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I. INTRODUCTION

"Les vegetaux ne sont que des laboratoires qui..."l

The importance of plent pigments in nature cannot be ofereﬁpha-
siéed. Without these pigments, life as we know it wuld rapidly ven-
ish, since the ultimate maintenance of life on the earth is dependent
on the plant pigments, which are responsible for the conversion of the
solar energy into chemical potential energy. Indeed, the sdvent of
percbic life itself wag'only,possible aftér the'production of oxygen

in the atmospheré by green plants.' |

| The plght plgments pley a vital role in photosynthesis, which is
the process whereby green plants in the light convert water and carbqn‘
l'dioxide 0 carbohydrates end oxygen. This reaction is separated into

A}

'two parts:  the photolysis of water

B0 —2Z o o (] + (0]

ané the reduction of carbon dioxide.

€Oz + U4 [H] e CH0 + H0

In 1782, Senebier, one of the early experimenters in photosynthesis,
suggested for the first time the importance of tie "green" materisl 15
pianta.l He regarded plunts as nothing but lsboratories, vhich were re-’
sponsible for the maintenance of the atmosphere around us. The wonderful
complexity of these "plent luboratories” has fescincted meny workers
ever since. |

Despite the brillisnt deductions of Scncbiér .thc eariy.inve;tig&torn

of the nineteenth century such as Berthollet, Berzelius wnd Proust were




concerned only with the chemicel composition of the plant pigments. ThisA
line: of investigation led to lhe discovery of several selective separa-
tory methods, the most important of which was chromatographic adsorption,
a8 technique which has revolutionized the Qhoie4fie;d of chemistfy and
'bioéhemistry.

Until the advent of labelled atom sfudies, the concepts of the
biosynthesis of the plant pigments lacked-corroboration. Much expefi-
rentel data had been collected on the accumulation of plent pigments undex
a %ariety of environmentel conditions, but é§nclusive data could only be

| furnishediﬁy traéer studies. The combination of chromatographic methéﬁﬂ‘
and rediocactive isotope studies not only led to our present knowledgéA
of tﬁe plaht pigments but also towards an understanding'of the wholé

vastAprocess of photosynthesis.

HISTORICAL BACKGROUND

Chemistry of chlorophyll

The suggestion of the term "chlorophyl;" for the green pigment

. of'planﬁs wvas made by Pellétier and Caventou in 1818;2'1ater in 1832
these authors also realized that chlorophyll was not & single substance,
.but‘a mixture.5 Thirty—tﬁo years later the physicist Stokes proved the
above hypothesis while investigesting fluorescence phenomena.h The
ectual separation of the chlorophyll components was achieved by Tswett,
in 1906, by the method of adsorption chromatogrgphy.5

The elucidation of the chemical structure of chlorophyll wes ini-

1t

tiated by Willstatter end coworkers.6 Chlorophyll was shown to contain



magnesium in 1907, to be a'phytyl ester ;n 1907, and the empirical  for-
mula was established in l9llf7 This fundamenta} vork was further devel-
oped by Stoll in Switzerlund, Copant in Américé; aend most persistently
gnd successfully by Hans Fischer in Gefn;any° Thé accépted structure of
chlorophyll a was published by Fischer in l93§.7 The only point of
doubt was the ﬁydrOgen»atoms at positions 7‘and 8 in ring IV of .the
chlorophyll molecule (Fig. 1). Lindétead confirmed the ﬁresence of the
two hydrogens in ring IV at the positions shovn;~and presented good
ureasoné for essigning a trans-configuration 10 the chldrqphylls and

the natural products derived from them.8

The formulse end molecular welghts of the chlorophylls are es

. follows:

Chlorophyll a:  CssHyaOsN, Mg; wmol. . 893.48

Chlorophyll b:  CssHroONs: Mg; mol. wt. 907.46

As cen be seen from the formula (Fig. 1), the chlorophylls are
dihydroporphiﬁ structures, the double bond.conjugation of the porphyrin
rings being interrupted in ring IV. The chlorophylls usy be regarded
. aé methyl phytyl esters of the parent diarboxylic acids, the chloro-
phyllins. Phytol (CQQHSQOﬁ,‘iS a diterpene alcohol containing one
" double bond; it is related to the carotenoids and can be regerded ss.
derivable from vitamin A by hydrogenation.

The éhIOrophylls are very labile cbmpoﬁnéso Treatmentﬂﬁith‘dilute
acid will remove:the non-ionizable magnesium from the centre of the mole-
cule ‘to produce phaeophytins; stronger acid will remo&e the phytyl group
also to yield phaeophorbides. Removal of the phytol regidue without re-

moval of the magnesium gatom is accomplished by the enzyme chlorophyllase,
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rig. 1. Structural formulae for chlorophyll a and b. The methyl
group attached to carbon atom 3 in ring Il is replaced by a
formyl group (_([_-;I:O) in chlorophyll b.

e



vhich 1is presentiin most plénts to.a greater or lesser extent.. In
ethanol or methanoi; thenphytyl residue ﬁs reriaced by ethyl or metﬁyl
group to give ethyl or methyl chlorophyllide. The action of hét alkeli on
phaeophytin, phaeophorbide, or the chlorophyllides 1s to saponify the
estef linkage, break the iéocyclic ring V and yleld chlorin-e, & com=-

pound vhich contains three free carboxyl groups.

Chemistry of the carotenoids

The yeliow alcohol-soluble pigments of autumn.leaves were éalied

- xanthophylls by the Swedish chemilst Berzelius, in :L837.9 At that time

it was suggested that'the yellow. pigments might also occur in gre;n _
leaves, but this was not established experimentally until 1860 by Frémylo
and by Stokes,ll both of whom eucceeded in egparating»the yellow pig=
ments from the chlorophylls in leaf extracts. Later, following the claesi-
cal work of Tswett5, the xanthophylls were shown to be a complex mixture
of compounds. These compounds may be divided into two classes: the hydrb»
carbons which are termed "carotenes" and the oxygen-containing derivatives

which are termed "xénthophylls";qz' the ‘oxygen can occur in hydroxy-,

nmethoxy-, epoxy-, carboxy- or carbonyl groupings.

The general class is termed the "carotenoids.” Karrer's defin-
ition states that "carotenoids ere yellow to red pigments of aliphatic
or alicyclic structure ;omposed of isoprene units (ﬁsﬁéliy eight) s~ Tt
is characteristic of4all carotenoids that the arrangement of the isoprene
units becomes reveraed'in the centre of.the,carotenoid molecule, so that
ype central methyl groups occupy 1:6 positions instéad of 1:5 positions
(Fig. 2); . this series of conjugated double bonds constitutes the chromo-

pharic system of the carotenoids." >
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Fig. 2. Structural formulae of the Carotenoids.
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. cules 1s largely due to careful researchwoark of Karrer.

The empirical structure of the carotene of carrots and green
leaves was established in 1907 as C40H55°1h Zechmeister end Cholnoky
in 1928 showed that this material poésesses eleven double bonds,15 and
in 1930 Khrrerlgé_gi: proposed the structure of ﬁ~cqrotené vhich 1s
recognized today16 (Fig. 2); he synthesized this molecule iﬁ ;950.17
It can Ee seen that P-carotene possesses a centre of.symmetry; qxida-
tive splitting of the molecule at thevcentre, yields two moleculéé of

vitaemin A. The isomeric (-carotene contains eleven double bonds,‘but

- only ten of these are conjugated, the last being isolatéd in the second

B-ionone ring (Fig. 2).
Much of the knowledge of the isolation end different varieties

of xsnthophylls is due to Strainlz, while the chemistry of these mole-

15 The predominat-

ing xanthophyll found in nature is lutein, 3,3°~dihydroxy-Gecarotene (Fig.

2). The corresponding dihydroxy derivative of P-carotene is zeaxanthin,

. 3,3'-dlhydroxy-p-carotene; the structure of both these substances was

elucidated by Kbrrer.l6 Other carotenoids of Interest because of their

isolation from slgae are the di-epoxides (CqoHse04), violexanthin whose -con-
. : i}

stitution was estebliched by Karrer to be 5,6,5',6'-di—epoxyzegxanthinl),

and neoxenthin, which is also a di-epoxide, isolated and characterized by
Strainla; the structure of ﬁeoxanthin, however, is not knovn. The mono- -
epoxides (C.ols603), were also characterized by Ker rer, >
It is obvious that molecules with structures such as the carotenoids
possess,have many spatial possibilities; thus, a polyene wlth nine con-
Jugated double bonds can theoretically occur in 512 different EEEf@EEE?

isomeric forms. The stereochemistry of the carotenoids has been extensively

studied by Zechmeister.l8 The all-trans form of a carotcnoid, the most



stable form because of 1its low energy content, cah undergo 2@.".’.‘2‘_’}9_
isomerization in solutilon yielding a ccxuﬁlex mixture of isomers. Such -
changes are accelerated by light, heat, and by the addition of acid or
lodine; On the basis of x-ra& enalysis, spectral analysis, and chromato- '
éraphic analysis, it may be sssumed with a very few exceptions that the

:n,a.turally-occurring carotenoids possess entirely trans-configurations.

Occurrence and distribution of plant pigments

. .Chlorophyll o occurs in ald highler plents, and in ®ll orgenisms which
evolve oxygen in photoéynthesis. Chloroph:}ll‘_‘q_ occurs in all higher plants
also, and 1ln green algae. In the brown algae, dlatoms and dinoflagellates
in wnich chlorophyll b 1s absent, chlorophyll ¢ occurs in ebout one-tenth
. o.f ‘the total chlorophyll content. Chlorophyll b is replaced by chlorophyll
. 4 in red algae. The empiricel and structgral. formulae of both chlorophyll
¢ and 4 are unknown , e8lthough good evidence has been presented by Holt in _
1959 to indica£e that chlorophkyll d is equivaleni to 2-desvinyl-2-formyl-

19 The purple and brown bacteria contain bacteriochloro-

chlorophyli a.
. phyll, ;w'hich is closely related to cMoroplﬁll a (Fig. 1); the vinyl
‘group' at position 2 in ring I is oxidized to an acetyl group, and - ring II
ie hydrogerdied to make bacteriochlorophyll, a tetrahydroporphin derivative.
Thus chlorophyll & is the most abundant chlorophyll and its occurfénce is
universal, except for the purple and brown bacteris.

The ratio of chlorophyll a to b remsins remsrkably constant, vary-
ing only bei;ween 2.5 to 4.0; in general, the ratio of chlorophyll atob
is lower in "shade" plants than in "sun" plents. |

Carotenoids occur in the grana of the chloroplasts of a&ll higher

plants, ‘together with the chlorophylls. The fruits, flowers, roots and

»
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pollens also contain carotenoids which, in general, vary from those pre-
sent in the chloroplasts. lMost of the cryptogems contain carotenoids’
however, very lerge differences occur within the different subgroups,

algae,,;ichensjfungi and 50 on; indeed, large differences occur within

’ éaéh subgroup. Since over 85 natural cerotenoids sre known at present,

the subject of their distribution in nature is rather complex, but is

13,20

reviewed'by both Karrer and Goodwin. The two carotenoids which

occur in the highest proportions and in the greatest variety of plents

~are B-carotene énd lutein;

The ratio of the concentration of the.chlorbphylls to the caro-
tenoids appears not to remain as constant‘as that of chlorophyll g{to b,

In genersal, there is more chlorophyll present .than éarotenoids. The ratio

o of the xanthophylls to the carotenes may vary from sbout 2 to 8.

The chlorophylls and carotenoids are probebly present in the chloro=
plasts, not as the free pigment molgcules but complexed to . protein, or

lipoprotein, macromolecules.

~Role of plant pigments in photosynthesis

It is generally conceded that both the chlorophylls and cérofenoids

have 50me.indispensable function in phdtosyntheais. The obvious impor-

tence of chlorophyll & as the major'pigment involved in the‘absorption

of electromagnetic energy end its conversion to chemicel energy 18 indi-

cated by the cofrespondence of the action spectrum to the sbsorption spec-
trum. Little is known sbout the chemical events in this transformation,

or about the changes undergone by chlorophyll.gg vivo. The type of
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approaches being'made in tﬁis field to study this important mechaﬁism__

is amply illustrated in the review'"The photochemical apparatus -- its
structure and funétion",gl where reports on photoconductivity, sbsorption,
fluorescence and electron spin resonance experiments are listed.

Although the physical role of fhe chloropbylls has been shown, there
'havc'becnvattempté to dmplicate a chemicel role for these compounds in
photosynthesis. At ocne tiwc Warburg proposcd that carbon dioxide was- bound
to the chlorop  +il g_molcculé at position 10, ring V (Fig. 1), since
the addition of fludride to plant systems caused the expuleion of COo,
in stoichiometric amounts cquivalént to tﬁgjchlorophyll present.22 Franck
believes that the hydrogen present in position lO,‘riné V‘in the enolic
form of chlorophyll a may be involved in the électron transfer which

originates from photoactivated chlorophyll.25

Somé evidence for this has
"been obtainéd recently by Viskniac and Rose, who foﬂﬁd that the Cio posi-
tion mentioned became tritiated in tritiated water.studies.2l+

The universal occurrence of the cerotenoids as the secoﬁd major
class of esutotrophic pigments.suggests the impoftance of these compbunds.
in photcsynthesis. This function has been formulated in various wvays,

21,25,26 in terms of

a8 energy transport to end from the chlorophylls,
energy conversion,27 or of elecfron transport.28 In all probabllity
these various forﬁulations are gll menifestations of the same act,
which is intimately connected ﬁith the sbsorption of the solar energy -
And its conversion to chemical energy. A |

In eddition to the sabove phySica; functions, several chemlcal r01es‘
have been suggested for the carotenoids. An carly estterpt to prove a
photosynthetic oxygen trensport function, using HoO0'® wes unsuccessful,

29 peolection
but this idea may be feasible. A photo—oxidatioq/mechanism vas also



suggested and recent work indicates et least the possibility of such a
role for carotenolds being tenable.so Yét another function has been
proposed, that of a non-photosynthetic oxygen transport (i.e., oxygen

absorp.tion).31

Purpose of study

The purpose of this study was as follows:
(1) The development of rapid end accurste techniques ror radioactive
tracer studles of the algal plgmentse
(2) Tbe determination of thé‘specific fadioactivitiea of the éhloro-
phylls end the cerotemoids of algae. It was hoéed to gain aoﬁe insight into

~ the problem of the relationship between chldrophyll‘g_and.gz and to look -

at the possible relationships vhich might exist between the carotenoids.



II.

12.

EXPERIMENTAL PROCEDURES

Standard Abbreviations

The following abbreviations have been employed throughout this text:

ml v p cells:

0

§F
EDTA-Nag
PPO
POPCP

MeOH
EtOH

pet ether

)

ce

volume in ml of wet packed algal cells as

imuasurea.after standard-centrifugstion {cf.

extractioﬁ of algme) -

raﬁio of nhe'distgnéé travelled by the centre
of ‘the spot to the distance tiavelled by the
solvent front | a
origin-sf chxométogram -
golvent front of paper chromatogrem
ethylenedlaminetetraacetic acld-tetrasodium salt

2,5-diphenyloxazole - primary scintillator “fluor'

‘l,h-bis(2-(5-phenyloxazole))benzene--- secondary

scintillator "fiuor"
methenol

ethanol . .

petroleun ethér

Plent Materisal

The plants used throughout for the pigment studles were the unl-

cellular green algee, Chlorella pyrencidosa Chick end Scenedesmus

obliquus Turpin (Kuetying); both of these algae are being continually

cultured in this'laboratory in Myer's medium.

e
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Two methods of culture are employed: variable density and con-
stant density cultures. In the variaele density culture method the 11i- -
quid culture of algae/iioculated into & large volume of nutrient solution
which is contained in a circular, flat-bottomed flask equipped with/ﬁn-
‘let and outlet for the addition of nutrient and aeration with L% COz-in~
air. Tﬁe‘flasks are shaken horizontally 15 a thermostatica;ly-controlled
water bath end 1llumiuated through a trensparent panel by fluorescent
lights; the intensity of illumination at the botfom of the vessels is

about 2,000 foot~candles. Each day a cerﬁain volume of algae .S removed

' end more nutrient soluticn'added; Hence the conditions'are'iaenticel

from day to aay, although the effective light intensity varies daily, de~

creasing as the algae increese‘in density.

The constant density culture apparatus congilste of two vertical con-
'cenﬁric cylinders, the outer one contains the algae suspension through
'which 44, COz-in-air is bubbled, and water at a controlled temperature is
circulated through the inner -cylinder. The.apparacus is illuminated with
a circular bank.of fluorescent,liéhfs which give a light intenSify of
about 3,000 foot—caudies at the'cuter.surface of - the algal suspension.

A phetocell records the density of the algae, and a solenoid-operated

" valve allows fresi nutrient to enter the tuwbe, which causes the excess

algal suSpénéion to overflow out the top; thus the density is maintained‘

constant.

Extraction of Algae

Several different extraction procedures were used at various times

for differentspurposes; hovever, in all cases the volume of algal cells,



vas measurcd efter centrifugation under the saﬁe standard conditions. It
1s imgorbant that standard conaitions of centrifugation should be employ-
ed throughout a study, since 811l the pigment concentrations will be re-
ported in terms of the volume in ml of wet packed algal celis from which
they vere extracted. |

| The conditions of centrifugation are as»follows, for the recording of
the accurate volume in ml of wet pecked algal cells: The algae vere
spun. down in tpe appropriate sized centrifuggtion vessels (250, 100 or‘
1Y) ml), nost of the nedium decanted, and the cells stirred up in the
remainder of the medium and transfcrred to tapercd centrifuge tubes

" (B.K.H. sedimentation tubes No. 21068 - 10 ml). The centrifugation was’
done in en International centrifuge No. 1 (which had been fitted with
lrcfrigersting coils so that the centrifugation could be carried out at
-lowcr~temperature), for 5 min at s speed of 2,850 r.p.m. The cell vplume
was read, the medium decanted'off, andkhe appropriate extraction method

applied'immediately to the cells.

Totsl plement extract

Algal ‘.extracts were needed for the determination cf.the concentra-
ﬁion of the pigments of aigae by spectral means, and also fcr trisl chroma-
tography runs. Such totel pigment extracts were Obfained in the following
menner, taking care to work es repidly ss possible and.txfshield the ex-
tracts from the light. |

The algal cells were centrifuged under the stendard conditions men-
tloned sbove, the volume of cells was read before the medium was decanted |
off, and the cells were then suspended'in 98% MeOH (approx. 1.0-1.5 ml MebH/O,l

ml v p cells which gives an 85-90% MeOH extraction). The methanolic slgal
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extract was vigorously stirred with a thin glass rod for a few minutes.
The tube was thén immersed in a sfeam bath for the minimum possible time,
1.e., Just until the mixture. begins to come to the boil, and then imme-
diately cooled in ice. The tubes were then rapidly centrifuggd, using a
beﬁch centrifuge, for 1 to 2 minutes at full speed. The methanolic o
extract'was poured off into & tube and cooled in ice in the dark. Tﬁe
»celi4residue was,extracted again in a similar manner;-Two such extractions
',were génerally sufficient to give a coiour;ess cell residue; however,‘
if the cells reta;ned any colour, the eéxtraction was repeated. Diéthyl
ether (ether-MeOH 1:1) was added to thé cbmbinéd coOléd, methenolic
extract and gently shaken (the formation of emulsions was minimized by¢
the addition of the ether to the aléoholic solution before the addition .
of the water to form two layers). Sodium chloride solution (5%) was
cautlously added to the tubes until two layers were formed. The tubeé
were déntrifuged for one minute, and the.ether.iayer removed end washed
Atwo or three times with water to frée the ethereal solution from any |
_waterssoluﬁle‘material. (This procedﬁre was carried oﬁt in a separatory
funnel if more than 0.3 ml w p cells were to be extracted.):

The ethereal layer was}transférred‘to volumetric tubes, dried with

a little anhydrous NazS0, and kept in thé dafk at O° until ready for use.

Carotenoid extract

. In order fb‘ﬁave purglcaroténoid extracts, it was possible to re-
move tle chlorophylls by sapbﬁification with methenolic KOH. It was of
interest to prepare such céroténoid'extracts for spectral exammthation
end chromatography and to cbmparevand check ﬁhe results obtained with

the total extract.
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The gigae were centrifuged using the above conditions,}thelvolpme
of‘w ho) celblhoted before décanting offvthe-ﬁedium, and a methanolic-KOH
solution (aqueéus KOH‘(i ml of 60% w/v) in 10 ml MeOH), added to the algal
cellé.kapproximately 10 gl of KOH;MGOH reagent/0.5 ml' w p cells). The
-cells weré vigorously stir?ed with a thin glass rod snd the tubes immer-
sed at hOo for abou£ 5 minutes, in @he dark. The cells were centrifuged
| for 1 ﬁinute, the medium decanted off, and tﬁe cell residue extracted
with MéOH untii the methénolic extract was coloUrless; usually once or
_ twice was sufficient. Finally .the cell rcsiducs were extracted vith
ether, and the combined methanolic and etﬁereal extract,which had beeni
kept. in the éold and daerk, was shaken gently with ether. Sufficient ether
waé added to make the solution approximately 1.0 part of MeOH to 0.75
parts of ether. Distilled water was'added down the side of thg tube or
separatory»funnel, until two layers were formed. The ethereal layer was
washed sevexi] times with water, dried over anhydrous Na2304; and kept
in the dark at Oo until feady for uséi As long as the ethereal extract
was~n6t kept for long, no adsorption of the pigmeﬁt on the NazS04 .

occurred.

The relation of w p cells tb the dry welght of algse -
The dry weight of the algal cells was obtained in the folloﬁing

manner: Different volumes of the algae, Chlorella and Scenedesmus (2.0,

1.5 8nd 1.0ml wp cells) as measuﬁﬂ under standard conditions of centri-
fugation, were subjected to drying to constant weight, either by heating

0
at 40~ in an oven, or by lyophilization.
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Column Chromatography

Introduction

The method of adsorption ciromstography was discovered in 1903 by
-the‘Ruésian botanist Tswett;53 he described in detail the separation of
" plant pigments by filtration through columns, folloﬁed by development of
C the pipgment bands with pure solvents.5 He named this method chromato-
graphic adsorptiqn analysis; however, he realized this process was quite
applicableAto colourless substancés also, as hés bee# émply confirmed by
. this extremely vérsatile and useful tool. Although Tswett separated plant
-ﬁigments on é variety of adsorbents such as talc, magnesium and Qalcium
carbonate, the method was left aside for some twenty-five years, and the
‘ plant'pigments, both chlorophylls and carotenocids, were obtained in the
solid form for the first time by partition methods.6’56
.‘The use of sucrose as an adsorbent for the separdion of - the chloro-

3k

phylls was introduced in 1953, 'and has remained the most popular adsor-
.bent ever silnce, possibly because of its cheapness, ready availability, and
ease of'use.55’56 Talc, magnesium citrate hexahydrate, and starch have
also had limited use as adsorbenﬁs'for chlorophyll sepantions.37 One of |
the mosi refined methods is that of Jacobs, et al. who preparedhcrystalline
chlorophyll a and b in l95h.58 By further improvement of their‘usual
method of adsorption and precipitation of the chlorophylls from an 80%
aqueoﬁs acetone extract of plant materiai onto talc, followed by elution
and chromatography with benzene-pet ether (1:1) on sugar columns, Stoll
and Wiédémnanh in 1959 also obtained crystalline’chlorophyll E_and 2:59
Thié method appears to be faster and eésier~than that of Jacobs 33“5}:38
Column chromatography of the carotenoié mixtures, which contain

no chlorophyll, may be carried out on an even greater variety of adsor-
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bents, which include alumina, Mg0, Ca(OH)z, &nd mixtures such as MgO-
Celite (1:1), in addition to the above;méntioned adsorbents such as -
staréh, sugar, etc.ho The chlofqphylla being more labile thag the caro-
£Enoids undergo marked decomposition om such “alpmina-type“ adsorbents
:(e;g. Méc, Al1,03, CaC0s end NazSO;); hence these are limited to éarotenoid »
~ separations. |
" In the expéeriments Yoy thée determinstion of the specitic activites
- of the plent pigments, a methoﬁ‘that was quick, reproducible end allowed
_‘separationvof both the carotenoids and cﬁlorOPhylia at one time, Qus
Idesiréd. Despite the universal use 6f aﬁcfoae as ; suitable adsorbent,
eomé difficulties’were‘experienced ﬁith this material; after preliminary
' inveétisations, two better adsorbents were found, nam§1y, celluloée pow-

der and polyethylehe powder.

Method
For theae'exper;ments two different adsorbents were used:

cellulose (Whatman éshlees powder for chrometogrsphy) and polyethylene
powdern* The polyethylene powder was characterized by melt indexes which
ranged in the samples available from 0.000k to 0.1. In general, it was-
‘found preferable to use polyethylene powder which had a lower melt index}
this corresponded to & higher molemilar weight. The most satisfactory '
sample had & mol wt of 360,000. | ‘ ‘

' The adsorbents {cellulose or'poiyethyléne powder) were mixed.as
& élurry in the apprppriate solvent, using a Waring blendor at high

speed. The suspension of the adsorbent was then rapidly poured into fhe

* Gift of the Dow Chemical Company, Midland, Michigan
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column, which had a plug of glass wool at the bottom to prevent the
exlt of the adsorbent from the‘columne Slight pressure waé epplied to
pack the column, either by ﬁeans of a rubber bulb, or by a gentle
stream of air from the air line. Care must be eﬁgrcised to see that
.the sﬁrface of the column was at all times covered witﬁ solvent to
prevent air bubbles from entering the adsorbent, as it is béing packed
dwmn. If the chromatogram should run dry, destruction of the pigments
will occur by serial oxidation; shrinking of @he adsorbent and diStortion'
of the,zonés will also preventAgood‘resolution. When the cblumn vas
packed, a circle of filter paper, correspdndiné télthe inner diametef
of the column, was élaced 6n top oqkhe adsorbent in a horizontal posi-.
tion by means of & giass rod to prevent the top .o thé column from be-
ing digturbed on the addition of the plgment extract.

employed :

The columns/wére glass tubes (25 to 25 cm long -- inner diametgr
1.5 - 2.5 cm) with capillaries which'were bent up into a.long "S"-
shaped syphon, extend;ng verticelly upwards to about 3 in from thé toé'of
the colunn, and then horizoantally for about 2 in, ad down again wiéh'a
tapered end.

After the colunms had been paéked under pressure as described, -
they were washeld with the sélvent for éeveral héurs, to al;ow theA
colums to attain equilibrium and to see if any irregularities had
occurred in the packing. The column was wrapped with black paper to
e#clude all light. The pigment solution waé very cerefully applied to
the top of the column (from whiéh any excess solvent had been removed)-
by means of & disposable pipette, teking care to run the golution uni-
formly down the sides of the column so that né one plece on the column

recelved extra golution, which would cause "tailing" of the resulting bands.
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After the spplication of the pigment solution, and the washing of
the pigment bnto the colum by the careful addition of a further:lo ml
of solvent, the colum was then developed under pressure. This was
achieved in the following manner: a long glass rod (eh x 0.75 in) with
a tapered gnd was connecped to the column by means of a rubber cork;
the upper end of the coiumn was étﬁacped to & “U"rshaped=syphon which
_ led to the solvenf reservoir. The solvent waé syphoied over into the
glass tube by means of a rubber bulb attachedlto en outlet at the base of
the "U" syphon. The solvent then dripped continuously ihto‘the column
under pressure, the flow rate being ébout'0;5 ml/min. The fractions from
the columﬁ wvere collected in test tubes held on an automatic fraction
collector which turned ever 6 min. The tubes were removed, corked, and
placed in the dark at Oo and spectral determinations made as soon &s
possible.

-Cellulose columns for total extract: The solvent used was pet
ether (b.p. 750). Fifteen g cellulose powder was needed for every 0.5 ml
vp éellsve#tracﬁed. The algee were extractéd with MeOH in the usual
manney (cf. extraction of algse); the methanolic extract was shaken
with pet ether (MeOH-pet ether 2:1) and 4% NeCl solution>added until
two layers formed. The pet.eth§r layer was washed with water sevefal times,
‘quickly dried over anhydrous NaéBQ;:énd applied to the cellulose column.

After the carotene and lutein bands had emerged, and the chloro-
phyll & and b band were beginning to travel down the column, the develop-
ing power of the solvent was increased by the addition of l%'iéopropanbl

of 0.5¢'n-bﬁtanol. It was important not to do this too soon, or the
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chlorophyll b band will begin to catch up with the chlorophyll a band,
and poor separation will result.

Cellulose columns for carctenoild extracts: The gsolvent used was
pet ether (b.p. 750) and 100 g of <ellulose powder was required for
évery O.4 ml w p cells eitrﬁcted. The algae were saponified with
methanolic KOH (cf. extraction of algae -- carotenoid extract), the
etheréal extract was‘concentrated under reduced pressure, taken up in
the minimum volume of.pet ether, and placed on the colwm. The develop-
_ing powar of the solvent was increased by the addition of 2% isopro-
panol or 1% n-butanol %o the pet ether. Toluéne could also be used,
by gredually reinforcing the pet ether with toluene. ‘

Cellulose columns for separatidn‘of chlorophyll é_and.gf The
same conditions were employed for the separation of pure chlorophyil.fi
and b as mentioned above, under cellulose columns for the total extract.
:‘ However, it'is not necessary to elute the chlorophyll E_aﬁd b bands from
the column; indeed, it was preferable to remové these bands mechan-
ically in order to save time; and hence limit the decorposition of
the pigﬁentsn After the cleaf sépan&ion of these bands froﬁ each other,
and from the xanthophyll epoxides vhich were situated above the chloro-
phyll zones, the‘column wvas freed from excess solvent by gentle sucﬁion.
The adsorbent was forced.out of the colum by epplying an air stream to
the bottom of the column, and the middle of the chlorophyll E_and b
zones cut out, transferred to beskers and extracted with ether. The
ethereal solution of the chlorophylls was filtered and placed in the
dark at 0°C.

The various fractions obtained from the above cellulose colurms

were checked for purityzby specﬁroscopic examination, and the pure frac-

tions concentrated under reduced pressure and applied to peper chromato-

grams as a further test for homogeneity.
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.Polyethylene columns for totel extract: The solvent used here
was 80% or 85% aqueéus MeOH. Fifteen g polyethylene powder was required
for every 0.5 ml w p algal cells extracted. The methanolic extract (ef.

extractiqn of algae) was“placed on top of the column and sufficignt
distilled water t0 mske the solution up to 80% aqueous MeOH was added.
An aiternative procedure was to add about 2 g oﬂﬁolyethylene powder to
the methanolic slgal extract obtained after the algae had been boiled
15 MeOH. This slurry was diluted to 80% aqueous MeOH and poured onto
the column. It was somewhal essler to obtain a uniforﬁ initial zone of
>pigmen£gfon thecolumn by this;létter methédmehe sddition o f the water
to thé*methgnblicvalgal«extract caused some slight precipitation oflfhe
chlorqphylls-aﬁd’the'carotene; the precipitate dissolved during the
course of development of the chromatogram and did not. hinder the
separation ‘btained. |

After the separdion and elution of the xanthophyll di- and moﬁo-

~epoxides from the column, the developing power of‘the solvent was in-
creased, by reinforcihg the aqueous MeOH concentration up to 95%.

. Poiyethyléne columns for carotenoid extracts: The solvent used
here was 85% MeOH and ;O'QWOT‘polyethylene pdwder,(reused, low density"
product of hol wt 360,000) was required for every O.4 ml w p cells. Im-
proved geparations were obtained:if”theicuiumn had been prewashed with
EDTA-Nays. After pecking the column in the ususl manner, a solution of lg

 EDTA-Neg (tetrasodium salt) in 500 ml of 50% aqueous MeOH was added to
the column, folldwed by extensive washing with 80% MeOH to rearequilibréte
the column and to waahpout'the excess EDTA, before applying the carétenoids

to it. The methanolic KOH extract was thoroughlyeextracted'with ether,
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washqd with water to remove the alkali, end cancentrated under reduced
pressure to drynees, then dissolved in MeOH, placed on the célumn and
diluted to 85% aqueous MeOH.
POlyeihylene colurms for sepsration of chlorophyll’g_and,gj Aqueous
MeOH (80%) wes used as the solvent here, and 15 é of polyéﬁtylene poﬁder
vas used for every 0.5 ml w p cells extracted. It was feasible to extrude
the zones of chlorophylls méchanically as described in the correéponding |
cellulose columns; &8s the separation on polyethylene columms was faster
“than on cellulose columns, in most cases tle bands were eluted from the
polyethylene columns.
The various fractions eluted were checked spectroscopiéally, concen=
. trated under reduced ﬁressure end transferred to ether by the addition of
5¢% NeCl. solution to the@her-MeOH mixture(l:2). The ethereal fractions

wvere chromatographed on paper to check their purity.

Paper Chromatogrephy

Introduction

Interestingly enough, paper chromatogrephy of a sort was first
! demonstrated with the ﬁartial separatidn of plant pigments by the methéd
of capillary analysis. Goppelsroeder in the period 1850 to 1910 studied
this procedute, whereby the components of & solution were partially
resolved by cépillary action when a sﬁrip of filter paper was dipped into

the solution of pigments to be resolved. In 1906, M. Tswett5

chromatogrephy, and Goppelsroederpl independently partially separated plant

Pignments on paper for the first time by this method of capillary analysis.

» the founder of modern
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Paper chromatography is a separation process based primariiy on
A 11q§id-liquid partition onAa paper support which retains the nonmobile
phase in contact with the moblle phase which flows over it. The method
was introduced by Martin in 1941, and the complete deﬁails of the pro-
'cess vere preséﬁted,.in 8 now classical psper, in 19hh.h2 The
theoretical ideas and experimental techniques used today are essen-
tiall& the same as ﬁhose developed by Msrtin.

Despite its carly introduction, the methods of papér chromatography
~ of the plastid pigments have been of a rather preliminary nature and have
found only limited application in radioacfive'tracer vork. The most recent

45 prioxr to 1952 the

review by ggstﬁk covers the york from 1952 to 1957;
‘method was virtually unused.

One- and two-dimensional techniques in ascendiﬁg, descending, hori-
zontal and circular arrangements have been described, utilizing & variety
of papers, sometimes after treatments such as drying, washing or impreg-

nation of the psper. The chrbmatograms have been developed with & variety

of polar or nonpolar orgenic solvents, or their mixtures.

Methods

Whatmen No. 4 and No. 3MM filter pepers were used for the separa-
tion of the plant pigments. Since more material could be placed on the
origin of the thicker (No. 3MM) paper, this was, in general, used. It
was especially importanﬁ to use the thicker filter paper whep it was
necessary to elute the spots for spectral or radicactive determinstions.
The total plgment extract which could be placed on the origin of a

Whatman No. 3MM sheet (46 by 57 cm) was. roughly equivalent to 0.6 to 0.8 mg



pigment, or to 0.1 ml w p cells. In the case of the carotenold extract,
it was possible to place on the origin the extract from 0.15 ml v p
cells,vhiich corresponded to about 0.2 mg pigment.

Varlous vessels and chzomatomraphic chambers were used for paper
chromatogrephy. In all cases it vas absolutely essentiel to have the
vessel completely light-tight, this was achieved by covering the out-
side wih black papsér. It was also essential to allow the solvent mixture
to equilibrate in the vessel for at least eight hours, before the firs£
- chromatogram was yun. '

Trial chromatograms were made in graduate cylinders (5,000 ml)
which were stoppered by rubber corks. Paper clips were attached by
rubber bands to two drawing pins fastened to the inside of the cbrk;

" the papér strips were suspended from thése clips and ascending chroma-
tograms mede. It ﬁas possible to run&hese chromatogrémq in the cold

room at O°, also to run under a‘hitrogen atmosphere. ‘Descending
chromatdgrams could be made in these graduate cylinders by means of

e little glass trough being suspended from the cork; a separatory

funnel was placed through the cork, by means of which the solvent could be
' admitted. Chromatograms either by the sscending or descending method

took 1 5 to 2 hours to run.

Fast trial chromatograms of more than one'spot could be made in
glass tanks (12‘1n. x 8 in. by 8 in.) which were fitted with a ground glass
Atop. A gless support, consisting of a horizontal bar with two wide "V'-
shaped legs at either end, stood in the tank and the papers could be
clipped to this upright, and ascending chromatograms made in aboul one
hour's time. . |

The large sheets of filter paper wefe run inthe usual chromato-

graphic boxes and took asbout thiree hours to run about three-quarters of
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the length of the papera32 These chromatograms could not be made at o®

since the boxes are permanent fixtures in a 2504thermostaticallyfcohtrolled
dhromatography roonm.

. The plgment spots were spotted on an ofigin whicﬁ was sbout three
.inches from the edge of'the paper, in ether or pet ether solution. It
vas ?referable t0 use ethereal solutions, since the extract dried very _
-}quickly and no time was lost in getting the chromatogram into the chroma-

: tographic chamber. Pigment extracts that have been spotted on the filter

. paper and left for a short tine 1n the light, show a marked decompositman,
after subsequent development. In order to obtain uniform end "compact”
originé, it was preferéble to have fairly conéentrated,_ethereal.aolutions
to spot on chromtograms

A variety of solvents vere tested. Batisfactory solvent systems

. found were as follows:

(1) Toluene

(2) Pet ether—isopropanol.(100:2.5)

' '(3)' Pet ether-Isopropanol-toluene (lOO:é.5:2.5) in a toluene-saturated

| cﬁamber.

(L) Pet ether-n-butanol (100:2.0).

Successful two-dimensional chromafogramé were made by using sblvent (l) for
the firet dimension and solvent (L) for the seéond‘dimension.

‘,At the begimning of this work, s large number of soivent systems
wére tested in order to find satisfactory resolution of the pigments.
Solvent mixtures were found almost on a trial and error basgis, e.g. start
with a nonpolar solvent such as pet ether and graduelly reirforce it;
vith a variety of polar solvents. In the same manner,.each solven£ ;as

taken in turn and mixed with various other solvents. Rather than tabulate
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large llsts of the various combinations of solvents tried for this part

of the work, a summary of the findings from these trial chromatograms will

be included in Section IV, in the results and discussions of paper chroma-’

tography of the pigments. .

In the case of paper éhromatograpr\y of cearotenoid pigmentis, ei_ther
of single compounds or of carotenoid extracts, a sharper resolution
‘could bé obtained using'Whatman'Nor. A sheets which had been soaked
for half an hour in EDTA-Nag (tetrasodipm salt) and then thoroughly
washed for 8 hdurs with distilled water in a rectengular trough vith
a perforated bottom for applying suction'. After the papers wvere dried
ovez';-niglxt in an oven at 40° s they vere ready for use.

The purity of the variows chromatographic bands was checked by
elution of the spots emd spectroawpic examl.nation oi the pigments. If
the e:{tracts that had been chroma’hographed were :E'resh,. the elution
was poas’ibie in diethyl ether. The bands were cut out s Gilesected intol |
small strips, placéd in smali beakers, and covered with the minimum
amzount'o;f‘ éther' sulfficient to extrp.c'b the pigment from the paper.
| Actually it was just as quick and satisfactory to cut a .Lar5,e zone
| (i.e. , & 12 in. zone from & onc-dmensimal chromatogrem on mgu.lar

Whatman eheets), into four picces, and place these in a minimum volume
of ether in a small beaker, end let the pi@neut. elute upwardu to the

top of the strips, thenat off the resulting smaller plgment srea. The
pigments were eluted in the abse;'xce of light, as rapidly as possible.

If the chromatogrems were made from oldei' pignent' extracts, some-
times ether was not sufficlient to elute the spots. If quantitative elu-

tion wes desired, MeOH-benzene (L:1) was used for carotenoid spots, and
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i1sopropanol-1sopropyl ether (1:9) for the c:h:!.oxjcv:phylls'.!‘Ll+ wagver; 1t
was, in general, better to elute with ether even if all the pigment-

did not come off from the paper, since the measurements to be made were
of the gpecific activity of the. pigment. Such a measurement does not in-
volve knowledge of the total concentration of eny substance, but only of

thie guantity whose radioazctivity was subsequently metsureé.

Centrifugally-Accclerated Paper Chronatogriphy

Introduction

The technique of centrifugally-accelerated chromatography wes
developed by H. J. McDonsld in 1957. 45 The combination of two vectors,
chromhtography and centrifugal acceleration, meke it pOSsible t0 separ-
‘ate substances in very short times, for example, 15 minutes inshesd
of 8 hours. ‘

The épparatus consists of a motor-driven, disc-diaped head rotating
in a horizontal plene; the paper is held horizontally inside this unit
and the solvent is fed in a continuous Jet stream under pressure, tﬁrough
8 very narrov aperture in the head. | | N

: The literature contains qepurations of water-soluble compounds,
such as dyes and amino acids,h6 but as yet there is no mention of
separation of any other compounds. Therefore, a study was made of the
fundsmental factors involved in obteining good separations and repro-
ducible chromatograms of the algel plgments.

Apparatus and Methods

The chromatograms were made on the commerically-aveilable instru-

wment called a chromatofuge, which was assembled end operated in the
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%*
prescribed manner.

The chromatofuge was placed in the 250 thermostatically-controlled
¢ hromatography room. An additlonal solvent arm and féed device was made,
end botk of thé solvent bottles were set up sbove the machine, their sup-

4 bort arms being clamped together up on a higher rod to be out of the vay
of opening and closing the machine. Tygon tubing was used throughout;
the spacer ring on the chromatofuge head was mede of rubber and the non-
polar solvents used caused considerable stretching of this. ring, to the

. point where the ring refused to stay around the outslde of the head. A
section was'removed and the ring refit‘bgd'c’m° It was found, however, that
the ring shrank agein to its original shape'after the machine had not
been used for several days, and the cutout picce had to be reinser@ed.

The @elivery jets of the glass tips, through/gg;cgoIQ

vent is forced out under pressure in a thin jet streem, are very fine;

| 'indged, it 1s essential that no dust be éresent in the solvent or

tubes or these tips will be continually being blocked or partially
blocked up. In the latter case, the solvent will emerge-in droplets vwhich
has a disastrous effect on the resulting chromatogram. In order to f£ill
the pressure solvent bottle without removing the cork ana sealing ring,

a special graduateg cylinder was devised with two side-arm stopcocks,

one at the ﬁop and the other at the bottom of the cylinderf The solvent
was filtered through e sintered glass funnel into the special cylinder
b&-applying vacuum to ‘the upper s topcock. The solvent was theﬁ ‘transfrred
to the pressure solvent bottle by means of a piece of tubing attached -
fromAthe lower énd of the cylinder to the 1ongef fubé of the pressure

solvent bottle and by applying vacuum to the shorter tube of the solvent

pressure bottle.

* Labline No. 5060 Chromatofuge. Labline, Inc., Chicago, Illinois (1958).



Whatman No. 1 and 3 MM circles {18 in.) end cifcles cﬁtvfrom
No. 17'MM sheets were used for cenﬁrifugél chromatograms as well as
Schleicher and Schuell circles (50 cm.). _Since most of the spots vere
fequirgd for spectroscopic ekaminat;on or respotting, it was deslrable
to work om a larger scale and most of the work wes done on the Whatman
No. 3 MM pepers. Actually, it was feasible to cut out the circles from-
the rectangular sheets of chromatographic paper end this was done whenever
the circlés vere notavallable.

The fiaterisl was placed on a circular origin which musf'be at
leasﬁ 8 cm in diameter; if the diameter wés_any smaller some of the
plements would run inwardé to‘the centre of the ciréle, instead of
migratiﬁg outwards., It waé most satisfactory to apply the pigments
in ethereal solutions as the ether evaporated so quickly;: hoﬁever,
other solvents were also feasible. Since it was difficult'to make a
uniform circle of material on the origin:by hand, a thin glass capiliary
was held in a compass and the circle traced. This method failed entirely,
as no capillary device could be found which permitfed the uniform eddi-
tion of the pigment from an ethereal extract, althbugh such a capillary
device was quite satisfactory with aqueous solutions. W1£L practice it
ﬁas possible to make very thin uniform circles of pigment on the origin
by holding the paper vertically with one Land and applying ihe extract
‘with the other. Papers were spotted in the cold room with as little
light as possibie; |

The total extract which could be placed on such a circular origin
on Whatman No. 3 MM sheet was sbout 6.3 - 0.4 mg pigment, ise., 0.05 ml w p

cells. In the case of the carotenoid extract it was possible to0 place an

~.
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extraect from 0.05 ml v p cells which correéponded to ebout 0.1 —.0.2 g
pigment. About three fimes es much material could be placed on the cir-
culer origin of a Whetman Ho. 17 MY paper; since the paper was so thick it
vas neccssary Lo spoit the moterial on both sides or else the pigment zones
on the underside of the peaper, sfter development, would have lower Rf's.‘
It was also desirsble to use a liner for the chiomstofuge head.
A sheet of Whetmen No. 3 M paper is placed in-close cntact with the
bothm of the head; by cutting holees in the sheet so that the stainless
steel points pfotruded through the liner paper. Some of the solvent was
Pleced on this liher and the machine was iotated for S;minutes in order
to saturate the chambexr head with the solvent fﬁmes, before placing the
paper -to be developed in the chrcmatofuge. In subsequent runs, about
10 to 20 ml of salvent was poured onto the liner, ﬁhe paper placcd in
position and developed. It was not necessary, in the subsequent "runs"‘ .
to rotate the machine for?s minute period, before develooment of the
paper. . ' B
| , Thé solvent was fcd into the machine under nitrogen pressure;
the preésure range employed could very between 4 to 15 p.s.i. depending
.oh the capacity of the gless delivery jet and the type of solvent used.
The 1ength.of time of rumning the chrométogram, and the speed at which
the head was rotated (between 340 to 960 rpm) elso depended on the solvent
end paper used. fn order to avold repetition, the precise conditions used
(épeed, nitrogen ﬁressure, tine of.developﬁent, ete.) will be tabulated in
Section iV, vhere the By values of the plent pigmnents under a variety of
condiltions will be precented.
In the casce of pet ether—iﬁopropanol golvents, it was nccessary

to mix the solvent seversl days before it was reguired for use. Fresh




solvent mixtures used under the same fuﬁning condltions gave anomalous
results. (The solvent d1d.not travel nesrly as far and the separations
obiained were very poor.)

| Reversed papér chromatograephy: Methanol was shaken mechanically
for 10 minutes with paraffin oil (Squibb's minéral o0il) and left standing
until tﬁe two phases had coupletely separated (G - 10 hours).'The~upper
methenolic iayér, after filtration, waé used as ﬁhe solvent. Whatmen No. 1
or 5 M4 circlés wvere dravn slowly through a 2.5 to % solution'of the |
equilibrated 0il - in ether end left for é ?ew minutes to dry in the ﬁoodj

no linexr was used.

Spectroscopy .

' 'All;visible'spectra were measured by using a Cary'Modei 1hM
recofding,spectqég§;ér. The wave length scan was 10 or 25 A per secohd,z
the chart drive was 120 in/hr, and the slit width = < 0.2 mm. As the
resolution of absorption was not changed by the use of scanning Bpgeds up
to 25 A'per‘second, this speed was used for ordinary determinétions.‘The
absorption cells vere exactly matched for transmissivity. Small sbsorp-
tion céllsA(O;S ml) were use@ when the smount of solution availeble was
small. | -

A1l solvents used were of Baker's C.P. anslyzed reagent grade.
The’petroleum ether (B.R. 65-1100) was purified by shaking with concen-
trated HaB0, (10% w/v) until the acid layver was colouriess. Thq pét
ether was theén shaken with water to remove most of the ecid, once vith

10% Na=2CO3 solution, and agaln with water. If the aqueous leyer was
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neutral to litmus, the pet ether wvas then dried over anhydrous CaClz
for 2 hours. After filtration, the pet ether is distilled through
an efficient column and the fractioﬁ (B.p. 70-750) collected. The di-
ethyl ether was tested fér ebsence of peroxides, stood for 2k hours

over NaOH, and distilled.

Radioactive measurements

Aluminium planchets were cleaned by rinsing in alcohol; and
a circle was dravn with a grease pencil just inside the circumference.
A fev drops of 2 M acetic acid and diluted detergent (Aquet-Hz0,

1:500 w/v) vere placed in the centre of the planchet, snd the radio-
active sample added (by hand) to the plate es it rotated on & turn-
table. Drying was accomplished in a stream'df air, or by placing
the planchets in the.ﬁood under an infrered lemp.

The plétes were counted in an sutomatic counter,* equipped
with & G.M. tube with a ‘"micromil" window, for the maximmm time, ife.
for 25,600 counts, and alloved to recycle through a sufficient number
of times to insure that the desired statistical accuracy wes obtained.

In‘order to count individual planchets or spots on radioauto~
graphs, a Scott tube, covered with 8 Mylaf énd-window**; was employed;
Q gas/ﬁ:Zd in the counters. The radiocactive areas on paper chromato-
grems were detected by exposure of the paper to du Pont eray £ilm,
type 507.

Liquid scintillation counting: The counter used was the
liquid scintillation speétrometer, "Tri-Carb"%iggerated in the pre-

scribed manner.

* Automatic counter, Model C-110A, Nuclear-Chicego Corp., Chicago.
it Mylar is duPont's registered trademark for its polyester film.
e "Tri-Carb” 1iquid scintillation spectrometer, Model 21k,

Packard Instrument Co., Inc., La Grange, Illinois.
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Scintilhtion'so%pxion No. 2 used for aqueous samples: 'Tolugpe
(1,0 1), p-dioxane (2.0 1), sbs. EtOH (1.2 1), nephthalene (260 g),
PPO (26 g), POPCP (0.5 g).

Scintillation solution No. 6 used for nonpolar samplés:
Toluene (3.0 1), PPO (15.89 g), POPQP (0.3 g).

Thé aliquots of radiocactive material to‘be counted (must not
exceed 500 A) were pipetted accurdtely with a lambda Pipette
into glass vials with aluminium-lined sérew tops, which contained
10 wl ©f the appropriate phosphor colution, No. 2.or No. 6, snd count-
ed in the mpachine a sufficieht nurber of times to obtain the desired
etatigtiéal accuracy. The first count, minus the baékground of the
lblank sample, 1s termed Cy.. }

The variablility of the composition of the éample can be con-
trolled by the use of an internal standard. The C** internsl standara
" used was toluene-1-C*#, which had.beenAdistilled and diluted to an
* appropriaté concentration. One hundred - A of toluene-C'* (1.k x 165
' dpm/ml) Qas pipetted‘into thé counted sample and the viai recounted;

" this count minus the background is termed Cgz.

"Efficiency of counting = Ca - €4 = Cz - Cy
std.activity added 1. x 10%
d/m of sample = G _—
efficiency

In order to prevent contamination of\$he glass vials, these
were only -msed once. The internal stendard was added to every sanple
that was counted, to compensate for the variability of the compositioh
of the solvent. Since some of the samples Lo be counted were ihtehsely

green or yellow in colour, another factor, "colour .quenching", needed
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to: be considered, Such strongly coloured samples will tend to absorb‘

soune of the light emitted by the scintillator fluor, and, consequently,

lower the sensitivity of the radioactive measurements. Tie variation

in efficlency is illustrated below and shows the necessity of using

the infernal standard for every sample to be counted.

Ethereal samples in scintillation solution No. 6

Sample No. ' c/gé min .c/gg min Co - Cy Efficieﬁcyﬁ' d/lO nin
1 _ 560 104,571 104,011 0.7429 5k
2 1,202 110,507 106,305  0.7593 5,53k

3 88 104,588 103,720  0.7409 1,171
b 2,130 . | 107,522 105,392 0.7528 2,829
2 5. 1,487 105,565 101,078 0.7430 2,001
Aqueous samples in scintillation solution lo. 2
1 7,486 84,713 17,227  0,5516 13,570
2 1,118 83,612 87,494 0.6249 17,890
3, 4, okl 78,367 73,423 0.5244 9,428
L 6,4k2 81,553  Th,911  0.6351 10,1k
5 469,360 541,453 72,095  0.5278 889,276



Specific Fadioactivity of Pigments .

Series I — ?relﬁﬁmry cxperinents

- Ther;e v'prel:iminm:y' 4e>:p_erjmcx‘1ts vere desie;leﬁ m deu,rm.nc the spe-
cific radioasctivity of chlorophyll & and b using one-dimensional
chyonetopraphy for vthe sepz-u.;ju‘t;ion of the pigments. .

Afier harvesting, the algee Scenedesmis or Chlorella sere ccn’ori\-

fuged and résuspended in the nutrient solution ﬁsed for culturing the
a'igae to glve a 'l‘;:’/solu*tion' (i wyp cells/sq‘spenéion vol). Fifty o

of this 14 algel sus’pension ws placed in the "lollipop" of the |

' ?'is;'teady state a?pai:‘a'tus." Tlluminetion ves provided by reflector

. 5 rotlights irith iilmnim‘ted both sides of ‘the vessél with & light in-

| tensity of approximately ?,ooo foot-;cm;dles enFither side of the "lolli-
pop", which was Jacketed with a wafer, Qooler. . Bxcessive heat pro- A
ductlon was avoided DLy the use of water~-cooled infrared filters ple- A
ced between the reflector spotlights andthe "1ollipop.”

he ".s‘beady state epparatus " ves designed by Wilson in 19531*7

. o
has been considerebly improved over the years by Bassha .14-8 The apper-

and

atus consists of a closed c;as clrculating system, as scheumgtically re-
. presented in Flg. 3. An ionizetion cher attached 4o a vibrating
reed electrometer records the quantity of C% in the system. The
levels of COz and Oz In the system are detected by anslygers. A pH-
statt is included in the eppartus so that the pH may be maintained con-
stant throughout the course of an experiment. [he COz and C1*0z uptake,

oxyeen evdution and the pH are recorded on a mul.tipoint recorder during

# I wvish to %hank Dr. James A. Bassham for permicsion to use the
)} B : : - . .. .
steady state apperstus" ond Mre. Martha Kirk for helping me to
opcrate 1t. :
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Fig. 3. Schematic representation of the ''steady state" apparatus.
AJI%ae suspension in ''lollipop" at bottom right hand side, and the
C 7, CO, and O2 analysers at the top right hand side of the

diagram.




tlic experiment. Since thé wotal volume of the system is knowm, the
quentliative rate of COzx uptake and oxygen evolutlon can bé.detcr-
mined.
For long-time experiments it vas necessary to £ill the
' lerge reservoir (5,375 ul) shovn at the leff huﬁd é;de of Fig. 3 with
L4 COs-in-air before beginning the experiment, so that the algae would
pave & sufficlent emownt of COz for adequate growth during the course
of the experiment. In the gxperiments of Serice I and II; the pH-stett
was not incOxpora%ed iﬁ ﬁnp'"steady state apparatus,# noy was the
. machine calibrate@ for the épantitative'uptake of COz or oxygen evolution.
As soon as it was ascertained thet ihe algze were pholosyhe
thesizing adequaﬁely (i;e., satlsfactory rate of COx uptake and O
evolution) ﬁhe4radioacfiviﬁy‘ugs injected through & stopper st the
side _gf uie "1oilipop" (Fig. 3). Onec ml of 0.036' M NaHCY%0s was
added, folloved by 0.5 ml of 0.01.g'mci to attempt to buffer the
system. Sanples were rcmoved at verious time intervals‘and ﬁore nu-
trient sblution was edded as the'algae grew, to maintain a somevhet
constant density. | |
After centrifugation of the radioactive algae, the super-
natant was diecarded ond the algal cells were rinsed with MeOH (1 ml)
" and extracted with pet cther;MQOH (3:7) (4 ml of the pet ether-McOH
solution/o.l ml v p cells). Afier centrifugation andvseparation of the
cell residue, the extract was vashed with 4% NaCl soiution, and the
. pet ether lasyer removed &nd exfracﬁed several times with 90% MeOH
to remove most of the xanthophylls. The pet ether layer was dried
over enhydrous liagzS0,. |
The pigm@uts vere separvated by one-dimeﬁsional chromato-

graphy and their speeific activivy determined by planchet counbing.



Series 1I

These experiments vere designed to measure the specific
radiOactivity of chlorophyll a and b. ©Since the separation of the
pigments by one-dimensional chromatography proved inadequate, the
.-chlorophylls vere first séparated by column chromatogrgphy, followéa
by paper chromtography.

The experiments were carried out in the “steady state
- apparatus’ as previously descrioed under Series I, except that the
50 ml of 1% algal suspension vas allowed'to_photosynthéSize for the
total time; no samples were withdrgwn dt timé-inﬁervals in order
%o have sufficlent material to work with,
‘ The algae were extracted with boiling methenol (cf. ex-
- traction of algae),'and'the methanolic extraét divided in half. One-
half of the solution was applied to the top of a po yethylene | '
column, and the other half was cxtracted with pet ether (pet ether-ﬂbﬁk{
1:2.v/v). It vas necessary to add 4% NaCl to transfer the chloro-
phylils t§ the organic layer. The pet ether layer was then washed
several times with 90% MecOH, removed and dried over anhydrous NezSO4
before application to the cellulose colum. Aftexr sgparation of the
pigmeﬁts by column chramatégraphy, thé individual pigments were re-

chromatographed on paper.

Series III
The specific radiloactivitles of the chlorophylls and caro-
tenoids were determined, after the separation of the pigments, by

centrifugally-accelerated chromatography.
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The "stesdy state apparatus” was used with the pH-statt:
th'e‘pH was main‘gained constant at 6.5 throughout the ‘course of the
experiment, by the addition of 0.5 M NH,OH by the pH-statt. For
"longer time® exiaeriments with €Y% of é h:!glier'spécific activi'tyA
1t vas advantageous to generate the c140z from BaC%03 rather then
use NaHC%0s3 es was done in the earlier experiments. The C1%0, was
generéi:‘ed in the gonvéntiohal, manner on a vecuum line by the addition
'o'f 25 ml of concentrated H'QSOM_; to 40 'mg of BaC*#03 (50 pe/mg) and
frozen out in & spiral vhich vas subsequently ettached to the "steady -
state machipe.” (Fig. 3)

. The algae were Suspended in’'s diluted mediwn instead of
the mitrient solution:, (NHa)aHPO, (%0 mg/1), MzS04i-THz0 (20 mg/1),
mc1 (20 mg/1), KuOs (25 mg/1), 6,0095 ! NH,NOs, trace elements,
~ Arnon's 'sA-l.f* (1 m1/1), "Fe-vers;eno.‘l_;mF (1 m1/1).

| Samples were talken <;ut E;'t different time intervels and ex-

tracted in 'ﬁhe usual maimer; one-half of each sample was sap.onified)
with metﬁanol_ic KOH (ef. P 16, The pigmerts were trans-
ferred to ether, the ethereal extract was?.;ed thoroughly, end the
ethereal extracts placed on the origin of circula chromatograns . After
development of the chromatograms, the pigment zones were cut out and
. eluted with ether in small beakers in the dark. The volume of the |
ether Bélution/;ggzgiﬁ was recorded, and aliguot placed :i'.n' the glass
.vial for scintillai;ion counting, and the rema.inder of the solution
placed in a small absorpt.ion cell, and the concentration determined

by the Cary lModel 14 spectrophotometer.

#* D. I. Arnon, Am. J. Bot. 25, 332 (1938).
** 57.2 g Versenol in 500 ml HoO plus FeSO4°TH20
(2k.9 g) diluted to a litre and aerated overnight.
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III. SPECTROSCOPIC EQUATIONS FOR PIGMENT CONCENTRATIONS

Introduction

The eétimation of the pigments in plant mat_e.rials depends
on two operations: the complete extraction of the pigments and the
reliable meast_zrement of the concentraflenof the pigments present in
the extract. The methods evailable for the determination qf the
pigment concentrations are based on four procedures: colorimetry,
spectrophotonetry, fluorimetry and the estimatioh of the magnesium
content of chlorophyll, if the chlorophylls are thé only-magnesiun
containing substances present. The zﬁost convenient and accurate
meﬂ;od for the determinations of the chlorophyll and carotenoids,
both as mixtures or ag the pu‘re compounds, is the spectrophotometric
wethod. The microdeteimingtion of the chlorephylls by colorluetry P
hovever, provides an accurate quantitative xne‘cnocl.l+9 :

The quantitative relation between the concentration and
the light ebsorption of any pigment is defined by the Beer-Lambert
law, which may be expressed mathematically as:

a = l/cd'loglo(Io/I) | (1)
vhere o = specific absorption coefficient in 1/g cm*

d = length in cm of the light path through the solution
I = inténsity of the light transmitted by the solution

I= intensity of the light trencmitted by the solvent

® Since it has been customary in the literature of plant
’ pigments to use the specific absorption coefficient,
rather than the more usual wmolar extinction coefficient
& (owmol wi =¢), this convention has been observed
throughout. ‘
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Estimation of chlorophyll a or b concentrations

The chiorophylls are not stable crystalline substances
‘which are readily avalleble for standardization purposes. The puze:
chloyophylls obtained in different leboratorics are reported'to
" Have différent spectroscopic standards.ﬂThese differences may'ariSe
from impurities in the solvents or from impurg pigmcntg, from differ-
ences in spectrosc0picvequipmént, or from the nonuniformity.of the .
i someric compositidr of the chlorophyll. If the estimation of the
pigment concentration is important, it is essential that the wave
" length maxima and the specific absorption coefficients employed are
che¢ked, under the conditions of the analysis employed. This subject
has been comprehenslvely reviewed by Smith and Benitez in 1955 and
-thé wﬁve length maxima and @bsorption coefficients of various workers
axe summarized.55 |

In order to determine the vae length maxima and absorption .
coefficients of pure chlorophyll s and chlorophyll b, these compounds
were obtéined.from alcoholic algal extracts and separated by colﬁmn
chrométpgraphy {on polyethylene and 6n cellulose columns). Fig. 4.
sﬁows the gquantitative absorption éurves obtained for pure chléro‘
phyli a and éhlorophyll E;in ether, The specific absorption coeffi-
c Jents obtained égreed closely .with those of Smith and Benit,ez,35
and diffefecL from Zscheile and Comars' earlier findings.so It
is of interest to notc that the specific absotption coefficients

determined independently, from the colorimetric estimation of mag-

nesium éontent by Falku9, are in agreement with the spectfoscopic

data of Smith: cad Benitez.o”
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The concentration of chloxphyll & or b may be calculated
from Eq.(1), by substitution of the experimentally found optical
density at & particular vave length and the appropriate.specifié

absorption coefficient.

Spectroscopic criteria for the purity of chlorophyll a and b

Isolated chlorophylls are extremely lsbile; the magnésium
is relstively easily lost from the chlorophylls to give the'qorreSs
ponding phaeophytin derivatives. Hence, it is important to have
some criterld. available, to Jjudge whether éuch cbntamination by
ﬁheophytin.hés occurred. Normally'with the precéutions takén of

storing the étheregl extracts in the dark at OOC.under nitrOgen;
such decomposition is‘miniﬁized; also; all spectra are determined
with as little time delay as possible.

| After comparison of the chlérophyll and bheophytin spéctra,
Zschéile»énd Comar defined two quantities, Ra and Rb’ which permitted
rapid aeﬁection of any pheophytin contamination.5o Ra‘and Rb are
the ratios of the long wave length sbsorption of chlorophylls a end b
to their corresponding absorption coefficients at 505 and 520 my.
rgspectively, where the pheophytins have conspicuou$ absorption maxi-
ma. The average vélues obtained fof R8 was 952.4 and for Rb’ 18.9.

The similar equations derived from my data are as follows:

Ry = Ogea/G50s = 100.9/2.4 = 420k = logio(I /T)eez/10810(I /T)s0s

1l

R, = Ogas/Os20 = 62.0/5.5 = 17.7 = 10810(10/1)644/10810(IO/I)520

Any contaminetion by pheophytin is ind‘cated by a decrease in Ra or

Rb.
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Detection of carotenoids in chlorophyll samples was
particularly important in the cese of paper chromatography, where
phere'wasireQuent overlap of pigment spots due to the limited rénge
avallable for separétion.- |
| | The carotenolds ebsorb light in the blue region of the
visible spectrum,from 520 mp downwards. Thus & comparisoh of the ratio
of the red abeorption of the chlorophyll spectrum to that of the blue
absorption would reveal the presence of eny cerotenoids. These ratios

are defined as follovs:
Rea = Oéea/dhao = 155/131 = i-°3 = 16310(I;/I)eez/lOSLO(io/I);so |
Ry = Oses/Cass = 62.0/174.8 = 0.355 - 10810(I/Tosa/10810(T /Tass
A decrease in the values cobtained for BXa or Rxb Wbuid»thus indicate

any carovenoid contamination.

Estimation of chlorophyll @ end b in a plant extract

In any solution in which more than one oomponent contri-
butes to the absorption et the particular wave lengths anployed, the'
valueé of the opticel densities of the individusl couponents are |
as‘éumea to be additive (this relationship is quite satisfactory, un-
less csome sort of-energy Interaction occurs between the molecules in-
yolved). It 1s necessary in such a solution to measure the gptical
densities at more than one wave length; in order to obtain maximal
accuracy, vave lengths ere chosen vhere the absorption of‘the'com-
ponents differsas much(as possible. The concentration of the pigments

may then be calculated by means of the following simultaneous equations:
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i

logio(I/T), = o Cd + o Cd B (2)

li

logao(I /1) .

a; ca + ag c.d | " (3)
lwhere the prime (') end double prime (") refer to the vave lengths
crployed, and the notation used i1s the saue as in Eg.(1). Sub-
script a refers to cnlorophyll &, b to chlorophyll b, and c to
-total cerotenoid conient of algae.

The euations used throughout fo; the calcuiation of
chlorophyll & end b concentrations in ethereal solutions, containing
Lolli chlorophylls and cardtenolds, arc obtained by substitution
of the'appropriate.absorption coefficients in the dove Egs.(2) and

(3). These equations are then colved by determinents to give:

fi

Cé(mg/l) 10.1 10810(10/1)662 - 1.01 10819(10/1)644 (4)

[

16.4 loglo(IO/I)e44 - 2.57 10810(10/1)662 (5)

¢, (me/1)

The above equations are identical with those of Smith and Benitezj)

(since the Q's are identical). Fig. 5 shows a typical absorption
sﬁectra of a Chlorella and a‘ Scenedesmus total ethereal extract;
Eqs.(4) and (5) were determined from such curves as these.

| The total concentration of the chlorophylls may be ob-
tained by the determination'of the optical denslty at coincidant
'poipts of the chloronhyll E_andlé_specfra. In this case the general
Eq.C&) is reduced to:

| loglo(Io/I), Y (ca + cb)
Sincé the éarotenoids ebsorp light belecw 220 mp, thie region is

not applicable for the choice of coincident points. Comar and
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Zs’cheilev found that the add':i"cidxi of carotcne to isure raiitures of
chlorophiyll & and b shoved en effect above‘: 520 m,;i.5 1 Calculations

of tle chlorophyll content at 56 and 589 mu showed an epparent
decreese in th.:.é enount of chlorophyll pres;ent (as calculated from
vave lengths 316.avx then 600 m;).'); hence, it was inferred that the
cerobene m‘qot ‘r;)e ha"vfing come cffcet on thé ligns abrorption in the
regibn between 520 and 520 mii. It would be of considerasble interest
to confirm these findings ‘(the emownt of absorption in this region is
1ow, thus the e:&perlmeﬁ-tal error locurred 1s greuler). IT such 8
rhenomenun was .'found fo be true, it would be of importance in the
physicel concepts of cl‘_"lorophyll-carotenoid interactions and might
hint at the possibility .of charge transfer of enef@;’y bei;x-reen these
molecules in the chlox{oplas-ts. |

The éoin,cident points about 59{) mi occur at 604 snd 638 mu,

“where ¢'= 11.1 and l)+.d ) ;‘espectively.‘ Thus the equations for tlie
totel concentrai;ion of . chlorophyll present in any extract are as
vfollo.ws:

C(a+b)(mg/l) = 10810(I /T)ssa/0.014 (6)

Clasp) (98/1) = 20g10(T /Tos/O-0m . (T)

Spectroscopic determination of the carotenoids

4 .In oxﬂer té o‘btain thet carot.enoidé' as the principal light-
absorbing substances of the methanolic algal extract, the chlorophylls
may be removed by sgponification. By partition of/the products between
ether and aqueous MeOH, the carotepoids could be transfared to the
ether layer, vhile the seponified chlorophylls remained in the aqueous

layer.



As no pure carotenoids were available for standardization

punposes, the various absorpulon coefficients reporied Ln the litera-
ture vere consulted. The average molecular wveight of a curonen01d

nixture from algae is eépal to 968. (The avorage distribution of
the carotenoids in algac vas found to be approximately as folliows:
10% carotenes, 705 luteia, 10 mono-epoxides end 10% di-epoxides.)
The aﬁerage value of the molecular absorption coeftficient of the
various carotenoids involved, at the wave length oi neximal sabsorption,
has been calculeted as follows:

E w- (1.35 t 0.06) x 10*"? g mols/1
therefore @ = 240 [/ gvcm .
Caroteno;d mixtures obtained from both Scenedesmus and

Chlorella showed the moximm to occur at 443 mp as {1lustrated in
Fig. 6. The derived equation for the carotenoid concentration of

algél extracts is therefore:
Cc(m{_{/l) = 10810(10/1)445/0-21+ (8)

Spectroscopic determination of carotenolds in the presence of

chlorophylls

An indeﬁen&ent method of checking tle ca:obeﬁoid concentra-~
tion 18 possible, thus eliminating the necessity for the saponification
.of the chlorophyils. An extension of the general Eq. (2) to include
three light-absorbing uo{punents glves the following eqpation.

1ogm(1 /I)° = alCd + «Cd + alC d {9)
The mamimum weve length of the carotenoid ethereal extract obtained

.from algae, 443 mu, wag chosen as the reference waye length since the
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absorption coefficlent had been calculeted here, amd found to be

equal to 240. Substitution of the known @ and o into Eq:(9) -

gives: _
logro (10/1)443 = 35 Ca + 88 Cb + 240 Cc - (10) .
The velues of C_ end C, as obtained from Egs.(4) end (5) afe sub-

" stituted into Eq.(10) to give the following equation for carotenoid

concentration:

 tmg/1) = 10B0(I/Theas - 0035 C, - 0.088 ¢, (1)

0.24

.Total concentrétion in terms of wet packed cells of aigae

'All results are recorded in terms of,gl of ‘wet packed

. algae cellg, packed under standard'conditibns bf'cgntfifugétion as
described in the Experimental Section ipv6rder:£o:haﬁy7constancy;
Since the ethereal solution obtalned, in géngrél, was too concentra-
ted to measure spectroscoﬁically, an aliquot wes diluted with ether
t0 & measured concentration. After lming obtained the concentration
of ﬁhe pigment in mg/l by means of the appropriate equation, the
concentration in terms of mg/ml w p cells was determined by the
foliowing equation:

C pigment (mg/ml w p cells) = C(mg/1) x X x Y
. . 1000 Z .V

where X = volume in ml of the ethereal solution obtained from'ex-

traction_of the methanolic algse exfract
Z = volume in ml of the above solution X which wés diluted for
| measurement on the Cary Model 14 spectrophotometer
Y = volume in ml to which aliquot Z was diluted
V = volume in ﬁl w p cells which were extracted to give

solution X

(12)
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IVv. RESULTS AND DISCUSSION

. The chlorophylls and carotenoids

The green slgae, Chlofe;la»gyrenoidosa and Scenedesmug
obliguus,'uere ﬁsed rof thé_plant piément stu@iés. There are eévgral
| réasons for ﬁéing algee rather than higher plants in such a studyf
Unicellulsr algae may be grown in a nonvarying steady state of growth
'indéfiniteiy, the contrél of conditions such as nutrient, light in-
tensity, density and so on is relatively easy to maintain. This en-
ébles experiments to be carried out with plant meterisml of a constant
physliological state. The plgments of higher plants are subject to
both‘dailj‘and seasonal changes 1n pigment éoncentration.  :

- . Secondly, in working with unicellular algae there is a-
efatistically large number of organisms so that the effects of in-
dividual var;afions are eliminated., It is virfualiy impogsible to
culture -higher plants undexr the same conditions. Even one set. of
plénts in a greenhouse isAsubJected to many veriations. The "doubling"
time of the algae grown in this laboratory is sbout 12 hours (i.e. £he
time necessary for the concentration of fats, proteins, and so on to
be dpubled). Thie time stays remsrkably constant, indicating & fast
and unifdrm growth rate. |

A third reason for the choice of algal cells was thet
".Chlorella cells have been reported to contain en unusually high
amount. 'of chlorophyll {(up to 5%of the dry weight, in contrast to
higher plents which, in general, contain 0.5 - 1.5% of the dry veight).
Fina;ly,'these organisms have been used extensively in |

photosynthetic studies and their culture is adequately maintained in
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this laboratory, both by varilable density and coﬁstant dedsity cul-
‘ture methods (cf. p. /13 )f Tte conditims of culturing slgeewry
from laboratory to leboratory; ﬁhe physiological conditions such a&s
light, medium, temperature, aeration, and so on, exert a significant
effect of the pigment concentration of any plant material. This should
be kept in mind when considering the results. . |
It is now possible §o‘gr§ﬁ.a1gae by thg\?syﬁchronous" arl-
ture, vhere the cells are all ‘at thé'égmé stage. of development in
the life cycle,52 In Chlbreiié; twdcdiétiégﬁ fofms.of'éells are
found, "light cells" ad "dark cells;"ffihe:iétiér are smaller in
size, richer in chlordphyll, strongéf:in photosynthetic éctivity
and weaker in respiration than the former. When illuminated, these
"dark cells" increase in mess and finally divide into 2-, L- or
8-autospores and the cycle is repeated. Cbviously plgment s£udies on
algal cells which had been grown in "synchronous" culture would |
reprééent a more sophisticated approach tﬁan has been possiblé in
any plant experiments up to thls time. It would be of interest to
observe the increase and decrease in the chlorophyll E.and:g
concentrations in the "dark" and "1ight" cells.

A variéty of extraction procedures are reported in the
literature for the quantltetive removal of the plant pigments.35
The most usual solvents being employed for the initisl extraction
are acetone, methanol or pet ether. Extraciions are done at iiquid

nitrogen,‘room, or higher temperatures. Perhaps the most widely
used me£hod for routine analysils of the chlorophyll content is that

of Mackinney, whereby the plant material is extracted in 80% aqueous

acetone and the concentratinn estimated directly in the agueous
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acetone by spectrophotometric means.,5 3 It 1 difficult to obtain

.repid and complete extraction of the algal pigments by this method,

. however, end the initial extraction was carried out with MeOH.
Desplbe the ﬁondesirability of heting the solvent due to the lability
qf the chlorophylls, thi\s wethod was enxpldyed ». 88 extraction wi‘th MeOH
in the cold took a lenger time and some of the chlorophyll was lost
because it decomposed to methyl chlorophyllides [: and b, 'ln parti- .
cpla.r-, the chlorophyll b seemed to decoﬁpose t0 a grester extent,
glvlng sa spparently lower ratio of cﬂordphyli' 8 to b thon wes Ob-
ta;;ned by the hot extraction. As long as the _ixot mefhanolic solution
of algae was rapldly cooled in ice before cei;txiﬁ;gation, no loss of

_ the chlorophylls occuxred. |

o In the case of extraction of the lcarotenoids » 1% is rou-
tine practice to saponify the chlorophylls with methanolic KOH.,u0
This prqcedufe not only removes the chiorophylls, but als§ any
neutral fats whig:h might interfere with subsequent chromatography 6f
the piéménts. Only one carotenold, astaxanthin, is unsteble in alkali,
end it 1s fortunate thati this carotenold has never beén found in any
of 'jﬁhe algae examined.ho

The spectrophotometric method employed has been discussed
(Section III); ai‘ber' methanol extreg¢tion, the pipgmente are trans-
ferred to ether, and the concentration measured directly on the Cary

" Model 1k spectrophotometer. The variation of the chlorophyll and
carotenoid concentration of Chlorella is illust.raﬁed in Tsble 1. The
first thing to notice is the remarksble constency of tle chlorophyll
atob ratio which was found to be 3.18 in Chlorella (ayerage of.

over 100 determinations), and in Scenedesmus to have a slightly



" Table 1. Varistion in chiorophyll and carotenoid content of
' ' Chloreila pyrenoidosa’,

" Column no. 1 2 : b b 5 6 T
. Compound conc. Chlorophyll a Chloroph&ll~b a/b Total chlorophyll Carotenoids™ Carotenoidéz ' y
N\ calculated from (mg/l).Eq.(¥) (mg/1).Eq.(5) mg/ml v p cells  mg/ml w p cells mg/ml w p (a+b)/c
' Eq.(11) cells
1 3,36 1.06 3.16 7.28 ©1.00 | 0.96 7.3
2 2.44 . 0.78 3.13 - 7.40 ©1.04 1.19 7.1
3 7.07 ‘ - 2.20 3.21 7.69 - 1.10 1.12 6.9
4 3,37 O 1.04 3.24 7.10 0.96. . 0.98 7.3
5 6.53 2.05 . 3.8 7.06 1.10 1.0L 7.0
6 T.75 2.37 3.27 7.3% 1.08 - 1.21 6.8
7 3.70 : 1.10 - 3.36 1 6.91 . 1.09 0.90. 6.9
8 6.2 1.96 3.18 .22 101 1.06 7.0
9 9.73 : '3,33 2.92 7.66 1.02 1.20 6.9
10 2.99 - . .0.93 - 3.21 7.13 1.06 1.05 6.7
1 3.20 1.0 3.16 7.21 1.01 . 0.98 7.1

* The algae used were cultured in the constant demsity culture tube; the measurements were
made on random days during May, 1959. .
** Colum 5 represents the conc. of carotenoids obtained in the total. extract.
/ Column 6 represents the conc. of carotenoids obtained from a separate aliguot of
the cells after saponification to remove the chlorophylls.



lowe? valueAqf 3.10. Actually, 1n_all of the plants ever examined
this ratio of éhlérophyll‘g_toig.only véries.betweenxbout 2.5 to 4.0.
This ratio is usually lower in "shade plants” than in "sun plants." Most of
the green algpe behave as "shade plants" undér natural cbnditious; how-
»evcr; in culturing in the. laboratory where they receive adéﬁuaie illu-
miuaﬁion, éhis rétio is:raiséé tb zbout 3.0.
' In general, it wus found tlzt less variation of ﬁne'pignent con-
_centrations was obtained from the algae grown under constant deﬁsity,
raﬁhgr than wriable. density culture methods; hence, the formef algae
Vere'uséd for éll the specific radiomctivity experiments. |
.vColumns 5 and 6, Teble 1, show the amount of carotenocids ob-
£ained from thé total extract, and.the carotenoid extract, respectively.
The average variatién bétween'tﬁese two methods is about + 4%, which
is within the experimenﬁal error inherent in the various measurements
6f the w p-cell volume, the total extractabllity of the piément’from
the cells, énd'so on; ﬁeﬂce,'it was not necessary in the radioactive
experimgnts each timé t0 take a separate aliquot of algse and saponify
1t'in oréer to have the initial concentration of carotenoid, as it
'could'be accurately obtained from the total e%tract. |
“The_chlorophyll'to carotenoid ratio remains failrly constant
aiso,‘thé average value from the determinatia s made being 7.0. In
‘generﬁl, in plants this ratio is more variable then the chlérophyll_g
to E:?atiog variation 1s shown between different classes of plants,
end in higher plants it depends to some extent on the state of etiola-
tion of the leaves. The ratio may be anywhere between 4.0 to 8.0. On
léoking at the resﬁlta in the literature, it is safe.to make a general-

isation that the concentration of chiofoPhyll to carotenoids is higher

in green algae than in higher plants.



Finally, it may be inferred that the constancy of the pigment
ratios obtailned in these studies i1s a reflection of the steady state
of growth obtained under the culturing conditions employed, since no
variastions greater thén those shovn in Taeble 1 were found over a period.
of three years investigation.

‘ Under the conditions of centrifugation empioyed‘to measure the

volume of w p algal cells, experiments of lyophilization and drying

of the cells at hoo show that 1 ml v p cells of either Scenedesmus

" or Chlorella are equlvalent to 200 + 4.0 mg of dry cells (8 determina-

tions). Therctore, the total concentration of the chlorophyll pigrents
1s sbout 7.2 mg/ml v p cells, or 3.6 of the dry weight, while tle

carotenoid content is only 0.55% of the dry veight.

Identification of the carotenoids

The sbsorption bands. of the carotenoids in the visible are char-
acterised by 2, or more usually 3, intense bands near the "blue" end
of the spectrum.‘Depending,on the extension of.the bands into the
blue or green, the~colour~9f the pigmenté mey be yellow, 6range; or
red. With increasing polarity or polarisabilﬁ& of the solvent, the
absorption bands ere diéplaced towards longer wave lengths. Changing
from ether to carbon disulphidé, for example, results in a batho-
chromic shift of 43 mpu for P-carotene. On the other hand, tiansition
.from a nonpolér solvent to & bolar solvent of the same polarisability
(e.g. from ether to'EtOH) mekes very little change. |

Although the carotenoids possess relatively complex struc-
ture, the absorption spectra of these compounds arc comparatively simple

in character. Karrer has compiled a list of empirical relations that




exist between the constitution and absorption spectra of the Caroten-
olds, which proves very useful ‘in the identification of these cc’xrlpounds.l‘j
The ebsorption of light results in the electronic oscillation along

the exis of the polyene chain; thus, the A will occur at longer

wvave lengﬁhs, and the intensity of absorption will ircreese, aé thé
nurbeyr of conjusated cthylenie double boﬁdo'inc;caaes, Alsu, thé
length of the chain will be changed by the cis- 6r.E£§E§7charactef

of -the molecule, thch will result in differences in intensity and

vave length maxima. ‘ . .

. -'Since ﬁ6 reliable crystalliﬁé samples.of the carotenoids
could bé ‘obtained for the Standardisation of the.algal'caroténoias,
thé identification was made by comparison of the absorption spectfa.
with those repoxrted in the literature. It should be menbioned that
the only pOSitive means of identification of the carotenoidu is by
mixed-melting point determinations. '

| Some of the relisble values for the>absorp£ion maxlmé of
the carotenoids are listed in Table 2 (the forﬁulae of thesé‘com4'
pounds are shown in Fig. 2). The following structures were assigned
to the caiotenoids obtained from algae (purity of ‘the compounds ob-
: tained by column chromatography on cellulose and polyethylene was
checked.by rechromatography on paper and colums), on the basis of
listed below,

the correspondence of the absorption maxima/to those shown in

Table 2.
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-

Teble 2, -The sbsorption maxims of plant carotenoids
in various solve‘ntso

Yo. of

Carotenoid conjugated A () Solvent References
double bands max '
Q-carotene 10 . 420 W45 475  hexane 40,13
B-carotene : 11 425 451 U482  hexane 40
425 450 477 hexane 13
- and B-carotene o 428 452 480 ether @ 55
mixtures 425 L6 1480 54
lutein : 10 b2l 446 W76 EtOH 12
‘ hop  MLW6 L76° ether 55 -
420 447 477  hexane HiTo)
,zeaxanthin . 1n k23 W51 483  hexane ' &o
e ' -~ 453 481 tOH 00 12
xenthophyll - 9 -~ 445 473 EtOH 13
~ epoxide : -— hha 471 pet ether 13
" violaxanthin 10 419 k2 472 BtoH 12
: 420 k41 470  ether 55
‘ 116 438 468 | ether Sk
neoxanthin 7 L13 437 466 EtOH 12

4k 436 46k  ether 55
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- and pB-carotene

Aoy (o) .‘ 425 e 475 iglgﬁher o (Fig.7)

hé6 : ﬂhB | ﬁ76 | in pet ether
C K25 WS 475 in 80/, MeOH

"Bince the absorption maxima of B~carotene ‘are about 5 mu
gre;ter than thgna of Q- oarotono, duc to thc addition of an extra.con=
Jugated double bond it is possible to tell immedlately whether or not
one Or more carotenés aré-present° the spectral data'sh0wh aBOVe’
indicatc a mixturc. Subaequent chromatog1aphy of e carvtenes ob-
tained from polyethylene ‘© lums on calcium hydroxide, showed that

the carotene mixture cOntained.both (o' and B¢carotene.h&

luteih'{< o

| xm}; () k22 W5 W72 in ether  (Fig.7)
R L | Lop- L46 T2 in pet ether

b2 Auu5 472 in 8, MeOH

iThe absofption maxima éorreépond t0 those shovm in Table 2
f&r lutein. The corresponding P-dihydroxy xanthdphyil is zeaxanthini
‘the absorption maxima of zeaxanthin are about 6 mu greater thsh those
of lutein. All attempts at rechromatography, both on columns and
paper with a great variety of solvents, showed ho separation of the
dihydroxx#anthophyll into two bands; hence it may be inferred that
only lutein is present in Chlorells and Scenedesmus and, 1if any-zeae
xanthin is there, it must be less than 1% of the total dihydroxy

xenthophyll content. A mixed-melting point determination would be the

only method to see if traces of zeaxanthin were present.
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xanthophyll mono-epoxide

No mono-epoxides were found to be present in the carotenoids
obtalned in these studies. Blass reported that a xanothophyll mono-
epoxide was present,5h but for reasons stated below under pigment X,

- this "mono-epoxide” has been termed neoxanthin.-

violaxapthin .
xm;x (mp) .421 | =-hh0 ‘,. L70 in cther (Fig.8)
| b2 439 469 in BO% MeOH
“The di-;boxide, violaxanthin, undergoes & hypsqchrémic ais-
piécemenf‘in its absorption spectrum on the addition of aci@, due to
isoﬁerisation of the di-epoxide to a di-fgranoid isomer. Tﬁis shift
is approx. 20 mQ per epoxide group. The hypsochromic displacement
is illﬁstrgted in Fig. 8 where the 470 murband is shifted to 426 mu

and the 440 my band to 401 mp.

pigment X'(neoxankﬁi@l

[}

(mu), . b 436 466  .in ether (Fig.9)
413 L35 465 in‘80% MeOH

A
‘meax

Neoxantﬁin is ‘a cis-di-epoxide of unknown conétitution
(C40B5604) « The assigument of a giéfconfiguration wes given, because -
~ one cis-ethylenic double bond causes a hypsochromic shift of 3-L4 mu as
compared to the isomer with the all Ezggiféonfiguration (i.e. vio-
ldxénthin). The carotenoid termed pigmentmxtwoﬁld épﬁeér t0 be neo-

xanthin for the following reasons:



Fig. 8.
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1) . The agreemept of the xﬁax of pigment X with those reporﬁed
for neoxénthin (Teble 2).

2) The appearance of a "éigﬁ-peak 114 mp lower ‘than the
longestiwave leﬁgih maximé,'which is a characteristic of a cis-
.configuration. Applying 811 the empirical rules of Karrer's;it would
 be inconceivable that a cls-mono-epoxide would have sgch high absorption
maxima as those found fof pigment X.l5 | .

3) It is an empirical rule tha£ the R values of ‘the caro-
tenoid molecules dpend on the number 6f 6xygens presenﬁ in the mole-
cules.u? ‘Pigment X.scarcely moves ffom the origin Qf papef éhzomato~
grams and is‘adsorbed very strongly oﬂ cellulose. cAlumns. Violaxan- -
thin, which is a di-epoxide, trsvels. further on péper cﬁ¥0ma£ograms
and 1s less stfongly adsorbed on éellulose columns,,If seems unlikely
.tbat a8 ﬁonerpoxide would éhowlgreater gdsorftive proﬁerties than
violexenthin does. N o |

4) Both Strain and Goodwin reported that neo;anthin is pres
sent in Chlofeila.56’57
| 5) The acid rearrsngement curve is shovm in Fig. 9. Un-
.fortunatelyg no such spectrum for neoxanthin has been reported in
the literﬁture, beyond the fact that this4compound‘gives'a character=
istic blue colouration with HCi, as does violaxanthin. It will be noted
that the curve obtained wiﬁh 1% HC1l corresponds to that of violaxan-
thin, although the intensity of ebsorption is somevhst different.
Stronger acid caused en increase in the intensity of .the 449 mu band

(Fig. 9). The action of acid on di-epoxides causes the isomerisation

of the epoxidé groups. Acid'will cause cis-trans lsomerisation also.

~ Because. pignent X is a;réady a cis-isomer it 1s not surprising that
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the acid rearrangement curve should be a little different frow that
of violaxanthin vhich has an all trans-configuration.
On the basis of the above evidence, this pigment has been

called neoxenthin.

Concentrations of the carotenolds in algae

'Strain sates that Chlorella pyrenoidosa contains a-; B-, and
' 56

€ -carotenes, lutein, violaxanthin and.héoxanthin‘ . In a determin-
ation of the carotenoild content of Chlorellq_vulgaris Goodwin found'
i roughly the same dlstributlop of carotenoids in ?he;liéﬁt end
in the'dark;-whioh he reported to be B—cafofono, 10%; lutein:and.a
trace of violaxanthin, 75-80%, and neoxanil;hin,ylo%?7 .From this
study it 1s evident that considerably more than a "trace” of violaxan-'
~ thin 1is present. In numcrous and very careful experiments on the caro-
tenold concentizion obtalned from polyethylene columns, Blass found the

58

- following cerotenoid concentrations in the light.

conc. in 10°° mole/ml w p cells

Q-carotene , 30

B-carotene . - %0

lutein - 155 |

"xanthophyll-egoxide" o 50
(neoxanthin)

violexanthin E | 47

These values are the awrage of eight column separations and.the figures

show & + 4% variation. It should be noted that these figures give & total

carotenoid concentration of 1.8 mg/ml w p cells,vhich isvhigher then that
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obtained in my results by spectrophotometric détermination of the
total carotenoid extract (column 5, Teble 1}. This is partly due
to the different specific ébsorption coefficients ﬁsed by Blass.58
The average percentage'composition of the carotenolds as deter-
| nined both from polyethylene and cellulose colums, ﬁas the following:

% composition -

carotenes L - 14
lutein . . - 52
neoxanthin ‘ 16
‘violaxanthin | | 16

| Therefore, the;average xanthophyll to carotene ratio is 6.0. In
general, in both higher plants and green algae this ratlo varies

~ from 4.0 t0 6.0. It 1s also of interest that Haskin in 1942 reports

" almost identical‘ratios for the p;gmentg of Chlorella pyrenoidosa:
a xanthophyll to carotene ratio of 6.1, and a chlorophyll atob
rat16 of 3.2059 (The ratios obtained in these:stﬁdies vere 6.0 and
3.18, respectively.) ' |

2 The carotenolds of the green algae resemble those of higher
_piants more closely than do anyvother class of algae, although the
xanthophylls are less camplicated tham those found in the higher
: planfs. It 1s an Interesting fact that, whenever the dominant carotene
is B-carotene as in green algae and higher plants, then the dihydrbxy
#anthophyll will be the Q-isomer, that 15, lutein rather thén.zeaxan-

thin (B-dihydroxy xanthophyll).




68.

Colum chromatography

Despite the universél use of sucrose colurms for the separations
of plant pigmenﬁs, this adsorbent has several disadvantages. It
is difficult to obtain constant adsorbent qualities in commercial
‘sucrose and,. in some ceses, the polar solvents used for aissolving
the pigrents may also dissolve the sucrose; hence, extra time is ﬂn-
vélved in the preparation of “he extracf.
Strain end Sato demonstrated that the sorptive qualities of
' chromatogra?hy paper are similar to those of céllulésé used in a
column, for the separation of plant pigmeﬁts.' They gpncluded that
"sucrose columns give sharper resolution than;cellglOSe;" The
eluent used was pet ether-n-propanol (99.4:0.6 v/v).6o Prelimiharj
investigations proved that cellulose vas an excellentindsorbent, howevers
thé column was gniforﬁly packed under slight pfessure, using a slurry.
of cellulose in pet efher. The cellﬁlose.had no chemical action on
the chlorophylls and a very good separation of the & band from the b .
band was obtained. The rate of percolation of the eluent wos faster
than in éucr08e>columns, yét no loss of resolution occurred during
develofment.
| The order of elution of the pigments roughly parasllels that Obe
tained on sucrose colums: The carotenes aré most easily eluted,
followed by the dihydroxy xanthophylls; chlorophyil g_precedes chloro-
phyll.gj'and it was necessary to add n-butanol (3%) to elute the chloro-
phyll b and the succeeding xenthophyll mono-and di-epoxides. The separ-
ation/;iown in Fig. 10. This nethod was investigated concurrently by

a group of Australian workers, who also found cellulose to be & most

satisfactory adsorbent.él They used isopropanol or MeOH (1%) to in-
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crease the.eluting power of the solvent. In investigations for suitable
adsorbente for the separation of carotenolds, Blass found that polys-
ethylene powder was a useful adsorbent.éh‘,ln the course of this in-
vestigation, 1t was found thet pélyethyléne powder was also a satis-
factoryladsorbent for chloropnyll asnd carotenold separations, as nd
decorposition of the chlorophyiie togk.place on the coluﬁn.'Excellent.'v
recolution was obtsined, the column ves relatively easy to pack ﬁnié
formly, asnd thelrate of percolétion was satisfactory. |

The ordexr of elution of the p;gmenta is compleéely the revérsé
of that obtained on cellulose or sucrose adsorbents. The Xanthophyll
di~ and mon6~époxidea were eluted first, followed by lutein, chloro- |
phyll b, then a; and lastly the carotenes, as 1s shown in Flg. 10. :

This reversal of separation ls énalogous to that
. obtained in reversed phase paper chromatography, where impregnation
of the psper with oil or vaseline causes & reversal of the pigment |
bands. It is possible on sucrose coluamns by theAuse of different
solvent combinations to obtaln reversal of contilguous bands,6l but
this 1s the first time an adsorbent has been found which cémpletely
reverses the elution pattern, as happens on polyethylene powder,

Since each adsorbed:component mgy leave behind it a trail of
aedsorbed material as it passes down the column, the most adsorbed
components are contaminated by the traces of pigments that preceded
them. This 1s especially true of the chlorophylls which generally
, travel close to one another. Thus, to be able to obtain such & com-
plete reversal, as on polyethylene colums, ic very advantageous,

The cﬁlorophyll b bvand is likely to be obtained in a purer state

from polyethylene than from cellilose or sucrose colwmns.
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.Uhdoubtedly the process of edsorption is importent in the
_development of cellulose columms with a ﬁonpolar soivent, but on the-
polyethylene colums, with 809 equeous }MeOH where the pigment zones
are the reverse of those found on cellulose or sucrose columns; it

would appear that partition is playing a dominant role. Not only

are the chlorophyll e and b bands reversed, but the whole order of
the caroténoids is also reversed. .
Although the coﬁventional methods for:chrqpatograph&.of the
carotenoids extract are on "eluminz-type" adsorbepts;yo both cellu-
" ¥oge and polyethylene were found té be satisfactory. The polyethylene
colums which had been washed by EDTA-Nag before development gave
excellent separations, the order of elution being violaxanthin, neo-

‘Xuuthlu, lutein and the carotenes.

Paper chromatography

Déspite the different solvents mixtures used in one-dimensional
.chromatography, the pigments are resolved in the following general
order: O -dihydroxy xanthophylls, chlorophyll b, chlorophyll s,
monohydroxy xenthophylls, phaeophytins, carotenes -- S F. The Rp
values of the carotenoids depend on the number of oxygen atoms in
' ti.e molecule; the carotenes with no oxXygen fun &t the solvent front
in all cases, except with pure polaer solvents; while the di-epoxides
with four oxygen atoms have rmch lower Ry values; ncoxanthin secms

elways to have & lower R valu:z than the isomeric di-epoxide violaxen-

thin (Table 3).
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Tabie 3. E»> values of algal pigments from ascending chromatograms.

fConditions: O o SF: 40 cm; time of development, 1.5 to
2 hours. Wiatman No. 3 Md. Average Rg values for 6
Tuns - davistion + 0.02]. '

Solvent: Toluene - ' _ pet ether-isopropanol-toluene (100:255:255)
SF. | Total extract . Carotenoids Total extract Carotenoids
carotene 0.98 "~ 0.98 0.96 _ 0.97
lutein ' 0.88 ' 0.86 ' 0.90 0.86
v iolaxsnthin 0.7C 0.66 0.77 - 0.72
chlorophyll a . 0.29 " 0.62 .
chlorophyll b 0.19 | 0.28 |
neoxanthin ' 0.1k 0.13 0.15 0.15
Solvent: pet ¢ther-isopro§anol (100:2.5) B pet ether-isopropanol(100:2.5) in toluene-sat. chamber
SF. , © Toial extract , Cax'otenoids Total extract |  Carotenoids
' carotene : _ 0.98 - 0.98 - 0.98 0.98
lutein . 0.56 | . 0.50 . - 0.88 0.8
chlorophyll a - 0.23 - 4 0.79
violaxanthin in <ail of chior. s =~ 0.3 ~ in tail of chlor.a 0.72
chlorophyll b o 0.12 : - 0.45
neoxanthin - - 0.09 0.04 0.30 0.17
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‘Trisl chromatograms for the separation of chlorophyll 8 and b

wére‘obtainéd using a variety of mobile phases (the extract had the

xanthophylls removed, by partition of ‘the ether solution with 90%

MeOH) .

Mobile phases and description of separation:

(a)

(v)

(c)

(a)

(e)

(£)

aéetone-isopropanol-water (100:25:25)

Good separation of chlorophyll a from b, 'but marked teiling
of the spotis.. |
toluene—methaﬂol (100:1-4)

Good separation and compact spots. Increase of Re's with
incréasiﬁg concentration of MeQH.

ethyl acetate and ethyl acetate-water mixtures

No separation until the water concentration wes 25% and
then marked talling of the spots.

MeOH ~ water (85:15)

Fair separation of the chlorophylls;

Pet ether-n-butanol (100:1.5) ,
Excellent separationo the chlorophylls; slight tailing o%‘
chlorophyll a. ' '
toluene-acetone-isbpropanol‘ (iOb g 2'v/v)

Excellent separation and compact spots.

“As fer as the chlorophylls are concerr_ied, good resolution may be ob-

tained with nonpolar solvents which have small quantities of polar

solvents mixed with them. The addition of water to the mobile phase

results in marked spreading out of the chlorophyll gpots 4and should,

therefore, be avoided.



Teble 3 1llustrates that the addition of polar to nonpolar
. 501vént8 seems to be of great imporﬁance'for the satisfactory resolu-
tion of both the carotenoids and chlorophylls; With pef ether alone, the
Rp's of chlorophyll s and b, and the di-epoxides are ell less than 0.1,
~wﬁich i1s obviously unsatisfactory. On the other hand; mixtures contain-
ing large amounts of polar solvents, or of pure polar solvents,
resu;p in‘all the pigments moving with thc solvent front which, again,
glves poor resolution. The Ry value of lutein is increased in sol-
vents which contain some toluene, as compared to.the pet ether-
slcohol m;xtureso This is an advantage, because in the latter sol-
vents the lutein shows a tendency to ''stick®™ with chlorophyll s,
despite increasing the concentrations of alcohol in the pet ether.
Figs. 11, 12 and 13 1llustrate the pigment zones obtained

. with three soi&ent systems, in order to give some idea of the reso-
.lution and the size of the pipment bands. The qctual width of the
sones seems to depend on the solvent employed and to bear little
relationlto the actual concentration of the pigment; thus, although
lutein 1s 52% of the carotenoid extract, the lutein bend is rarely
. wider than those of the di-epoxides, violaxanthin and neoxanthin
?hich are present in only one-third of the lutein concentration.
In general, the chlorophyll & band is wider then the E_band, as
would be expected. |

o Two-dimensional chromatography gives greater resolution of
éhg pigments. Becauserf the slovness of this method, it is not so
favorable for the unstable plant pigments. Satisfactory solvents

for separation are:
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~——LUTEIN —
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N CHLOROPHYLL b|

—NEOXANTHIN

TOTAL EXTRACT CAROTENOID EXTRACT

SOLVENT : TOLUENE
MU~-17772

Fig., 11, Desce.nding paper chromatograms of the total pigments
and carotenoid extracts of Chlorella, using toluene as the
Fnoﬁ}le pl:)ase. The colour chart for the pigment zones is shown
in Fig. I0,
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TOTAL EXTRACT CAROTENOID EXTRACT

SOLVENT : PET' ETHER—ISOPROPANOL (100:2.5) IN TOLUENE

SATURATED CHAMBER
MU -17773

Fig. 12. Descending paper chromatograms of the total pigment
and carotenoid extracts of Chlorella, using pet ether-isopropanol
(100:2.5) as the mobile phase, in a toluene-saturated chamber.
The colour chart for the pigment zones is shown in Fig. 10.
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TOTAL EXTRACT CAROTENOID EXTRACT

SOLVENT: PET ETHER —ISOF"ROPANOL—TOLUENE (100:25: 25)
IN TOLUENE SATURATED GCHAMBER

MU-17770

Fig. 13. Descending paper chromatograms of the total pigment
‘and carotenoid extracts of Chlorella, using pet ether-isopropanol-
toluene (100:2.5:2.5) as the mobile phase, in a toluene-saturated
;hamber. The colour chart for the pigment zones is shown in
ig. 10. : ' ' ‘
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{a) -1, pet ether

2. pet ether~n-ﬁropappl (100:0;6 VYv)éo
(v} 1. toluene |

2. pet ether-n-butanol (100:2 v/v)

Methodg based on reverse phase chromatography also.have béen
employed. In this technique, the paper is 1mp;egnated witﬁ vaseline,
olive or paraffin oil, and a strongly polar solvent used us Lue de-
veloper. The séquence of developmeht is the reverse of that obtain- .
ed with the usual chromatographic methods (where small amounts of
vater are retailned on the cellulose). Circular chromatograms impreg-
nated with paraffin oil were uséd,él but this method was not found
to offer eny advantages over the conventional methods.

Descending and ascending chromatograms were employed; in
general, the method of ascénding chromatography ves used for strip
chromatograms and the descending method for the larger sheets of
paper. Ascending chromatogrems under nitrogen etmosphere gave less
decompoﬁition of the plgment spots, but due to the disturbance of
the solvent atmosphere, poorer resolution was obtalned.

| The results of the decomposition of the algal pigments‘on |
a typlcal paper chromatogram are as follows:

An ethereal extract (0.58 mg) of algsl pigments was placed
on the origin (15 cﬁ) of a Whatman No. 3 MM sheet and developed
“for 2;5 hOgrs with pet ether-isopropanol-toluene (100:2.5:2.5)
by desgehdingichromatography}‘ The bands were eluted withzetﬁer -

end the condenﬁfation determined’spectrophotometricéllya
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conc. of pigment (mg x 10 %)

carotene - - 1.28

- Jutein 3.01

viclaxanthin ~1.01

chlorophyll & ' 24,10

chlorophyll b " 11.08

neoxanthin ___0.99
Total “h1.47

"This represents & 72%irecovery.of the pigments from a t&pical chroma-
togram. Part of thé loss is due to thé'iﬁcomplete elution of the
plgment by fheéther, and‘part is due.toideCOmpgsition of the pigments.
_However, as papér chromatograms vere uvsed for'specifié activity measure~
wents only, and not for a qﬁantitativéAmeasure of the pigment con- o

" centration, this does not matter. With pet ether-lisopropanol as the
mobile phase, the avérage recovery was T5%, aﬁd vith strip chromato-
grams vhich ran for & shﬁrter time (1 hour), it ﬁas 80%. Strip

‘chromatogrem runs in the cold room under nitrogen gave & 85%

reéovery, but the resolution of the bands was inferior.

Centrifugally-accelerated paper chromatography

| First of al;,~it,ehould be pointed out that the chrométogrdms
obtained from.the chromatofuge, regardléss of the velocity of rotae
tion, are not ecircular in shape but elliptical. This results from
.en inherent property of the fibre structure of the peper; the ma jor
~ axis of the ellipse is'parallel to the long side of the rectangular
sheet, and the Whatmen circles commercielly aveilable show this B
~elliptical pattern; therefore, they must be cut from'ﬁhe same paper

as the rectengular sheets. This is not a disedventage, however; regard- -
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" less of whether the measurements for the Rp values are made on

~ the long axis, the short axis, or intermediate positions of the
ellipse, these are the same within the experimental error (i 0.02
Rp unita). , |

It was found that the resolutlon of the cafotenoids and
chlofophylls was the same as fhat dbtaiﬁed in conventional ascend-
ing or descending chromatography. That is, any solvent which gave
satisfactory resolution in the conveptional methods cowld be_used for
the centrifugally-accelerated chromatograms, although it was necess-
ary to determiﬁe suitable running conditions for thec chromntéfugc.

In order to obtain reproducible Rg's, it is necessary to
‘héve a flow rate of solvent such that the perimeter of the wetted
aresa does not increasg after the rotor and solvent {lov ére stopped;
with such a flow rate the paper is said to be 'fminimaily wet. "
Also, 1t is important not {o have such a high flow rate that flood-
ing»of the paper will occur dw ing development, as this causes dis-
tortion of the zones.

The placement of the circular origin is important; it must |
not be less than 7.5 cm in diameter or else some of the pigments
will flow inverds.. It wes found that an increase of 1.0 cm for
ﬁhe diameter of the circular origin~resuhnd in an increase of sbout
0.0k for intermediate Rf values. It was not advantegeous to in-
‘crease the diameter Leyond 12 cm for the separation of total pig-
ment extracts, since undexr those conditions ohly spots with Rp

-values less than 0.3 would be separated. . |
In general, under the same conditions of nitrogen pressure,

~velocity of rotation, snd with the same delivery jét, different
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solvents will traﬁel different distances. For exampie, at 500 rpm,

7.5 p.s.1. and a flow rate of 2.0 ml/min, toluene travelled at

15 cmj éet ether (bp 75°) 13 cm; pet ether (vp 30-60°). 6 cm; and

pet-ether-isopropanol (100:2.5) 14 cm in 10 minutes. |
Also, with different grades of paper, thé distance travelled

by the solvent will vary. With a flow rate of 2.5 ml/min of toluene

at 500 rpm, the following results were obtained:

time of development (min) O ~>SF. (cn) "

Vhatman Noo 1 < 0 , 16
- l2.5 | . 475
15 BT
Whatman No. 3 MM 10 1k
- 12.5 C 15
Whatman No, 17 MM 10 . 6
| 20 ‘ 14
25 16

‘im can be seen that increasing the time. results in a non-
linear extension of the solvent front. The area wetted by the sols
vent incféases rapidly up to a certain point and then tapers off.
Obviously when trying out a new grade of pape?~or a different sole
vent, it is necessary to make some trial funs witﬁ no pigments on
the baper to find a satisfactofy time .

Yet another variable needs to be considered: the use of
the liner paper.'Thia is essential with most solvents, in particular.
with pet ether. Even with the heavier wﬁatman No. 3 MM or 17 MM paper

it is necessary to have a liner.
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Tab;e Iy :Lliustrates the Re's obtained, using the same sol-
vent and conditions, at aifferent velocities, In general, it is
seen that above 450 rpm the Ry values decresse as the velocity
of roiation increases, although for a change»of 50 rpm the decrease
in Re's 1s within the experimental error, but considering the changes

obtained over the complete range of velocitics available (i.e., 350-

- 950 rpm), the changes ere significant. It will be noticed. that be-
tween 350 and 450 rpw the Rfaa incresse with incrcacing velocity,
instead of decreasing &s they do in the range 450-950 rpm. Hence
the ffoptimum‘speed"‘for this solvent is 450 rpm; the speéd at
vhich the Rp Qaluee are a mnximuﬁ will be termed the "optimum
speed.,” |

For several other solvents a similar set of funs vere made
at varying velocitles and the same type of pattern was found as that
of Tgble 4. Instead of listing the whole gamut of Ry values obw
tained, Table 5 shows the Rp's obtained at the “"optimum speed.”

It is seen that this "optimum” speed is not conétant for different
‘solvénts, but it seems to lie nearer the lower velocities of rotation.

Comparison of the Rf's listed in Tables 4 and 5 to those
of Table 5<(deeceﬁding chromatograms) shows the similarity obtain-
ed with the same solvents. In all cases carotene runs right at
tbe solvent front. Solvents with a higher proportion of toluene

'are useful for separatlon of the carotenoids; on the other pand,
the chlorophylls g_anﬁ b. travel further in pet ether-isopropanol
solvents. Figs. 14 end 15 show the width of the pigment zones ob-

~tained; it may be seen that the bands are very nerrow and well-
defined. They are less than one-half eé wide as thése obtained on

descending or ascending chromatograms, that have been run the same

distance as the chromatofuge chromatograms.



.Table 4. Chromatofuge Rp's.

Confitions: Whatman No. 3 i3 paper (uavashed). Solvent: pet-ether isopropanol (100:2.5); fiow rate of 2.5 ml/
ming 7.5 p.s.i. nitrogen pressure, temp. 250; liner saturated with 20 ml of solvent (unnecessary for toluene);
time of development, 10 min; circular origin, 10 cm. The Rp values reported are the average of 3 seperate
rms at each velocity quoted. _ .

Speed in rpm 350 400 h50 500 . - 550° 690 650 750 850 950
cgmiénes 0.1 0.2 0.9% 0.9  0.96 - 0.5  0.97  0.96 0.97  0.98
lutein : o.l»6' 0.47 0.56 - 0.47 0.4k 0.k2 0.36 0.35 0.3  0.30
cmoropbyllg_ | o 0.5 0.4 0.38  -0.37 0.30. 0.26  0.27 0.2%  0.22
chlorophyll b ©0.27  0.26  0.26 0.23 0.23 0.16 0.1k 0.14 0.11  0.08
néoxgntﬁip | 0.06 ©0.08 0.6 0.3 0.1  0.11 . 0.08  0.05 0.05 0.0k

-

‘Fote: As in ascending or descending chromatograms, with petether-isopropanol (100:2.5),

* violaxanthin is masked in the bottom of the chlorophyll a spot. |
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*

Teble 5. Chromatofuge Rp's of algal pigments at "optimum speed’

Conditions: Vieozan iin. 3 Md paper (u3”ns“,d) iiow rate of 2.5 ul/nln, 7.5 p.s.i. nitrogen pressure; liner
saturated with 20 mi of sclvent (except unnecessary for toluene); time of devzlopment 10 minsy 10 cu circular
origin. Ey values weporiad are the average of 3 separate rums al the velocity quoted.

Solvent: Toluene; "oobtinnm spepd" 600 Tpm Solvent: Toluene-pet ether (%:1), "optimun
speed" 500 rzm
Compound ' Total extrmct Carotenoid extract Total extract ‘ Carotenoid extract
carotene ‘ 0.96 . 0.97 0.98 , 0.97
‘lutein . ~ 0.8 . : 0.90 0.90 | 0.90
‘violaxanthin 0.82 0.80 0.78 . Ok
" chlorophyll & 0.3k . ~0.37
chlorophyll b © Q.19 _ ‘ : 0.27 - o |
neoxanthin 0.04 ... 0.06 0.07 0.07
.Solvents Toluene-pet ether (1:1); "optimm . ' Solvent: Toluene-pet ether (1:3); "optimum
speed’ 750 R : . speed"500 rpm
- carotene 0.98 , 0.9k . 0.98 . o . 0595
. lutein 0.82 ; 0.8 . 0.75 0.73
violaxanthin T o100 g 0.50 0.48 0.35
chlorophyll a 03 | 0.30 )
‘chlorophyll b - - 0.22 . . ' 0.19
neoxanthin S saa - 0.07 | 0.12 " 0.17

* "Optimm speel” 1is defined as that veloclty of rotatlon of the chromatofuge where the Rf's of the
Pigments are at a maximum. 7 ) '
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<—CHLO§OPHYLL a

\ VIOLAXANTHIN
A LUTEIN

SOLVENT : TOLUENE

MU-17769

Fig. 14. Sectors of centrifugally-accelerated paper chfomatograms -
of total pigment and carotenoid extracts from Chlorella; using
toluene as. the solvent, at 600 rpm; t1me of development, 12.5
min; flow rate of 2.5 ml/mm 0-SF. = 17 cm, Whatman No. 3~
MM paper. The colour chart for the plgment zones is shown
in Fig. 10.




-86-

_ NEOXKANTHIN——— =

_ VIOLAXANTHIN
CHLOROPHYLL b

. "SOLVENT { PET*'ETHER ~ ISOPROPANGL (100 ¢ 2.5)

MU-17768

Fig. 15. Sectors of centrifugally-accelerated paper chromatograms
of total pigment and carotenoid extracts from Chlorella, using
pet ether-isopropanol (100:2.5).as the solvent at 400 rpm. - Time:
of development, .10 min; flow rate of 2.5 ml/min.  0-=»SF. =-.17.cm;
Whatman No.. 3 MM paper.. The colour chart for -pigment zones ..
is shown in Fig.. 10. - S R
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In the hopes of obtaining better separation of chlorophyll
g.and B-revefse phase chromhtogfaphy‘was tried. The MeOH used as the
solvent for the paraffin oil-impregnated paper showéd & great tendency
to.flaocd the papers. A flow rate of 1.25 ml with a 4 p.s.i. of nitrogen -
~pressure was necessary, which meant at least 15 minutes(development
time. The results'obtgined were disappointing; the bands were diffused
and streaking into one another. All the plgments other than the caro-
tene, yhiéh stayed right at the oriéin had Rf's greater than 0.6,
which meant thet they wéere all “jammeg together"ldespiﬁe the variety
of conditions tried. ol ' .

The épantitativg recovery of pigménts frém a typical chromato-
gram vas checked; Algal pigmehts (0.21 mé) were placed on the
origin of & Whatman No. 3 MM paper end ddveloped for 10 mimutes
with a flow rate of 2.3 ml/min at 500 rpm, using toluene. The spots

were eluted immediately with ether and the concentrs: ion measured

spectrophotometrically.
conc. of pigment {mg x 10™3)
carotene - 3.12
lutein A 18.24
violaxenthin - 2.98
chlorophyll & - ' 119.10
chlorophyll b 39.61
neoxanthin : 5.11

Total 186.16
Thus 88% of the pigments placed on the origin'were recovered,
'\ which is much better than ascending chrométography vhere the éverage

is about 70%. Since the chromatograms take 10 to 15 minutes instead of
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2 to 3 hours “to be developed, there is less time for decomposition
of the pgments to occur. The pigment zZones are easily eluted wzth
ether and less time is nccded to obtain colourless paper, hence
~there 1s a emaller loss in this operation than on the ascending or.. ”
. descending chromatogrems . Tt would probably be ‘adventageous to '
Qpergte the chroﬁatofuge at lower temperature than 250; it was not
" possible to do this with our machine. |

| In sumsary, it can be said that centrifugally-asccelerated
ghrematbgraphy appears £o be: very promising for the plent pigﬁehﬁs.
The adventages of this method are: |

’(1); the rapid developnent time (19-154m1nutes)

(2) the narrowness and compactness of the pigment zoneev

{3) the ease of elution of the pigment zones and the
greatér recovery of the plgments after elutiOn;

‘(4): ‘the meny variable factors availsble, velocity of
rotation, solvent flow and sQ on whichipermit more
control over the resolution than in conventionel
methods . (These many variables might also be classed’
a8 a disadvantage as some time'is needed to find the

optimum conditions for resolution).
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Specific Radiloactivity of Plgments

Series I results

At the beginning of this study, it had been hoped that the
specific radiocactivitiefof the plenl pigments might be deternmined
after the resolution of t:e plant pigments by paper chromatography.
This technique of paper chromatography has been used extensively since
its introduction in 194k ’142 and together with radioactive tracers has
been used for the separation of minute quantities of many biological
materials.

Most of the experimental reports on paper chromatography of
the plant pigments were qualitativel;ﬁthe question of the applicatilion
of the method for radiocactive studies had not been considered. The
initiel work showed that the pigments could be failrly adequately re-
solved on one-dimensional chromatograms. Since there are at least
five carotenoids and two chlorophylls present in the algal extract, it
seemed advantageous 10 achieve partial separation of the pigments, be=-
fore the spplication of paper chromatography. This was achieved by
the sapconification of the chlorophylls to obtain a carotenoid extract,
and by partition of the 90% methanolic algal extract with pet ether
to remove the xanthophylls in the pet ether layer, and given an ex-
tract containing only the chlorophylls and carotenes.

‘Despite the good resolution of the chlorophylls on peper, the
radiosutographs were disappointing; Fig. 16 illustrates a typical radio-
autograph. The complete streaking of the radioasctivity from the chloro-
phyll & to b spot shows the danger of messuring the radioactivity of

these pigments by merely counting the spots on the paper. A similar
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SOLVENT : TOLUENE - ACETONE-
ISOPROPANOL (I00:25 25)

ZN-2218

Fig. 16. Radioautograph of the chloroi:-hy]ls from Scenedesmus
after 2 hours photosynthesis with C140, . The Tines around
a and b represent the green areas of chlorophyll a and b of
the corresponding paper chromatogram. = i3
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streaking of radioactivity was obtained on carotcnoid radiceutogrephy.
Obviously it was desirable to measure the Concentration of the pigment
spectrophotonmetrically, rather than aesume no decomposition of the
pignent had occurred on the paper. Therefore, the spots were eluted
and the concentration determined. It was found that only sbout 70%
recovery of the pigments was obtained. Subsequent rechromatography
af the spectroscopically pure pigments showed a diminution in the
streaking, but the concentration of scme of the piguments was too
small for sccurate speetral work. Two-dimensional chromatography
resulted in & better separation of tne pigments, aud the spots on the
chromatograms coincided with darkened areas on the radiocautographs;
however, the concentration of the pigments after elution was vanish=-
ingly small.

The extreme lability of both the chlorophylls and the caroten=-
oids 1s obvious from a glence at their chemistry. The time involved
in better chromatographic separstion, for example, with two-dimensional
chromatography, is sufficient for the decomposition of['the plgments to
occur to a marked extent, and yet the whoie success of the method de-
Pends on adequate ehromatogrephic scparations; thus an impasse has
been reached. No validity can be attached to the results cbtained
by this methods hence, they are not quoted. It should be emphasiged
t.hnt caution is needed, when dealing with the paper chromatographic

seperation of any labile substances.



Series II results

Since only very small quantities of pigments can be resolved
on paper, this is not a good method for the initial separation of the
pigments. Even with prior partial separation by partition, the amounts
of pigments in an extract that can be placed on the origin of a paper
chromatogram are small, and part of the failure of the experiments
of Serlea I can be ascribed to this fact. The next attempt under-
teken utilised the method of column chromatography, which has been
used extensively for the preparation of plant pigments, for both
crystalline compounds and spectroscopic atandards.ja’ko

In 1957, Blass determined the radioactivity of the success~
ive fractions eluted from a polyethylene column with 80% MeOH.

Very little correspondence between the chromatographic distribution
of the radiocactivity and the light-sbsorbing pigments was found.58
S1imilarly, Shlyk in Russia divided a sucrose column after partial
development with pet ether into zones and compared the radioactivity
of the zones with the pigment concentration. He found high radio-
activity at the top of the column extending into the chlorophyll b
zone.6e A similer result is obtained with cellulose; the carotenes
which are eluted first are contaminated with colourless substances
which run both before and after the carotenes. It is obvious that even
though the pigments may be obtained in & spectroscopically pure state
irom column separations, no validity can be attached to radioactive
measurements at this point.

It is therefore necessary to purify these pigmnts further;

this was achieved by paper chromtography. Since the pigments after
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colunn separation are present as single substances (except for colour-
less conteminants) it was possible to apply more material to the origin
of a chromatogrem, than was the case in Series I experiments. Subse-
quent elution of the spots from the chramatogams gave adequate material
for the accurate measurements of concentration. Moreover, a corres-
pondence was obtained between the pigment aress on the clromstogram

and the darkened areas of the radiosutograph. The presence of colour=-
less conteminants was implicated by darkened areas on the radioauto-
graphs, which did not coincide with the pigment areas.

The difference in radioactivities of the chlorophylls, after
separation by cellulose and polyethylene columns, is shown in Table 6.
It 1s an advantage to use both cellulose and polyethylene colwms,
because of the reversal of the development of the pigment zones.
Chlorophyll a precedes chlorophyll b on cellulose columns; there-
fore, the tailing decomposition products of chlorophyll & may cause
contamination of chlorophyll b. The values for the specific radio-
activity of chlorophyll b are lower from the cellulose than from
the polyethylene columns. Teble 6 also illustrates the lower specil-
fic activities obtained after the second separatlon on paper; these
values are considersbly lower than those determined for the pigments
that had been separated on cellulose or polyethylene columme and are
therefore likely to be much more accurate.

The molar radioactivities of the Scenedesmus plgments after
one hour photosynthesis with C**0; sre listed in Table 7. These values

are obtained after the separationof the pipments on s polyethylene



Teble 6. Specific radioactivity of the pigments from
Scenedesmus after photosynthesis with

NeHC**0s (11.1 pe/uM).

8.5 hours photosynthesis

Chromatographic Chlorophyll a Chlorophyll b
separation (pe/im) (pe/uM)
polyethylene 2.12 1.T1
1.79 (0.29)
2.38 1.5
paper 1.48 0.41
(pet ether-n-butanol) 0.92 0.67

10013

1.47 0.59

T+«5 hours photosynthesis

cellulose 1.98 1.49
1.67 30
1.83 1.89
polyethylene 1.81 1.28
1.72 1.k2
paper 1.31 0.89
(pet ether-n-butanol) 1.22 0.62
100:3

l'lT Olh'h




Table 7. Molar radiocactivity o Scenedespmus pigments

after one hour photosynthesis with NeHC}40s

(11.1 pc/uM).

Pignent pe/uM
violaxanthin 0.074
neoxanthin 0.006
lutein 0.078
Q-carotene 0.814
p-carotene 0.700
chlorophyll a 0.247

chlorophyll b 0.056
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column and further rechromatogrephy on paper, using toluene as the
mobile phase. ©Since the carotenes cannot be separated into the Q-
and pB-lsomers on paper, it is necessary to use calcium hydroxide
columnﬁ.hh There 15 a disadvantage to such a sirong adsorbent as
calcium hydroxide; although it allows a better chromatographic
seporation of the isomers, marked decomposition of the pigments
occurs. Also, the carotenes obiained from both cellulose and poly=-
ethylene columns are strongly contamlnaeted with colourless radio-
active substances. In order to obtain accurate data for the caro-
tenes, it would be advantageous to remove both the chlorophylls
and the xenthophylls from the algal extred (saponification of the
chlorophylls and partition with pet ether to remove the xanthophylls).
The figures shown in Table 7 are not the average values obtained
from many experiments done. When the main sources of error are
considered, i.e., the presence of radioactive colourless con-
taninants and the decomposition on the paper, it is obvious that
both of these errors will tend to give high values for the specific
activities of the pigments. Tue experimental errors involved in the
radioactive and concentration measurements are of a much lower meg-
nitude (2%). Thus, the lowest specific activities of the pigments
have been quoted in Table 7, since they are believed to be the most
relisble data obtained. |

Although the results here are much more valid, it can only
be said that they represent relative values for the specific acti-
vities of the pigments. The main source of trouble inherent in this

method is the time lag in the paper chromtographic separation. Al-
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though the pigments may be obtained in a spectroscopically pure
state after elution from the paper chromtogrems, at least 307 of

the pigment 1s lost either on the development of the paper or in

the elution, thus the nmeasurements may yet be too high. Crysiallisa-
tion of the pigments after the colum separation would be the only

vey to check this.

Series III results

In an attempt to eliminate the time lag mentioned sbove,
the method of centrifugally-accelerated chromatography was investl-
gated. The resolution of the pigments was found to be very satis~
factory by thils means. Perhaps the greatest asdvantage was the
shorter time involved in the development of the chromelograns
(10 minutes instead of 2 to 3 hours). Elution af&ho pignent cpots
was much easier from these chromatogroms then from the conventional
paper chromatograms, and only about 10% of the pigment was lost dur-
ing the development end elution, which is some 207 better then with
the paper chromatograms.

Fig. 17 shows a radioautograph of on algal extract; it cen
be ﬁeen that two colourless substances with marked redicectivity
are present near the solvent front, Jjust ebove the carotenes. Also
there 1s considerable activity at the origin. This could be de-
creased by adequate washing of the ethereal extracts before thelr
application to the papcr. On ‘the other hand, complete streaking
of the radiocactivity was obtained with the reverse phsse cliwronnto-

grams .
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Fig. 17. Radioautograph of the total pigment extract from Chlorella
after 2 hours photosynthesis with cl O,. The centrifugﬂ iy
accelerated chromatogram was developed with pet ether-isopropanol
(100:2.5) at 400 rpm. Time of development, 10 min; flow rate of
2.5 ml/min; 0 = SF, 16.5 cm; Whatman No. 3 MM paper. The
coloured zones of the chromatogram corresponded to the darkened
areas of the radioautogranh.

~96-
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A iypical distribution of fhe-radioactivity in the various
pigments 18 listed in Teble 8. It can be seen that oﬁly gbout 10%
of the radioactivity is mesent in the efhereal extracts. Subse-
| quent washing of fhis extract results in a loss of about 35% of

that radioactivity. Thus the tdtal activity fixed in thg algal pig-
ments ad various fats vhich accompany them is about 35 of the
| total. |
B As night be expected, the separation of the pigments on
centrifugally gcceleratéd chromatograms, without some initiel separ- |
ation, is not satisfactory. The valﬁeé'dbtained are too high due to
possible contamination of the plgments by colourless lipids.,
Sipce carotene vas always running at the solvent front, and, there-
fore, highly contaminated, no measurements were made of its specific
'activity. It can be seen that the variations are too great in
Table 9, to attach any validity to thé results listed, except in a
relative ménner; Chlorophyll a has, in general, a higher activity -
than chiorophyu bj lutein and violaxanthin have similar activities,

_vhile neoxenthin has a lower activity than the other carotenoids

" {eéxcept at the longer times of photosynthesis). It should be noted

that the relative distributionaf the specific activities of'Tab;e 9.
are similar to those shown in Tebles 6 and T.
It will be remembered that the main source of error in the
experiments of Series II was the time lag involved in the rechromato-
| graphy of the spectroscopically pure pigments on paper. Not ;nly
did marked decomposifion of the pigments occur on development va

the paper chromatogrems, but it was difficult to elute the spots.
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Table 8., Tre distribution of radiocactivity in the various fractions obtained from

Chiorellb.a‘ after photosynthesis with .C;éQg' (5.0 pe/pi).

Percentage of total fixaticn

Cell

Photosynthesis time Total extract kHethanolic Ethercal
in hr d/m/ml v p cells Supernatani  extract extract residue
1.0 98.% x 10? 8 35 58
2.0 129 x 107 1k 27 8 59
2.5 W x 107 13 w2 10 35
3.0 188 x 107 | o 16 28

15
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- Molar radioactivity in gq/hM of the pigments from

Chlorells after photosynthesis with C}%0p (11.1 pc/uM)

and separation by centrifugally-accelerated

chrometography,

Carotenoid extract:

Photosynthesis time

Toluene at 700 rpm

Moler radioactivity in pe/uM

Total extract: pet ether-
isopropanol (100:2.5)
at 400 rpm

in hrs ' neoxanthin violaxanthin lutein [chloropiyll & chlorophyll b
1.0 0.11 0.44 0.27
_ 0.19 0.87 0.59
2.0 ' 1,12 094
3.0 %0.65 1.96 1.7
~ ’ 1.24%
0.73 ,
5.0 | . ' 1.69 . 0.76
6.0 1.71 1.36 0,55 0.79 0.36
134 0.69 1.06 0.8%  0.21
1.65 1.62
Total extract: Pet ether-isopropsnol (100:2.5) at 400 rpm
: éhlorophyll'g_ chloroﬁhyll b lutein
1.25 0.76 0.36 0.77
2.25 1.16 0.15 0.98
3.25 0.96 - 0.98
L.25 1.43 0.71 2.12
1.62 2.61
1.45
5425 1.85 0.46 1.78
' 2.03 1.50
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ES

This 19 -not. the case with celltrm@ally—agcelemted CUONA LOZYTams «
Although :Lf is not féasiblc. toA sépax;ate tt}e, pignez;ts from the
colourless contaminants by centriﬁxgal]&-accelerated ciubnxatography
alohe, it 1s velieved that this A.te_chniq\ue could be used to great
o'.dvanta.ge 5 aftex‘ the priox“g sepa;."atioﬁ of the pilgments by colum

éfuvma togrephy

Discussion " ..
The earlicr stoges of the bilosynthesio of the chilorophylls
have been well establisheds 1t has been shovm both by in vivo and

Jn vitro reactions that glycine and acetate combine to fom the

" pyrrole nucleus, porphobilinogen, vhich, in turn, is converted to .

proidporphyrin. The terminal steps In the blosynthesis are not
understood as yat. |
The g_g_‘.zx_g_\_r_o_ synthesls of chlorophylls & and b in Chlorella
4vulgaz'is« was studied in 1955.62 It was shown that after seven days
“of éxpésure of the algpe toO radiocaybon in the light, the specific
activities of chlorophyll o and b were equal. A similar result was
obtained by Shlyk after the exposure of the etiolated leaves of
several highér plants to C** for 60 hours in the light.‘63
Shlyk also studied the incorporation of radiocarbon into
.ihe é;reen leaves of higher plants and found a large difference in the
specific g‘ctivities of chlorophyll & and .‘_9_.61* The specific activity
| of chlorophyll & was two to three times greater than Lzat of b, |
even aftexr 24 hours exposure. This result was conflxmed by experi-

ments herein described with Chlorella and Scenedesrus, where the



103.

» specific; radioactivity of chlomwphyll 8 vas always greater than.
that of b, the ratio being about 2 to 3.

It 18 of interest to look at the data in regard to the
pro‘o],.ém of the relationship between chlorophyll a and b. Firstly,
4t may be sald that the poxibility of conversilon of chlorophyll b to
8 13 definitely exc':lﬁded, -since a substance with a lower specific
activity cannot be & precursor 'bo one vith a higher specific acti-
vity. Also, it may be unequivocally stated.that chlorcphyll & and
b are not rapidly interconverted in plants; otherwise the specific
activity of the chlorophylle would be ﬁhé game In green plants, which
is not tle case. | | | :
| “Al) the studies so far undertaken seem to indlcate a common
pau;‘way for the fofniatiou of chiorophyll &8 and b, at least up to
‘.‘a cerbain‘ point. Shiyk found that the percentage distribution of
the radioactivity in three fragments of the chlorophyll & and ;13_'
molecules, the methyl ester, ‘the phytyl chain and the chlorixi ring
was the same , although the gpecific activity of the chlorophyll a
was greater than' that of _'Q_.Gu Degradations as such were not
rerformed in this study, but it was noted that ihe specific ascti-
vities of methyl chlorophyllide a and b had the same ratio as the
original chlorophylls from which ‘they were derived; hence, the
distribution was the same in the phytyl chains also.

Two possibilities remain: Either chlorophyll a is a pre-
cursor to chlorophyll b, or the chlorophylls erc dcriv_ed from &
coumon precursor (either the porphobilinogen or por,phin ring stage)
end are formed independently of one anothér in the latter stages of

the blosynthetic chain.
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Studies dealing ﬁith the photochemistry and chemistry of
the protochlorophyll halochrome indicate that this proteux;pomhﬁih
complex is the initial chlorophyll precursor.65 Earlier experiments
witﬁ etiolated seedlings indicated the prior formation of chloro- .
phyli‘gj follcwed'by chlorophyll b in a menner which seemed to,in;
dicésto that chlornphyll b was belny derived from a. More refined
studies show that this is not necessarily so; indeed, Smith believeé
that chlorophyll a is not a precursor tovg_since £heir rﬁtc of forme=-
tion}ié porallel, and if chlorophyll b was being derived from_g, the
rate of formatiop of chiorophyll b should be propbrtional to the
concentration of chlorqphyll &, which is not'the case.

The -only way to explain the facts ox the higner specific

. actlvitﬁdpf chlorophyll 8 is to suggest tbat it is & precursoxr to
b, or that its twmover rate is greater, or .both. This canAonly
" be resolved'whén réliaﬁle dsta can be obtain?d over a'range.of
fimé intervalé; all the date so far are at isolated times. Since
the de hovo synthesis was studied after such a long time, it is
scarcely surprising that the chlorophylls have attained equilibriumal
."th the data obtained in these experiments been of a more reliable
‘,'nature, it would have been possible to follow the incresse in uhe
specific activity of chlorophyll a as compared to that of 33 This
,xould furnish an answver to the question. It,ia.believed that such
mﬁa&ureﬁénts could be obtained using the methods of column éhroma-
tography together with centrifugally-acceierated papef-chromato-
graphy. ,
It is also interesting to speculate on the possiblé relations

between the carotenoids. During the course of this work, Sapozhnikov
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reported the differences in the carotenoid concentrations_of hiéh-
er plants; in"the light and in the dark. He found a reciprocal relation
between lutein and violaxanthin which was influenced by the light;

in the dark, the concentration of lutein was decreased and that of

the di-epoxide violaxanthin increcesed, while the reverse reaction

took place in the light. The depression of the violexanthin con-
centration by light was confirmed by Blass in these algae experiments,
elthough the correspondingly smaller percentage increase of iutein

waé not observed.hh The proposed~relation between these substances

is suppoﬁéd by the fact that thelr specific aétivities are very nearly
equal (Tebles 6, 7 and 9). Such a light-dark interconversion be-
tween lutein (xanthophyll) end violaxsnthin 1s indicated in Fig. 18.
This scheme would require that the hydration of lutein, énd its
dehydrogenation ﬁo'violaxanthin, be a dark, enzymatic reactibn,

while the expulsion of molecular oxygen f:om violaxanthin giving

5ack lutein, be s 1ight-dependent feaction. A similar result would,

_ however, be attained if.a derk, direct oxidation by molecular oxygen
of lutein; and a photoreduction of violaxanthin, took place. An
unequivocal distinction between these two alternatives wuld be
.pro#ided by the deﬁonstration of isotopic oxygen content in violax-
anthin, isolated from plants vhich had photosynthesized in'Héola.

In contrast to this suggested photosynthetic oxygen transport
scheme,.Cholnoky et al. envisage a nonphoﬂosynthetic transport sys-
tem (1.e. oxygen abéorption) as shown in Fig. 18, vhercby zeaxanthin
‘18 oxygenated to the mono-epoxide, antheraxanthin (Fig. 2) which may

31,67

then give up its oxygen to another substfate and return to luteiln.




-106-

X /\ . /\ cor

p -(:arntene ‘Zenxanthin - Antheraxanthin
S P

A | / . ,
@E | y | : L Viola)‘tdntvhin
: : / @ . —— 4
I T I
L »

Xonth:p—hyll
epoxide

« -Carotene ~ Xanthophyll

in_light
Green Plant

2 H,0 | | 4[H]

MU-17785

F'ig. 18.. Possible dynamic relations between the carotenoids

(1) rate-limiting in green plants -

(2) |Oj available as oxidant for other systems
(3) ?ossible slow step

(4) lHi ultimately for CO2 reduction
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Perhaps this system may be coupled to the lutein-violaxanthin
systenm .in plants vhich contalns both mono- and di-epoxldes, or

& slov lealk from the violexenthiin directly into the mono-evoxide
mey occur, as showm in Fig. 18 (step 3). |

Finally, the specific activities of the cerocienes ere

higher then those of the other carotenoids, vhich night irmlicate
these compounds as precursors to the more oxygenated forms just
discussed. In general, it hes been found thet the more mduc,:ea

carotenolds are precursors 0 the more oxldized forms.”" 231,67




106

V..  CONCLUSION
{/I -

chlorophylls end carotenoids of algae after photdsynthesis with

‘The determination of the speecific radiosctivities of the

‘€340z 15 a formidable tesk, due to the extreme iaﬁility of these
comboﬁhda.’ 'iﬁe'wﬁole suééeéé‘éf'the'method'depénéé on adequate
chromatographic separations bf the pigménts‘from the colourless
contﬂ?inénts which are cicsél&"aésoéiétéd,ﬁith,%hem, end yet the
time iﬁvélvcd'fér suéh'éeéaiaﬁiongﬁih sufficlent for marked de-
couposition of the pigménts to-occur. It is suggésted.that the
techniques of column chromatogrephy, followed by centrifugally=

accelerated paper chromatography of the spectroscopically pure

g Plgments, may resolve this problem.
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PART II

THE RELATION OF BRANCHED-CHAIN SUGAR ACIDS TO THE CYANIDE INHIBITION

or CO2 FIXATION

IQINTRODUCTIQN‘
The use of inhibitors i{n the study of blolyuzical reactions
Been '
has often/hrucialo Not otily do specific inhibitors help clarify

the sequence of certain metabolic pathways, bul lhey also frequently
permit the accumulation of~intermediate products which might otherwise
have remained undetected. They are an invaluable source of. inform-

. ation concerning the nature and meéhanism of action of the enzyme, .
upon which they act. ,

'Cyanide has been one of the most widely used enzyme inhibitors,
especially in the stuly of respiratory enzymes. It is clear that this
ion is a very unspecific enzyme inhibitor; more than forty-five cyanide-
~sens;t1ve enzymes, which include haemoproteins end iron or other metal-
'coniaining enzymas, have been reported.l Firstly, it may combine with,
of actually remove the metal of an euz&me. It méy act as a reducing.
'agent to break the essentiasl disulphide linkages of the enzyme, or
it may react chemically with carbonyl groups of the enzyme 6r of some
co-factor associated with it, or even attack the substrate;

Many Inhibitors have bgen used in the study of photosynthesis
including cyanide, fluoride, hydroxylaming gnd 80 on. Tﬁé sensitivity
of photosynthesis to cyanide was discovered in 1919'by Warburg.a
Since that time, a host of experiments have beén réported vhich dezl

with the effects of low and high concentrations of cyanide( under



different 1ntensit1es'of lighﬁ on photosynthesis.3 Due io the
enormous variability of the experiments performed, it is almost.im;
poesible to interpret the data.- The majority of studiea indicated
that cyanide exerts a profound influence on photosynthesis.

tIn 1957, Kandler examined the effect of cyanide on the pattern
of carbon dioxideAfixation on the alcohoi-water solub;e fractions of"
Chlorellah; The algae were photosynthesised fr ten seconds in the
| lizht in clyoe, followed by the addition of KCN. After a further ten
seconds, thé algae were killed by the addition of boiling alcounol, to
stop theAenzyme reactions. The most striking features'of these ex-
periments, were the decrease in the Clu activity of phosphoglyceric
acid and the increase in that of the diphosphates, as compaféd to
normal photosynthesis fixations. Treatment of the eluted diphosphate
area yielded two new spots.on radioautographs, besides the other Qell-
known sugars. These spots were fouhd to exhibit an acid-lactone be-
haviqf. A |

It 1s the purpose of this study to establish in more detail the

role of cyanide in the formation of this new compound in Chlorella.
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II. EXPERIMENTAL

Abbreviations

The following abbreviations will be used throughout Part LI

of this thesis:

CcN~ cyanide

HuDP Lamaelonlc acid diphosphate
PGA phosphoglyceric acid

RuDP - ribulose diphosphate

General Methods

" All the solvents were‘evaporated under reduced pressure using
a rotary evaporator *‘ihAconJunction with dry ice and liquid ni-
. trogen traps, at 10-100 my; itnyqs not advisable to allow the bath
temperature to exceed 40°.

Ultraviolet and visible.spectra vere determined Sy the Cary 1k
;ecording spectrophotometer, Model 14M. 'The radioactive measurements
were made in the usual manner (cf. Part I p.33).

Anions and cations were removed by the weakly basic and strongly
acidic Amberlite IR-4B and IR-120 resins, respectively. The ioﬁ ex-
changer was stirred in a beaker several times with distilled water, and
washed into the column, which was then béckwashed to eliminate air
‘bubbles‘and channels. It was not desirable to use strongly basic anion

the

exchange resins, because/alcohol groups of the sugars are very weak

acids.

* Rinco Instrument Company, Greenville, Illinois.
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Paper chropmatogranhy =

Wnatman No. 4 sheets were used throughout, after washing the

paper with oxic acid according to Benson.5 Ascending chromatogirams

vere made in the boxes routinely used in this la.boratory;6 the material

was spotted on aﬁ‘origin'three inches from the Bottom and side of the
paper. Phenol-water (72:28 w/v) was used for the development of the
longer dimension of the paper,'aﬁd the solvent was run for eight to
Len hours, until 1t had reached the edge of the paper. After drcying
at room temperature for at least eight hours, the papers were deve-
eloped with bufanol—propionic acid;water for six to eight hours, until
thg solvent -had reached the edge of the chrdmatogramé. Equal volumes
of n~butanol-water (1,246:84 v/v) and propionic acid-water (620: 790
v/v) vere mixed just beforé use, for the second-dimension solvgnt.
| Ferric chloride spray for gallic acid, hamameli;tannin and

hamame;ose: Oai% of aqueous FeCl3 solution was sprayed on the chrom-
atograms; blue-gray spots indicated a positive reaction with the above
COmpouhdsa

Tollen's silver spray for sugars:7 2.3 ml of a saturated AgNO3
solution was placed in a gradusted cylinder and concentrated NH)OH
addeq céutiously, until the precipitate initially formed had Just
dissolved, and the volumne madeAup to 100 ml ﬁith methanol. The papers
were sprayed with this solution, " dried Ain an oven at 90-100° for

several minutes, and then washed with a L% Na28203 solution; this

polution was found to reduce the backzround colour of the chromatogram

more sgccessfully then the 5% NH3 solution normally used.
Sensitive silver spwry for sugars: inusll cases where a more

sensitive silver smany was needed, the silver’dip method was empioyed.
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The dried chromatogram {in the case of the "phenol" papers, the
excess of phenol was removed by‘steaﬁing the paper and redrying it)
was qpickly dipped in & bath containing 0.5 ml of a saturated AgNO3
solution in 100 ml of acetone (to which water had been added drop by
.drop, to dissolve the precipitate initielly formed»). Thevpaper was

| then pinnéd'on a wooden rack; and left for a few ﬁinutes to dry, and
" sprayed with ethanolic sodiu@_hydroxide (0.5 M NaOH in ethanol). The
excess backgreund was removed by washing the paper.in‘a L, ﬁa28203
solutlon, because this solution gave a'pa.ler and morc uniform bock«
ground than NH,. . |

3 .
Column chromatography of sugars

Cellulose columns have been employed for the eeparation of
sugarsland found to give satisfactory results for small quantitiea
of<materQ158. These columns are rather difficult to handle, if it
‘16 desired to separate over 500 mg of any mixture, or if the R¢'s of the
substanees do not differ appfecialbly. This 1is the case with the eldo-
and keto-pentosee, as the Rf's differ by less than 0.1 Re units. Sepa-
rations of 500 mg‘mixtures of leose and xylulose onAcellulose columns,
using either‘butanol;propionic acid-water or butaﬁol-ethanol-watef
(5: lz#) were disappointing,'and only about haif of the xylﬁlose was
recovered -uncontaminated with xyiose.

A useful tool was developed in 1954 by Hagdahl and ﬁanielson,:
who found that it was possible to roll sheeta of filter paper veey
tightly and- use thia roll as the colunmn adsorbentg.‘ The ChroMax

* :
pressurized paper chromatography column, Model LKB-3502 °~ was assembled

* Ivan Sorvall, Inc. Norwalk, Connecticut, Distributor for L K B-Produktor,
Stockholm, Sweden. .
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in the manner prescribéd using the polyethylene jlugs at both

ends in o:def to obtain haximnm seneitivit& from the column.

The solvént used was therupper layer of a n~butanoljethanol~

watef (5:1:4) mixfure. The homogeneity of the column was tésted,
by applying a solution of methyl red (6 mg/10 ml of the above
‘aolvent) to the top of the column, and obsexrving the emergence

of the dye zone from the bottom of the columﬂ by means of a
mirrof. This lover surface was instantiy‘coloured with the dye
so;ﬁtion when the mantle pressure was 0.5 kg/cma, hence ‘the co;umh
was developed with this 6ver~pressure.supplied from the ballast flask.
The solvent was fed intd the column-frbm a large reservoir ( 3 1);

since the polyethylene tubing ( 2mm) through which the solvent entered

the column was so fine, the tubing became brittle and the solvent leak~

ed‘out around the glass capillary to which it was attached. This
difficulty was eliminated by using a plece of tapered glass tubing
with a néfrow bore at one end, and placing the polyethylene tubing
1nsidé'the glass tubing, rather than over it. Under the conditions
stated; the floﬁlrate of the column was 45 ml/hour. Since thesat-
uration volume of the coiumn was 400 ml, the minimal flow time for
-& substance with an Ry of 1.0 would be hob/hs‘or'8.88 hours.

_'The sugar solution to be separated was applied to & test strip
of the sgme paper as used in the i;lumn, and ascending chromatograﬁs
made in the solvent, with which the column was to be developed.

For a xylose=xylulosge mixture the Rf's obtained were 0.3 and 0.k,

respectively, with butanol-ethanol-water (5:1:4).
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The time in hours for the elution of'any substance from the
column 1s obtained by dividing the minimal flow time, by the Re
of the substance in question. Thus xyiose ghoull be eluted in 22.2
hours’and xylulése in 29.6 hours, after the application of the mix- -
ture to the coluﬁn. The eluate was collected in test tubes in en B
.automatic fraction collector.(h.s ml/tube), An aliqut from each
tube was applied to the ;rigin of ﬁhatman No. L -sheects and chrom-
atographed in n-hutanol-propionic acid-water. Spraying the paper with
Tollen's reagent showed the sugar content of each tube. Typical
separation for a xylose-xylulose mixture (0.8 g), which was analysed

: ¢
21.5 hours after application to the column, was as follows:

Fraction No. : Sugar content
1l to8 : | zefo
8 to 34 ~ pure xylubse
34 to 79 ' rero
80 to 88 pure xylose

:Thé solvent was evaporated under reduced pressure and a 95%

‘recovery of the estimated xylulose in the mix?uré was obtained.

In & similar manner arabinose (Rf = 0.32) and ribulose (Rp =
;0.38) could be satisfactorily separated. This method also gave
separation of hamamelose from gallic acid with vhich it was con-
taminated after hydfolysis d?.the hamameli-tannin, since the Rp of
gallid\acid was 0.66 and that of hamamelose, 0.23 under the conditioﬁs
emplgyed gbovea

Electronhoresis

Unwashed paper was used for electrophoretic studies, which weire

carried out on an apparatus similar to that employed by Foater105
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glycine buffer (0. 1 M) pH 9.75 was used-gnd'the experiment was
run & 600 v. (10-20 ma.) for 3 hours at room temperature.

Bial-Orcinol test for pentoses

The concentration of the pentoses (less than 50 p35 were
determined by the Bial reaction with orcinol-HClll. As there was
considerable variation in the methods used from laboratory to lab-
oratory, soume standardiéation was needed. The orcinol used was
freshly recrystéllised in benzéne and made up-just prior to use;
orcinol in ethangl'(o.z ml‘of 10% w/v) and 2 ml of FeCl3 solution

in concentrated H Cl (0.1% FeCl, in conc. HCl w/v) were added to the

3
péntose solution in water to be tested (2 ml). The mixture was
thoroughly stirréd, and a glass marble placed o@ top of tﬁe test

tube, which was heated for %0 min. in a boiling water bath. The

test tube was then rapidly cooled, the volume made up to 5.0 ml

with distilled water and the optical density at 670 my measured.

Iﬁ was necessary to measure the opticai density within 20 minutes

-of cooling the solution; as a change in opticgl density occurred
after 30 m;nutes standing.

A standard curve was calibrated for afabinose and xyibse (pentose
dried at 800/10 mm/24 hrs.); 10, 20, 30 and 40 pg of thé pentose vere
. sunjected to. this reaction, and éhe optical density at 670 mu plot-
ted against the chcentratioﬁ of pentose. A straighf line was ob~-
tained for both xylése and ﬁrabinose. 4

By using the‘following data, a mixture of the aldo- and keto-

pentose could be analyéed. The extinction coefficient given by ribulose

ie 50% of that given by any aldOpentosesle. The ratio of the optical
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4

density at 540 mu compared with that at 670 mu for both arasbinose
and xylose, was constant at 0.22. The data for the ketoses were
1

those reported by Cohen.

E5LO/E BT0 = 1.05
. Thus the equations for determining the ratio of the aldopentose
" (x) to the ketopentose (y) in a solution to be analysed, were as
follows:

_ 670 .

log I /I =0.022x + 0.011y

10 ©
iog1nlo/I = 0.0048 x +# 0.1155 y

The Effect of Cyanide on Carbon Dioxide Fixation in Chlorella

Photosynthesis experiments

The cultures of Chlorella pyrenoidosa used in these experiments

wéye grown'in the continuous, constant density culture apparatus under
the standard conditions employed in this laboratorys. After harveste-
ing, the algame were centrifuged and resuspended in distilled water

to give a 1% solution (ml w p cells/vol. of suspension). Aliquots

of 10 ml were placed in the vessels illustrated in Fig. 1. These
modified "lqllipops" were designed to allow sufficient light in-
tensity for & small volume of algae; the extra vo%yme at the top of
the vessel was included to permit rapid killing of the algae by in-
Jection of boiling alcohol, rather than running the algae out into a
flask containing the ethanol. I;lumihation was provided by reflector
spotlizhts; which gave a light intensity of approximately 7,000 f.c. on
either side of the vessels. Excessive heat was avoided by the use of
infrared, water-cooled filters placed between the reflector spotlights

and the photosynthesis vessels.
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EXTRA VOLUME FOR
ALGAE SUSPENSION,
(CYLINDRICAL)

!

" TO DRAIN

ALGAE SUSPENSION
(Smm THICK)

A

— WATER JACKET
(CYLINDRICAL)

COOLING WATER

lL__ ~——

MU-13695

Fig. 1. Modified "lollipop" for photosynthesis experiments with
cyanide. . '
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The experiments were carried out in a closed hood provided
with four holes,‘fitted vith rubber gloves. Two people were'need-
ed for the actual experiments. |

The algee were pre-illuminated for 20 minutes in the light,
while a continucus stream of 1% COs in-air was bubbled through
the algae sucpension. At the éommencement of the experiment the
alyr stveam weao sﬁut off; and NaHCO3 von ddded . After two min-_.
utes of photosynthesis, with occasional étirring by means of a
glass rod with a hbrizontal hgndle which was placed in eéch vessel,
KCN was added. Alfler & further 15 seconds photosyﬁthesi§? the algec
were killed by the rapid injection of 4O ml of boiling‘ethanol from
" a large syringe.

The photosynthesis experimehts wvere of ﬁhree types:

(1) control experiment with NaHClhO3, desdgnated as Cluoa.

(2) experiment with NaHClb'O3 and KCN, designated as cl“oz, CN™.

'(3) experiment with NaﬁCO3, and KCth, designated as COy, Cth'.
The concentration of the radiocactive material when used was the same
és.that of the nonrddioactive material; the NaHCQ3 was 0.0013 M and
the KCN was 0.15 to 0.24 M.

The'radioactive algae were then centrifuged, the gupernatant
retalned, énd the residue succéssively extracted with 10 ml of boiling
20% ethanol, and 10 ml of boiling water. The activities of the various
extracts were determined by drying suitable’aliquots'on aluminum plain~
chets and couwnting in the conventional manner (cf. Part I p.23). The
extracts were comhined, evaporated to a small volume (about 3 ml)

and chromatographed in phenol-water, first dimension and butanol-

proplonic acid-water, second dimension (cf. chromatography p.i2).
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The diphosphate area was eluted from the chromatograms into  tapered
.centrifuge tubes ( 3.0 ml) and either used as such, or hydrolysed.
Elther acid or enzymic‘hydrolyses of the diphosphate eluaté vere acw
‘complished in the following manner:

| (1) HC1 (sufficlent to give a final concentration of 1.0 g)
-was addéd fo diphoéphate eluate, the tube sealed, and heated at 120°
for 16 hours. | |

(2) After concentrating the diphocphate eluate to a volume of

50 A in a vacuum desiccator (p 05/10 mm/l2 hrs ), S0 A of purified
Polidase-B 13 (Schwarz Laboratories, Inc ) 1in. 50 M of acetate buffer
at pH 5.0 (0.2 M 1n acetate and 0.01 g_xn.Mg~ ):was added and the
tube heéted at 370 for 10 hours. . An alternative procedure wasfﬁo
use acid prostatic,phosphatas; lk( 5 A) in 50 A Of the above acetate
buffer.

Clh-labéled cyanide

A modification of the method reported by Sixma, g}_g&.,s was

' ' e Ll ¥#16 14
used to prepare the dry samples of KC™ N . A mixture of BaC 03,
amnonium chloride and potassium was ignited in an evacuated tube

14
at 640° for 70 min. The HC™ N wes generated by the addition of
" perchloric acid, and trapped in the theoretical emount of potassium
L0
methoxide at -78 ; the methanol was subsequently evaporated at room
4

temperature to leave the dry sample of KCl N.

Concentration and specific activity of cyanide

In order to determine the concentration and specific activity of

KCluN prepared in this léboratory, or from commerciel samples, it was

* (Gift of Prof. H. A. Barker to this Laboratorj, for which we are very
grateful.

#* T wish to thank Dr. R. M. Lemmon and Miss B. Fingerman for the prep-
aration of KﬁluN.
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necessary.to develop satisfactory microanalytical techniques.

The methods available were unsuitable for the determinations of
micro~qﬁantit1es of this very.expensive radioactive cyanide. 8Since
this work was completed, a thesis has been written ﬁy Moyer dealing

with this problem, and the methods he has developed appear to be very
17

,eatisfactory.
The concentration.of the cyanide was determined by a modification
of the cyanogzen bromide technique, 18 using the spectfophotometer
rather than the Klett-Sumnerson Photoelectric Colorimeter. KCN
(1 to 10 pg) was diluted in waterﬂtoll ml, and saturated bromine
water (0.5 ml) was added. The excess bromine was destroyed by the
addition of NaAsO2 (0.5 ml of 0.1 M). 5 ml of a pyridine solution
(25% freéhl& redistilled pyridine in water containing 2 ml of conc.
HC1) was then added, followed by benzidine hydrochloride (0.2 mL
of a 2% SOlutiop in water). A red colouration was produced which
intensified on standing. After one and a half houré no changes in
the optical density oxr Npax weré oObserved. The absorption spectrum
obtained showed two peaks of equal intensity, at 513 and 413 my..
Saﬁples of varying known concentrations of KCN were prepared, and
the optical density at U413 mp determined at the same time interval
after the -solution was prepared, i.e. 90 minutes. A linear curve
was obtained, relating the optical density to concentration and
from this curve the unknown KCN concentration could be determined.
It'was necessary to recahbrate this curve for every run made, because
it appeared to change slightly (up to * 5% each timej. A variety.of
factors could be causing this, such as temperature, pH, the amount

 of 1lizght the samples received, and so on. Consistent results were
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obtained, however, if ;ﬁé standard linear curve waé calibrated
at the samé‘timé as the concentrations of the ﬁnknown vere de-
termined. '

In order to measure the radiocactivity of the cysnide, it was
not possible to count the cyanide solutions directly; even if the
solution was highly alkaline, slight hydrolysis of the salt always
occurred' releasing minute quantities of HC*®N. To bring the C**
in thn cyanide to a form sulitable for counting, it was necessary to
convert the ‘cyanide quantitatively. to a nonvolatile solid; satis-
~ factory results were obtailned with prussiean blue (Feq(Fe(CN)g)s).

Kp14N (5 ) was diluted to 1 ml in distilled water; and 250 % of this
soiution added to KCN (250 A\ of 1.0 M); the nonradioactive cyanide

vas uéed in order to obtain a sizeable amount of précipitate. FeS04
(40 A of‘i;ouy):was added to the cyanide solution to form potessium
.ferr0cyanide, followed by the addition of FeClg (50 M of 1.0 M) -to

glve a deep blue precipitate of prdssién blue. The mixture was warmed
and two dxops of HC1 (5 M) added. The precipitaue was washed four times
with water (2 ml portions) by centrifugation; finely gmound up with a
.glase rod and made up to 2 ml in ethanol. Aliquots (containing less than
25 \) were platéd onto planchets, which had been weighed on the Mettler
microbalance. The c/m/ﬁg of prussian blue were converted to c/m/mg KCN

plus KCM4N, from which the specific activity of the KC*N could be obtained.

Preparation of Hamemelonic Acid

Extraction of hamameli-tannin

Powdered witech hazel bark (Hamamelis virginicq)* was extracted

by three different methods shown in the flow sheet diagrems of-

* Penick and Co., c/o H. R. Laist, San Francisco, California.
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Tables 1 and 2. Method I was the method of choice, which was used
in all subsequent extractions. Pure hamameli-tannin crystallises

in- fluffy white clusters from water, m. pt. 154°, (Found: C, 49.6;
H, 4.12: ct,eoxixgool,+ requi;-es C, 49.15; H, L4.15%).

Hydrolysis of hamameli-tannin

Bumweli-tannin ( 5 g) was hydrolysed Witk 2 M HC1 (50 ml) for

50 hours at 600° The reaction mixture was partiaily concentréted under
reduced:pressure at left at 0° for some hours; the precipita#edvgallic
acid was removed by~ccntrifugat1@n. The fi@trate was c§ncentrated under
..reduged‘pressurtho dryness; several ‘times to remove the hydrochloric
acid and then dissolved in'waper (40 ml). The solution was then ex-
tracted with ether in a coﬁtinuous liquid eﬁtractor for 48 hours using
‘an infrared lemp to heat the ether. The agqueous layer was evapofated
to give a colouriess syrup of hamame;oée (1.9 g) which had traces of
gallic acid still present as shown by paper chromatography. A better
" method was continuousAliqpid liquid extraction with n-butanol for 48
hours under reduced‘pressure, when gll traces of Samc, aad_ were re-
moved from the hamemelose syrup.

It was aiso possible to obtain complete separation of the
hamamelose from the other substances by chromatography with n-
butanol-ethanol-water (5:1:4) on a ChroMax column (cf. p.lAl).

The following Re values were obtained in descending chromotograms:

hamamelose hamameli~tannin gallic acid
(1) phenol-water 0,56 0.35 0.27 .
(2) n-butanol-propionic 0.34 0.k2 0.59

. acid water .
(3) n-butanol-ethanol-water 0.26 0.34 0.64L
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TABLE I

Extraction of Hamamelil-tannin

M&hod T
Dried.Bark (500 g)
»L. ether-acetone (5:1) in the cold (5 x 700 ml)
\

Extract :
J/ evaporated under reduced pressure -

Residue
dissolved in acetonc (r 50 ml) and elher added

until precipitation complete (~ 200 ml)

oy ,
Residue Filtrate , '
L evaporated under reduced pressure

Extract )
dissolved in water and extracted

» with petroleum ether

. { . ] .
Organlc layer : Aqueous layer
evaporated under pressure

Crude hemameli-tannin (8 g)

Melhod IT

Dried Bark (500 g)
chloroform-water (9:1) in the cold ( 5 x 500 ml)
N~ :
Extract
evaporated under reduced pressure

N
Residug

dissolved in acetone (50 ml) and ether added

, until precipitetion was complete (150 ml)
r | '
Residue Filtrate

<

1 evaporated under reduced pressure
\,
Residue

dissolved in water (50 ml)

N
Crude hamameli-tannin (5 i)
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TABLE 2

METHOD IIT
Dried Bark (500 g)

acetone (5 x 600 ml) in the cold

Extract :
evaporated under reduced pressure

Extract (200 ml)

extracted with benzene (liquid-liquid extraction)

N V4

Benzene layer cetoﬁé-watér layer
evaporated under reduced pressure
~ ‘
Resaidue
dissolved in water and extracted
with ethyl acetate (liquid-liquid
v extraction)
: 1
Organic layer o S Aqueon layer
evaporated under reduced pressure
. \/ N
Residug.. . i :
- dissolved in water in (500 ml)
v
Extract ‘
" shaken with talc, filtered and 10% Pb(025302)2
added dropwise until precipitation occurs
L |
Filtrate
5280& and filtered by centrifugation

N/ ‘
PbS0), + Filtrate

, stored at 5°
RN
Crude hamameli-tannin + red gelatinous material (30 g)

*dissolved in acetone and benzene added until precipitation
’ complete

Reéidue Filgrate
l} *evaporated under reduced pressure
Crude hamameli-tannin

* Two steps repeated until the red Zelatinous material is removed to
give pure hemameli-tannin (6.7 g).
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Oxidation of hamamelose

Hamamelose (1.8 g) was dissolved in water (20 m1), containing'
suspended CaCOs3 (12 3), the solution cooled to 5%, and the bromine
(1 ml) slowly added. After the mixture nad been shaken for 2k - hours
at 250, air was bubbled through the solution to liberate any gaseous
bromine, the'mixture was filtered, and the filtrate concentrated
under reduced pressure, The syrup was filtered through.a column
of amberlite IR-120, gt - form (lOO ml resin), end again concentrated
under reduced pressure several times to remove the hydrozen bromide.
A solution of brucine (12 5 'g) in EtOH (MO ml) vas added to the
syrup and the solution kept &t 5 for several days. The crude salt
(7.5 g) vas dissolved in a minimum amount of water and the excess
brucine removed by extraction with chloroform After the addition of
ethanol, white needles of the brucine salt were obtained (4.0 g) m.p.
l7l+°° (Found: C, 61.51; +H, 6.39; N, 4.98. 029336N2010 reqpires C,
60.83; H, 6.34; N, 4.89%).

The hamamelonic acid was generaied from a selution of'tﬁe
Abmcine salt in water (10 ml), by the eddition of NaOH (6 ml of
1.0 g). The precipitated brucine was remeved by centrifugation,
and the supernatant vas passed through a column of amberlite IR-120,
H+ form (100 ml of resin). The,effluent was concentrated under re-
duced pressure te give a colourless syrup of hamamelonic acid (1io gj.
The acid syrup (0.8 g) was heated in a steam bath for two houre, trit-
ureted with acetone, and left to crystallige for days at reom temp-
erature. All aftempts to prepare the crystalline lactone failed.

Ch:omatography of hamamelonic acid resulted in the fprmatioe

of both an acid and a lactone spot on the paper in the usual. solvent
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systems. If an aliquot of the acid was sealed in a tube and heated
atllooo‘for two hours with O.1 M- HC1l, chromatography gave only the
lactone spot, while similar treatment of hamamelonic acid with NaOH
(0.1 M) furnished the acld on chromatography. The. following Ry values
were obtalned: .
hamamelonic acid hamamelonic acid lac=-
(1) phenol-water 0.20 0.60 ' tone
() n-butanol-prupluule O.pk o 0.k
acid-water . .

Preliminary.Attempts'aﬁvthe Syntheses of Branched -Chain Sugar Acids

Syntheses of the ketopentoses

Preparation of D-ribglose: D-arabinose (20 2) was refluxed
gently for four hours in freshly distilled pyridine (200 ml.) with
the exclusion df all moisture. The reaction mixture was evaporated

under reduced pressure, distilled water added and the mixture re-

evaporated under reduced pressure; this was repeated several times
until all traces of pyridine were removed. The resulting syrup

was dissolved in absolute ethaﬁol (40 ml), allowed to cool and some
cfystals of arabinose added. The mixture was left for several dayé,
during which'time.some of the unreacted arabinose crystallised out.
After filtration, the syrup was evaporated under reduced pressure,

- dissolved in absolute ethanol (30 ml) and left for three more days.
Yield of recovered arabinose: 14 to 16 Z. The concentrated mother
liquors ylelded a brown syrup which consisted of about 70 to 80%
ketose as determined by optical rotation or by the Blal-Orcinol test
(cf. p.xzﬁ. The unreacted arsbinose was recrystallised from 95% ,
ethanol (150-200 ml) and dried in a vacuum desigccator (P205/10 mm/ 24

hrs).



Preparation of De-xylulose: this ketopentose was prepared
from D-xylose, using the same method as that for Derlibulose.

Isolation of the ketoggptosé

(1) Rivulose: g-nifropbenylhyﬁrazine was prepared according
tb the method of Vogel given for pe-nitrophenylhydrazine, by the diazo-
tisation of o-nitrozniline with glxaline sodium sulphite.l9

The g-nitrophenylhjdrazones of ribulose and arabinose (5 g. or
an 80% ketose mixture)‘wefe prepared ﬁy the metihod qf Jlatthoer ana
Reichsteinzo. The crude solid isolated haﬁ a m.p. of 1600, and sube-
sequent crystallisationlof this material with absolute ethanol yiélded
a red cfystglline solid (7 8), m.p. 183°. (Found: N, 2091"011315N306
requires N, 1hf7%). This solid was dissolved in 80% ethanol and re-
fluxed with benzaldehyde (8 ml) for one hour. After cooling, the mix-
ture was filtered as an oil; the agueous layer wés extracted several
times with ether to remove ahy remaining benzaldehyde, and evaporated
~under reducéd pfeBSure to give a syrup, which was dissolved in 95%
ethanol. . Crystals of arabinose (3.9 g) were obtained. The red solid
isolated above was arabinose-gfnitrophénylosazone (Found: N, 20.1.
c17H18N6°7 peqpires N, 20.0%). This experiment was repeated but the
ﬁadority of the attempts to prepare the ribulose-gfnitréphenylhydrazone

(m.p. 162°) failed. |
| (2) xylulose: The formation of the p-bromophenylhydrazones
-éf #ylulose and xylose were prepared according to the method of Schmid‘t.21
- Although these derivatives have the same‘meltina:point (1280), they
could be successfully separated by fractionalAcrysﬁallisation and ‘the
Xylulose rezenerated by warming the xylulose-g-bromophenylhydrazone

with an aqueous solution of benzaldehyde.
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(3) xylulose or ;ibulosei N<benzyl-N-phenylhydrazine
hydrochloride (6.3 g) was dissolved in water (15 ml), treated with
sodium acetate (2.5 g) and added to the syrup (5 g) obtained above.
After heating gently on a water bath for three hours, the mixture
. was left over night, partially concentrated under reduced pressure
and left until the yellow'crystale of D-arabinose-benzylphenyl-
Ahydrggone (m.p. 174°) separated out (8.3 g). The filtrate was
evaporated under reducea pressure,‘dleeolved in vater (150 ml)
to which benzaldehyde (3 2 ml) was added, and refluxed at 70° for
30 minutes. After cooling, tha mixture was filtered as an oil;
the agpeoﬁs layer was extracted several times with ether to re-
move any remainihg benzaldehyde and evaporated under reduced pressure
| to give a yellow syrup vhich was dissolved in 80% EtOH, decolourized.
with charcoal and évaporated egain. This syrup corresponded to 96%

" ribulose (155 ). |

(&) Ribulose or xylulose: - a mixture of the aldo--end keto=
pentose which contained 80% of the ketose; was dissolved in 30 ml
of water, and bromine (2 ml), benzoic acid (3.3 g) and barium ben-
zoate (20 g) added to the reactlon mixture, which was then shaken
'automatical;y for U8 hours at room temperature. A stream of nitrogen
vwas bubbled through the reaction mixture, to drive out any excess
bromine for about 30 minutes, and the solid material was separated
by céntrifugation° The filtrate was extracted several times with
chloroform to remove the excess benzoic acid. The aqueous layer
was treated with HQSOu ( 6 ml of 3 g) and the bariuﬁ sulphate re=~
moved by centrifugation. The supernatant was concentrated under
reduced pressure to about 10 mi, and passed throuzh Amberlite-IR-4B,
OH™ form (}50 ml resin), the effluent concentrated under reduced

pressure and passed through Amberlite-IR-120, BY form (150 ml resin).
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Analysis of the mixture by chromatography showed that some aldonic
acid and aldonic lactone rerﬁained° It was necessary to recycle
the solution through ion exchange resin, until the pure ketose

(2.1 g) was obtained.

The following Rf values were obtained in the usual solvent

systeﬁ: . )
arabinose ribulose . xylose xylulose

(1) phenol-water 0.59 0.74 0.52 0.67

(2) butanol-propionic 0.49 0.61 “0.45 0.57

acld-~vwater

Attempted syntheses of‘2-C-hydfoxymefhyi-D-pentohic acids
'The ketoses D~ribulose or D=xylulose were reacted with a
-little more than équimolar.proportions of KCN.
(1) Ketose (2 g) in 5 ml of water-tégether withNaHCOS (5 ml
of 2 M) was added to a frozen solution of § ml of‘KéN (0.8 g) aﬁd
NaOH (5 ml of 2 M), and left at O° for one day and at ro6m tempera«
ture for a further two days. _ ‘
(11) Ketose ( 2Ag) in 5 ml of water was adaed to a solution
of KON (0.8 g in 5 ml) and HC1 (5 ml of 2 M) and left at o° for oné
day, and a further two days at room temperature.- Reéction mixture (1)
was hy@rolysed by heating at §O° in a stream of nitrogen fof 6 to
8 hours. Reaction ﬁiiture'(ii) was hydrolysed with Ba(OH)z (% g)
for 4 to 8 hours, until no more ammonia Qas evolved, and dilute
stou added to precipitate the barium sulphate, which was removed
by centrifugation. . After concentrating tﬁé reaction mixtures (i)
or (ii), fhgy were passed through Amberlite IR-120, HY form (200 ml
resin) and thg effluents concentrate@ under reduced pressure. Attempts to
resolve the écids were carried out in the same manner as described pre-

viously for hamismelonic acid (cf. p./3e). -



III RESULTS AND DISCUSSION

'~ The Effect of Cyanide on the Carbon Dioxide Fixation in
| Chlorella |
. The folloﬁihg photosynthesis experiments wefe performed:
(1) 2 minutes Nchlu03; designated as 01“02
‘(2) l2;minutes NaHCluO3.followed by 15 seconds KCN; designated as CIAOE,CN“
(3) 2 minutes NaHCO; followed by 15 seconds KC&Nadesignatea as COZ,CluN'
Table 3 illustrates the fixation of radiocérbon in Chlorells;

the two sets of figﬁres listed,vrefer to separate experiments pur~

formed at different times. Iﬁ can be eeen ﬁhat the addition of KCN
(final concentration M/80) causes aISO% inhibition of the total fix-

' ation. About 50% of the total activity was extractable in the initial
. alcohol exfr#ction and a further 5%, in thé 20 % alcohol end water ex-

L

tractions. In the case of the CO,, Cl N~ experiment, about 85% of the

total activity is extractable in the 1lnitial alcoholic extract. This
is a large figure, but it is scarcely surprisihg, because the CluN'
woula be mainly reacting chemically, with the_sugars and alcoholic~
, ektractable materlals, in the cells. |
The total fixation of the radiOcarbon in Chlorellas, for
five different experiments is listed in Table 4. With a final con-
centration of 0.0125 M KCN there is éboﬁt 50% inhibition of the carbon
dioxide fixation, while with a lower concentration of XKCN (0.0016 M),

the fikation was about 75% of the normal value. Thus the addition

of cyanide, under the conditions of these experiments was inhibiting. .
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Table 3;_'The total fixation of radiocerbon in the various extracts of.
" Chlorella in ¢/m/ml w p cells x 107.

tosynthesis Total 80% alcohol  20% alcohol wvater : cell

Pho
Experiment# Fixation o extract extract extract residue
" - 39.2 ' 21.6 1.6 . 0.h 0.2
ot L '
2 .
(2) 39.0 _ 16.2 0.2 0.3 , 0.4
N (1) 18.3 . 13.0 2.4 0.2 0.9
ct*oon | o - |
(2) 19.5 (28.8) 0.4 0.2 0.k
vy . 7.9 6.8 0.9 0.07 0.8
co,, Gli- | |
(2) 9.4 - 7-9 ' 0.1 - 0.08 0.3

* Conditions of photosynthesis experiments 1% suspension in distilled water 10 ml suspension per

experiment. Light intensity, T,000 foot c dles. 20 min pre-illuminatlon with 1% CO2 in air.
2 min photosynthesis with NaHCO3 or Na aclto {0.013 M, 23.9 pc/pM), followed by 15 sec photosynthesis
with KCN or Kcldy (0.15 M, 23.9 pc/pM). flnv with boiling ethanol (final conc. 80%). The molarities

of the radicactive and nonradloactlve substances vere the seme. Experiments (1) and (2) were performed
on different days. .
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Table 4. The total fixation of radiocarbon in Chlorella
' in ¢/m/ml W p cells x 10f
Photosynthesis :
Experiment No. #* 1 2 3 L 5
NBECIhOB 0.0013 M 0.013 M 'A0;013 M 0.0013 M 0.0613 M
11.1 pe/wd 23.9 uc/uM 23.9 pc/puM 11.1 pc/uM 11.1 pc/puM
oty 0.24 M 0.1 ' "
. 15 M 0.15 M 0.02 M 0.02 M
15.4 pe/uM 23.9 ue/pM 0.52 pc/uM 0.52 uc/uM 0.52 uc/uM
1%
C o2 - 39.2 39.0 15.0 19.8
1k - o '
C 02, cN 4.8 18.3 19.5 13.8 13.7
co,, L 15.8 7.9 9.8 0.68 0.32

* Same conditions

of photosynthesis as listed in Table 3.




A radiocautograph of a typical clhoa,cm' experiment is shown in
Figure 2. The general picture is rather similar to that of a normal photo-
synthesis experiment, in the absence of cyanide. From a cursory examination
of this radiocautograph, it might appear that cyanide was acting only as an
enzyme poison, by killing the enzyme and thus permitting an accumulation of
the intermediates on the photosynthesis pathway. That this is far from the
‘truth, may be seen by examination of the CO,, cll*m" radicautograph (Fig. 2).
The sole source of radicactivity here is the cyanide; hence all the spots
are products of chemical reactions of the cyanide, with the materials
present in the cellé. The final concentration of the KCN used 1s fairly
high (0.02 M), but even with lower final concentrations of KCN (0.0125 M
and 0.0016 E) a similar pattern is obtained, These results indicate the
importance of the chemical role of cyanide in studies of inhibition; it
18 suggested that this factor has been overloocked in many of the studles
made. It should be emphasized that the reaction of cyanide with the car-
bonyl groups of the sugzars, 1s a particularly facile and almost quantitative
reaction.

The radiocautographs of the enzymatically hydrolysed diphosphate
areas of the above experiments are illustrated in Fig. 3. These radio=-
autographs show a large amount of a new compound, which has not been de-
tected before in normal photosynthesis experiments. This same material
was found on the radioasutographs of the acid hydrolysed diphosphate areas
of the Clhoz, cN” and‘goz,clhﬂ” experiments (Fig. 4). The condiqéns of the

acid hydrolysis were rather drastic and under these conditions, the glucose

and fructose obtailned with enzymic hydrolysis, will be degraded to volatile

compounds.

14 1
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ZN=-2217

Fig. 2. Radioautographs of chromatograms of the hot alcohol-water
extract of Chlorella. The following conditions of photosynthesis
were employed: 2 min, with CO, followed by the addition of KCN
(final conc, 0.2M) for a further 15 sec. and injection of boiling
alcohol (end conc. 80%) to kill the algae. Upper radioautogra.q&
of a 01402. CN~ experiment; lower radioautograph of COZ’ C" "N
experiment,
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ZN=-2215

Fig. 3. Radioauthographs of the chromati rams of the enzymatically
hydrolyizd diphosphate areas of the C 02, CN (upper) and the
CO,, C*"N” (lower) experiments of Figure 2.
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ZN=-2216

Fig. 4. R autographs of the HCI hydrolysj&d diphosphate areas
of the C"“0,, CN~ (upper) and the COZ' C"" N~ (lower)
experiments of Figure 2.



As 1t has been demonstrated that cyanide must be invplved

. in the formation of this new compound, the ﬁossibility waé investi-
zated that 1t héd been produced by the actlon of cyanide on ribulose
diphosphate?e. The reaction of KCN with RuDP yielded en acidic di-
phosphafe material. A comparison of both the electrophoretic and
chromatographic behavior of this synthétic diphosphate to the difA
phosphate area from the ClhOQ, cﬁ‘ experiment showed that the two sub=
éi-.ances were indistinguishable under these conditions. Hydrolysié,
of the synthetic diphosphate (xcluN + RuDP) -yielded a material
'whidh exhibited acid-lactone prébe;ties; Cochromaéoéraphy'of this

‘ materiél‘with authentic hamamelonic aciﬁ*»(2-Cf(hydroxyme£hyl)éD-
'ribonic acid) showe@ the similarlity of these sdbstancés. It was
fpgnd that the radioactivity and the silver spray of the chromato-
gram did not exactly coincide®®. This was almost ceftainly'due to
the fact that the redlosctive material consists of both epimeric |
acids, as the action of KCth on RuDP would be an asymmetric synthe?
61s; the name hamamelonic scild diphosphate (HzDP) has been given

to this material.
14

Cochlromatography of the acid hydrolysis froducts of the C 02,CN;
and the €O, CluN' experiments, with hamamelonic acid (prepare@ from
HmDP) showed the identity of these materials; This result was con-‘
firmed by Kandler, who found coincidence of the acid hydrolysate of
thé diphosphate area of a cyanide-inhibited photosynthesis experiment
with hamamelonic acid by cochromatographyas. The in vivo hamamelonic
Aacid wonld‘actually consist of the epimeric acids, but no separation

into two acid spots was ever found on paper chromatograms; hence

the proportion present of these epimeric acids is not knowm.

* We are grateful to Prof. O. Th. Schmidt for a saumple of hamasmelonic
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Thus is has been established that the new material present

in the photosynthesis experiments with cyanide 1s hamemelonic acid
diphosphate, produced Ey the action of cyanide on RuDP; either in-
gide the algae; or during the extréction procedﬁre. It might be .
wondered why no other cyanohydfin reacllon products were detected

in the Cluoe, CN™ experiments. Under the conditiohs of photosyn-
thesis employed, it is known that the péol of RubP is laerge, accounte
ing for 80 to YU% of the sugar diphosphates;Eh thus it ic not sur-
priaingAthai the bulk of the cyanohydrin addition is with RuDP. This

: 2
in vitro reaction has been shown to be extremely facile .

.Preparation of hamamelonic acid

In view of the establishment of the braﬁched-chain sugar aclids
'which'weré obtaiﬁéd in tﬁe in vivo experiments described in'the pre=
ééding section; iﬁ was desired to preﬁare an authentic sample of one of these
acids in order to study its chemical properties. Se&eral naturally=-
Aoccurring branched-chain sugar acids have been isolatéd from plants
and microorganisms;25 hemamelonic acid may be obtained from natural
sources in the followling manner.

The bark of the North American shrub, Hamamelis virginica

(commonly referred to as Vitch hazel) contains, in addition to another .
tannin, about 1 to 1.5% of hemameli-tannin’. This tannin, yas shown

to have the cémposition of a di-O-gailqﬁhexoée (1)27’28. .Acid or
enzymic hydrolysis of hamameli-tannin ytelds two ﬁoies of gallic

acid, and one mole of a stfongly reducing'hexose, hapamelose (II), _ <

whose structure has beeén established as 2~C-(hydroxymethyl)-D-

ribose (II) (Fig.5).(29)3o
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Several prbcedures for the'extraction of the tannin from the
dried bark have been described; these.are sumarized in flow sheet dia-
grans (Tebles 1 and 2). It was found that Methdd III gave the best yield of
hamameli-tannin corresponding to 1.4% of the weizht of the dried back; how-\
ever, this is a long and tedlous extraction procedure. The complete re-
moval of a 1rad zelatinous matefial upon which the white crystals of the
tannin are fdrmed, is extremely'difficult. This materiui is present. it
lare amounts, only 1if aéetéﬁe has been uséd it the initisl extraction of
the bark. Method IT gave the lowest yield, 6.75%, and had no adventageous
features. Althouzgh Method I zave a slightly lower yield than Method IXI
(1.25%), it is definitely the method of choice. It is a rel&tively qdick
and easy to perform énd the crystallised tannin is relatively free from
the red gelatinous material of Method III.

The crystalline hamameli-tannin may be hydrolysed, enzymatically
by tanaseea, or by acid3l. Freudenberg used 1 M Hasou for the hydrolysis,
but a slightly improved yield of hamswelose and an.easigr ﬁork-up pro-
cedure, was obtained using 2 M HC1l. The separation of gallic acid from
the sugar, hamamelose is difficulﬁ. The original method used involves
precipitation of the gallic acid by the alternate .addition of small
quantities of Pb (063)2 and Pb (C2H302)2. 3 H,0 and subsequent removal
of the excess cation3l. It was hoped that the use of ion exchanée res@ns
" might facilitate the removal of gallic acid, but this proved unsatisg-
factory. A better sepa;ation was obtalned using the pressurized paper
chromatography column, Chromax. Liquid liquid extraction of the reactioh
mixture with ether was only moderately successful; a cleaner product was
obtained by continuous liquid ektraction with n-butanol under reduced

pressure.
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The hamamelose was oxidlzed with mercuric oxide in the:presence
of calcium carbonate to give a non—crystaliine calcium salt which from
the free acid was generated. An improved-yield of hamemelonic acid

was obtained, using bromine as the oxldlzing agent.

Preliminary Attempts at the Synthesis of Branched-Chain Sugar Acids

Syntheses of the ketopentoses

Although sugars exhibt moderate stebility to acids, they ave

readily affected by alkalles, even under mild conditions. The simplest'
L:ieoﬁeriéation reaction of the reducing sugars 1is the Lobry de Bruﬂn
i end Alberdé'van Ekenstein transformation32. This reaction may be
'utilised for the preparétion of ketoses from aldoses by 1lsomerization
with pyridineo This reaction is postulated to proceed through an
intermediate enédiol; with the loss of asymnetry of carbon atom 2,
the two epiﬁerié aldoses will be in equilibrium with the, correspond-

ing ketose as shown below. )

HoCOH

=0 - Ketose
¢
I\ _
Hfo HCOH HCO
(l |
HOCH . con HCOH
| | 7 l 7
—_C - o=t - 3 —C —
! < [ <« |
aldose enediol : , aldose

Thus D-eryhio-pentuloss (D-ribulose) may be synthesized from D-arabinose
or D-ribose; the former pentose was chosen because it is chéaper to

buy, and D-threo-pentulose (D-xylulose) may be synthesized from D~-xylose.
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Although some of the unreaéted pentose may be isolated from
the reactiop m;xture by crystallisafion, it is most important
to remove the last traces of it from the ketose syrup The classical
methed for the isolation of the ketose from the aldose is by the
formation of substituted phenylhydrazones32. These reactions are
time consumind, and the subsbitubcd phenylhydrazoneo are often
difficult to isolate in a crystalline form;_also, the yigld is
rather poor. Ribulose may be ‘isolated by the forﬁatiou of the aldo-
and ketcso—nttrophenylhydrazones. This reaction appeared to be
rather unrelieble, becaﬁse in some cases thé anibhwsefg-nitrOPhenyl-
(\sazone was preferentialiy K -formed. |

Both xylulose and ribulose do not react with N—benzyl-N~phenyl-
hydrazine, therefore, the aldoses will form the substituted hydrazones,
- end. the ketoses may be isolated from the reaction mixture. It is
difficdt, however,»to obtain the ketose in a pure state by this
Il'eac tion. |

Another method employed utilises the fofmation of the mono-
and di-~isopropylidene derivatives of the sugar mixture33. These
substances may be separated by fractional distillation. The

difficulty inherent in this technique is the crystallisation of the

isopropylidene derivatives, although the yields are quite good.

<

The aldoses may be oxidized to the corresponding aldonic
acids, using bromine as the oxidant in a slightly acid, buffered .
solutions; 3k the ketose do not react under such conditions. The:
aldonic acid may be removed by the use of ion exchange resins.

This method gives pure ketose, although the ion exchange chromatography
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necessary 1is rather tedious. A simpler method is that of
pressurized paper roll chromatography, using a CroMax column,

where .the pure ketose may be isolated easily.

Attempted synthesis of 2-C-hydroxymethyl-pentonic acids.

fhe cyanohydrin synthesis as devised by Kiliani ié one

| of the oldest reactions in carbohydrate chemistry; the sugars

were trested with an agueous solution of hydrogen cyanide, in

thé presence of a littie ammonia. This method has been modie
fied'ﬁy the aeddition of the sugér, tb & solution of sodium cyanide
'. which has been buffered at pH 9.0. The cyanohydrins which are

‘ Anorﬁally not isolated are hydrolysed with alkali, and the resulting
epimeric acids ére separated by fractional crystallisation of the
‘lactones, metallic or alkaloidal salts, the phen?lhydrazides and - .

32

80 on.

In the case of the ketoses, the cyanohydrin reaction will

result in the formation of branched-chain epimeric acids.

A.0-0H - H_C-OH H.C-OH
277 () ow 2] 2
C=0 . . 5, HOOC- C~-OH 4 HO~C ~COOH
| ' LA I
-C- (11) hydrolysis ~C . -C-

! .
In 1934, Schmidt et. al. prepared the four 2-C-hydroxymethyl-

pentonic acids, by the action of an aqueous sclution of hydrozen

: 0] )
cyanide on D-ribulose and D--xylulose.3 After hydrolysis of the cyano-

hydrins with barium hydroxide, the barium salts of the acid mixture
were isolated and treated with dilute sulphuric acid. The free acid-

Jactone mixture was then precipitated with Ca(OH)z; the calcium salts




vere reacted wi£h an equivalent emount of oxalic acid and the epi-
meric acids separated by fractional crystallisation of their phenyl-
h&drazides. This method was repeated in this study aﬁd found to have
several disadvantagesg a cohsiderable amount of material is lost ln
the pufification_of the various salts, since the aéids are in !
.qu;librium with their Z-léctones ét the pH's used. Furthermore,

the separation of the phenylhydrazides seems somewhat éenuu%%uu LhLe
melting points differ by only a few degrees.

In ﬁn attempt'té overcome these difficultieg, the reaction.
ﬁixture, after the h&drolysis of the.cyanohyﬂrius, was passed througﬁ
a catlon éxchange resin column, and the effluent concentrated under
Areduced préssure; The syrup was dissolved in water and concentfate@
under reduced pressure several times to remove any traces of cyahide.
The brucine salteiof the mixture were then masde. Attempted fragtion-
al crygtallisation of the brucine salts was not a success. Un-
fortunate;y, no time was left to pursue this problem bf the resolution
of the 2-C-hydroxymethyl-D~-pentonic acide any further,

| It would be expected ﬁhat one of the lactones of an epimeric
pair~of acids might be more éaéily hydrolysed'than the other. This
could be. ascertained by etudying the rate of hytolysis of the four
epimeric acids, at a fixed pH ﬁsing a pH-statt. If the 1actone- |
mixturg vas placed on a weakly basic 1oﬁ exchange column, the more
easily hydrolysed lactone should be preferentiall& adsorbed on the
column, while the less easlily hydrolysed lactone should be eluted
from the column. Gluconic and mannonic acids have been separated

' by
by this means.3

A,

-



The cyanchydrin synthesis has been used frequently for the ex-

tension of the carbon chaln of aldbses, and more recently for the
| prepération of carbon lli-labelled carbohydrates from the éldosesss.
The epplication of the method to kétoses has been limited. Apart

30, the only other ketose

from the work of Schmidt’'s on the pentoses
used has been fructose, from which the Q- and a—fructohéptonic acids
heve been isolatea??,

Preliminary micro-experiments on a wide variety of ketoses
with KCth_£nd1cate th;t a'large number of cémpounds had been formed,
in addition to the acfds. This was shown by the radioautographé of
the ebove reaction mixtures, after‘hydrolyéis. Differences in the pH of -
the initial ketose-cyanide reaction product made a difference in the
distribution of the compounds on the radlvautographs. BSince these
réactions are esymmetric syntheses, it would be of considerable
interest'to make a conformational étudy of the ketose cyanohydrin re-
aétion. In the éldose series, it has been found that the predominant
“eéiméric acid formed, will be the one in which the hydroxyl groups

: 6 )
on carbon 2 and 4 have a trans-configuration3 « The pH has also

been found to influence the reaction prodﬁcts32.

It is difficult to determine the configuration of the asymmetric
tertiary carbon in brahched-chain,carbohydrates; 88 .there are no
comﬁounde'of established configurations to which they may be com-
pared. Schmidt related O- and ﬁ-fructoheptonic aclds to gluconic
and mannonic eclds, respectively, on the basis of rules of rotation;29
eimilarly; hamamelonic acid was assigned the configuration of.2-C4

30

hydroxymethyl-D-ribonic acid” . Woods and Neish in some experiments




with G-fructoheptonic acid prepared 2-C~hydroxyme£hyl-D-xlenic acid,
whose structure followed from the method of synthesis.S! A recent
paper by Bose and Chatterjee contains a general;sation vhich covers

: rules 38
all the optical rotation/ §0 far proposed.

It 1is oflinterest that
all the data given for the branched-chain sugar acids fit in with
this carrelation. | |

It would be advantageou; to prepare the hydroxymethyl-
pentonic acids for enother reason; in the carboxylation of ribulose=-l,
5-diphosphate to form 3-phosphoglyceric acid, Calvin has postulated
that'the reaction proceeds via a silx~-carbon sugar keto dipbhosphate

39

intermediate, 2-carboxy-3-getopentitol-l,S-diphosphate. Moses
has tentéﬁvely identified this compound in normal ph§tosynthesis
expefiments; hydrolysis of the diphosphate groups, followed by boro-
hydride reduction of this compound ylelded & polyhydro#y acid related
to hamemelonic acid or its isomer.m Thus; the steséochemistry of
these in vivo coméounds could be ascertained by the preparation of
model compounds.
DISCUSSION

It has been demonstrated that the newAmaterial: which appears
‘1n'photosynthesis experiments, by using high concentrations of
éyanide, is hamemelonic acid diphosphate together with some epimer.
Thie materiel has not been detected in normal ﬁhotosynthesis ex-

periments, without the addition of cyanide. The source of hamamelonic

acid diphosphate is clearly a cyanohydrin reaction on RuDP. Kandler
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found that it was necessary to have a light period, between the
addition of cyanide and the injection of boiling alcohol to kill

the algae, in order to form appreciable amounts of HmDP.h Under
these conditions the net fixation of radiocarbon in PGA diminishes.
Fﬁfthermore, the radiocérbon fixed as ﬁamamelonic acid diphosphate

is cénsistent with the amoqnt disappearing from the pentose phosphate
and PGAApdols. It has been well established that the initial carquyla;
tion reaction éf photosynthesis 18 the combination of CO2 with RuDP,
followed by the hydrolysis of the product to form two molecules of
peab2" | Thus, in the light period after the addition of cyanide,
1t would éppear that the algee still have thé ability to reduce ‘

PGA for a short time; then it may be assumed that the carboxydismutase

system assoclated with .the initial carboxylation is in some way blocked.
This will result 1h the accumulation of the RuDP irom the other prod-
ucts of the photosynthetic cycle, and the cells will no longer fix

COp as efficlently as before.

IV. CONCLUSION '
In an investigation of the action of cyanide on photosynthesis,

gréén algae have been treated with fédioactive cyanide. A multitude

df products have been found to be formed in very short exposure times.

One of these was identified with a material formed when algae are given

radiocactive CO, and nonradioactive KCN. This material has been identi-

2
fied as the cyanide additidn product of ribulose-l,5-diphosphate. -Upon
hydrolysis it glves a branched-chain sugar acid:(or mixture of isomers)

closely related to hamamelonic acid. Perhaps the most important aspect |

of this work is the demonstration of the chemical role of cyanide. _—f~—)
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