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ABBREVIATIONS 

The following abbreviations will be used throughout this thesisg 

ATP adenosine triphosphate 

DHAP dihydroxyacetone phosphate 

FMP fructose monophosphate 

FGA phosphoglyceric acid 

RDP ribulose diphosphate 

RMP ribulose monophosphate 
-

UDffi uri dine diphosphate glucose (galactose) 
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A QUANTITATIVE STUDY OF PHOTOSYNTHESIS 
,:. ,• 

ON A MOlECULAR lEVEL 

Alexander Thomas Wilson 

Radiation Laboratory and Department of Chemistry 
University of California 

Berkeley 

ABSTRACT 

Techniques have been developed and an apparatu~ has been designed 

and constructed to make possible quantitative experiments in photo-

synthesiso It is now possible to measure the amounts of the photo= 

synthetic intermediates as a function of external variables such as 

partial pressure of co2 and o2 ~ lightp temperature~ pH» poisons~ and 

various combinations of these o 

Use has been made of the above techniques to study the transient 

changes taking place when the COz pressure is varied and these results 

have led to the development of the concept of fluctuating reservoir 

sizesc These data have also provided the first unequivocal evidence 

of the relation of phosphoglyceric acid and ribulose diphosphate to the 

COz incorporation stepo Ribulose diphosphate has been identified as 

being closely related to~ if not actually~ the co2 acceptor and phospho~ 

glyceric acid as being the product of the carboxylationo The data shows 

that ribulose monophosphate and triose phosphate are also in the cycle 

which regenerates the co2 acceptor~ and provides us with the precursor­

product relationships between the compounds in this cycleo The kinetics 

of free glycolic acid provide strong evidence of the presence of a 



transketolase enzyme system which transfers an unphosphorylated glycolyl 

fragmento Perhaps the most important result of this work is the insight 

it gives into the complicated~ finely=balanced~ ~ystem of interrelated 

chemical reactions w~ call lifeo 
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A QUANTITATIVE STUDY OF PHOTOSYNTHESIS 

ON A M>LECULAR LEVEL 

Alexander Thomas Wilson· 

Radiation Laboratory and Department of Chemistry 
Univer:si ty of California 

Berkeley 9 California 

May)) 1954 

INTRODUCTION 

Photosynthesis is the process by which green plants utilize 

light quanta to convert CO;z and water to carbohydrateo It is without 

doubt the largest and most important chemical industry taking place on 

the surface of our earth, and is the mechanism b,y which the thermo-

nuclear energy of the sun is trapped in a form available to life pro~ 

cesseso Without photosynthesis~ life as we know it on the surface of 

our planet would have succumbed to oxidation and perished long agoo 

Because of its importance and the multitude of its manifestations, 

photosynthesis was one of the first chemical processes investigated qy 

modern science» research in this field dating back almost to the begfn= 

ning of modern chemistry itselfo Rapid progress was made at firstll and 

during the last thirty years of the 18th century» due to the brilliant 

work of P.riestleyj) Ingen=Houszj) Senebier and de Saussure 9 the.overall 

net reaction was worked out asg 

Little real progress was made in the elucidation of the mechanism for 

the next 130 yearso However.\) in the 1930ns the development in/ingenious 



physical instruments enabled the quantitative investigatio~ of the over= 

all reaction of photosynthesiso Induction phenomena in C02 uptake!) 

fluorescence phenomenal) quantum yields 9 etco have been investigated in 

great detail over the ·last 20 years1 .~> 2 .~>.3 9 49 5 and many interesting and 

~zling facts have been uncoveredo Since the workers in this field 

are forced to work with an intact cel19 they can only measure changes 

in the overall reaction of the cello Their resultsj) although interest= 

ing9 are very difficult to interpret at our present state of knowledge 

and are thus of little help in elucidating the mechanism of photosyn= 

thesiso 

The discovery of the isotopes of carbon and O:Jcy"gen during the 

iast two decades have provided a tool by means of which the fate of 

certain atoms could be traced as they underwent the multitude of chemi-

6 cal transformations inside. the .living cell.o Ruben9 .et al 9 using iso~ 

. topic o:Jcy"gen.~> .demonstra:ted that the evolved o:x;ygen originated from the 

water rather than the co2o This work together 'With that of Hill? j)8 led 

to the idea that photosynthesis could be divided into two distinct 

reactions!) .the first being the photolysis of water to yield O:Jcy"gen gas 

and reducing powerg 

4(iiJ + P2 

and the se~ond involving the reduction of C.Q2 to carbohydrateg 

With the adve.nt of c:11 9 -re~a:rch cnncerning the 111e~hanism of this second 

reaetiilon became possible»991°ll11
9
12 but the 20-minute half life of this 
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isotope made experiments difficulto After 1946ll c14 with its 5000= 

year half life~ became available in large quantities, which made more 

elaborate experiments possibleo13lll49l5vl6Sl
17 Progressll however~ was 

still slow since the complex mixtures of compo~ds extractedfrom the 

plant proved to be too intractable to be of any real valueo13914,l5 

The answer was provided by the development of paper chromatography by 

Martin and ?yngeol8 By developing techniques using, c14 .as· a tracer and 

paper chromatography as a mea,ns of separation9 Benson9 Calvin and co-

workers isolated and identified many of the intermediates in photoeyn= 

thesis .. 17 The degradation of parti~lly labeled intermediates19ll20,21 
' • t • • ' 

gave valuable information about the path of an individual carbon atom 

and also about the relationships between intermediateso While these 

qualitative tracer experiments have led to the elucidation of maey of 

the intermediates in the path of carbon in photosynthesis~ they have also 

shown that in the study of photosynthesis 9 one is dealing with a compli­

cated network of reactions which.would be difficult 9 if not impossible~ 

to elucidate by qualitative means aloneo Thus in photosynthesis9 as in 

many other scientific investigations 9 a stage had been reached where 

little further information could be gained by qualitative experimenta­

tiono If further progress was to be made~ techniques had to be developed 

to do really quantitative experimentso This is always a difficult transi= 

tion to make in any scienceo 

At first~ attempts were made at drawing quantitative results from 

qualitative experimentso Benson and Ka-waguchi22 studied the kinetics of 

e~14o2 incorporation in photosynthesizing algae using the qualitative 
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techniques.~~ but lack of controlled conditions make the interpretation 

of their resJl].ts very difficulto Massini studied the effect of light 

and dark on the steady=state conditions in algae 9
2.3 and.here for the 

first time o14 activity was used as a method of assay rather than as 

. a tracer o Massini 1 s experiments were an enormous improvement over 

earlier experiments and some attempt was made to control the experi-. . . 

mental.conditionso 

It is clear that in a cyclic system such as is believed to exist 

in photosynthesis.~~ the rate of consumption of a compound is eventually 

related to its rate of formationo Thus any changes impressed on the 

cycle by changes in the external variables would eventually move around 

the cycle and.tend to cancel out the original changeo This self-

compensating feature in a biological system enables it to successfully 

withstand changes in environmental conditions o It becomes clear 9 there~ 

fore 9 that the actual values of steady-state concentrations of the inter~ 

mediates a.re the result of a very complicated set of circumstances, the 

unique solution of which involves an exact knowledge of all the inter= 

mediates, their sequence~ the ratecconstants of each of the reactions and 

all of the other parameters of the systemo Thus data on steady-state 

concentration of intermediates provides data which involves so ma.I'lY 

unknown variables that.a unique interpretation presents a very difficult 

problem indeedo However» if one variable is changed suddenly and the 

early transient changes are investigated 9 a much simpler situation is 

being dealt with which is consequently also easier to interpret)) since 

only the steps actually involving the variable are changed while the rest 
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of the network9 for the first few seconds at least,· remains unchangedo 

Before such data could be obtained more quantitative procedures had 

to be developed for the analysis of the photosynthetic intermediates 

in algal extractso Apart from the developments that had to be made 

in quantitation, the measurements of transient changes was an experi= 

mental problem for which apparatus had to be designed and constructedo 

The work described in this thesis represents an at'tempt to develop 

the techniques to make such experiments possible o 

It should be emphasized that these techniques are not limited to 

photosynthesis but have broad application to any in vivo biological 

processo 



EXPERIMENTAL PROBLEMS IN. THE QUANTITATIVE STUDY OF PHOTOSYNTHESIS 
. '; :, ~ 

Experi;mental Technique.s . · 

Problem of non=reproducibility of alga1 cultures 

In any, study of a biological, process one is .f~ced with the choice 

of an organism with which to worko In the case of photosynthesis 9 the 

.leaves of the higher plants of~er one possibili't;y but, are difficult .to 

handle and open tp many objections inherent in their . structure 91 as for 

example the influe~ce of t·he stomatao Algae are a natural choice because 

they can be grown easily in a continuous culture ,and can. be handled in 

much the same way as any liquido However.~~ even when every attempt is 

made to control the conditions under which they are grown.9 algae show 

daily variation in such properties as rates of C02 fixation and cell 

divisiono These considerations make it difficult to do experiments in 

which the results from different days must be compared on a quantitative 

basiso To overcome this difficulty the experiments have been designed 

to use samples withdrawn from the s~e alga auspensiono 

The apparatus 

The apparatus (Figure 1) was designed to take small representa= 

tive samples of algal suspension over short=time intervals from a 

system whose external variables were under complete control~ and was 

made as versatile as possible so that it could be used in a great many 

different experimentso Use was made of recent advances in instrumenta-

tion to monitor continuously variables such as partial pressure of C02 

and radioactivityo The apparatus itself (Figure 2) consists of an illu= 

mination vessel "A" and three gas systemso One is a recycling s,rstem 

lr' 
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Fig. 1. Photograph of apparatus for 
measuring transient phenomena and 
changes in steady state. 
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Fig. 2. Diagram of apparatus for meas­
uring transient phenomena and changes 
in steady state. 
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for high partial pressures of C02 ~ one is a non=recycling system for 

c1202 from a gas tank~ . and the third ·is a non=recycling system for 

c14o2o It is possible to sWitch between the recycling system and 

either of the non=recycling systems by turning three stopcocks on a 

control panel 61 Bw~ and also to s~tch between the non-recycling systems 

by turning stopcock Uiail 0 The gas is continuously monitored for C02 

partial pressure and-radioactivity by an infrar~d gas analyzer and an 

ionization chamber respectively J) i1C01 o The data is recorded continuously 

and automatically on chart recorders uunuu o The monitors may be placed 

11 before11 or 11 after'1 the illumination vessel by turning two stopcocks on 
i 

a control panel 10E11 o When the 11high11 recycling system is in operation 

the gas passes through a large reservoir ''E" (5 liters)o This reservoir 

can be bypassed by turning stopcock i•bn ~ leaving onJ.Y a very small volune 

recyclingo Under these conditions the rate of photosynthesis or respira-

tion can be read directly from the reco.rderso This feature is invaluable 

for obtaining the necessary data for designing experiments where certain 

optimum conditions are requiredo Ifl> for e:mmplel' we ~ish to determine 

the gas flow which would give us saturation geometry (ioeo when the rate 

of diffusion of co2 across the gas liquid interface is not rate deter= 

mining) we merely turn down the gas flow until a change of slope is noted 

on the recordero In exactly the same manner we may reduce the light in 

order to determine the point where' the system 'bedomes light dependento 

If we allow the system to u~e' up all of its C02~ we obtain· a 

curve· whose ordinate is ;):.he co2 'pressure and whose slope .is the rate of 

photosynthesis., From these data a plot of photosynthesis versus C02 



pressure can be readily obtained o The effect of such variables as 

temperature and pH may be quickly determined under actual operating 

conditions, and the rate of respiration may be compared to that of 

photos,ynthesis b.1 merely turning the lights off and on with the 

large reservoir bypassedo Trap 11 c11 is used to introduce the cl4o2 

into the eystem, and trap 11 d11 is. a· bubbler which is used to remove 

the: c14o2 at the end of a runo Barometer "e" is a safety valve on 

the monitor and. is calibrated so that the recorder reading can be 

corrected for pressure effectso Since the monitGrs measure the number 

of molecules in a given space.~> a Bqyle 9s law correction has to be 

appliedo In actual practice the apparatus is desinged to have the 

monitors very close to atmospheric pressureo 

The technique of gas handling presents a number of difficult 

problems.~> many of which have been overcome in the course of this worko 

Because of the wide application in other fields, the methods used will 

be described in detailo The lucite illumination vessel will not with= 

stand large positive or negative pressures, and thus to obtain the gas 

flow necessary to change from 1% co2 to Oo00.3% in a few seconds!) a posi= 

tive pressure had to be applied to one Side of the illumination vessel 

and a negative pressure to the other.~> leaving a net pr~ssure inside the 

illumination vessel of a few mmo Hg above atmospheric pressureo The 

actual pressure in the illumination vessel is measured directly by a 

water manometer nnn which also acts as a safety valve to protect the 

vessel from damage should large positive or negative pressures build upo 

The positive pressure was supplied by a constant head 01 h' uu of about 
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14 feet of watero Water flowed from 11 F11 into 11 G11 where it displaced 

air into vessel IIJII 0 This caused a ba.lioon 11 K11 which contained the 

radioactive cl4o2 to close, thus th~s gas was forced through the illu= 

mination vessel and out through a trap 11 g11 where the c 14o2 w~s removed. 

The required constant negative pressure was supplied by device "W' o 

The constant head device in 11F19 and 11G19 enabled one setting Qf the 

screw clamp n f 11 _to maintain the flow constant throughout a run. The 

balloon is filled through stopcock u kit • . The tube from "F11 to 111G11 is 

clamped off and water is run out of 11 G9~ pulling air from i'J1" into "G~' 

which pulls the balloon open sucking co2-free air into 11K11 ., The C 14o2 _ 

is added via trap 11 m11 o Since 0.003% ao2 \.vas being handied.s> and since 

it was important that its specific activity be maintained» a soda liiiB 

_absorber was placed between 19 G11 and 11 J 11 o This absorber was considered 

necessary in the light of the solubility of co2 in rubber. At first 

much trouble was encountered with the balloon bursting while it was 

being evacuated, but this problem was solved by means of device "Li' 

-which ~s a small perforated glass bulb through which the gases are 

removed from the, balloon. The many holes and irregular shape of this 

glass bulb prevent the outlet from being blocked by the collapsed balloon 

before the balloon is completely empt,r. If large quant*ties of liquid 

are withdrawn from the ill~nation vessel while on the closed system» 

the pressure drops to such an extent that no mor€l=liquid can flow out. 

This drop in pressure is avoided by having a device "Hi' which maintains 

the high side of the pump at a fixed pressure above atmospheric. This 

device can be eliminated from the system by stopcock "p'' o 
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Illumination Vessel .. - The design of the illumination vessel 11 A11 

is a radical improvement over the more conventional "lollipop11 -type 

vessel., The redesigning has been done to make possible more close 

control of the external conditions and to enable the apparatus to be 

adaptable to a wide variety of experiments including the study of tran­

sient phenomenao The vessel is of laminated construction (Figure .3) 

and is made of sheets of lucite held together with bolts through a 

duraluminum frameo The seals between the lucite lamination were made 

of neoprene gasketse The construction enables easy dismantling for · 

cleaning. By the simple replacement of the center lamination, the ves-

sel can be used for a ~~de varie~; of experiments (ego a glass electrode 

could be inserted) o The outer ·laminations constitute a water jacket 

through which water is circulated from a thermostat by means of a cen-

trifugal pump. Figure 4 shows the center lamination.. The newer features 

include a sampling device nzu whereby samples of the order of 1 ml. of a 

1% suspension may be withdraWn quickly vdthout contamination with algae 

not representative of the suspension.. !As the stopcock is turned in an 

anti-clockwise direction (Figure 4) the sample is successively (1) run 

out into a sample tube, (2) the outlet tube blown out, and (.3) the inter-

nal tube blown out ready for the next point., With such a device, samples 

can be taken every 4 seconds for extended periods of time a A syringe 11 Y11 

is mounted on the side of the vessel to inject liquid into the suspen-

sion .. In the,study of pool sizes versus co2 pressure, this device was 

used to inject c14o2-saturated water.. In future experiments this feature 

could be used to change the pH of the suspension or to study the effect 

of a variety of poisons.. If desired, it can be eliminated from the 

system by turning stopcock 11 Y11 .. 
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General considerationso = Temperature of illUmination vesselg 

It is usual~ advisable to have the illumination vessel below room 

temperature in order to keep the gas in the system below saturation 

and to avoid condensation in other parts of the apparatuso 

Effect of solubility of co2 in rubberg The solubility of C02 

in rubber is much greater than is generally realizedo For example~ 

if 1% co2 in air is cycled through a length of rubber tubing with a 

co2 analyzer in the circuit» the concentration of the gas falls quite 

rapidlY towards Oo09%o If after a time the gas is replaced by air 

(Oo09%: co2 )~ the co2 comes out of the rubber and the concentration 

of co2 increases a Tygon exh.ibi ts this phenomenon to a lesser degree 

(about 5Q%)o To overcome this difficulty the apparatus was constructed 

of glass wherever possible and where it was necessary to make a non= 

rigid connectionS) the glass was butted together under a.·tygon seal so 

that as little tygon surface as possible was exposedo 

~·02 infrared gas analyzero = The co2 gas analyzer u~ed is a 

ldston=Becker Model 15 instrument~* Its operation depends.on the fact 

that 002 ~s a very strong'inf'rared absorption band between 4o2 and 
' . .., . 

4o.3 J.to It~ method of C02 detection is simple yet extremely ingeniouso 

Glow bars produce infrared radiation which is passed down two tubes~ 

one of which is a dummy 9 the other containing the sampleo The radiation 

then passes into the detector assembly which consists simply of two 

chambers~ both filled with pure co2 j) separated by a diaphragmo The 

(*) Liston=Becker Instrument Coo 9 Inc o » Stamford.11 Connecticut a 



detector is on~ sensitive to the co2 absorption bands which absorb 

heat and cause the gas to expand 9 displacing the diaphragmo The 

diaphragm constitutes one side of a condenser which is coupled in 

a resonant circuit with an inductanceo The inductance is tuned so 

that it is a little off resonance and on the linear part of the 

resonance curveo A~ bands other than those absorbed b,y co2 pass 

1;ihrough the detector and are dissipated in the walls without heating 

the gaso Thus the detector is insensitive to water vapor aDd other 

substances absorbing in the infrared region'provided the detector gas 

is pureo .Radio frequency voltag~$ are applied across the condenser 

so that a very small motion of the diaphragm will produce a useable 

signal which is amplified and employed to drive a recordero In order 

to eliminate zero drift due to ambient temp~rature changes~ the radia-

tion is modulated by a 10 cycle choppero A small hole is placed in 

" the diaphragm so that slow pressure changes will equalize across th~ 

diaphragm while sudden 10 cycle pressure variations will serve to· 

actuate the diaphragmo The sensitivity to the 10 cycle modulation 
' 

is further insured b.1 rectifying the amplified signals s.ynchronously 

with the light chopper o The instrument is produced mai~ for indus= 

trial application and will deliver up to 5 ma into resistances up to 

500 ohmso Thus it will produce Ool25 watts at full powero The instru-

ment is man~actured in this manner so that it can be used to drive a 

current recorder direct~o The gain settings on the instrument are 

really gain settings on the amplifier and therefore have the disadvan~ 

tage of making the zero dependent on the gain settingo Since we-·were · 

.... 
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equipped with high impedance recording potentiometer-s it was felt 
- ~-

•· 'that it would be advantageous to leave the amplifier controls 
,. -· '· 

- turned, down and instead of putting the output of the analyzer 
·' ···- .· .. ·-

across a 2 ohm resistance, as is suggested in the instructions, 
<·.-

to put it across a 25 ohm variable resistanceo Thus a variable 

span would be -~rovided which would not affect the· ~ero settingo 

We have, in effect, taken the calibratiOll curve AB and bi'own it 

up 12 1/2 times so that the secti~n AC no~ co;ers. our rangee 

MU-7e22 
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This modification has the added advantage that it gives a much more 

linear output, since the shorter the chord the more nearly it fits 

the curve (c.f. differential calculus). Looking at the above figure 

it is immediately apparent that chord AC ~ore closely fits curve AC 

than does chord AB fit curve .ABo 

For certain work a suppressed zero is an advantage so that 

the full scale on the recorder represents, say, Oo95% to 1.05% co2 • 

This has been constructed and the circuit is shown below. 

C02 analyzer 
, output 

25 ohms 

~~---s~p~a_n ________________________ 
0 
Recorder 

~~. ~~--------~-o-k~--------o 

25 ohms 
fine adjust zero 

I k 

course adjust zero 

MU-7521 



If we were to increase the resistance across the output of the analyzer 

20 times (ioeo up to the permitted 500 ohms) we could obtain another 

factor of 20 in the sensitivityo The cells supplied with the instru­

ment give maximum sensitivity although the output is not completely 

linear with co2 pressureo Since we have plenty of sensitivity to spare 3 

it is often more convenient to sacrifice some of the sensitivity to get 

a more linear outputo This can be done b.Y using as thin a cell as 

possible and boosting the gain by increasing the resistance across the 

outputo 

Extraction of phosphates from algae .. 

It was observed, during the investigation of extraction of phos­

phorylated compounds from algae~ that the 8~ alcohol extract contained 

most of the photosynthetic intermediates except ribulose diphosphateo If 

the resultant residue were extracted with 20% alcohol~ most of the acti= 

vity was found to be ribulose diphosphate with a trace of IGAo This pro­

cedure would find useful application in the isolation of ribulose diphos= 

phate from algaeo 

Absorption of phosphorylated compounds on plant materials 

In order to quantitatively extract the phosphorylated compounds 

from the dead algae 9 the algae have to be extracted completely with 8~ 

EtoH and then at least twice with 20% EtOHo Under these conditions there 

is also extracted a material which 9 although soluble in ethanol solutions~ 

is insoluble in water and is precipitated when samples are evaporated 

down prior to placing on -paper o :As the solution is further concentrated.? 

this material adsorbs phosphorylated compounds~ particularly the ribulose 
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diphosphate and to a lesser extent PGA and the other phosphorylated 

compounds (as can be shown on phosphatasing when it yields principally 

ribulose)G ~~en the mixture is placed on paper the phosphates are not 

eluted from this material but remain on the origino The difficulty can 

be overcome by centrifuging this material from the solution before it 

becomes too concentrated (at 1=2 mgo cell extract per 1 mlo solution)o 

At this concentration the material carries down no phosphorylated com­

pounds~ as can be shown by redissolving in alcohol and rechromatograph= 

ingo The best way to effect this separation is to freeze the sample 

slowly in the deep freeze and to let it thaw out in the centrifugal 

fieldo It is probably the above phenomena that accounts for the lack 

of ribulose diphosphate on chromatograms of soy bean experimentso 

The n octopustt 

(Figure 5) The further the project proceeded the greater became 

the need for more experimental points in order to ge,t the shape of the 

· c;urves more accurately a This need was particularly apparent in tran= 

sient phenomena in which we were particularly interestedo Larger and 

~e elaborate experiments were required~ usually involving more than 100 

points, all of which had to be worked up individually~ and it soon became 

clear that a simple~ direct and preferably automatic method was required 

for the processing of the multitude of sampleso An apparatus called an 

11 octopus11 was designed and constructed which would evaporate a sample 

. represented by perhaps 15 mlo of solution~ to a small volume (cao 50-A) 

maintaining the temperature always below that of the roomo These samples 

could then be transferred directly to the origin of a chromatogramo 
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T~lve samples could be evaporated simultaneously and as a result 

the rate-determining factor of the whole process lay in the transfer 
; -ytv.;?.,,"f ;•.J$.:~ ... 

of the sampleso The apparatus (Figure 5) consisted of a manifold with 

twelve arms» at the end of each of these could be placed a flask con­

taining the sampleo These flasks were kept in motion (to prevent 

surface freezing or bpmping) b,y an aluminum plate 12 inches in diameter 

with holes in it for the flaskso The aluminum plate ,was i~self kept 

agitated b,r. a 1/4 inch electric drillo The whole system was evacuated 

by a rotary oil pump~ and a large dry=ice ethanol trap was used to col= 

lect the distillate.? the pump being protected by a liquid nitrogen trapo 

This apparatus already has saved hundreds of ~ hours· of tedious work 

and will have valuable application in any future work in this fieldo 



Chromatography 

Introduction 

Before a quantitative analysis could be made of the photosynthetic 

intermediates obtained in controlled experiments~ they had to be separatedo 

The only really sui table method of doing this is by means of chromatogra:plzy" o 

Thus~ the quality of the work depended to a large extent on the quality of 

the chromatogramso This was true even in the qualitative experiments~ 

and progress was determined to a large extent by progress in chromatogra-

phic techniqueso However~ for quantitative work~ separations had to be 

complete and reproducibleo The early intermediates of particular interest 

to us in photosynthesis are 9 without exception, phosphorylatedo The chro= 

~toiiraphy of phosphorylated com~ound~24.1125.1126 is a much more. difficult 

problem than the chromatography of amino acids 9 acids, o~ free sugars 9 

and the problem of quantitative chromatography even more difficulto 

Thus it is clear that an appreciable portion of the effort put into a 
. ' ': 

project of this kind should go into research into the techniques of chro-

matographyo 

Chromatographic techniques 

Solventso = The first solvent used is a neutral one 9 usually 

phenol/wa~er** whi~h pe~forms a good primary separation of the compound 

on the basis of type 9 the free sugars being moved away from the phosphory=· 

lated sugars with which they would interfere in the second solvento The 

. *** second solvent usually used was butanol/propionic acid/water 9 which 

(**) Phenol (redistilled) 100 go; water (deionized) 39 go 

'(***) Reagent Ag Butanol 3750 mlo» water 253 mlo Reagent Bg Propionic 
acid 1 ?60 mla » water 2240 mla Solvent equal parts of A and Bo 



carried out the secondary separation., The order of the solvents is 

important since it is impossible to remove completely all traces of 

acid from the paper by dryinge If phenol were the second solvent it 

would not be neutral, but a second acid solvente There seem to be two 

types of acid solvents~ the weak organic acids like propionic and acetic, 

. {Hf** . and the strong acids such as trichloracetic and picr1c. The .var1ous 

weak organic acid-alcohol solvents all give much the same results., How-

ever, strong acids, consistant within themselves, give a very different 

kind of chromatogram., The PGA, P=glycolic and P-pyruvic acids are well 

separated,as are the hexose monophosphateso Examples of such chromate-

grams are given in Figures 6~ 7 and 8; the Rfr values in picric acid, 

relative to orthophosphate, are given in Table Io The disadvantage in 

the use of a strongly acid solvent like picric· (or trichloracetic)/t­

butanol is that it leads to the decomposition of the UDFG spot35 caus-

ing the free glucose to run into the hexose monophosphate region., This 

difficulty can be overcome by making the algal extract alkaline e (NH40H 

is the most convenient)., The UDFG is thus decomposed, and on running it 

appears as two spots which were identified as glucose and galactose cyclic 

phosphates (see appendix)., These compounds have the same Rf value as 

glucose monophosphate in the acid direction but have about twice the Rf 

value in the phenol directiono 

Effect of phenol in acid solvent~ There is still much work to 

be done on the technique of chromatography., If, for example, phenol 

(****) Tert-butanol-picric acid solvent was that of Hanes and Isherwood24 
as modified by Mitchell and Mqyle.,27 
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Table I 

1-butanol 80 go butanol 100 go phenol 72 g .. 
picric ac:i:d 2 g., propionic acid 50 g., water 28 go 

wter 20 go water 70 g .. preeq.uili bra ted 
22° 22° 22° 

Whatman Noo 1 Whatman No .. 1 Whatman Noo 4 

Orthophosphate 100 100 100 

Phosphoglycolic acid 106 75 102 

Dihydroxyacetone 
phosphate 59 170 

3-Phosphoglyceric 
acid 89 65 100 

Phosphop,rruvic acid 120 92 26 

Ribose-5-phosphate ,.... 49 139 

Ribulose-5-phosphate 53 147 

Ri bulose=l, 5-
diphosphate 58 '22 26 

Glucose-~phosphate 40 40 113 

Uridine diphosphate 
glucose dec .. 15 ll1 

Glucose-1,2~cyclic 
phosphate 54 49 170 

Glucose-1,~ 
diphosphate 58 22 26 

Fructose-6-phosphate 61 46 125 

Fructose-1,~ 
diphosphate 58 22 26 

Galactose~l,2-cyc1ic 
phosphate 40 .. : 49 170 

Mannose-6-phosphate 52 46 125 

Sedoheptulose=?-
phosphate 52 40 113 



papers are not proper~ dried before running in the acid solvents~ the 

compounds have very low R.r values and are small and very sharpo This 

fact» as such» is of no practical value~ but if the reason for the 

small sharp spots could be found and incorporated into the techniques 

used$ it would lead to a great improvement in the chromatogramso The 

reason is probably linked with the solvent phase separationp discussed 

in the later section on double spots (ioeo effect of phenol on three­

component phase system of the solvent)o 

Papero = Types of paper& The classical paper used in chromato­

graphy has been Whatman Noo lo Various other papers were tried and it 

was found that Whatman Noo 4 was far superior for phosphorylated com= 

pounds (Figure 9) o The sol vents ran almost twice as fast on this paper 

as they did on Whatman Noo 1 and much better separation of compound~ 

resultedo The hexose monophospbate region wa~ reproducib~ split into 

two spots9 glucose and sedoheptulose monophosphate~ and fructose mono= 

phosphateo Perhaps the greatest advantage of Whatman Noo 4 paper was 

the lack of origin sticking~ probably related to the different properties 

of the cellulose fibers making up the papero 

Washing papers& Although amino acids and free sugars give per~ 

fectly satisfactory results on untreated paper, it is virtually impos­

sible to obtain good results with phosphorylated compoundso This is due 

to the presence on the paper of Ca++ and other heavy metals which can be 

removed by washing the paper with 1/2% oxalic22 or acetic acido24 Although 

the papers are subsequent~ washed thoroug~ with distilled water they 

give an acid reaction to indicatoro This is true even after they have 



GLYCINE 

GLYCOLIC 

SERINE 

HEXOSE CYCLIC 
PHOSPHATES 

OXALIC WASHED WHATMAN NO. 4 

ALANINE 

GLYCINE 

WAHD WHATMAN NO. I 

-30-

MALIC 

ASPARTIC 

FRUCTOSE· P 
MANNOSE-P 

GLYCOLIC 

SERINE 
ASPARTIC 

HEXOSE CYCLIC 
PHOSPHATES 

CITRIC 

P· PYRUVIC 

P-GLYCOLIC 

PGA 

GLUCOSE- P 
SEDOHEPTULOSE·P 

UDPG 

MALIC 

CITRIC 

RIBULOSE ·Di-P 

P·PYRUVIC 

P·GLYCOLIC 

PGA 
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and Whatman No. 4, both preequilibrated 
and run under identical conditions with the 
same algae extract (one minute photosyn­
thesis Scenedesmus 80o/o ethanol extract). 



been treated with ammonia and driedo ~hus oxalic~washed papers are 

not only metal free but also quite acido To determine the effect of the 

acid~ paper was washed with 1/2% EDTA solution at pH 7~ resulting in a 

neutral paper free of heavy metalso This type of paper gave a chromato­

gram (Figure 10) on which the spots had run with higher Rf values but 

were large and diffuseo It seems that the acidity of the paper has the 

advantage in holding the compounds together in sharp well=defined spots 

(cfo Figures 9 and lO)o 

Preequilibration of papers& Various experimental conditions for 

the running of paper chromatograms were investigated and it was found 

that the preequilibration of the paper and subsequent chromatograpQy in 

a water-saturated atmosphere led to a markedly different result than when 

the papers were run in unsaturated boxes or saturated only with respect 

to solvento For preequilibration~ the papers were hung in the box with 

water in the bottom for at least 4 hours before the solvent was added to 

the troughso This treatment has profound effects on the Rf values of the 

compoundso In the case where phenol is used as the solvent the compounds 

move with higher Rf values and the overall separation is much improved 

(Figure ll)o The adsorption~ or shadowing behind the phosphorylated com= 

pounds is also completely eliminatedo This probably accounts for much of 

the previously observed variation in the qualit.y of chromatograms over a 

period of time even when run by the same worker supposedly using the sane 

conditions 9 since variations of humidity would have a profound effect on 

the quality of the chromatogramo In the case where butanol-propionic 
< 

acid is the solvent, preequilibration is detrimental to the quality of 
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the chromatogram~ and the compounds move with higher Rr values but 

tend to bunch up so that the separation is pooro A water~free box is 

therefore desirable when butanol=propionic acid is used as solvento 

When picri~/t=butanol is used as solventll preequilibration ils disastrous 

with all the compounds running on the fronto 

The use of thick paperg Thick papers~ such as Schleicher and 

Schuell 470-A and the paper which is used as raw ma.te:dal for the 

Viscose process/**** were used for chromatographyo Such papers have 

application in the preparation of large amounts of material and are 

quite practical for phosphates provided the paper is acid=washedo The 

spots are larger 9 howeverll and the separations not as goodo 

Quantitative techniques in chromatography 

Basi~ assumption;, = The method of measuring the s.ize of reser= 

voirs by counting radioactivity in the spots was based. on an experiment 

where the count was determined as a function of the amount of carriero 

It is conceivable that larger amounts of carrier might produce larger 

spots which might in turn lead to a lower count due to increased self= 

adsorptionll but this was not the case as was demonstrated by the experi= 

ment described belowg 

A mixture of c14=labeled malic acid and sucrose was taken and 

the same aliquot of this solution mixed with various amounts of malic 

acid carriero .These final solutions were put on paper and run in the 

conventional wayo The ratio of sucrose count to malic acid count was 

independent of the amount of carrier malic to. within 5% over the range .. 

of 0 to 100 y carrier malic added per papero 

(*****) We are indebted to Dro Bo AxelrOd for supplying samples of 
this materialo 
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Direct paper counting of spotso - The elution onto a metal 

plate of every spot to be counted would involve a prohibitive amount 

of time o It is possible to c~u:nt the spots' directly on the paper 

with 1/.3 efficiency, if certain precautions are observed in the drying 

of the chromatograms after they have been run in the solveritso They 

shouid be dried at least 6 inches apart, and if such is the case, no 

trouble is encountered by spots giving more counts on one side of the 

paper than on the other sideo 

Origin stickingo - The greatest obstacle to quantitative chro­

·matogra~hy of phosphorylated compounds was origin sticking, for which 

the phosphates are particularly notedo Experiments showed that 

~troleum-ether extraction of the samples reduced the origin stickingo 

This: treattnent did not remov'a any compounds other than those which ran 
'I'" 

·on 'the front in both solventse Wetting the paper with water reduced 

considerably the amount of origin sticking, especially in dry weathero 

This is probably one reason for the variation in the amount of origin 

stickin:g at different times 9 even though apparently th~ 'same procedure 

is follov.'Eid (ioeo the humidity can affect the amount of origin sticking)o 

The ~st way 'to ~void the origin sticking of phosphorylated compounds 

.·when Whatman· Noo 1 paper is used is to place the papers in a high 
. . 

humidity atmosphere for several hours, and then to evaporate the com-

pounds on to the origin while the papers ar~ ~till~in an atmosphere of 

high relative humidityo For this purpose a special box was constructed; 

later developments, however (see below), rendered this technique obsoleteo 



The grea~est amount of irreversible adsorption .'W'as obtained 'W'hen a 

hot dry stream of air 'W'as used to evaporate the sample onto the paper 

and the paper allo'W'ed to dry out bet'W'een additions of materiaL Such 

a procedure dehydra,tes the paper, especially around the edges of the 

origin~ and results in a series of super-imposed rings of iri;'eversible 

adsorptiono The greatest improvement comes in the use of Whatman Noo 

4 papero If. this paper is dampened and the origin put on 'W'ith a high­

speed blo'W'er using no heat.~~ the problem of origin sticking is completely 

. solvedo 

Ne'W' technique f.or secondary separation of.phosphorylated com­

poundso - I~ the earlier qualitative experiments the spots containing 

the mixed phosphorylated compounds (as for example the hexose monophos­

phate area) 'W'ere cut from the paper and eluted intorsmall test tubeso 

Phosphatase solution was then added to the tube and the mixture allowed 

to stand under toluene for several dayso The resultant solution yas 

then e;vaporated onto the origin of a second chromatO{>Tain with a pipetteo 

This procedure. suffered f,rom two disadyantages; fir.st, any attempt at a 

quantitative procedure resulted in avery long and tedious process which 

took al:;>out 20-30 man minutes per spot; and second, phosphorylateci com­

~ounds, especially ribulose diphosphate».are adsorbed onto the paper and 

are not readily eluted quantitatively o The procedure developed was to 

spray, phosphatase solution (Oal=Oo2%) directly;~onto the spot until it 
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became translucento****** This paper was then hung in an atmosphere 

saturated With water vapor and toluene for a few days, and the spot 

was eluted directly and automatically onto the new paper with a device 

which is shown in Figure l2o This device was readily adaptable to mass 

production as shown in Figure l3o The unit (Figure 12) consisted of 

two glass plates with matching holes 2 inches in diametero The top 

plate supported a glass trough containing water, and a strip of filter 

paper was dipped into and hung over the edge of this trougho The spot 

to be eluted was attached to this strip of filter paper by capillar,y 

attractiono A drop of 11Scrip11 washable black ink was placed on the 

top edge of the spot to give an indication of when the compounds were 

completely elutedo The ink used consists of three dyes, blue, yellow 

and redo Tests showed that all the free sugars came off well before the 

red dyeo These dyes served the further useful purpose of acting as a 

series of markers on the final chromatogramo A sheet of~hatman Noo 1 

is placed between the glass plates in such a way that the origin lies 

between the two matched holes~ while the spot is arranged so that its 

tip just touches the paper in about the center of the holeo A stream 

of air from a high-speed blower directed at the lower side of the origin 

serves to evaporate the water which has eluted the spoto With this tech-

nique it is possible to obtain very small originso The inherent advan-

tage of such a method is that free sugars and not phosphorylated compounds 

(*****~t) The application of the phosphatase solution with a pipette is 
not satisfactory since the enzyme stays at the point of contact of the 
pipette with the paper (it is absorbed on the cellulose and is no:t carried 
throughout the paper by the water)o Since diffusion is a relatively slow 
process, it is advisable to have the enzyme sprayed onto the paper so 
that it is distributed evenly over the surfacea 
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are elutedo A further advantage is that a quantitative result is 

obtained in about .30 man seconds as against 20 man minutes by the 

older more conventional methodo 

Chromatographic theory 

Double spots .. ,~ The. th~ory of paper chromatography if3 still 

not completely underato~d~ or rather let us say there are many phenomena 

met in chromatography which are not explainable by the simple theoryo 

Thus the investigation of such phenomena as double spots has a two-fold 

purpose .P (1) to aid in the interpretation of chromatograms a.p.d (2) to 

further a better understanding_of the mechanism of paper chromatographyo 

The phenomena of double spotting has be~n investigated and double spots 

are found to fall into the following groups~ 

(1) The chelate type = Malic and glycolic acid double spots are 

of this type o The Spots appear to be two different chemical substances, 

one being the free substance and the other a complex witl1 some metal 

such as c.a ++ o For obvious reasons this type of double spotting is not 

encountered when washed paper is usedo 

(2) The d:l.,stribution type = Double .PGA spots are of this typeo 

It has always bee~ a fundamental concept of chromatography that two 

spots represent two distinct chemical identitieSo The split FGA spots 

are an exceptioho The condition~ for the formation of double spots have 

been studied and found to be caused by (.a) increasing the loading and 
I. . 

·(b) moving the origin nearer the i~itial solvent fronto 
. ' . \ . ' 

A theory for the formation has been postulated and :i.e· given below .. 

Double spotting· of the distribution type appears to take place only in 
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mixed solvents and only with certain compoundso Although it is seldom 

given much thought, it is quite reasonable that the constituents of a 

mixed solvent such as butanol/propionic acid could be separable by 

paper chromatographyo It is believed that such a separation does occur 

and that the butanol runs faster than the mixtureo Thus we have a 

phase separation with alcohol=rich phase running out in fronto Now PGA 

appears to have the propert,r of running faster in the first phase than 

the interphase front and slower in the second phase .than the interphase 

fronto Thus~ if PGA ever gets distributed across the interface it will 

form two spots and. they will move aparto The conditions areg (1) When 

the PGA is near the st~~ting point of the solvent, in which case the 

band of the first phase is narrower and cannot hold all the PGA and 

(2) with heavy loading so that the first solvent cannot hold all the PGAo 

More direct evidence of this phenomenon of phase separation can be had by 

spraying a chromatogram which has been run in such a solvent as butanol/ 

propionic acid with bromocresol greeno Here the phenomenon is graphically 

illustrated with two sharply defined areas 9 one blue and the other yellowo 

Tert=butanol/water/picric acid solvent exhibits the phenomenon in even a · 

more direct manner the yellow phase r·unning some distance behind the 

colorless solvent fronto These results point to the rather obvious but 

seldom realized fact that mixed solvents can themselves undergo chromate= 

graphic separationo Other evidence has been reported by other workers28~29 

for the existence of frontal analysis by dehydration of the solvent by 

the papero 



(3) .Origin reflection type - This type of doubl~ spot is found 

principally when picric has been used as the second solvent, and no 

precautions have been tak.en to avoid origin sticking. The first solvent 

leaves part of the material on the origin, some of this is removed by 

the second solvent to give a second spot which has the same Rf value 

as the original in the second solvent but an Rf of zero in the first 

solvent. 

(4) Double ribulose diphosphate spots - The double spotting of 

the RDP in the phenol direction has been noted from time to time. On 

treating each spot with phosphata~e it was found that the fastest moving 

spot gave only pure ribulose, whereas the slmrest gave mainly ribulose 

with traces of other sugars which also form diphosphates (glucose, fruc­

tose, and mannose). This slowest moving spot is probably the 1,5-

diphosphate vrhereas the faster moving one is probably the resUlt of the 

phosphate group on the 5 position mj_grating to the 4 position to enable 

the forrna tion of a furanose:: rii1g o .. 



APPLICATION OF. TECHNIQUES 

The application of the apparatus and techniques described 

earlier to the in vivo study of the mechanism of a biological process 

is almost unlimitedo In the case of photosynthesis~ for example~ 'we 

may study 

1 .. The effect of changing the C02 partial pressureo 

2c The effect of changing the light intensityc 

3o The effect of changing the 02 partial pressure$ 

4o The effect of changing the pH 

5., The effect of changing the temperature., 

6o The effect of many enzyme poisons as for example arsenite? 

arsenate~ and iodoacetamide~ to mention but a fewG 

When the effect of each of the above variables has been worked out~ we 

can choose various combinations of them to obtain the desired effectso 

As an example of such a technique~ the changing of the co2 variable 

has been choseno This project is perhaps the most difficult because 

of the technical problems inherent in changing the C02 pressure rapidly. 

The final experimental procedure is naturally the result of many trial 

experiments. The descriptions of each of these individual experiments 

would be very lengt~ andp since they would serve little useful purpose~ 

they have been omittedo When one is looking for transient changes.~ the 

actual experimental conditions become extremely impcrtanto If a variabJe 

is to be changed, it must be changed abruptly for transient changes to 

be observedo If the change is too slowp large transient changes will 

not be observed but rather a slow change to a new steady state will be 



notedo In order to design the optimum experimental conditions, cer-

tain critical data are required which are peculiar to the particular 

experimental set upo .An illustration of how this data was obtained is 

given below .. 

Determination of experimental parameters 

co2 pressure =~~o - By turning the recycling system onto 

the small system (turn stopcock 11 b11 , Figure 2), a plot of C02 versus 

time is obtained directly for the particular organism studiedo The 

first differential of this curve when plotted against the ordinate of 

the curve gives a rate of photosynthesis versus co2 partial pressure 

plot (see Figure 14)o This curve was used to help decide tm co2 pressures 

between which to work~ 

Rate of gas flow during transition periodo - The size of the 

transient changes are largely dependent on the rate at which the tran­

sition can be madeo The effect of various rates of gas flow could be 

read directly from the analyzer chart (see rigure 15) and this was of 

great assistance in determining optimum experimental conditionso 

Temperatureo = By changing the temperature of the water thermo­

stating the illu~nation vessel it was possible to measure the rate of 

photosynthesis as a function of temperature (see Figure 16)o It was 

also possible to measure the rate at which the C02 could be blown out 

of solution as a function of temperature (see Figure 17), From this 

data it was clear that if the C02 pressure were to be changed rapidly, 

high rates of gas flow would have to be usedo Thus the first 90% of 

the co2 is removed from solution by a mechanism which is dependent 
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principally on the rate of gas flov1., and the remainder is removed 

mainly b.f the photosynthesis (see Figure 17)o Thus we see that the 

activation energy (ioeo temperature dependence) of solution of C02 

in water is of no practical significanceo Since the rate of photo~ 

s,ynthesis is less at lower temperatures it becomes clear that the best 

conditions for a rapid transition (relative) would be to work at 6° Co 

and at very high gas flow rateso 

Geometric saturationo = This term was used to denot6 the point 

at which the behavior of the system involving the absorption or evolution 

of co2 ceased to be dependent on the rate at which C02 passed between the 

gas and liquid phaseso The rate of co2 exchange is clearly dependent on 

the area of contact., which in turn depends on such geometric factors as 

the size and number of bubbleso The point of geometric saturation for 

the system w.s found by turning dow the gas flow until a change was 

nar~d in the slope of the line~ representing the partial pressure of co2 

versus time 9 which was drawn by the recorderso The flow rate at which 

this change in slope was barely noticeable was taken as the point of 

geometric saturation~ that is~ the point where the rate of photosynthesis 

became dependent on the gas flow rateo 

Light saturationo = It was desirable to have light saturation 

during the experimento This condition was tested for by turning off 

one bank of lights and noting if there were any changes in the photosyn= 

theti© rate o The actual point at which the system became light dependent 

can be determined in exactly the same way as for geometric saturation~ 

reducing the light rather than the gas flowo 



Sampling 

A completely new approach was taken towards the problem of 

samplingo The procedure was to take a very large number of small 

samples (10-15 mgo cells)~ this process not involving too gre~t an 

expenditure of labor~ and then to work up only those that were 

neededo This procedure enabled one to select the relevant points 

rather than to work up all points indiscriminatelyo The samples 

were taken in 16 x 120 mmo screw-topped test tubes~ centrifuged 

directly and fed into the u octopJ.siu where the whole sample could 

be evaporated and. then placed directly on papero 

Processing of poin~~ 

General considerations~ It was found that most of the phospha= 

tase activity associated with algal extracts is attached to the insoluble 

cell debris~ and is probably attached to the ©ell walls where it serves 

the purpose of dephosphorylating the materi~l that is absorbed through 

the cell wallso******* Some of these phosphatases appear to be very 

resistant and will survive even room~temperature 80%=eth~nol killingso 

Since most of the intermediates in photosynthesis are phosphorylated 

compounds, it is desirable that any phosphatase activity in the. extract 

should be kept at a minimumo Samples were~ therefore 9 kept cold while 

they were in contact with the cell debris to slow down any enzymatic 

hydrolysis51 and the cell debris was centrifuged out as soon as possibleo 

Under these conditions no phosphatase activity was observedp as measured 

by amounts of free glucose and fructose on the chromatogramso 

(*******) This fact may explain ¥'hy insecticides of the TEP (Tetra ethyl 
pyrophosphate) type can kill aphids and other animals so effectively yet 
will not harm plantso.{ioeo in plants the insecticide is dephosphorylated 
w,h~l~ ~~~~~~ yhrough the cell wall)o 



Experimental procedure 

. A 1% algal suspension in a dilute phosphate buffer******** was 

placed in the illumination vessel which was illuminated from each 

side b,y a bank of fluorescent tubes (General Electric 20 watt, White), 

which provided an almost uniform illumination over the whole surface 

of the vessel~ of 7 x lo4 ergs/cmo2 (cao 700 footcandles)o The tempera~ 

ture of the vessel was maintained at 6° Co during the entire length of 
I 

the experiment by means of circulating water through the outer jacket 

with a centrifugal pumpo The cells were allowed to photosynthesize 

for 1 hour with C'12o2 l> after which time the recycling system contain= 

ing 1% c14o2 (1~ c14); was turned into the illumination vesselo After 

45 minutes the low system containing Oo003% c14o2 with the same specific 

activity was turned onto the illuminating vesselo Points were taken 

at suitable intervals as described belowo 

Treatment of pointsg 8 cco of absolute alcohol was placed in 

125 mmo x 16 mmo screw~cap test tubeso These were cooled in the cold 

room to 5° Co and then were weighed to the nearest Oo005 go and the 

weights recordedo At the appropriate time in the experiment 1-2 cco of 

1% suspension of algae was run into the tube and the tube immediately 

recapped and shakeno The tubes were stored at 5° Co for a few hours 

during which period they were reweighedo The difference in weights 

gave the quantity of cells in that particular sampleo The tubes were 

placed in water at 80° Co for 2 minutes and then immediately spun dow.n in 

an International centrifuge (200 r/m for 20 minutes)o Such treatment 

yielded no phosphatase action since no free glucose or fructose were 
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present on the chromatogramso Each sample was then given two 2-3 mlo 

washings with 20% EtOH and a final washing with EtO~ to remove the 

last of the 20% EtOH extracto A water extract was not given because of 

the technical density diff~culties of centrifuging out cell debris, the 

density of which was ve~ close to that of watero Furthermore, water 

extracted polysaccharides which tended to interfere with photosynthetic 

intermediates on the chromatogramso The samples were stored in tubes in 

the deep freeze where they appeared to be quite stableo The samples 

chosen to be worked up were placed in 30 mlo pear=shaped flasks in the 

11 octopus11 (Figure 5) and were evaporated down under reduced pressure .. 

When the reduction reached 5 mlo volume» the flasks were removed from the 

n octopus1i and the contents diluted with water to 15 mlo and the flaskt'!l 

again placed on the cv octopus'' and the samples evaporated to about 4-5 ml .. , 

after which they were transferred to 6 mlo polyethylene Spinco centrifuge 

tubeso At this stage they were frozen in the deep freeze and then placed 

in'a Spinco centrifuge and spun downo The supernate was poured off into 

an 11 octopusnn flask and the precipitate washed and again spun downo The 

washing was added to the supernate and the precipitate rejectedo (This 

precipitate contained no photosynthetic intermediates~ as was shown b,r 

dissolving the precipitate in alcohol, diluting with water and chromat0= 

graphing, whereupon only material which remained on the origin or ran with 

a high Rr value in both solvents was obtainedo) The combined supernate 

from above was evaporated to lOOA on the ~'~octopus11 and was then placed on 

the corner of a sheet of Whatman Noo 4 filter paper (dampened with dis= 

·tilled water) b.Y evaporation with a stream of room=temperature air from 
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a high=speed blowero The papers were run in two dimensions, first in 

phenol and then in-butanol/propionic acid, using the method recommended 

in the section on cbromatographyo When dry9 a sheet of X=ray film 

(DuPont X=ray film~ 14 x 17 inches~ single-coated, blue sensitive 9 

Type 507) was placed on each chromatogram and developed after a suitable' 

timeo The position of the compounds on the paper was thus determined 

and their activity was counted using a Scott large-window Geiger-Mueller 

tubea A secondary separation of the diphosphate region$ the hexose mono­

phosphate region and the triose and pentose regions was obtained b,y sepa­

rately phosphatasing and rerunning each of these regions~ as described 

earliero The results were then plotted for interpretationo 
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RESULTS 

The :rp.ain purpose of the experiments was two=fold.. First~ a 

search was made for new intermediates which conceivably might build up 

as a result of the peculiar experimental conditions; and second~ an 

effort yras made to obtain accurate kinetic curves from which the 

sequence of intermediates in the photosynthetic cr.ycle could be derivedo 

These curves would also lead to a better understanding of the type of 

system with which we are dealing when we study a living cello The results 

are given in Figures 18a~ 18q, 18c~ 19a~ and 19bo .T4e following conven­

tion has been adoptedg a smooth curve has been drawn if it was felt 

that this is a true representation of the datao There are also cases 

of secondary transient effects~ in which case the curve between two 

points is not known with certainty~ and in such cases the points have 

been joined with straight lineso 
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DISCU80ION 

We are now in a position to discuss the changes in the reservoir 

sizes when an algae photosynt4esizing at steady state in 1% C02 is sud­

denly exposed to 0.00.3% C02• 

General effects 

For the first 400 seconds (at 6° c.) the concentrations of the 

photos,rnthetic intermediates undergo violent oscillations with a period 

of about 400 seconds (Figure 18a), after which the system settles down 

to a new steady state which is not so very different from that at 1% 

co2 o On returning to 1% co2 more oscillations occur only this time in 

the opposite directiono The lower co2 pressures lead to a reduction in 

the overall rate of carbon fixation (Figure 18b). This change in the 

rate is not immediate and the change in rate does not become appreciable 

until the concentration of the ribulose diphosphate has fallen. The 

lower co2 pressures also lead to a reduction in the rate of sucrose syn­

thesiso When the partial pressure of co2 is restored to 1% a large 

increase in the PGA concentration and an associated enormous increase 

in the rate of sucrose synthesis occurs. The only compound which does 

not reach a steady-state concentration after 700 seconds at O.OOJ% co2 

is glycolic acid, the concentration of which still continues to increase. 

co2 incorporation step 

Perhaps the most striking result is the reciprocal relationship 

between FGA and RDPo As is seen in Figure 19b, as soon as the C02 pres­

sure is dropped the PGA drops sharply and the RDP rises sharply. The 



initial slopes of these curves, together with the fact that the other 

intermediates are still at steady-state concentration~ strongly suggest 

that FGA and RDP are related in a precursor=product relationship~ thus 

RDP + co
2 

---7) JGA 

The results imply that RDP is the actual co2 acceptor in photo­

synthesis~ or alternatively is related to it b.7 a vanishingly small 

reservoir.~~ and that PGA is the first observable product of the carboxy-

lationo A hint that RDP might be performing the function of a co2 accep­

tor was obtained by Massini23 while observing the light and dark steady 

stateso He observed that 30 seconds after turning off the light~ the 

F'GA concentration had increased,jl whereas that of the RDP had decreasedo 

It was, however.\) uncertain whether the RDP had been carboxylated or had 

gone back around the regenerative cycle (Figure 20)~ or for that matter~ 

whether or not the two effects were related since 30 seconds at room 

temperature (cao 90 seconds at 6° Co) is a long time» and one is deal-

ing with a very complex network of reactionso 

FGA was .claimed as the first observable product of photosynthesis17 

since it was the first product to be observable on short=term c14o2 feed= 

ing experiments o This has been interpreted to mean that PGA is the 

product of the carboxylation step» the tentative assumption being made 

that there is complete equilibration between the free and enzyme-bound 

poc[s of all the intermediates, and furthermore that each new molecule 

mixes completely with all other members of its species in the cell before 

being transformed into another moleculeo Some doubt has been cast on the 

validity of these assumptions.\) and therefore on the validity of the 
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conclusions regarding the position of PGA in the cycle, Qy the work of 

Bassham~21 who has found that the rate of incorporation of cl4 into 

many of the photos,rnthetic intermediates does not extrapolate to zero 

at zero time as might be expectedo Clearly, if a system of enzymatic 

reactions is in operation in which the ratio of free to enzyme-bound 

pool sizes and/or the rate constants of the equilibration vary from sub= 

strate to substrate it is quite conceivable that when a labeled substrate 

(C02) is introduced 

C0
2

-__;,-),. A enz __ .,.) B enz __ .,.) C enz --..,.) 

1 ~ 1~ 1~ 
A free B free C free 

into one end of the system then any or no product might extrapolate to 

lbop at zero time$ depending solely on the parameters of the system .. 

This objection does not hold for the new technique of measuring transients 

under controlled conditions since we {b,y definition) are dealing only with 

actual intermediates, the rates of exchange between enzyme-bound and free 

pools of material do not enter into our reasoningo Thus the position of 

PGA as the first observable product of the carboxylation is placed on 

firmer ground .. 

Relationships of the intermediates in the regenerative cycle as derived 

from transient phenomena 

If the co2 partial pressure is changed very rapidly~ large tran­

sient changes in the pool sizes of the intermediates in the regenerative 

cycle are observed.. Let us consider the cycleg 

COz A -

y~ 
D B 

\/ c 



!\ 
·If the co2 pressure were suddenly lowered, blocking to a large extent 

.the passage of material from D to Ap the reservoirs will rise succes-

sively in an anti=clockwise direction9 D befo~e C~ C before Bp B before 

Ap ap.d fall successively in a clockwise direction, fA before Bp B before 

C » G .before Do .[Another way of expressing this is to say that the con­

centration of the compounds on the precursor side of the step affected 

(in this case the C02 incorporation step) go through a maximum or peak 

with time» the closest one will have the widest peak., the next a nar-

rower peak with its feet inside the first, and the last has the nar-

rowest peak inside the otherso One c~ easily make a distinction be-

tween a compound lying in the cycle and one lying to one side b~t in 

equilibrium with the cycle& If a compound lies in the cycle it will have 

a peak whose feet lie inside those of its product but outside those of its 

precursoro If a compound lies off to one side of the cycle it will have 

a peak the same shape as its precursor but displaced to a later timeo Con= 

sidering the e:xpe~imental data (:Figure 21) it can be seen that tle RDP 

· rises before the RMP which in turn rises before the triose phosphateo 

iurther~ the .IDA drops first, followed by triose phosphate which in turn 

is followed by RMP and last of all by RPPo Thus from ·the kinetic data 

"these compounds lie in the cycle and are related thus 
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It is interesting to note that the triose peak would be only 5 seconds 

in width at room temperature o T:.his fact illustrates the tremendouf! 

power of the technology employedo From these data the shape of the curve 

of the true co2 acceptor~ if it were not RDP~ could be predicted to have 

a peak broader than RDP with a maximum at 60 seconds o .A careful search 

was made for it here with negative resultso Thus~ since no trace of an 

intermediate·lying between. RDP and··IUA could be found and since RDP 
. II'·' 

rise~ ~ost immediately after the co2 pressure is lowered,. if the C02 
• • ' j. ~ -

acceptor is not RDP~ then it must have a vanishingly small resefVoir 

size~ 

,Although the da.ta are not suffi.ciently accurate to say with cer= 

tainty9 tt·is probable that the bwnp'on .the iri.itial:falling leg of the 
,,,\ (,; 

!GA curve is caused by the rapi,dl.y ·rising RDP concezitration which helps .. . .. ' 

to maintain the FGA pool before it is itseU' affect$d by the receding 
j ,, •. '-·· ' 

waveo It mi~ht be noted that this whole first transient cycle takes 
' 

place in the equivalent of JO. seconds at room temperatureo After the 

first transient wave passesj) one obtains the results of superimposed 

waves which are much more difficult to interpret since they involve the 
.;_, 

whole network of reactionso; 

These r,esultsimply that,all,of the reactiolltjv with the exception 

of the carbo~lation reaction~ are reversible and that an impressed change 

may be made to ~avel around the cycleo This concept of bouncing reser~ 

voir sizes is rather new in biology where it had been tentatively asswned 
'J· '. J ::

7• f.i. ·- .a. ':·: 1 ': ,. \ i ~ ~ ' ! _: .... !- : .. :. 'f ~--- _l ... f·.l 

that tne flow.~ of. material was• firom,one pooL of fixed size to anothero The 

size of these oscillations~ as can be seen from the data,. are ver,y large 

. "' 



and indicate that Unless experiments are done at steady state~ any 

measurements such as rate of labeling» degradation data, and extrapola= 

tions to zero time have little meaningo 

This new concept of bouncing reservoir sizes casts some doubt on 

the interpretation of the quantum yield experiments of Warburgus grou~ 

which assumes a steady state during the course of their experirnentso 

Clearly~ changes in the distribution of the photosynthetic intermediates 

during a quantum yield determination would give a quantum yield which 

would be different than for steady state photosynthesiso These phenomena 

may account for the discrepancies over which the recent controvers,y has 

ragedo 

Period of the regenerative cycle 

When a disturbance is induced in the regenerative cycle» damped 

oscillations occur which travel around the cycle with a period approxi= 

mately 225 seconds at 6° Uo (cao 1 minute at room temperature) o This 

fact is interesting in the light of the observed transient effects in 

such phenomena as co2 uptake and fluorescence 9
1·92 P:34 which also have 

about this period 9 and points toward some connection of the phenomenao 

Criteria of a photosynthetic intermediate 

During the early work on the path of carbon in photosynthesisl? it 

was thought that if c14 were incorporated into ~ compound in short expo= 

sure times 9 it was considered to be a photosynthetic intermediate and lie 

on the path of C02 to carbohydrate o This n criterion of early labeling11 

has served for several years and with it ma~ photosynthetic intermediates 

have been identifiedo The kind of experiments described above 9 however~ 



provide a new more definitive crJte:Hon which is less subject to dis= 

turbance and exceptionc If th~ reservoir size of a given compound 

fluctuates markedly when such photosynthetic variables as l:!.ght and C02 

partial press1.1re are changed abruptly~ this becomes a criterion. of 

NASS CHANGES rather than pf ATON EXCHANGEo This difference is probably 
·, . ' 

best demonstrated by the case of malic acid vJhich has been considered 

by some3.3 as. a photosynthetic intermediate o It :J.s clear from the kinetic 

data presented above that the malic acid becomes labeled in short=term 

experiments by an exchange vli th cl4o2 thus 

malic enzyme 
llT~"l 0 0 ~ .. " ....... v::u~ acaa Malic acid 

TPN 

through which reaction a negligible mass of material'passeso 

Evidence for transketolase system 

In a steady~state cell photosynthesizing .in 1% co2 the level of 

free glycolic acid is quite low (Figures 18c and 19a)o When the co2 

pressure is reduced to OoOOJ% the glycolic acid level rises steadily 

until after 700 seconds its concentration is 5Teater than that of FGA and 

is still going upo ~;Jhen the co2 pressure is restored to 1% the a.'Tiou.?J.t of 

glycolate dropso Since glycolic acid is.volatile it is difficult to count 

accu.ratelyo HoweverJ indi,vidual sets of papers give fairly consistant 

results within themselves (Fig-ure 18c) o These data are explained in 

terms of the postulated photosynthetic cycle (Figure 20) as followsz 

The formation of riualose monophosphate from fructose=6-phosphate ru1d 

?~glyceraldehyde and the formation of ribose and ribulose monophosphates 

from sedohept~lose monophosphate both involve a transketolase enzyme 



which transfers a glycolyl fragment to P=glyceraldehydeo Now when the 

rate of photos.ynthesis is rapid and the flow of material in the cycle 

is principally in a clockwise direction~ there is always a large quan= 

tity of P=glyceraldehyde to act as an acceptor for these glycolyl frag= 

mentso However, at low 002 pressures there is a much lower rate of 

p~otosynthesis which means that althoughthe net transfer of material is 

still in a clockwise direction around the cycle it is much reduced~ so 

that the back reaction (all the reactions are considered to be reversible) 

becomes relatively much more importanto Let us for a moment consider only 

the portion of the regenerative cycle on the opposite side of the cycle 

from the co2 incorporation etep (see Figure 20)o Into this system of 

enzymes is fed triose phosphate and out of it emerges pentose phosphate~ 

Let us consider a pentose phosphate going back through this s.ystem (c~f~ 

Figure 20)o 

Ribulose monophosphate +Enzyme---~) P=glyceraldehyde + Cz=enzyme 

1 ~ 
Dibydro~acetone,phosphate 

Th~s we see that both the 02 and the c3 portions of the pentose find 

themselves in comJ:etition 1rli.th each other for a o4 fragmento This com= 

petition is made even more difficult for the glycolyl fragment when one 

oonsider1Ltl:la.t o4 reservoir size is very smaU. (it is not chromatographi= 

cally detectable)~ since if we consider the rate of reactions of each 

fragment we have 
d c:6 --
dt 

--
dt 



.. IP th~ first case the (c2 ) and ''(C4~·'terms are both small~ but in the 

.. secqnd at least (c3 ) term is large~ which will tend to favor this 

latter routeo The net result of the above i~ that the me~ life 

time of the glycolYl-enzyme complex is increased so that the chance 

of the glycolYl coming free is increased~ thus (by analogy with 

acetyl CoA)g 

H20 
Ez - S" = Cl = CJi2 ---3>) Ez =· S. = H + CH2 ~ COOH 

II I I 
0 OH OH 

Glycolic acid 

The rate of production of glycolic might be expected to be greater 

at first· (see F.igure 18c) since with the initial shortage of 

P-glyceraldehyde~ the normal glycolyl acceptor~ an increase in the 

concentration of the glycolyl fragments might be expectedo This is 

o~ temporary~ however, since the triose phosphate soon rises to a 

new steady state not too different from the originalo 

To en.unmarizel' we may say that the increase in the concentration 

of free glycolic acid at low co2 pressures-implies that an unphosphory= 

lated glycolyl fragment is actually transferred in a reaction which is 

closely related to the photosynthetic cyclea This reaction is quite 

likely the transketolase enzyme system isolated b,y Racker 9 Horecker 
' .· .30 .31 

and co-workerso 9 

Other effect5 

The effects close to the C02 incorporation step are easy to 

interpret, but as one goes farther and farther from this step the inter= 

related effects in the network of reactions make the interpre·tation 

.. 
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more difficulto The obvious solution is to block another.stepll for 

example to study the transients when·the light intensity is'suddenly 

reducedo However, an interpretation of some of these effect~ will 

be attemptedo \t-Jhen the co2 pressure is lowered PGA drops, followed 

by fructose monophosphate and glucose monophosphateo Glucose mono= 

phosphate$ however, soon recovers and rises rapidly-to its new steady 

stateo This rise can be explained if we consider the position of 

glucose-6-P in the network of reactions (Figure 20)o Experiments32 

with p32 indicate that the rate of equilibration between mannose= 

6=P.9 fructose=6-P and glucose-6-P is of the order of one minute at 

room temperature {about three minutes on our time scale)o The mannose 

could equilibrate with glucose but the fructose would tend to be bled 

off into the regenerative photosynthetic cycleo Sucrose would probab~ 

exert an even greater effect, for as the levels of glucose and fructose 

phosphates drop, one.might expect the sucrose to break down to restore 

the equilibriumo For every molecule of sucrose which breaks down~ 

one molecule of glucose phosphate and onemolec~le of fructose phos­

phate is producedo Now the fructose phosphate is being bled away into 

the photosynthetic cycle but the glucose phosphate has first to be 

transformed into fructose phosphatee Thus it might be expected that 

the glucose phosphate would be the first to recover from the effects 

of the lowering of the co2 pressur~o These data imply that the fruc= 

tose monophosphate is more closely related to the regenerative cycle 

than glucose monophosphateo 



The kinetic curve for glucose diphosphate looks.rather typical 
·:.X ; 

of a su12stance. which unde:rgqes decomposition, which is not suprising 
\., . . . . :· ,;. . ~ ~--. ~" .' ; :-- ' ~: . . ... ·, .. 

when one .cons:i,.d~rs its structure., .The data, however, imply that quite 
' ' · ... ' : :·. ~ 1 ; • " • ~; . ~ .. ' · ' '·' :_ I , -._:' i I '· '· . ' 

. an appreciable fraction of the glucose-6-P we see on our chromatograms 
' ' • . • . • t ~ ' • • • -· . -~ - • . 

was originally glucose diphosphate in the cello 
. ~ • :: ! : . ' . ' . . . ·- • J \ . ' : ·.. ' ' 

Thus we see that in tq.e photosynthetic cycle at least, and 
·.:. : .. ·' . . -. . •'"': 

I!l<?st,probably in th~ other relate~ networks, a negative feed-back 

of self-compensating system is operative., At least in the photo-

synthE)tic regenerative cycle t.he system can undergo violent transient 

c~ang~s_when a variable is .suddenly changed and then returns to a 
· I . ~- :! ·. . , ' , · , l · · ' • ~ .. · .. · i : 

steady state which is not ~oo different from the original (cf. Table 
' ~ 0 'o 0 0 • 0 0 -.:!.:, 0 ' I' • 

II) • This ean be compared_ to the ~lectrical analogy of the eddy 

currents in a piece of iron.. Large. changes in the distribution of 
• . l • ' •' ' , ,· • - ·, • ~, ' ;. 'I ~- . 1 

electrons (e.,m.,f.) can be effecteQ.-:by sudden changes in the magnetic 
. , . '· • . • ·., , l,,._ " . 

:field, put a flow of current. ~won res.tores the steady state.. F.rom 
•'• ·.: ·'I ... ,.> ' . ' \ 

the point o.f view of a practical research technique, it soon becomes 
.,·• . ' . 

clea:r that a. knowledge of s~eaQ.y--state concentrations of intermediates 
'_.--;:·, .. 

. 1-vill pe yery: ~iffic,ult to interpret. in .terms. of precursor-product 

.relation~hips .. It is doubtful if this knowledge would even provide 
-: ~ : . ·: . -~ .. -· J . . . . . ; . -

. a. moderately sensitive met):lod of distinguishing between possible alter-
·- .. - - ·- '· ~·. ,. ·.- .' . '·. . . . ! . . . . ; ' -_ . 

. native cycles., If required this would be done. by setting up the 
. .! '•"- .~ ' • •- ~ • • . ' ; . • • • I ' • . - • 

eqU?tions for the s~eady~state concentrations of the intermediates 
.. . . ·._.- '' ; ' .· . . . .. , : . . '_, .. ' 

an~ solvin:g th~ resulting simultane.ous diff~rential equationso 
. ,. . •'' 

The 
;;;,. 

_a~~~?l val~e of these steady~stat~ concentrations probably depends, 
' ..... ,, - : 



Table II 

STEADY=STATE CONCENTRATIONS 

Experiment I Experiment II 
22 ° culture 260 culture 

~. 

1% C02 Oa003% C02 1% co
2 Oc003% C02 

IGA loO x 1o=J J1)A 0~6 x io:=3 J.il'I OoJJ x 10=3 J.1M Oo4 x 1o=J J.1}.1 

RDP OoJ X 10~3 p11 loB x 10=3 j.Jl1 Oo2 x 10~3 J}Yr. Oo2:5 x 1o=J 

Ribulose Mono=P . 2o0 x 10=5 j.i'fll .. 3o0 x 10=5 J,J,M 

Triose Mono=P . ' 5o0 ~·1o=6 j.iM 5 oO X 10=6 /1M 
--.. --,..-~ .. 
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however, on the concentrations of each of the enzymes present, which 

in turn would depend on the previous Mstory of the organism (cf. 

Table II). 

Conclusion 

In conclusion one might say that perhaps the most important 

result of this work is the insight it gives into the complicated 

interrelated system of chemical reactions-which is called life. 

The living cell is seen as a finely balanced dynamic network of 

chemical reactions which by its very nature operates as a negative 

feedback system: the cycle adapting itself to a change impressed 

on any part of it such that the new steady state is but little removed 

from the original one. A change of concentration in any intermediate 

is transmitted around the cycle and results in a compensating change 

in the corresponding precursor(s). It can thus be understood why an 

organism can survive changes in its environmental conditions, and how 

it can adapt itself to new conditions. One can also see how rapidly 

changing external variables can upset the delicate balance" and how 

these disturbances are damped out. These disturbances can be used as 

a new tool for the scientist who wishes to study the complicated net­

work of interrelated chemical reactions we call life. 
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APPENDJCES 

Aliquoting compounds 

In any quantj_tative study, it is necessary to know the amount 

of algae represented on the final paper chrornatogTam. A search vas 

therefore made for a compound 1..rhich could be added to the algal sus= 

pension so that the amount of this compound on the final papers would 

then be directly proportional to the amount of algae extract represented 

on the papers. TMs rna terial would have to have sui table c:hroma togra-

phic properties and must not interfere with any important photosyn-

14 thetic intermediates. Many C -labeled compounds were tested but. 

few had desirable chromatographic characteristics, and most of them 

were metabolized by the algae. At first, c14-labeled EDTA (ethylene 

di~ne tetra acetic acid) seemed promising since it was not metabo-

lized by the algae.to any measurable extent after 2 hours. However, 

it did not run to one spot and did not give reproducible.chromato-

grams, probably due to its strong chelation properties. Fission pro­

duct sr9° was also tried and' found to be a possible aliquoting com-

pound. If carrier Sr is added, it ru_~s into the hexose monophosphate 

region, but if no carrier is added, it will remain on the origin. 

Because of its hard ~ 1 it can be detected separately if a second film 

is placed on top of the first. Its daughter product, 

) y90 ~· 
0.6 Mev 2.18 Mev 

25 y-.cs. 60 hrs. 

/ 



complicates matters somewhat but this should not be an insuperable 

difficultyo The greatest objection to sr9° is the health hazard~ 

because it is a bone seeker with a strong ·~ (2ol8 Mev)~ and a 25 

year half life o For this reason~ it was not usedo Perfecting a 

cold=killing procedure (described above) enabled a method of ali­

quoting b,y weighto However, if a suitable aliquoting material could 

be found it would make the procedure much simplero 

Gluc.ose and galactose cyclic phosphates 

(cfo Leloi~5) Certain photosynthetic experiments yielded a 

spot which had the same Rr value as the hexose monophosphates in the 

acid direction and about twice the Rf value in the phenol directiono 

On investigation, it was found that all the extracts were alkaline, 

the usual reason being that the cells had used up most of the 002 con= 

verting the HC03
1 to OH 1 o On cutting out and partially phosphatasing 

this spotl) three spots appeared which were, (1) the free sugars$ (2) 

some of the original$ and (3) a spot in the hexose monophosphate 

regiono This latter spot was probably a half-opened cyclic phosphate, 

ioeo a 1= or 2-monophosphateo The free sugar spot gave two ·spots when 

chromatographed two-dimensionally in phenolubutanol/PY!idine/water 

solution)) and these two spots were shown to be glucose and galactose 

when chromatographed in the same solventso In picric acid/t=butanol= 

water solvent the original spot gave two spots o When some normal algal 

extract was treated with NH3 the 'same spot appeared with a simultaneous 

disappearance· of ·the UDPG spoto The ·conclusion from the above was 

that alkaline conditions can destroy uriPG with the simultaneous 



production of glucose ar1d galactose:, cyclic ··phcspha.tes. The practical 

use of,the above is in the conversion of UDPG into cyclic phosphates 

before picric acid chrplllatograpby. This :rr events glucose and galactose 

from being run into the hexose monophosphate region by the decomposi-. . . 

tion of UDPG. 

Degradation of ribulose diphosphate 

It had been reported that when ribulose diphosphate is treated 

with dimethylarnine it is converted into FGA and phosphoglycolic acid .. 

If these compounds could be separated quantitatively by paper chro-

matogTaphy, one would have a very good.method of Jegradation of ribu­

lose diphosphate. Since good methods do exist for the degradation 

of FGA and phosphoglycolic acid, complete data on every constituent 

carbon could be obtained. A necessary part of the data is the ratio 

of IDA to phosphoglycolic acid and this is only obtainable if there is 

no origin sticking. This problem was solved and its solution is dis-

cussed in an earlier section. When a sample of ribulose diphosphate 

was treated '\-lith dimethylamj_ne, most of the activity disap:peared off 

of the paper as a volatile compound. · Ho\~Ver, if the ribulose diphos-

,phate spot from old chromatogrfu~s was rerlm, several spots were obtained 

among which were PGA and phosphoglycolic acid. It is thought that the 

reported experiment involved the destruction of the ribulose diphos­

phate by the alkali, leaving unchanged the FGA and phosphoglycolic 

acid. A series was run at different pH's, and it was found that 

splitting would occur even at pH 7. Many unidentified spots were 

obtained and the reaction was ,obviously not simple and clear cut .. 
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These spots were not caused b,y bacteria since the spots also 

occurred in the presence of toluene and even in 50% ethanol. A 

spot near the origin could be removed by dilution of the reaction 

mixture qy a factor of 10,000 and was considered to be the aldol con­

densation product of phosphoglyceraldehyde before it was oxidizedo 

IGA and phosphoglycolic acid could be obtained, but only in very 

small overall yield, most of the activity volatilizing off the 

paper probably as a furanose type of molecule. Since another method 

of degradation was developed in thF group, this project was abandoned. 

Non-enzymatic fixation of 002 - storage of BDP 

The non-enzymatic reaction between OOz and ribulose diphosphate 

was investigated. A stream of pure 002 was bubbled through a solution 

of uniformly labeled BDP for 12 hours and the result chromatographed. 

Pure RDP was recovered. This is of great practical importance in the 

storage of RDP since above pH 4 it tends to decompose to a volatile sub­

stance and at lower pH it tends to undergo hydrolysis. 

35-cent oxygen analyzer 

It has been shown that an inexpensive oxygen analyzer can be 

made from Evereaqy 1002 E hearing-aid batteries. These batteries 

are of the O/OH 1/Zn type with the carbon on the outside so that the 

atmospheric oxygen can be used as a depolarizer. If the carbon surface 

is covered up leaving only a small hole open to the atmosphere and if 

the cell is shorted through a low resistance to keep it polarized, 

the current (which is related to the rate of diffusion of o2 through 
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the ~pru;t. :hole):- i~. ·P4:r'El,f!:tl;y •. ~:P.fo:rwr~~?P~ t9, t~e 02 Plll';tial pressure 

.. u~ _;t(), .~bout,2~ Ozo. :T~~'\:re_~;t:l;?1Jf1~ ttme,,~~~" 'Qe, made of thf,3 order of 

a .minuteo The. ·p_ons~~,t~.9P:·:><?{,,Oz1 .,is.:.;t;)?~}l~}-:;;2: cc.o/bro while in useo 
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