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ABEREVIATIONS -

The following abbreviations will be used throughout'this thesiss

ATP
DHAP
FMP

FGA
RDP
RMP

UDPG

adenosine triphosphate
dihydroxyacetone phosphate
fructose monophosphate
phosphoglyceric acid

ribulose diphosphate

ribulose monophosphate

uridine diphosphate glucose (galéctose)



A QUANTITATIVE STUDY OF PHOTOSYNTHESIS

' ON A MOLECULAR IEVEL

Alexander Thomas Wilson
Radiation Laboratory and Départment of Chemistry

University of California
Berkeley

ABSTRACT

Techniques have been developéd and an apﬁaratus has been designed
and constructed to make possible quantitative experiments in photo-
synthesiss It is now possible to measure the amounts of “the photo-
synthetic intermediates as a function of external veriables such as
partial pressure of CO, and 029 light, temperature, pH, poisoné, and
various dombinations of these.

Use has been made'of_the above techniques to study the transient
changes taking place when the 002 pressure is varied and these results
have led to the development of the concept of fluctuating reservoir
sizes. These data have also provided the first unequivocal evidence
of the relation of phosphoglyceric acid and ribulose diphosphate to'the
COg'incorporation step. Ribulose diphosphate has been identified as
being closelﬁ related to, if not actually, the COp acceptor and phospho-
glyceric acid as being the product of the carboxylation. The data shows
that ribulose_monophoéphate and triose phosphate are also in the cycle
which regenerates the CO, acceptor, and provides us with the precursor-
product relationships between the compounds in this cycle. The kinetics

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



transketolase enzyme syétem which transfers an unphosphorylated glycolyl
fragment. Perhaps the most important result of this work is the\insight
it gives into the complicated, finely-balanced, gystem of interrelated

chemical reactions we call life.
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A QUANTITATIVE STUDY OF PHOTOSYNTHESIS
ON A MOLECULAR IEVEL
Alexander Thomas Wilson
Radlation Laboratory and Department of Chemlstny
University of California .
Berkeley, California

May, 1954

INTRODUCTION kl _

Photosynthesis is the prbcess by which green plants utilize
light quanta to convert CO, and water to carbohydrate. It is without
doﬁbt the largest andvmost important chemical industry taking place on
the surface of our egrth, and is the mechanism by which the thermo-
nuclear energy of the sun is trapped in a form available‘to life pro-
-cesses. Without photosynthesis, life as we know it on the surface of
our planet would have succumbed to oxidation and perished long ago.

Because of its importance and the multitude of its manifestations,
" photosynthesis was_one.of,the first chemical processes investigated by
. modern science, research in this field dating back almost to the begin-
ning of modern chemistry itselfo Rapid proéress waé made at first, and
during the last thirty yéars of the 18th century, due to the brilliant
work of Priestley; Ingen-Housz, Senebier and de Saussure, the overall

net reaction was worked out ass
light + nCO, + = HY0 ——> (CH0), + n 0,

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

the next 130 years. However, in the 1930's the development in-ingenious
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pnysicai ingtruments enabled the quantitative ihvestigatiog of the over-
all reaction dffphotosynthesiso Induction;phenomena in COp uptake,
fluorescencé phenomena, duantum yieldsg etgovhave been investigated in
great de£ailvover fhe'laSt 20 yearsl92939495 and many interesting and
puzzling facts ha#e béen.#ncoveredo'-Since the wbrkers in this field
are forcéd ﬁ§ ﬁork with an intact celigrthey can only measure changes
in the overall reaeﬁionvof ﬁhe cell. Their results, although interest~
ing, are very difficult to interpret at our present state of knowledge
and are thus bf littie help in elucidating the mechanism of photosyn-
thesis. |

The discovery of the isotopes of carbon and oxygen durihg the
last twé decades havé provided a tqoi by means of which the fate of
certain atoms could be traged:as they underwent the multitude of chemi-
cal transformations inside the living cell, Rubeng.et,éiyé using iso-
- topie oxygen;_deﬁonstrated that the,evolvéd‘ogyggn originated from the
water rather than the GOé; This work together with that of Hi11758 led
to the idea that photosynthesis could be divided into two distinct
- reactions, the first being the photolysis of water to yield oxygen gas
and reducing powers | | | ’

v + 200 ———> 4[H] + 0
and the second involving the reduction of‘qoz to carbohydrateé
4[] + Co———> CH0 + HO

With the advent-ofvcll,‘research'concerning-the~mechanism of this second

resction became possible; 719911912 1yt the 20-minute half life of this
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isotope made experiments difficult. "After 1946, CM with its 5000-
year half life, became available in large quantities, which made more
elaborate experiments possible013914915916’l7 Prbgfessg'hbﬁeﬁerg_was
still élow since the complex mixtures of Compounds extraétea“ffom the
plant proved to be too intractable to be of any real value A3:14s15
The answer was provided by the development'of paper‘bhromatqgraphy by
Martin and Synge.1® By developing techniques using:QIA_és'a tracer and
paper chfométography as a means of separationg,hensong‘Calvin,and co=
' workefs isolated and'identified many of‘the intermediétes in photesyn-
thesis.}? The degradation of partially labeled intermediatesl?s20521
gave ‘valuable informatlon about the path of an individual carbon atom
and also about the relatlonships between 1ntermed1ateso While these
qualltatlve tracer experiments have led to the elucidation of many of
the intermediates in the path of carbon in photogyhthesis, they have also
shown that in the study of photosynthesis, one is aealing with a compli-
cated network of reactions which would be difficult, if not impossible,
 to elucidate by quélitative means alone. Thus in photosjnthesisgvas in
many other scientific_investigationsg a éfagé had been reached where
little further information could bé gained by qualitative experimenta=
“tion. If further proéress_ﬁas to be made, techniques.hadvto be developed.
tovdoﬂréally quentitative experiments. This is always a difficult transi-
'.tion to meke in any scienceo
| | At first, attempts were made at draW1ng quantitatlve results from
qualitative experimentso Benson and Kawaguchizz'studied the kinetics of

@1402 incorporation in photosynthesizing algae using the quaiitative
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techniques;, but lagk'of controlled conditions meke the interpretation
of‘their»results very difficulto Magsini studied the effect pfylight
and dark on the_steadyéstate'conditions in algae,zgﬁand:here for the
first time 014 acﬁivity was used as a method of assay :ather than ﬁs
a trapero,'ﬁassini“s experiments were an enormous improvement over
-earlier experiments and some attempt was made to control thg experi,
mental conditionso

It is élear that in a cyclic system such as is beiieved to éxist
in photosynthesis, the rate of consumption of a compound is eveptually
related fo its rate of formation. Thus -any changes impressed on the
cycle by changes in the external vapiables woul& eventually move around
the cycle and tend to cancel out the original changé; This sglfn
‘cqmpensatipg feature in a biological system enables it to succgssfully
withstahd changes in environmental conditions. It becomes clear, there-
fore, that the actual values of steady-state concenﬁrations of the inter-
mediateé are‘the resultyof a very coﬁpli¢ated set of cirqumstances, the
unique solution of which involves_an éxact knowledge of gll.the intera
.mediates, their sequence, the rate constants of each of the reactions and
tall of the other parameters of the system. Thus data on steady=state
concentration of intermed;ates provides data which involves 80 many
unknown variables that a unique interpretation presents a very difficult
problem indeed. However, if one variable is changed suddenly and the
early transient changes are ipvestigated, a much simplervsituation is
being dea@ﬁ_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 thé network, for the first fewkseéonds'at'léaét; rémaihs unchanged.
Before such data‘could be obtained more Quantitative procedures had
to be developed for the analysis of the photosynthetic intermediates
in algal extractsf Apart from the develogmehﬁé that had to be made
in quantitation, fhe measurements of transient.dhangés‘was an éxper_’:i:==
mental pwoblem for which apparatus.had'to be designed and cbhsfructedo
The work.describea in this thesis représehts aﬁ attempt to develop
the techniqﬁes to make such experimenfs possiblé;

It ‘should ‘be emphasized that these techniques are not limited to

photosYnthesié but have broad application to any in vivo‘biological

processe
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EXPERIMENTAL PROBLEMS IN.THE QUANTITATIVE?STUDIlQFvEHOTQSYNTHESIS
Experimental Techniques .. .

Problem of non-reproducibility of algal cultures , . .

In anykstﬁdy of a biologicaijprocessvone.ishfggedwyith the choice
of an organism with which to work. In the case of photosynthesis, the
leaves of the higher plants offer one possibility buﬁrgrg difficult to
handle and open to many objéctions inherent in their,structurgg,as for
example the influence of the stomata. Algae areva_natpral chqiee because
they can be grown easily in a contipuous Qulture;and‘can,be handled in
much the saﬁe way as any liquid. Howeverg'éven when_evé;y attempt is
made to coﬁtrol the conditions under which they are grown, algae show
daily variation in such properties as rates 6f CO> fixation and cell
 division. These considerations make it difficult to do experiments in
which the results from different days must be compared on a quantitative
basis. To overcome this difficulty the expériments have been designed
to use samples withdrawn from the same alga suspension.

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 wasg
made as versatile as possible so that it could be used in a great many
different experiments. Use was made of recent advances in instrumenta-
tion to monjitor continuously variables such as partial pressure of COg
and radioactivity. The apparatus itself (Figure 2) consists of an illu-

mination vessel "A" and three gas systems. One is a recycling system



Fig. 1. Photograph of apparatus for
measuring transient phenomena and

changes in steady state.
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for high partiel pressures of CO,; one is a non-recycling system for
01202 from a gas tank, and the'third'is a‘nonarecioling system for
014020 It is possible to switch between the recycling systemnend
either of the non=recyoling syetems by turning three Stopeocks on a
control panel "B%, and'aleo to swifchhoetween the non-recycling systems
-by turning stopcock "a". The gas'is cohtinuously monitored for e |
partial pressure and'radioaotivit&"by an infrared gas'ahEIyier and an _
ionization chamber respeotiVelyp non, 'The data is recorded‘oontinuously
and automatically on ohart reoordere_WD“; TheimohitorsrmaY'be placed
"before® or "after” the illumination vessel by turhing‘two stopcocks'on
a control panel "E¥., When the "highﬁ recycling system is in operation
the gas passes through a large reservoir wEn (5 liters) This reservoir
can be bypassed by turnlng stopcock "b" leaving only a very small volume
recyollngo Under these oondltlons ‘the rate of photosynthe31s or respira-
tion can be read directly from the recorderso Thls feature is invaluable
for obtaining the necessary date for designlng experlments where certain
optimum conditions are requiredo If, for exampleg we wish to determine
the gas flow which would give us saturatlon geometry (ioe° when the rate
of diffusion of Coz‘aoross the gas liquid interface is not rate deter—-
mining) we merely turn down the gas flow until a ehange of slope is noted
on the recorder. In exaotly the same mamner we may reduoe the‘light in
order to determine the point where the system becomes llght dependento

If we allow the system to use up all of its 002, we obtain’'a

curve whose ordinate is the 602 Imessure and whose slope is the rate of

photosynthesiso FProm these data a plot of photosynthesis versus CO2
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pressure can be readily obtained. The effect of such variables as
temperature and pH may be quickly determined under actual operating
conditions, and the rate of respiratlon may be compared to that of
photosynthesis by merely turning the lights off and on with the
large reservoir bypassedo Trap ﬂc"‘is used to introduce the 01402
into the system, and trap "d" is a bubbler which is used to remove
the 0;402 at the end of a run. Barometer "e" is a safety valve on
the monitor ana,is calibrated so.that the recorder reading can be
eorrected for pressure effecfso Since the moniters measure the number
ef molecules in a given space, a,Boyle“s law correction has to be
appliedo In actual practice the apparatus is desinged to have the
'monitors very close to atmospheric pressure,

The technlque of gas handllng'presents a number of difficult
problems, many of which hare been overcome invthe course of this work.
Eecause of the wide application in other fields, the methods used will
be described in detailo The Iucite illumination vessel will not with-
stand large positive or negative pressures, and thﬁs to obtain the gas
flow necessary to change from 1% 002 to 0. OO}% in a few seconds, a pogi-=
tive pressure had to be applied to one gide of the illumination vessel
and a negative pressure to the other9 leaving a net pressure inside the
illumination vessel of a few mm. Hg above etmospherie pressure., The
actual pressure in the illumination vessel is measured directly by a
ﬁater manometer‘"n” which also acts as a safety valvevto protect the
vessel from.damage should large positive or negative ressures build up.

The positive pressure was supplied by a constant head "h! * of about
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1/ feet of water. Water flowed from “I" inpo'ﬁG“‘where it aisplaced
air into vessel "J", This caused a‘bélioon ngn ﬁhic@ contained the
rgdioactive 01402_to close, thus this gas wés forcedvthfough the 11lue=
mination vessel and out through a trap "g" whefevthe C1402,wgs removed.
The required éonstant negative'pressure’was suppiied by devigé ﬁmﬁo
The constant head device in "F# and "G”_enabledvone setting_qf ﬁhe
screv clamp‘“ffrtQ maintain the flow constant throughout a run. The
balloon is filled through stopcock "k".. The tubé from[ﬁF" to G" is
clamped off and water is run out of "G" pulling air from "J™ into "G
which pulls the balloon open sucking CO,-free air inﬁo "k,  The ClAOZF
 is addeﬁ via.tfap "m', Since 0,003% GOé was being handled, and since
it was important that its specific activity be maintsined, a soda lime
l}absorbér was placed betwgqn\“G" and nJn, This absorber was considered
) ﬁecessary in thg light of.thé solubility of CO, in rubber. At first
much trouple wasvencountered with the balloon bursting while it was

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

.. -which is & small perforated glass bulb through which the gases are

.removed from thes_la)alloon° 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 empty. If large quantities of liquid
are withdrawm from the illumination veséel while on the closed system,
the pressure drops to éuch an extent that no moreiliquid:can flow out.
This drop in pressure is avoidedvby having a device "H" which maintains
the high side of the pump at a fixed pressure above atmospherico This

device can be eliminated from the system by stopcock "p'.
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T1lumination Vessel. ~ The design of the illumination vessel VA"

is a radical improvement over the more conventional "lollipop"-type -
vessel. The redesigning has been done to maké.possible more ¢lose
control of the external conditions and to enable the apparatus to be
adaptable to a wide variety of experiments including the stﬁdy of tran-
sient phenomena. The vessel is of leminated construction (Figure 3)

and is made of sheets of lucite held together with bolts through a
duraluminum frame., The seals 5etween the lucite laminétion were made

of neoprene gaskets. The construction enables eady dismantling for -
cleaﬁing. By the simple replacement of the center lamination, the ves-
sel can be used for a wide variety of eXpefiments (ego'a glass electrode
could be inserted). The outer laminations constitute a water jacket
through which water isvcirculated‘from a thermostat by means of a cen=
trifugal.pump. Figure 4 shows the center lamination. The newer features
include a sampling device "Z' whereby sampleé of the order of 1 ml. of a
1% suspension may be withdrawn quickly without céntamination with algae
not representative of the suspension. iAs 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 éuch a device, samples
can be taken every 4 seconds fér extended periods of time. A syringe "Y"
is mounted on the side of thé vessel to inject liquid into the suspen—m ‘
sion. In the study of pool sizes versus CO, pressure, this device was

14
0,

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

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

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

system by turning stopcock "Y".
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General considerations. = Temperature of illumination vessels

It is usually advisable to have the {1lumination vessel below room
temperature in order to keep the gas in the system below saturation
and to avoid condensatidn in other parts of the apparatus.

5 in rubbers The SOIubility of COp

in rubber is much greater than is generally realized. For example,

Effect of solubility of CO

if 1% Cb2 in air is cycled through a length of rubber tubing with a
‘ICOZ énélyzer in the c;rcuitp the concentration of the gas falls quite
rabidly towards 0009%0- If’after a time ihe gas is féplaced by air
(OOOQ%nQDQ), the 602 comes out of the rubber and the concentration

| of 602 increaseso Tygdn exhibits this phénomenon to a lesser degree
(about SQ%); To overcome this difficulty the apparatus was cbnstructed
of glass wherever'pdssible and where it was necegsary to hﬁké a non-
rigidiconnéctidng the glass was butted together under a tygon seal so
that as little tygon surface as poséible'was exposed. o

€02 infrared gas analyzer. - The CO, gas analyier'uéed is a

LisﬁonnBéckép Model 15 instrument.” Its:operation.dépends’on the fact
that GO, has a very stroﬁg’infrared absorption band between 4.2 and

f4@3 yQ Its method‘of CO, detection is simple &et'extréhel§ ingenious.
Glow bafs ﬁroduce infrared radiafion which is passéd'dbﬁn'twb tubes,
‘one:of which is a dummy, the other containing the Sampleov'The radiation
then passes into the détector assembly Whichtcgnsists simply of two |
chambers, both filled with pure COp, separated by a diaphragm. The

(*) Liston=Becker Inshrumenbrcoos Inc., Stamford, Connécticute
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detector is only sensitive to the GO, absorption bands which absorb
heat and cause the gas to expand, displacing the diaphragm. The
diaphragm‘constitutes.one side of a condenser which is coupled in
é resonant circuit with an inductance. The inductance is tuned s0
that it'is a little off resonance and on thé linear part of the
| resonance curve. Any bands other ﬁhan those absorbed by CO, pass
through the detector and are dissipated in the walls without heating
the gaso 'Thus the detector is insensitive to water vapor and other
substancgs absofbiﬁgvin thé infrared region'provided the detectér gas
is ﬁureo .Radio frequency voltages are applied across the condensor
80 that a very small motion of the diaphragm will produce a useable
éignal which is amplified and employed.to drive a recorder, In order
to eliminate:zero drift due_to ambient temperaturg changes, ﬁhe>radia~
tion is modulated by a 10 cycle chopper. A small hole is placed in
the diaphragm so that slow pressure changeé will equalize across the
diaphragm while sudden 10 cycle pressure variations will serve to
a@tuate,the diaphragm. The sensitivity to the iO cycle modulation
is further insured by rectifyiné the amplified signals synchronously
with the light chopper. The instrument is produced mainly for indus-
trial application and will deliver up to 5 ma into fesistances up to
500 ohms. Thus it will produce 0,125 wﬁtts at full power., The instru-
ment is manufactured in this manner so that it can be used to drive a
current recorder directly. The gain settings on the instrument are
really gain éeftings on the.ampiifier and therefore have the disadvan-

tage of meking the zero dependent on the gain setting. Since we.were-
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equipped with highbimpedanée recording poteﬁfiomeﬁerélif'Was‘félt
““that it would bévadvéntageousbfo lég§e the ambi;fiéf.dahtréis'
- turned down and instead of‘putting theléutputﬂéf %hétah;iyzer g
across a 2 ohm resistance, asris'suggesteé inhthéﬂih;fguéfiéhs;‘
to put 1t across a 25 ohm variable'reSiétahéé°“ Thﬁgﬁé ﬁariabie“

" span would be'ﬁrovidéd which would'ﬁot'afféét'théuiérgssettingo
"~ We have, in effect, taken thé'calibraiioﬁ.curveﬂABbaﬁahbigﬁh it

up 12 1/2 times so that the section AC now covers our fahgee

mv. Qutput

% CO,

MU-7522
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This modlficat1on has the added advantage that 1t glves a much more
linear output, since the shorter the chord the more nearly it fits
the curve (c.f. dlfferentlal calculus) Looklng at the above figure
it is 1mmed1ately apparent that chord AC more closely fits curve AC
than does chord AB fit curve AB.

‘ For certaln work a suppressed zero is an advantage so that
the full scale on the recorder represents, say, O. 95% to 1. 05% COqs

Th1s has been constructed and the 01rcuit 1s shown below.

—O CO; analyzer O-

- output
25 ohms
T span
) : 0
: : : Recorder
' 0k
~ 25o0hms e o |
fine adjust zero E .
| ' course adjust zero
! g
L .. k.

MU-752]
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If we were to increase the resistance across the output of the analyzer
20 times (i.e. up to the permitted 500 ohms) we could obtain another
factor of 20 in the sensitivity. The cells supplied with the instru-
ment give maximum sensitiﬁity although the output is not completely
linear with CO, pressure. Since wé have plehty of sensitivity to spare;
it is often more convenient to sacrifice some of the sensitivity to get
a more linear outpuﬁo This can be done by using as thin é céll as
possible and boosting the gain by incréasing the resisfance across the
output,

Extraction of phosphates from algee. -

It was observed, during the investigation of extraction of phos-~

phorylated compounds from algae, that the 80% alcohol extract contained

mst of the photosynthetic intermediates except ribulose diphosphate. If

the resultant residue were extracted with 20% alcohol, most of the acti=
vity was found to be ribulose diphosphate with a trace of FGA. This pro-
cedure would find useful application in the_isélation of ribulose diphos-

phate from algaeo

Absorption of phosphorylated compounds on plant materials

In ordef.to quantitatively extraet the phosphorylated compounds
from thé dead algae, the algae have to be extracted completely with 80%
EtOH and then at least twice with 20% EtOH. Under these conditidns there
is also extracted a material which, although soluble in ethanol solutions;,

is insoluble in water and is precipitated when samples are evaporated

down prior to placing on paper. @As the solution is further concentrated,

this material adsorbs phosphorylated compounds, particularly the ribulose



=20~
diphosphate and to a lesser extent FGA and the other phosphorylated
compounds (as can be shown on phosphatasing when it yields principally
ribulose). When the mixturé is pléced on paper the phosphates are not
eluted from this material but remain on the origin. The difficulty can
be overcome by centrifuging this material from the solution before it
becomes too concentrated (at 1=2 mg. cell extract per 1 ml. solution)q
At this concentration the material carriés down no phosphorylated com=
pounds, as canrbershown by redissolving in alcohol and rechromatograph-
ing. 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 I§ is probably the above phenomena that accounts for the lack
of ribulose diphosphate on chrematograms of soy bean experiments.

The "octopus

(Figuré 5) The further the project proceeded the greater became
 the need for.more eiperimental points in order to get:the shape of the
'éurveé more accurately. This need was particularly apparent in tran-
sient phenoﬁena in vwhich we were farticularly interested. Larger and
mare elaborate experiments were required; usually ihvolving'more than 100
points, all of which had to be worked up individuéllyg and it éoon becanme
.dlear that a simple, direct and preferably automatic method was required
fér the ﬁrocessing of the multitude of samplespv An apparatus called an
"octopus" was designed and constructed which would evaporéte a sample
‘represented by perhaps 15 ml. of solution, to a small volume (ca. 50A)
maintaiﬁing the temperature always below that of the room. These samples

could then be transferred directly to the origin of a chromatogram.
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Twelve samples could be evaporated simultaneously and as a result
the rate-determining factor of-Ekg wholiwpﬁocess lay in the transfer
of.the samples. The apparatus (Figure 5) consisted of a manifold with
twelve arisg at the end of each of these could be placed a flask con-~
taining the sample. These_fiasks were kept in motion (to pfeﬁent
sufface freezing or bumping) by an aluminum plate'iZ inches in diameter
with holes in it fo?_the flagks. The alum;num plate\was,itself kept
agitated by a 1/4 inch electric drill. The whole system was evacuated
by a‘rotary oil pump, and a large dnyaieé ethanol trap was used to col-
iect the distillatey thevpump being protected by a liquid nitrogen trap.
This apparatus élréadj;has sé&éd hundreds of man hours of tedious work

" and will have valuable application in any future work in this field.
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Chromatography N

Introdnction

Before a quantitative analysis could be made of the photosynthetlc
1ntermed1ates obtained 1n oontrolled experlmentsp they had to be separated.
The only reelly suitable method of doing this is by means of chromat.ography°
h Thus9 the quality of the work depended to a 1arge extent on the quality of
the chromatogramse This vas true even in the qualitatlve experiments,

‘and progress was determined to a large extent by progress in chromatogram
phio teohniqueso However9 for quantltative work, - separatlons had to be
‘complete and reproduoibleo The early 1ntermed1ates of partlcular 1nterest
to us in photoeynthe81s arey without exoeption, phosphorylatedo The chro= .

25 26 55 g muoh more diffieult

| matography of phosPhorylated compound8249
M problem than the chromatography of amino acideg aeideg or free sugarsg‘

‘ ‘and the problem of quantitative chromatography even more difflculto
HThus it is clear that an appreciable portlon of the effort put into a
pro;eot of thls k1nd should go into researoh into the teohniques of chro-
matography

Chromatographio techniques

Solventsovw The first solvent used is a neutrai oneg usueily
phenol/water* whieh performs a good primary separation of the oompound
on the basis of typeg “the free sugars being moved away from the phosphory=
lated sugars W1th which they would 1nterfere in the second solvento The

%

second solvent usually used was butanol/propionio acid/hater, which

(#*) Phenol (redietilled) 100 go; water (deionized) 39 go

J(***) Reagent A: Butanol 3750 ml., water 253 'mle Reagent B: Propionic
acid 1760 ml., water 2240 ml. Solvent equal parts of A and B.
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-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 drying. If phenol weré the second solvent it
would not be neutral, but a second acid solvent. There seem to be two
types of acid solvents; the weék organic acids like propionic and acetic,

36 o,
k The various

and the strgng acids such as trichléracetic and picric.
weak organic acid-alcoﬁol solvents all give much the same’resultso How=
ever, étrongvacids, coﬁsistanﬁ within themselves, give a very different
kind of chromatogramo The PGA, P-glycolic and P-pyruvic acids are well
sepafated,as“are the hexoée monéphosphates. Examples of such éhromato=
grams are given in Figures 6,_7.and 8; the Re values;in pieriec aéid,
relative to.orthophosphate, are given in Table I. The disadvantage in

the use of a strongl&_acid solvent 1like picric (or trichloracetic)/t-
butanol is that it leads to the decompoéition of fﬁe UDFG spot.35 caus~
iné the free glﬁcose to run into the hexose moﬁophOSphate fegiono This
difficulty can be overcome by maklng the algal extract alkaline. (NH,OH
is the most convenient). The UDFG is thus decompbsed, and on running it
appears as two spots which were identified as glucose and galactose cyclic
phoébhates (see appendix)o These compounds have the Séme Re value as
giucosé monophosphaﬁé in the acid direction but have abput twice the Re
valué in the phenol‘directioh;

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 wag that of Hanes and Isherwood24
~as modified by Mitchell and Moyle.<7 ,
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¢ ~ Fig. 3%. Phenol/picric chromatogram

of P~“ labeled Scenedesmus .
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Table I
t-butanol 80 g. butanol 100 g. phenol 72 g.
picric acid 2 g propionic acid 50 g. water 28 g,
water 20 g. water 70 g. . preequilibrated
220 220 | 220
Whatman No. 1 Whatman Nos. 1 Whatman No. 4
Orthophosphate - 100 . 100 100
Phosphoglycolic acid 106 75 ' 102
Dihydroxyacetone | :
phosphate - 59 170
3=Phosphoglyceric o :
acid | 89 65 100
Phosphopyruviec acid 120 92 26
Ribose-5-phosphate - 49 139
Ribulose-5-phosphate - 53 147
Ribulose=1,5= '
diphosphate 58 22 26
Glucose-b-phosphate 40 40 113
Uridine diphosphate
glucose deco 15 111
Glucose=1,2=cyclic |
phosphate 54 49 170
Glucose=1,6=
diphosphate 58 22 : 26
Fructose-6~phosphate 61 46 ' 125
Fructose=1,6=
diphosphate 58 22 26
Galactose-1,2=cyeclic
phosphate 40 .: 49 170
Mannose=6~phosphate 52 46 125
Sedoheptulose=7-

phosphate 52 40 113
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papers are not properly dried before running in the acid solvents, the
compounds have very low Re values and are small and very sharp. This
fact, as such, is of no practical value, but if the reason for the
small sharp spots could be found and incorporétéd into the techniques
used, it.would lead to a great improvement in the chromatogramé° The
reason is probably linked with the solvent phase separation, discussed
in the later section on double spots (i.e. effect of phenol on three-
component phase system of the solvent). |

Paper. = Types of paper: The classical paper used in chromato-

graphy has been Whatman No. l. Various other papers were tried and it
was found that Whatman No. 4 was far superior for phosphorylated com=
pounds (Figure 9). The solvents ran almost twice as fast on this paper
as they did on Whatman No. 1 and much better separation of compounds
resulted., The hexose moncphosphate region was reproducibly spliﬁ into
two spots, glucose and sedoheptulose monophosphétes and fructose mono=
phosphate. Perhaps the greatest advantage of Whatman No. 4 paper was

the lack of origin sticking, pr@bablybrelated to the different properties
of the cellulose fibers making up the paper.

Washing paperss /Although amino acids and free sugars give per-
fectly satisfactory results on untreated paper, it is virtually impoa=
sible to obtain good results with phosphorylated compounds. This is due
to the presence on the paper of ca't and other heavy metals which can be
removed by washing the paper with 1/2% oxalic®? or acetic acid.?4 Although
the papers are subsequently washed thoroughly with distilled water they

give an acid reaction to indicator. This is true even after they have
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Fig. 9. Comparison of Whatman No. 1
and Whatman No. 4, both preequilibrated
and run under identical conditions with the
same algae extract (one minute photosyn-
thesis Scenedesmus 80% ethanol extract).
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been treated with ammonia and dried. Thus oxalic-washed papers are

not only metal free but also quite acid. To determine the effect of the
acid, paper was washed with 1/2% EDTA solution at pi 7, resulting in a
neutral paper free of heavy metals. This type of paper gave a chromato-
gram (Figure 10) on which the spots had run with higher Ry values but
were large and diffuse. It seems that the acidity of the paper has the
advantage in holding the compounds together in sharp well=defined spots
(ef. Figures 9 and 10).

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 chromatography in
a water=saturated atmosphere led to a markedly different result than when
the papers were run in unsaturated boxes or saturated only with.reépect
to solvent., 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 troughs. This treatment has profound effects on the Ry values 6f the
compounds. In the case where phenol is uséd as the solvent the compounds
- move with higher Re values and ﬁhe overall separation is much improved
(Figure 11). The adsorption, or shadowing behind the phosphorylated com-
pounds is also completely eliminateds This probably accounts for much of
the previously observed variation in the quality of chromatograms over a
perioa‘of time even when run by the same worker supposedly using‘the sane
conditions, since variations of humidity would have a profound effect on
the quality of the chromatogram. In the case where butanol~propionic

acid is the solvent, preequilibration is detrimental to the ﬁuality of
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Fig. 10. One-minute photosynthesis by
Scenedesmus, 80% extract pool run on

EDTA washed paper.
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the chromatogram, and the compounds move with higher Re values but
tend to bunch up so that the separation is poor. A water-free box is -
therefore desirable when butanol=propionié acid is used as solvent.
When picris/t-butencl is used as solvent, preequilibration is disastrous
with all the compounds running on the front.

Tﬁe use of thick papefg_ Thick papers, such as Schleicher énd
Schuell 47C-A an@ the paper which ig used as raw material for the

Viscose process,***** were used for chromatography. Such papers have

application in the preparatiom of large amounts of material and are
quite practical for phosphates provided the paper is acid-washed. The

spots are iarger9 however, and the separations not as good.

Quantitative techniques in chromatography

Basic assumption, - The method of measuring the size of reser-

=¥

voirs by'counting radioactivity in the spots was based on an experiment
where the’count ﬁas determined as a function of the amount of carrier.
It is conceivable ﬁhat larger amounts of carrier might produée larger
spots’which might in turn lead to a lower count due to increaséd self-
adsorption, but this was not the case as was demonstrated by the experi-
ment described below: .

A mixture ofvcl4blabeled malic acid and sucrose was taken and
the same aliquot of this solution mixed with various amounts of malic
acid carrier., These final solutions were put on paper and run in the
conventional way; :The ratio of sucrose count to malic acid count was
independent of the amount of garrier malie to.within 5% over the range ..

of O to 100 vy carrier maiic added per papero

(##x#%) Ve are indebted to Dr. B. Axelrod for supplying samples of
this material.
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Direct paper eoﬁnting of spotso - The elution onto a metal

plete of every spot to beicoﬁnted‘would involve a prohibitive amount
of time. It is possible to coont the Spofs'directly'on the paper
with 1/3 efficienéy,tif certain precautions are observed in the drying
of the chromatogreﬁs after %heynhare heenvrun in the solvents. They
‘should be driedvet least 6 inohes spart, and if such is the case, no
trouble is encouhtered'hy Spots“giving more counts on one side of the
:’upaper thsn“oh the other sideo

Origin sticking. - The greatest obstacle to quantitative chro=

‘dmatography of phosphorylated compounds was origin sticking, for which
‘{ithe phosphates are partlcularly noted. Experlments showed that
:petroleumrether extraction of the samples reduced the or1g1n sticking.
:'Thiszpreatment did not remove any compounds other thah those which ran

' on ‘the fromt in both solvents. Wetting‘the paper:with‘waﬁer reduced
considerabiy'the amouht of origin stickihg, especieliy‘ih ary weather.
.:ThisuisAproBably one reason for the variation in the amount of origin
soiekiné at different times, even though apparently the same prooedure
1s followed (1.6 the humidity can affect the amount of origin sticking).
'The best way o avoid the orlgln stlcklng of phosphorylated compounds
::when Whatman No° 1 paper is used is to place the papers in a high
humldity atmosphere for several hours, and then to evaporate the com-
pounds ‘on to the orlgln whlle the papers are stlll in an atmosphere of
high relative humidity. For this purpose a special box was constructed;

later developments, however (See below), rendered this technique obsolete.
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The greatest amount of irreversible adsorption was obtained when a

hot dfy stream of air was_used’to evaporate the sample onto the paper

and the paper allowed to ary out between additions of material., Such

a procedure:dehydratgs the paper, especially around the edges of the.

. origin, and results in a series of super~imposed rings of irreversible
adsorption. The greatest improvement comes in the use of Whatman No.
A\paperé If this pafer is dampened and the origin put on with a high-
speed blower using no heat, the problem of origin sticking is completely

~solved. |

~ New technique for secondary separation of phosphorylated com-

pounds . - In the earlie: qualitative experiments:the spots containing

the mixed phosphorylated compounds (asvfor_example the hexose monophos-
vvphgte.area)_were cut from the paper and eluied intp'small test tubes.
Phosphatase splutioﬁ was then_added to the_tube gnd ﬁhe mixture allowed
to stand under toluene fpr_several days. The resultant solution was
then evaporated onto.the origin of a second chromatogram with a pipette,
, This,procedure,sufférgd from two disadvantages:s first, any attempt at a
quantitative procedure resulted in_éAvery long and tedious process which
took about 20-30 man minutes per spot; and second, phpsphorylated-comy
pounds, especially ribulose diphosphates‘are adsorbed onto the paper and
are not readily eluted quantitatively. The procedure developed was to

spray phosphatase solution (0:1=0+2% ) directlynonto_fhg_spot until it
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became translucento.i###%% 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 12. This device was readily adaptable to mass
production as shown in Figure 13. The unit (Figure 12) consisted of
two glass plates with matching holes 2 inches in diameter, 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 trough. The spot
to be eluted was.attached to this strip of filter paper by capillary
attraction. A drop of "Serip" washable black ink was placed on the
top edge of the spot to give an indication of when the compounds were
completely eluted. The ink used consists of three dyes, blue, yellow
and red. Tests showed that all the free sugars came off well before the
red dye. These dyes served the further useful purpose of acting as a
series of markers on the final chromatogram. A sheet of‘Whathn‘Noe 1
is.placed between the glass plates in such a way that the origin lies
betweén the two matched holes, while the spot is arranged so that its
tip just touches the paper in about the center of the hole. 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 spot. With this tech-
nique it is possible to obtain very small origins. The inherent advan-

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

(exnuxit) 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 not carried
throughout the paper by the water). 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 surface.
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Fig. 12. Elution Apparatus.
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Large-scale elution of spots.

Fig. 13.
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are elutedo A furuher advantage is that a quantitative result is
obtained in about 30 man seconds as against 20 man mlnutes by the'
older more oonventional methods

. Chromatographic theory

- Double spotse'= The theory of paper chromatography 1s stlll

not completely understoeds or rather let us say there are many phenomena
‘met in chromatography Wthh are not explainable by the simple theoryo_
‘Thus the investigation of such phenomena as double spots has a two—fold
purpose (l) to aid in the interpretation of ohromatograms and (2) to
further a: better understanding of the mechanism of paper chromatographyo
The phenomena of double spotting has been 1nvestigated and double spots
are found to fall into the following grou;so , | ‘

(1) The chelate type Malic and glycolic acid double spots are
of'this typeo_ The.spots appear to be two different chemical substances,
one being the‘free Suhstanoe and.the other‘a'oomplekaith some metal |
such asbda++v For obvious reasons this type of double spotting is not
encountered when washed paper is usedo -

(2) The dtstribution type = Double PGA spots are of this typeo
It has always.been avfundamental concept of chromatography that two
spots represent two distinct chemical identities. _The split FGA spots
are an exceptions The conditions for the formation of'double Spots have
been studied and found to be caused by (a) increas1ng the loading and
‘(b) moving the origin nearer the 1nit1al solvent fronto

| A theory for the_formation has beéen postulated and is given below,

Double spotting of the distribution type appears to take place only in
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mixed solvents and only with certain compounds.  Although it is seldom
given much thought, it is quite reasonable that the eonstituents-of a
mixed solvent such as butanol/propionic acid could be separable by
paper chromatography. It is believed that such a separation does occur
and ﬁhat the butanol runs faster than the mixture., Thus we have a
phase separation with alcohel=rich phase running out in front. Now PGA
appears to have the property of rﬁnning faster in the first phase than .
the interphase front and slower in the secbnd phase than the interphase
front. Thus, if PGA ever gets distributed across the interface it will
form two spots and they will move apart. The conditions are: (1) When
the PGA is near the starting 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 PGA.
More direct evidence of this ﬁhenomenon of phase separation can be had by
spraying avchromatogram which has beeﬁ fun in such a solvent as butanol/
propionic acid with bromocresol green. Here the phenomenon is graphically
illustrated with two sharply defined areas,one blue and the other yellow.
Tert-butanol/water/picric acid solvent exhibits the phenomenon in even a -
more direct manner the yellow phase running some distance behind the
colorless solvent front. Thesé results point to the rather obvious but
seldom realized fact that mixed solvents can themselves undergo chromato-
graphic separation. Other evidence has been reported by other x,rorkex*uss‘%f’29

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

the papero
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(3) Origin reflection type ~ This type of double spot is found
.principally when picric has been used as the second solvent, and. no

precautions have been taken 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 sécond.spot which ﬁas the seme Re value
as thevoriginal in the second solvent but an Re 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 phosph#tase it was found that the fastest moving
spot gave only pure ribulose, whereas the slowest 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 whereas the faster moving one is probably the reéult of the
phosphate group on the 5 position migrating'to the 4 positioh to enable

the formation of a furanose ringe-
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APPLICATION OF TECHNIQUES
The application of the apparatus and techniques described

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

e

is almost unlimited. In the case of photosynthesis, for example, 'we
may study

1. The effect of changing the CO2 partial pressuréo

42c The effect of changing the light intensity@

3. The effect of changing thé 0, partial pressure.

4. The effecﬁ of changing the pH

5¢ lThe effect of changing the temperature.

6. The effect of many enzyme poisons as fér example arsenite;,

arsenate, and iodoacetamide, to mention but a few.
When the’effect of each of the above variables has been worked out, we
can choose various combinations of them to cbtain the desired effects.
As an example of such a technique, the changing Qf the CO, variable
has been chosen. This project is perhaps the most difficult because
of the technical problems inherent in changing the CQO2 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 lengthy and, since they would serve little useful purpose;

"they have been omittedo when one is looking for transient changes, the
actual experimental conditions become extremely important. If a variable
is to be chanéedy itvmust be changed abruptly for transient changes to
be.observedo If the change is too slow, large transient changes will

not be observed but rather a slow change to a new steady state will be
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noted. In order to design the optimum experimental conditiong, cer-
tain critical data ;re réqﬁired which are peculiar to the particular
exﬁerimental éet up. An illustration of how this data waé obtained is
given beiowe |

Determination of experimental parameters

002 pressure change. - By turning the recycling system onto

the small system (turn stopcock ﬁﬁ‘, Figure 2), a plot of COo versus

time is obtained directly for the particular organism studied; The

first differeﬁtiél of this-curve when plotted against the ordinate of

the curve gives a rate of photosynthesis versus G0y pértial pressure

plot (see Figure 14). This curve was used to help decide the CO, pressures

between which to work,

Rate of gas flow during transition period. - The size of the
transient changes are largely depéndent on the rate at which the tran-
sition can be made., The effect of iarious rates of gas flow could be
read directly from the analyzer chart (see Figure 15) and this was of

:great assistance in determining optimum experimental conditions.

Temperature. « By changing the temperature of the water thermo-

stating the illumination vessel it was possible to measure the rate of
photosynthesis as a function of temperature (see Figure 16). It waé
also possible to measure the rate at which the 002 could be blown out
of solution as a function of temperature (see Figure 17). From this
Jdata it was clear that if the COp pressure weré to be changed rapidly,
high rates of gas flow would have to be usedo Thus the firsf 90% of

tﬁe 002 is removed from solution by a mechanism which is dependent
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principally on the rate of gas flow, Qnd thevremaindef is removed
mainly by thé photosynthesis (seelFigure 17). Thus.we see that the
acﬁivation energy (i.e. temperature dependence) of solution of o,
in water is of no practical significance. Since the fate of phoﬁ@=
synthesis is less at lower temperatures it becomes clear that fhe best
‘ eoﬁditions for a rapid transition (relative) would be to work at 6° C.
and at very high gas flow rates.

Geometric saturation. = This term was used. to dencte the point

at which the behavior of the system involving the absorption or evolution
of CO, ceased to be dependent on the rate at which CO, passed between.the
gas and 1iquid phases. The rate of 002 exchange is cleariy dependent on
the area of contact, which in turn depends on such geometric factors as
the size and number of bubbles. The point of géometric saturation for
the system was found by turning d@wn the gas flow until a change was
noted in the slope of the line, representihg the partial pressure‘of €O,
versus time, which was drawn by the recorderéo The flow rate at which.
this ehange.in slope was barely noticeable was teken as the pbint of
geometric saturation, that is, the point where the rate of photosynthesis

became dependent on the gas flow rate.

Light saturation. = It was desirable to have light saturation

during the experiment. This condition was tested for by turning off

one bank of lights and noting 3f there were any changes/in the phoﬁosynm
thetic rate. 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 flow.
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Sampling

A coﬁpletely new approach was taken towards the problem of
sampling. The procedure was to take a very large number of small
samplés (10%15 mg. cells)g this process not involving too great an
expéndiiure of labor, and then to work up only those that were
needed. This.proéedure enébled one to stlect the relevant points
rather than to work up all points indiscriminately. The samples
were taken in 16 x 120 mm. screw-topped test tubes, centrifuged
directly and fed into the Hoctopus® where the whole sample could
be evaporated aﬁd'then pléced directly on papers.

Processing of points

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 éell walls where.it serves
the purpose of dephosphorylating the material that is absorbed through
the cell wallg.**##¥¥% gSome of these phosphatases appear to be very
resistant and will survive even rcoom-temperaturs 80%-ethancl killings.
Since most of the intermediates in photosynthesis are phqsphorylated-
éompounds, it is desirable that any phosphatasé activity in the extract
should be kept at a minimum. Samples were, therefore, kept cold while
they were in contact with the cell debris to slow down any enzymatic
hydrolysi39 and the cell debris was centrifuged out as soon asrpossible°
Undef these conditions no phosphatase activity was observed, as measured

by amounts of free glucose and fructose on the chromatograms.

(%#xxxur) This fact may explain why insecticides of the TEP (Tetra ethyl
pyrophosphate) type can kill aphids and other animals so effectively yet
will not harm plants.(i.es in plants the insecticide is dephosphorylated
while passing through the cell wall),
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Experimental procedure

- A 1% algal suspension in a dilute phosphate bufferwx#ksxx# yag
placed in the illumination vessel which was illuminated from each
side by 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 10% ergs/cmo2 (ca. 700 footcandles). The tempera-
ture of the vessel was maintained at 6° C. during the entire length of
the experiment by means of circulating water through tée outer jacket‘
with a centrifugal pump. The cells were allowed to photosynthesize
for 1 hour with Gl2029 after which time the recyéling system contain-
ing 1% 014@2 (105 614) was turned into the illumination vessel. After
45 minutes the low éystem containing 0,003% 0;402 with the same sﬁecific
activity was turned onto the jlluminating vessel. Points were taken
at suitable intervals as described below.

Treatment of points: 8 cc. of absolute alcohol was placed in

125 mm. x 16 mm. screw-cap test tubes. These were cooled in the cold
room to 5° C. and then were weighed to the nearest 0,005 g. and the
weights recorded. At the appropriate time in the experiment 1-2 cc. of
1% suspension of algae was run into the tube and the tube immediately
recapped and shaken. The tubes were stored at 5° Co for a few hours
during which period they were reweighed. The difference in weights
gave the quantity of cells in that particular sample, The tubes were
placed in water at 80° C. for 2 minutes and then immediately spun down in
an ITnternational centrifuge (200 f/m for 20 minutes), Such treatment

yielded no phosphatase action since no free glucose or fructose were

(sesxsesewnxs) /4 mgo KH2P04/litero
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preseht on the chromatograms. Each sample was then given two 2-3 ml.
washings with 204 EtOH and a final washing with-Et@ﬁ to‘remove the
last of the 20% EtQOH extract. A water extraét was not given because of
the technical density difficulties of centrifuging out cell debris, the
density of which was very close to that of water. Furthermore, water
extracted polysaccharides which tended to interfere with photosynthetic
intermediates on the chromatograms. The samples were stored in tubes in
the deep freeze where they appeared to be quite stable. The samples
- chosen to\be worked up were placed in 30 ml. pear-shaped flagks in the
"octopus"” (Figure 5) and were evaporated down under reduced pressure.
When the reduction reached 5 mlo volume, the flasks were removed from the
¥ octopus® ahd the contents diluted with water to 15 ml. and the flasks
again placed on the "octopus! and the éamples evaporated to about 4-5 ml.,
after which they were transferred to 6 ml. polyethylene Spinco centrifuge
tubes. At this stage they were frozen in the deep freeze and then.pléced
in a Spinco centrifuge and spun down. The supernate was poured off into
an "octopus" flask and the precipitate washed and again spun down. The
washing was added to the supernate and the precipitate rejected. (This
precipitate conﬁained no photosynthetic intermedjates, as was shown by
dissolving the precipitate in aleohol, diluting with water and chromato-
graphing, Qhereupon only material which remained on the origin or ran with
a high Rf value in both solvents was obtained.) The combined supernate
from above was evaporated to 100A on the "octopus” and was then placed on
the corner of a sheet of Whatman No. 4 filter paper (dampened with dis-

" tilled water) by evaporation with a stream of room-temperature air from
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a hlghmspeed blowerov Thé'bépéré ﬁere ruh in two dimensions, first in
‘phenol and then 1n butanol/proplonlc acld using the method recommended
' in the se@tlon on chromatography When dry, a sheet of X=ray film
(DuPont X=ray film, 14 x 17 1nches9 51ngle~coated blue sensitive,
'Type 507) was placed on each chromatogram.and developed after a suitable’
time. The positionzof the compounds on the paper was thus determined
‘énd ﬁheir activity was counted using a Scott large-window Geigér—Mueller
tube., A secondary separation of the diphosphate regiong the hexose mono-—
phosphate region and the triose and pentose regions was obtéined by sepa-
'raﬁely phosphatasing and ferunniné each of these regions, és described

earlier. The results were then plotted for interpretation.
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RESULTS
The»main purpose of the experiments was twqafoldf_vFirst, a
search was made for new intermediates which conceivatbly miéht buiid up
‘as a result of the peculiar eiperiﬁental conditions; and second, an
effortlyas made to obtain accurate kinetic curves from which the
sequence of intermediates in the photosynthetic cycle could be derived.
These curves would also lead to a better understanding of the type of
system with which we are déaling when we study a 1living cell. The results
are given in Figures 18a, 18b, 18¢c, 19a, and 19b. .The following conven-
tion has been adopted: a smooth curve has been drawn if it was felt
that this is a true representation of the data. There are also céses
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 lines.
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DISCUSSION
We are now in a position to discuss the changes in the reservoir
sizes when an algae photosynthesizing at steady state in 1% CO; is sud-
denly exposed to 0.003% Co,.

General effects

For the first 400 secondé (at 6° C.) the concentrations of the
photosynthetic 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%
COy. On returning to 1% CO, more oscillations occur only this time in
the opposite direction. The lower CO, 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 COy pressures élso lead to a reduction in the rate of sucrose syn-
thesis. When the partial pressure of CO, 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 0,003% COp
is glycolic acid, the concentration of which still continues to increase.

CO, incorporation step

Perhaps the most striking result is the reciprocal relationship
between FGA and RDP, As is seen in Figuré 19b, as soon as the GO, pres-

sure is dropped the PGA drops'sharply and the RDP rises sharply. The
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initial slopes of these curves, together with the fact that the other
intermediates are still at steady-state concentration, strongly suggest
that FGA and KDP are related in a precursor-product relationship, thus
| RDP + CQZ-—————%> GA

The results imply that RDBP is the actﬁal GOy acceptor in photo-
synthesis, or alternatively is related to it by a.vanishingly small
regervoir, and that PGA is the first observable product of the carboxy-
lation., A hint that RDP might be performing the function of a C0O, 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
FGA concenfration had increased, whereas that of the RDP had decreased.
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 (ca. 90 seconds at 6° C.) is a long time, and one is deal-
ing with a very complex network of reactions,

IGA was claimed as the first observable product of photosynthesisl7
since it was the first product to be observable on short-term 01402 feed=-
ing experimentso This has been interpreted to mean that PGA is the
product of the carbo#ylation §tep9 the tentative assumption being made
that there is complete equilibration between the free and enzyme-bound
pools 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 goleculeo 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 df PGA in the cycle, by the work of
Bassham,21 who has found that the rate of incorporation of c14 into
many of the éhétosynthetic intermediates does not extrapolate to zero
at zero time as might be expected. Clearly, if a system of enzymatic
' féhctions 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
(CO5) is introduced

€Oy —> A enz ———> B enz ——> C enz ——>

1

A free B free C free
into one end of the system then any or no product might extrapolate to
100% at éero time; depending solely on the parameters of the system.
This ijection dqes not hold for the new technique of measuring transients
under controlled cpnditions since we (by definition) are dealing only with
actual intermediates, the rates of exchange between enzyme-bound and free
pools of material do not enter into our reasoning., Thus the position of
FGA as the first observable produbt of the carboxylation is ﬁlaced on
fi;mer ground,

Relationships of the intermediates in the regenerative cycleués derived

from transient phenomena

If the GO, 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 cycle:
COx

Y \
\/
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If the Coz,pressure were;sudégnly lowered, blocking to a large extent

/

* .the passage of material from D to A, the reservoirs will rise succes-

- sively in an anti-clockwise direction, D befare C, C before B, B before

_ Agiapd fa;l successively in a clockwise direction, /A before B, B before

. G, C before D. .Another way of expressing this is to say that the con-
centration of the compougds on the precursor side of the step affected

- (in this case the 002 incorporation step) go through a maximum or peak
with time, the closest one will have the widest peak, the next a nar-
rower pesk with its feet inside the first, and the last has the nar-
rowest peak inside the others. One cén easily make a distinction be-
tween a compéund 1ying in the cyclévand one lying to one side but in
eéuilibrium wifh the cycle: If a compouhd iies in.the‘cycle it will have
a peak whose feet lie inside those of its:prbduét but outside those of its
:-precursor; If a compound lies off to one side of the cycle it will have
a peék fhé-éamé shape as its precursor;ﬁut displaced to é latéf time. Con=
sidériné the éipefimental data (Figure 21) it can be seen that the RDP
rises beforé the RMP which in turn rises before the triose phosphate,
Fﬁrther;*thé RGA drops first, followed by triose phosphate which in turn
is followed by RMP and last of all by RDP, Thus from ‘the kinetic date

’thééeJcbmpoﬁhdS-iie'inlthe‘cycle and aré related thus
: 'co{?/‘ PGA\
: RDP}\\-
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It is interesting to note that the triose peak would be only 5 seconds
in width at room temperature. This fact illustrates the tremendous
power of the technology employed. From these data the shape‘of the curve

of the true €O, acceptor, if it were not RDP, could be predicted to have

2
a peak broader than RDP with a maximum at 60 seconds., A careful search
was made for it here with negative results. Thus, since no trace of an
1ntermed1ate lylng between RDP and -FGA could be found and since RDP
rises almost immediatexy after the COy pressure is lowered; if the COy
aeceptor is not RDPg then it must have a. vanlshingly small reservoir
sizeo

ﬂithough the data are not sﬁfficiently aceﬁréte to say with cer-
tainty, it is probable that the bump on the initial: falling leg of the
FGA curve is eaused by ‘the’ rapidly rlsing RDP concentration which helps
to malntaln the PGA pool before it is-ineelf;effected by the receding
wave; Iﬁ might be noted that thﬁs whole first transient cycle takes
A plaee in the equivalent of 30 seeonds at room temperature., After the
first transient wave passes; one: obtalns the results of superimposed
waves whieh are much more difficult to 1nterpret since they involve the
whole network of reactlonso o | |

| These results. imply that. all. of the reactions, with.the exception

of the‘eerboxylation reaction, are reversible and that an impressed change

may'be ‘made to'travel around the cycle. This’concept'of bouncing reser-

voir 51zes is rdther new in blology where it had been tentatively assumed

SRe 3% RIZN Y T Lt

that the flow of. material was ffom one pool @ flxed size to enother. The

size of these_oscillatlons9 as can be seen from the data, are very large
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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 meaning.

This new éoncept of bouncing reservoir sizes casts some doubt on
the interpretation of the quantum yield experimenfs of Warburg's group3
which assumes a steady state during'the course of their experiments;
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 photoaynthesiso' These phenomena
may account for the discrépancies over which the recent controversy has
reged. |

Period of the regenerative cycle

When a disturbasnce is induced in the regenerative cycle, damped
oscillations occur which travel éround the cycle with a period approxi-
mately 225 seconds at 6° G. (ca. 1 minute at room temperature). This
fact is interesting in the 1ight of the observed transient effects in

152,34 which also have

such phenomena as COp uptake and fluorescence,
about this period, and points toward some connection of the phenomena.

Criteria of a photosynthetic intermediate

‘ During the early work on the path of carbon in photosynthesisl7 it
was thought that if Gl4 were incorporated into a comfound in short expo-
sure times, it was copsideréd to be a photosynthefic intermediate and lie
on the path of COy to carbohydrate. This "criterion of early labeling"
has served for several years and with it.many photosynthetic intermediates-

have been identified. The kind of experiments described above, however,
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provide a new more éefinitive_critéfion ;ﬁi&h-is less subject to dis-
turbance and exception. Iflths reservoir size of a given compound
fluctuates markedly when such photosynthetic variables as light and COp
pertial pressure are changed abruptly, this becomes a criterion of
MASS CHANGES rather than of ATOM EXCHANGE, This difference is probably
best demonstrated‘by the case of maliec acid which has been considered
by someBB_as_a photosynthetic intermediate. It is clea; from the kinetic
data presented above that the malic acid becomes labeled in short-term
experiments by an exchange with 01402 thus

" malic enzyme

Pyruvic acid + COp = Malic acid
T TPN

through which reaction a negligible mass of material’ passes.

Evidence for transketolase system

In a steady-state cell photosynthesizing in 1% COo the level of
free glycolic acid is quite low (Figures 18c and 19a). When the CO,
pressure is reduced tc 0.003% the glycolic'acid level rises steadily
until after 700 seconds its concentration fs greaiter than that of PGA and
is still going up. Wwhen the CO, pressure is restored to 1% the amount of
glycolate drops; Since glycolic acid is wolatile it is difficult te count
acgurately. -Howeverg individual sets of papers give fairly consistant
results within themselves (Figure 18c¢). These data are explained in
terms of the postulated photosynthetic cyéle (Figure 20) as follows:

The formation of ribulose monophosphate from fructose-6~phosphate and
P=glyceraldehyde and the formation of riboge and ribulose monophosphates

from sedoheptilose monophosphate both involve a transketolase enzyme
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which transfers a glycolyl fragment to P-glyceraldehyde. Now when the
rate of photosynthesis is rapid and the flow of material in the eycle

is prineipally in a clockwise direction, there is always a large quan-
tity of P-glyceraldehyde to act as an acceptor for these glycolyl frag-
ﬁentso However, at low CO, pressures there is a much lower rate of>.
_photosynthesis which meang that althoughthe net transfer.of material is
sti1l 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 important. Let us for a moment consider only
the portion of the regenerative cycle on the opposite side of the cycle
from the CO, incorporation step (see Figure 20). Into this system of
enzymes is fed triose phosphate and out of it emerges pentose phosphate.
Let us congider a pentose phosphate going back through this system (cof.

| Figure 20), A | ' . '

Ribulose monophosphate + Enzyme ———> P-glyceraldehyde + Co=-enzyme

.- Dihydroxyacetoge,phosphate

Thus we see that both the Co and the 03 portions of}the pentose find
themselves in competition with each other for a 04 fragment. This com=
petition is made even more difficult for the glycolyl fragment when one
chsidergnthathA réservoir size is very smaliﬂ(it is not chromatographi-

cally détectablé)g since if we consider the rate of reactions of each

fragment we have
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_JIp the firstvcase the (Cz) and quéfterms are both small, but in the
.second at least (C3) term is large, which will tend to favor this
laﬁter route. The net result of the above is that the mean 1ife
time of the glycolyl»enzyme complex is 1ncreased S0 that the chance
of the glycolyl coming free is increased, thus (by analogy with
acet&l CoA)s |
Hy0
Bz - S = C»m CHp ——> Ez =S -H+ CH, - COOH
g éH | éH
'_ Glyeolic acid
The rate.of‘éreduction of glycolic might be expected to be greater
at first (see Figure i8c)lsinee with the initial shortage of-
P-glyceraldehyde; the normal glycolyl acceptor, an increase in the
;econcentration of the glycolyl fragments might be expected. This is
.only temporary»vhoweverp since the triose phosphate soon riseg to a
new,steady_state not too different from the original,
To summarlze, we may say that the increase in the concentration
) of free glycolic a01d at low COp pressures 1mp11es that an unphosphory=
blated glycolyl fragment is actually transferred in a reaction wh;ch is
closely related to the photOSynthetlc cycleo ThlS reaction is quite
{likely the transketolase enzyme system isolated by Rackers Horecker
30,31

and co—workers°

| Other effects

The effects close to the CO, incorporation step are easy to
interpret, but as one goes farther and farther from this step the inter-

related effects in the network of reactiors make the interpretation
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more difficult. The obvious solution is to block another step, for
| example to study the ﬁ:anéienté when the light.intensit& is suddenly
reduced. However, an interpretation of some of ‘these effec£é will
be attempted. When the Cdz'préésure is lowered PGA drops, followed
by fructose monophosphate and glﬁcose monophosphate. Glucose mono-
phosphate, however, soon recovers and fisés rapidly to its new steady
state. This rise can be ekplained if we consider the position of
glucose=6~P in the hetwérk.of reactions (Figure 20). Experiments32
with PP? indicate that the rate of equilibration betﬁeéh mannose—
6=P, fructose-6-P and glﬁche-émP is of the order of one minute at
room ﬁemperature (about three minutes on our time scale). The mannose
could equiliﬁrate with glucose but the fructose would tendwto be bled
| off intc the regenerative phoiosynthefic cycles Sucrose would probably
exert an even greatér effect, for as the levels of glucose and fructose
' phésphates dropp one might expect the sucrose to\break down to restore
the eqﬁilibriumo For every molecule of suCrosé which breaks doﬁn,
"one molecule of glucose phosphate and one molecule of fructose phos=
phate is produced. Now the fructose phosphate is being bled away into
the photosynthetic cycle but the glucose phosphate has first to be
' transfoémed into fructose phosphate. Thus it might be expected that
the glucose phosphaﬁe wdﬁld be the first to reéovér from the effects
of the lowering of the CO, pressure. These data imply that the fruc-
tose monophOSphéte'is more élosely relafed £o>the régénérative cycle

than glucose monophosphate.
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The kinetic curve for glucose diphosphate looks rather typical
of'aesepsteneelwhiob sgdeggoesxé%ooggosition, whioh is not suprising
rwhen one considers its/strocture, Tﬁe date,‘however, imply that quite
_an appre01ab1e fractlon of the glucosené-P we see on our chromatograms
vwas orlglnally glucose dlphosphate 1n the cello

. Thus we see that 1n the photosynthetlc cycle at 1east and
Vmost,probably 1n the other relateq networks,‘a negative feed-back
of self-compensatlng system 1s operatlveo At 1east in the photo-
synthetlc regeneratlve cycle the system can undergo v1olent transient
changes when a varlable is suddenly changed»and then returns to a
steady state whlch is not too dlfferent from the orlglnal (cf Table
:II).; ThlS can be compared to the eleotr1ca1 analogy of the eddy
_ currents 1n a pleoe of iron, ‘Legge chenges ;s the distribution of
_electrons (e.m.f.) can be'effected-by“sudoen>chesges in theAmagnetie
“§ielo,_out a flow of ourrept:soon,restores £5é steedy state, From
the”point of yiew of a praotioal seseafos.teosﬁiqoe}‘it soon becomnes
cleag,that a knowledge of‘steadyastate conoentrations of intermediates
will be yefyFoiffioult to interpret in ter#szof preoorsorwproduct
:relationshipso It is doubtful if tﬁis.ksowledge would even provide

.2 moderately sen51t1ve method of dlstlngulshlng between poss1b1e alter-

_native oyoles, If requlred thls Would be done . by settlng up the

o equations for ‘the steady-state concentratlons of the 1ntermed1ates

__and solv1ng the resultlng 81multaneous dlfferentlal equatlons° The

',actual value of these steadynstate conoentratlons probably depends,



. Table I1

_STEA_DY.=ijATE CONCENTRATIONS

Experimeht T
22° culture

Experiment II
260 culture

1% G0,

0.003% GO,

GA
RDP
Ribulose Monme

Triose Mono=P

1.0 x 1073 @t | 0.6 x 1073 uM

[0.3 %2073 e | 1.8 ¥ 1073 1

1% 6o, 0.003% GO,
0.33 % 1072 @ |- 0.4 x 1073 (M-
0.2 x 1073 a6 | 0,25 x 103
2.0 ¥ 10°5 ud | 3.0 x 1079 uM
5.0 x 1070 )7,/ 5,0 x 1076 /1~

g~
Ui




i 7
however, on the concentrations of each of the enzymeé present, which -
in turn would depénd on the previous history of the organism (cf.
Table II).

Conclusion

In conclusion one might say tha£ perhaps the most importent
result of this work is the insight it gives into the complicated
interrelatéd system of chemical reactions which is called life.
The 1living cell is seen as a finely balancéd dynamic network of
chemical reactions which by its very nature operateé 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 ihtermediate
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.



APFPENDICES



76—
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Aliguoting compounds

In any quantitative study, it is necessary to know the amount
of algae represented on the final paper chromatogram. A search vas
Itherefore made for a compound which could be added to the algal sus-
pensioﬁ 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. This material would have to have suitable chromatogra-
phic prbperties and must not interfere with any important photosyn-
thetic intermediates. .Many Clﬁklabeled compounds were tested but
few had desirable chromatographic characteristics, and most of them
were metabolized by the algae. At first, Cl4~labe1ea EDTA (ethylene
diamine 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 Srgo was aléo tried and found to be a possible aliquoting com-
pound. TIf carrier Sr is added, it runs into the hexose monophosphate
region, but if no cérrier is added, it will remain on the origin.
Because of its hard fB' it can be detected separately if a second film

is placed on top of the first. TIts daughter product,

p P
Srgo — y90 _— ngo
0.6 Mev 2.18 Mev

25 JrSe 60 hrs,.
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complicates matters somewhat but this should not be an insuperable
difficulty. The greatest objection to sr70 is the health hazard,
because it is a bone seeker with a strong B (2.18 Mev), and a 25
year half 1ife. For this reason, it was not used. Perfecting a
cpld=killing'prdcedure (described above) enabled -a method of ali-
quotiﬁg by weight. However, if a suitable aliquoting material could
be found it would make the proceduré much simpler.

Glucose and gaiactose-cyclic phosphates

(ef, Leloir35) Certain photosynthetic experiments yielded a
spot which had the same Rp value as the hexose monophosphates in the
" acid direction and about twice the Re value in the phenol directioﬁo
On investigatioh9 it was found that all the extracts were alkaline,
the usual reason being that the cells had used up most of the CO, con=
verting the'HCOB' to OH'. On cutting out and partially phosphatasing
’ this-spot9 three spots appeared which were, (1) the free sugars, (2)
“some of the original, and (3) a spot in the hexose monophosphate
region. This latter spot was probably a half-opened cyclic phosphate,
j.eo & 1= or 2-monophosphate. The free suger spot gave two spots when
chromatographed two-dimensionally in phencljbutanol/pyridine/water
- solution, and these two spots were shown to be glucose and galactose
~ when chromatographed'in ‘the same solvents, In picric acid/f=butanol=
water solvent the original spot gave two spots. When some normal algal
extract was treated with NHB'the"same spot appeared with a simultaneous
disappearance of the UDPG spot. The conclusion from the above was

‘that alkaline conditions can destroy UDPG with the simultaneous
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.production of glucose and galaétoéé}CyéiicwPhOsbhates. The practical
use of the above is in the conversion of UDPG into cyclic phosphates
_before picric acid chrpmatography. This prevents giucose 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
wiﬁb dimethylamine it isvconverfed into FGA and phosphoglycolic acide
If these compounds could bé seéarated quantitatively by papef chro~
matography, ohe would have a very goéd.method of Jdegradation 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 oﬁtained. A necessary part of the data is the ratio
of PGA to phpsphogiycolic acid and this is only obtainable if there is
no qrigin stiéking. This problem was solved and-its solution is dis-
-cussed in an earlier section. When a sample of ribulose diphosphate
was treated with diméthylamine, most of the activity diéappeared off
of the paper as a volatile compound. " However, if the ribuioée diphos~
Pphate spot from old_chromatograms was rerun, several spots were obtained

. among which were FGA and phosphoglycolic acid. It is thought that the
 reported experiment involved the destruction of the ribulose diphos-
phate by the alkali, leaving unchanged the PGA and phosphoglycolic
acid. A éeries was run at different pH's, and it was found that
véplitting would occur even at pH 7. Many unidentified spots weré

obtained and the reaction was obviously not simple and clear cut.
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These spots”ﬁeré ndt éaused'by.bactéria since the spots also
occurred in the preééncé'of toluene and even in 50% ethanol. A4
‘spot near the origin could be removed by dilution of the reaction
mixture by a factor of 10,000 and was considered to be the aldol con-
densation product of phosphoglyceraldehyde before it was oxidized.
FGA and phosphoglyéolic 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 the group, this project wgs-abandonedo

Non-enzymatic fixation of COp - storage of RDP

The non-enzymatic reaction between CO, and ribulose diphosphate
wvas investigated. A stream of pure CO, was bubbled through a solution
of uniformly labeled RDP 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 ténds to undergo hydrolysis.

35=-cent oxygen analyzer

It has been shown that an inexpensive oxygen analyzer can be
made from Eveready 1002 E hearing-aid batteries. These batteries
are of the C/OH'/Zn type with the carbon on the outside so that the
atmosphéric oxygen can be used aé 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 0y through
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the :small hole) is directly pFoportionsl to the O, partial pressure

B b0, sbout 204 Op. . The, response time can be made of the order of

a, minute.. The consumption of Oy, is about 1-2 cc./hr. while in use.
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