cbopp:mO »hc
detecting beam and then detecting the mQQulated sigrmal with a uuned

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

'changes in the amount of modulated light transmitted by the sample when -

the photochemical reactions occur. The detecting beam can elso he éenﬁ,'
through,alfeferénce posiﬁion which cén bé uséd to.éompensate for’photo—
multiplier drift;‘ Noise 1evels or 10~ optical density.ﬁnits for O,1
second”re ponee times are ach¢eved. Conventiconal actinic sources and -

shutters are used.10
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2) Chénce has developed a similar instrument,“3 Cne impcrtanﬁ and
ﬁnique feature of Chance's spectrometer is that two separatglmonoﬁ
chromators are used to provide twovdeteetiﬁg veams of different wave-
lengths to monitor the absorbance of a single cuVette. .One wavelength
is selected as a ﬁreference" wvavelength. A tuned difference amplifier
- measures the changes in absortance at the two different, wavelengths.,
Although there aré cccasions when a stable refefence wévglength is
diffieult to establish, this double-beam feature provides a simple and
efficient method of cbmpensating for.both instrumental and sample
"drifts",  Response times up to 0.03 secdndé are possible. The sensi-
tivity is'coﬁparable:to that of Duysens, 10-4 optical densitj units.
A version of this instrument is now évailable cémmefcially.through.
Aminco (Cat, No. 4-8450, American Instrument Co,SHSilver Spring, M3. ).
Witt and coworkers have utilized the-flash photolysis'appréacho
A single urmodulated monitbr beam of relatively high intensiﬁy passesi
through the sample. A high intensity flash tube provides the actinic
,light'(approximatély 1022 quaﬁta/second, duraﬁion 10T5-secgnds)o"
Absorbance signals ére amplified and displayed.onvan oséilloscope; A
;“~fr¢quently employed averaging technique_is to éake a rmltiple eXposure
}of the results of several flashes. Instrutent résponse tﬁne.is'faster’
' thag 10-5 seéonds, The néise level is someﬁhat higher than most of_thé'
other instrunents dlscussed; but it app:oéches lO"qvoptical density
units under favorable conditibns.%“ | | h |
Kok instrument is actually the closest to the one bullt at
‘Eérkeley.' A sector wheel modulates.the actinic source. 'Anothef

rotating“shutter blocks the monitor beam when the actinie light is on. -
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This eliminates interferénce from fludrescence and scattered lignt.
‘ After the acﬁihic 1ight is exﬁinguished the monitor beam 'is restored.
and measurements can be performed within é»miliisecond after the flash,
A tuned amplifier,,adjustéble‘RC-filter,'and & gating network are used
to permit e amlnatlon of different oort10n¢ of the decay curve, Sensi- :
vlvity 15 scmemhat better than 10-4 owtlcal den31ty un 35 Leronoe
time 1s a3 fastas;l mllllseccna‘v Averaglngvtimes were 0.1-1.0 second.s.,i*5
Recently_Ké”G has deseribed a digital mcmory device used‘in éon?
Junction w*th a Witt—tvoe spectrometer. The sncciflcationsof,much a
Iunlt are identical to the digital Instrument we have bu11b, excevt uba“
Ke'7 hes reported a somevhat igher noise level (2 to 5 times 10~> optical

<.

density units for a 100 secord eyperluent)cv S ,t _f1H. :
Supmary

We have considered at some length a variety of higb—seﬁéitivity, )
low-resolution, rapid-response spectrometers. HMost operaté at thellimit
of performance as}detenﬁined by the intensity of the detection beam and
‘The gquantum efficiencj of the PMI, The only way to inmmoVe_perférmaﬁce;.
when operating &t thesevlﬁnitsg is through'some foym of averaging pro-
cedure, We have,discuééed three averaging techniques: RC filters;
. Gigital memories, and multiple exposure photographs. There are many
other methods such,aS‘magnetic tape, hand calculations, und computer
calculations. Generally speaking, the d-mitul method has two advantageér-
over the other commnon technigues, (First, it has a very wide dynaric
range; second, it permits the feduction(of 1/f noise.  Its major dis-

advantage wlth respect to capacitors or photographic fihn_is thevlimited
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'response time currc“u v availablc, ?or rost of the experlmeﬂts described
.here the d.x.;ﬂtgl caumﬂicn“ hw rxrﬁvea vsu' perior erﬁroach, It has pro-
vided a 2 to PO—fola gain in sensitivity over thpt obtd‘ined in otber
Jdborator¢eo _This margin of 5erformance nes made & ssible meny of the

kinetic measuranents to be described.
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Chaptér.iII ABoORP&ID\ oPquRA OF PHDTOSYN”?&IIC INTERNEDIATLS
| | AND REVIEW OF PnO’I‘OSY\ITHE”‘IC VECHANTSYS |

Thc puroo of our experiments wWas to study and hopefullybeiuoi—
date the mechanlsm of Lhe quantum conversion and electron tranoporc
reactlonu of photo synthes ia. Necdlcss to uav3 a large body of CXOGTl»V
‘mento and theories have been publlohod in this fieldb No atuempt will
be made to rcvlew tkls work in its entlretyél Insféed ve wiii oonvider
 thoae points which appear to be mout dlrectly pertinent to tne expeol—‘
_monts conducted in ChlS 1aboratoryp o

Theorle uuuallj start from a central core of fact and the facts
at tbe heart of the oresently acccpted theories of photosvntbe31o are
a collection of llnht—minus~dark deference opectra Wthh are Lhought
to show tho reactive intermedia 'ceu in the ouantum conversion and electron
'.trangoort processes. In this chapter we will first examine theso spectra
and oiacuss the identification of chc V&flOUo abooroclcn bands. Then we
shall cons 1der the reactlons in which these compounds might partiCLpatco

Figures LII~1 to. III~1H are a repreocntatlve collcct¢on of dif-
ference spectra of phObOBynthetLC organisms and oubcellular preparations.
Yhere possible absorption spectra are presented as well. Table I serves

as an index to these figures.
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Fig. I1I-5. Light-minus-dark difference spectrum for Ochromonas danica.
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Fig. I11-6. Light-minus~dark difference spectrum for Nitzchia.
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Fig. III-7. Absorption and light-minus-dark difference spectra for
spinach chloroplasts. The difference spectra for chloro-

plasts are extremely sensitive to pretreatment.50
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Fig., III-8. Absorption and light-minus-dark difference spectra for
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Fig., III-9. Light-minus-dark difference spectrum for R, rubrum cells. The absorption

spectrum would be essentially the same as that of III-8a.
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Fig, III-14, Light-dark difference spectra for Rhodomicrobium

vaneii.
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- The most utrlyin& feature OL the Spcctra Just presented 4s their
vdlverbaty. Some ‘use can be made of this wealth of spectral information.
The usual assumption one mﬁst make 1s th&tvthe in vivo spectra éan be
related in a reasonably stralghtforwara faohion to the in vitro spectra
of isolated chromophores° An Implicit and more oUb le ausumpuion is
tﬁat the very small amounts of the photoactive pigments have the same
molecular structures as the spectroscoplcally similar compourds whicn
are acﬁually isolatable from the living material. Of course, assump-—-
tions of this type are not rigorously corrCCu, The most commen diffim
culties occur when the in vivo spectra‘are strongly perturbed from the
"model” spectra, as, for exampie, by the binding of chromophore to a
protein molecuiea The question of small structural differenceé is also
difficult to settle by spectra alone. Bacteriochlorophyll provides éood
exampleé:oflﬁoth of these problems. A Quick glance at the large rumber
of peéksvin the 750-1000 mp region of the bacterial spectra shows no
close correspbndence with the speotrum‘for bacteriochlorophyll in solu~
tion (Figgures I1I-8A, 10A, 12A, ciompafed to Figure IIT-20). And even if
a smal;.photéactive band were observed in this region, one can 6nly |
Speculéte that the active chromophore is indeed structurally identical
bacteriochlorophyll; Clearly, the assigﬁments suggested by the dif-
ference‘spectra must be confirmed 5ontber types of experiment.

With these diffﬁcultﬁew In mind, we can prococd to the assignments
‘ .of the compounds involved ﬂn the light—minugddurk SQGctra, Our interest
will be a eritical but not exhauscive survey of the proposed 1dent¢uies
of the light—dar& banas, lkavy‘emphasis w11l be placed on observations _i

made In this laboratery, but strongly dissenting copinions or evidence
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will certainly be noted. The following outliro will be used for the |
various compounds of 1nterest A
1) @tructural formulas of thn chromophorc, 2) in zlﬁ_g.opeccra
v‘o? the isclated chrOﬂophowc, or, if p0051ble9 of an 1solaced and puri-
fied proﬁein—chromophore complex; 3) gg_ygzg_spectra; 4) spectra of
pertinent chemica 1lv or photochemically produced derivatives; and

5) interpretations and conclusions,

Cytochrome~type Mo loculas

The structure of the heme porticn of cytechrome ¢ and itsvbinding
to the protein moiety aré known (Figure IIi~lS)‘56. A wide Qarieﬁy of
cytochromeISpeétra are avéilableg The Ypure" protein-chromophore com—
plexes of scme cvtochromes are conmercially obtainable. -Figure ITI-16
shous the visible and UV spectrun of eytochrome c.o1 Spectra of the

~.protein comple?cs are in good aoreemenu w*ﬁh the in vivo spectra obtalned

from relatively unpigmented mauerials such as mitochondria and eLiol
plant'leaveSg58959 Cytochromes readily undergo one-electron 1”6:\"1<>:J£‘-"'l
reactions with the iron atom commonly}changing,bétween'+2 and +3¢ Oxi;il
dized-minus-reduced difference spectra have been measured and‘ordinarily'
show a characterlotic Iour-line spectrum in the visible reglon (Figure
-_TII-17) 60 mnis distinctive pattern pluo the high molar extinction
coefficients make possible the detection and identification of cyto-
Qhromeftype molecules, A more difficult q&estion is to.determine which
tyﬁe ofjcytocﬁrcme isvinvblved»  This éaﬁ be answered {rom both ovcctral
and fedox éonsiderétions; The two most, covmon cvtochromes lmown to be

present in photosynthetic tissue are a "p" type with absorptlon:max1ma
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at 420-425, 525-530, and 555~565 mu, and a midpoint potential of aporoxi-
mately 0,00 volts and & "c" or "f" type which absorbs at h15-h25, 520-525,
and 550-555 mu, and has a high potential (ea. 0.4 volts). A summary of
typical cjtochr&ﬁe absorption bands is giveh in iable 1I. | |

Participation of cytochrome molecules in the ;ight-dark difference
spectra is easily detected in Figures III-3, 4, 9, 13, 14, The close
correspondence strongly suggests that the cytochrames are undergoing
reversible photo—oxid&tion; Two sideliznts of the role of cyﬁochromes‘:
in photosinthesis arevpertinent here, Kamen has frequently proposed a
"ferryl" form of eytochrome with the iron in a +4 oxidation state.5ls65
The spectrum of sucn a canpound is not readily available. |

Some isolated cazes of cytochrome photoredvctloq have been rewortea 66 67
although there is no. clear-cut indication ¢of this type of'reaction in the

spectra we have collected.

Chlorophyll~type Molacule

The structures of chlorophyll &, chlorophyll b. and bact eriochloro—
phyll are shown in Figures II—18 and lC Tﬁe spectra of the various
chlorop hjlls in organic solvcntq are snown in Figure IiI¥2O,68’ The
visible transitions are quite solvent senoitive.69 Chlorophyll—prOueln
complexes have been prepared, and their spectra show considerably per-
uurbeu, rem~sh¢ftcd maxing. 0 The long- wavolength.tr“n51tion is particu-
"4arly sensitlve, The maximum of the red band in acetone is 20 mp from -

: that in livﬁng tlgsueg The bacteriochlorophyll transition is shifted |
over 100 my, The cnlorOphylirﬁrotein comoléx'abneafs to afford a good1 4
model for gg.gggg.absorbanceso Other data comes from the "carotenold-

less" matents of various algae and bacteria. In fact, the chlorophyll g
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 Cytochrome Pands

EChl

Type Oxidized bands Reduced 'bands Ref,
o Sofet..‘ 8 a _ "Soret 8 | o
a hoo-3  5hO 597 ; W35 517 '6031 6
B g 515 429 532 562 8
Abﬁl el 55@:‘560 t..vﬂél‘ 525 556 ' 6; 
bett o ma sy s s
c* 410 ‘5'39' 16 522 552“"5."," GERY
P o w2 s 563 s -
*Puglena ' ‘*ﬁﬁigher plants
Table III <
Approximate Chlorophyll Absorption gg;g;zg
Chl a 390(sh) 434 625(sh) . 678 . .
b s S o650
| 375 590 800 B50(sh)  880-890
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Fig. III-19. Structure of Chlorophyll a showing the

extended phytol chain.-
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ébsorptibn is soAinfenSe ﬁhat.it.eveﬁ dbﬁihaféé theISpéétrum on horméily
pigmented cells In the ﬁ30’ahd’red regioﬁs, _Tbué, assignﬁent of most of
the gg_zgzg'abéorption/méxima can be done with some confiderice (Table IiI)e

A considerable body of data is now availablé on the oxidation and
reduction properties of chlorophyll in organic solvents. Alsb the
absorption of the lowest triplet has been measured. Representative
spectra are given in Figure TIT-21,9:71,72 | Figure ITI-22 contains 'the" .
caiculated difference spectra for'these reactions iflfhey pfoceed from
the normal chlcrophnyll grouﬁd state absorption &s a starting pbint, Of
course ﬁbe prediction of in vivo spectral featﬁres from these figpwes
is a ﬁighly speculative business. | |

InSpectioh ofythe light-dark spectra shows, in each case, loss of
“absorption in the major red and blue chiorophyll absorption bands of
'bacteriochlorophyll and chlofOpﬁyll Qe Speaking broadly,_theré have
been no conclusive ideﬁtificatioﬁé of inéreases in absofbaﬁce ﬁhich.
have been shown to be.related'tc these ébsorption decreases. (Eowever,
see R@f, 30.) Vhether the positive bands for the triplet or reduced'_'v
~ forms would be seen is a aifficult question. That the 430 and 700 mu |
bands ére due to a singlet - triplet éonversion is normally discounted
because the lifetime observed for it in chlordphyll solutions is much -
sborter'(lo‘“ to 105 seconds)g than that.observed fbf the absorbance
transients (10-2 secondg). The cholce betwgen chlorophyll coxidation
or éhlércgﬁyll reduction has heen béséd'on redcx ékperiﬁeﬁtég somé.of
which wéfévperfbrmed in this laboratdry.: They.will be deécribed in |
detail in a later éhapter. The strongest conelusion we draw from the

Spectral evidence &bove is that chlorophyll a and pacteriochlorophyll
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Fig., I1I-21. Absorption spectra of chlorophyll derivatives of
interest. The "oxy chlorophyll" and "reduced™

éhlorOphyll are not well-characterized compounds.
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CHLOROPHYLL INTERMEDIATE DIFFERENCE SPECTRA
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Fig. 11I-22. Difference spectra for "Intermediate'-minus chlorophyll

ground state, Calculated from data in Fig, IIT-21,
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‘are photochemically active and are transformed by light into a weakly

absorbing form.

"Winor'" Chlorophyll Reactions

Several bands in the bacterial systems‘and a few in the green-
systems can also be tentatively ascribed to chlorophyllvreactions;
In particular, the bands at 260, 605, 765, 792 and 810 my, in Figures
II-8, 10, 13, and at 380, 620, and 650 my, In Figures II-1 or 2,
- probably arise from same reactions of bvacteriochlorophyll and chldro—
phyll & or chlorophyll b respectively. Notice thaﬁ many 6f these bands
show a characteristic positive, negative pattern (incréased absorbance
at the ;horter wavelength) whigh suggests a slight blue shift éf the
absorption bands. This suggestion is supported by direct absorption
measurements in the 800 mu region for gl_ggpgggbchromatophores,73

The interpretation of these shifts 1s not easy. Let us assume
that these difference bands do arise from chlorophyll.® It is thought
that the multiplicity of absbrption bands in the near infrared (Figures
II-8, 10, 12, 13) are due to bacteriochlorophyll bound to a variety of
protein enviromments.®% In green systems'bdth protein-binding and
vibrational bands probably contribute to’fhe }g_gjﬁg.absorbance §pectfum¢

The simplest interpretation.of thé light-induced changes inv |
absorbance weuld be that illumination produces a small, reversible
perturbation on the binding of the chlorophvll molecules to thcir sup- "'
porting protein. This perturbatlon mhifts the electronic transitions
' spxtraction and cﬁromatogfaphic SbUdieo:haVC only detec»cd one form

~of chlorophyll in each of these systems, except that both chlorophy;l a
and chlorcphyll b are present in green algae,

#iRelative magnitudes are sensitive to pH and to gro«th COﬂstlOE%s ruling
- out vibrational splittings as the explanation of these banao,f-;
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Aslightly énd affeétu any vibrational Spllttln”S a small amount . " Such an
interpretétion,wdula considcr thesc blpha ic oignalq a Mrlsino,from a
different pheﬁ@menon than a light-induced electron transfer reaction,
although the shifts might well be a fefléction'of such an electron |

transfer step, occurring "nearby". .

Carotenoids,

The structuré of a commén carotene énd that of‘its hydroxylatéd

derivative are presented in Figure III-23. The visible absorption

- spectrun consists characteristically of three closely spaced maxina
(Figure I1I-24), The splittings ave assumed to be vibrational fine
structure, There,aée indications that uhe carotenoid abscrption in )
vivo is not greatly different. Notice for instance Figures II1I-8, 10,
where the carotenoid bandé are relatively ffee of interferences, A
typical:carotenoid spectrum was also found by a difference spectrum
technique using spinach quantascmes whiqh had been partially irre-
versibly pho'co@xidizedJS .

Carotenoids are known to undergoe two photbareaétionss a_generdl
irreversible photo~oxidation, and a cie~trans con&ersionQ Both of
these reactions produce large blue shifté in the abscrption Spectrﬁm, o

The 400-500 mu region of the light-minus-dark espectra is a most
complex one.. The'bnly'clear-cut assignment of bands toja carctencid
molecule can be made in the R smheroides spectrum. As shown in detaiiA 
in’ Firure I11-25, the rminima in the difference spectra mateh the carotc—
noid maxime, and the maxima in the differcnce spectrum are uniformly
red-shifted by approximately 15 mp. A chotenOLd-le%. muuant of R,

spheroides that can live phoﬁosynthetically does not show any of these
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CAROTENE
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'Fig. III-23. Structures of representative carotenoids.
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R. SPHEROIDES LIGHT-DARK DIFFERENCE SPECTRUM

Rapidly reversing compounds

L

— — —Slowly reversing compounds

Calculated cytochrome
difference spectrum
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Fig. ITI-25. A detail of the light-minus-dark difference spectrun of
R. spheroides cells. "Rapidly reversing" reactions have
a half time < 5 seconds. "Slowly reversing" reactions
have a half t:lxﬁe of 2 30 seconds. The calculated cyto-
chrome spectrum was computed on the assumption that a
positive-going signal of the same shape as that shown
for the slow spectrum but only 50% as large was presént

in the rapid spectrum.
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vands (Figure ITI-12). In other bacterial samples there are ro distinet
light-induced changes of this type, alﬁhough the‘small amoun® of struc-
ture at 500-585 mu In g#.gggfgg.andlqa,_885‘mn.in Chromatium might B
arise from carotenoid cffect.:,° | B

In general, algae qnd gplnacﬁ preparatlons also do not ohON a -
’5lx-lnne spectrum such as that of R snheroxdeo, The one eAC@ptiOn is
the SpCbeum of Ochromonas (a provn alga), recently reported by Ked2 |
and shown earlier in Figure III~Sa However, expetlmencu,done.uome years

ago by Chance on a carotenoid-less mutant of Chlamydamoras (a green alga)

suggest that the pronounced differencé:bands at_&80 and 520 mu that are
rormally seen in green alga might be directly or indirectly produéed by
ﬁbe‘presence of carotencid pigmenté siﬁce fhese bands were_miséing.in

" the mutant,76 Assignments made in thia fashion are, adr ;‘mittedlys extfémeiy

Pk’

Tenuous, and there exi 5t a wide runﬁe of other prOpOoalS for tnc iaent ty
of the 480-520 my bands.® e o |

None of the above oboerva ions are in Veaéing with the iarge biue.

' Shlftq to be expected fron carotenoid photochem¢stryo Thus we ﬁould
again prorose that the 11@ht~darﬂ qxfferenceo ‘be understood as small
chemical or stmetural changes which‘do not directly alter the carote-
noid molecules, Instead,.these‘changes affect the binding of the
carotenoids ﬁo some-other species. This interpretaﬁion_has focused

on "oinding”. Other weak interactions cowld produce these éffects.

Scme pOuSibilltiGo chlude & change’ 1n the local dielectrlc constant

or electric f;cld otrenuth a =mall bcndlng or rotation of one or more

#Chloroph yll reauct;on,77 ghlorophyll triplet;78 complex with plasto-
qu;rone3 chlorophyll b, _
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of the carbon-carbon bomo s & small chmgo in electron density due to
a shift in nearby hydrogen bonda or "charge»trmofcr complexes., These
suggestlons are meant to empbamze the relatlvely veak nature of the
postulated interaction and &lso to point up the cht that there are
many physicaily reaéonable sources for such chanores,

The logical consequences of tnlc interpretation include the ﬂnportanu
4dea that the "carotenoid" difference spectra need not show identical
physic':a;,.l:§ chemical, or kinetic pi‘Opefties vto thése intermediates whiéh '

lie directly along the electron 'cransport ;Sathv@ye

Pyridine Nucleotides

The structural formulas for TP}f' and TPNH are given in F:‘Lgure I11-26.

In vitro spectra are available for both the oxidized and reduced foraﬁs of

« s

the pyridine nucleotides (Figure 111-27).61 The oxidized-minus-reduced
Speétrm looks very much like the bxidized spectrum at wavéieng“bhs longer
than 320 my, In vivo spectra have only been obtained Indirectly, There
is some evidence for a moderate red shift of the oxidized aosorpt.xon
- maxirum out to 350 mu (TP*\IH) or 360 mu . (DPNH), 82  pdditionsl confimutlon
of the activity of pyridine nuclemldeo in livmg; cells comes ﬂ‘om fluores—
cenee measur&vlents;82383 A siza‘o_lé fraction of the compbunds ix"x’ céllular
systems is not closely bourid to protein moieties, and this pool shows a
moderately strong blue@;mén fluorescence when excited a{: 340 més,

Both the absorbance ang fluorescence data inciica.te that pyridine
nucleotides are reduced during iliwn'matién of whole cells. Th'é broken

cell systems do no‘c ghow similar effects because the pyrldine nucleotides
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Fig, I1I-26. Structures of oxidized and reduced triphosphopyridine
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have been removed Quring the preparative procedure#

Flavins and Flavoproteins

The structures of some commen flavins are given in Figure 1YT-28.
Spectra fbr the oxidized and reduced forms as well as an oxidized-minus-
reduced spectrum and & scheratic representation of the semiquinone
spectrun are collected in Flgures IIT-29, IIT-30,8% and ITI-31.%5

'An examination of the light-dark épectra_fbr an indication of some
of the difference spectrumvshown in Figure III-30 rust take into con-
sideration the relatively low molar extinétion coefficient of the
15"3@«'3‘.1’1‘chr’omc,\phor-e-° A sﬁall but definite loss of absorption at 450 my

~is particularly noﬁiéeable.in the green algoe (Figurés IIT-1, 2)s- There
ave some kinetic indications that the brééd negative band centered at
400 mu contains a component that corfesponds to 450 mu COmponents,86
Careful examination of other difference spectré also indicates smell
negative bands in the 450 mu region. |

- On the assﬁmption that this bahd is & flavoprotein, thé 1os$ in

absorption would indicate a light~driven reduction.

’Other_Compoundé
Jf;Two compounds ha#e been'repprted by bther Qarkers that have hot
been studied in this laboratory.
A quinone, perhaps plastoguincone (structure, Figure ITI-32; spectrun,
iFigure<III~33)57 is thought %Q be responsible for the loss in absorption

in the 260 mu region (Figures III-12, 33). If we base cur interpretations

tPyridine nucleotides and appropricte enzymes can be restored to such
a system and on illumination a high rate of PN reduction can be observed.

.
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III-28., Structures of oxidized and reduced flavin and flavin derivatives.
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Fig. I11-29. Spectrum of oxidized and reduced flavin mononucleotide (P’M\I).Sl‘ ,



-112-

104
FMN, reduced-oxidized
0
w
<
-10*H
(After Beinert)
1 1 1 1 1 )
250 300 350 400 450 500
© Nmp)
MU-35823

Fig. III-30. Reduced—oxidized_difference spectrum for FIN,
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Fig., ITI-32. Structure of Plastoquinone.
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Fg, III-33. Spectrum for oxidized-reduced plastoquinone (dotted
line) compared to the observed light-dark difference

of Anacystis nidulans (solid 1ine).89
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upcn the in vitro spectra, both light-driven reductions and light-driven
P - . D Q
oxidations heve been reporte:.98,89,90

Plastocyanin has teen studled in some detall by de Kouchousky and
Fork, 91 They interpret the 597 my band prominent in scwme arinc algee
as a nhoto-oxidation of this conper containing pigment. 4 spectrum of
purified plastocyanin is shown in Figure IiI-3u°92

Finally, there are some ahsorption changes which have not been
related to any known campounds. Particular note should be taken of the
433mu band in bacterial cbromatOphofes (Figures ITI-8, 9, 25) and the |
gmall 555 mp band in green algae (Figures I11-1,.2). |

In summary, it has been possible to identify most of the baﬁds in-

the light~dark difference spectra as either the compounds known to be

presént in unilluninated phétosyntheﬁic tlssue or aé'photoproducts, |
particularly okidizgd or reduced forms, of the compounds present in
the darlk,

These identificationé were made by means of analogy with in vitro
spectra and obviously require much supporting evidence, The specific
assignments made in this section should be regarded, for the most part,
as simple working assumptions. Much of the wbrk to.be discussed in
later chapters‘can be thought of as testé of’ some of these assumptioﬁs;:'
We turn next to the presenﬁly accepted theory Which attémpts to corre~‘v
late the spectra with the general considerations outlined in the first

v

- chapter.

Current Theories

Although photosynthesis in plants and bacteria shows many differencesy
it is commonly thought that some essential features are very similar.93,94:95

oy
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vIt is known, though, that éxygen production is on the whole.a more con-
pléx process. We shall firstvdéscribe the “"green p‘.Lant{r mechanisn,
Then we shall consider those rarts of the mechanidn'which appéar to be

directly applicable to the photosynthetic bacteria,

Photesynthesis in Oxvegen Evolving Svstems

Congiderable evidence indicates that oxygen production inVoivés
| two light-criven reactions. The}nost universally . accepted scheme,
shown in greatly simplified form in Figure‘III—BS, was prcpbsed by Hiilf
and Behdall.96 Thé,figure.clearly indicates thfee essential features:
1) two quanta are needed to transgbrt one electron from HpO tO«TPN+§,..'
2) the two photo-steps are separated by a set of dark reactions vhich
move electfons along the poténtiél gradient from about zero to +O,M f"v
volts; 3) two more sets of dark reactions, one at either end, conﬁect
the photOpfoduced oxidant and the photoproduced reductant ﬁo Qater'of :
vpyridine nucleotide respectively. .
 The mechanism, even in this simple form, makes three poWérfulj
.'predicticns. First, the quantum requiranents for steady-state okygen -
e&olution should be not less than 8. Becond, the color of the actinic'
light might have a large effect on photosynthesis, depending,‘of course;,
. on the wavelengths of light that are efféctive in driving the fﬁo photo- -
chemical steps. Third, with sultable chemical or biologlcal (l.e., =
matants) meanis 1t should be possible to "split" photosynthesis‘intd fwo
Independent haIVesfv'thé dxidatidn of water and reduction of added
electron &cceptor by_"hvz"; and the reduction of pyridine nucleotide

and oxidation of some added electron donor by “hvi".
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9ig. III-35. Simplified Hill-Bendzll mechanimm for photosynthesis.
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A1l of these predictions have been borne out to some degreé as we

shall now see,

Ouantum vields, This basic measurement turns out to be a very

- difficult one tecause of the problems of determining the true absorp-

- tion spectrum of the bioiogical materials., Light scattering is severe,;

and the pignent molecules are contained‘within Inhomogenous Structures

.which,might‘pfoduce large.internal changes in the index of refréction.

- Furthermore, few technlques are sensitive encugh to permit_working.at
léw absoriancesy thus most experbnenﬁs must deal with a fairly steep
light Intensity gradient across the samples Finallé, there are not

very satisfactory chemical actinometers in ﬁhe 600-900 mu range, a
region of crucial intersst to photosynthetic studiles, OF courSeﬂjthese
technical problems are superimposed on the vagaries of biolog;cal |

‘materials. All of these difficulties are clearly reflected in thé :

- wide range of quantum yieldé that have been reported.?” For the’ B
" classical case of the oxygen evolution values of the quantur req&ire;j”'

ment per mole of oxygen range from 3 to 12 or more.. The generallyl_
accepted value 1s approximately 8, which does fit the picture of

2 quanta/electron. However, some quite rellable work has cbnsistentlyvf 
given values of 6 to 7 for long-term quantum requirements (1.6 2 -
several-hour experimenﬁ),*98 |

Dependence on wavelengths of actinic light. Figure III~36'ihdiA .

cates the results obtained in a typical experiment where the quantum ..

vield of oxyzen evolution 1s determined as a function of the color of -

®ven if this finding were correct, it would not automaticaiiy'rule out

two light reacticns arranged in series since one of these steps could
transport theoretically two electrons per quantum,
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the actinic light.99 Hotlce the prohounced drop in quéntum efficiencies
on the long wavelength side of the chlbrophyll maximum, As a separate
experiment, the figure also shows the results when tﬁo light beams are
simulﬁaneously shown on the sample. It is found that the rate of'oxygen'
. is now higher than ﬁhe éum of that produced whén the two lights are
applied independentlja_ If the entire "excess" oxygen productioﬁ is
ascribed to tho Increased eff101ercy of the long \ayeleﬁgth light, onc ' '
obtalns the quantum yields shown. )

These experiments ¢ertalnly form an integral part of the théoryv
~we are discussing. They supplement the_materiallalready presented byv
indicating fhat the two 1ight'reactions have overlapping "photqn;pql-
Jlection systems" from 600-800 mp., Only beyond 700 my are the light f
‘ncollectgon systems sﬁfficiently separated for the overall process‘of’
okygen evolution to be strongly affected. The actual quantum step
assoclated with each photochemical reactlon is dlfficult to aocertain.
The ml quantum would seem to have a longer wavelength than 700 mu. The
f hvy quantunm mlrnt lle between 650-680 my. | | |

The interact¢ons that obviously occur between the two reaction “‘
syst@mé, as indicated by the "enhancement” experiment described abova; f_
: i§<a subject of greaﬁ current interest. .. Hotice that the Hill—Bendail."
picture showsJZhe photochemical steps coupled by a set of dark reactions.
This is consistent with recent findings that relatively little inter- |
action oceours at the level of direct excitation energy t:ansfer.loo

Separation of partial reactions., Two well-known chloroplaét reactioné :

are thought to be tbe two partial reactions predicted by the Hlll—Bendall

mechanism, The first is the "Hill TEQCtiOn"' oxvgen evnlution with the
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reductlon of an éXogenoue electron,aooeptof sucnles fefricyanide,-benio;
' qoinone, or indoohenol dnés. Second vif oxyéen evolﬁtion is poisoned |
' with DCMU (dlchlorophenyl dimethyl urea) photoreductive ca ﬂaciﬁy can
be demongtraced if an eyternal eloctron donor is used, Aacorbate can, -
for instance, be used to reduce eridlnc nucleotide. The°e two reactlons
show differenb action epoctra, dlfferent qnantum ylelds, olfferent
lﬁﬂltsng rates, alfforent abilltles to aginu or detergento, and- |
they can be shown to proceed ln certaln mutants ln which the completc
reaction from h20 to 002 does not occur. | |

fhu%, considerable evidence is avalldble to uupport the hypothesis
of two quite dlfferent phocochemlcal reaction pathways that are present
_in the photosynthetic material derlved from algae and plants‘ Further~
more, these rcactions tie in well with the partial sLeps postulaued by
Hill and Bendell. However,'in spite of this impreSSive circumstantial evi-
dence, the acﬁual nature OL the “clationuhipg between the tuo p"ocesses
is still a matter of speculation. | |

Reection oequencos in the Hill—Bendall mechanism. Hill and Bendall

‘.plaood reaction intermedlafes at various points along a "potential"
disgram. These ocquenoes were laroely detennined by redox potentials B
| and by analogj to the reopiration electron transport reactions."Thiv
general approach has becn considerably extended SO that all of the o
Spectral bandu Wthh have been assigned can be associated with various
stcps in the scheme ’Figure III*37) In thio section we will discuau
the current state of development ox the theory as well as dlscusginu

scme of the supporting evidence,
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EXPANDED HILL-BENDALL SCHEME
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a) Photochemical Reaction 1

The small fraction.of cblorophyllla which'appearS'to-be responsible
for the losses in absorntion at 430 and 700 mp is thought to be the pri-.
mary reactant, unccrﬁoing the reactions

Chl a (700 mu form) + hv; = Chl 2 N COE: : (III—l)
A redox.potential‘of +.45 volts has been rcportcd for the chlorOphjll a -
chlorOphyll a+ couwle.51§* Thus, this reaction would be encapable of
rrOVJdlnv oxygen dlrectlv. ' | ; .

The path cf the electrcn produCed in Fqn, III-l is ;airlﬁ clearly'7“
marked, An iron crote_n, fcrrodoxin %%% has been isolated fron photosyﬂ—
thetic tissuelOl and has been shovn tO»bc 2 highly utimulacorv reagent
: Tor the photoreduction of addcd pyridine mucleotides by cell-free
- materials.102 The in vivo potential for ferrodoxin is estimated to be
- =0.4 volts. Recently Chance, et al., have shown that substrate amounts
~of ferrcdozin can also be reduced in. such systems, indicatihg'thatjthe
elecfron is generated by a strong reductant.103,vFerrodoxin undexygoes
univ lent elecfro“ transfer reactions, The only major argument against
~assigning an important role to.ferrodoxin Is that it has not~vet beeﬁ B
: detected, or at leas t identified by in vivo absorbancc studieq, Hom

ever, as'Figure II11-3 810q 4Pdicatec, the- extlnction coefficients are low |
and, furthor, the bands occur in the regﬁon cf chlorophyll and cytochrane
spectral tranvients ( see also Figure III-39), ”hug, the fa ilure to observe
-tbe pootulatca ferrodoxin reactions 1n vivo iu presently ascribed to a

maokinv effect of Lhe othcr intcrwediates.'

#This is akpartial reaction. The electron is certainly: not "Pree"
#%The experimental procedures used will be diucussed in thc next chapter.

. ##¥¥Yhen assoclated with a flavoprotein woicty the nane "photoeynthetlc |
pjrldine nucleotidc rcductase" (PPNR) 1s applicd to this materxal.
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As}mentioned éarlier, ferrodoxin is isolated In close association
‘with.é flaVOprotein. Eoth canponenfs éfe requiréd fdr'efficient rea§t;on

‘with substfate émounts_of;electron accebﬁoré, The redox botentiél énd:
_the detailed structure bf the flavoproteiﬁ £re not known, but the ”

potentlal can be estimated as falling'ih‘tﬁé —o ﬁo ~.2 voit'ranggg -
The 450 my band present as a distinct'&inimﬁm in the differencé"spéctrai
of thengeen.algae mighé.bé indicaﬁiVé bf thé phétoreduétibn of»this :{f,

-gompouhd, The two reécfione deséribnd ébo&é are: | -
- e+ Perroaox1n (“e+3) = Ferrodoxin (I‘e+2 (III—E)

2 Ferrodox*n (Pe+2) + F avoNrOUein (ox) = 2 Ferrodoxin (Fe+3) + .
‘ Flavoprotein (recucea) (III—3)

Pjrld.ne nucleotlacs, partlcularly TP’*, have long been a sociated

- with electron tranufer reactions. They are 1ike¢v candidates to fcrm

the bridge between the very low potentlal, relatively unstable,_reductants
‘formed from the photochemical reactions‘and:the normal biochemical reactions
of carbon dioxide fixation and respiration. The midpoint pétentiai of
the TPN+ TPH couple is estimated as —O 3 VOlto. The absorbance increase

centered at 350 my ‘probably arises from the ‘photoproduction of mP H,

Flavoproteln_(red) + PNt = F*aVOprotein (ox) + TPNH N :_(III;M)
HD + 2TPNH + C0p I:’l.z.‘”u“?.% (CHzo')' + 2Tz>x\;+,+ o ol 11-5)

Having envisioned the path of the electron from chlorophyll to COo,
' let us turn our attention to the fate of the positﬂve hole left behind |
. as Cbl a As noted earlier, the pool of Dhotoreactable chlorOphyll is
.not 1arre enocugh to maintain steaay~state photosynthesis for any aopre—
ciable thne. Thus we are seeklnﬂ a pathwqy to a ouitable electron source.

The first reducing agent on this path is not known. One pppular candidate
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is the "fY" type cvtochrome'
Oyt £ (Fet?) + cm* Oyt £ (Fe*3) + Chl (III-6)
These cytochromes have approprlate characteristics: Eh v +0.3 volts
énd univalent transfer reactions., Also they are‘concentrated in the
‘chloroplast tissue. The major piece of direct evidence comés from low
temperature spectroscopy (77° K). At these temperatures, in oxygen- :' 
—evelving systems, photoéoxidation,of chlorophyll and cytochromes can
be cbserved, but these prococso; are no longer reversible. No cther
absorption changes are noteu at these tamperatures.a9 105 There are
several objeCUiona_Lo this role for’ cytochrome,f.* Houcver, no otber o
compound can fit all the data any better. ‘_ |
If ve assume_thct some reaction of the type of Eqn. III-6 is .
involved, we can write a summary reaction for the first photochemical

step:

CH0 + TR+ 2 0yt £ (Fe+2) .-l-—-;» 2 Cyt f (x'P+3) + TPNH + OH™  (I1-7)
: chl a -

b) Photochemical Reaction 2

The next series of reactions serve to oxidize water, transferring -

the'électrons thus produced to cytochromc f or its equivaient._ If we

¥These include: no steady-state cytochrome signal 1s observable in
green plants or grcen algae under "normal" conditions. The cytochromes
are there and can be photo-oxidized but only in the presence of far-red
light, DCMU, or low tompermturcs i3 & detectable steady-state obtalned.
Furthermore, orne must postulate a light-induced electron transfer {rom
cytochrome to chlorcpnyll to explain the oxidation of cytochrome and
the absence of a hack reaction. Eut this would lead to a very low
steady-state level of reactive chlorophyll, much smaller than is, in
fact, observed. PFinally, as Chance has shown,105 there is no evi~ '
dence of 'an induction pericd in the rise time of Cvt » making it .
unlikely that Eqn. ILI-6 is strictly correct.
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start again with the photochemical reactidn,' ‘
X+ hvy, = Xhkes - {ITI-8)

where X is an unknovn high energy oxidant'(Eh'greater_than +0.8 volts

- .at pH 7 and probably even higber since oxygen is evolved efficlently

at pHAM). No absorbance signal has been unambiguously assigned to X,

_ Witt feels that chlorophyll b serves this role in the green algae and

_ plants.go Almost all the workers in the ficld feel that some form of

a chlorophyil~type molecule is involved..;$1milarly, the reactions .
whereby gf prbduces 0, are not known. In the_absence of infonnation
let us make the simplest assumpuion

By Ux* + 2Hp0 —> UK + 0

. 5 +iun : . ‘_ | ” 5'(111;6)“

Thc electrons vencrated ln the ox1dation of water are thought to:ﬁ'
follqy the sequence of ogeps given below pefore being avai;ablevfor‘<af7'
the reduction of oytochrp G

PQ (reducea) "- | o ‘(III~iOa)

2 e + plastoquinone (ox) =
CBQ (red) + 2 Gyt bg(Fe™3) = BQ (ox) + 2 Cyt bs(Fe"'z)  (III-100)
or PQ (red) + 2 plastncyanin :=' 2 plas tocvanin (red) + PQ ' 1"(iII—IOc)

plastocyanm+ Cyt f(we+3 )' plastocyanin (ox) + cm f(Fe+2) (IIT—lOd)

i}

These steps have been fonnuluted prﬁnarlly on the basio of the apprc— .

priate redox potentlals (for opOﬁtancouo react ono) mhe presence of '

not, unfértunafely, universélly.found. However, such a sequence as

shown iﬁ Fan. IIi—lO 1s‘probébly a good working model, even if,the  ;

exact éomﬂonents vary from one or?anism to ahother, a 2
In summary, we have discussed at length the currently accépted' 

detailed mechanlsm for electron flow in photosynthesis. ‘In.ﬁrbad'
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outline it tiles in well with the major qualitative experiments. However,
many of the expliclt reactions are rather tenuously supported by the

spectroscopic studies.

Pacterial Photo~vnthe°io

Lacterial Photos jnthewLS is generally cons4derod uO be a aimpler
process than that of tne higher plants becauze no one has been ablc to
show the presence of two light reactions.lo6 Acti n spectra do not
indicate any compounds which have leow photosynthetic efficLencieu '
n.THA CAHl BE "hNhAwC;D? by other wavelengthp of actinic light. Nor has
1t been possible to separaté the hacterisl electfon traﬁsport sysﬁén 

into two or more paréialvreactions. | |

A sirple starting assumption iz £hat the mechanism of bacterial
photosyﬁﬁhesis Involves only the mild éxidant, strong reductant sﬁep
we have called photoreaction 1 (Eqn. III-7). Cerﬁa;inly pyridine nucleo—
tides are reduced snd, as we shall see, evidence points-to'the pfesence
of en oxidized bacteriochlorophyll with_a redox potential of +0. 4 volts -
(Chapter 4). .Ferrodoxin is also prcgen“ in whole CCllo of bacteria,

- though 1t is washed out of the chromatOphore prendrationo.

Thus, we shall tentatlively postulate a $1ngle hotochemlcal Drocess
analogous to photoreaction 1 where now an elcctron—aonatmb subotrate
(such as malate or uccivate) serves in the role or the cytocbremc

+  light

Substrate + TPN' ~==2—ee3 TPNH + oxldized substrate  (III-11)
[ ‘ enzymes - . o ‘ S S

An intéreéting'exﬁensidn of this hypothesis would simply réguire that

.the substrate interacted with the bacterial electfon'transpbﬁt chain
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at the level of, sa&,;the quinone in Ign. III-10. Then the méchénism
of bacterial photosynthesis might be evén more analégdus to that just
described for the higher plants. Such an éxtension 1=z éuite in keeping'
with the SpecthSCOpic data which iﬁdicages.that both cytochromes and

quinones are actlve intermediates in bacterial reactions.
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Chapter IV. RESULTS: REDOX AND KINETIC EXPERIMENTS

A mechanism as complicated as the Hill~Bend§ll proposal can be.
tested in many wayé. One could, for example, study the specifiec intgr-‘
actions that are proposed: chlorophyll-cytochrone, ferrodoxin~TPNH,

ete. This is the approach mogt frequently pursued by workers in this

fieid¢ Or one could examine the ovérall behavior of the sét'of reactions
under a variety of conditions. Our rationale was (and is) that the

basic qualitative features bf the total electron transport system $hould'
be developed as rapldly as possible, Although specific steps are
 extremely ﬁnportant,'it 1s precisely the coupling of several réla—
vv'tiVGly unsurprisiné feactions that produces the unique efficiency of
photosynthesis. Whiqhever point of view is adopted, studies of the.
specific steps and studies of coordinated sets of reactions are_bbth'~'
necessafy fér a complete understanding. The previous chaptér was pri- -
marily concerned with a.discussion of specific reactions, In the next.
two chapters we shall emphaéize the "systems" aspect of photosynthesis,'“

Two different kinds of eﬁperiments 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 moﬁivation’for the davelopmenﬁ of the Hilieﬂendall theory was
_fhe redox propertiés of the intermediatesf Second, the most positive ;:f,
tests of reacticn sequences and oversll system response ban‘normally -f'
be made through kinetie meésurements, The flrst section 6f,this éhap;‘

ter discusses the redox properties of bacterial chromatophores with



'13@
'respect to their photochemical reactioné. The sécond'section_presents
a wide range of kinetig studies involving chromatorhores, whole-cell
bacteria, and whole-cell and cell-free materials from oxygen-evolving

plants.
A. REDOX EXPERIMENTS*

Since oxidized and reduced moieties are formed verﬁ.eériy in th‘
énergy conversion process, a careful systematic study of tﬁe_redok _
| dependence of light-induced chenges might.result in'theiidentificétiéh'
of the participating pigments and indicate how fhéy iﬁteract’with-éne '
another., ! | ;‘ - |

Ie somé or all of the redox couples composing tﬂe phétééynthétié
apparatus equilibrate with the pOuentLal establloned in the eYLernal
| medium by a suitable redox buffer, the effects of llcht mlghu be
expected to be seen as transient departures from the redox3equilibrium; i
For those,sysﬁems in which the équilibri&ﬁ oxidation~reduc€idn ratio '
is esséntially éompletély in‘favor of that oxidation sﬁaﬁe towdrd ﬁhich :L
light drives it, the light could not produce a noticeable change.

Cell~free materials were obviously requlred for these studles:
since cell walls greatly restrict the re te of equ¢1ibration of cell
contents with the external medium, Ve shall assume that the reoults
obtained are directly applicable to the”photochemical aspects of photo~’
synthetic mechanism. We choose bacterial preparations for two purely

pragmatic reasons: the signals 1nvolved were ten tﬁnes as large as

¥Work in this section was done in collaboration with Dr. P. Loach
(present address: Department of Chemistry, Northwestern University,
. Evanston, Illln01s) Much of this material has been published in
RCfg 33-. . )
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those from corresponding preparations of algae or plants; and the

hacterial mechanism is thoubuﬁ to te the simpler one.

Experimental®

 Materials. . Chemicals, special reagents, and the preparation of

- chromatophores from Rhodospirillum rubrum, Rhodopseudomonas spheroides,

and Chromatium used in these studies have been described:eisewhere.107

Methods. All redox experﬂnents reported in detail have been_con~

ducted in the presence of a 10- to 1000-fold moldr excess of the extornal
- redox couple over the estimated concentration of the photoactive pigments.

Values of potential are measured at 22 * 2° ¢ and pH 7,&. With these

large excesses of redox "buffers" the electrodes responded irmediately
to small changes in potential (0.5 mv), and adjustments to desired )
values were made quite easily. |

- For iInterpretation of the data obtained it has been aésumed that

the relatively high concentrations of redox buffers do nct’complex withff

the plgments being inveutigatcd to such an extent that the pigy 1ent
properties are changed, Where possible a number of redox couples have
been used to.cover the same range of motential, and experimcnts vere
carriea out to determine the effect of reagent concentration and the
effects of 1ight on the couples. |

Measurements in the b*cnco of ‘air, used mpparatus anﬂ tcchnique*

- patterned after those designed by Larburv. 108 rectangular, four-:; 3

sides-clear quartz cuVettevwas cemented (de Khotinsky’s cement)-bo |

pyrex tubing, as illustrated in Figure IV-l. Prom standard taper 2

¥Por ease in reading, seme of the cxperﬁnehtal detalls are presented

in cenjunction with the experiments rather than in the instrumenta-

tion chapter.

Y
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APPARATUS FOR
ANAEROBIC
EXPERIMENTS

MU-307909

—ir—

Fig V-1, Apparatusvfor anaerobic redox experiments. (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-sldes-clear rectengular
quartz cuvettes; (4) bridge to reference cell; (6) main-

titration vessel with water jacket.
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a brldge wvas conneCLed to a uecond cuvctte which residcu in front of
~the reference beam of a Ca*y SpectrOphotomctcr. The two cuvetteo were
separated, when placed in the spectrophotometer cempartment, by means of S
a biack:metal septum. With this apparetus both_the reference ahd‘the
sample maferial could be adjusﬁed under identical conditions and light-
minus-dark spectra observed. Chemical difference spectra could.also_be
obtained with-a minimum of manipulation of the samﬁle; Also shown in
Figure IV-l is cell in standard taper l which could be deaerated and '
filled with a eanple of the na*erial being 1nveeLigated The contents
of this cell eould then be examined with the rapld—response spectrometers‘
Gesoribed in Chapter I, | -

'Instrwnental. The 1ipht—dark dlfference upcctra and the spectral

changes attendant to chemical titrations wers measu:ed on the Cary modei
lum_sbectrophotometer, also described in Chapter II. The excitation -
source was a 500-watt tﬁngsten prbjection bulb, ApprOpriate filters_
prevenped the exciting beam‘from reaching the photomultiplier.v Table
IV shows the filter and phoﬁo&mltiplier combinations employed for Gif-.
ferent regions of the spectrum. |

) . Table IV

Filters and Photomultlpliers erd in the Cary Spectromoter

De’cect:mu Lxcitlng A = f Deuecting

~wavelengths wavelengths TbotOmultLplier beam filters®,? beam filterst ¥
w) ) |
650-1100  400-500  Dumont . 6oLl 203 koo, 9782
380-620° © - 650-900 .  RCA 6217 . 9782 . - 2403

260—#20,"_v 750-900 _ Dumont 7664 : 9863_ S 2(00» _

%#Placed in front of nhotomultiplxer
#411 rumbers refer to Corning color g lasues
¥#Cary experiments included a 5 cm vater filter in the exciting beam



138
The peak-to-peak n01se under normal operatinu coud;tlong was

0.0005 O, D unit whan.uoing the blue-senoiulwe pbotonultvpllero..'An_
increase in. uhO n01se (0.002 to 0. 003 0.D. unlt) and a base line ohlft
(o 001 to 0. 010 0.D. unit) occurred as the exciting light was turned
on_for measurgnent above 6“0 mu. These effects were nbt_observed_éﬁ
low light Intensities and probably reéulted from infrafed fluorescence.
or scattering of the actinic_ligh‘. Since the base line shift is inde-
pendeﬁt,of anelehgth,_if was easily corrected for by seiectingvé ave-
_1ength at which no absorption change occurs. The precision of these |

experiments was consistent with the noise levels described.

Results

)

Wagnltuae of rever sible photoabs orptlon changes as a function of

Tedox potentlal

1. High potential. Semples of the deaerated chromatophores were

tfeatéd vith mixtures of KuFe(CN)6 aﬁd KﬁFe(CN)G to cover thé.hotentiéi‘ 
rénae of +0.30 to +0.55 v.# Repreqentative absorptlon opectrd and lhght—r,
dark difference spectra for control oamnles (Eh = +O 35 V)R were shown
_ in Figures ;11-8, lO,IIBQ‘ These results are in relatlvely gocd au;eement'
with those of other vorkers,10,30,110 . ‘I; f .

' The‘oxidized‘minus-reduced and the'light-minus~dark signais‘ét'792,*‘
810~and 865 mu Were measured at‘each'potentiai. As sho#n in‘Figuré V-2

and Table V; ralsing the poﬁehtial through the region of +0.4 v removes

%In the absence of externally added redox couples a well-defined oxi-
dation-reduction potential of each sample could be measured and the

system seamed to be scmewhat buffered at the measured value, but the
couple(s) equilibrating with the electrode is unknown.

#%The symbols By and E, are used as suggested by Clark.109
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Fig. IV-2., Variation with "high" potential of the light-induced

absorption changes at 865, 810 and 792 mu in chromato-
phores from '5_._ rubrum, 0.05 M phosphate buffer, phi 7.4.
Absorption at 880 mu was 2.0, Total concentraticn of
ferricyanide and ferrocyanide vaisied from § x 10~6 M

to 2 x 10~ M, Reducing agent, 0.0l M NayS0y. After
removal of oxygen, enough KjFe(CN)¢g was added to make it

5x 1070 4. o , A, O, experimental points taken at 865,

810, and 792 mu after increasing K3Fe(CN)g concentration

to incremse potentisl, @, A,B, experimental noints taken
at 865, 810, and 792 mu upon addition of increasing amounts
of NapS0y to lower the potential, begimning after all
K3Fe(CN)g had been added. The solid and dashed lines were
obtaired by use of the equatlon Ey = by + RI/nF In(m.s. -
l.s.)/1.8. with n = 1 and 2, respectively, and by = +0.439 v,
m.s. = maximum light-induced signal, obsez&ed between +0.35
to +0.36 v, 1l.s, = light-induced signal observed at potential

reported, _
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Table V

Quantitative Comparison of Light-dark and:
Chemilcally~induced Spectral Changes® -

80D, + 0Dg1y 0D
?ﬁotb—’ Chemically —Total sctive — Photos ChemiéailQ‘ fotél active

Fn__oxidizable oxidized pigment  oxidizable oxidized piement
0.377  0.051  0.CO5 0.056 - 0.0l o.coﬁﬁﬁl; E 0045

0.39 0.043  0.01i - © 0,057 ' 0,032 0,009 . 0.0k

0.1, 0.036 0,019 0.055 0.0  0.016 0048

0.3, 0.032  0.026 - 0,05 - 0,026 . 0,022 0.0
0.6 0,016 1 0.039 0.055 0,015  0.03  0.051

0.497 . 0.008 . 0.045. 0,053 .. 0,008 : 0,036 . . : 0,04

#Data not corrected for irreveréible selective or general bleaching
**Arbitrary zero assigned on basis of 90 percent light changes at 0.38 v
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;tﬁe light-dark signaiss reclacing them with the same btands in thev
‘oxidizedureduced'speéﬁra. The samples were then réduced in a step-
wise faﬁhion with‘sodiwh dithionite to demoﬁ"trate the rmversibility o
of thé efféétsa. Tbe migpoint of both the disappearance of the photo-. 
changes and the c“enical citrationg ior each wavc;en&th studied was_
+0.438 v V. Figure IV-2 also shows the theoretical uuryes for one- and
two-elnétron transitions with B, = +0.439 v. The data are consistent
with 2 ore—nlectron transition occurring in a key pLgment(e) with a
nidpoint of +0.439 v. Within the limits of the experiment there is
quantiﬁative ggreement between the amount of materlal availabie.for
o .rever 1ole rhotochemilstry and that available for reversible ox*datloﬁ
(Table I",_columnas4 and 7).

In the above experiment potassium iridic chloride_éould replacei
‘pctasulum ;err*cyanlue a8 oxidgnt and potassium ferrocyanide could
replace sodlum dithion¢te as reducing agent,_-uesults to be described
below show that ch ges in the Piﬁetlcs are not responsible for tﬁe:v
loss of signal ' |

’ 2, " Intermediate potential. Experiménts conducted ﬁhrbugh the |

range of notentlal from +O 05 to +0.35 v showed no variauion in tnm

ao%orbance chan%e spectra.

3. Low poventlal. The réversible'light-ih&?éed absorbance cﬁaﬁgés
in R._ gggggm_chromatOphoréé.are not observed 1T thé:rcdox level of the
solution is below 0,15 V. Fiéu;e‘ivn3 %hdw; éhe effect of lowering the'
'potent;al »hrou zh the region of +Q, 02 v to ~0.2 Ve ”he oyidlzed fonn%
of 1nu¢bo tetra- énd tri°ulfon1c uCid were pregent at . % 1075 W as

"buffcrs“ in the potentlal ranyee +0.02 Lo -O 06 and ~-0 06 to -0, lO v,

i
{
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Fig. 1IV-3. Variation with "low" potential in thé‘light61nduced
absorption changes at 810 amd 792 mu in R. rubrum -
chromatophores. 0.05 M phosphate buffer, pH 7.4,
'Absorptién‘at 880 my wae 1.22, Total concentration
of reducéant used varied from 5 x 1076 ¥ to € x 1075 M.,
Reducing agent, reduced indigodisulfonic acid. ?he-dyes
indigotetrasulfonic acid and indigctrisulfonic acid were
rresent 2t approximately 2 X 10-> ¥ concentrations to
act as redox buffers. , experdmental points cobtalned
fram the sum of & 0D at 792 and 810 mu as recorded by
the Cary spectrophotometer using very high light intensity;
,points were.recordgd sequentially as the potcntial was
lowered; » experimental point obtalined as clrcles except
{3Fe(0ﬁ)6 was addéd.fo -0.12 v sample., ., experimental
points takén from a separate experiment in which indigo-

tetrasulfonic acid (1 x 102 M) was the only dye present.

,:experiménﬁai pointsrobtained-from steady-ététéHQéiues
at 792 mu using the kinetié spectrometer; these data have
been corrected for changes in decay rate over this notential
range (Figure IV-12) as noted in the text. The .s0lid and
dashed lines were obtained by use of the equation Eyn = Ly
+ RT/nF In l.s./(m.s.-1.s5.) with B, = -0,084 vand n = 1
and 2 respectively. As in Flgure IV-2, m.s. = meximum W
signal observed between +0.35 ané +0.30 v and 1l.s. = the light-
induced signal observed at the potential reported. Anaerobic

conditions,
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respectively. The potential was lowered slowly by the addition of
reducing agent, reduced indigodisulfonic acid,,prepared separately by

95 percent reduction with sodium dithicnite, The absorbance changes

at 792 and 865 my disappeared in the same relative proportions as the
potential was lowered, Unlike the ferricyanide treatment, this reduc- .
tion does not replace the light-induced siznals with chemically-produced

counterparts. The only pronounced change in the visible or near infra-

red spectrum is the reduction of an iron porphyrin complex (probably -

the Rhodospirillum heme protein of Kamen and Bartsch.+tl The low

potential data are also compared with’theoretical’curves'représenting ” 

one- and two-electron transitions in Figure IV-3s The data are cone-

sistent with a ore-electron change with a midpointIOf ~0. 04l V;‘ Agéin,.
results to be described beléw snow that changes in the kinetics_are ot
aleone responsiblé‘fOPIthe lOSS‘Of signai.r | | |
The effects of'lO“S_ﬁrconcéntraﬁions:bf.othef strogggreduéing
agents (sodium dithionite; semiqﬁinone of methylviologeﬁ9 and reduced
phenoséfranine) were each examined on Séparate samples df ﬁcli deaerated’
ﬁi;rubrum chranatophorésQ In each caSe no light—induced'signals could

be observed in the présence of these reducing agéntsu

‘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-

pfising in terms of the theories so far discussed, We would prediet -

. for bacterial systems that that a chlorophyll-type molecule would undergo

photo-oxidation if the analogy with the Hill-Eendall picture did hold.
The experiments just considéred indicate a one-electron photo-oxidation,

charactérizing the reacting pigment as having a redox potential of
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+0,44 v, In earlier discussions of the difference spectra (page 97)
evidence was summarized that ¢W€1Cat€d that this p“gment has a reduced
vand in the 865680 mu regionQ in vivo, making a ppréhyrin~typc pigment
2 likely candidate. | '

Thé titration cof absorption chcngcs at low'notential can also be
‘derived from our working hypothesis if a few more detaills aré added to -
the mechanisn. Thus, the proposed reaction with light is: _ :

ECh1(865) -~§3~~> BChl+ + e . '. 'V(IV;l)'7
There is no evidence for a "pool" of *free" or solvated eieptrqns'in
theée éys‘cems3 so we must, in fact, have a very rapid reactioﬁ Wiﬁh an
electron écceptor. ‘Now the normal termihal accepﬁors such as Ferro-
doxin or pyridine nucleotides have been“ranbved ﬂuﬁingaﬁremaratiom;;v
Bﬂxthérmore,'no substrate has been added. The reversible cagxal" that
we observe'must then constitute a closeu cycle, Thﬁé a better repree
sentation of txe elementary reactions which takes both of these obser-

vations into account is FlVCn by

' hv - '
Hhl + X ;;:f:fﬁ, nont + y“ | | R
XY=+ Y T yaxe o S (W)

Y= + DChI* mmm===>  ECnl b yy-'

gy o~

~In such a mechanism avs;rong,_externéll auded rmducﬁ-: agcntvcén
Interact in several v@on_»Wfr"é  any;éf fhee or*nmr*d.da.v.,wl2 X"axor .
. Y*, might be ronucihle to aﬂotber ﬁonroaot~Ve qtabe. Secornd, X or ¥
or both might be_reduced Complet@ly, leaving no I eadmlv availuble

: electrdn,acceptor.’ Thus the fealizatipn thaé the photoch@mistrv
requires a cyclic broééss in these cell—free.““emaraflons offers

varicus explanations for the observation that too 1Qw a potentialv .
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will stop the entire sequence. The pieture of a photo~-induced electron

transfer from a high potential donor (Em_z “+0.44 v) to a low notential

acceptor (B, £ -0.04 v) is quite consistent with the mechahisms so far

“consldered. The electron  acceptor should be susceptible to spectro-

scopic study though it may absorb well into the UV, In addition, we

mve seen some evidence that a BChl-type molecule is intimately involved

Tentatively, we assign this molecular species

RN .

the role of the "trapping site" at which quantum conversion takes place

in bacterial photosynthesls,

24
>

New and interesting Information pertinent to the nature of the

pheto-active species and thelr interaction(s) with their envirorment

ves obtained by treating chromatophores with very strong oxidants. This

work is described helow.

Separaticn of photoactive pigments from bulk pisments by use of

strong oxidants

Irreversible oxidation of large amounts of the long wavelength

absorbing pigments in the presence of an excess of $trong oxidantlO7

leaves a material which still has, on reduction, absorption chenges of
the same magnitude as the original samples. Figures V-4, 5, 6 compare

the light-dark changes and absorption spectra of K,IrClg-treated

chrematophores prepared from R. rubrum, §£“spher6ides, and Chromatium,
The sﬁnilafity of the ﬁbsofbanca of.these materials in the near infra-
red i as striking as the dissimilarity among the absorbance of the
original chromatophores.  Note also ﬁhe loss of the light-dark carcte-
noid change in S;;snherbides (compare changes at Lhay 460, 470, L87,
510, and 522 mu in Figures IV-5 and III~10), and the participation of
what is probatiy an iron porphyrin complex in the light-induced changes

PR P P AR TS
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of Chromatium (oo@pore similarities at wavelengths 410, 423, and 556 mu
in Figures IV-£ and ITI-13. Higher incident light intensity is required
to produce the same size absorption change'in these KplrClg-treated
systaems as in the unmodified material;’this seems to reflect the loss
in absorption rather then a major change in quantum efficiency.

If the KQIrCIG»troated materiai from R. rubrum is reduced with
ferrocyanide, dialyzed, and then is chemically titratod in the dark
‘with ferricyanide, absorbance changes ldentical to those obtained by’-i
the action of light can be observed. Thus, it appears that the bulk

pigments are not essential compenents in either the libnt—produced

absorption changes or the choﬂlcallv-induced changes.,

Cne very exciting aSpect of the KpIrClg-treated preparations was
that it had a much higher ratio of active to bulk pigments. At best’
the relative concentration of active pigment was increased 10~ to 20-fold,
which left 1t at the level of 103 of the total IR absorption. However,
this was a suffic1ent enhancement 80 that it was thought profitablc to
explore spectroscople and chromatographic means to attempt a more p081-
tive identification of the active components."These experimentshwerevper—‘
. formed in eollaboration with Dr.vE, Gouid.ﬁ The exﬁeriﬁental détails have
been reported elsewhere,il2 The important findings for our present pur-
poses were that”ohly bactériochlorophyll aﬁd its oxidation products
could be obtained from acetoﬁe oxtraoﬁs of the ox%dized chromatophorea.
- Thus we will continue to adopt the hypothesls that bacteriochlorophvll
is the active 31te. The unlque resistance of thc "trap" towards irre~
versible oxidation is ascribed to some feature of the protein environ-

ment of certain of the bacteriochlorophyll molecules.

®pPresent address: Stanford Research Institute, Menlo Park, California.
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In summarys the removal of the bulk pigment absorption"producee

only small changes in the IR spectra of the photosignale and does ﬁot’

~ change their maghitude. It thus appcars that the 880 mu 1:>:Lgr'1f=n*~ in

R rubrum, the 850 mp and part of the 800 et oignent in R, sgheromdeu,

- and the 880 and 800 mu pi;menus in Chroma’cium9 which can be 1rrever51b1y

.rcnoved by chcmlcal oxldetlon, are not eseentlal components in elther
5,107

the light *oroducod absorpt¢on chan&eu or ohe 11ght~produced hSR ol&nalug

~poth of which may be produced ruall atively and qujntitatlvely in the

same fa hlon in their absence as in their presence. Thus, the oulk

plgments can only acL as eneray—wabhorlng end energy ransferrlng ny°~_
tems whicb may upolv the photoactlve unit This cleen~cut separatlon
of the active and bulk pigments offers conelderable eupport to the con-’ :

cept of a "photosynthc»ic wnigt, 10,21 30 110 s

B. KINE”ICS |
| Kinetic neasurements have a long and productive hi tory as the B
"method of ch01co" in mechanlstlc gtudies. It would be pro itable at
this time to outline the typea of infbrmation one can etpect when ‘such '1
measurements are perfbrned on complex oystems uuCh the ones of -
interesb to us. These ideda will be devcloped in a more quantltatlve )
fauhion in Lhe next chapter. : |
Assume for the present purposes thaﬁ the photosynthetic reactions
are of the weneral forms:

"ay z 4 -+ A"' " ight ™ reaction o (w-3)

1}

i

b) Z-+X = 7 + X— "Dark" reaction (Iv-4)



Asdﬂne that'in the whole Cell_reactions these electron transferfstepé
form a reaction sequence from an ultimate electron:donof to a terminal
'electrqn:acceptor, In gell—free systemsvthe:reaction chain.may involve
varioqs added substrates of redox reagéntsiqr the react10n§ may proceed
by & cyglic ﬁath involving no nét eiectrén‘transfer to or from‘the
environment. In the dark the concentyationé of the various redox couples
are determined by their effective potentials and their participation in
the reactions assoclated with the normal cell metabolism. When light
is applied the concentrations of the interﬁediates shift from the
steady-stéte values, Figure IV-T shows;_schematically, so&e of the
time.courses that might be seen for light-induced absorbance increases.
A indicates the pattern that might be expected for a typical
"intermediaté* somewhere in the middle of the reaction chain. Some °
time is required after the light is ﬁurned on before reaction.begins, L
 This lag time or induction period is assoclated with the time required“”
for precursors to respord to the light. Sﬁnilafly, when the 1ight is -
turned off, preceding intermediates do not return to theirldark steady~j
state concentrations "instantaneously", énq thé time required for a
substantial change in the precursor concehtrations may also éreate'a :"
"light of f" induction period. Tbese induction periods are funcéions'.;
of light intensity, the various rate coﬁstants, and the'initial_concen-i _
trations along the‘chain so that their magnitudes cannot be predicted
without considerable additional information. Also lindica‘cec“i in mgure A
‘are the times for ’half-rise and halﬂdecay, thé maximal 'ris;e and decay .
rates, ahd‘the steady—state level 6f the signal,Awhich are a11 useful |  §

rarameters with which to characterize the reaction chain.
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Fig. IV-7. Schematic absorbance change kinetles:

-
ABSORBANCE CHANGE KINETICS (Schematic)
A light
Max. tise rate oft
tnduction period
Max. decay rate
hatf _rise Steady state
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half decay time
tnduction
light period
on
¢ b
Overshoot
Max, decay rote
on off T
T off
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MU-35819

see text for detalls.
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Signal B has no"gbservablé induction periods. Such a signal is
expected for the primeary quantum conversion steps and for any fast
"follow"oreactions, The data in signal [ is more readily’t:anélated
into other useful infovmétion becauserf the lack of induction'periodss'
The initial rise rate, which is now the maxﬁmxn rise rate, can be related
to.the mazimun quantum yield.of;the intermediate reaction, # Tﬁe initial
decay rate is useful as a measuré of ﬁhe steady-state rate‘of electrons
{lowling through the intermediate. This rate can also be-cénverted.to.
the "steady-state" quantun yields.* |
| Signals C and D illustrate some of the ccmplicated "ovér;shobt"
ana "under-shoot" transients that may be seen in a eyclic or stralght-
chain syét@n with appropriate time constants. 'Further.éemplicétions
could arise from interactions of the two differeﬁt photochemical reaétidns
postulated for "green plant® ﬁhotosynthesisf And eny of the kiﬁetic' |
patterns could be added together Ey having two (or hore) different com;
‘pounds absorbing at the same vavelength. |
Thére are several ébvioﬁs differences between this type of stugdy
and photochemical or tbermal reactions of less complex systems, One
is normaily interesteda in these latter cases, in'relating the rate of 
production of products to the concentration bffréactantsif Onebordi;‘
narily formulates a hypothesis based in large part on the concentra-
tion dependence of the reactiom'raté. The biological system involves
three major differences. First, the reaétions are, under many condi~
tions,-ze?o order with.réSpect ﬁo substrate concentratiéng'being limiﬁéd

by ratesjélong the. chain itself, Thus, our problem needs to be redefined.

ria————

#For absolute calculations one would nsed extinction coefficients.
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We will usually wish to express reaction ruteu in terms of intermediate

concentrations, -Second, we w:nll rormally not be able to exercise any
direct control over the 'in'cernai reactant concentrations and thus must
resort to. various indirect procedures to:tes‘c and even to develop_the'
rate laws of inter"‘ct Third, increasing amounts of evidence, scme .of
vhich we examined in the last ‘sect.ion, point to ,ir@e}_ﬁendent photoactive
units which may contain‘a very ,srr;all'- rumber of reactive molecules.  The
‘rate laws displayed by & collection of a large number of such small units
will not, in g,enéral » be the rate laws exhibited by similer reaction |
mechenisms occurring In normal solution chemistry.

As mentioned earlier, all of these qualitative observations will
be dealt w th in a more quantitative fashion in the »nei;t chapter', They

should_be kept in minc}. as we examine the kinetic studies described bhélow.

I. Absorption Change Kiretics in Pacterial Chromatophores®

- Experimental. The multiscaler detection sys’cem was used. All of

'cﬁe wor'kvdescribe‘d here vas donc with de neon d:.scm:’gn lamp (previously
described) as f.,'he‘ actinic source, The f 11ters and photdmltip_liefs |
'reeded for the variocus spectral regions are given in Table VI_.. f&ote ,‘ o

" that the same eA(:J.tatlon wavelenr*tho were uoed for most of the dctecting;
wavelengths. Chromatomhorda were pr'ep’u“ed and redox adjust'nents were
perfomed as with the titration cxpcrmentw cle::crlbed earl;.er. t\n .
‘anaerobm cell for - the kinetic spectromotﬂr '.vhich could be used to

remove samvles form tne major redox control equirment was sho'«m jn o
. aj equlr .

_ ®This work 1s part of the redox study done with Dr, Loach,
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'éable VI ‘

FlloePS and Puotomultipl¢ers Used in the inetic_Spectrophptometer'

“Detecting Lxcntinb e T BeTecting  TXOiting |
wavelengths wavelengths = Photamultiplier besmn filtersﬁgﬁ” beam filters¥*
() ) - e e
750-1100  580~700 Dumont 6911 - - 5031 (2) . - 3480
~ 350-500 580-700  Dumont 6292 5031 (2) 3480 - o
‘ ) » ‘ :" B‘??/
607 . .  650-700  Dumont 6202 . 1 gt
‘ - S : R R 2030

*Placed in front of photonulﬁjplier :

“All numbers refcr to Cornins color glasoes

_hbaird~atom1c broaa bhand inuerferencc £ilt or (tranqmits 580~72611u)

Hipag ird-atomic narrow ‘band 1nterfcrence filter (transmius 607 6 nu)

- Klnetics

‘Rise and decay times were studied as a function of wavelength, light

" intensity, and potential.

Variation of kineéics'witﬁ'wavélé-:th;:i*ypicai rise and decay curves

at 493, 792, 810, and 865 mu for qoaeraued sarmples (Eh 40, 35 v) are

| :shown in Figure% IV~8 and ”V~9‘ The riae timeo were' all i?V@PQPTyr

relaﬁed to the abmorbed intensjty from the dctlnﬂc source. Henceb :
alfforent sourceo, high opulc%l densit ieo, or the prGSGnce of colorea E

r0agenta could chanme tne rise conotants. The decay conotanus were not E

B particularly sensitive to these effects, “Although the time for half-

: rise was nearly the same for each band measured, signifiant ‘differences
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Fig. IV-8.
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Variation with wavelem;th in the rise kinetics of the light-

induced absorption changes in R, rubrum chronmtophore's at

E

133, 792, 10, and 865 mu., For purpcses of camparison
signal helghts are normelized mcl all siznals are shown &as
.positive. The actinié lamp was on for 0,4 sec. and off for
3.6 sec, Anaerobic corxditioné; 10"" ‘I Kz,Fe(CN)6 present to
keep By, = +0.35 v; 1 cm cuvette; 0.01 M phosphate buffer,

pll 7.4; OD at 880 ry, 0.70.
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Fig, IV-G, Variation with wavelength in the decay kinetics of the
light~induced absoriation changes at 1333', 792, 810, and
855 rﬁu in R._ rubrum chromatophores. Conditicns as in
Fig. V-8B, The bars represent the total gstimated uncer-
tainties m(:l.uc\ilingv-basg line drift and sample variability,

The actinic lamp was on 0.5 sec, and off 7.5 sec.
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occurred in the decay kinetics. The rise and deéay_kinetics aré complex.
The sinplest 1nuc"nretation of the data is a fi;st—order (or'pseudo first-
Order) Porward reaction and two par *ﬂllel first-order  (or oacddé first-

- order) decay (or oacg) rea c»iono (Figures IV-10 and v-11). ’éate cdn—

stantg for the ;1rst—oruer reactions are corpared in Table VI,

Table VII
Rate Constants for Photoabsorption Changes® -
[assumin& e first-order forward raact¢on (Kp) and two parallel
f

- first-order back reactions (Iiﬂb KB2)]"

davelength Ky (sec.) 'xm_csec:b K dsee.Th)
) T
| 433 163403 09fo02 'mzioméf”
792 '.i5,§ to3 . 17to3 0.4 0.1
810 161103 0 L.9f 0.3 0.4 £ 0.1
: ,865 C 1634030 0 LBL06 . - 0.9% 0.2

#Deaerated samples, By ~ +0.35 V.o

0

. These. aifferenv decay klneulcs ut alfferent wavelen o"t:hs ;ndlcate'f
:that the dbuorptlon changes studled belonv to at 1east threc different
'pigmcnts (Figure IV~9) 8 o o ' '

" Varistion of Vinet*cs with l*ghﬁ 1ntens¢ty A furtbef °tudy of

the linetic order of the decay react;ons involves cnanging 4'hf—* btegdy-V

- otate level of photoproaucts bj varlatlon of the ¢n01dent ligbt 1ntnnsxty. _

*Thls conulusion is only riyorous if we keep to our asaumntloﬁs hat
the various redox coupleg have only two forms.
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Fig, IV-10. Analysis of rise kinetics for 433 my as shown in Fig.
V-8, X, = maximum observed steady=-state absorption chéhge,
X = absorption change at any given time., The solid line is
the theoretical plot for a first-order reaction with Kp =

16 sec™l, Other wavelengths show similar behavior.



-160-

100 T | | | —
5] R, rubrum
<z[ o, CHROMATOPHORE S

y 792 m

Z 50F \% #

@
z=
QS
o 2
x S
5%::
o
<d
()]
3 10
)
(]
@)
r
a |
— 5%-
5 | | | | | |
3

05 10 15 20 25 30
TIME (SEC)

MU-30807

Fig. IV-1l. Analysis of decay kinetics of the light-induced absorption

changes at 792 mu in R. rubrum chromatophores shown in

Fig, 1IV-9. The vertical scale is logarithmic. Two decay

processes are shown by solid lines (i3 and Kpp). The com-

puted decay pattern (dotted line) was obtained from

Xoaln = @ €XP (-—Kmt) + B exp (-KB2t)

where X = concentration of photoproduced species, Kpp and

Kpo are first-order decay constants 2.0 and 0.46 _seC"l,
respectively., 8 1s the extrapolated Y intercept for the
slow decay process. o = total initial signal minus §.

time measured from when the lamp went off.

t i's
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A fourfold change In the's eady-state level produced less than a'20 DEI*~
cent change in the time for half decay. .This observatién strongly sup-
'ports the assigrment of oﬁe or more first-order or pseudo first-crder '
decay reactions to each of the three different pigments.

Yariation of kinetics with potertial. Wnile the rate constant for -

. the forward reaction, Ke, 1s nearly independent of potentlal in the‘,'
regiéns studied, the decay constant, Ky, is a function of redox -
potential., Figure IV-12 chows the variation of the first-order decay
' _constaht Kpy for the changes In the 865 my band in the potential range
of ~0,15 to +0.5 v.. The rate é@hstant for the 792 mu band showed simi-
_lqr behavior, The rapid change in half times In the vicinity of -0.05 v
suggests the reauctlon of a hiﬁmont which can then intera ct a*th the
photo-oxidized materials. |
The decay rates never become rap:d enough to explain the loss 1n

igna 5 at 1o notcnti“l (or, for that matter, at ‘high potential), Ior
the reactions dnscribcd hore the uthdj~5t ate concontratlon of the photo~
oxldized species 13 given by - ‘ o |

| | Pt Kr . Ke/kp
?;—:-I—;=F;3~ orPA _é-m'%

where is the initial concentration of the oxid*zable species, gf is
the concentratjon of the oxidized maferial, _f is the first ~orderhfore'
ward rate constant, Xp is the fast back reaction first-order rﬁto'cén;tan’c°

f = 16 5eCs” ~1 » K varies from 2 to 14 sec.~t hxperimcrtallv the uteadv—
state value of P+ would fall from 89 percent of to 53 porcent of P,
because of the increase in aeoav constant from 2 to 14 sec. l; hxper1;_
_mentally the steady-state level of 2: fell to 1ower than 2 percent for .

Kp = 14 sec. = (at &, = «0.12 v). These Iﬁnding support the assignment
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of the 1osse$ in thé steady—stéte signal %o the titraticn ofvpigments
required for the appearance of the light signal rather than those
hastening its disappearance. | o '

It is of interest to note that the decay rates tand to apwrogch
the same high value (KB =« 14 sec.™t) for each of the three wavelenwtha

atudied at high concentrations of Kuﬁe(CN}s (> 0. 1 M. (Figure IV-13),

Discussion of kinetic findings

Thé discovery of different decay times for different absorption
changes was ane of the most striking featurés of our studles on |
chromatophores. Thesenresults can be docunentéd by the finding of
Olson and Kok that, in chromatophores treated with phenylmercuric ace-
tate the behavior of the 433 mu band was consistent with very Sldﬁldecayg
vwhile the chlorophyli bands were wbre rapidly reversible.ll3 Howeve;,
kinﬁtiCO were not measured directly in this work., The difference in
decay times we have been considering suggests many other experimentSa
One extension of this work is discussed in ﬁhe'next'section, |

The exoonential rise and decay curves require further conqideration
because our theorles are certainly predicatnd upon bimolecular reaction.

A model 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, Kinetie Compardson wiﬁh Blectron Parammén@éid Resonanee giﬁﬂ&is%

2

Before 1eaviﬂp the experlmental discusslon of Dhotosynthoels in

'cnromatophores, we bhould eyamina our only major attﬁmot to relate tha

| In collaboration with Dr. R. Ruby, present addreso. Departrent of N
Biology, MIT, Cambridge, Mass, Thio material was publi shed in Ref.. ll&

o
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Fig. IV-13. Effect of ferrocyanide concentration on decay kinetics.
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Other conditions as in Figs., IV-2, 3,
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':wabsorption changes in these systems to other aspects of photésynthesisf'
Light~induced.eééctfon paramagnetic resonance (EBR) signals have
been observed in photosynthetic systems for many years§115sll6 A posi-v'
tive identification of the signal with a definite éolecular.species,has
proved difficulé on the basis of EFR properties alénen Thus, correla-
jtions of these properties with other physical measureﬁents have'béeﬁ'

sought . Independent studies of absorbince changes in photosynthetic

bacteria30,31,117 have led to the tentative detection of bacteriochloro
phyll.Qositive ion, thereby léading to the working hypothesis that the
EPR siznal might be BCh1™.1L5 mnis view.was strengthened by recent
work showing that the bacterlal spin signal could be produced by chemi-
cal oiidation,lo7 Parallel kinétic studies with both spectroscopic |
methods offered evidence which was not consistent with this hypothesis;_._

Experiﬁental'

The optical spectrometer was the ¢ne just outlined above, vThe'EPR '
spectrometer has been described in earlier publications.ll5 Chromato-'
phores from 5-day growth of R. rubrum were prepared in the usual fashion,
They were suspended in glyeylglycine buffer. The EPR aquecus sample cell
(Oﬁﬁ mm opticél path) was used for both spectrometers. Typieal experifj
mental conditions were: redox potential +0,30 v; pH 7.5; teﬁperature
22* 2°.C3 incident light intensities 1046 hv/cm2/sec; absorbance approxi- -
mately 1-l.5 éptical density unitsQ - | |

The EPR signal, S(ﬁ), was measured at the point qf maximum slope
of the absorption curve, and is grOportidnai to the number of obéervable
unpaired electrons. The response of this signal to fhe light pulse is
shown in Figure IV-14.  Also shéwn is an examplé of the growth of the

signal when the light is turned on (when an expanded time scale is used).
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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 shown are exponential

curves fitting the data. Sr is the normalized steady-state

value of the signal.



v .The growth may be described by the expresslon
S =S, -eThH o (TV-5)

and the decay curvc by the expres sion |

S(ey = Sae” “Hat + Sgte¥a't, with S = S + 5. (-6
§r is proporaional to the utcady- state of photéproduced spinsp;ga and
_§d' are propcrtional torthe fracticn of photoproduced spiﬁs decaying by'
Parallél paths withvunﬁmolecular rate vonstants k,; and gaéé k. is
approximately thé unimclecular rate constant for spin production.

As we mave seanb the chaﬁges in absorption show similar ?inetic
.respcnses altbough tbe time constants varied through the ﬂajor buﬂdS
in ﬁhe light-dark difference snectra, We compared the pﬁme course of
the EPR and optical signals, with the results shown in Pigure IV-15,
- Conclusioﬁs A

The following conclusions may be drawn from this evidencé: (l) The
rise and decay kinetics of the spin signal are the same as the klnﬂtlcs
of the 433 mu abscrbance changes, within experlmental error, Of the
major absorbance changes, only the one at M3J mu shows this close égree—
ment, Ne thus assign the observed EPR signal to the molecular Qpecies
which produces the 433 my optical change. (2) The.molecules regponsible
for the Pbsorbance change at 433 mu are not the same as those molecules
responsiﬁle for the absorbance change at 865 mu because of the much
slower decay rate of the 433 mu band. B

Unfortunately, we have little information about the nature bf the
-Q33 mu pigment., The difference band iz %ost often found as a 1afge-
signal in damaged cells (heat-treated) or in chromatophore preparations.
Even is we assune that it is the source of the EPR signal in chromato-
phores, there is ro guarantge that.thié cohpound plays an impoftaht‘folé

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

Normal
Extracts rabbit serum Anti-E serum

Phenylhydrazine
anemic sheep plasma 13.51+1.36* 3.91+0.50

Human urinary erythropoietin 11.88+1.11 0.28+0.07

Saline control 0.18+0.04

*
Standard error of the mean
. MU-32311

Fig. IV-15, Comparison of EPR and OD signals from the same sample
of R, rubrum chromatophores. Experimental conditions are

given 1in the text.
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III. Kinetlc Studies of Oxygen-evolving Systems

In contrast to the bacterial studiesy; most of the work on "green

" plants" has been done with whole cells, and particularly with the uni-

cellular algee, Porphyridium cruentum, Chlorells, and Scenedesmus, Some
general remafks are in order, |

Alméstlall systcms—-including the phdtosynthetic bactéfia—~show
two broad ranges of decay time constants for the light;minUS;dafk".

transients. The fast reactions in Pogphyridium or Chibrella have times

for half decay of abOut 0,02 seconds, Chloroplasts or chromatophores have
normal decay times of a second, but the reactions in these samples are
extremely sensitive to previous treatment and environmental conditions.,
However, there are also 2 class of reactions with time constants of
sevezal.minuteslor longer. For example, the cytochromes in some chrdmato-
phore or chloroplast preparations oxidize when firsﬁ exposed to light and
are nqt reduced in the dark for extremely long times (many minutes or
hours),lloslls Similarly, some of the.difference bands shown in Figure
ITI-1 for Chlorella display different kinetics on the first flash of
light as opposed to later flashes (Figure IV-16). It takes two or thrée 
minutes in the dark before the system reverts to its driginal béhaviorof |
These slowly'reveréing reactions could well beaof great'imporiance to
the proper operation of the photosynthetic'mechanism° Ebwgvers'théy

have been relatively little studied, in part because of considerable
technical QifficultiQS‘involved in very slow measurements. Also thére,'_'”
is a'strong presumption that the basic qﬁantum conversion steps aﬁd
reactionsfclosely associated with them will.show the rapid décay'

kinetics which imply rapid turnover.
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CHLORELLA CELLS, 520my

| flash /sample

AO.D.

100 tlashes / sample

T le—o05 sec—|
A light
light  off
on

MU.35815

Fig, IV-16. Kinetic curves for the 520 mu baﬁd of Chlorella, showing
the differencé betweeﬁ the response to light after a
very long dark time and the normal repetitive experiment.
1 flash/sampie: obtained in a stop-flow apparatus, about
10 minute dark time. 100 flashes/sample: obtained under

normal conditions of .25 seconds light/.75 dark.
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Omjnamly,, the whole cell responses u}"ow many s.ﬁmﬂarvtles to |
tbose of the bacterial chromatOnborc discussed in the 1ast_éecticn7
The sigrnals are almost always lacmlng_lnduction periods?%' This is
true even for thé’aignals produced by the first flash of light alfter a.
long dark time, Risg times were very sensitive to light intehsifiees
verying approximately linearly over the intensity range available to.
us, - Decay times, but not initial decay rates, vere much less sensitive. .
The decay kinetics usuaily display the two ecxponential funetions found |
for the bacterial kinetics, Unlike the chromaéophores$ one cqstémarily
_6bserVed differences in rige times in lookirg at the vgrious intenn@iiatese
Figure IV-17.indicatés same of these differences for Cblareilab‘-The wholef'
cell decay patternsﬂéhow relatively little difference from one'éompound
to another, probably indicating that the whble cell reactibns are closely’
coupled to_ee;chvo_ther° Representative absorption chanbe kinetics obtained
from normal , healthy cells are shown in later figures (IV-18 19).

Electron flow experiments

The great wealth.of kinetic data has pfoved relétively unenlightenihg
" upon close scrutiny, One would'hope, of course, for clear‘indiqations éf
wreactlon(sequonces dlong the elcctron tranaport paonway, fﬁ'fact' the
almost completc absence of induction periods under normal conditions
makes 1t very difficult to assign detailled reaction mechanld.sef:'
- Vie have ¢hosen to.apprcach‘thé problém from a diffefent standpoihto
As mentioned eurlior it is possxble to meaauro electron flow rates by
ﬂeaqurino the inlt}dl Q@cav rates from an 1*luminutea steady | tate. if“
we make such measurements under conditions wthh are known (¢ndgpendentlv)
- to influence the overall rates of reaction from COp to 02 we' can lock for

cocrdinated differences 1n|th*.k¢nepic' of the (presumed) interrealateoo

Exﬁeriments of this type are described below,

- #The m¢nlnum.1nduction period that could be determined is limited by the
on and off times of the flash (a few milliseconds).
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CHLORELLA CELLS, RISE TIME EFFECTS

430 my (Inverted)

. 455 my (Inverted)

440 my
light + “tight t [; light )
oTn off ‘ oTn off on off .
: 02
—92 —RE —e—

{wavelength of absorption changes as shown )

425 my {inverted)

4 dight g t gt g
on off on off
20
‘__;!é%__, N sec” >
Pig. Iv-17.

4

. Rise time effects in Chlorella, Notice the differences 1n the half-rise time for
the 430 and 440 mu bands. Excitation wavelength: 660-670 mu. Aerated Chlorella

cells, 0.0. 1.0 at 678 my, suspended in phosphate buffer at pH 5.0.
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One of the simplest starting points fbr an examina£ion of electron
flow was suggested by the Emerson "red-drop” and "enhancemént" experiu.
. ments (Chepter IiI). These showed th&t one'cculd influence electron
flow rites (steady-state rates of Op evolution) by’varying the wave~
length of the exclting ligbt. IT was to belexpected, then, that the
decay kinetics of the spectroscopic intermediates would alsc displéy a
sen=itivity to mtéitation waveiength. SGVeral_workets hgd reported that.
the %tede-Suate lcVCl of ehlorcphyll,”d cytochromes, 65 1191120 angd. | |
quinone79,82 1s closely associated with the color of the actinic hgm—,
employed. In general, lteraujonu'in the ccncentratlons\of reactive
'v‘speoies would be expected to result from differences in‘the rige and/or
decay kinetics associated with the photo~reactions. |

o

Experiimental

- Materials. Chlorclla pyrenoidcsa was grown in continuous culture

as described in Ref, 1, Chlorella ellipsoidea, Scenedesiusg cbliquus;f

and Porphyvridium cruentun were grown in cotton—slubg ed 125 ml flasks.
Chlorella was grown on medified Meyers' medium,121‘Scenedesmus‘On

Lynch's medium,lQZ and Porphyri&ium on artificial sea water, Cultures

“were normally used resuspended in grdwth,medium to an cptical dehsity

of 1.0~1.5 in the 680 mp chlorophyll band. |
‘Chloroplasts were prepared by standard techniques. 123 pichloro-

phenyldimethylurea (DCMJ) was purchased fram dePont de Nomour »

Wilmington, Delzware. 2 E—Dvcb10“00h0n01—1nd0phenol (DCPIP) was vur—'-.

chased fron K ard K Lahoratories, Jamaica, N. Y{ |
We used the digital memorx spectrometer forvthese stu&ies;l.The

- actinic scurce was the 500 rm Pausch and Lomb monoehromator described

earlier; used in conjunction with the stepping motor shutter. For some
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bf tkmée experdments we used a.150 [ ﬁungsten iamp aé a secohd aétiﬂic
source, In somé~experﬂhents 1t proyided a_qontinuous “backgrbuﬁd".light
which’was focused on the same face of thL gamplg cuvette ac the first

‘actinic beam. Narrow band interference filters}(“qird«Atomié) and
suitable Corning c¢olor giasses viere used to select the desired wave~

’lcngths. Typiéal filter half-band widthsfwere-5~10 ﬁu,' The pl Ouomalt1~

plier tube w’siprotécted from The actiide light with coﬁplemenfary filters.

Relative light intensities wefe neasured with a silicon‘céll

" (Hoffman Type 120 CG), Maximum iqcidént intensities were of the order

of‘lO16 quanta/seb/bm?. |
| Efrorsl |

The reprodu01billty of the data in th;se exporzment 's>iimited by
cqherent noise, 1ow frequency noise, and chanmeu in the biolog¢ca1
matériélé In practice, proper trlsﬂering and the use of utable power

supplies place the olcctr nlc noise level vell below tnc t'lololovlca:!.

o

oise', ‘lypical lmnlts on the da ay-to-day rcproducxbLllry of ﬂaoﬂﬁtude
'and rate data were * 10 percent and t 30 percent respectively for samples
of Cdmparabléapyeparation and‘treatment. Uncioubtedlys variations in the
pﬁysiologicél stété of . the organisms are prinéipal camponents produCing
thCQe fluctuatlons and will ultimately require specific investig gation. _
There 1s the presumptjon that uhc" Cluctuations do not réfiect'day—tOudéy
" alterations in the basic quantum conversion apparatu This pfeSuhption
13, of (.oa.rscs open to Qchrlmenfal test ' |
Reéﬁlts |

1. Decay kinetics as a function of excit&tion vavel nw

Qur first croerﬁnen*s were dL~L¢nCd to meadure tbe rice and dec Y
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¥
4

times -of the major absorbance charge kards as a function of the wave-
1ength of the actinic light. Typical “bscrption spectra and light-dark

spectira for Chlorella and Porphyridium cruentum were shown in Pigures

Iil*lg 3. o b&ckground-illuminaﬁion'(except.for that provicded by the
weak analyzing beam) was-used, 'Actinic flashcs‘were.brightjenqugh to
saturate the absorptioﬁ changes at each'acfinic anQléngth‘ﬁp t5 710 mit,

Ve fourd that, in general, the rise kineﬁiés were insehéitive to exciting
wavelengéh. On the other hand, the decay'kinetics of the absorbance changes
showed a pronounced snd uniform dependence on the coler of .the actinic.
beam, QUite apart fron anyv effécts of intensity. Excitation with ligbt

‘ of.waveiengths longer trén 700 mu, which we will héhcefofth call h§13

. produces much slower decay kinetics than does short-wavelength actinic

 Light, hvp (550-630 mu for Porphyridium; 6OC~8001mu"for Chlorella,snd

Fal

Scenedeﬂmzé)n- Some typicallexémples of these kinetic effects are shown'
in Pigure IV-18, hetlon spectra*:%hich plot rediprbcal ralfl iife or
initial decay rate as a function of exeiting wavelength are‘giVénkin.
Figures IV-19 and IV-20. In the case of Porphyridium (Figure TV-20) |
the action spectrum indicates that 1ight absorbed by the chlorophyll a
~ and that absorbed by the phycobiling participate to different degrees in
“the reaction-sﬁudied$ an observation wellxdocumented.by cheritypes_of
experimentselgu Table VIII_swmnarizes the time fo? half—dgcay fcr;ﬁhe.
atsorpance Chang¢s’we have studied %o daté‘v We concludevthat the initial
decay rate§ of.the absorbance,changés ére a strong function of exciting
wavaleﬁgth;'thé rates fall Shafply in the regicn of 700 mu. . '

i

o Effect‘of background illumination on decay linetics

In view of the relatively slow decay rates procuced by hvl, an

obvious experiment is the effect of a hackground of vy on the kinetics
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KINETIC DEPENDENCE ON EXCITATION WAVELENGTH

PORPHYRIDIUM ~GELLS
422 mpy '

CHLORELLA CELLS

normaLizeED AOQ.D.

425 my

ABSORBANCE CHANGES
422 my, 520 my, 425 mp.

EXCITATION WAVELENGTHS

560 mp, 650 my,
700 mp, 720 mp.

Light on (1) and off {})
as shown.

650

MUB-3597

Fig. IV-18. Representative decay kinetics induced by different actinic

.wavelengths. Experimental conditions given in text.
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"ACTION" SPECTRUM FOR DARK REACTION
L IS 526 my. band in
u Chlorella cells
. ,
_1of
[
N |
Z 5r
W T E (R N | 471'1 [ SR S U SN NN SRR SN SN SN N |
) of exciting light
ABSORPTION SPECTRUM
for Chilorella cells
|71
[&]
z
<t
| -
[+ 4
a
{s¢]
<t

550 600 650 700 750

"MUB-4262.

Fig, IV-19, Recirrocal times for half-decay asz a function of actinic
“wavelength., 520 mu absorpticn change in Chlorella. Part
of the ahsorntion spectrun is shown for reference., Maxinum

value abcut 15 sec"’l.
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"ACTION" SPECTRUM FOR DARK REACTION
422 mp band in Porphyridium cells

Lo oo b o e by e by sy T

A of exciting light

ABSORPTION SPECTRUM
for Porphyridium cells

ABSORBANCE

MUB-4263

Fig. IV-20. Relative initial decay rates as a function of actinic

wavelength, 422 my absorption change 1in Porpheridiun,

Part o’ the absorption spectrum is shown for reference.
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Table'VIII

Decav Kinetics as a Function of Lyci L”n by v2 or hvy

Detecting - At Ssamment or e for half decay (sec)
Organism - wavelength  Absorbance = _ , hvy hvy
' (tru ) N change*_- o ~excitation excitation
Porphyridivm - 340 - Reduced PH - 0.2 (0.3-0. 7)
405 Oxidized cxtochrowe(f”) 0.0l ..~ 0. 26
4122 - Reduced cytochrome{f? c O°O$ 0,16
Chlorella elp, 805 = Derends on excitation S :
' wavelength#® (0.05)8%  (0.28)%%
425 Chlorophyll, cytochrome(?) - . -
. (see Ref. 123) 0.02 0.21
430 Chlorophyll S ' 0.0z - - 0.21
620  ?(see Ref, 126) ‘ 0.0T 0,28
Chlorella pyr, 340 Reduced PN : 0,07 » 0.30
. h2s Chlorophyll, cytochrome(?) ' R
. {see Ref, 125) . - 0,07 0,36
432 Cnlorophyll 0.09 C. 24
k75 . Quinone comp eX°127 R
carotenoid ! : 0,08 0.25
- - chlorophyll b(??) - L
520 " - ‘ 0.07 =~ 0,28
560 Cytochrome(?) ' - e
650 - Chlorophyll b(??) : : e
{see Fef's° 51 126) S 0.0 0 0,16
Scenedesmus 520 . ' Quinone com Jex 127 . o
e carotenoidld - - . 0.05 0,16
#This 1list c”Tecbo tbo current 1iterature and the auaignment made by

the varicus authors. Aside from the specific works - 01ted the resder
sr eferrod to Chapter LTI for Foneral diSCUSSiODo

N

Py

#%The signal polarity is.a function of exc1tatlon wavele Tth (see Refs.
51,125). Hence these, tine constants may derive fr@n differoru COmm
pounds and may not be directly comparablec.
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produced by a [lash of hvl. This ex“crimont is a logleal analog to the
Emerson "Enhancement” experﬂnents°)9 e fin.os as Emersen did with Op
evolution, that'the slow decays associated with hv, excitation ére
speeded up in the préséncé of a‘éontin&bus baékgroundJillumination of -
hvs.  The most pronounced effect was seen with the cytochromé bards in

Porphyridium (Figure IV»21)9 Our preliminary experiments suggest that

 the time for half decay for the 405 and 422 mibands is inversely propor-

tional to the background intensity. A similar but smaller effect was
observed for the 520 muy oara in Czlovella and Scenedestus. De Kouchousky

and vork Thave PbCGﬂtLV reported qualita tivnlv similar resuits for the .

o . . Q
SQO"mu‘absorbanca cnange in Chlorella ond in Ulva, 94 Rumbers has-also

Icported systems 1n which decay rates were enhanced by using a second

flash of light in place of a contirmous backgroundéUo

" General Remarks

Effects of DOMU

Excitation with either hvy (710 mu) or hv, (660 mu) in the presence

of 10~5 1 DCMU yields similar kinetics and signal magnitudes to those

produced by hvy ir the unpoisoned system (Figure TV-22),

Chloroplast and nuantaqome nropu ations

Spinach‘chloroplasts.and quantasomesG were studied under a vafiety;
of reaction condifionso‘ These'included untreated fresh thoroplasts
and leaf hmnovcnuto, chloreplasts in “111 reactién mixtures (ferricyanide
or DbﬁIP) ard trlphOuPﬁODVTLGIHP mcleotide (T N) reduct¢on systems,
using eifther }20 or DCPIP-ascorbate as electron onor,123 hhn~ of the .
ﬁrokmn leal f dctlon. sho«cc rise or docav kinetic hrt vere 1nf1uonced

by the color of the actinic llﬂht (F igure w-23), ult%ouﬁh sections of
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EFFECT OF BACKGROUND LIGHT (550mp) UPON KINETICS

INDUCED BY 7i0mp- LIGHT

AOD

00051+

|

PORPHYRIDIUM CELLS

Absorbance Change
at 422 my

Relative Intensity
of background light
as shown

0] ' _ 1.0
TIME (sec)

20

MUB-3591

Fig. IV=21i. "Enhancement GXpermerit". Plash 710 mu, backsround 560 mu,

422 my varx in Porphyridium,
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0.16 0.24 0.30 0.38
0.D. OF BACTERIAL SUSPENSION

 MUB-3994

Fig, IV-22, Effect of 10~5 M DCMJ on 430 mu absorbance change in
Chlorella. Two actinic wavelengths were used, as shown.
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BROKEN GCELL KINETIGS

ABSORBANCE CHANGES
. 520mp, 430mp,
SPINACH LEAF "HOMOGENATE" ) 405my,  430mp.

EXCITATION WAVELENGTHS
660 my, 7I0Omp, 430myp

430 mp

Light on (1) and off (4)
as shown.

0.l sec

CHLOROPLASTS, DCPIP HILL REACTION MIXTURE

405 mp

MUB-3598

Fig. IV-23, Absorbance change kinetics in various broken cell reaction

mixtures. Preparation of materials and reaction conditions
are deseribed In Ref. 123.
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the whole leaves from which they were made showed the general behavior

reported for green-adlgae, - - .

Anaerobioser

Low oxygen tmnSﬂon can also maioriaTJJ affect same of the rise

‘and decay rates., Ve feel tho@o eL;ects are not >qu\cicnt to eyplain

the large changes in rate observed on changing wavelengths >ec&uae the

[oF

eeay Ta t 25 wWere sbah]@' for e time (manv minutes at fbeso low cell

_conccntratxo 8) before the cuvette wert alaerobic. Aeration.could never

nake the nvl-*nzuc ad decay CONWPH”U_utP with thoso found with shorter
wavelengths,

i Intens;oy “Cﬁoﬂuench

A yreliminarx study of thc Jighf intens ity‘depéndence of’the absorbance
change kinetics was undertaken, The results' f‘interest‘here are:
(1)'rise énd decay giheﬁics in these green and red algae show soﬁe
Intensity dependence, the initizl rise rates zre directly rclated to
intensity; (2) the effects descritved in-this paper are most pronounced

at nigh actinic intensities; (3) taken as a whole, these intensity effects

2

-are not sulficlent to explain the results ascribked to actinic wavelength.

It is intere stirp to note ubﬂt rexaraloos of the deumilea meuhanlum

involved, much of the data prnuontod an this paper can be conveniently

%umﬂarizeu in terms of the fmerson "red-drop" and "enhancement® experi-

ments on Op cvolution. To make this comparison, we need only assume that
the rate of O, evolution is directly related to the steady-state rate of
electren flow through a series of reversible redox reactions. We can

convert our kinetie data iﬂtO rakeg of electron flow if we measure th@
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initial rates of the dark reactions, A deta: led scussion of the
- assumptions required to relate rates of Op evolution to the reaction

rates of clectron ’transmrt intermediates is given In the next chapter,

b
e

olc aissumpticn; are not )Jolmc,ulur egtrictive, an 4d would be con-
sistent with most proposed mect enisms {or pno»osmmes‘ioe

Thus, we inter preb the drop in initial decay rates cbserved at
loﬁ-;; excitation mvelerzg’chs (F,L‘;L&".., IV-IS; 19, 26; Table&’iil)’as
reflectmr; the same phencomenon that AiCI’Séﬂ observed when he ;omq thut
the rate of Oy evolution in Far-re i~;ut was :“uch sicwer tnan in l%b‘c .
of shorter wavelength. PUrthemore, we feel ’Uh@ increase in the "far-

wrt wavelength bgCKJ,TOWd l..L,r‘t is

(1)

red" initizl decay rates when a

b=

added (Figuee IV-21) is closely related to Lho "enhancement” 01-02 evo}.u-‘

tion rates in similar experiments. Finally, the ol()"' cca;; rates observed
for UC‘vT’*trcatec. algae (Iu%re I\f~22) are consistent vich the marked inhi-
bition of 02 evolution in <these cases. e feel .,hac the ch m:;es in decay
rate.“' jﬂvolved are 1ar“*e enough o exp ain ’chc cu.tezationu in he Stéadyu_
state éoncentrétions of photoacti;v’e i :‘cennediéi‘:eé‘mehtioried m the intro-
Guction (Refs. 51,66,82,119,120,128), This is particularly true of

Porphyridium where the "enhancement" in decay rates can be quite strixing.

From the fact that A‘host or all of the ught-—da: airr erence hands
show the seme oua 'tative cffec LMQ we can d.raw some g,encr .1 conclusmns;
Fiprst, following ti‘ legie used by Emewnon for the cxygcn 1”csul'c% we
find: |

(l) Two or more light-driven reacblons have bee*l demon»i, a’ccd at
"cbe spec n,roocomc level in terms of xinetic beravicr of tﬁe optical_

density changes absorbance.



(2) These light reactions can mterac‘c with one anothor.

- Our studly can also point to the made of the iInteraction between

ay
the two light reactions:

(3) Genarally speaking, the— products of the light reaction interact

with. each other &t the level of "d

derk’ recovery reacticns. This follows

frog our primary obscrvation that Luc major diffe erence betveen hvy and

jon

vy excitation is a difference in decay rates ratlﬁer'tﬁr_ rise lrat_eso
An even mere direct demonstration of the type of interaction arises from
the ""'V'O-—-....L he'" experients ‘v.,r}iere there was & oDGLd-—u}') in the decay
reactions produced by .hvllv;e:hen hvo was added as backgro n _ lighto

(h) Tne whole cell ersviroﬁnent sccarﬂs té he required for the Cffl-
cient interaction of the tm-iight systems because c"xlcr*o"1 ast preps

i
2

tions which were physiologically active for TP for"w tion or HMill

)

reactions éid rot show <..I1_] of the whole ce 11 effectv desc 1” =_br~o above;*

' The conclusions reached here concerning the phow,wmx,mtlc mechanism
have, for the most part, be-en reached independently by other mrkers using
- many difi’erenfc ’cechm.”ue - Observeations of ﬁlixesef’c;q;es are most fr—e-_
guently used to support the brcad outlines of T}I"C I~ii11—-Bendé.ll iechanism

'l 2

discussed in Chapter III, which postulates two light reactions cooperating

03 » A,

r: serles with each cther. Hather Than ucvclopmg this pomu of view

e

b

further, we will discuss triefly 'tm aspects of th is work which require *
some cfxor-t to f:xi. Into thc Hill-Bendall r:i.ctur@.'
First, in connec‘i,.Lon with the crﬂbmcwmnt experinent shown in

Mlgure IV-21, it should be polnted cu‘o that the fastest decay time observed

¥Rumberg has reported a ,peciallv treatea chlorOplast aygtc—m vkuch does
- show spectroscoplce interactions of two light reactions, The reasons
for the difference between his system and curs are not clear.
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in the double irradistion experiment (40 msec) 18 considerably longer
than the 10-20 msec decay produced by 560 mu hxcvt tion along (Fisur

W-18), Turtheru nore, the absorbed intensity of 560 i light used as

I
Al

background illumination in this sxperiment vas I‘if‘ty tines that of the -

700 my flash. Thus, there does not seem to be a sim ’e guantui-for—
quaniun interaction between red and green light., The sinplest esdplana—-
tion consonant with the ser J”es';neczmzis*h is that hvs drives both light

reacticns approximately eiuulms thus leaving very few excess guanta to

couplc with the flasn of hvy. An al’cemative explanation is that the

coupling of the two light I‘O""uiO"l“ renre ed by this enhancement of
decay rate is, in fact, en inefflcient process. T

Second, to pursué t‘nisﬁ latter argurent a bit fur‘thém the "c.h_loro~
plast preps :“atiom; deseribed in the test showed good quantum yields fo* R
- 83Y, ‘“M-q reduction with 0. Dut they showed rone of the kiz:c;t:ic effects
ascribed ‘co the presence of two cooperating light reactions, nor did they
show significant "ﬁm&aﬂcauvnt” effects as measured by TPNil, reducticn
_a‘;c ‘139 These oﬁé;em ations might lead us to conclw*ﬂ that cf‘ficient
photosynthesis coﬁld w-.veil-r’equiz’e only oné plmﬁdchemical reaction.

In concluuon,, altboug,h the cor'r spordence uc.,crib"d in this pa.p"ér" '
Letween 'cne opeptr ‘COplC results.ano. the oxyg;en evo'lution experiments

5 quite emour@.g,m, poth as a tool for furchrr \*wdv ané as evidence

L-h&t_th&‘ abslarbane@ changes are mch@r dirgctiy if!@l@.%:@éi to the protom
s:m‘c;';eti'c processes, J.t should' be rem@nbered that the molecular tasls
fbr., ard the importance of, the fmerson enhencer 105'5' effects is -."écill
unknown. L A |
The exberimcnts on the o;fnctc of the color of the L.ctmxc be

on reaction kinetics led- naturally to an mvestigation of the interactions



hetween the rhotochemical steps when two actinic beams of different
color were applied together, We used a flash of,one color and a steady .
background or, in sanc CaoCS, a. 11abb of the other color, Some of

these results were conoluered (p. 179) uhon the enhancement ex pcriments

vere prosented.

Double excitation experiments

The prominent difference pands in Porphvrid‘un (the MO °5 cyto-

chrome signals and tne 7001qu cnanue assoo¢ated thh cn]o ophvll) ﬁrovide

strong evidence for ube pre sence of two 11bht iven.feactibﬁs; vThere
dre four asic eyperﬁneu‘“ +o con siders . o |
| (L) A fldsn of nvl on & Lacxbrounu of nQé
(2) A fldoh of nvl cn & long flash of hvy
(3) A flash of hvy on a2 background ofthI'“>
‘(4) A flash of hvy on a lo r flash of hvl
The exper,nental corudi’cionu were verJ similar to those of the expefi-
rnents Jjust aescrlbea. The uGCOﬂd light source Was also cquipned witb a .

stepping motor shutter fox some of the oouble fldu exnerlngntso ‘

Results

" The firsﬁ experiment 1s just the enhancemenﬁ studj already referréd
to (Figure IV»21}. It wﬁll he remembered‘that the.very slow,decay
Vipotncq induced by fur—red exclitation were speeded up consldcrabiy

when a background oF a?ort vvvo]nnwfh I*ﬂ%t wWaS al 30 presenteda The

~internretation offered was that the 560 mu excitation actu a¢lv ”1veo

both nhotoreactions, thus leading to the net oxidation of the.Cytochrdme

and to the bulld—uo of an undelfined oouvae of rouunmnﬁ ﬂ*rnt, This view

iz co nfirmed by the double flash work. Because of problems»with'filtering

Sooa
LT
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the actinic and detééting ﬁeams; these experimenté could not be success-
fully performed for the chlorophyll band. |

The complimentary study using flashesrof hv, and backgrouné light
or long flashes of hvj ofbvided additional information Figuré V24
Shows the cytochrome bands at 405 mu (pooltive signal Indicates CJtO—'E.
chrome OX1dation) when the actinic beam was 560 mus It also indicates
the results éétainéd when a strong background light of 710 mp was addea.
The double “lash expcrlncpt strongly supports the obsex vaclon that a
net reauctzon of the CJtO”hTOTG occurs whcn a sultable ox1 iation level '
| has been achievod by means of Hacydround llght (Figure: IV»259 dete051ng
wavelength 425 mg, & Dos*tivc defllection indicates cqtochrore redacrion)
. Some of‘the in QFEQtlH& aqpects of the reaCulonq can he brouoht out more
strongly by varying the intensity of the bacxground light. See Figure
IV~2M again. for the single flash result at 405 mu; Figure IV~26 shows
the double flash result for 425 mu. Notice, firs‘c9 that bipolar rise
and d;cay patterns were.dbtainedé It appears that, kinetically speakiné,
the initial photo-oxidation and photoreduction reactions, as well és the
dark reductioh and‘pboto re~oxidation by the background light, proceed R
independently of one another;' Second, the photoreductioﬁ reacti&n and.
in some cases the re-oxidation by background light are-quité slo%_steps;

The interpretation of these results in Hill-Bendall terms is rela~
tively straightforward. The part of the meghanism which concerns us

here can be written:

X 2>y S (IV-T7)
ot K xroe 0 (@e8)
Cyt "933‘“50%"' e 2 )

where the light reactions are summary formu, rather than the elementary

reactions themselves., Thus, the action of the two photo~-steps 1s predicted
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EFFECT OF RED BACKGROUND ILLUMINATION

Ton

PORPHYRIDIUM CELLS,

light off\l,
: : ]

405 mp

Actinic Light, 560 mp

Relative Intensity, 1.3

Background Light, 680-700my

Relative Intensity of background
light as shown

. ‘5 .
TIME (sec)

MUB-3595

Fig. Iv-24, Effect of red background (hvy) on kinetics induced by

green (hv,) flash. Intensity effects are also indicated.
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PORPHYRIDIUM CELLS, 425mp

hy| = 680 my

hvp = 560 mu

2.0 sec al

ny, oi\'ly_/

—

hy, on hvgon  hyp off hy|off

MU-35825

Fig. IV-25, Porphyridium double flash experiment. Detecting beams,
425 my, Actinic beams: hvy (680 mu) on for 4 seconds,
hvs (560 mu) on for 0.4 seconds. Dark time: 4 seconds,

The absorbed intensities of hv; and hvp were comparable.
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PORPHYRIDIUM CELLS,

A O.D.

hy, on hv2 on

425 my

hu| =680 my
t i)

hV2 off hvl of f hvo = 560 my

MU-35817

Fig. IV-26. Double flash kinetic curves as a function of hvy

intensity, Other conditions as in Fig. IV-25.
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to be antagohistic-one driving th@.cytochrome more oxidized, the second
.driving the cytochrome more reduced, Remember that the 560 myu éhotons
can excite both reactions;—presumably‘the rate constants and cohcentra—

tions being sufficient to produce a net oxidation. 700 my guanta are

- used In the hvy step mmeh more readlly than in hvp, Eoth the high

'.‘steady~state level of Cyt* and the slow}dark reduction of Cytt aftér-i
' 'exposure_to 700 mu.lightvconfirm:the prediction that an ampunt of ' XT -
would be formed in far-red light. For the photo-oxidation and photof -
reduction--as well as the‘back-reactions-~to appear togéther, we must.
b_postulate scme method of ﬁweak coupling' in the system. There are foﬁr';
'general ways-bf explaining the apparent kinetic independence of coupled
reactions, A large pool of tha'X-X" couple would have this effect. A_
small amount of %~X", or even Cyt—Cyt+, could suffice if we postulaté |
steps which allow these compounds to interact with the environment, sucﬁ
as . | | |
X+5 === x~+s- L (W=10)

where 'S, st arebsubstrate materials. These methods work by making the |
concentrations 6f 6ne or another of‘therinternmdiates approximately inde- -
pendent of the Teaction conditions, A third possibility is that the time
constantg for the oﬁposing reaétiqn are .s0 Qery different that the fast  '
reaction can proceed nearly to completion before the slow step 1s "felt".
Lastly, e could be dealing with strictly indépendent parallel reactions, |
'»involving non-equilibrating pools of cytochromes.

Each df these alternatives hés certain advantages andAcertaih diffi-
culties. The first three are consistent with the Fill-Bendall pleture. -
A very slow step isiperhaps undesirable.in that 1t places a slow rate= .

‘1limiting step on the overall process, lowering the quantum'&ield. Too
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much 1ntcractioq with the env1ronment would permlt the partlal reuctions

(oxvgen evolution uelnf a substra&o electron aCCeptor, €Oy uwtake usln&

a oubgtrate electron donor) to proceed independently of one another‘s in

conflict with the well~known stoichlometry of normal photosvnthe51
Certainly these possibllities are not mutually exclusivan and they may
all be in part responsible for:the kinetics we have seen. Independent

reactionsiinvolving,only a small amount of interaction is the only way

 suggested that runs counter to the Hill-Dendall picture of'seriesflinked

photochcmieal steps.

The;slowness of the_pﬁotoreducﬁion and phéto renoxidatioe can be
eXplained by the mechanism suggested above.: If we write ogé the rate .
equatlons ssmciated with Egns, IV—73 u, 95 we have for the flaeheéfféctw

baudt = -aTX/%, + KDElCwt] S ()
2 dCyu/dt ~01 C/CO + K[X~][Cyt+] 'l‘ | ,. (IV-l“)

' where the AI*" svmbolize the change in abqorbcd inten81tie° due to the '

flauh of ;60 Ty 11ght “he initlul ra,e of cytcchrome reduction, dCy‘c/d’ca

is seen.to be a balance of txo OppOued DPOCGQSQS and measurement of it

does not tell us how efficiently electron are being transferred. Again ‘

i we must rel; on the inicial decay rate when the fl sh 15 extingulshed.  n

The rapid reouction at thig voint vnuld be interprcted as the "enhance—'"
went“ phenomenon we have seen before, The alOW re~oxidation or recovery
fron this reductiVe splkc“ is a bit more puzzlinv since it can be much f

slower than the original 700 mu produced oxidation prior to the 560 my

flash (Figure IV~26) Aga.n one could poutulate a balance of opposinc

rates so that the true re-oxidation rate is never observed. |

we have vpoken mainly of the POPDhV”LdiUm oytocnrame(s) Interestingly ;

enough, P7OO uhOW“ essenunally the same feature of photoreduction by hv2
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if hvy 1s present as a backgrourd light. Although our expériments were
limited to sing]e flaéh‘eyperimentss Fipure IV-27 indicates the bipolar
rcactlono obﬁerveq w1tn a fl 80, of rel fi&eiy weak 560‘ﬁﬁ.lightf The vv -
700 mu detecting beam oerVEd as uhe ”“l Hacxgroun& excit atioh,ﬁ we see
the oame,qgulitatlve rgsulbu: a fa st ﬁhoto»oxidution, a slower photo- :
reductioﬁ; then when the flash is over,_a»very rapid reduction is fol- |
'loued by a slow oxidauion. | o | |

N‘Lhou+ tjinf ours elvcd,too closely to a partlcular mccbanism "

these res hlto Sug"est at least for pﬂOtOoyntheSlb in Pormhyriulumj '
. (1) Two or more light reactions ére_pfeéent,
‘(2) These reactions ﬁorks at least in party in oppositioné—that is;
§ne upplymu oxiaizxnv pomcr9 the other reducing power. - | o
(3) The reactiono are, at least in part cooperative in Lh;t thcy _
act to an unknown but finite extent on the same ﬁntewmediates.'“ -
(4) The coupling hetween the pho»orCaotions i; relative1j weak but

the Impilications of Lhis couplinrr for overall r&tes or quantum cfficiehcies

are difficult to deternine.

Ch~orella and the obher green ilgae studied did not 3hOW tnese pro~
.,nounced effecte involvinb bLWOldr kinetlcs. Whepher'this reflects-a

- difference in rate constants or in mechanism is not known.
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705 mp ABSORBANCE CHANGE: INTENSITY DEPENDENCE

Fig'. IV-27. 705 my absorbance change in Porphyridium: 560 my actinic’

flash, the detecting beam serves as hvy background actinioe

light.

I=|
+.0002-
MMA .
1:3.5 . Ll
A gl MMMWWWWWWWNMNWWW
0. |
D.
0002 1=7.0— PORPHYRIDIUM CELLS
Actinic Light
560 mp
Relative Intensity
as shown
0 J
on light off
]
0 0.5 1.0
TIME (sec)
MUB-3599



Chapter V. THE KINETICS OF ELECTRON TRANSPORT SYSTEMS

Farlier we examined in summarv'form the ways in which the Pihetiéé

- of photos;,mthei:i'cv ,systéms rnicsht vary f'rom the problems of interest in -
siﬁpler éases, Two major points were made: }_E‘irst5 we wish rate laws":

in terms of inierwediate concentrations (instead of reactant concen-

tratlon"), second, we need a formalism to deal with Lndepcndent reactive

units which contain Very Tew active molecules per uni We will explore
these two problems in a more quantiﬁat*ve.farhion in this chamter. |
The reactions we have been cons idcrin? can be treated as a aet of

R

consecutjve bimolecular rcacticns cf the type:

A+ B ~§i~—§ C+D _'  I (V-1) -
C + B hig_f§ A+ F co '_ "",v _ (v-a)'

are.A lgﬁ gé etc, érc Lntermedlateo and the h’s are rate COnotuntS
which maJ inélude light aerendenu ternﬁ. The rate expresaions for a
set of such reactions consLsts of & SAL of mlmultaneoua non—llnear dif-"
ferential equationo. he yeneral case, tne%e equations can only be |
solved numerically or'by analog c@nputersa Several approximate methods
can be made.ﬁo yield useful information,130 - »
We sre basiqaliy'interéstedlin how much the kinetics dan'tell us |

about the photouynthct’c mechanism. In the absence of a falrly good

' guess at the dntailed elementary cquations and xate constanus, it would

bhe hopeless to attempt to f‘;mu scme method of plotting the observea
klnetlcs against & acrived functlon of concentvations of reactants to

"prOVe“'or ”digpPOVe" a proposed mechanism, even given the high—speed
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computer facilitles now available. We have décided to use a less
satisfactory but more manégeable'approach-namely, to use a few very
Simple model systans, Even these éré,generally not soluble in‘clésedj ”
fdnn, so‘that we bave resorted to various approximation meﬁhods to
achieve some "feel” for the impoﬁtant parameters in the kinetics of‘a
such reactions. As austartiﬁg peint we have selected several

characteristic features of the experimental concentration-versus-time

curves and studied the way in vhich comparable féatures_in'the medel
system kinetics were derived from the rate equaéions; For these pur-
poses,; shorter versions of tﬁe Hill~Bendall mechanism served as a good
place to begin.-rWG found that some parametérs wére faifly easy_ﬁb esii—
mate, These included (1) initial éoncentraﬁiéﬂsb (2) initial fates of
reaction, (3) maximal rise rates, (U4) steady-state concentraticnsg-(é)j 

terminal induction pericds, and (6) initilal decay rates. Quantities -

" that were much more difficult to calculate were (l).maximal‘rates‘of:

reactlon if they were not the initial,ratesa'(2) apparent rate constants
or half-times for rise and decay, and (3) the points of inflection for

the complicated kinetic patterns sometimes observed.

5
P

' Reactions

The mechanism we.propose to study 13 giveﬁ beloﬁ.‘ The_columnjoﬁ”;
the right indicates how the reactions are related to thé HilimEendall'
mechahigﬁ.  : : |

| Net reaction:

Moo+ N S RN Y] B '(V-3>'i-
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Elementary reactions:

A X —Ey o+ x Protoreaction 2 - (V-U)
:.Af_f M _Kl > A 4+ M . Terminal oxidation . (V-5)
1D ]  »-f£Z‘“§ Q- :+_ X . Electron transport  (V-6)
N o+ c_-;_.ﬁél.}_ cf"+_ il . Pbotoreacc1on 1 V-7
. Cct+ s -—§3~¢§, c «* Q | ‘A Coupling of svstew S
- v 1ond 2 (v-8).
. Q + 5 === o= 4+ gY . Interaction with ...
< . o : potential oettlnb“_' -
5 ‘ - esubstrates: . - . (V-9)
| where Ko 3 ¢212 (A{AO . X/Xo),w anq ﬂLl ¢111 (C/C )+ o CV-lO) :

Assume that M-, N, §;‘§ are in VCrx hlgh and hence conotgnt concp1~
tration compared to the 1ntermed ﬁes, Ay gf Y, X, Qﬁ Q “},gf,

" Then deflnc-

Ty hl [”]a Ry Exy (8], Kgos (5'[343, )

¥I, is the light intensity absorbed by photosystem 1. This quantity
i8 not dependent on the concentration of C because the reactive centers
are present in very small amounts compared to the absorbing pigments.

- However, the reaction rate does deperd on the concentration of C since

. the absorbed quanta can only be used 1if C is present. Thus, the
dimensionless quantltv (C/CO) is simply The reaction probability for a
= given intenul A similar treatment 1s needed for the other photo
reaction. It should be noted that throughout this chapter we have
used the steady-ctate approximation for all of the electronically
-exelited species which are involved In Lbc eﬂervy transfer reactloﬂv
discussed in Chapter I. :



Rate L,qudt ions

We next write out the differential equutiOns for the concentrations
of the reactantc,,, productu, and intermedlates as a function of ‘clme when

the .;y tem is illuminated.

ar/as = -ky(At] S - (V-12)

/s = 95000 S 553

gh/dt = —¢212(A/AO‘X/xb)H + KltA+] = —dAfyaé_ (V-14)

AWt = T WA KA b IGDEI] = ax/de (V-15)
":dQ/dt = =lx7)el + KS[C+][Q‘]_—K4Q +EsGT = —dQ”/dt-“(V~l6);

i !

Q0/as = —nTy(C/%) + KyletIRT] act/dy (V-17)
The ¢'s are guantun efficiencies, the I's are abooroed moles of

quanta/ cm? /second,

Initial Condl‘b.Lona and Rate Constanw

A.gide from the order of magnitude as'sumptlom we made above to plclc
out. pseudo~first-order reactions, 1t 15 Qifa 1cu¢t. to "guess" rela_t.we
concen‘cmtions O.L thc ac’t,ive mools o; the :lntemedm’ces, .For simpl;_‘ncity‘
we shall assute that allithe. poolo are;of equai sizei gbfgaggt;vggﬁg Gye
Let us assume that in the C&dI’r( the couccn‘crdtion o;. t} e reactive snecies :
A%y X=, ax;d _C,_ " are zero, Assume that § }has a redox potential in the ram—;e‘
of normal cell potentials and henc'e. thedark concenémﬁion is not zéro.
We chose @ to be largely oxidized in the dark by wt‘cim‘ ‘the ratio of |
Ks/ky as 9.0, L B

It 1s also dlf‘f.u,ult to make @ EEJ_Q?.L a::mgmenta i‘or the values of
the varlous ra‘ce constants. | Let us assume. uh_o.t Ki 1{2 1{3 B 3 and _'
that K, and Kg are much gmaller, We need ’L:his-_las’c assumption because

a reaction such as (V-9) really represents an uncoupling of the oxidation
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of ¥~ and the reduction of Ny with $ and % substituting for the rormal
electron donor and acceptor. ‘ucn raactions are known but are ﬁuch

slower than noxmal photosynthetic PO&CthDQ, ve also as uhe that

’ ¢l == (;)2‘:: 1°

Inltiél Qate% of Reaction

“Using the dark stationary—state concentrations and the differential
rate equations we can obtﬁin the 1pd1 >ing, 1nltial ri 36 rabe¢ for uhe

_various compounao.v S : ‘ _ AR : }' s

(@i/de); = 0 R ﬁ#iS)t
@ae); = I, T )
ey = L = @ @)
(@X%/at); = ~Ip = -~(dX~/dt); o S CQ*Q;) |
(@wds)y; = 0 = o(@w/et)y o @e2)
ac/at)y = 0 = '-(dc*/atji S 'fE”' (V=23)

Thus, all comooundg thch are d;ractly associutpd wlth the p}oto—

chemical steps show intensivy-determined ;nitlal r tes, Other 1nter4

. medigtes-bave zero initial rates. This generalization‘wOuld»also hold

- for any rimber of eiectron transfer intermeéiates in réactién; of the
type: | /, ‘ _ ‘_ . v
' ~ 4+ P —a-uu_g P-4+ Q o o  f o (V~2ﬁ)
of coufse,‘it'is assumed »hzt the Lime scale on wixich tnese measurenents

- are being made is long COmpaTﬁd to the rlse tyre of the actxnlc flash
énd also ldng corpared to the time it takes for the electronicdllv

excited species to come to their gtatlonary~utate concentratlonso.
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Inductiﬂﬁ‘Perjods

Exact calcul tiono of induction periods are VCP& difficult. I—Z-.bwevérP
gdod awproximations to the Tirst corticn of the rise curves can be cb-
tained by use of the injtial ribe r'a.uo v - .

O If (aasar) ¥ I, o (v-?o) |
tnCn the ini»l&l h@haVlOP of [A} is avallable by int egratLOn,'“' a

By - Ipt - L wm)

[a) ¥ |
amd [AV] Y It IR R : (r-26)
Similarly, | o L
¥ M-I @
(€] % ¢ -1yt B L -29)
e ¥me o wls0)
I A Ilt - s | T -3

sing thnso functionu we can Cutﬂﬂabe Q(t)

awar), = -GLela] + k3[c *T )
= JO[Tot0R) + 1<3£Ilfcj[cgf]i"v 4.;5:_'(v..33)

Assune that the terms in K)Q and:K:Q- arve negligible. - Initially
[Q] and LQ‘} do ot chdnge much from thclr dgrk steady-state values, o

50 that we can integ rate ln this simple ftmmh

Qle) = G - KIst 2/2 § ri + K3I £2/2 (Q Q) L (V=34)
Rearransing: - . PR
AE)/Q, = Q% (1 - 1{212’6 272 - KgTy t?/2} + K3138%/2 (V-35)

Since the first time-deperndent term is quadrat*c, some lag or "‘nduction"
phase is always to be expec“ed, Of course the lag period, to be
observable, must extond for a sufflcicnt perloa of time s0 tnat 1t can

be dl¢t¢ngulshed from the linear rilse. ratos of -the primary 1ntermed1ateo.
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We' can 'attempﬁ to pldcé ‘the "observability‘_’ of the {nduction pericd on

a quantitatlve basis by calculating the time it takes for Q to react a -

certain amount.  If wé-choo'se, arbitrarily’, to def‘ine-the "induction |

t:.me“ &s the time it takes for Q to cnangrc by 10% of QO, and if we sub-

stitute in values for @; and (°);, we find that N
<t1h3~<01/(05¢2>—olw3@ﬂ/2 - (V-36)
= 9.00, QF = 1.00, K, = 1, X, = 1) o

(t )10 % reaction -

Yy
: We next need to estimate the time it takes for A“' o“' C’F“to undefg?o' B
& change of similar magnitude. This is obtained from Egns. V=26 and V-30.:
) = 0.1/I, R V=3
| al’ld (&) = OV/I; . (V~38)
.A plot of the "induc’cxcn ure", as defined 1n Fqn. V-36, is giVen in
Pigur’e V~l. The heavy straight lines mark 'che rcgion.., where _ i
(6,044 or (c2)g+ 2 (t1)q S (v-39)
The following interpretations are, perhaps, in‘cuitivély correct:
I (b,1)g > (60t AD (61)e+ . (Vhoa)
- then Q will show noticeable quc.drauc chardcter.,' ' o
1 (e (et &R (t et ‘_y (o (vkon)

"~ then the m.sc of mll look :L:meeh . In effect, _theée éases
are just .tho se of the Light l"eaCuJO}.S being rate-limiting steps f.‘or the
formation of Qs " Under these conditions 8 cm‘ chan<,e no faster than ‘its-
DPrecursors., o ‘ . | | |

Notice tvhat although this treatment has asgumed particular valluésv_
for the constants, changing the vdues of Ko :<3 or the initial values: o

Q" would be. nquivalent to uloplacin,,, the entire fanuly of curves

_verticc.llJ or horiz ontallv.
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INPUCTION PERIOD AS A FUNCTION OF LIGHT INTENSITY

-]

.50 .25

25

.50

2.0
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MU.35816

Fig. V-1. Induction period as a function of 1ight intensity. (t,1)q
plotted as a. function of I; and I as given by Egn, V-36.
The heavy lines mark off regions where (t,1)a% or (£ 1)c+
are greater than (t 1)q (Eans. V=37, 38). Ko. inductlon period

would be observed for Q in these regions.
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Three factors limit the observation of the quadratic portions of -

the rise curves in an actual exﬁeriment, First, signal/noise ratios
may be poor enough to preclude secing such effects. .Second,.the light
flash has a finite rise time (1-2 milliseconds in our'experiments).
During this pefiod induction phenomena will be observed even for the
diréct phctochanical reactions, third, these calculations are approxi-

satidns, based on certain assumptions. If these assumptions are not -

met by the particular case in point, the quadratic portion of the curve .

might not roticeably arise. The detection of a zero initial slope, in
respongse to light, is sufficlent evidence for that compound Eeing an
intennediaté rather than a direct photoreactant or product.

We can explore further the conditions under which an induCtiQn
period would be most pronounced. first; Inspection of Eqn. V=36 and "

. Figure V-1 indicates that for any values of Iy and I, such that

[N

.05 K31y = A5 KoIo a very long delay phase is expected. We can calcu~-

late the relative tlo%time for Q and for elther gf or A, whichever is

the faster in reacting for twoe limiting cases:

a.) 12 >> Il
(t;l)Q' | Iz o
(t,l)A+ * (KBII - KZIE)L/z jIKVfAID :
b) Ii »> 3[2
(& 1)q Iy

- (t.l)C+ ¢ (KBI]. - Kng)l/g

Because of the rather complicated dependence on two light steps; the_éf”

only simple predication genersted by Egns. V-U1, 42 is that appropriate

variation of I; and I, might well reduce the denominator sufficiently =

to produce a leng relative rise time,

) .'
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If we calculate thn duration of the induction period rathor than

its relative value, we find‘

tinduction £ (t.l)Q - (t.l)A+ or c+ ’ B ., (V"J"B)
Since t4 2 0, we find on substituting Eqns. V-36 or V-37, 38 into Eqni
v-43, o
' 172 ‘ -
0.1 - 0.0 o
: B . (V-
BTHETI-0B L T R (e 1) TR (v=44)

Assume that the Il term is small, then ti has the form

EE

tdm a - ,@__ o ’ | (V"AS)

~ This equation leads to Figure V—2 which plots

& 1 e SR
ST T Shash
for /o= 0,01 ’
tmax and I for Thax can easlly be found | o
E s gy
. e~ S , o o

fhﬁs, asAiéng a3 the initiélia#sumétioﬁ#lréiain t:ue;;we.findlébejvaripus
‘ constants do not chaﬁge ﬁhé shépe of the éurVe;‘ﬁut §nly act és scéle |
ffactors. Smﬂilar conuidcrations would hold for Lhe alternative assump~
, {‘tion that K3Ty >> Ko, -
| We can now make some qualitativa predictions for the observation -
'of induction phenomena In l;gnt«driVen electron transport system
(1} The duratmon of the lnduction neriod should increase at low
light 1ntensiuies, but at very 1ow 1ntenwities the photochemical reactions
will become rate«lhnxting and the effect will disappear.
(2) The relative durafioq of the induction period compared to a

similar portion of th@ rise curve of Lhe photochem;oal utcps will increase ,
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ANDUCTION TIME AS A FUNCTION OF INTENSITY .

MU-35810

Fig. V-2.

Induction time as a function of Ip. See Eqn. V-46 and discussion in text.-
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.. at high light_intensities,» Tﬁis effect can increase wiﬁhcuﬁ'lﬁnit, -
but instrumental'parameﬁers will place an upper 1imit on the time
resolution. . | |

- (3) For intérmediaﬁes which lie befween twb light'reactidns (such
as Q in our mechanisn) inductioniphenomenon will be observed fdr'inter-
mediate values of,light Intensity.  Such induction periods:shouldvbe;”' 
,sensitivex'tp either an increase or a decrease in elther I, or Ip.

We can extend this general line of analysis to_meéhanisms'wi@h”7"
more eiectron transport steps both between the two light :éactions of 'l
. at either end. | |
Fir;t, conslder a series‘of electron transpo:t feactions at[pne'
end of the overall mechanism. The general form of these reactions is:;

Byt B s a5+ By ‘ . 'f .(V-Mé).‘w
where the B's are the reduced forms of the 1%h redox couple and the
A's are the 6iidized fdrms. | | |

The first step 1s given by _

| et A — B w0 -
_ where‘e“ represents the light-produced reductant. The assumptions'
we have previously invgked are (l)’we are still in thé linéar'portion ;; :
_ of the rise of e” sé,that | ’ | | | v v_ 1
| | A | | e~ @ (e“")i.i' .o _,(v_..s'l),._'
and (2) the dark steady-staté'conditions were achleved befdre the light.
was turned on. - Then, if Qé calcuiéte,the initiélvrise behavior we find
ehat 2O

dﬁ ' .
so

—ayoe T2 (vs3)

1
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Similarly, . , |
| T ?_l}..j.‘. : (;i» Iti : . . o | ' B | (V=54)
dat ’ ' IV ‘ :
£0 that L _ | . B

If we next consider intermggiatésswhich lie between the two light
réactions_We can éharacterizé a'steé b& how far 1t lies from:the light'
steps. Thus éii;is tpe gff_redox.couple:froﬁ iight reactionll and_the.:
iff_couple from light reaction 2;.'By the same arguments'givenlab0ve,- -

| gy o=l (V-56)j
As a CheCA we can note that the R2 @ couple in this notation would have
1=J=1. Then , . _ ,
| Q(t) = (g = B)t2, as we saw.before RO _J;E ”(V"57)

Induction periods can be caleulated as we did earlier..

- Meximum Rise Rates

We will not be able to calculate the maximum rise rates fora
general electron transfer otep, even usxng approximate methods. However; 
the maxi‘um 90551blc ratee can be calculated in a very sﬁﬁple fashion from
the initial concentrations. The maximum rise rates for our mechanism are

derived from the differential equations (V-12 through V-17).

(dA/dﬁ)mx = I, e L T--;(‘_J,-'.-SS)V
(AX/AL) ey = = Ip R . SR o _‘(V%59>‘
(/) = =Ty T L (v=60)
(/AL Ipax %_ | hoXoOo ér - K3COQ ) hhichevegrgiter 1lkv;61)A.
(dz’i/dt) = - 1{1% ., (V-62)
(@ )méBx < (v-63)

2
e
T
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Thereiis one very Important conclusion avallable from these equa-

-+, tions, The compounds which'are direct partiqipants’in the light reactions

have maximum rates which CAN INCREASE WITHOUT LIMIT as the.light Intensity .
jis inéreaséd.* On the-other hand, (dQ/dt) can neVér'eXceed a cgrtain->
maximun valué; regardless of how much'higher the light intensity is
| raised55¢This result can be expressed in another way. In any mechanism
.,bf the tyﬁé we‘are congidering the 1ight~driven steps can always be
. mage mucﬁ faéterithan the other steps. |

Thus we have a general test for distinguishing light-driven réaétiéns
from dark:feactions by measuring the maximum risevratés as a function of
- light intensity. Such a tes# should work even if‘no induction;period ié
- readily observable or if the signal has a complex time'course.giTﬁe |
- actual experiment isllimitod by the rise time of the actinic lamp an&

the possibility that very high'light intensities would be required.

Steady-state Concentrations

If we solve the differential rate expressions (V=14 throughbv;l7)'
for the steady-state'(by setting all the reaction rates of the inter- |

mediates equal to zero) we find:

I, xR = kT  w-st)

I, (MA)(X/%o) = KL¥-(@) = O tr6s)

L L WA = KOHIII R (V-66)
)

T (W) (%)

#For any light intensity presently obtainable with high intensify-
- flashes. At extreme intensitles we could no longer assume the
steady~state approximation for the excilted states. '

¥#lWe have neglected, for the moment, the X,Q, KSQ“'terms,'

]
i
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We'have‘fbur eguations in four unknowns (remembering that the sﬁm |
of the concéntfations of the oxidized and reduced forms of each coupiév
equals a timé~indepéndentvconstant. Thougﬁ we cénvsglve ﬁhésé.eqﬁétith 
expliéiﬁlyﬁ the resulting expressions contain roots of a fourth‘ﬁoﬁer
polynomial aﬁd are cumbersome, to'say‘the'leésﬁ. .A‘much simplér_approach
emplovs the following equations which.are derived_frdm the stead&-staﬁe'

golutiors and the st01chloﬂmtry

ms=stwxw[MwM] L -

[x-1g = X, - [Xlg S L (v=69)
B A e w0
o= g-faly @A
lic_*jS = Ky [A Jo/ks (@7 ]n | . o ) |
(€] = ¢ - [C*), T s
no= ok W, @)

_ We can solve thesg équaﬁions by seiecting vaiuéélof any ratio.of
concentrations and & light intensity and then solving for thé other con-
Ecentratidns andklmght_intensity;: Typical solutiqnsiaré given in Figures
V-3, V-4, and V~5,‘showing the steady—state concentrationé és é fuﬁcinn o
of I and Ip: The constants Ky, X,, and K3 were set equal to 1; |
Ay = X0 = Qo =Co = 1; Ky =ﬂK5 = 0, Several features of theoe plots are
of interest ‘to us. First, the "push-pull" effect of the two photo~ |
”eactiona means that most of the redox couples cannot be completely .
oxidiued or reduced bj lwgnt no mafteh how inten - uecond, the lith;‘.
saturatlon curves of the intermediates are samewhat differnnt frem one l
another (Figure V~l) It should be possible, uith c@reful and accurate

saturation data, to galn some Information about he oequence of rcuction
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Fig. V-3. Steady-state concentrations of intermediates in the mechanilsm given on page 198° °
as a function of I; and Io. Detailed equations and conditions are given in
Eqns. V-8 to V-TU and page 210.



RELATIVE CONCENTRATION

o

®

o

S

STEADY-STATE CONCENTRATION OF OXIDIZED INTERMEDIATES

as a function of I,, (I,= 1)

MUB-5693

V-4, Compariscn of "saturation curves" of the intermediates. I, 1s held constant as

I, varies from .01 to 100, Conditions as in Fig. V-3.

100.
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RELATIVE STEADY- STATE CONCENTRATION OF A

90 .80 .70 60 55 .53 5l
o 100 T T T 1 T
-1.51
10.
T —-153
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I,
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.80
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(o] 10 I 10. 100.
' I
MUB-5694

Fig. V5. Steady-state concentration of A as a function of L and
I>. Lines connect equal concentrations of A, Conditions

as in Fig. V-3.
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Steady-state Rates

Knowihg the eleméﬁtarv réactions and thé s“eadv— tate concentru» :
tions, it is an ea;y'ﬂatter to calculate »he oteady—state rate of the
overall rea0uion. For the r&rticular case uc %avc bcen treat no,b

- ‘_‘...dﬂ/dt - vavvee = Y, (v-75)
| ‘Since [A+] is 6fese5t in same finite con contfation; 1t is clear
bthat this model dloklayc "1ivnu—>afuratjon" of the overall rate. Atj -

‘.bibh 1nten31tles the raue becomPD 1ndenendent of intenoit*. | |

| ,This‘model al,o contalng the onbancvment phenomencn we bave upoknn

idf pfeviously. F:gure V~5 1s revlotted in qove&%ﬁt d’“”erent form from
Fig gure V-3, It shows the atcadv-utatc coqcentration of at as a function

.of the two light inten>1 3 the lines connect OQUQl c0ncentratlong.of
A*, _To measure tkm overall rate of reaction Qe need only this one num-
ber. To ohOW uhe enhancemenu effect 1et us do thc follomina thought - |
experiment. alculate the rate of ﬁhe reaction us jnU "far-red" light |
(say, I = 10, 12 = 0, 1, since pure cxcitatlon is not practicable),

The rate is approximately 0 08, HNow use gu"ﬂ ”red" light (I3 = 0.1,

Is = 10). The rate'is 0.09. The sum of the two 1ndepenaent flashes

is 0.17. However, if the two lights had bccn given simvlbureou 31y,

| the combined illumination would have the’ composition Ilw= 10.1,

I> = 10.1, which would produce a rate of O. 47, an almost thrmefold

greater value than the previous "experjment" B

The effect 1s based on thetfact.that the overall stgady;staté rate
of the reactions,driving electrons in §erieé musé Ee novfasber than the'i
slower‘ratelof quantum input, Hence most of "I;" is wasted in the |
"far-red"_lighﬁ, most of the "I," is wasted In thé ﬁréd"?light; siﬁce

the rate-limiting step in both cases is very slow. The combined lights
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By substitution,

| | s -
raise this slow rate from 0.1 to 10.1, a velue sufficiently high so that
other reactions gécome iimiting (ife:, fheAcombined rate'is not 10Qefoldvv
greater than thét of the individual S@mnq as WOuld be expected if the
SJchm wWas rﬂsponding in a linear faehlon) |

Refore leaving the topic of steady-s tate rates, let us return td
the question of the offect of "uncbupling" reactions such as:

Q;_.ﬁ’&“ R S (V~9'?

T We rearrange the steady-state equations as shown:

n S oy e e e

(dM/ t)s

= KAl = KX g [l - (V-T6)

(a/ar)y = KaLeTI) 1975 + KglQ7)s - kylad, - -T7) SRR

- but

Gt [0l = Lol s @A)y o (v-T8)

Thus

i

(@/et), = (@I/at)g = Kg Qg - (K + x,.>[@]s o '(v-79>5

‘ Depénding on the values of the con%tant- and the concentration terms

the photo-reactions ccn,t”Ms rroceed at ulffercnt rates. The effect

- will be strongest at low iIntensitics since the consumption of M &nd the

production of'gf are sensitive‘tq theblight intensity whereas the K5 Qc"
erm is not. | .
Thus, the "decoupling” effect of this type of feaction’is'readilyv

apparent. As mentioned previously, it 1s thought that this sort of .

- process 1s not too Important in steady-state photosynthesis whére-the“

- rates of oxygen evolution and carbon dioxide uptale agree to T 108,

\
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Steady-state Quantum Yields

.Unlike the steady-state rates, the quantun yiclds diminish with.
increasing light intensity. If we select an efficlent. combination of
Iy and I, (say, I = I,), the relative quantum yields drop as shown

in Table IX.

" Table IX

Quantun Yield as a Function of Light Inténsity

' . Quantum yield
Intensity of elther . .. Rate

ight (I3 = I,) R CRE
oOl ' O.5
i O.Ll v
1 . 0.15 ’
10 0.023

The quantum yields generated by this mechanism have the form

b = ¢y = ol ~° for low Intensities ' :  (V-80)  
6 = Rdy _ for high intensities ' (V—8l)
o e o o C . :

- $o = Guantunm yield at zerb'intensitQ;

Decay Reactions -

The rate eguations for the decay reactions-are:

ar/at = -~ K] vs)
aN-/dt = 0. i T _’* o (v-83)
arat = K [AM) = - antas o wa
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K] = -axvas o L (v-B5)

ax/dt =
av/at = <Ky[x71Q] + K [CTIQ7] + K5 0 = Ky @ = - d0/dt (V-86)
3C/de = K3[c+]{Q~] = ~actzae L oL (V-8T.

Although this is a simpler set of eg uatﬁono than the cornlete qct the
non-lirear terms mave it too aifficult to solve in closed form.® Thus,
“we will tum to the type of appreximations used in the earlier parts of

this chapter,

Initial Decay Rates =

- Assume that the 1lluminated steady-state vas échieved, If we
‘examine the system rangly enough after the light is extingulshed, the -~
concentrations of the‘intermedlates will_have changed Only a negligible_”'

3

amount from their steady-state values., The initial decay rates are

thus: | | S o
(dA/@é)initial = KAl g,,-(éAf/dt)i'> o o Cvfsé)

'..(dx/dt>i R ] [0 = —(ax/et)y o (v-Bg
(an/at); =0 =m(eavar)y o (v=90)
(dC/dtii; mf'R3[c+] () = -dctan), . (veon)

We then expect that @, the. one compound whicd does ndt infefact diféétiy
with the I*Mbt, wi 1l show a zerc initial-decay rate énd the atfeﬁdaht
induction . neriod; The othe” intermediates show thelr maximum decay rates .
as the light 15 extinguished. | |
Another important obs @rVation is the expected rplationahip between

the initial decay rates of the photo~reactants and procucts and_the

#Aside frcm roting that A" = (A+)d e~ Kot where (A*)y 1s the concentra~
tion of A% at the t»me the actinle beam 1s shut of1.< :
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steady-state rate of electrbn flow, For' the closely coupled case, where
Xy and.gs are zeréb o . _ | _ _

O awan, = @y = K @)
Refe:eﬁce to Eans., V-6 to V-67 and}V;SB_to V91 indicates’that the
initial decay rates for ﬁg X, and C are juét.equal to tbe $teédy;state

: eleétron flowvrate as poétulatea earlief (page 151). If ﬁhe two ﬁhoto-
steps are paftially uncoupled (Ky, X5 # 0), éacﬁtphofo;reéction achieves

its own steady-state condition. Then

@var), # (@/as), . L. @3

_Ebmever, those intérmediates involved direbtly.with_tbé.reaction_of M
will show initial decay rates équal to_[(dM/dt)él while thosevinﬁplvéd
with tbe.formatién of R* will show initial decay rateélbf:j(de/dt)S!,
It must be emphasiéed:that.these.relatibnships.aré ordy valid if a
steady-state was reached during 11lunination, and if the écmﬁounds
involved have an iﬁtensity—dependent'term~in_theif raté‘éxpressioﬁs

vhich accounts for all of the net reaction in that direction. -A vefy _ 

fast reaction with a direct photoproduct could approximate these require-

ments. It may appear that ﬁhe‘initial,decay fate'calculations.are of

the same type and importance as the calculation of the steady-state

rates (page 214). This is not so. The 1atter results are only avallable

ifvthe mechanism 1s khoén,»ﬁhereas the relationship between thé‘ihitial'
decay rates and the steady-state rates is quite general within the limits
_‘set by the assumptions just.discussed. As we have seen, initial decay
rates afe, in practice, a véry useful tqél in comparing experimental

results with the (unknown) mechanism under study.

F)
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Inductidn.Périod for Decay Reactibﬁs

We -can proceed exaétly as ﬁe did for the induction period AS50~
clated with the rs@e curve, As beforeg X and C Vary linc“rly du”iﬁv
the flrst phases of the dark reaction., Thus,

[l - K36 - (Vs

(x7] =
| vhere Kp = K [X~Igl0l4
and [c*] = [O*]  -m3E | - S (v-95)
' ot 9 e : '
DT iC = b3
Ké- = _Ké for a closely coupled system.

Substituting these values into the raté'expression'for @_yiélds;'v"'

0= @), 2 (G + D@5 = Kglp) + - (V=96)
§ con increaze or decrcase quadpatically.or stay essentlally_congtant.
This erpression does not contain 1ight inﬁensiﬁy.a; an cxplicit_variéblé;
We could work out in detall the same type of rolation°hi that we derivéd_
earlier for the_durationland relative magnitude of the induction period .
associabed with the decay curve, but invthe~absence of aééﬁrately known
constants i1t will suffice'to say»that the qualitative behavior is rather
similar to Figurevvul,‘ It is pessible, at le”"t in “TlﬁClpl” :to perform»
the same type of GXOGrimeﬁu SUZEEeS tc& ‘ezrlier where one var;eu the light -
intengity and.hence the steady-state level of Q, hoping to £ind that
critical gezion where the induction p;ase 1.vcxtended greatly foL

2 2.

gmall change 4in light intensity.

Maximum Decay Rates
These rates can also te estimated in the manner used for the maximum

rise rates, which yields the values:
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=RhA »' SRR -" V-97)
0. . _ o - (V-98)
KA, = ~ (qA /A )nax f L " ‘ CV—99) C

dz”I/dt )r"eu{

i1

i

(GA/Gt )y

i

(@X/dt ) ax  ék9X0 R R CL LN (V-100)

@VAL )y = = E¥ R - Ml = - @/dtY, - (V-l01a) ”

or - + K00 + X *qO : . ;(V-lOlb)
370%0 50 :

(@C/at)ay = ¥aCly = (dﬂ*/dt) (V-102)

max
Thnse calculations support the concluuion drawn previously about the
value of measuring}risevand decay rates as 2 function of 11 t 5ntenolty.
This completes th&_@etailed . caleulations we will perform for this'
“type 6f model system. The nex, uectlon explores i’ A more cualitat*ve
fashion the. comnlex rjsa and uccav curves that have been ob;orvnd experi-

mentally. Analog computer methods will be uxjeflj cons drred as an.

attractiVe way to gain further insight into these corolex Uattcrns.

Complex Rise and Decay Kinetics

Ve have_been focusing our -attention on tle variou ééectS»Of the {
kinetic curvés which_were readiﬁy.accessible;to a quantitative:or éemin
quantitative study. :HOWGVGP, we have réally only dealt,with.a;smgil o
part of the information cbntained in such’curves and, in faétg we héve f'
said aBﬁOSt nothing of the more strlk*nu lb"tures of the time courses
obtained experimentally--namely, the "over noot"" "two~pha e rise
and “bipolar rise" curves mHWCh fere_il]uatrated_ochcmaticallv in Figure
V-7. Actual kinetic curves have been presented at various points in o .
our diseussion (see Figures IV-17, 21, 24, 25, 26, 27). |

- Two conditions need to he met vefore a system of coupled reactions

can show kinetic effects of these types. First, three_or,mdrgsintermediates
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are required. Second, there rmust be one or more relatively slow steps
which determine the overall approach of the system to the 1lluminated

or dark steady-state. One or more relatively fast steps will then be

- be sufficient to produce complex kinetics of these types.

Some qu&litative calculations can bhe “””dLCutCG on these condi-
tions, The kinetic curves in .hLCh we dre $ntero 3ted have the zroperty
of a peint with zero slope after the induction pericd and befqre reaching
st@adynstatv. The rate-limiting step has only the steadyustate as a

point of zero slope (except for the induction period). Thus, we can

- solve the differential equations for these pointe of extrama by setting

the various rate expressions to zero INDEPENDENTLY of one another_(if
they are all equal to zero simultaneously, we h ave, of course, the

steady~-state condition), If it is possible to malke reasonable approxi-

I

LS

mations for some of the non-linear terms (such as A = X for.t; initial
phases of the reaction), we can calculate the concentration at which the
particular intermediate has a point of zero slope. To decide whether

this point is & umx1mum5 n¢nﬂmxn9 or inflection point we need to know

the éteady—state concentrations, Such an approach l* "ctually more

quantitative than might be thought at first glance, Hovcvnr, it is onlJ‘”“

- really applicable to cases where there is a well-defined rate-limiting

step.

Analcg COﬂyutation '

A modern analog computex prOVLQC a rapid and accurate method for

graphical: golution oi the sets of linear and : non-linear differential

' equationk that we have boen congidering. This appreoach has been used

relatively little for chanéca¢ kinetic proble“u, but a copious literature



is,avaiiable on the ﬁx;hc;ers ard use of commercia; ‘Instrumentati ow,*31 132
.and no difficulty vias experlnncea in aottlnr up HGChoﬂlﬁmB of ddely
varying com plexﬁtv A sample circuilt diagr am for the mechanism we have
been analJzing is uhovn in Plgure V- It takes pprox*muteiy two to four
hours to draw out and "paten’ a proolem.of thﬁs size. Systematic Varia;
';ﬁion of four and even five rate constants‘is feasibleg'requifing abé&t
elght to sixteen hours of running time. Obvicusly, & considerable "feell
for the nature of the solutions can te deveidped if one explores kinetic
pfoblems in this mahner. %We used a lafbe 160 amplifier urdt (plec»ronlc
-Associ&tes, Inc., Long Brahchs N, J.) at the Lamwencé Badiation Laboraf"
tofy in Livermore. Only a few. of the results obtained will be' surmarized
vin Tipure V-7, Notiée how closely the éxberimentél curﬁes-(Figufes

'IV-i?, 21)‘can te simulated by a model such aé we have been using, _it
should be realized, however, that the transient'behavidf'patterns are ndtn‘ 
- severe tests of the overall mechanism; For example, any more complicated m

system and sone less c*mplicated sets of reactions will also account for

“these transients. In fact, the reactions do not even have to be bimolecular.

A clbsed cycle of first-ord;r’reactions w111 a1so have sufficient}pomplexity
to_gén~*ate curﬁes'oflthese typés; "The computer analvéis, choied ﬁith the
qualitative calculatién‘ alresdy alludeu to, is more revealing for the
explanatioﬁs it provides for the complex reaction'patterns» These explana—'
tions can probably be‘t&ken'over‘to.a rather general form ‘whilch could,

of course, be very us eful in chenninlno re3001on seqguence, . For exdﬂ)le,_‘
the "o ersxoot"fpatte  arises because a relatively fast step is followed
.at sone léter ﬁoint in;the-electronltransport chain wiﬁh a relstively

slow step. During the initial phases of Lhe reaction the fast step may

I
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MU.-35828

Figo v"ﬁo

Analog computer circuit for basic mechanism (Eqns. V-3 to V-9). Standard symbols
are usedl3l and initial conditions are Indicated. '
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COMPUTER RESULTS

Ky=Ko=K3z= | Rate Constants
=04,1,=06 as before, but

I, :
K4 = O1 124,156
Kg = .21

t 1 : ? 1

on " oft on off

MU.-35829

Analog camputer results from cireuit shown in Figure V-6. The initial corditions are

. B ~xa
shown in Fig. V-6. The values of the constants are given.
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proceed relatively unaware of the slow one. Howeveﬁ, sconer or later

the overall rate will be set by the slow step, and'thus the steady-

,wtatc level of thc fast reacting component will undergo either a '

uran%ient overQhoot or undershoot. This point of a "slow" follow |
reaction is well taken for the 520 mu absorption chahge shown inI 
Figure IV~17. The overshoot is normally seén av very‘high 1igh£
intensities. lLowever, when DCMU, aﬁ inhibitor of electron flow,_is_ 

added, the overshoot transient appears at very low intensities, This

' - indicates that some step following the photopreduction of the 520 mu_'

band is the one primarily affected by DCMU. Similarly, the two-phase

rise.curve develops in those situations where one intermediate takes

a rclat1Vely long time to make a major change in concentr tlon. ‘Thén
intermediates that are "dowmstream" and which can react rapidly will
reach a pseudo_steady«state early in the reaction from which they will
shift as the slowly changing compound assumes its final steaéy—state
value, Of course, the magnitudes of these effects cannot be predicted 
from éuch crude considerations. But.even the qualitative information .
is valuable in studiés of complex réactions.

We have seen that a simple Hill-Bendall type méchénism provides a
suitable mathematical model to describe most of the qualitative kinetic
patterns that have been measured expérimentally. It has been possible
to deduce many of the prbperties of electron transport chain kinetics,
even if complete solutions of the differential rate equations wére not g;

feasible, Some bf our predictions are quite suitable fbr experimental

teata, particularly those involving light intensity experiments. Finally, o

we point out once again that tbe awreewent betweent theory and experiment
at this stage of our discussion is suggeotjve that reaction syotems of

this general kind are 1nvolved in photosynthesis, but the actual
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verification of the propossd mechanisms on strictly mathematical grounds

is sbill beyord our reachs

Derivation of First—order Kineties ' -

The most significant feature of the kineties of the phétoSyhthetic:__
reactions €hat is not explained by the model considered above is the
first-order rise and decay curves which we and other workers have rcported 315;?5
First-order kinetics do not arilse éaéily from & set of bhnolecula; reactions
under the normal conditions of solution or solld state chemistry;'unless
one of the campounds in each of .the coupled roactions is present -in large
 _excess;“ This assuuption would be inconsistent with the known concentra-
tions of actiye species in the photosynthetiC'reactions and with the con-
centrations as measured directly by lighfadark or oxidized-rediced dif-
ference. spectroscopy. To‘pursue this matter ﬁore quantitatively we need*f'
two pleces of information: (1) what is the smallest indeperdent unit
which can perform the photochemical steps of photosynthesis and (2) what
are’the reagent conqentratiohs within_such'a unit. There is fairly wide-
“spread agreement that the sﬁall subcellular fragments we have célled '

"quantasomes" and "chromatophores" are thé physical containers which
enclose the "photosynthetic unit", 'These units are Certainlyvindependent
of one another in the isolated preparatlono, Only linear dependencies of
rate upon particle concentration have been reported.? 'Recent measuremenﬁs'_

of the concentrations of transition metals within quantasomes strongly

¥At very high concentrations of particles less than linear relation-
ships have been noted, but these arlse from the very strong abuorntlon
of light under such condltlono.
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suggest that the actual number of active molecules of any one type per
~ Quantasome is very small indeed'(Table X),133913u’135 approaching one

or two active molecules of each specles per quantasome,

Table X

| Approximaﬁe Numberé'of Aétiveﬁ Molecules ﬁer Phoﬁoéynthetié Unit

Intermediate ' © Number of molecules or equivalents

or Metal Ion par wit (mw = 1 OO0,000)
Chlorophyll - , R , 1
Quinones: total o .20
active (ca., 10%) o 2
Prosphate: total 150
' active SRR . 7
. Fe: . . . total | 6 ‘
‘ cytochrome [ 1
cytochrame bg 1
CCur total e o3
' - plastocyanin £ 1-pt#

ey

¥Estimated from data in References 13 3§ 13&

##Reference 135, @ ¢

Thus we are‘facedeith kinetic anéiysis of a father uhusual reaction. -
E uyst@n——namoly, we must predlct fne bsbav1or of a very 1arge number of
independent reactions, each reactlon bclng able to influence only a

Yery small number of molecules. Recent fbrmulations of chemical kinetico

in terms of the theory of stochastic processesl36’137 provide, in principle,
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the most satisfactory nethod of.analysis of such a problen, The detailed
procedures in&olve& in ﬁhis appéoach‘becmne rather complex, evén fof very
. simple cases such as 2A = 137 | L

We have developed a different method which is considerably less

_ ele?ant;'bfoVides:léss information (d per ion terms are not calculgted),

and 1s much eaoier to menipulate and relate to the chemistry,

_ Consider a system of N independent reaction cells each containing

no more then X reacting molecules., If X is avvéry small number'(§;<'10)*3""

the observed kinetics of the total system of N cells can be dul e dif-
ferent from those obtained if the total rumber of partlcles (BX) were _"'
- allowed to react‘uhder'normal solution chemistry conditibné;' This

- difference in kinetiés 1s not due to any change in the elementary
reactions which the molecules undergo‘because of thelr relative iSolé—
tion. The pehaQior of the total system can be predicted in & straighte
forward menner. The critical factors are the mechanism of the reéction,
occurring in the cell and the‘number of reactiﬁg molecules within the
cell. | | | o |

Let ny be the concentration of cella which contain x reacting

;ZQIO
molecules of type A, z_reac»in¢ nolecules of type B, eLc.- xgyzg.. are
small integers : with any value between Ofand‘XgYn.,p-; Then, in general,

x= R o

BT Mt BT L Wi e 00
: X=0 - =0 S _

where A, gﬁ... are tre concuntratlons of roactants in the total Qolution.
Our problen is to calculate uhe concontratlona of the various types’

of cells’(noo .3 Mo, ,‘etc.) as & function of time° As the chemical

‘reactlon proceeda one type of cell is converted to another, Ixplicit

calculations thUo require a knowledge of the nechanism 50 that we know
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hat interconversions are possible, and a knowledge of tﬁe rate éonstants
for these "cell reactiéhs" which we can obtéin from the concentrations
of reagents within each cell and the i trinsic-rate constants of-thé
chemical reactions. Our assumption that the reactions within a cell
proceed 1nd,yendéntly of reactions iﬁ'adjoining cells reauires.tkat the
conversion of one type of cell into another type is a fir 5u~ordcr proceso9
thus yielding for our cell reactions a set of coupled first-order rate
equationz, It ié weil knovm that such a system yields exact solutions
in closed form.238 These solutions are in fact expr éssible as a serles
of exponential terms with various coefficients and time constants:

nxy..o_(?) . ({;'Oy.,,.)"EE.."(K()-""’°‘)JC
H {0y, e Ky ot . o (v-10h)
+ (Czy.,.)e"(K2Y°'°)t o
The C's and K'= will be related to the explicit mechanism for the -
chemical reactions, The cormection with the macros copic observables such
as the concentration of A, B, etc., is given below:

For a generalized elementary chemical reaction,

aA + B 4 .. > cC+ D+ Joo . o [VL105)
we have: . E : |

va.,. - K{xwn) (y=b . oy
' n){‘,’..i [ ' '> n(x“'a)(y”"b)uoh R ! (! . ) o ) C (V—lOG)

Ny 4&)(va2b) —

- vhere Ky, = yx3yP A L S (Ve107) oo

Kraw1r5 how the nx,,cs cén react ‘and PnowAno the va,n pevmita tis '

,to write out the rate equations for cells of various typeo.; -

%{1 = wKyy rmy." B (V-IDB)
SeRlh) - ey nxv-K(x-a)<y~b> n(x-a)(y-b) e (F309)

ete,
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As remarked above, these sets of equations, being linear in the variables

Ezifé? cantalways_be solved in closed formf*‘ These solution§ plus the
initial conditions allow one to‘caléulate;the "Crs" of Egn. V-106.

Thus we expect ggz_genef&l chemicai feaction to yileld sﬁms of
first-order kinetic_cufves? By way of example, consider the simple
bimolecular reaction: E# v o

| A+ B K | - S (v-110)

- Assume that we initially have in all of tﬁe cells 2 molecules_of
A, 2 molecules of B, and 0 molecules of C} The possible cells are then

n220s nllls ngo2s
- no oth@r combinations of A, B, C m§1ecules/cell being available under
the mechanimn and initial conditions. |
How are thesé three types of cells related to one another? Thex.;

flow diagram is also determined simply fram the mechanilsm,

. X220 X131 . q y -

gy 222~ mpy SHde ngg, R e
The cell rate constants Ky, K,y are caleulated from Eqn, V=107,
Bpo = K@@ = B . (v-112a)r
Ky o= K@) =k L A2y

The rate equations for the cell rpactwons are‘

, ggo ~Kezo ne20 = -“kkngzo_‘ ":. S s
-5 +Kaz_o,naao =K1 mu = Moo - leman U (velizp)
'- ‘d“ - S R L

Althouph a computer mav be required to wanlpulaue the high order |
seculdr eouetion) which are gencxatec.
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These equations are readily integrated;'

231

Ny = Ne=Ht (V-114a)
nyyy = 43 we-”t +74/3 Ne=t (V-114D)
rpge = + 1/3 He=dt < 4/3 ne-t (V-1lke)

Now | : v
A= Zngggt Ingyy = 20t - /3 Henit + 4/3 Ne (V-115)
A= 2/30 (e 4 2e7) (V-116)
Stnce A, = 2N, - (W-117)
A = W3A et r2ety D O (v-118)

So, instead of‘a'second-order reaction, as we would have expeotéd for
A 1n solution, we find two expcnentials.

A more canplicated example was set up-as.an analog computér pﬁobhﬁn
to investigate the camplex kinetilc patterns that a sinple Hill—Eendail
scheme might yield when recast into terms sultable for very énall photo~
synthetic reaction units,

The computer program (Figure V~8) used the followir" mechanlsm.

A L2y ope L (v-119)

AT 4 Bl‘*—zéwﬁ‘ A+ B | '(Vélzo)'
o Ay ot  (v-121)

ct+ B Ky css (v-122)

This will be recognized as
scheme, It was selected to see’
two=-light experiments shown in Figure IV-26,

check the "small cell" ideas jﬁst discussed.

2 simple version of the Eill-Fendall

1f the B; E” coupie would réprcduéé the

for the case of 1 molecule each of the couples A, A”; B

per reaction cell are:

We used this mechanism to‘

The pogsible reactlans '
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IS Lty 169

Fig. V-8. Analog computer circuit for small reaction cells. Set up for the
diff‘eréntial Eqns, V-127 to V-136. Initial corditions as irdicated.

A= C + 0yt Cy+ G,
B=CytCpt Cgt Cg

C=¢+Cy+Cgt Cqy

MU-35827

*
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CAXX | —— Ca~xx o o : (V-1\23).
- Ckxc 1 P Cyyc o | (V-124)
’ - Ca-px =25 Cap T | C(V-125)
| Cpot 5 Cypo T w-126)
) “The C's represent the concentrations of cells having the composi-—
“tien shown in subscfipta The X's indicate that the state of those
particular couples is.not Ddmportant to the reaction indicaﬁed (i;‘e.vo
" the four cells Capcs CArc*s CapCo arid Cpapgt will all react by Eqn.
V-119 to give CA‘XX)ﬂ . '
.A simple "flow" dmgrem can be set up for the eight possible cell
types: o “
> Carp
Y
Capct
'Kl Ky
Cap-c
L CIK’»‘C”" - > Cpmpmct
. '1'1*0 v,di;‘,i‘eréntial equations ave re&u‘l,ilv avallaeble .i‘rom,tk-xis ‘d:i‘ena;g;fmn;,_
Ve introduce the shokfhand notation: ..
. B G E ¢, . . Camc = G
| oGt 2 G Gt = C6
Capc = C3 f - - Campg B Oy

Cazct 2 Oy o Ca-pct

i}
- Q
o

33
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_ él = f(Ii + Ip) Cp + chn. B li o E B (yc;27),'
(’,‘é = =ICs + 10 | | | (V_lgg)
s = ~(I; + Tp) C3 + Ky ,(V‘:129_) B
Cy - = =& + Ip) Oy + I8 + K0 L (v-130)
b5 = ~(Ty+Xp) C5+ IOy #KgCg - . . . (V31 7
Co = KpCp + T105 + Tolp - o L. (W-132)
Cp =L SD0p+ Iz e o w3
' é‘8 | = :-I]_C? + Io0h ~ Kng:) . | .A . R R v(\'f.'.j_3!;f)

As can be seen from Figure V—9s the general kinetic féé.tufe_é of i
F:Lgvre IV-26 can be cuplicaced by this tyce of mechanlsm. |

All in all the "cell reaction” model is worth pursuing. over a very
limited set of exper:men’z;al condltionso It becomes important when or;ly
one or two molecules of‘ reactant are present per cell., Since thesc are
precisely the conditions that we expect for the pho‘cosynthe’cic mechsnism,
it wouid seén that an'y detailed n“athemétic:&l model cf photosynthesis

should take into account theae differences from normal solution klnet:ncm
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COMPUTER RESULTS

CONCENTRATION OF B

hvl as shown
h, = [[o}
T T T 1
hyy on hvp on hvy off hyl off
MU.35826

g, V-9, Analog camputer results for circuit of Figure V-8

"two~1lighit" experiment, All K's = 1; vy and fvg
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Chapter VI. CONCLUSIONS - o | <

Most of our time has been spent inldiscussioh of various parts of - -
the photosynthetic apparatus. Detailed?conclusions ﬁeré taken up as
) ~they arose in the earlier chapters rather than saved for a major "syn-
thesis" here. “ _

At this point I would like to explore é question that motivated
much of the thinking behind these studies: which (or how many) of the .
reactions we have discussed are responsible for the high quantum yieid
and good free energy storage displayed by overall photosynthesis, Of "
course, in a molti~step process of this kind each reaction has scme i
effect on the total result, and, obvidusly, the overall yields dan be--o
no better ﬁhan the worst step. | . }

We first_éonsidered.thoae reacﬁions which involved the absorption.,
of light and the transfer of the absorbed energy to a reactive site.
If we accept the proposed mechaniéms for these steps, our magor‘concern
ié with the efflciency that accompanies such’reactions. The obvious |
quanta losses are (1) non-radiative degradation of cuanta and (2) radiative
@nission§, Both of these loss processes appear to be rather 1neff10ient.
The former, estimated from fluorescence data, accouﬁté for 10~30 of the

| input quanta; the 1attef, inc‘udinb all forms of radiative emlosiOn,

camnot exceed l-3% of tho input quanta. ' o

Such small losses must be attributed to very large rate constants
in the forward direction, approaching 101t 5ec, ™ ‘This is not anvﬁns
probableAsituation; After all, the type of energy transfer that we hove
been considering involves exothermic reactions as quanta from the blue

end of the spectrum are degraded into 650-700 mu Quanta,

oy

LH
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Several paﬁers have pointed out that a rather large loss in the AF
takes place during the absorption of light. This loss can be treated s
a Carnot efficiency problem, or it can be thought of as arising from the
very amall concentrations of exéited sﬁates that are prdduced during |
illumination at normal light intensities, Roughly 30% of the calories
present in the light of these intensities is not available as free ENerEys

Neither the quantal nor the AF losses in these steps is particularly

surprising when one considers the behavior of concentrated solutions

(1iquid or solid) of pigments. Such systems, say, 0.01 M chlorophyll

In methanol, show strongly quenched fluorescence which indicates effi-
clent energy transfer. AP terms of the type described above musé also
be present in the solution, Furthermore; fhe random orientations of the
pigmeﬁt moleculeslin solution. are in keeping with the rardom orientation
of the ‘bullke of the pigment molecules within the photosynthetic apparatus.
The major difference between the chlerophyll solution and the ig;xgzg,

system is that the latter has a pathway for further reaction, whereas

the solution rapidly degrades all of its photo-energy;

Let us turn then to another examination of the trapping syétemu "As

we have just seen, the forward reaction rust be quite fast to prevent

competition with energy losses from the electronicallyvexcited states.
Furthermore, the back reaction

P+ TH ey P 4T . (VI-1)

rust be relatively unimportant. We are reasonably certain that the trap

itself is a vefy shallow one., Its performance is made even more diffi- .

.cult by the degenetacy factof which must favor thé 100 or so chlorOphyll

molecules which are thought to be associated with each trap site. Thus,
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as we concluded in Chapter I, the efficlent performance of the trap must
be based on kinetic considerations; In fact, we wish the quantum con-
version reaction to proceed rapidly ccmpared with that.shown in Eqn.
VI—l.and to proceed In such a manner as to minimize back reactlons:.

fast

rate N

-3
=

™+ em . L T (VI-2)

Slow ' :
rate

If Eqn. VI-2 goes through a triplet intermediate or if a direct photo-
-ionization reaction is invélvsdg it 1s quite feasible that a large - |
- forward rate constant could exist, (Ke ~ 104 sec, or 1043 liters/
mole~sec,?), Defore we dimmiss the question of the forward reaction,
‘note that a bimolecular mechanism forces us to a high local coﬁcentra~
tion of active intermediates so that the rate wlll be fast eﬁough to'
compete with the (essentially) unirolecular emissive and ronradiative
decay processes., If we postulate that Kond ordep D@8 @ "normal" value
of 101 liter/mole-sec., then such a nr'oce 5 can only campete effec»1ve1“

with the {irst order processes if one of the reactants’ concentrations -

approaches one molarb, A limiting case of this model envisions the mole-~ -

cules which are involved in the blmolecular reactions:as having essentially

fixed positions in space. This nicture'indicate the mamer in which very
high, local conccnssstions can be established even when the overall con-
centration of “euct ant, distributed throughout the solution is quite
small, In exfcct one can treat the fixed pos;tlon case as a unimolccu;

lar reaction with a rate ‘constant approacuing that for molecular vibratnono

¥Based on uniform distributionvthroughout solution,

G
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(1013 sec.~1). Tnis first order behavior is, of course, iﬁplicit in
the Kinetic analysis at the end of Chapter V. .
To prevent an imvortant back r@action there-must‘be one or more
essenulally irrever lble “ﬁ@ps. . These can arisé by forming an energy
barrier to a back reaction or to the rapld depletion cf the éompounds

needed for the back reactiono A straightforward barrier to back reac- ,.

“tion has never been a popular proposal because of the high efficiency .

of the overall process. However, only 307 of the input energy is actually

- stored as free energy. The early steps of the reaction probably run at
-less than twice this value (say 50%). Thus, a quite large barrief,to 
- hack reaction could be»constructed without cutting intoc the efficiehcy

‘of the system, A few tenths of an electron volt would, after-dll, be

vorth several powers of ten in the relative concentrations of high and -
low energy levels.#
Rather similar results can be obtained by a suiltable selection of

time constants. Consider the mechanism below!

S T S S SR . S
: S ey - o ' ‘ (VT3
A‘ * .x e .‘A f X : R (VI-3)
oo Ky SR
+ . _ | o C p
AT+ Y (______““‘“") T A" e (VI-)
X+ z _ 7 X +z= . S (VI-5

In such a situation if Ky > K2 (or K2 > ﬁl) thcn KB can be quite large

(w Kl and »> I) without alter;ng the quantum yield or free energy storage

#%ome very stimulating experiments by Arnold and'Claytonl39 have indicated
-~ that reversible absorption changes can be observed at 1° X (in bacterial

bt o Yonemeabmbn 3 » .
chromophores ). This result can be interpreted as evidence for a small

back reaction barrier. However, this argument 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 relatively
simple mechanians -suffice to greatly reduce the significance of direct

back reactions.

Table XI

Effect of Ky on Guantum Yields for Reactions VI-3, 4, 5 ..

Light intensity Kp ‘¢ Relative

Weak, 0.1 : : 0 : .9
| 0.1 .9
1.0 C 9

0. e

"MOC‘;e?até,l 1.0 R
I 01 s
B T

L '

. Strong, 10. . . .0 .. .09
- i'> "0ﬁ1a£, o . W09
| 0 ”,_'019
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Thus, this organization is essential to the efficiency of the entire

on
.. We have considered many electron;tﬁahéport-reactions which;laﬁ
least, seem to serVe»as.suitable-models~fbr_smﬁilaf steps within the’
photosynthetic apparatus.. In sum, those reactions contained within.

the thotosynthetic systems probably ﬁroceed withvefficienciqg similar'
to those of the electron ﬁranspor@ reactions of réspiration,"Althoughvn
such efficiencies may well be»high5'it wouid seem that most of the

"Hard work" haéibeen done Ly this point, and.that‘no feétufes unique

to the photosynthetic mechanimm need to‘be,involved,-

The central result of the speculations is not unexpected. Namely,
it 1s the high degree of organization at the quantunm conversion_site’
ﬁhich permits a rapid bimolecular reactlon to compete effectively -
with the unimoleculaf losses asécciated with all photochemical'processes.

»

photosynthetic mechanism,
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