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KINETICS OF CYCLIC METABOLIC SYSTEMS AND THEIR 

APPLICATION IN THE STUDY OF THE MECHANISM OF 

PHOTOSYNTHESIS 

Dan Fordham Bradley 

Radiation Laboratory, Department of Chemistry 
University of California, Bdrkeley, California 

August, 1953 

lNTROD:UCTION 

In July 1952 Bullock and co-workers 
1 

established that the unknown 

growthfactor for Tetrahymena geleii reported by Kidder and Dewey
2 

and 

the pyruvate oxidase factor reported by O'Kane and Gunsalus 
3 

were both 

6 . * , 8 -dithiooctanoic acid (6T ), and not 5, 8 -dithiooctanoic acid (5T) as 
.• . 4 5 

reported by Reed and co-workers, Hornberger and co-workers, Bullock 
6 7 

and co-workers, and Brockman and co-workers. Shortly thereafter 

Calvin and Massini
8 

proposed that the cyclic disulfide, 6T, mediates the 

formation of phosphoglyceric acid from phosphorylated derivatives of the 

keto sugars, sedoheptulose and ribulose, by reductive carboxylation, and 

is therefore an essential element in the photosynthetic mechanism. The 

five -membered disulfide ring compound was pictured as a relay switch 

which in the light is kept in the reduced dithiol form, 6, 8-dithioloctanoic 

acid (6DT), by photochemically produced reducing power and thus ready 

for reductive carboxylation. In the dark this reducing powe~ is removed 

and the disulfide/dithiol ratio increases, favoring the oxidation of pyruvate. 

This model seemed to explain the peculiar phenomenon that recently incor~ 

porated c 14 
-activity in photosynthetic intermediates enters the tricarboxylic 

acid intermediates only slowly in the light but rapidly in succeeding dark 
. 8 

periods. 

When it was observed that the pure 6T was yellow in color whe~eas 

5T and 4, 8 -dithiooctanoic acid (4T) absorb only in the ultraviolet, an 

ingenious mechanism by which the thioctic acid, 6T, could be kept in the 

reduced form was further proposed. The shift in absorption from ultra

violet in 4T and 5T to blue in 6T seemed to indicate a strain in 6T, 
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presumably induced by the presence of a. five-member~'d ring> ~The spectral 

shift corresponding to nearly 30 kcal/±nol together with the va:l-ues of from 

50 to 70 kcal/mol. for. the bond dissociation. energy for the normal disulfide 

bond seemed to put the strength of this bond in 6T at approximately 30 to 40 

kcaL This would make possible the breakage of the bondwith the energy of 

a single quantum of light absor'Qed by cell pigments such as chlorophyll. In 
. 9 . . 

a later paper Calvin and Barltrop . therefore proposed that 6T acts as the 

primary quantum conversion agentin the photosynthetic mechanism, accepting 
. . 

electronic excitation energy from a suitable and unspecified excited state of 

chlorophyll, presumablythe metastab'le triplet st~te, ~nd breaking the di~ulfide 
bond into a diradical, thus med:j.ating the conversion of electromagnetic energy 

to. chemical bond energy, The resulting diradical 6, 8-dithiyloctanoic acid, 

6TR, presumably abstracts· hydrogenfrom a suitable donor, producing the 6DT 

and an oxidized moi~tywhose oxidizing power is ultimately the source of mole

cular oxygen in photosynthesis .. The 6:bT th¢n reduces some other oxidized photo-
. . . ' 

synthetic intermecii;:tte, regenerating the 6T, and. storing the energy of the 

quantum as ~educ~d carbbn. Energy is conserved in the whole process if the 
' -· . 

hydrogen acceptor· is apdorer (){idjiin:g/ agent than that. formed whenthe hydrogen 

is abstra~ted fro'm the. origi•mi.l donor~ It is evident from th.e over -all require

ment of approximately 120 kcal/moL .for the reduction of carbon dioxide to 

carbohydrate po, p. 50) and the fact 'that only about 30-40 kcaVmol~. are 

available per quantuni-
1 

that at l~ast four of these 6T "cycles" must occu!. for 

the net reduction of a molec-ule ofcarbon dioxide to carbohydrate, and that. 
/ . 

there must undoubtedly be dismutative processes capable of storing the energy 

of the reducing hydrogen in some suitable chemical form such as .high-energy 
' .. ' • 12 13 14 

phosphate, as proposed by Kok, Van der Veen, Goodman and co-workers, 

and others. 

Since this quantum conversion mechanism was first proposed a consider-
. 15 

able body of information h~s been gathered, principally by Dr. Barltrop in 
. . . . 

these laboratories, onthe chemistry oith~ disulfide linkage. The evidence 

would seem to demand modifica'tion of the original proposaL Equilibrium 

measurements indicate that the five -membered ring is not subject to more than 

10 kcal/moL strain energy relative to normal sulfur -sulfur bonds and that 
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therefore the diradical is probably not the actual excited state of 6T, as 

originally supposed, if we accept the values of the normal disulfide bond 

energy originally used in support of the proposal. There is as yet some 

uncertainty as to the actual strength of these so-called normal sulfur

sulfur bonds. For the purposes of the quantum conversion theory it is 

sufficient merely that a long-lived excited state be available in 6T. The 

bathochromic shift in 6T .doesJ;r. of course, unequivocably demonstrate a 

different arrangement of energy ~evels in the five -membered ring and the 

six- and seven-memb'ered rings which may make 6T sufficiently distinct 

from normal disulfides to make its structure a specific requirement for 

the quantum conversion process. If energy were absorbed by the molecule, 

activating it to react in a manner impossible in its ground state, then 

quantum conversion is accomplished. 

The nature of the hydrogen donor (to excited 6T) has recently been 

investigated by Dr. Barltrop
15 

and seems to be closely related to, if not 

precisely, water. A thiolsulfenic acid would be produced which would then 

dismute pairwise to a 6DTand 6, 8-dithiooctanoic acid monoxide,. 6MO, and 

water. The 6MO may then react with water to fortn 6T and hydrogen 

peroxide, or with .the latter to form another thiolsulfenic acid and 0
2

. The 

nature of these reactions is as yet uncertain and Mehler
16 

reports that 

peroxide is not a photosynthetic intermediate, but it appears possible to 

test the quantum conversion theory without a precise knowledge of them. 

One direct test of the quantum conversion theory would be to analyze 

chloroplast fragments for 6T. The demonstration of the absence, within 

experimental limits, of this compound in chloroplasts, which at the same 

time will evolve oxygen photochemically in the well~known Hilt 
7

' 
18 

reaction, 

would cast serious doubt upon the theory. In order to demonstrate the 

presence or absence of 6T in chloroplasts, the author attempted without 

success to fractionate the unicellular algae Scenedesmus and Chlorella into 

active chloroplast preparations. Clendenning and Gorham have reported 

similar failures.
19 

However, in the course of these experiments, Scenedesmus 

cells were illuminated in a typical Hill setup designed to demonstrate that 

the physical conditions were being met for the observation of Hill reaction 
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activity. 
~ -,_;·; : 

Under these conditions, it was found that a small a:niouri.t of 6T 
•r:. . . 

added to the living cells prior to illumination resulted in a relatively large 
. . \ ' . 

increase in rate of evolution of. p~otochemical oxygen. The further investi- · 

gation of this phenomenon appeared promising in regard to the substantiation 

of the quantum conversion theory, and was studied in some detail. it appears 
. . . . . ' 

possible to interpret the observed dependence of this effect on external vari-

ables in terms of a simple theory. Although it is manifestly impossible to 

eliminate all conceivable mechanisms that could give rise to the observed 

effects, it is possible to demonstrate consistency between the proposed 

quantum conversion mechanism and the observed effects. 

.!.'." 
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MAIJ:;RIALS AND METHODS* 

A. Algae 

Scenedesmu:;; obliquus, Chlorella p'yrenoidosa, and Synechococcus 

cedorum were grown in continuous culture under conditions which have 

been described previously, 20 • 
21 

and were harvested daily. The algae were 

centrifuged (1900G, in a refrigerated centrifuge) and washed with distilled 

water four times, and resuspended in a buffer made by dissolving 4. 53 g 

KH
2
Po

4
, 7. 61 g K

2
HP0

4
. 3H

2
P, and 0. 75 g KCl in one liter of distilled 

water (referred to as M/15 phosphate buffer or simply, M/15 PB). The KCl 

was added in view of the stimulatory effects of chloride in Hill reactions with 
22 23 3 

chloroplasts. ' The suspension density generally used was 15mm cells/ml 

buffer solution (i.e. 1. 5 percent by volume), the volume of cells being determined 

from the packed volume centrifuged at 1900G. The pH of the resulting suspension, 

determined with a Beckmann pH-meter, corresponded to that of the original buffer 

solution,_ i.e. 6. 7, within 0. 2 units. The algal suspensions stored at 6 

degrees in the dark retained their Hill reaction activity for periods as long as 

48 hours. 
24 

Repeated warming to rbom temperature followed by cooling again 

substantially reduced the len~th of storage time in which the cells retained 

their activity. In the majority of expe.riments the cells were used within 

five hours after harvesting from the cultures. 

Samples of purified sugar -beet chloroplasts were generously supplied 

by Dr. D. I. Arnon. They were kept frozen in sucrose solution until used, 

and were prepared for experimentation by thawing rapidly to just above the 

freezing point and spiniing down from the sucrose -containing supernatant 

in a refrigerated Spinco ultracentrifuge at 60, OOOG for fifteen minutes. Five ml 

of the original chloroplast s.olution was diluted, following centrifugation, to 

40 ml with M/15 PB at 1° C. in the first set of experiments, and to 20 ml in 

the second. 

B. Chemicals 

Commercial; partially oxidized p-benzoquinone was sublimed aerobically 

and the sublimate was resublimed. The resulting light-yellow crystals had a 

melting range of 113 ~ 115 ° C. The purified product was stored in a ruby glass 

flask at -10°C. in the dark, until removed for the preparation of the solutions. 

Under such storage conditions the sblid material began to dee.pen in yellow 

color after several months. Therefore at two-month intervals the remaining 

* Experiment numbers herein correspond to numbering system in laboratory 
note oooks No. 3 and No. 4 of the author. 
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quinone was again resublimed. Solutions of the quinone in distilled water were 

made up in, a ruby glass, }0 m~. Y?lumetr.~c Jl~;sk (vo~. c~libn~-te~. at -r·~.O:trl t~wpera

ture _,= ._9. 9~ ;rp~) Cl;~d~u~ed immediately. 

The most convenient quantity of quinone for each experiment was found 

to be 1. 5 mg, yielding a theoretical value of 156 microliters of oxygen at STP. 

This value is calculated on the basis of the stoic_hiometry of the reaction: 

Quinone + H
2

0 -+ Hydroquinone + 1/2 0
2 

Smaller amounts of quinone resulted in Hill reactions which proceeded to 

completion in such short periods of time that rates could be measured only 

with considerable uncertainty. Larger amounts of quinone introduced inhibitory 

and undesirable side effects, as has frequently been observed with both. whole 

cellS: and chloroplasts. 
24 Sohitio~s of quinone were used as soon as possible 

after their preparati.on, and only in diffuse light. In spite of undesirable side 

effects of quinone oxidation and photolysis products, this :o:xid.ant seems to be 

the best of the available oxidants when used with whole cell~ .25 
Other materials 

such as ferricyanide, while riot possessing the unde.sirable inhibitory .side 

reactions, do not appear to penetrate the ceU, and result in low rates. 
24 

The 

only oxidant used in this research was quinone, 

Eastman Kodak grade hydroquinone was used without further purification. 

The supplies of dl-6T (yellow crystals), dl-5T (white crystals), dl-4T 

(white crystals}, 8-methyl, 6, 8-dithiooct.anoic acid, dl-6MT {yellow crystals}, 

dl-6DT {oil), and dl-6Mb (oil) we.re generously made available by Dr. T. H. Jukes 

of Lederle Laboratories, to whom the author is deeply indebted, and were used 

without further purificatio~. Solutions of these materials were made up 

immediately befor.e use by dis solving from 0. 25 to 0. 5 mg in 0, 05 rnl of a b:uffer 

solution made up exactly five times as concentrated as the algal suspending 

buffer, M/15 PB, and with a pH of 6. 7, i.e. M/3 phosphate buffer {M/3 PB}. 

Experiments prior to exp. 1019 were carried out with the materials dis solved 

in 0. 02 ml ethanol, and all subsequent ones with M/3 PB. The compounds dis

solved in M/3 PB retained their activity a:s Hill reaction stimulants for a 

period of at least a week after preparation if stored in the dark at ~ 10? Exposure 

to direct light produced a turbidity which was presumably caused by polymer 

formation. Such turbid preparations were discarded. A stainless steel stirring 
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rod was initially used to aid the solution in M/3 PB, but its use was discontinued 

in favor of a glass rod to eliminate the possibility of trace element contamination. 

Reagent grade arsenious oxide was used without further purification and 

was made up to arsenite by solution in M/10 NaOH on a mol. -to-mol. basis. 

The solutions were used immediately. 

DPN + (Sigma 65 o/o) and bPNH (Sigma) were used without further purifi

cation. The materials were stored at -10°, dissolved in M/3 PB and u:sed: 

immediately. 

C. Thermostat 

The experiments were carried out in a thermostatted tank, developed by 

S. Aronoff, whose outer dimensions were: 30 em deepp 88 em long, and 25 em 

wide. The inner walls of the tank supported a set of cooling coils which were 

coupled to the house Freon cooling system. A 700-watt resistance heater whose 

coils were set close to the central stirring unit provided auxiliary heat. A 

mercurial thermoregulator actuated a relay that could be set manually for 

either heating or refrigeration, but not both. Unless specifically stated other

wise, all experiments were carried out at 15. 7°C. At this temperature satis

factory thermal control could be maintained with the relay set to refrigerate, 

compensating for heat production by the lamps, and a slower heat leak into the 

tank from the surrounding atmosphere. Some unavoidable "overshoot" with 

this system did result in small fluctuations in the manometer readings. However, 

it has been only recently that the theory of the Hill reaction, as described herein, 

has been developed to the poirit where highly precise manometry is necessary; 

any further experimentation will require more complete thermal control. 

The bottom of the tank was provided with a pyrex glass port 10 em wide 

and 82 em long through which ill'l!llmination, provided for by a bank of seven 

General Electric Photospots, could be introduced into the thermostat. A small 

fan was used to circulate the air between the lamps and the port to reduce heating 

and possible fracture o~ the glass port. 

A variable -speed motor on the outside of the tank provided controlled 

lateral shaking of the manometer vessels at the customary rate of approximately 

150 rpm~ Higher speeds with such lateral shaking often shook material from 

the central compartment into the side arms of the manometer vessels. The 

. ! 

! 
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distance from the lamps to the manometer vessels was appro~i~ately three 

feet. As th~ beams of the lamps were quite narrow at this distance, it was 

found necessary to place a layer of soft glass beads (2-l/2 min d1ameter} over 

the bottom. port through which the beams entered the thermostat. The beads 

reduced the inhomogeneity of the light field at the expense of reducing the 

over-all illumination on each ves'sel by some 10 percent. The relative light 

intensities incident on ~ach vessel before and after homogenization with the beads ;;:;.·::) 
, I 

are given' i1n:Table I. The values were .determined with a Weston Photocell 

im:i:ner sed. iri the bath to ?t depth level with the bottoms of the vessels, and are 

in milliamperes; One milliamp. with this instrument corresponds approximately 

to 5000 foot_-candles. 

Table I. 

Relative Light Intensity Incident on Manometer Vessels 

Vessel Position 2 

No beads 

With beads 

D. Light Filters 

.52 

. 48 

3 

• 48'' 

• 47 

4 5 

• 50 0 49 

0 47 • 47 

6 7 8 9 
.. 

• 60 . 60 ~52 0 51 

.47 0 4 7 0 49 • 47 

CommerCial brass screening was cut into two-inch squares which were 

bent double at the corners to .hold them flat against the bottoms of the manometer 

Hasks .. As the light sotirce was directly below the manometer vessels these 

screens were effective in flltering most of the Hght incident on the algal sus

pensions. The screens were-calibrated by several;methods to checkfor 

systematic errors. The screens were placed in the sample cell position of 

aGary Spectrophotometer that h~d air in the blank cell position and had been 

balanced with air in both .positions. The mesh of the screening was comparable 

to the 4iameter of the spectrophotometer beai:n and the transmissions were 

redetermined with the screens .moved to newpositions within the beam path. 

In spite of the expected large variations in readings, changes of position 

varied the optical density readings by less than 0. 01 density unit. Trans

mission over the entire visible spectrum was measured and found as expected 

to be nonselective within 0. 01 density unit throughout this range. The trans

mission values were measured perpendicular to the light path and would be 

smaller for- obllquely incident light; 
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Two other sets of transmission determinations were made under 

operating conditions, with the screens held in the thermo_s~at a level comparable 

to the bottoms of the' manometer vessels~ They were held o._;.~i-.the active surfaces 

of both a water-proofed Weston Photocell and a General Electric Photovoltaic 

cell. Each cell was in series with a mi.croammeter and the transmission values 

were determined as the ratio of the current with the filter to that without it. . . 

These sets of values are to be considered more reliable measures of trans

mission than those obtained with the spectrophotometer, as they take into con

sideration the fractiq_n of obliquely incident light that normally strikes .the 

vessels in operation, The observed discrepancies in the sets of transmissions 

are just the opposite of what would be expected on the basis of this consideration, 

the Gary values being lower rather than higher. The spectral selectivity of the 

Weston and General Electric· cells does not affect the measured vaiues; as the 

filters themselves are nonselective, · 

A second type of filter was made of grey plastic film sealed between 

lucit'e sheets, about three inches square, and supplied with hooks for attachment 

to the bottoms of the manometer vessels, therefore filtering the light incident 

from below. The transmission values for these filters were determined in 

exactly the same way as" for the n1etal screens~ Again the values determined 

with the spectrophotometer were substantially lower than those found with 

the photocells. These filters do not have the large dependence of transmission 

values upori the. angle of incidence exhibited by the screens, especially when 

immersed in the water bath, which reduces reflection effects. The percentage 

transmissions of the two types of filters with their identifying numbers are 

listed in Table II. 



Table II. 

Percentage _Transmissi~ns of Light Filters 

Filter Number 8 16 l 3 9 11 
Screen Type·-. 'B B p p p p 
Cary Spectrophotometer 46. 32 74 22 ~2 5 

Weston Photocell 54 44 93 50 12 26 

G. E. Photovoltaic Cell· 52 40 93 50 12 27 

Values Used in 53 4Z 93 50 12' 26 
Calculations 

., 
The symbol P indicates plastic and B ~ brass.. Number 8 indicates 8 mesh/ ~m 

and no. 16~, 16 mesh/em. Numper 16 was initially designated as a "33 percent 11 

filter on the basis of its spectrophotomEtric reading in early experiments but is 

referred to herein as "42 percent'!. 

E. Chlorophyll Determination 

Relative values of chlorophyll content were used exclusively and wer_e 

determined in the following manner. A 2 ~ml aliquot of algal suspensions w.as 

centrifuged~ and a .mixture of approximately 80 percent ethanol and ZO percent 

.. water was .added to the packed cells, which ·were then resuspended anc;l heated 

at approximately 40° on a steam bath for 5 to 10 minutes. .The suspension ~as 

recentrifuged and the pigment-containing supernate decanted into a 1.0 '".~1. 

volumetric flask. The process of extraction was repeated with the:remaining 

cellular residue until it became totally bleached. The combined supe,rna~es 

were diluted to 10 ml with absolute ethanol and the absorption spectrum determined 

with the Cary Spectrophotometer. The optical density at the reproducible peak 

of chlorophyll a, i.e. 6660 Angstroms, was used to calculate the relative 

chlorophyll content~ RCC. The values quoted herein are: 

RCC = 10. 0 x optical density at 6660 max. 

mm cells 

= mmol. chl. a x extinction coefficient chl. a 

mm cells 
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An approximate value for the extinction coefficent in the water -ethanol system 
4 -1 -1 . 

is ca. 9 x 10 liter mol em . (Reference 26). 

There was some variation of the solvent composition and an analysis 

was made of the effect this has upon the observed optical densities. Dehydrated 

Scenedesmus cells were extracted with absolute ethanol. Two~ml aliquots of 

this solution were diluted with known volumes of water and made up t() 10. 0 ml 

with absolute .ethanol. ·The densities at and the wave length of the red maximum 

of chl.a are. given .in Table III as a Junction of the volume percentage of water in 

the solvent. 

Table III. (exp. 1065) 

Solvent Effect on Chlorophyll a Absorption 

VoL Percent Water 
., 

Optical Density 

Wave Length Max. 

0 10 

1. 27 1. 26 

6658 6654 

20 

1. 25 

6662 

30 40. 

1. 23 1. 20 

6661 6673 

50 60 80 

1. 02 0. 96 o. 79 
6700 6709 6714 

In the range of water percentage used herein, i.e. 10 to 25 percent, the effect 

appears negligible. The 56 -angstrom red shift from 0 percent to 80 percent 

water presumably corresponds to the formation of amorphous colloidal chlorophyU. 

which has been prepared by Jacobs, according to Rabinowitch. 
2 7 

F. Manometer Vessels 

The vessels used were of standard, two~·side ~arm design with a stopcock 

arm for gas flushing. The volumes of the vessels were determined by the 
' ' 28 

method of Vogeler or Krebbs as described by Umbreit. Three determinations 

were made over a six-mon:tli1.period, the first by Dr. J. A. Barltrop. .Although 

the values were used originally in all calculations prior to 1116, all numerical 

values reported herein are based upon recalculations using the average cali

bration values appearing in Table IV. As the vessels were consistently used with 

a pleated filter strip (1 inch square Whatman no. 1) in the center well, the 

third calibration was carried out with such strips in position. 
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Table IV 

Manometer Flask Volu~es' in>ml: 

Vessel number 2 3 4 5 6 7-·. . 8 
Barltrop 17 0 7 17 0 8 19.3 180 9 19.2 19.8 20o2 

Expo 1016 18.0 17. 8 20.6 18.7 l9o 0 19.4 19.8 

Exp. 1115 18.0 1709 20.0 18.8 19.2 19.6 20.3 

Average values 17.9 17.8 20.0 18.8 19. 1 19.6 20. 1 

Flask constants were calculated from these values following Umbreit. 
28 

In 

this calculation the density of the Brodie manometer fluid is assumed to be 1. 0300 

The densrty of the fluid used was determined with distilled water as the standard 

of density at 25°C. and was found to be 1. 034 {exp. 1107). 

G. Pattern of Experiments "' 

The general pattern of the experiments was originally adapted from the 
. ·.· 24 

techniques of Clendenning at:ld Ehrmantraut, who used whole Chlorella cells, 
23 

and Arnon and Whatley, who used chloroplast fragments. The vessels were 

washed with Labtone detergent to remove the algal suspension from the previous 

experiment, followed by concentrated nitric acid to remove traces of Apiezon 

stopcock grease used to seal the vessels (and which, if not removed, hindered 

liquid flow from the side arm to the main compartment). After 30 rinses with 

distilled water the vessels were allowed to dry. Then Oo 200 ml of 20 percent KOH 

solution was added to each center well, whose inner lip had previously been 

coated with Apiezon grease to. prevent liquid creepage, into the inairi compartment. 

Prior to expo 1066, Oo 5 ml, and subsequently, l. 0 ml of quinone solution was then 

added to a side arm of each vessel. When a range of quinone concentration was 

used, a single stock quinone solution was prepared of sufficient strength so that 

not more than 1 .. 0 ml was needed: Appropriate fractions of a ml were added for 

smaller concentrations and diluted to l. 0 ml with distilled water. 

A 2 ..:ml aliquot of well shaken algal suspension was then added to the main 

compartment of each vessel. Wheh a range of densities ·was desired, the 

approp_riate fraction of 2 ~ml was added and the volume brought to 2 ml with room 

temperature M/15 PB. For those vessels in which thioctic acids were to be 
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tested, 0. 05 to o-. 1 ml stock solution was added directly to the algal suspension 

at this time, with a corresponding volume of the solvent M/3 PB added to other 

vessels which were then designated as controls. 

Apiezon grease was then applied to the inner surfac-es of the openings, 

and the vessels were attached to the manometers and placed in the thermostat. 

The vessels were shaken in the bath for ten minutes at approximately 50 rpm. 

Prior to exp. 1068, the vessels were then flushed for ten minutes with nitrogen. 

The nitrogen used was supplied by the Radiation Laboratory in tank form, and 

was used without further purification. All experiments subsequent to exp. 1068, 

U:t;lless specifically stated to the contrary, omitted this flushing operation. 

Following either the flushing operation in the former, or after the ten.,minute 

aerobic shaking in the latter experiments, th~ quinone solutions were tipped 

into the algal suspensions. The manometers were removed from the thermostat 

for this purpose, each vessel requiring 30 seconds to tip and drain. Ten 

minutes after the last tipping operation, at zero time, the lights were turned 

on the vessels. 

H. Manometer Readings 

The manometers were read at appropriate intervals during the dark 

period to determine a base for oxygen evolution as well as for the approximate 

characterization of respiratory activity. During the light reaction the manometers 

were read at intervals: exp. 1009 to exp. 105 7, every five minutes; exp. 1058 

to exp. 1068, every four minutes; exp. 1069 and after, every two minutes. The 

manometer shaking was halted quring the readings, which required about 3 to 4 

seconds per vessel. A vessel containing 2 ml distilled water was used in the 

experiments as a thermobarometer.
28 

Changes in the reading of this vessel 

during the course of the experiment, generally less than 5 to 10 mm, were 

subtracted from the readings of the other vessels. Measurements were continued 

until the internal pressure of the vessels reached a constant value. This final 

pressure reading was obtained as precisely as possible, as it enters into the 

later calculations in a sensitive functional dependence. 



I. Calculation of Results 

'' . ' 

The increase in pres sure of each vessel from the zero time was adjusted 

for changes in the thermobarometer pressure. These adjusted values were 

multiplied by the appropr·iate flask constant, and the oxygen-time curves 

constructed. The values of the initial slope and curvature of the oxygen-time r::': 

curves became of principal interest. A theoretical form of the dependence of 

the curvature upon the instantaneous quinone concentration was developed• (p.40) 

which predicted that an acceptable form of the oxygen-time curve should be 

1 
R = 

in whic~.R is the instantaneous bver-all rate of oxygen production in microliters/ 

two minutes, A is the r,eciprocalof tl:ie over -all rate at a hypothetical infinite 

quinone concentration; 13 is the re-ciprocal of the apparent first-order rate 

constant fb,r the reciuction of quinone, and (Q) is the instantaneous quir10ne con

centration iri rrig/ves sel. .· A more convenient form of the rate equation is 

', .· .J 
:~, 

2 

- A+ 

k 
0 

{0 
2m 

B 

in which k is the conversion fac.tor for microliters of oxygen to mg quinone, 
', 0 . . ' 

with a humerical<value of 1/103.7, ~2m .is the. maximum oxygen evolved in· 

microliters in the experiment, and zo
2 

is equal toR. This equation may be 

integrated readily to give 

t = ZAOz • ~= (ln 11 - lDz/Dzm\ 1 ) 

where t is the time in minutes from the beginning of the photochemical 

reaction. If . F is defined as O~jo2m the equation may be transfermed into 

a much more convenient form, 

t 
F 

= 2A02m + 2B ((ln {1 -:-.F)) 
k F.· 

0 

.-.. 
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This equation in terms of A, the reciprocal of the rate of oxygen ~volution at 

an experimentally unrealizable infinite quinone concentration, and B, the 

reciprocal of the apparent first-order specific rate constant for quinone reduction, 

may be transformed further to yield the rate at zero time rather than at infinite 

quinone concentration. This observable quantity, Ro, is frequentlyfound in the 

literature although calculated by other methods. 
23

' 
24

' 
2 9 

The transformation is 

.t 
F 

= (2A02ti:t + 2B ) 
k 

= 202m 

R 
0 

0 

2B {ln (1 - F) + F) 
k F 

0 

2B (ln {1 - F) + F) 
kF 
·o 

This equation offers a reproducible and statistically analyzable method of extra

polation to the initial rate, and is especially useful when the rate decreases 

rapidly as the reaction proceeds and .therefore does not permit a linear extra-' 

polation. Milner and co-workers, 29 under conditions of low oxidant concentration, 

have determined R by assuming first;;order kinetics, i.e. that A is negligible. 
0 . 

The equation is used as follows: the value of the maximum oxygen evolved, o2m, 

in the vessel in question is obtained from the raw data. If there is a slight 

fluctuation with time of this value, the average is taken over a number of con

secutive readings. Several values of F, the fraction of reaction completion, ·are 

chosen (ten were used herein) which do not give too much weight either to the 

very short or very long reaction times. 6The following values ofF were found by 

experience to fulfill this requirement: 

F -f(F) f2(F) 

0.2 0.23 0.0529 

0.3 0.38 0. 1444 

0.4 0.556 0.3091 

0.5 0.772 0.5960 

0.6 1. 054 1. 1109 

0.7 1.440 2.0736 

0.75 1. 696 2.8764 

0.80 2.022 4.0885 

0.85 2o462 6.0614 

0.90 3. 118 9.7219 
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-,-

Values of 0
2 

corresponding to these values ofF are calculated from o2m. The 

reaction times that correspond to these values of oxygen are obtain3d from the 

raw data, using linear time -oxygen interpolat i.ons whenever the points fall 

between the two-minute-interval readings. These times are calculated to 0. 1 

minute, although this is beyond the accuracy of the manometric method. The 

times are then divided by the corresponding values ofF (not o
2

) to g:ive a set of 

values oft/F. To determine the t/F at zero time, i.e. 20 2 /R , t/F is m o 
plotted against 

2 (ln (1 - F) + F) = f(F) 
F 

which gives a straight line with 20Zm/ R
0 

as the intercept at F = 0, and -B /k
0 

as the slope. Values of f(F) are given above for the values ofF used. The 

method of least squares has been used her in in the determination of 1/R and B. 
0 

For this analysis it is necessary merely to evaluate 

L:t/F and L:(t/F) {f{F)) 
,,·t •. 

and to use the values calculated from the above table, 

NL:f
2 

(F) = 270.35 

(L:f(F))
2 

188.51 

NL:f
2

(F) - L:f(F))
2 

= 81. 84 

L:f(F) = 13. 73 

. ..,··, 

n1 conjunction with the usual formulae for the determination of a least squares 

line. All numerical values of these quantities used herein are calculated in 

this manner. When straight lines are drawn through sets of 1/R and B values, 
0 

the lines are also least squares straight lines: The calculation of 1/R and B 
0 

from a single Hill reaction with the aid of a hand calculator requires about 

fifteen minutes, starting with the raw pressure data, and does not require con

struction of the oxygen-time curve. That 1/R and B can be used to accurately 
0 

reconstruct the Hill reaction data will be demonstrated subsequently. 
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BESIT!.TS AND DISCUSSION 

A. Qualitative Experiments 

When the initial algal suspension containing quinone was illuminated 

(exp. 1009), oxygen was evolved, :as reported previously by Warburg and 

Luttgens
30 

and Fan and co-workers
31 

in early work with the Hill reaction in 

whole cells. As a shot in the dark, the experiment was repeated using 1 mg 6T 

incubated with the algal suspension. Although the control vessels gave approx~ 

imately the same rate of oxygen production as exp. 1009, i.e. 45 microliters 

(45 f.Ll.) in 20 minutes, the vessels containing 6T evolved 73 f.Ll. in the same 

period (2 percent Scenedesmus, averages of duplicate runs, exp. 1011.) A 

typical Hill reaction curve appears in Fig. 5. 

In view of the then recent proposal of 6T as the quantum conversion agent 

in photosynthesis, and the difficulties in devising biological experiments to test 

it, it appeared highly important to determine so far as possible whether the 

rate stimulation was a real effect, and if so; the mechanism by which it was 

produced. 

In experiment 1011, two vess:els were supplied with 2 percent Scenedesmus 

and 1. 1 mg 6T each in order to determine whether the rate stimulation observed 

was brought about by the use of 6T as an auxiliary Hill oxidant. The maximum 

yields of oxygen after one hour illuminat!ion were 13 and 16 f.Ll., corresponding· 

to abovt 20 percent of the theoretical yield if 6T were to act as an oxidant 

(theoretical yield =54. 4 f.Ll/mg). ·This experiment did not provide an unambiguous 

answer to the question, since the logical control experiment was not carried 

out, i.e. illuminated Sceriedesmus in the absence- of C0
2

, quinone, and 6T. 

Considerably later a similar set of experiments was carried out with this and 

other controls and the results appear in Table V. A contained Sc:enedesmus, 

quinone, and 0. 25 mg 6T; B contained Scenedesmus and quinone; C contained 

Scenedesmus alone; D cortained quinone alone; E contained 1. 0 mg 6T alone; 

F containedScenedesmus and 1. 0 mg 6T; G contained quinone and 1. 0 mg 6T" 



- 20 - ... 

Table V - Hill Reaction 

( l.S.:pPercent Scenedesmus, 1. 5 mg quinone when used, exp. 110 1) 

Vessel A B c D E F G 

Microliters in 107 97 21 -8 0 11 -5 
One Hour 

Microliters in 124 131 40! -32 0 11 ·-Z3 
Four Hours L 

The cells in C slowly continue to evolve oxygen in the absence of C0
2

, 

quinone, and added 6T, and this may or may not reflect the failur~ of the KOH 

to trap all res.idual C0
2 

in the vesseL With added 6T this evolution is stopped 

after the first 10 minutes and it is probable that the 11 I-LL evolved in F and the 

13 and 16 in exp. 1011 result from r_esidual photosynthetic activity rather than 

Hill-reaction activity of 6 T; A statistical analysis of Hill-reaction yields with 

and without added 6T presented subsequently (p. 36) confirms this assumptio~ 
that 6T isnot a Hill reagent in the us~al sense. 

The failure· of ~. F, o~ G to evolve 0
2 

'rapidly further indicates that the 

6T stimulation results from an.interaction of all three factors -- Scenedesmus, 

6T, and quin.one :=- and not any .pair of them. 

The vessel D indicates that oxygen is. gradually absorbed by illuminated 

quinone solutions and G suggests that this oxidation may be inhibited by added 6T, 

It has frequently been qbserved that 0
2 

is gradually absorbed by cells following 

completion of the Hill reaction, the value of o
2

m therefore gradually decreasing 

with time. 

An experiment was carried out to.determine the dependence ofthe 6T 

stimulation upon 6T concentration, and the results appear in Table VI. · 

Table VI ~ Hill Reaction 

(2 Percent Scene.desmus, 1 mg: quinone; exp. 1012") 

Vessel (rng 6T added) o 
Microliters in 7 min. 32 

1/16 

42 

1/8 
59 

1/4 

71 

1/2 1 

71 ' :7{6} 

The effect ·seemed to saturate at approximately 1/4 mg 6T /vessel, and in 

most of the following experiments 1/4 to 1/2 mg was used. 
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It was apparent that the observed stimulation might reflect a simple 

chemical or physiological change, unrelated to the specific properties of 6T, 

such as an intracellular pH change; an effect caused by the presence of a disulfide 

group; or less probably, a carboxyl group. The 5T, the six-membered ring 

isomer of 6T, was compared for effect with 6T(Table VII) 

Table VII - Hill Reaction 

(2 Per(cent Scenedesmus, Jl. mg quinone, 1/4 mg 
5T and 6T when us-ed, exp. 1013.) 

Vessel Control 

Microliters in 18 min. 43 

6T 

65 

5T 

47 

5T 

47 

A recheck was subsequently made of the chemical specificity with respect 

to 6 T (Table VIII) 

Table VIII ~ Hill Reaction 

(2 Percent Scenedesmus, 1 mg quinone, 0. 8 mg 
6 T and 5 T , exp. 1 0 1 9. ) 

Vessel Control 

Microliters in 9 min. 38 

6T 

57 

6T 

61 

5T 

47 

5T 

39 

These values indicated a highly specific property of the 6T, not a nonspecific 

chemical effect. 

In an effort to determine whether the effect was specific with respect to 

Scenedesmus as well, several experiments were carried out with Chlorella 

(Table IX). 

Table IX - Hill Reaction 

(2 Percent Chlorella, 1 mg quinone, exp. 1015.) 

Vessel {mg 6T added) 0 1/64 1/32 1/8 1/4 
Microliters in 14 min. 45 48 55 45 45 

The effect thus also exhibited a rather high degree of biological specificity. 

A further experiment withChlorella (exp. 10 17) established that the rate was 

]ess with 2 mg quinone added than with 1 mg, and therefore in the region of 

quinone inhibition in Chlorella reported by Cle'ndenning and Ehrmantraut. 
24 



- 22 - i_l I 
,-,) 

The blue-green alga, Synechococcus cedorum, was also tested for 6T 

effect, but with only inhibitory results (Table X). 

Table X - Hill Rea<Ction 

(5 Percent Synechococcus, 0. 4 mg 6T, exp. 1020.) 

·Vessel {mg quinone added) 1 

Microliters in 20 min.
1 

75 

2 

77 

1 + 6T 

36 

Again the stimulatory effect appeared to be specific with Scenedesmus. 

In order to definitely eliminate the possibility of an external pH artifact, 

samples of algal suspension were titrated with 0. 1 N HC 1 and 0. 1N NaOH. 

The addants were stirred with the suspension until a constant pH was obtained 

with a Beckman pH meter {Table XI)~ 

:ml. Acid or Base 

:0].00 

0. 10 

0.20 

0.30 

0.50 

0.80 

L 00 

L 30. 

Table XI 

Acid - Base Titration Curv,e of Scenedesmus 

(4. 0 ml 2 Percent Scenedesmus, pH = 6. 70) 

pH 

Acid Base 

6.70 6.71 

6.62 6.78 

6.56 6.83 

6.50 6.90 

6.37 7.03 

6. 10 7.27 

5.82 7.46 

4.20 7.90 

Now, 0. 25 mg 6T, acting as an acid, would be the equivalent of. 01 ml. . lN HCl, 

and therefore if the· 6T effect is due to a change in pH, it is beyond the limits of 

experimental controL The pH of a sample of the Scenedesmus above after 

completion of the Hill reaction (2.0 mg quinone) was 6. 72 without and 6. 71 

with added 6T, and it is therefore improbable that the decrease in rate as the 

reaction nears completion is the result of a pH change as has been suggested by 

Spikes and co-workers. 32 
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Although it has been demonstrated that completion of the Hill reaction 

left Chlorella cells which were incapable of subsequent photosynthetic activity, 24 

the experiments involved centrifugation of the cells from the supernatant quinone 

solution and lengthy subsequent treatment, which may have been the real cause 

for lack of activity. A Hill reaction was carried out in~ with 0. 200 ml. of 

Pardee
33 

C0
2 

buffer of undetermined C0
2 

partial pressure in the center well. 

A control Hill reaction was carried out in Nz, as well as a photosynthetic 

experiment in Nz and C0
2 

without quinone (Table XII), 

Table XII - Hill Reaction 

(2 Percent Scenedesmus, 2. 0 mg quinone when used.) 

Vessel 

Microliters in 75 min. 

Control Hill 

173 

Hill+ PS 

194 

Control PS 

153 

The Hill reactions reached their saturation values at 60 minutes, and thus the 

cells were able to use a total of only 21 J.LL C0
2 

in the presence of quinone, 

equivalent to approximately 10 minutes photosynthesis. 

If the added 6T were functioning as a quantum converter, its effect on 

the Hill reaction would presumably depend upon the light intensity, and therefore 

the dependence of the control rates upon this factor was determined (Table XIII). 

Table XIII - Hill Reaction 

(1 Percent Scenedesmus, 2 mg quinone, exp. 1022.) 

Relative light intensity 

Microliters in 24 min. 

1.0 

125 

0.7 

104 

0.6 

121 

0.5 

124 

0.4 

92 

Although there was a scatter of values, it was evident that ~· ~ at least with the 

particular suspension den-sity, temperature, and quinone concentration used -

the Hill reaction was light-saturated. 

As it seemed reasonable that the quantum conversion process would 

become rate -limiting at higher quantum densities, a greater stimulation by 

6T at higher light intensities was anticipated. To test this notion thinner algal 

suspensions were used, and a higher average light intensity per cell was thus 

obtained (Table XIV). 
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Table XIV - HilLReaction 

(1/2 Percent Scenedesmus, 2 mg quinone, exp. 1025.}. 

Vessels (mg added 6T} 0 

Microliters in 1 hour 111 

. 01 

104 

.024 

105 

.058 014 

96 78 

.33 

78 

. 80 

41 

It thus appeared that 6T could be inhibitory under conditions of high light 

intensity, low algal density, and high quinone concentration (Q~. To determine, 

therefore, the initial quinone concentration (Q
0

) that would effect the maximum 

6T stimulation, a range of concentrations with and without added 6T was tried 

(Table XV)_. 

These results sub·stantiated the foregoing interpretations that the 6T 

effect Was most pronounced at the lower ( Q ) and that inhibition would develop 
0 

at high quinone levels, This observation takes on greater significance when 

it is recalled that the Hill reaction in the two other plants used, Chlorella 

and Synechococcus, is either independent of or inhibited by quinone at much 

lower co~centrations than in Scenedesmus, Its resistance to quinone inhibition 

may weU explain the apparent specificity of the 6T stimulation with respect 

to Scenede smus. 

Table XV ~ Hill Reaction 

{2 Percent Scene~lesmus, 1/2 mg 6T when used, exp. 1027.) . 
mg quinone 4.0 4.0 2.0 2.0 1.2 1. 2' .56 .56 
6T {mg added) 0 

0 5 0 0 5 0 . 5 0 0 5 
Microliters in 26 min, 156 132 1Q6 122 46 88 29 44 

The requirement of low ( Q ) might mean either that the latter must enter 
. 0 

the rate. law for observable 6T stimulation, or that the 6T stimulation persists 

at high quinone levels but is masked by quinone inhibition. It seemed reasonable 

that the dependence of the rate upon (Q ) would decrease the decreasing light 
0 

intensity, and that if the first explanation were valid, that at constant (Q ) the 
. 0 

6T stimulation should vary directly but not neces sari'ly linearly with light 

intensity,, An experiment was designed to test this hypothesis (Table XVI). 
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Several interesting observations were made from these results: first, 

at the high light intensity the ratio of the rate with 2 mg to that with 1 mg 

quinone is 1. 5 in the control, while at the low intensity the ratio is l. 3, a fact 

supporting the concept that the dependence of tre rate on ( 0 ) depends upon the 
0 

rates of the other reactions involved. The second point is that reduction of the 

light intensity reduced the 6T stimulation with 1. 0 mg and turned it into an 

inhibition in the 2. 0 mg exp., suggesting that (OJ must enter the rate law 

to observe stimulatory 6T effects, and that the net 6T effect is the resultant of 

both stimulatory a~d inhibitory effects. 

Table XVI - Hill Reaction 
(2 Percent Scenedesmus, 1/2 mg 6T when used, exp. 1030.) 

mg quinone 2.0 2.0 2.0 2.0 LO 1.0 1.0 1.0 

Relative light intensity l.O 1.0 . 42 . 42 1.0 1.0 . 42 . 42 

mg 6T added 0 .5 0 . 5 0 ... 5 0 .5 

Microliters in 9 min. 109 114 79 59 72 87 60 62 

These results described above led to the concept that the rate~determining 

step in the Hill system, as constitued, involves the product of { 0 ) arid the 
0 

concentration of a light~producing reducing agent, which we preferred to think of 

as 6DT, with a concentrati en (SH~. Accordingly, whenever the rate law involved 

(SH) . (0 ), the rate could be· accelerated either by the addition of 6T which would 
0 

ultimately increase { SH)., or by an increase in (Oc} The maximum stimulated 

rate should thus be the same no matter which was added. Whenever the rate 

would become light-~imited, i.e. it rather than (SH). (OJ entered the rate law, 

no stimulatory 6T effects were to be expected. 

In exp. 1036 the 6T effect was slightly inhibitory for the first part of 

the reaction, but the oxygen-time curves of 6T and controls crossed as the 

reaction proceeded (Table XVII). 

Table XVII - Hill Reaction 

(Scenedesmus, 3. 0 mg quinone, 0. 5 mg 6T) 

Percent Scenedesmus 4 2 1 1/2 

Crossover Microliters 02 170 216 205 did not cross 
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This result suggested that it was the instantaneous quinone ~oricenhation { Q) 

rather than ( Q ) which entered the rate law; and that in every experi.rn:ent the 
0 . 

rate would exhibit { SH). {())-dependence if carried far enough to completion. If 

this were true then the 6T effect should always be stimulatory near reaction 

completion as {Q)approaches zero. 

Increasing the a-lgal density decreases the average amount of light 

absorbed per alga, arid thus was pre13umed to decrease the effect of ~H). (Q) 

on the rate law. This should result in reduced 6T stimulq.tion at high algal 

. den:>ities if the ~SH}. (Q} theory is correct {Table XVIII}. 

Table XVIII - Hill Reaction 

(Scenedesmus, 1.5 mg quinone, 0. 5 mg 6T when used, exp. 1037.) 

Percent Suspension 

mg 6T added 

Microliters· in 9 min 

4 

0 

110 

4 

. 5 

111 

2 

0 

84 

2 

. 5 

99 

1 

0 
57 

1 

. 5 
69 

1/2 
0 

40 

1/2 
. 5 
42 

Whether the saturation effect at 4 percent was the result of a rate -determining 

step such as liquid-gas equilibration or the effect predicted was not investigated 

at this tim.e. It was observed that the 1 percent to 2 percent range was most 

effective for observing 6T stimulation. 

Having determined the conditions under which 6T effects could be most 

easily observed in Scenedesmus, i.e. high light intensity and low (Q, several 

experiments were carried out with Chlorella, to demonstr:ate if possible 6T 

stimulation in this sytem {exp. 1039, 1040, 1048, 1051, 1052, 1055). In only 

one instance was the rate found to increase in changing from 1. 0 to 2. 0 · mg 

quinone, i.e. in which (Q) entered the rate law, and even in this single experiment 

there was no stimulatory 6T effect (Table XIX). 

·Whereas in Scenedesmus the ratio oLthe rate with { Q}= 2 to (Q)= 1 

required for 6T stimulation is about 1. 5 {exp; 1030); the highest observed 

ratio in Chlorella to date is the 1. 15 above {62/54). The light-and quinone

saturated nature of the Hill reactions with Chlorella undoubtedly contributes 

to the failure to observe stimulatory 6T effects. To give a broader biological 

base to this effect it will be necessary to extend the concentration range of 

quinone which may be used, so that quinone -dependent Hill reactions in 

other organisms are made available for comparison with Scenedesmus. 
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Table XIX - Hill Reaction 
(2 percent Chlorelia, exp. 1052) · 

mg quinone 1.0 1.0 1.0 2.0 

Relative light intensity 1.0 1.0 ; 42 1.0 

mg 6T added 0 . 5 0 0 

Microliters in 9 min. 54 48 47 62 

The inhibition by 6 T and quinone at low algal densities and high ( Q) 

described previously suggested that the effect was primarily a photolytic one 

and that low algal densities merely permitted the quinone to compete favorably 

for the existing blue light with the plant pigments,· thus increasing the amount 

of photoproducts and the degree of inhibition. To test this notion algae were 

incubated with 6T as usual A, and witho~t as the control B; the quinone in 

one side arm was illuminated for 13 min. (in N
2

) in the thermostat without 

algae in the center compalStment, algae were then inserted, and the usual pattern 

subsequently followed .C; quinone was illuminated as in C and subsequently 

added to algae which had been incubated with 6T as usual D; 6T was added to 

the side arm containing quinone instead of the algal suspension and the two 

were then added together E; 6T was added to the side arm with quinone as E. 

·but both were illuminated as C and D together and then added subsequently 

together to the algal suspension F, Table XX. 

Table XX - Hill Reaction 

(1 Percent Scenedesmus, l. 5 mg quinone, 0. 5 mg 6T when used, exp. 1041}; 

Vessel 

Microliters in 24 min. 

A 

134 

B 

83 

c 
44 

D 

20 
E: 
72 

F 
60 

Illuminated quinone was found to be inhibitory, as has been frequently demon

strated~3· 24 • 34 However, whereas 6T is stimulatory with nonilluminated 

quinone, it is inhibitory with illuminated quinone, exceeding even the inhibitory 

effect of the latter itself. Mixed with quinone, 6T does not subsequently act 

in a stimulatory fashion, but seems to protect the algal suspension from the 

effects of illuminated quinone to a small extent. 
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The experiment was subsequently repeated, using a twenty-minute aerobic 

illumination period, which was followed by an aerobic Hill reaction. The 

quantities corresponding to those given for exp. 1041 are given in Table XXI, 

where G involves illumination of quinone, subsequent addition of 6T to the 

quinone, and addition of the mixture to the algae. 

Table XXI - HHl Reaction 

(1. 5 Percent Scenedesmus, 1. 5 mg quinone, 0. 25 mg 6T, exp. 1106.) 

Vessel 

Microliters in 20 rni~. 

A 

124 

B 

111 

c 
44 

D 

58 
E 

105 
F 

53 
G 

47 

The pattern is similar to exp. 1041 except that the 6T-incubated algae were not 

as sensitive to illuminated quinone. Whether this discrepancy is the result of 

aerobic-anaerobic differences has yet to be investigated. 

In view of the inhibitory nature of illuminated quinone solutions, it was 

prop6sed that the decrease in rate as .the Hill r~action approached completion 

was the result of quinone illumination during the course of the readion:
25

, ·and 

not to a decrease in (Q~. To test this notion, red cellophane (Dupont) which 

has a transmission of less thanlO percent for all wave lengths below 5500 

Angstroms, and greatly reduced absorption of light by the quinone, was wrappei;ld 

around the vessels and the rate was compared with the usual control experiment 

(Table XXII). 

The rate appears essentially unchanged by the red filter, indicating both 

that the Hill reaction does not involve the use of shorter wave length light and 

that the photolysis of quinone is probably not involved in rate decreases during 

reaction under these conditions. Subsequent experiments which demonstrated 

that the initial rate was also highly dependent on ( Q ) confirmed this conclusion. 
. 0 

The subsequent use of these filters was· discontinued. 

Te.ble XXII - Hill Reaction 

(2 Percent Scenedesmus, 1. 0 mg quinone, exp. 1047.) 

Microliters Oxygen Produced Exp. 1047 

Time 5 10 15 20 25 30 35 

Control 22 47 66 77 82 86 87 

Red Filter 22 43 63 75 85 88 90 

42 Percent Brass Filter 8 19 37 48 .60 70 78 
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That the inhibitory effects of quinone are not due entirely to photolytic 

effects but also to such factors as contact time with cells prior to illumination 

was demonstrated with Chlorella (Table XXIII)._) The time interval between 

tipping the quinone and the start of illumination was varied, with all other 

factors held as constant as possible. 

Table XXIII - Hill Reaction 

(2 Percent Chlorella, 2. 0 mg quinone, exp. 1050.} 

Dark contact time 5 10 15 20 25 

Mlicroliters in 36 min. 132 94 114 102 99 

This experiment ha~ not as yet been repeated with Scenedesmus cells. 

Failure to leave a reproducible inoculum.of algae after harvesting resulted 

in Scenedesmus with a widely fluctuating chlorophyll content. There was found 

to be a close correlation between the chlorophyll content, the culture density, 

the rate of the Hill reaction controls, and the qualitative 6T effect. In Table 

XXIV, culture density represents the total volume of packed cells per liter of 

culture media at time of harvest. 

Although there is considerable scatter of points, it does seem that high 

chlorophyll content is associated with high culture density'".and stimulatory 6T 

effects, and that the converse is also true. The changes in chlorophyll content 

may of course merely reflect other changes which are more pertinent in the 

mechanism of the 6T stimulation. Unfortunately the experiments tabulated 

were designed for other purposes than .to test out the effect of chlorophyll 

content on the rate, and therefore they are not all strictly comparable. For 

example, it would be interesting to know what the 6T effect would have been 

in exp. 1036 with( Q) = 1 rather than 3. Conversely, experiments designed to 

test other effects cannot be strictly compared with one another because of 

cultural differences. For example, exp. 1050 tested the effect of dark contact 

time on the subsequent rate, and the conclusions reached on the basis of that 

experiment must be considered in view of the fact that the algae appeared to 

be quite low in chlorophyll content. A different conclusion might have been 

reached if Scenedesmus 2/14/53 had been used. All the photosynthetic 

experiments within this laboratory are carried out with similarly grown plants, 
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Table XXIV - Cultural Differences and Hill Activity 

Scenedesmus 
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and if such large variations exist the results of any single experiment should 

not be generalized. Dr. R. C. Fuller and Dr. R. E. Norris of these laboratories 

have been working on the design of culture apparatus which will make the gr,owth 

conditions subjec~ to greater control, and we hope eventually to obtt.in continuous 

harvests of physiologically reproducible algae. It is anticipated that it will also 

be possible to culture Chlorella with a considerably higher chlorophyll content 

and 6T stimulatory activity. 

It was decided to pursue the kinetic analysis of the 6T effect temporarily 

with the system in which it was stimulatory, namely, Scenedesmus cells. The .. 
observation of experiment 1012 that 6T stimulatory activity drops off rapidly 

below a concentration of 3 x 10-4 M {0. 25 rng} was difficult to understand on the 

basis of the theory that 6T was supplementing the 6T a.lready present within the 

cell and acting as both quantum converter and hydrogen transfer agent, since 

the. experiments of Dr. R. C. Fuller
35 

demonstrated that the amount of 6T, 

tot~l in both free and combined forms, within the quantity of cells (40 m.m 
3

) 
-5 

used in our experiments. was of the order of 10 mg. Furthermore, the 

am~unt involved in the quantum conversi!-)n function is presumably only a 

fraction of that a:mounL Experiment 1012 was repeated { 1.5 percent Scenedesmus, 

1. 4 mg quinone, exp. 1056) and the results are given as the percentage increase 

. in rate over the control in Fig. 1. The effect drops off sharply below 1/8 mg 

added 6T . 

. One interpretation of the relatively large exogenous concentration of 

6T required would be that metabolic activity is required on the part of the cells, 

either to transport 6T across the ceH membrane or to convert it to a specific 

functional form {as has been proposed by Reed and co-workers}
36 

when 6T is 

active in .. pyruvate oxidation. Either of these processes could reasonably require 

oxidative metabolism with a small rate constant, and, therefore, a relatively 

high con.centration of exogenous 6T substrate. To test this notion, 6T was 

added to algae for 50 minutes aerobically before the usual N
2 

Hush (A), and 

10 minutes before the N
2 

flush (B); a vessel C was flushed with N
2 

and the 

6T was added from a side arm immediately afterward and was followed by 

approximately 60 minutes in N
2

, as were A and B, before illuminati.on 

was started; 6T was mixed. with quinone and they were added together in N 
2

, 

followed by another 15 minutes' dark in N
2

(D); 6T was added from a side arm 

10 minutes after the quinone in N
2 

and followed by five minutes' dark also in 

N
2 

(E). Thus all reactions were carried out in N
2

, with A and B permitted 

·to incubate 6T aerobically for 60 and 10 minutes previously (Table XXV). 
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Table XXV - Hill Reaction 

. {25 Percent Scenedesmus, 1. 5 mg quinone, 0" 25 mg 6T 
" when used, exp. 1061.) 

Vessel 

Microliters in 16 min. 

Control 

72 

A 
102 

B 
103 

c 
77 

D 
67 

E 
72 

These results seem to indicate that oxidative reactions are required to utilize 

the 6T as a Hill stimulant. Whether oxygen is required to transport the 6T 

across the cell membrane or. to convert it into another form was not investigated 

further. 

According to the SH. {Q}conc.ept, as the potential rate of the quinone 

reduction reaction is stimulated indefinitely it will cease to be rate -limiting, the 

over -all rate being then determined by other, potentially slower reactions. 

Beyond this point,. increasing the potential rate of quinone reduction will not 

affect the observed rate and therefore the maximum rate obtainable by adding 

6T should correspondto that obtained by increasing (OJ. If on the other hand 6T 

is acting upon another ,rate-limiting reaction such as quantum conversion, the 

maximum 6T-sti:inulated rate should be greater than the maximum quinone

stimulated rate'. An experiment similar to 1027 was carried out to determine 

and compare these maximum rates (Table XXVI}. 

Table XXVI - HiU Reaction 

(2 Percent Scene de srrius, 0. 25 mg 6T, exp. 1059.) 

Q mg 
0 

6.0 6.0 4.8 3.6 3.6 2.4 1.2 1. 2 

6T mg 0 . 25 0 . 25 0 0 0 . 25 

Microliters 65 47 ',73 76 90 78 62 95 
in 12 min. 

The maximum observed 'rate in the absence of added 6T was 

90 tJ.l/12 min. while the maximum observed with added 6T was 95 jiil/12 min., 

and it did not seem that under the conditions of that particular experiment any 

quinone -independent reactions were being stimulated by added 6T, although 

the apparent side inhibitory effects at these high quinone levels may mask the 

true relationship. 
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' 
1. J 

The fact that 6T is only inhibitory at inhibitory quinone levels suggests 

that the inhibition is the result of a pairwise interaction between the two, or 

between the (SH) and as yet unspecified quinone photoproducts, to form a complex 

which blocks further photochemical activity. This would :hot be unreasonable 
. 34 

if the photoproducts were hydr<Xyquinones, as has been suggested by Aronoff, 

which could add irreversibly to the(SH) presenL Such an effect may well explain 

the observed inhibitory effects of quinone in the absence of added 6T. The 

investigation of such photoproducts and their reactions with (SH) will be gre.atly 

facilitated with the ca.rbo:n:-14 labeled quinone recently made available com~erci·

ally. 

If the ( SH). ( Q) concept is correct, and 6DT is an intermediate in the 

Hill reaction, then the exogenous addition of 6DT should be stimulatory, if 

only by its being converted to active 6T. The 6MO, which has been shown by 
37 . . . 

Seaman to be slowly converted to 6T in several microorganisms and which is 

later proposed as an intermediate in the Hill reaction, should also exhibit 6T-Hke 

effects. To test these predictions, exp. 1062 was carried out using equivalent 

concentrations of 6T, 6DT, and 6MO. The results appear in Fig. 2. As it was 

anticipated that incubation in light might aid in the interconversion of the three 

forms, the experiment was carried out both with the standard dark incubation 

and for one hour aerobically in the light. The reasons for the lack of observable 

6T -activity of 6DT and 6MO have not as yet been ascertained. Differential 

penetrabilities of the cell membrane may be one contributing factor, but it was 

not anticipated that such large differences would be observed among such 1. 

closely related compounds. 

The yield of oxygen in the presence of 6DT was somewhat lower than 

with the other addants or in the control. Four experiments in all were carried 

out with 6DT. Out of a total theoretical yield of 626 f.tl the controls evolved 

538 (J.L (86 percent). TJ:le vessels containing 6DT evolved a total of 494 f.tl, 

<:i:4 less than the ·.controls; •The total:amount of 6DT added was 1. 05 mg, which 

would correspond to 58 f.tl. less oxygen evolved if 6DT were to either reduce 

or react nonreversibly with the quinone, thus preventing an equimolar amount 

of the quinone from acting as a Hill oxidant. The close correspondence between 

the two values of 44 and 58 suggests that such reactions were occurring. If . . 
the reaction were such as to produce 6T from the 6DT then we might expect a 

6T stimulation. However, the 6T would not have been formed until after the 

cells had been exposed to the quinone, and under these conditions 6T is unable to 
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effect stimula1i.on {cf. p.32 ). It is therefore yet possible that 6T is formed by 

the 6DT -quinone reaction. The 6DT must, of course, be capable of quinone 

reduction if it is to perform hydrogen transport function. 

One alternative to the(SH). {0) concept may be symbolized by (S-S) +{Q}, 

i.e. that the 6T acts as an auxiliary Hill reagentp and increases the rate under 

conditions in which there is an excess of reducing power available .. Under these 

conditions increasing the total concentration of hydrogen acceptors, either 

quinone or 6T, wiU increase the over -all reduction rate. In common with the 

{SH). (Q) concept, the 6T effect should be less apparent at low light intensities 

and high quinone concentration. However, if this mechanism is operative the 

yield of oxygen should be increased by the reduction of the added 6T. 

Yields have been tabulated with and without added 6T, and with both 

0. 5 and 1, 0 ml oxidant in the side arm. Only those experiments in which the 

maximum oxygen evolved was measured accurately were included in the 

tabulation. This provision excluded many experiments in which inhibitory 

effects were observed and in which the experiments were therefore not continued 

for sufficiently long times to reach pressure saturation. The experiments 

tabulated include only those with Scenedesmus cells. With 0, 5 ml oxidant in 

the side arm a total theoretical yield of 6454 f.Ll 0
2 

was calculated on the basis 

of the total quinone added in all experiments tabulated. The control vessels 
• 

evolved a total of 5413 f.Ll {83. 7 percent). This is to be compared with the 

75 percent theoretical yields found with Chlorella cells by Clendenning and 

Ehrmantraut
24 

and with nearly 100 percent in purified chloroplast preparations 

reported in the literature.
23 

The vessels with 6T evolved a total of 5378 f.Ll, 

35 less than the controls. From the total amount of added 6T added in aU 

experiments, assuming that the 6T were to act as a Hill oxidant, it was cal

culated that the vessels with 6T should have evolved 1155 f.Ll more than the 

controls. 

Oxygen yields when 1. 0 ml of oxidant solution was used in the side arm 

have also been tabulated for all experiments completed to date, The theoretical 

yield of oxygen in the controls was 7138 f.Ll and 6559 f.Ll were evolved (9 L 3 per

cent), while in the vessels with the 6T 6560 f.Ll were evolved, 1 !J.l more than in 

the controls. From the quantity of 6T added, 666 f.Ll more would have been 

expected if 6 T weTe acting as a Hill rea::;cnt in the usual sense. The theoretical 

yield of all vessels (1.0 ml oxidant) not coHtaining 6T was 13,611 and 12,206 f.Ll 

were evolved (89. 7 percent). If we assume that the 6 percent difference, i.e .. 

89. 7 percent - 83. 7 percent, between the yields with 0. 5 ml and 1. 0 ml oxidant 
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is the result of a loss of a constant volume of liquid which does hot drain from 
' 

the side arm, it is obvious that the yield would be 89. 7 percent + 6. 0 percent = 

95. 7 percent were such losses reduced to zero, and also that the volume of lost 

oxidant is 0. 06 ml Stoichiometric yields of oxygen would considerably enhance 

the theoretical status of the Hill reaction in whole cells. 

It is clear that the observed stimulatory 6T effects are not simply 

the result a£ an increase in the total concentration of oxidant at the reduction 

!flte', Such over-all yield considerations cannot of course eliminate the passibility 

that 6T acts solely as a hydrogen transport system from the chloroplast reduction 
' . 

site to the site of quinone redu~;:tion and thus suffers no net reduction. To eliminate 

the latt.er possibility it seems necessary tC? resort to a more quantitative: analysis. 

If 6T functions solely as a hydrogen carrier, known hydrogen transfer 

systems should stimulate the reac1ion under conditions in which 61' is stimulatory. 

Therefore, 1. 8 mg DPN + and 1. 5 mg DPNH were added {dissolved in M/3 PB) 

to the cells aerobically under the same conditions as 0. 25 mg 6T, and a standard 

experiment was carried out (Table XXVII). 

Table XXVII - HiH Reaction 

{1. 5 percent Scenedesmus, 1. 5 mg quinone, exp. 1068) 

Vessel 

Microliters 
in 18 min. 

Control 

88 

6T 

125 

DPN+ 

85 

DPNH 

84 

Whether the differences in action were caused by the failure of the DPN+ and 

DPNH to penetrate the cells was not investigated further. The yield of 0
2 

with 

DPNH was 124 p.l while that of the control was 143 p.l, a difference of 19 p.l. 

The calculated difference assuming DPNH ~ransfers its protons quantitatively 

to quinone is 25 j.tl for 100 percent purity DPNH. 

The experiments with 5T .{cf. p.21} demonstrated that the five-.-membered 

ring was a necessary requirement for Hill stimulation, but did not determine 

its sufficiency. The 8-methyl 6, 8"'-dithiooctanoic acid, 6MT, possesses the 

same five-membered ring system as 6T, and several experiments ~ere carried 

out to determine whether this structure were a sufficient condition for 6T 

stimuiatory activity. The results of a typical experiment appear in Table 

XXVIIL 



Table XXVIII ~ Hill Reaction 

(L 5 percent Scenedesinus, 1. 5 mg quinone, 0. 25 mg addants, exp. 1079.) 

Vessel 

Microliters 
in 16 min. 

Control 

72 

6T 

121 

6MT 

104 

6MT + 6T 

119 

The 6MT thus exhibits approximately 70 percent of the activity of 6T o It would 

seem reasonable that the presence of the 8~methyl group would disturb the energy 

levels of the ring and hence its efficiency as a quantum conversion agent (the 

ultraviolet spectrum is identical with 6T, however), as well as interfere steric

ally with its hydrogen transport function. 

It seemed reasonable that the affinity of arsenic for complexing with 

thiols might result in the inhibition of the Hill reaction by arsenite, and its 

subsequent reversal by added 6T. The coexistence of arsenite with the oxidant 

quinone was doubtful, reducing the significance of any observed failure of 

arsenite to inhibit the reaction. Any reversal by 6T might merely indicate a 

simple competitive equilibrium for arsenic complex formation between a natural 

material and the added 6T, rather than a specific function for 6T. In addition, 

arsenite might merely prevent the oxidative metabolic incorporation of 6T into 

its functional ·form by destroying the pertinent enzyme systems. Therefore, 

0. 7 mg As
2
o

3 
dissolved in M/10 NaOH was added 10 minutes before the 6T 

in a standard experiment (Table XXIX) 

Table XXIX - Hill Reaction 

(l. 5 percent Scenedesmus, 1. 5 mg quinone, exp. 1080.) 

ve:ssel .Control 6T As0
2 

=" ·~ 

Asb 
6 ' 2 

Spun Spun 
+ T' Control 6T 

6T -mg · .. 
~ . - . '· . ~ . 0 . 25 0 0 25 0 0 25 

Micro"iitet-s 96 116 98 111 69 78 
in 20 min. 
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There. is thus very little effect of added arsenite at this concentration level. 

As stated above, questiop.s such as whether the quinone oxidized the arsenite 

prior to illumination, or 'whether the arsenite were completely bound up by 

other cellular components before attacking the photochemical apparatus, were 

not investigated. 

The large (relative) excess of 6T required for stimulatory activity has 

been interpreted as a need for metabolic activity with a very small rate constant 

{cf. p. 32 }. After the cells have been allowed to metabolize a small amount of 

6T, therefore, they should no longer require the exogenous 6T for stimulation. 

Two samples of algae were treated in the same manner as "control11 and "6T" 

of exp. 1080 until after the addition of 6T. After 10 minutes of aerobic incubation 
. \ 

'With exogenous 6T and M/3 PB, both samples were centrifuged frorrl' the super-

natant phosphate buffer {+ 6T}, resuspended in M/15 PB, and then used in a 

standard experiment. The results appear in the columns "·spun control" and 

"spun 6T" in.Table XXIX and demonstrate that while the centr1fugation operation 

itself is injurious,· 6T is stimulatory in the absence of much of the exogenous 6T. 

Questions whether the difference was the result of differential injuries during 

centrifugation were not investigated. 

Samples of purified chloroplast preparations of sugar beet leaves were 

generously made available by Dr. D. I. Arnon. In view of the requirement of 

oxygen in making the 6T available for use as a Hill stimulant, it was anticipated 

that purified chloroplasts, which might not retain the essential enzymatic system 

for this transformation, would not yield an observable 6T effect. Chloroplasts 

with a relative· chlorophyll content of 10. 1/vessel {compared with 24. 4 in the 

typical experiment 1037} were used in a standard experiment (Table XXX) 

Table XXX - Hill Reaction 

(Chloroplasts, 1. 23 mg quinone, aerobic, exp, 1094.) 

6T 
42 Percent 50 Percent 

Vessel Control 6T 6T Io Chlps. 

6T micrograms 0 2.9 29 290 0 0 

Microliters 34 40 35 35 34 21 
in 50 min. 

If the acceleration of the 2. 9-microgram 6T vessel were statistically significant, 

the dependence of 6T stimulation upon 6T concentration would be the reverse of 

that observed in whole cells. 
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Experiment 1094 was repeated with twice the concentrati~n of chloroplasts 

per vessel, a smaller concentration of quinone, and anaerobically, upon the 

recommendation of Professor Arnon, and the results appear in Table XXXI. 

Table XXXI - Hill Reaction 

'l h(Chlor .. op1asts;''•LO m,g·quinm1e,:,anaerobic, exp. 1095.) 

Vessel Control 6T 6T 6T 
. 42 Per:tent 

~ 0. 5 mg Q 
0 

Chlp. 
alone 

6T micrograms 0 2.8 28 280 0 0 

Microliters 50 55 52 50 44 46 
in 50 min. 

The same trend, i.e. an increase in rate at lower 6T concentrations, is ndl:ed 

as in the previous experiment but it appears to be too small fo be significant. 

The effect if real is certainly not as impressive as is observed in cellular 

Scenedesmus. Dr. R. C. Fuller of these laboratories has analyzed these 

0 

8 

5 35 
chloroplasts (bioassay) for 6T and finds 4 x 10-. mg per vessel in the controls, 

approximately four times the total cell content of 6T in the usual volume of 
3 . 

Scenedesmus used per vess.el (40 mm packed cells). This high concentration 

may well explain the lack of effect of added 6T in the chloroplasts. The ratio 

of the control rate with 1. 0 mg quinone to that with 0. 5 mg is 1. 09, considerably 

less than the approximately 1. 5 values in stimulated Scenedesmus {cf. p.24) 

and approximatel~ equal to the L 15 value in nonstimulated Chlorella (cL p. 26,} 

or the 1. 03 value in inhibited Synechococcus (cf. p. 21 ) . This lack of quinone

dependent control rates contributes to the failure to observe stimulatory 6T 

effects in these systems. 

B. Theoretical Kinetics of the Simplified Quantum Conversion Cycle. 

Most of the experiments described have either attempted to eliminate 

possible artifacts, or to determine the magnitude of the experimentally controlled 

concentration terms that resulted in the largest 6T stimulations. The largest 

effects were observed when the over -all rate was strongly dependent upon the 

quinone concentration. Experiments designed to determine whether the maximum 

rate obtainable with added 6T was greater than obtained by increasing the 

quinone concentration were unsuccessful, as the desire!i observations were 

obscured by inhibitory side reactions. The dependence of the rate upon the 



quinone concentration was decreased with decreasing __ light intensity, as was} 

the 6T stimulation, although the latter effect was obscured by a concomitant 

inhibitory effect. Whether this signified that light processes were involved 

in the 6T effect or that reduced light capture merely replaced tbe quinone term 

in the rate law could not be ascertained by such qualitative experiments, 

These qualitative observations led to the concept that 6T stimulated the 

reduction of quinone with a rate proportional to {SH). {Q) and that 6T stimulations 

would always be observed when the product contributed to the rate law. It was 

hoped that the converse was not true, and that another reaction, .for example 

quantum conversion, would also be stimulated by 6T and increase the rate rven: 

when(SH) ,(Q) were not in the rate law, The direct test of this notion as mentioned 

above required the use of inhibitory levels of quinone and therefore a workable 

theoretical analysis which would allow mathematical extrapolation to this experi

mentally unrealizable region was necessary. 

Several desirable characteristics of this analysis Vilere obvious. The 

relative light intensity, quinone concentration, and total 6T concentration, i.e. 

1
0

, {<4, M, should enter into the rate law, the latter pair as a product. The 

dependence of the rate on each of these varfables should decrease as they are 

increased, corresponding to the observed saturation effects. Excited pigment 

molecules, i.e. chlorophyH, chl*, should be capable of either productive or 

nonproductive decay, the ratio of the former to the latter increasing with 

increasing M, and corresponding to increased quantum conversion. A simplified 

model which embodied these characteristics was set up {Fig. 3}. 

Light is captured by photosynthetic pigments which ultimately transfer 

the energy to chlorophyll a as predicted by Forster 39 and demonstrated experi-
38 

mentally by Duysens. The total rate of this transfer, k', is expressed for 

convenience as if photons were ideal gas particles, L e. in fll{min. to correspond 

to the observed manometric readings. Any light that is captured by nonphotosyn

thetic pigments or which is otherwise not potentially capable of exciting chloro

phyU a is not included in k'. 
38 

The excited chlorophyH then may return to the 

ground state by at least two reaction paths. It may decay either by internal 
11 

conversion or phosphoresence to the ground state. The total rate of decay 

is assumed. to be first-order in the excited chlorophyll concentration, {chl*) 

and with a summed rate constant, k 2 , although Tamiya has presented a kinetic 
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Simplified Quantum Conversion Cycle. 
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.~ 

analysis which indicates a bimolecular decay in photosynthesis. 
40 

Alternatively, 

the excited state may transfer its energy to 6T, forming a diradical and itself 

returning to the ground state. Again for convenience the rate of this reaction 

is assumed to be first-order in (chl*) and in 6T concentration, (S~S), with a 

rate constant 1)_. The sum of both types of reaction must equal the quantum 

capture rate at the steady state, k', 

The rate of quantum conversion thus becomes simply 

R = k'l)_ {S-S) 

~ {S-S} + ~ 

The diradical produced by quantum conversion may then abstract hydrogen from 

an unspecified source, XH, at a rate assumed to be proportional to the diradical 

concentration, (S. ), and the square of the hydrogen donor concentration, (XH)
2

. 

We_ assume later that {XH) is a constant and therefore its power dependence is 

chosen arbitrarily. 

The total amount of 6T within the cell as mentioned above, is 
-5 I 3 · ca. 10 mg 40 mm cells, and presumably only a small fraction of that amount 

would be involved in the photosynthetic mechanism. However, the entire amount 

per vessel, if stored as the diradical, would aUow the conversion of only· 
-4 

5 x 10 p.l quanta total. From the observed oxygen rates the quanta must enter 

at least at a rate of 10 f.Ll/min, and it is therefore impossible for the rate of 

diradical production to vary by more than an insignificant amount from the rate 

of diradical reduction. This equal-rate argument aHows us to write, 

The dithiol produced from the diradical then reduces quinone directly in a 

reaction assumed to be first order in quinone concentration, (Q}, and dithiol 

concentration, (SH). Following the equal-rate argument above, it is evident 

that this reaction rate cannot deviate perceptibly from the observed over -all 

rate of oxygen evolution and that therefore, 

R = k
4 

(SH) {Q) 
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The XH donor is ultimately formed from water, and X is ultimately the 

source of oxidizing power for the evolution of oxygen. It is assumed that there 

is no lag between the rate of quinone reduction and the evolution of oxygen, as 

Spikes has shown to be the case with chloroplasts and ferricyanide. as oxidant. 
41 

From these equations, (S-S), (SH), and (S.) may be easily expressed as 

functions of rate constants, R, and the concentration of XH. To solve for R and 

eliminate (S-S), (SH), and (S. ), we may make use of the material balance 

relation for 6T, namely that if M is designated as the total active 6T in all three 

forms, 

M = (S-S) + (SH) + (S.) 

A quadratic expression in R is obtained and solved for R. The resulting 

expression appears in Fig. 4. In this form the rate expression is relatively 

intractable. We may expand the square root in a power series, however, for 

the moment neglecting questions of convergence, etc. The form of the expansion 

is, 

t1 - X) 
1 I 2 = 1 - x - x2 

2 8 

The physically significant root of R when expanded in this way becomes, 

2 . 1 + 1 
R= Mk' M k

12 
( k~Q) ~(XH) 2

) 
+ ;f: ~! 

M+~ + k' + k' (M + k 2 + k' + k' 3 

Kl k"{d k
3

(XH)2 
kl kjQ) 

) 
k 3 (XH)2 

Without investigating the rate of convergence of the expansion, we dropped the 

terms past the first and, after dividing both sides of the equality into unity, 

obtained as an approximate solution to the rate expression 

1 
R = 1 

k' 
1 + ___ _ 

~(XH)2M 
+ 1 

(1) 
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R = 
2X 

1 1 
where, X= k

4 
(~) + k.3(XH)2 

Fig. 4. Exact Rate Law. 

Simplified Quantum Conversion Cycle. 
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This is the basic equation upon which the subsequent kinetic analysis is to be 

made. In equation (1} the rate is expressed in .terms of reciprocals of the 

maximum rates of each reaction in the sequence, i.e. when all of the 6T is in the 

one of its three forms involved in the slowest potential reaction in the sequence. 

The equation has a familiar form: The Michaelis -Menten enzyme equation may 
42 be written in this form, as suggested by Lineweaver and Burk, as well as 

the Langmuir adsorption isotherm, and in fact it represents the general form of 

a linear s'equence of reversible reactions, which may be represented in the 

steady state by a summation of reciprocal rate constants, as, for example, has 

been proposed by Christiansen. 
43

• 
44 

The hope that the equation (1) should be 

valid in a set of nonreversible reactions such as are represented by the mech

anism proposed depends upon the fact that a completely nonreversible cyclic 

system exhibits many of the properties of a linear reversible one. 

T he_equation is admittedly an approximation, and it would be surprising, 

if it were to accurately represent the observed kinetics. Not only is it based 

on an assumed model which is certainly highly oversimplified, but the final 

r:ate law does not even precisely correspond to the model. An important im

precision is the appearance of M in the three rate terms. If the dependence of 

the over-all rate were measured as a function of a single variable, the agreement 

between the predictions of (1) and observation would be expected to be considerably 

closer than if the effect of that same variable on the rate were in turn determined 

as a function of another variable. If. a reaction such as quinone reduction becomes 

potentially extremely slow with respec:t to the potential rates of the other 

reactions, {SH}/M will approach unity, R will approach k
4
M(.:Q, and (S-S)/M 

and {S. }/M will increase proportionately to {Q) while still remaining essentially 

zero, and (S.,.S}/M will still be essentially unity. The apparent constants, 

k4M, k:3M, and ~M are determined by measuring the slope of 1/R vs. the 

reciprocal of the corresponding variable intensity, and undoubtedly correspond 

more nearly to k4 «SH}, k:3 (S. }, and k1 (S-S). Therefore in the example above, 

only k4M will appear constant while the measured (.apparent k:3M and ~M will 

appear to increase almost linearly with{ Q). If, on the other hand, quinone 

reduction were of the order of magnitude in potential rate of the other reactions, 

the apparent k4M would decrease and apparent ~M and ~M would increase with 

increasing {Q}, because the distribution of 6T alters to favor (S-S) and (S. ). 
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The equation (1) therefore, while it may represent the over -all rate with 

reasonable accuracy with respect t.o the change of a single variable, will tend 

to predict too high a degree of independence of the individual.reactions. 

In spite of its evident approximate nature, the equation may form a basis 

for .further experimentation and possible verification. The simplified form in 

which a complex sequence of reactions is represented by summing linear terms 

for each. reaction, and in which unknown and unspecified reactions may also be 

summed in a single constant, is appealing. Each reaction in question may be 

studied, according to equation {1). without regard kinetically to the others, 

simplifying the interpretation of kinetic data. Similar equati'ons. such .as the 

Michaelis -Menten formulation 
45 

have used .the same form for short sequences 

of enzymatic reactions in vitro, and it may prove feasible to extend this to the 

analysis .of longer sequences of reactions in vivo. There is a considerable body 

of theoretical and experimental data extant, such as those of Tamiya, 
40 

in 

which hyperbolic functional dependences could be converted to more easily 

verifiable linear dependences by using reciprocal rates as equation (1). 

The dependence of the over -all rate on the magnitude of any single 

variable follows the usually observed form. As it approaches zero the rate 

becomes proportional to it, and as it approaches infinity, the rate becomes 

independent of its magnitude, and therefore both linear dependencies and 

saturation phenomena are represented by a single straight,line dependence. 

When several potential reaction rates are of the same order of magnitude, 

the rate will vary with the potential rate of each one and they all may be said 

to be partially rate -determining. 

One of the interesting aspects of equation {1) is thatit at first seems 

to violate a general principle, that is, that when the intensity of a variable 

decreases sufficiently the over-all rate becomes completely limited by its 

magnitude only and is not accelerated by altering any other variable. As 

.the light~capture rate is reduced to zero, the rate law reduces to 

1 
R 

= 1 (1+ 
k' 

and the rate is proportional to the light intensity. Even in this linear region 

an increase in the 6T concentration may increase the over~all rate even though it 
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does not change the apparent rate -limiting step, i.e. quantum capture. The 

reason for this peculiar effect is that following the rate-limiting step the 

sequence breaks into two paths, only one of which is productive, i.e. ultimately 

evolves oxygen. The fraction of light used productively is limited by the ratio 

~M/k2 and this ratio may be increased in favor of the productive path by 

supplying 6T. If the plant is naturally. so efficient that k
2
/k

1
M is negligible, 

added 6T will have very little effect at low light intensities. The increase in 

favor of productive usage6f;r quanta by added 6T is the quantitative meaning of 

the expression, "stimulation of quantum conversion". 

C. Experimental Tests of the Simplified Quantum ConversionCycle. 

where 

and 

Equation (1) may be expressed as 

1 
R = . B 

A+ ( Q) 

A= _1_ O + 
kr 

~2c + 
k1M. 

l 

k M{XH)2 
3 

(2) 

Equation {2) thus expresses the dependence of the over -all rate. upon the 

quinone concentration. There are two general experimental tests of this 

relation. First, we may vary the initial quinone concentration and determine 

the effect upon the initial rate, R . Alternatively, as each reaction proceeds 
0 

to completion, the quinone concentration .·decreases continuously to zero. 

The oxygen-time curves of the Hill reaction should therefore fit the integrated 

form of equation {2), a two-parameter e,quation; 

~ .. 
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The parameters A, B, and 1/R were determined for a typical 
0 

experiment by the methods described previously (cf. p. 16) and appear in 

Table XXXII: 

Table XXXII - Hill Reaction Constants 

(1.5 ;Percent Scenedesmus, l. 5 mg quinone, exp. 1067) 

Control 1/R = 0. 0834 
0 

0 • .25 mg 6T = . 0536 

.B = 0. 0186 

= 0.0030 

A=0.0710 

=0.0516 

From the values in the table the oxygen-time curves were reconstructed, and 

their fit to the raw data from which they were calculated is demonstrated in Fig. 5. 

The reconstruCted values are calculated to 95 percent completion and are rep

resented by the solid lines through the experimental points. It should be recalled 

that the value of B is independent of the flask constant used, but depends on the 

value of o2m in a sensitive functional dependence. On the other hand, l/R
0 

is 

independent of o
2

m but is inversely proportional to the flask constant. A, which 

is actually 1/R ~ B;{Q };, depends on both flask constant and 02 and is therefore . o o· m 
the least Cl.ccurately known quantity. A is not an observed quantity like 1/R 

. 0 

and B, and it corresponds to the reciprocal over-all rate at infinite quinone 

concentration. The 1/ A thus corresponds to the hypothetical rate for which we 

originally set up our kinetic model, and which, if stimulated by 6T, would 

support quantum conversion stimulation. It is now apparent that stimulation 

of diradical reduction would alsp stimulate 1/ A. The separation of these two 

possible alternatives is not as straightforward as with quino:qe reduction. 

·Equation (2) predicts that B should decrease with added 6T, in excellent 

agreement with the six-fold decrease observed. The lower value of A with 

added 6T ind,icates that the maximum rate with 6T is greater than the maximum 

rate obtainable by increasing {Q) indefinitely. This extrapolated result, based 

on low levels of quinone, thus answers the question that was experimentally 

unattainable because of inhibitory side reactions. In view of the important role 

that this conclusion plays in the present theory, it is essential that independent 

confirmatory evidence be obtained that will support_the validity of the extra

polation procedure. 

It seemed plausible that~ and~· being involved in quantum transfer 

processes, would be thermally independent, and that~· being involved in a 
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thermal process, would not. Of course it i-s known that activation energies 

for free -radical reactions ar.e very small and that therefore they are not 

thermally dependent to a high degree. However, persisting stimulation (apparent) 

of 1/ A at elevated temperatures might separate the two reactions postulated to 

be involved in A, and give support to the quantum-conversion function stimulation. 

Experiments were designed to determine the thermal dependence of the (apparent) 

stimulation of 1/ A. The results appear in Table XXXIII. 

In later experiments to confirm the observations in Table XXXIII, 

Scenedesmus that had been cultured at 2!? 
0 

instead of the customary 18° was used, 

and experiments similar to those tabulated above were carried out {Table XXXIV.) 

In Table XXXIII aU four experiments were carried out with algae from 

the same harvest, which were stored at 6 degrees for an additional 24 hours 

between the otherwise identical experiments 1074 and 1075. Storage losses 

are reflected in the generally smaller R values in 1075, especially at 42 percent 
0 

I and 6T. 
0 

Small negative values of B have no theoretical interpretation in terms of 

equation (1). In the 6T oxygen-time curve of Fig. 5, it will be noted that the 

first few points fan sHghUy below the reconstructed curve form, and that in 

addition the slope does not begin to change rapidly until after 90 percent reacti~n 

completion, the last point included in the least~squares calculations. These two 

conditions make the curve appear to be slightly concave upwards as far as the 

least-squares calculations are concerned, which do not "see" the downward 

curvature after 90 percent reaction completion, and the slightly upward concavity 

results in slightly negative values for B. Induction periods have not been 

reported in the literature of the Hill reaction in isolated chloroplasts or in 

Chlorella cells as discussed by Clendenning and co-workers, 
24 

but in the 

present experiments with whole cells, time lags of from 0. 1 to 0. 5 minutes 

have frequently been observed. There is no obvious correlation of the lag time 

andthe over-all rate. The magnitude of the effect which this lag has upon the 

calculated values of 1/R and B can be determined if it is assumed that the 0 . 

entire oxygen-time curve has been displaced along the time axis by a constant 

value corresponding to the lag time. This lag may then be inserted into the 

least-squares calculation:> directly, arrl it is found that 1/R and B are linearly 
0 

related to the lag time, T*, in minutes, i.e. 

B {adjusted) = B + 0. 00965 T* 

1/R (adjusted) = 1/R - 1. 73T*/0
2 o o m 

in which the adjusted values are calculated with T*. For 1. 5 mg quinone, 
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Table XXXIII - Hill Reaction Constants 

· (1. 5 Percent Scenedesmus, 1. 5 mg quinone, 0. 25 mg 6T) 

Experiment 1072 Temperature = 15. 7 degrees 

. Vessel Control 6T 42 Percent 4·2 Percent 
:b ~Jo + 6T ~ 

1/R . 146 .069 . 188 . 101 
0 

B .074 . 017 . 048 . 011 

A . 096 .058 0 156 .094 

Experiment 1073 Temperature =llo2degrees 

Vessel Control 6T · 42 Percent 
b 

1/R . 211 . 111 . 260 
0 

B .091 .032 . 076 

A . 150 o091 .209 

Experiment 1074 Temperature = 200 7 degrees 

Vessel Control 6T 42 Percent 42 Percent 
I ~ + 6T 0 

1/R . 086 
0 

o053 . 153 .094 

B 0013 -. 002 .002 ~. 007 

A 0077 .054· 0 152 .099 

Experiment 1075 Temperature = 20. 7 degrees 

Vessel Control 6T 42 Percent 42 Percent 
I I + 6T 0 0 

1/R . 100 
0 

0066 . 175 . 153 

B . 014 . 000 -.004 -. 003 

A .091 . 066 . 178 . 155 



Experiment 1122 

.Vessel 

1/R 
0 

B 

A 

Experiment 1123 

.Vessel 

1/R 
0 

B 

A 

Experiment 1124 

Vessel 

1/R 
0 

B 

A 

Experiment 1125 

Vessel 

- ~3. -

Table XXXIV - Hill Reaction Constants 

(1. 5 Percent Scenedesmus, 1. 5 mg quinone, 0. 5 mg 6T) 

Temperature = 15, 7 degrees 

Control 6'F 42 Percent 42 Percent 
I I + 6T 
0 0 

'378 '254 '385 .271 

. 035 .017 . 030 . 006 

. 355 . 243 .365 . 267 

Temperature = 29. 5 degrees 

. Control 6T 42 Percent 42 Percent 
I I + 6T 
0 0 

. 053 . 029 .073 .074 

1018 .006 . 000 -. 010 

.041 . 025 .073 . 080 

Temperature = 29. 5 degrees 

Control 6T 42 Percent 42 Percent 
I I + 6T 
0 0 

. 048 '034 .069 '072 

. 011 -. 001 . 000 "; 004 

.041 .035 .069 . 075 

Temperature = 29. 5 degrees 

Control 6T 42 Percent 42 Percent 
I I + 6T 
0 0 

.048 .029 .060 '086 

. 010 .005 . 002 -. 008 

.041 . 026 .059 . 091. 
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the adjustments for 1/R and B are approximately 0. 01 and -0.01 respectively, 
0 . 

per minute time lag. As these adjustments have no theoretical justification, they 

have not been used herein, except to demonstrate here the sensitivity of the 

reported values to this effect. A somewhat different dependence would result 

if another method of determining 1/R and B were used. 
0 

From the values of 1/R in Tables XXXIIIand XXXIV, the ratios of 
0 

the R at 42 percent I to 100 percent I , with and without 6T, were calculated 
0 0 0 

and appear in TSJ.ble XXXV. 

Table XXXV 

Dependence of Initial Rate upon Light Intensity 

Experiment Temperature I ~%L 4 2} l% « 1 . 0) 

Control 6T 

1072 15. 7 b.88 0.68 

1073 11. 2 0.81 

1074 20.7 0. 57 0. 57 

1075 20.7 0.57 0,43 

1122 15. 7 0.98 0.94 

1123 29.5 0.73 0.39 

1124 29.5 0.69 0.47 

1125 29.5 0,80 0.34 

As the reaction temperature increases, the dependence of the rate upon the 

light intensity increases. Also. as the cells are cultured in a warmer environment, 

they become more temperature~sensitive in the sense that they are less dependent 

on light intensity at equivalent reaction temperatures. Added 6T increases the 

rate of the thermal quinone reduction as chserved in the decrease in B, and 

other reactions involved in A which may or may not be thermally dependent. 

Added 6T therefore increases the dependence of the rate upon the light 

intensity as shownin Table XXXV, reaching, at 29.5°, nearly complete light 

limitation. Under these conditions it would seem that 6T stimulates thermally 

dependent reactions which are no longer rate-limiting at 42 percent I , as 
0 

demonstrated by the failure of 6T to stimulate R in exp. 1123, 1124, and 1125 
-- 0 

at 42 percent I . There appears under these cortditions, however, a masking . 
0 

effect of 6T inhibition ~cf. p. 25 ) which is superimposed on the 6T stimulation 

ani which becomes observable only when the light intensity is reduced, i.e., 

when the 6T ~stimulated reactions cease to be rate -limiting in the controls. 
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It will require further exper~mentation with lower concentrations of 6T 

and a wider range of light intensities to determine whether in the ab'sence of this 
\ 

inhibitory effect, presumably caused by nonspecific poisoning of the photo-

chemical apparatus and 6T interaction with quinone and/ or its photolysis 

products, a stimulatory 6T effect may be observed at light limitation. Failure 

to observe stimulation under these conditions may indicate either that 6T is 

not involved in quantum conversion or that kz/IJ.M is naturally very nearly zero, 

i.e. that the quantum conversion naturally proceeds at light limitation with nearly 

100 percent efficiency. 

A side from the determination of the presence of 6T in chloroplasts as 

described previously ~cf. p. 40 ). and experiments with disuliide and dithiol 

inhibitors, whose interpretation is obscured by an unknown number of possible 

reactions withchloroplastic material and by the inability of the experimenter 

to determine whether the inhibitors ever come in contact with the pertinent 

compounds in the chloroplast, the proof that 6T has a natural· function in the 

Hill reaction is not readily subject to direct analysis. 

0 ur initial interest in equation p) was in checking the theoretical 

dependence of the 6T effect upon the va:t;"ious parameters in the rate law and, 

if possible, to determine whether the quantum conversion process were being 

stimulated. However, ,f:he equation itself also predicts the behavior of the 

Hill reaction in the absence of added ~T, and these predictions were checked 

in several ways. As long as the ground states of the plant pigments are not 

significantly depopulated, k', the capture rate, will be proportional to the 

inCident light intensity, I
0

• and therefore equation «!} predicts that 1/R should 

be a .linear function of 1/I
0

, with a positive slope, and positive, nonzero 

intercept at the experimentally unrealizable infinite I . The use of relative 
I 0 

vaiues of I yields the same form but does not permit a quantitative interpretaticn 
0 . 

of the slope of the 1/R vs. 1/1!:
0 

curve. Equation p~ also predicts that B should 

be independent of 1
0

, that is, the .curvature of the oxygen-time curve is 

independent of the light int~ns'ity~ and this prediction was tested. The 

calculated values of l/R
0 

and B are seen in Fig. 6. 

Wire screens were used for 1/1
0 

= 1. 89 and 2. 38, and this may account 

for the fact that these two values of 1/R fall above those determined by the 
p 

plastic.filters, as discussed in materials and methods. The slope but not 

the intercept should vary fo:r different types of filters, whose differences vanish 

at infinite light intensity. B vaxies slowly with I, its slope being only 2/41 
0 



that of 1/R ; 1/R varies linearly 'with 1/I without apparent deviant trend. 
0 0 0 

This result answers in the affirmative the frequently debated question 

(reference 26, p. 1043): are light curves hyperbolic? 

It has been stated that there are two methods of testing the theoretical 

dependence of R upon ( Q} The first, verified at the time, is to allow the 

latter to decrease continuously from (Q
0

) to zero as each experiment proceeds 

to completion. The second is to vary (Q ) and determine 1/R as a function of 
0 0 . 

1/ Q ) although Spikes reports differing concentration dependencies initially and 
0 . 32 . 

throughout the. reaction. . 

The relation .predicted is, 

1 1 = a- k' 
0 

= A+ B 
(Qo) 

'1. + 1 (3) 

with A and B independent of (Q ). An experiment was carried out to test 
0 

this prediction. The results appear in Fig. 7. The prediction of linearity 

between 1/R and 1/(Q ) is verified without apparent deviant trend, but the 
0 0 

independence of B is definitely not. The values of A, which do not appear on 

the figure, are: 

0.8 1.0 1.2 1.6 1.8 2.0 

. 142 . 12 1 0 12 9 .104,081 .093 

These values, whichshould also be independent of(Q )if (3) is correct, 
0 ' 

exhibit what appears to be a nonrandom trend .toward lower A values at 

higher( Q ). 
0 ... 

The experiment was repeated with different cells and with the 

distribution: of(Q )among the vessels in the thermostat being the reverse of . 0 

exp. 1099 to eliminate the possibility of physical artifact trend in the figures 

given. The results appear inFig. 8 .. Again, there is no apparent deviant 

trend from linearity of 1/R vs. 1/(Q ). As in exp. 1099 the values of B 
0 0 

are function of (Q ). The values of A corresponding to these data are: 
0 
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Q mg 
0 

A 

60 

0.8 1.0 1.2 . 1.4 1.6 1.8 2.0 

0141 0101 .121 0103 .083 .074 .067 

Again, there is a significant trend in A similar to exp. 1099. 

The intercept of the l/R
0 

vs. 1/ Q
0 

plots, at infinite (Q
0

} yields a 

value of l/R
0 

which should correspond to the value of A. For exp. 1099 this 

is 0. 078 and for exp. 1112 is 0. 062, which correspond to the values of A 
t' 

obtained at the higher { Q ) rather than at the lower. 
. 0 

This discrepancy between experiment and theory may reflect either 

an effect outside the scope of the theory, for example, increasing·· destructioh 

of the quinone-reduction apparatus by increasing (Q
0

), resulting in an increased B 

and therefore a calculated decrease in A at higher {Q
0

); an imperfection in the 

mechanism upon which the rate law is based; or a .failure. of the approximate (1) 

to represent the model precisely. Qualitatively, it is apparent that as (Q } 
0 

increases, other steps will become rate-limiting and (SH)/M will decrease to 

compensate for this effect. The calculated B may well be a measure of l/k
4

(SH) 

rather than l/k
4

M, and thus will increase with increasing (Q
0

) until the other 

rates become completely rate-limiting, when {SH)/M will approach zero and B, 

infinity. Again, qualitatively, the cells are able to make better use of their 6T 

than is indicated by equation {1) in,the sense that the.y may adjust the distribution 

of 6T among the three forms. The predicted dependence of the over -all rate, 

R
0

, upon (Q) is, as has been stated previously, reasonably precise, while the 

predicted constancy of the individual apparent rate constants is only valid when 

considering highly rate -limiting steps. Consistent with this picture is the fact 

that as the slope of 1/R vs. 1/{Q ) increases, the slope of B vs. {Q ) decreases, 
0 0 0 

comparing exp. 1099 with 1112 {Fig. 7, 8). 

D. Theory of Partial Reversibility in the Simplified Quantum Conversion Cycle. 

Rather than discard the use of (1) on the basis of the above considerations, 

the model on which it was based was subjected to a slight modification, not 

related to the possible appr<;>ximate errors involved in (1). The modification 

was designed to cope with the variation of B with (Q ), although it is not yet 
0 

successful in relating quantitatively the numerical values obtained, and is not 

favored thermodynamically. However it is actually a more general case than 

that analyzed previously in equation (1), to which it reduces simply,· and is 

therefore potentially of greater utility. 
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If we assume that the reduction of qu:lnon.e is reversible, i.e. that a 

back reaction with a specific rate constant, k 4 ', is operative as was formerly 

proposed by Arono££
34 

the rate equations become obviously 

k k 1 (S-S) 1 . R= 

R = k 3 {XH) 2 (S.) 

R = k 4 (SH}(Q) - k 4
1 (S-S)(QH2 ) 

in which (QH
2

} is the instantaneous hydroquinone concentration. The rate 

expression when expanded as for ( 1) becomes: 

I 

1 1 ~ 1 L 
- ::::: - {1 +·-'-· -'--l) + + 2 

R k 1 k 1M k4M~Q) k 3M(XH) 
+ 

k2k4 (QH2) 

M~ k 4 k 1 (Q) 

which can be rearranged to yield, using the relation, 

1 1 k 
_::;i_{lt 2 

R ;ttr k M 
1 

B 1 = B -f k2k4' {QH2° -f Qo) 

k 1k 1 k
4

M 

' Equation (4) reduces to equation (1) when k
4

1 - 0. The apparent ability 

(4} 

of the dithiol to reduce DPN indicates that the equilibrium in the reduction 

of quinone by dithiol must be extremely far on the side of hydroquinone and 

disulfide, i.e. k
4

' does :+ 0 so that the final yield will not be determined 

by the thermodynamic failure of the reaction to go to completion but rather 
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by the rate at which the dithiol is produced. As P) predicts, 1/R is still 
0 

linearly dependent upon lfQ ). B', which would be determined as Bin our 
0 

least-squares analysis of raw Hill-reaction data, however, should be linearly 

dependent upon {Q } with a positive slope and positive, nonzero intercept. 
0 

This direct lirear dependence aLB' on {Q } does seem to represent the actual 
0 

data to a closer approximation than the predictions of {1). Equation (4} states 

that it is impossible to deduce A from a single experiment since the value of B' 

calculated does not enter into l/R
0 

in .the proper functional dependence. However 

since B' is always larger than the true B,. the (apparent) values of Acalculated 

in previous experiments are at least minimum values and since B' is smaller 

than 6T than without, apparent stimulations of 1/ A by 6T, indicating quantum 

conversion function and/or dithiyl reduction stimulation are larger than cal

culated previously. As was mentioned above, equation (4) merely states the 

obvious fact that if there is a back reaction the over -all rate of oxygen production 

will decrease more rapidly with decreasing {Q) than if there were no back 

reaction. Since there is no back reaction at zero time (in the absence of QH20) 

the rate of change in over -all rate with increasing quinone concentration will be 

smaller than in the presence of a back reaction, and therefore our usual extra

polation will result in too high a calculated rate at infinite quinone concentration. 

The values of the slopes and intercepts of exp. 1099 and exp. 1112 are related, 

as mentioned above, in such a way as to make the larger rather than the smaller 

B' values plausible as is predicted by equation {4}. It will require furtrer 

experimentation to definitely establish the numerical relationships which exist. 

Specifically, plots of 1/R
0 

vs. lj~Q0 ) with and without added 6T would contribute 

considerably to the substantiation of the above conclusion that 6T is stimulatory 

even at infinite quinone concentration. 

E. Experimental Tests of Partial Reversibility in the Simplified Quantum

Conver sian Cycle. 

One of the predictions of equation {4) is that 1/R and B should vary 
• 0 

linearly with (QH20). Two experiments were carried out to test this prediction. 

QH2 was added from another side arm immediately after the quinone. The 

re suits appear in Figs. 9 and 10. Although there is a con;:>iderable scatter 

of points, the least- squares calculation in all cases give positively sloping 

lines for 1/R and B' w~th positive, nonzero intercepts as required by 
0 

equation (4). These effects may of course be merely the result of nonspecific 
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poisoning of the photochemical apparatus by QH
2

. 

Experiment 1112 (Fig. 8) and exp. 1114 {Fig. 10) were carried out with 

algal suspensions from the same harvest, which unfortunately had been stored 

for seven hours at 6 ° in the dark between the former and latter experiments. 

Equation (4) predicts that the slopes of B' vs. (Q
0

) and B' vs. rOH
20

) should 

be identical, but this does not appear to be quantitatively borne out by the data, 

which with the present manometric methods exhibit a large degree of scatter. 

A single set of experiments in which both (Q
0

) and (QH
20

) were varied 

simultaneously would check the quantitative dependence and agreement of slopes 

of the two effects. It is evident, however, that if such quantitative comparisons 

are to be made, the experimental scatter of points must be reduced, either by . 

improvements in the manometric methods used, or more simply by using the 

potentiometric method reported by Spikes. 
41 

The back reaction model as proposed involves reversal of the quinone

reduction step only and not the entire cycle; that is, while the disulfide may be 

used either in reoxidation of hydroquinone or in quantum conversion function, 

it may be regenerated only by quinone reduction. This restr'icted reversibility 

coupled with the extremely small amount of thioctic acid pre sent in the plant 

requires that every quantum converted lead/;; .ultimately to the net reduction of 

a molecule of quinone. Both quantum conversion and back reaction compete 

for the available disulfide and the ratio of the conversion, Rf' to the back 

reaction, Rb' is given as 

= 
~· I ~ QH Hk ( s-s) + k ) 
·4 2 1 2 

. k k• 
l 

The back reaction merely reduces the rate at which the quantum conversion 

occurs and therefore the observed rates of oxygen evolution but cannot alter 

the final yield, which should approach 100 percent in the absence of· side-arm 

losses and side reactions. In addition, this ratchet mechanism prevents 

reversal of the photochemical reaction in dark periods following the Hill 

reaction. This peculiar effect is of course impossible in a closed system, 

and is made possible by the driving force of the light reaction. C.ontrary to 

this theoretical prediction, yields have been observed to decrease with decreasing 

light intensity. Figure ll demonstrates this effect in a single experiment. In 
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other experiments in which L 0 ml oxidant was used, a total theoretical 

yield of 1546 f.ll. was calculated, and 1389 -~1. (890 8 percent) observed in the 

controlso In vessels with 42 percent incident light the corresponding yield 

was 1319 f.ll. {85 0 3 percent}o 

A possible interpretation of this discrepancy is that the reduction in 

light intensity, which determines the ratio of forward to backward rates and 

hence the net rate at which the reaction approaches completion at equivalent 

'quinone concentrations, i11creases the quinone concentration at which the 

net rate becomes manometrically negligible, although eventually reaching 

100 percent yieldo The slow absorption of oxygen in the light by quinone 

solutions and cells following the Hill reaction will also increase the concentra

tion of quinone at which apparent reaction ceases, and this effect wiH mask 

the slow rate at which the forward reaction approaches completiono As is 

indicated in the ratio Rf/Rb' the approach rate is also dependent upon the 

hydroquinone concentration and it was to be expected that the yields would 

therefore be decreased by increasing the initial quinone concentration or 

hydroquinone concentrahon as they reduce the approach rate at equivalent 

quinone concentrations 0 This prediction is borne out by experiment. While 

there is considerable scatter of points, the least-squares slopes in Figso 11, 

l2,indicate that,the percentage yields decrease with increasing quinone and 

and hydroquinone concentrations 0 It is diffiCult to interpret the decrease in 

the percentage yield of quinone, rather than the total yield, other than in 

terms of a reversible reductiono 

Although the kinetic model has not yet been worked out, it would seem 

possible to at least qualitatively interpret the observed dependencies of B 

on{Qj and(QH20) and the changes of yields with I
0

, (Q
0

), (QH20) more satisfactorily 

in terms of the reduction in quinone concentration by the gradual formation of 

quinhydrone as the reaction proceeds to completiono 

'I'J::e 'equ:;~;ttons1 heretofore used do not explicitly state the dependence of 

the over -all rate or the 6T effect on the algal densityo On several occasions 

it appeared that the curvature of the oxygen-time curves was diminished by 

increasing the algal density, and it seemed reasonable that the total 6T 

naturally present within the vessel and not the amount/cr.c-e~l1 was the rate

limiting quantity and that by increasing the algal density indefinitely, we could 
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reduce the limitations of all thermally dependent reactions, so that at infinite 

algal density the over -all rate would be entirely light~dependent. If under 

these conditions we could demonstrate a stimulatory 6T effect and at the same 

. time demonstrate that the rate at infinite algal density were temperature~ 

independent, then quantum c'Onversion as one of the stimulated reactions would 

appear more plausible. One difficulty with the determination of this infinite 

density rate is that the processes of gas-liquid diffusion may become rate

limiting, and therefore a satisfactory method of extrapolation was sought 

which would allow the use of sufficiently small densities to give diffusion

independent rates. In the absence of any theoretical prediction, a 1/algal 

density plot was chosen which would of course give the infinite algal density 

as the zero intercept. In view of the form of the other rate steps, it seemed 

that this plot might give a straight line which could be extrapolated with 

reasonable certainty. An experiment was carried out to determine whether this 

form was useful, and the results appear in Fig. 13. There seems to be no 

significant deviant trend from linearity in the 1/R plot., With the exception of 
0 

the single value at 1. 25, B' appears relatively independent of algal density. 

The experiments were repeated but with 6T in four of the vessels. The 

experiment was carried out a second time with the distribution of algal den

sities among the vessels in the reversed {exp. 1117, exp. 1118}. The results 

appear in Figs. 14 and 15 and the least-squares lines indicate that the 6T 

effect on 1/R becomes negligible at infinite suspension density {cf. exp. 1037.) . 0 

Experiments without added 6T were carried out at 15. 7°, 20. 7°, and 

2 9. 3 °C. to determine if this infinite density rate were temperature ~·independent. 
Four vessels of varying densities at the three temperatures were used, and the 

least~squares rate at infinite density, R 00 was calculated. 
0 ' 

Table XXXVI 

Thermal Dependenc'e of Rate at Infinite Algal D.ensity 

(1 < 5 ·mg quinone) 

Temperature 1/R O<> 
0 

Experiment 

15. 7 ,048 1119 

20. 7 .039 1121 

29.5 .024 1120 
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R()e definitely is thermally dependent, and therefore not rate -limited either 
0 

by quantum conversion or any other reaction involving 6T 0 Therefore the 
' 

failure of 6T to stimulate this rate is not theoretically significant and does 

not answer the question as to its function as quantum converter 0 The 

applicability of the extrapolation used has not been investigated further. 

F 0 Kinetics of Extended Quantum Conversion Cycle 0 

While it is impossible to demonstrate the uniqueness of a mechanism 

that adequately expresses an observed rate law, especially in as complex a 

system as a dying cell, it is possible to set up other plausible models for the 

6T function in order to see their similarities and differences and thus aid in 

the design of new experiments to distinguish among them. 

Chemical studies by Dr. J. A. Barltrop P5) have led to a more 

detailed picture of the quantum conversion process and subsequent dark 

reactions. A model of this may be set up as in Fig. 16. 

Chlorophyll a is excited at a rate k' and the excited chlorophyll 

may then decay at a rate proportional to the excited-state concentration, i.e. 

k 2 {Chl*), or transfer its energy to 6T, again at a rate proportional to (C hl*} 

and to (S-S), L e. k 1{Chl*HS-S}. The net productive rate then becomes as 

originally proposed, 

k'kl (S-S) 

R = -~~--..,..----
k1{S-S) + k 2 

The weakened disulfide bond not a diradical then reacts with a hydrogen donor, 

closely related to, if not precisely, water, forming either a thiolsulfenic 

acid or ester. The rate is assumed as proportional to the excited disulfide 

concentration, {S-S*), and (YH
2

). Appiying the equal-rate argument, 

Two of these thiolsulfenic acids may then react with each other in a pseudo

monomolecular reaction to form the dithiol and sulfoxide. The rate is assum.ed 

proportional to the thiolsulfenic acid concentration, (SHSOH}, and equal-rate 

arguments ·demand that 

2R = k 5 (SHS OH) 
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The dithiol is then presumed to react with quinone as in the previous models 

{including back reaction), giving a rate 

The sulfoxide is then presumed to react with water to produce hydrogen peroxi<ie 

in a reaction first order in sulfoxide concentration, (S
2 

0}, which gives a rate, 

The coefficient in front of R in the last three equations results from the loss of 

V2 the molecules formed in the dismutation step, When the approximate 

equation corresponding to equation {4~ is solved for R it yields 

1 2 
---
R k' 

2k2 2k2k4 
I 

f f 
kk'M 

1 Mk1k 1k
4 

f 2k2k4' {QHzo+Oo) 

Mk k'k {Q} 
1 4 

2 1 1 L 
f f f 

k3M~YH2 } k
5

M k
6

M k4M~Q} 

The form of the dependence upon the various experimentally variable parameters 

suchas light intensity, quinone concentration, 6T, and hydroquinone is the same 

as {4}. the rate law for the simple quantum conversion theory with back reaction, 

It would be experimentally impossible to distinguish this possible mechanism 

from the other by kinetic analysis, 

G, Kinetic of Simplified Hydrogen Transport Cycle, 

It· is also possible to examine a simple case of 6T acting solely as a 

hydrogen transport system, without quantum conversion function, The model 

of such ,a reaction pattern appears in Fig, 17, In this model again the rate of 

quantum capture is k', the fir s.t-order decay constant for excited chlorophyll 

is k
2

, and the bimolecular reaction between it and the unknown quantum con

version agent, X, is first order in (X) and {Chl*~, The excited X is_then 
~ . 

presumed to react immediately with the hydrogen donor,· YH
2

, in a reaction 

arbitrarily first order in {YH
2

), Equal rate arguments demand that 



R= "klk'(X)(YHzl 

k 1 (XHYHz }) + k
2 

Reduced X is then presumed to reduce directly the disulfide in a bimolecular 

reaction, with equal rate, 

The dithiol may then carry the hydrogen to the quinone reduction site arid reduce 

quinone, again with back reaction. 

Material ba:larice equations are set up for 6T, i.e. 

M = (S-S) + (SH) 

and for X, i.e. 

The approximate series ~expansion rate law t:.:orresponding to (4) is 

1 1 k I 1 
4 +--= 

R k' LMk3k4 

The only explicit difference between this expression and those previously 

obtained is in the dependence of the slope· of l/R
0 

vs. l/I
0 

plot on the 6T con

centration (cL Fig. 18), and expresses the fact that in hydrogen-transport 

function added 6T cannot alter the ratio of productive to nonproductive pathways, 

since it does not enter into the qUUltum conversion process at which'point the 

reaction chain breaks into two pathways. To answer which of the functions is 

involved therefore we may reexamine t re data of the experiments reported 

in Tables XXXIII and XXXIV. ·There are sufficient data to determine the 

desired slopes with and without added 6T (Table XXXVII.) 
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Table XXXVII / 

Slope .of 1/R
0 

vs. 1/F {arbitrary units) 
0 . 

Experiment ·Control 6T 

1072 :~i. 0. 030 0.023 

1074 0. 048 O.Q30 

1075 0.054 0.063 

1122 0.005 0.012 

.1123 0.014 0.033 

1124 0.015 0.028 

1125 0.009 0.041 

The slopes from exp. 1072 and 1074 support the quantum conversion theory. 

Thefive other sets of data indicate an increased dependence of l/R
0 

on 1/1
0 

in the presence of added 6T, This res~lt is consistent with neither the quantum 

conversion nor simple hydrogen-transport functions, and therefore the existing 

data in conjunction with the above criterion cannot be used to distinguish between 

the two possible functions; Since light limitation corresponds to quinone satura

tion, the above criterion is essentially the same ohe which has been used through

out this research, i.e. the .rate at infinite quinone concentration must be stimu

lated if 6T stimulates quantum conversion. The determination of the slopes above 

is, of course, an intrinsically less exact process than the direct determination 

of the maximum rate, but does not involve the use of highly inhibitory levels of 

quinone. Neve.rtheless in the experiments 1123, 1124, and 1125 the small 

inhibitory effects \at 42 .percent 1
0 

with 6T point out the need for further experi

mentation with even lower quinone levels. 

H. Kinetics of Hydrogen Transport Cycle with Primary Reductant Decay. 

The condition of .stimulation at infinite quinone concentration, should 

it be observed, would not of course uniquely confirm the quantum conversion 

theory. Hydrogen-transport function rate limited by diffusion would conceivably 

result in such .an infinite quinone stimulation. A possibly more plausible 

;:mechanism could be the following: if the decay term, k
2

, which represents 

chlorophyll decay, were to be converted to a first-order decay constant for 

XH
2

, L e. if losses due to back re.actions before reduction of quinone involved 
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the primary reductant rather than the excited pigment, we would again have an 

example in which the ratio of productive to nonproductive pathways could be 

increased by the addition of 6T and hence the functional dependence of 1/R on 
0 

1/1
0 

with added 6T and without should be the same for quantum-conversion 

function. The individual rate terms, which are similar to hydrogen-transport 

function above, are 

R = k' - k2 (XH2 ) 

R = k 3 {XH
2

)(S-S} 

R = k 4(SH) {Q) - k 4' '(S-S)(QH
2

) 

The series expansion approximate rate expression corresponding to the 

previous equations 'is 

1 
= 

R 

1 

k' 

+ k2 

k
3
k'M 

k2k4' 

Mk
3
k'k4 

1 k2k4' (QH2o + Qo) + ___________________ __ 

Mk
3
k'k

4
(Q) 

(5) 
+ ___ _ 

k
4

M(Q) 

which upon inspection appears to be of exactly the same form as the quantum 

conversion function in regard to the dependenCies of the experimentally con

trollable variables, and hence is kinetically indistinguishable from. quantum 

conversion. The reality -of these reductant back reactions is· certainly probable 

and if they do exist it will be extremely difficult to distinguish between the two 

alternatives. At the present stage of experimentation, however, in the absence 

of convincing proof that the infinite quinone rate is stimulated, the lack of 

uniqueness .of mechanism which could give rise to the effect is not of immediate 

concern. 
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CONCLUSIONS AND S1LM.MAB.Y 
~· -·. --- - -··-

Considerable ~vidence has been reported in the literature, especially 

in papers byHolt and French, 
46 

Clendenning ~nd Ehrmantraut, 
24 

and 

Ehrmantraut and Rabinowitch, 
25

·which supports the conclusion that when either 

chloroplasts, chloroplast fragments, or whole cells are illuminated in the 

presence of su.itable oxidants, most commonly quinone, the mE.Chanism by which 

oxygen is evolved is essentially identical with that giving rise to photosynthetic 

oxygen production. Therefore conclusions drawn from studies of the mechanism 

of this so-called Hill reaction are pertinent to the mechanism of photosynthesis 

itself. 

The rate of oxygen evolution in the Hill reaction with whole ceHs of 

Scenedesmus is markedly increased by prior incubation in the presence of 6T. 

Several general characteristics of this effect are unequivocal. The rate stimula

tion requires the interaction of Scenedesmus, quinone, and 6T and not any pair 

thereof. The yield' of photochemical oxygen is completely unaltered by the 

stimulation and therefore 6T P,oe s not c;~.ct as an auxiliary Hill oxidant. The six

membered ring isomer of 6T, i.e. 5T, has no effect under the same conditions, 

and thus a specific property of 6T is involved. The effect cannot result from a 

change in the extracellular pH of the cells. The magnitude of the stimulation 

is proportional to the 6T concentration below 1/4 rng/vessel and rapidly saturates 

at higher levels of 6T concentration. The effect is observed only when the incu·~ 

bation is aerobic and with viable cells, regar.dless of whether the subsequent 

Hill reaction is carried out in air or nitrogen. The 6DT and 6MO under identical 

external conditions do not exhibit the effect. The magnitude of the effect is 

greatest when the rate is quinone -limited. Whether there is a residual effect 

when quinone is no longer in the rate law is the subject or' most of the following 

analysis. Chlorella, Synechococcus, and sugar beet chloroplasts are either 

inhibited by or independent of the quinone concentration under external conditions 

in which Scenedesmus is quinone -limited. These three other biological systems 

fail to exhibit stimulatory 6T effects. 

In Scenedesmus cells increasing the quinone level sufficiently induces 

very large inhibitory effects on the rate of oxygen evolution. Whenever the level 

of quinone is obviously self-inhibitory in'Scenedesmus, the 6T effect is also 

found to be inhibitory. At all levels of quinone there is some residual inhibitory 

activity of both quinone and 6T, although at quinone limitation the stimulatory 



effect takes precedence and the net effect is stimulation. At the same levels 

of quinone and 6T, where presumably the inhibitory effect remains cmstant, 

. reduction in the quinone limitation by, for example, reducing the incident 

light intensity, will allow the inhibitory reaction to take precedence over the 

reduced stimulation and the net result is inhibition. 

The fact that the stimulation is most pronounced when the rate is highly 

quinone -limited indicates that quinone. -dependent reactions are being stimulated. 

Presumably the only reactions that may be stimulated.by an increase in the 

quinone concentration involve either transport of the quinone through the cell 

to the reduction site, which appears to be extremely close to the chloroplast 
4 7

, 

or the actual reduction process itself. It would seem unlikely, for example, 

that the systems for evolving oxygen would be stimulated by an increase in the 

quinone concentration. It would seem equally improbable that 6T would stimulate 

the transport of quinone to the reduction site. If the 6T acts on the reduction 

process itself either a change in the actual mechanism itself or a change in 

the concentration of the reductant may be responsible for the observed stimulation. 

Such an increase in reductant concentration could be brought about if 6T acted 

either as the primary reductant as proposed by the quantum conversion theory 

or as a hydrogen transport agent between the primary reductant associated with 

the chloroplast and the quinone reduction site. For example, receiving 

hydrogen from reduced DPN, the primary reductant according to Visniac and 

Ochoa 
48

, carrying it to the reduction site, and reducing guinone directly might 

be the 6T function. Such a function would depend on the specific properties of 

6T, since 5T is inactive, and added DPN or DPNH does not exhibit sJimulation 

under the same external conditions as those in which 6T does. 

If the sole function of 6T were to transport hydrogen as suggested, at 

quinone saturation when presumably {but not necessarily) transport is no longer 

rate-limiting, the 6T stimulation should vanish. Experiments designed to 

determine the rates at quinone saturation with and without 6T indicated that 

the stimulation was considerably smaller but also that there were large 

inh,ibitory effects at quinone saturation and that the observed maximum rates 

were determined more by the increased inhibitory effects than by a saturation 

of the quinone reduction system. It seemed therefore that the true relationships 

were being masked, and a method of determining the maximum rates by extra

polation from less inhibitory levels of quinone and 6T rather than by direct 

measurement was developed. 



Simplified models of both quantum=conversion function and hydrogen

transport function were ,set up. The steady state rate laws corresponding to 

these models were evaluated, after a demonstration that the steady state 

solution is an exact property of the system as constituted. "When the exact 

steady-state rate solution involving intractable square root dependences was 

expanded in a power series. and all terms other than the first neglected, the 

rate laws reduced to a simple .form in which the over -all rate was expressed 

as the sum of the reciprocals of the maximum rates of the individual reactions 

within the system. The form was shown to be a general one for linear sequences 

of reversible reactions or for nonreversible completely cyclic sequences 0 

Both rate laws predict a linear relationship between 1/R and lj(Q). 

There are two independent experimental tests of this prediction. First, each 

single Hill reaction involves a continuous variation of quinone concentrations 

decreasing from the initial value to zero. As the reaction proceeds toward 

completion, therefore, the rate will decrease and the oxygen-time curve will 

appear concave downward. The simple integrated form of the rate law, in 

both.rate laws, allows the determination of two parameters unambiguously, 

i.e. 1/R the initial rate, and B, the apparent first -order rate constant for 
0 . 

the quinone reduction. By continuing the linear 1/R vs. lj(Q) relationship 

to 1/ (Q) = 0, a third .parameter can be evaluated, i. e. A, the reciprocal of the 

rate at infinite quinone concentration, and the quantity for which we originally 

set up the rate equations. In nearly every experiment attempted, 6T stimulated 

the 1/ A quant:lty, and it therefore appeared that indeed 6T was stimulating not 

only quinone reduction but either quantum conversion or dithiyl reduction 

or both. 

T h'e rate laws predicted that B would be reduced by the addition of 

6T, and thjs prediction was very definitely in agreement with the severalfold 

decreases observed. B, which should be thermally dependent, was indeed 
0 found to decrease to zero at above 20 C. As the largest contribution to 

the stimulation by 6T is in the reduction of B, the 6T effect decreases with 

increasing temperature. 

The second test of the 1/R vs 0 1/{Q) prediction is in the variation 

of the initial quinone concentration arrlire-deter:rrinatrn ci'l;R
0

• vs· .. 1/(q)~ :'Ifu~ ci 1/Ro 

at lftQ
0
)= 0 should be equal to the value of A determined in each of the vessels. 
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The rate laws predicted that B should also remain independent of (Q ). When 
0 

the experiments were carried out to test this prediction, there was no semblance 

of constancy of A and B with varying (Q ), and in fact B seemed to be linearly 
0 

related to (Q ) . Although the discrepancy between theory and observation could 
0 

reasonably be attributed either to side inhibitory reactions or to the inadequacy 

of the series approximation rate law to precisely correspond to the model, the 

model itself was modified in a way that was subsequently demonstrated to have 

many serious drawbacks. The modification involved a reoxidation step of the 

hydroquinone, and such a simple modification predicted linearly increasing values 

of B with (Q ). Unfortunately, the modification suggests that the "proper" values 
0 

of B to use in the determination of A are those at the smaller rather than the 

larger (Q
0

}, the opposite of what was observed in the direct l/R
0 

vs. (Q
0

) plot. 

The exact quantitative relationships await further experimental testing, but the 

crucial problem is that we can no longer be assured that the extrapolation to 

A is even approximately valid, and we therefore can not answer with the data 

at hand the fundamental question as to the rate at quinone saturation. 

The rate laws pred'.ct a linear relationship between 1/R and 1/I , and 
0 0 

this prediction is borne out by the d~ta without significant deviant trend. The 

same equations prErli:t that B will not vary with I , and there is reasonable 
. 0 

constancy observed. 

The prirnary kinetic difference between the quantum-conversion function 

and the hydrogen-transport function may be profitably looked at from a slightly 

different point of view. Quinone saturation can be reached in several ways, 

either by increasing its concentration directly, or by reducing the potential 

rates of another reaction in the sequence, e.g. light capture. As expected, 

the rate laws predict different behavior at reduced light intensities. In the 

former mechanism, although the light factor may be proportional to the over -all 

rate and hence be considered completely rate -limiting, the addition of 6T 

increases the ratio of productive to nonproductive pathways following the 

light-capture step, and hence will stimulate the over-all rate. A hydrogen

transport system not involving a split into productive and nonproductive paths 

with 6T involved at the point of split will not exhibit 6T stimulation at low 

light intensities. Quantitatively, the slope of l(R vs. l(I should be less 
0 0 

in the quantum-conversion case than in the hydrogen-transport case. The 



available data indicate increasing slopes with added 6T and thus support 

neither mechanism. The general background inhibition of quinon,e and 6T 

again masks the true relationships, and future experiments will attempt to 

reduce this unfortunate effect. It is probable that hydrogen-transport systems 
' 

that involve a nonproductive decay of primary reducing power are extant in 

the cell, and if added 6T reduces the rate of this decay, the rate law will 

exhibit the same dependence as quantum conversion function on .all the 

experimentally controlled variables .. 

Summary 

L Conditions under which 6T stimulates the rate of the Hill reaction in 

Scenedesmus cells with quinone .as oxidant have been investigated. 

2. The conditions are specific with .respect to plant species, the five-membered 

ring structure of 6T, temperature, incubation conditions, quinone concentration, 

algal density, 6T concentrations, and light intensity. 

3. A kinetic model of the proposed function of thioctic acid as the primary 

converter of electromagnetic to chemical bond energy has been set up, and the 

~redictions of this model have been compared with the observed functional' 

dependences of the over -all rate of oxygen evolution upon the variables mentioned 

in B. 

4. The design of experiments to differentiate among the models proposed is 

suggested for future investigation. 

5. The kinetic models employed are suggested to be of convenient form for 

the study of metab·olic pathways in vivo. 
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0 

0
2m 

t 

F 

R 
0 

(Qo) 

(SH) 

I 
0 

M 

{chl1.<) 

k' 

V. Symbols Used Herein 

6, 8 -dithiooctanoic acid 

6, 8-dithioloctanoic acid 

5, 8 -dithiooctanoic acid 

4, 8 -dithiooctanoic acid 

6, 8 -dithi yloctanoic acid 

6, 8 -dithiooctanoic acid monoxide 

M/15 phosphate buffer (pH= 6. 7) + M/100 KCl 

8 -methyl 6, 8 -dithiooctanoic acid 

M/3 Phosphate buffer {pH = 6. 7) 

diphof?phopyridine nucleotide 

reduced DPN+ 

relative chlorophyll content 

chlorophyll a 

instantaneous rate of oxygen evolution in tJ.l/two min. 

microliters oxygen 

reciprocal rate of oxygen evolution at hypothetical 
infinite quinorie concentration · 

reciprocal apparent first-order rate constart for 
quinone reduction in mg quinone x two min./tJ.l 

instantaneous quinone concentration in mg/vessel 

conversion factor for tJ.l 0
2 

to mg quinone (1/103. 7). 

maximum oxygen evolved/ experiment 

illumination time in minutes 

instantaneous fraction of reacUon completion 

observed instantaneous initial rate in !J.l/two min 

initial quinone concentration in mg/vessel 

concentration of 6DT in tJ.mols/vessel 

relative light intensity 

total concentration of photosynthetically active 
thioctic acid in all forms in: IJ.mols/vessel 

photosynthetically active state of chlorophyll a 

quantum capture rate of chl a in t-LL /min 



• 

(S-S) 

kl 

k2 

k' 4 

B' 

Y* 
T* 
Roe 

0 

6T concentration· in tJ.mols/ves sel 

bimolecular rate constant for diradical production 

monomolecular chl .. a decay constant or primary 
reducfant decay constant 

concentration of 6T R in tJ.mols/vessel 

specific bimolecular constant for quinone reduction 

specific bimolecular rate constant for hydroquinone 
oxidation 

specific rate constant for quantum converter reduction 

instantaneous hydroquinone concentration 

initial hydroquinone concentration 

reciprocal apparent first-order constant for quinone 

reduction (in:cluding back reaction) 

percentage theoretical yield of oxygen 

lag time in min. 

initial rate at infinite algal density 
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