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ABSTRACT

I. Open chaln terpene synthesis in plants was studied by
T the incorporation of potential intermediates
v of the rubber producing plants Taraxacum kok

vea brasiliensis. Intact plants lncorporate

Ewﬁia"ﬁé&uaﬁé and 2-C7 -acetate intc rubber without randomi~
zation of the label, ﬁ3 -Methylerotonic acid was found to
e an ineffective rubber precursor in intact plants,

ag a8 aource éf enZyme, €7 -acetate is rapidly incorporated
into a velatile, non-acidice, non-polar substance in this
gyabtenm under anaerobic conditions, ﬁlawase%a%@ is not in-
corvporated into rubber., Mevalonle acld is rapidly inecr«
porated into rubber in this system, Partial degradation of
the rubber indicates that nce randomization occurs during
incorporation, This result suggests that mevalonice acid is

on the pathway of terpene synthesis in plants.

el -5
IZ. The two stable carbon isotopes, Cl“ and @13, oceur in

o
[

nature in the ratio of about ninety to one. Various workers
have shown that this ratio is not flxed, but may vary by as
much ag 5%. Interestingly enough, this variation is not
random. Carbon reservoirs suvch a2 limestone, atmospheric
00,, land plants, algzee and coal all exhibit characterisbic
¢}
cerned with the differences between the € ratios of
plants and those of the carbon scurces {from which such plants

ave grown,. i
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GLOSSARY OF ABBREVIATIONS

TPH - Trivhosphopyridine nucleotide
Cod - Coengyme A

GSH ~ Glutathione

Ache - Acetoacetate

BOG - B-Methyl-B-hydroxyglutaric aclid
BMC - f-Mothylcrotonic acid

BOTA - thylenediaminetetraacetic acld
e - Trichloroacetlic acid

MzFDP-  Magnesium fructose 1,6-diphosphate
RuDP - Ribulose 1,5-diphosphate

PGA - 3-Phosphoglyceric acld

pe-p - Pyrophosphate



I. THE DIOSYNTHESIS OF OPEN CHAIN TERPENES IN PLANTS




D
GENERAL INTRODUCTION

All green plants contain terpenes. Phytol, carotenoclds,
the side chain of vitamin K and rubber are a few of the ter-
penes synthesized by higher plants., Terpenes are charac-
terized by their strucbture which congists of two or more
igoprens unlts Jolined by 13& carbon to carbon bonds. This
basie structure is shown In Figure 1. Terpenes consisting
of two isoprene units are referred to as simple terpenes.
Those consisting of three, four, six, eight and many isoprene
units are known as sesqul~, di-, tri-, tetra-, and polyterpenes
regpectively. Terpenes may be elther open chaln or cyclie
compounds. The latter include the steroids and many of the
conatituent terpenes of the essential oils.

Thia thesis is concerned with the biosynthesis of open
chain terpenes in higher plants. The biosynthesis of these
compounds is probably gimilar, in initlal stages, to that
of the more elaborate cyellce terpenes. This is apparently
true in animals in which the open chaln terpene squalene has
been shown to be a cholesterol precursor (1}.

The particular terpene chosen for thig study is the plant
polyterpene rubber,., HRubber is an open chain polyterpene which
vecurs in about 4,000 species of plants., Rubber was chosen
as a material for the study of terpene biosynthesis for the
following reasons: |
a. Some plants are known to make rubber qulte rapidly. In

particular, Arisz {(2) has calculated that the commercial rubber



1. The carbon skelebon of two igorprene units

2

open chain




e

tree, Hevea brasiliensis, produces more than 300 mg of rubber
per 100 ce of latex per hour under optimal conditions.
b, Rubber can be degraded so ag to obtain falirly unambliguous

information as Lo the position of the Cla

atoms incorporated
into the terpene carbon skeleton.

c. Latex obtained by tapping an Hevea tree may be used as a
cyude, cell free system for studying the incorporation of

}
lémiabeieé intermediates into rubber,

G
Rubber has one definite shortcoming as a compound for the
study of terpene synthesis. There is no easy way to purifly
rubber nor any unambiguocus eriterion of purity other than the
information obtained by chemical degradation, The solubility
of rubber in non-polar solvents is shared by many other lipid

lgGEabeie& intermediates,

materials. In the presence of C
these other materials often become much more highly labeled
than the rubber. These materials may be fatty aclds or other
non-terpenes. Degradabtion of the rubber to levuliniec acld
civeumvents this difficulty since non-terpenaceous materials
do not yield this product. The degradatlion, however, intro-
duces a new unceritainty. It is no longer known whether the
labeled levulinic acld arose from rubber or from some other
highly labeled open chain terpene present in small amcunts,
Since the systems in which terpene gynthesis have been
studied here make primarily the open chaln terpene rubber,

it is guite probable that it is actually rubber biosynthesis
and not the synthesis of some other terpene which is studied

in this dissertation,



Some initial experiments were done on lemon grass which
produces the simple bterpene citral., The rate of lncorporation

of the ci¥

of CEQOE inte ecitral by intact plants was so0 low

as to discourage further work on this plant., Experiments were
then carried out with two rubber producing plants, the Russian
dandelion, Taraxacum kok saghyz and the rubber tree, Hevea
brasiliensis. These plants are shown to incorporate Slgn
acetate into rubber with a distribution of labeling consistent
with the carbon pathway suggested by Bonner (3). BMC is shown
to be a poor rubber precursor in intact plants. Enzgymatic
incorporation of proposed intermediates inbto rubber 1s also
gtudied., It will hé shown that rubber is 3ynthésixeﬁ en-
zymatically in good yield from the & carbon branched chain

compound, mevalonic acild.

4



REVIEW

During the past 15 years, much effort has been directed
toward identification of the monomer which polymerizes in
terpene biogynthesis, It was fthought, until two years ago,
that bterpenes arose from the polymerization of one of several
postulated Tive carbon intermediates, Recent evidence indi-
cates, however, that the immediate terpene precursor contains
not five, but six carbons. Evidence which forms the basis
for our present thoughts concerning bicsynthesis of open chain
terpenes is reviewed below,

Figure 2 gives the various steps in terpene blosynthesis
ag they are now thought to occur. HNot ail thege reactions
have been demonstrated in blological systemsa., HNevertheless,
all the reactions have precedent in other enzyme medlated
reactions. Most of these steps have been studied more
thoroughly in animals than in plants. The same intermediates,
however, are involved in both animal and plant systems, and
the experimental evidence obtalned in both systems is usually
complenentary. The flirst steps of this carbon pathway in-
volve acetate. Acetate labeled with Clg in the one or two
position 18 incorporated by intact tissues and by enzymatie
syatems into a number of terpenes and terpene intermediates.
The incorporation of Slauaceﬁate into the triterpens sguvalene

has been studied extensively in animal and yveast systems,

Langdon and Block (4) observed that squalene is synthesized



2 aceltyl-Col «—> Achco-Col + CoA

AchAc-CoA + acet y?wﬁwéx—*iﬁﬁuwﬁaﬁ {or possibly BOG d3-CoA)
A '
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Flgure 2. The probable carbon pathway leading terpene

synthesis in olants and animals,
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from both 1 Clbaaceuaﬁ& and E*ﬁlgwaceﬁate in the whole rat,.
In 1954 Cornforth and Popjak (5), in a magnificent plece of
work, completely degraded squalene which had been synthe-
gized from 8»31ﬂ~ace%a%& in a liver mince and found the dis-
tribution of labeling shown in Figure 3. This aupperts
Bloch's (6) findings on the ingorporabion of 1-Co ~ae@tata
and E«GLQ«aeeﬁa%e into the isooctyl side chain of cholesterol
and conforms to the general scheme for terpene synthesis in
Figure 2. Dituri et al. (7), Bucher et al. (8,9), and
Rabinowitz et al. (10) have all reported enzymatic systems
which incorporate acetate into animal terpenes, C@rwiﬁ

et al., {11) have reported the incorporation of acetate into
sqgualene in yeast., In plants, acetate has been shown to
enhance the rate of rubber formation in guayule (12). Acetate
is also Incorporated into rubber, assayed as the rubber tetra-
bromide, in whole guayule plants (13)., Teas and Bandursaski (14)
have recently reported acetate incorporation into rubber in

& crude enzymatic system from Hevea. Zabin {(15) has investi-

~ 18

gated the incorporation of C -acetate into lycopens in

comatoes. He finds complete randomization of the label which,
due to the long time perlods (12 days) used, might be expected.
The {ormabtion @f;ﬁ -carotene from specifically Cla~1abeled
acetate in bacteria has been investigated by Grob and Bt~

ler {16), They find a pattern of labeling identical to that

described by Cornforth and Popjak for squalene (5).
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The above evidence indicates strongly that acetate gives
rige Lo tevpenes without the randomization which would cocur

3

atate weres reassinilated into the carbohydrate pool

frobe
iy
3

Before the role of Cof in 1lipid metabollism was reallized,
s number of ecarbon pathways were proposed for terpens bhio-
gynthesis which, in the iig%ﬁ of present knowledge, are
probably ineorrect (12,17,18), It is now known that acids
such ag acetate must be activated before they can partiei-
pate in lipid meﬁabaligﬁ. This actlvation congists of forma-
tidon of acyl-Col compounds at the expense of ATP hydrolysis,
This reactlon occurs in many animal tissues. That such reac-
tilons also oceur in plants has been gshown by Millerd and

Bonner (19), and Patrick {20). The reaction may be formu-

lated as shown below.
ATP + CoA + carboxzylic acid «— acyl-Coh + AMP + p-p

The {irst step in terpene synthesis is the eondenssation of
tyl-Cof unlte to form AchAce-Cold as shown in Figure 2,
This step has been demonstrated in animal systems by

Rudney (21) and Bachhawat et al, (22). Acetoacetate forma-
tion from acetyl-Colf in a spinach leaf system has b@@nA
studied by Millerd and Bonner (19} and in a flaxz enzgyme
ystem by Johnston, Racusen and Bonner (3). According to

subsequent work of Rudney (21), this reaction is apparvently

@

formulated as shown below



Tl
2 acetyl-CoA —— acetoacetyl-CoA + CoA

The next step in terpene bilosynthesis is the addition
of another acetate to acetoacetate to form the six carbon
intermediate [ -methyl-S-hydroxyglutaric acid (BOG). This
reaction has been studlied both with respect to terpene synthe-
sis and to leucine degradation {22). Acetyl-CoA reacts with
acetoacetate as shown in Pigure 2. The reaction is analogous
to the acetylation of oxalacetate to form eitrate., Rudney
points out that whether BOG exists as the mono- or di-Col
derivative at this point is not known. It is interesting to
note that BOG does not exist as a free acid in nature but is
bound as a diester in both flax and in the Crotalaria alkaloid
dicrotaline (23,24). This is not inconsistent with the idea
that BOG may exist as a di-activated acid. The biosynthesis
of BOG has been studied by Rudney (21,25), Bachhawat, Robinson
and Coon {22), Rabinowitz and Gurin (10), and Johnston,
Racusen and Bonner (23).

The distribution of labeling in BOG synthesized by a
rat liver homogenate from 2wclg~aceﬁaﬁe as determined by
Rudney (25) is shown in Figure 4. The three labeled ecarbons
represent the three methyl carbons of acetate. This scheme
is consistent with the carbon pathway shown in Figure 2.
Bloeh {26) has shown that 3-31£~BGG is incorporated into
cholestercl in the rat, Since the labeling of fatty acids

was small, he concluded that the conversion 1s falrly direct,
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Dituri et al, {7} found that methyl- C ~B@@ is incovrporated
into sgualene in a rat liver homogenate. Coon (22) has

shown that BOG-Cof underzoes decarboxylation to form
~-hydroxyvisovaleric acid. The reverse decarboxylation reac-
tion regquires ATP and in fact the actlve carboxylating agent
appears to be carbonyl phosphate. The 4 ~hydroxyisovaleric
acid in Lurn is acted upon by erotonase to yield BMC,
Johnston, Racusen and Bonner (23) report a similar system in

flax seedlings. Both Rudney (27) and Rabinowitz (28) have

)

3 s
investigated the incorporation of C™ -acetate inbto BMC in
enzymatle gyatems., The digtribution of labeling found by

\ oy . . 14 .
Rudney (27) for BMC wibh 2-C* -acetate as the substrate is

shown in Flgure 5., This pattern of labeling is consistent
with that found in BOG, Bonner {12), on the basis of evi-
dence obtained with guayule seedlings nutrition experiments,
propoged that BMC might be an intermediate in terpene bilo-
syntheslis. Though BMC is closely related to other terper
intermediates, in the light of recent evidence, it is not
on the major pathway of terpene synthesis,

In 1956, Folker's group, at the Merck laboratories,
isolated a factor capable of replacing acetate in the nutri-

in of lactobacillius (29,30). This compound

fda

tion of a stra
was shown by synthesis to be §,8-dihydroxy-s-~methylvaleric
acid {mevalonic acid) (31,32,33). Mevalonic acid labeled
14

with € in the two position was synthesized and incubated

with an enzymatic rat liver cholesterol aynthesizing
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system (34)., Ninety percent incorporation of one of the

two Llsomers of mevalonic acld into chelesterol was obtained,
Table I gives the relative effectiveness of BOG, BMC and
mevalionic acld as precursors for cholesterol in this systen.
may be seen that mevalonic aecld is by far the most effec-
tive cholesberol precursor. Tavormina and Gibbs (35) have
shown that the carboxyl carbon of 1~ﬁlgwm@3310ﬁie acid is
not incor o@rabeé into echolesterol. On the contrary, all

of th C acaivi%v i8 recovered ag QQ@ lost from the system,
This suggests that the carboxyl carbon is loss during the
incorporation of mevalonic acid into cholesterol.

Mevalonle acld may be bthought of as BOG in whiech one
carboxyl group has been reduced to the level of a orim ary
alecohol, Analogous reductions in bilochemistry cecur in two
steps in which the aldehyde occurs as an intermediabe oxi-
dation state., Shunk et al, {36) showed that DL-3-hydroxy-3-
methylgliutaraldehydic acid (mevaldic acid) inhibits €1¢
acetate Incorporation into cholestercl on a molar hasis
almost to the same extent as mevalonie acld, Incorporation
of Cl ~mevaldie acld into terpenes has not yvet been raported,

There are three veports of incorporation of Gl&“
mevalonic aecld into bterpenes from other than the Herck lahora-
tory. Wright (37) veported that liver homogenate supernatant
ilg highly actlve in the conversion of mevalonic acid into
a non-saponifiable material., Addition of a microscmal frac-

tion was necessary for conversion of this substance into



- £ . SIS .
voelative eflectbivensss
2 . Fm A e - P,
acid az cholestercl U“GC&QS
¢ e
favormine ob

RN S £ L i E
Substrates fed in
souimolar amnounbs

- 1h . 2
Die2=("Vemavalonic gald

RS [ -y
MG and valonic
et e o
COrGLiy; Lo

% Conversion bo

cholestorol

U.1b
3.8
L3 ey



cholesterol., Amdur, R1lling and Bloch (38) reported the

&
e
&3
C'f-g
QJ
P o

>ic converslon of mevalonic acld into sgualene., This
P

” ‘5}""}“ o 55
conversion requires enzyme, Mn , ATP and DPH or TPN., Dituri,

Gurin and Rabinowitz (39) alsc reported incorporabion of
Qmﬁzgumevalanie acid into squalene. These workers carried
cut the degradation of sgualene, and the distribution of
labeling which they found is shown in Pigure &, Unsaturation
ig achieved by the removal of water from carbon atoms three
and four of mevalonic acid.

No one has; asg vet, demonstrated the reduction of BOG to
mevaldic or mevalonic acid in g blochemical syatem., This is

gevere oriticiem and the weakegt polnt of the scheme

T

U

the mos
propesed in Plgure 2, Mevalonice acld is, however, a natural
product. In this dissertation 1t is shown that mevalonice
acid is incorporabted engymatically into rubber. The fact
that mevalonie acld is incorporated so effectively intc both

2

animal and plant te m?eme sugzgesats that 1f mevalonle acld

iz not a frue intermediate, 1t must cerbtainly be very similar
to the real compound. Verificabtlion of this point awalts the
isclation of Clawmevalcﬂic acid from & ﬁl -geetate fed, ter-
pene producing system.

The scheme of terpene synthesis presented in Flgure 2 is

]

in accord with all of the major bodies of evidence. Much work

fot

iz 8111l necessary, however, to verify the scheme for plant

m

®

e £ e
system
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EXPERIMENTAL APPROACH

14

feed
o
of
s
P
@
fede
o
foutn

itial experiments, intact plants were fed C

£ .
seetate, or -BMC through the roots. The rubber from these

}mﬁ
[ iy

plants was isolated, partially depraded and the distribution

of labeling determined. An effort was then made Lo effect
. o 1l ; .
vhe inecorporation of £ -labeled intermediates intc rubber

in a cell free system from Hevea. The only substrate incor-

porated at a sufficiently high level to perwmlt of partial
i4

R

degradation and determinatlon of labeling was 2-C° -mevalonic



w20
METHODS AND PROCEDURES

Three plants {Lemon grass, Cymbopogon citratus, Russia
dandelion, Taraxacum kok saghyz, and the rubber tree, Hevea
brasiliensis) were used Lo study open chain terpene bicsvyn-
thesis in intact systems. The plants were fed ¢ 0, 1n the

short time periods to determine the rate of terpene

o

1ight for
synthesls in the plant. In further experiments the plants

2

were fed various Cl ‘~labeled intermediates through the roots

iy

and the terpene was isoclated and degraded, This method was
used Lo compare the relative effectiveness of possible rub-
ber precursors in intact systems, Enzymatlie incorporation
of intermediates into rubberwas also studied,

Isclation of eitral.

Lemon grass plants were broken up and placed in 2 1,000 ml
distilling Clask with 600 ml of water and steam distilled,
The distillate was then extracted five times with 200 ml of
Gﬁ@igq The 6H$13 exbract was then refluxed with excess
2,4-dinitrophenylhydrazine for four hours, The 2,4-dinitro-
phenylhydrazone derivative was chromatographed on an activated
alumina column 0.5 x 18 em. The column was washed with

: 708

petroleum ether and developed with a mixture containing

d

petroleun ether and 30% benzene. The band corresponding to
the known derilvative was collected and crystallized to con-

stant specific activity.
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isolation of rubber from whole plants.

The plant was ground up and extracted four or five times
with bolling ethancl., The residue was dried and then ex-
racted with elther chloroform or benzene, The filtered

wn-polar exbract was then washed with 10% KOH until no more

Q“’wi&béiéd material could be extracted by this method, The
non-polar extract was reduced to small volume and precipitated
with five times that volume of ethancl. he precipitated
rubber was then collected and dried. This constitubtes the
fraction termed crude rubber in this disgsertation., Rubber
from enzymatic reaction mixtures was isolated by essentially
the same procedure except that the initial grinding ster was

Preparation of rubber Letrabromide.

2
"'§

rude rubber was dissolved in GHQAB. Bromine dissolved
in @ﬂﬁlg was Then added dropwise until no more bromine was
ipe.  The derivative was precipitated with ebhancl and

s wilth an ethanol, H.O mixture. The deri-
&

&
oy
oy
1
)
e8]
{7!
<
6]
g
o
bt
bl
;,.u

vative was then welighed and counted This 1s essentially
the method deseribed by Willits, Swain and Ogzg (20).

Porifieation and degradation of rubber.

Crude rubber as delined above still contains many C° -

labeled contaminants, It was also found that precipitabilon

&
contamnination by other sources. To be certaln %hat

a

in nature, it is

L

the material counted 1s aectually terpenoid
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necessary to degrade the rubber and isolate and purify the
degradation products. The degradation used was thabt of
czonolysls followed by hydrolysls, outlined in Figure 7,

Twenty~-Live milligrams of crude rubber were found to be
the minimum amount of material which could be successfully
degraded to levulinie acid. The ozonolysis reaction was
carried out as follows, The rubber was dissgolved in about
10 ml of CECIE and placed in a tube 1.5 cm in diameter through
which ozone could be bubbled, The Cﬁcig solution was cooled
to 0°C on an ice bath and the outlet bubbled through a trap
gontaining KI. Oxidation of lodide ion to free ilodine occurred
when ozone was no longer absorbed by rubber and passed ianto
the KI trap. The appearance of free lodine indieated that
the ozonlzation of rubber was complete,

After ozonization, the Qﬁai% solvent was distilled off
under vacuum, Two milliliters of digtlilled water were added
and the flask contents were refluxed for one hour., The solu-
tion was then filtered. Oxidation of the aldehvdes presgent
was carried out by first acidifying the solution with REEQ& and
then adding a dilute KEC§2&? aalmﬁiom dropwise., As the yellow
color dipappeared, more dichromate was added untlil, alfter heat-
ing 10 minutes at 80°C, no further change in color was noted.
Excess chromle acld was reduced by addition of sodium sulfite.
The aclid solution was extracbted with ether for six hours. The
extract was placed on Whatman #1 or #3 filter paper and

chromatographed in ethanol ¢ NH,OH HQQS 4o ¢ 4 ¢ 8, In this
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[

Ozonlde

[ 1,0

HOOC—C—C—C —C
l
0

..,.g..‘
OHC—C—C—C—C
Il
O

k G?GB

levulinie aecild

J NaQl

@i"ﬁg +  Na0OOC — C—C— COoNa

Filgure 7. Procedure used for degrading rubber,
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solvent levulinie acid possesses an RI value of about 0.65,
The levulinic acld band was eluted with water and treated
with 2,4-dinitrophenyihydrazine, The precipitate usually
formed rather slowly and was recrystallized by dissclving it
in dilute ammonia and neubtralizing with HCl. The solution was
placed at 0°C and the crystals separated in the cold. These
cryatals have the melting point of authentlc levulinie
2,4-dinitrophenylhydrazone. Chromatography of the 2,4-
dinibrophenylhydrazone of levulinie acid against auvthentlce
material in (AHL)ﬁﬁﬂ : NHyOH, 1:1 or in n-butanol : ethanol :
5 N OB L OH, T:1:2, also indicated the identity of the two

compounds. The yield of levulinic zeid by this degradation

1g usvally 10-20%. Table II shows the aspecific activity of
14 o s .

rubber isclated from g €7 -acetate fed kok saghyz plant at

various stages of purificatior These results indicate that

both the crude rubber and tetrabromide derivative contain
BOme Clﬁwia%giaé materlal which does not yield levulinie
acld upon degradation.
In this thesis 1t i asssumed that the specific activity
of purified levulinic zeid derived from rubber 1s the only
criterion which can be used to Jjudge the ilncorporation of
1l ] i .

C7 7 intermediates into rubber.

Degradation of levulinic seid,

The 1indic acld in eaguecus solubtion was made basle with

et
{?a
c~’

Hai and trested with an lodine-pobassiuvm lodide solution,
fie

Iodoform separated and wag collected and purified by subli-
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rormed. The solubtion was then treated with sufflelent
sodium aulfite so that all the ifodine was reduced o
sedide 1on. The acidified solutlion was then ether exbracted

&

for siz houre., The ether extract was chromatographed in

ethanol s NH OH ¢ H,0, 40:4:8 and the band corrvesponding to
i s

K3

succinate was elubed and counted as the crystalline acid

ey erystallization from an ether ligroin sclution.

Lotex collectlon,

The Hevea trees avallable for latex @ llection were only

about 1 m high, The stem diameter was about 1 cm, Latex
was obtained by tapping the trees., This was done by cutbting
diagonally through the bark with a razor blade. A 1 mm
capillary was then placed against the drops of latex which
Porm along the cut. The latex was allowed to {low into the
capillary of its é yn accord by capillary and gravitational
attractlion. Care must be taken with latex collected in this
way to prevent coagulation. Coagulatlon tends o oceur upon
physical maltreatment, dilution of the latex or prolonged

wosure to Cemperatures greater than 30°C.

2

Preparation of reactlon mixbtures.

Since Heven latex tends to coagulate upon dilution, the
ratio of latex volume %o the volume of other components in
the reactlon mixture was kept as large as vosslible 4 ratio

3

of 1.5 o 1 or grealter was necessary for the latex obtained

i

from these treas.
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Isoclation of rubher from reaction mixbtures,

At the end of the incubation, 2 ml of ethanol were added
to the reaction mixbture which usually had a volume of less
than 0.5 ml. The precipltate was exbracted three times

h 2 ml volumes of ethancl., The reaction mixture was then

oF

wi
dried and dissolved in caczg. Purification and degradation
were then carried out as described above,

ﬁa@ia&eﬁiv& assay of sampies.

&

417 samples were counted at infini te thinness in a
micromil gas flow scaler (Nuclear Chicago Model 181}, The
aluminum planchets used were 2.0 en in diameber and sand
blasted on *“g inside surface, All samples were counted for
%Q or more counts., The counting error with this eguipment

Lo

under these conditions is less than 5%,



Lemon grass,

Lemon grass contains large guantities of the simple

terpene cibral whose structure is shown below.

§hs o 20
RYT oy ) 3 ki k4 * -
CHy— C=CH - CH, — CHy-— Co= CH-~ €
3 [ £ ~

A sinmple, easlily isolated terpene such as citral would provide

2

t model for the study of bterpene formation in

$psad

&

&
b

T
D
ot
et
@
=

94 . o
nts, Two ¢7 -labeling experiments were therefore done to

plan

determine the sultability of lemon grass for sbudies on ter-
. s . 14 -

pene bilosynthesis. In the Pirst experiment C7 0, was fed to

hours under nabtural photoperiod.

14

In & second experiment, & lemon grasg plant wag fed 1-C

acetate through the roots. These experiments are described

below.

14 s
C @2 was fed by scidifying 2.1 mg of 19% B@u @% ith

o5

HC1 in the presence of a four week old lemon grass plant

in a closed plass eylinder, After U8 hours in the greenhouse,

wa
¢ ?
]
jan
e
[#73
[
B
e
('f?
§~sa
Q.a

the plant was removed and the civral isola
above (Methods and Procedures). Results are reported in

Tahle III,
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In the second experiment a four weelk old lemon grass
14

plant was allowed to take up G.4 mg 1-C7 -NalBe for 30 hours
in the dark. The cltral was isolated according to the pro-

cedure described above. The results are reported in Table IIT,

;«h
&
o
e
@
&
(N
feto
5

The low orders of activit

suzgest: that lemon grass is a poor system for the study

BUEE

ey

terpene synthesis. The results alse indicate that citral is
nmetabolieally very inactive in lemon grass, This plant was

3,

n which

St

therefore abandoned and search continued for a plant
terpene synthesls occurs at a grester rate,

Taraxacunm kol sacshyz,

he ﬁ%ﬁ&i&ﬂ dandelion, kol saghyz, contains rubber in
the latex vessels of its “w%ﬂﬁf roots. Considerably greater

}
rates of incorporatlion of G intermediates into tervene mate-

it

=

rial were found with this plant than weve found with lemon

grass. The plants were grown from seed. They were four

3

months old and weiched about 11.3 gm fresh weight when used.
, . , 14 .
In an initial experiment C @g was fed to two groups
of three plants each. The plants were placed in the glass

1 )
eylinder used in feeding the lemon grass. C° 0, was obtained

1Y)

by acidification of 2 mz of 19% aac ngﬁsiae the cyvlinder.
One group was also removed from the cylinder and allowed to

O ia a normal atmosphere for five more days. The rubber

&S

was extrached and degraded as described above, The data

FULL

for this exgerimend, ziven in Table IV, indicate two things,
First, rubber is not made sufliciently rapidly te dilute out
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te any large extent ﬁlg which has already been incorporabed
into rubber. Second, CE% which does not appear in rubber
immediately after fixation by photosynthesis is not incop-
porated to any great extent into rubber during the subsequent
periocd in unlabeled Cég@ This suggests that rubber bio-
synthesis in kok saghyz does not involve intermediabes which

parsist for any length of time before incorporation into rub-

Acetate labeled with (31Eg in the carboxyl position was

‘ f@ﬁ through the roots to kok saghyz seedlings in two separate
exparimenﬁss In the second experiment Qwﬁ*% cetate and

3w G »ﬁ?ﬁ were algo fed to plants from the same group. These
two experiments are reporied helow,

In the lirst experiment, 12 plants about 4 om tall were
placed in a solution containing 2 mg of l«ﬁliwﬁaﬁéﬂ of
gpecific activity 1 ﬂc/hWI The plants were allowed to take
up the 61 ~acetate for 18 hours in the dark., About 60% of
the Clﬁmaa@tate golution was taken up in this time. The
rubber was then isclated and degraded as deseribed above.

The results are reported in Table II. Thir riy-twoe and four

tenths milligrams crude rubber were obtained., This experiment

was the first to suggest that the rubber tetrabromide may
contain €' compounds other than rubber,

In the second experiment 120 kok saghvz olants were

14

divided into three groups and fed ¢ -labeled compounds

through the roots as indicated in Table V. The rubber was
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then exbtracted and degraded as described above. These re-
sults are presented in Table VI, The low speclfiic activities

b

af these samples make them sublject to considerable error,

It is interesting to note that the iodoform Ifrom levu-
1k
3 7 o3 . 3 R e - PO S Y
1inie acld derived from the 1-07 ~acebate lzbeled rubber was
inlabeled. On the contrary, lodoform derived from levulinic

rubber contains about one-

§
3]
&y
¢
[
£
&
e
Joeud
&
o
O
b
o
e

third of the total label in the moleculs, This is predlicted
by the scheme proposed in Figure 2., BMC is the most poorly
incorporated of the substrates tried, At the time 1T was
felt that poor incornoration was due Lo Inability of the
nlant to form the CoA ester of BMC, The work on Hevea re-

porbed below, however, indicates that this is probably not

Hevea seeds from Puerto Rico were germinated in the
Barhart Plant Research Laboratory, When these plants were
20 em high and weighed about 12.5 gm welt welght, they were

T L
used for O -labeling experiments,

In the first experiment, € @g was fed to one Hevea
plant {12.5 gm fresh weight) So determine the relative rate
of rubber synthesis as compared o that of the other plants

.
4 o g o - o e B o & ! - = § P n & R 4
investigated, ¢© Gg was preparved by acidifying 3,.¢ mg of

B

e Ll . 14 ) ‘
19% BaC™ 0 The ¢ 0, was fed %o the plant for 21 hours
under natural photoperiod, The plant was then renmoved [rom

Yo 5 e B g JOR D JPENEIY £ oy o g 2 o o . ey
the chamber and ground with ethancl in an ompimizer. The
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rlant material was extracted four times with hot methanol,
&
4 s . ~ [EE RS %5 . y .
his extract contained €4 x 10”7 CPM. The rubber was nexh

extracted and depgraded aceording to the procedures des @fzb@é

s @

above., Twelve milligrams of rubber were obi
tained 9,200 CPM/10 ~H mel of rubber. This resuld shows
that the rate of incorporation on a sveci

is considerably higher in Hever than in kok sachyz,

nent, 10 ﬁév&a gseedlings, 134.5 am

oy 3 ) 3.2\& A - P
3 welght, were fed 24 mz. of 2-0° -NaOhe (3.5 m /%M)

In & gecond experi

G

%]

hrough the roots for 24 hours in the dark. A1l of the HEE -

tate solution was taken up. Rubber was isolated aceording

&

et

to the procedures described above bubt with the fo lowing
nodification which was aimed at removal of contaninating
1

materials, The plant material was first extracted succes

due

7»“9

gively with hot methanol, ethanol and acetone.  The resi
wasg then exbtracted with benzene as described above, Sdixty
milligrams of crude rubber were obitained. The degradations
to levullnic acid and lodoform were carried out as deseribed
above., The results in Toble VII show that
the levulinic acid obbtalned in this degradation is consistent

<

with that found In kok sazhyz and with the scheme oroncaed

Dr. Walter MeNutt of this laboratory carried oub similar
12@ & B oy B E4 3 n e % 1‘ : e gy L {= E
2«07 "~acebate feeding and 1-0° -acehbate f eeding experinents

on the same group of Hevea plants, The results of these
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in Table ¥ indicate that the latter is the case.
One poseible reason for the slight incorporation of BMC
snto rubber might be an inability of Hevea plants to actlvate

the substance, hig possibility was invesbtigated flrst by
14

chromatography of an ethanol extract of C -BMC fed plants.
If the material is not activated, 1t should remain intact

Lo .
1 ~labalad band

and the chromatozramns should show only one C
eorresponding to the free acid. The chromatogram of the
sthanol extract of the 4-C7 -BMC fed Hevea plants reported

in Table X run on Whatman #3 paper In ethanol : RHyOH 3 Hzﬁg

2t this is not the case, Assay of the
chromatogram with a Nuclear Chicago model 1620 strip counter
showed that about half the BMC was converted into at least

12 eother 07 -labeled compounds during the feeding period.

The extensive labeling in plant compounds other than rubber

suggest that BMC 1s activated in the Hevea plant, but does

not act as a direct precurscr of rubber, If BMC catabolism
0@5&@8 in Hevea as deseribed by Coon (22) for animal tissues,
then branched chain berpens precursors (BOG) should arise

It

2,

hefore acetate. might be expected, in this case, that

BMC would be a faivly good rubber precursor. The above ex-
periments show that BMC is actually conslderably less effec-
3§37

Live than acebate as & precursor of rubber. Th

W

[
[
e
o
q
w
L
o

o

that, in Hevea, FEMC may be degraded by some process which

does not zive rise to rubber precursors,



The resulis of experiments on the inecorporation of 7 -
labeled G0, acetate and BYMC into the rubber of intact kok

arized as follows,

¥

‘=labheled acetate is & nmore eff@ative precurscr of

14

rubber {when fed as the free zcid) than either o @2 o

¢, BMC Is incorporated inte many other carbon compounds te a
much greater extent than into rubber. BMC, as the free acid

iy

at least, 18 not on the pathway of rubber synthesis in Hevea

Q;:s

oy G

It was reported by Teas and Bandurski {14), during the
courge of the present work, that 1

b
-C* wacetate 18 incorvorated
into rubber by an enzymatbtic sysbem from Heves latex. Simllar

Wt oY

esent author without

u—wx

experiments had been tried by the
success. It has, however, proved possible to, in part, re-

& . 18
14 compounds, 1-07 -

veat and to extend their work., Four ¢
Y. R 1. . .

saeetate, 3-07 -BMC, 3-C7 -BOG and
i

4 .
ngl -mevalonic acid, were
chat u

incubated in a system similar to used by Teas and
Bandurskil. ¢ these substrates, only mevalonic acid is
rapidly incorporated inbto the rubber. Acetate, though not
incorporated into rubber, 18 rapidly mebabolized under

anaerobic conditiong and up to 10% of the total activiity fed

is recovered in an unidentified non-polar compound.
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14

~ooratlion of 1-07 -acebate into Hevea latex,
& repeat of the Teas and Bandurski experiment.
Heves latex was collected ad described above and added

o the rescbion mixbture described in Table XI., This reaction

mixbure 1s idenbtileal to that used by Teas and Bandurslki {(14).

X

One reactlon mixture wos precipitated at O time with ethanocl.

3

Two other mixtures were inecubated for two hourg and forty-

&

five minutes at ?GG, The reaction mixtures were washed as
follows:  two times with 3 ml acetone, two times with 3 nl
Hal and one tlme with scetone @ HQGE 1:1, The rubber was
dissolved in a sclution of 124 TCA in benzene and then

counted as the rubber tebtrabromide. Resulis are gilven Iin

ig incorporated into rubber by

[
i
o
.
.
]
k=
o
%,
o
[¢]
1y
ot
i
sl
B
"

this system The O time value obtained by Teas is many
times higher than that obtalned in the present experiment

indicating that he used 2 poorer w&qhimg nrocedure, Several

with latex from Barhart grown trees were also unsuccessiul.

- . . e ?ﬁ
., Ansercbic incorvporation of 1-C7 -acetate into Hevea latex,
Since the formation of terpene hydrocarbong from organic

5

acids is a reductive process, several incubatlons were run
. : . I
under anaerobic conditions., It was found that the 1~$%‘~

dly incorporated into a velatile non-acidle,

X

e

foda

ap:

acetabe is

&..\.7

non-polar compound {(but not inte rubber) under anaerobic

2 B3

conditions. Anaevobic conditions were obtained by maintaining
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Figure 8. Loss of counts from the non-acldie, SHﬁls soluble
fraction of Hevea latex after incubation with

14

1-07 T-gcetate under anaeroblce conditions.
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incorporation of 1-C7 -acetate into the volatile CHC ?3
soluble fraction was investigated for dependence upon

anacroblic conditions and presence of colacters. Apparently
Heveg latex has the enzymatic machinery necessary for produc-
ing ATP emﬁagenauaiy; Cod and DPN, on the other hand, con-
siderably enhance ingorporation of 1~G&%»a@@tate into the
valg%ila compound, The necessity of Cod for acetate ac
vation and DPN for oxidation reduction reactiong supports
the ldes that acetate is incorporated into & larger and more
reduced molecule.
14

3, Enzymabtic incorporation of 3-C7 -BOG into Hevea latex,

The enzymatic lncorporation of BOG intoe rubber was also

investigated. The system described in Table XTI was Iincubated
. 1% o , e @ o e . .
with 3-C7 -BOG (0.8 wme/uM) except that 0.3 ml of latex was

used and no water was added, After two hours of incubatlon
under aerobic or anaesroblc conditions a small amount of
activity appeared in the non-polar fraction and ao label
appeared in the rubber. Chromatography of an ethanol ex-
tract of the reactlon mixture in ethanol : NH,OH : Hgég
4034 :8 showed that 5% of the label was recovered as BOG.

s Toh)

Five percent of the label was in a compound correpponding

ns

in RP to BMC. The identlity of this compound with BUC was



4, Incorporation of mevalonlc acid infto rubber in an Heves

atex enzyme systen.

3

322
Rapid enzyvmatic incorporatlion of 2-C 7 -mevalonic acid
into anlmal Terpenes suggested that mevalonle acid might be

an intermediate in plant terpene gynthesls, Y¥erck and Co.,

i

14 a3 e
Ine, supplied the 2-C -mevalonic acid (0.1 me/mM) used

fole

n these experiments. Two expervimenis were done on the
engymatic incorporation of chlawuavaignic aclid ianbto rubber.
The reaction mixtures are indicated in Table XIV., Experi-

ment #1 was incubated at room temperabture for one hour.
Bxperiment #2 was incubated at room temperature for three
hours. The reaction mixbtures were stopred by addition of

2 ml of ethanol. The reactlon mixtures were then extracted
fwice with hot ethanol. Chromatography of the ethanol
extract in ethanol ¢ NHLOH : H,0, 20:%:8 indleates that ne
ather c“awla$@30ﬂ substances are formed during the incuba-
tion., The rubber wag extracted and degraded as described

above. The recrvaballized 2,4-dinttrophenylhydrazone of

b Nl

E 7

ilevuliniec acld was rechromatographed in n-bufancl : ethancl ¢

0.5 I %ﬁg@ﬁﬁ 7T ¢ 1 2 2. The eluted material melied at
Yy mr«ij 9, a E 2 @ 7, )
202-205°C, (The pure derivative melts at 2087C.) The methyl

carbon of levulinie acld was determined by conversion to
iodoform as described above. The succinate contained acti-
vity, bub too 1ittle was cbtained tTo count aecurately alter
cryatalliization. These resulis are reporited in Tabhle ¥V,

7 berpens precurscr which hasg been
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~

found to be rapildly incorvporated inbto rubber, Ho activity
appeared in the methyl carbon of levulinic acid, bubt activity
dld appear In the sucelnate, The results of this and the
cariler experiments are conglidered below,

tie experiments may be gummarized asg follows :

A11 efforts to incorporvate ¢ -ace

gnaerobice conditions. Incorpowmiion of acebate into this

B

w
s
2]

ractlor azreatly enhanced in the presence of Cof and DPN.

o

ATP does not affect the vabte of ¢ -acetate in-

oS

dition o

o
Q_.
im_
iﬂ@

[

gcorporation into this fraction. Mevalonic acld is vrapidiy

incorporated into rubber in an Hevea latex enzyme system.

e o di Tt

axtract of the reaction mix-

(?J

Chromatopranhy of an aleoholie
. 14
ture does not indicate the presence of other 7 -labeled

compounds., These facts indlcate that the conversion of

mevalonie acld to rubber is the major path of mevalonice



DISCUSSION AND CONCLUSIONS

Teag and Bandurski {(14) reported the incorporation of
Clgwlabele@ acetate into rubber in an enzymatlic system from
Hevea latex. To find whether the activity obtained was
actually in rubber, these workers degraded the rubber to
levulinic acid. This degradation was performed by czonlzing
the rubber. The ozonide was then hydrolyzed. The ozonolysis
products were treated with 2,4-dinitrophenylhydrazine and the
precipitate obtained was counted. Paper chromatogravhy of
this material vielded only one spob wﬁiéh corresponded in RP
to the 2,4-dinitrophenylhydrazone af levulinic acid. The
activity of the crude precipitate was then assumed to be due
to levulinic acld. 8ince the specifiec activity of the puril-
fied material was not debtermined (41}, the conclusions drawn
»by these workers are probably not justified. In our experi-
ments which were carried oubt in similar wanner, the purifiled
derivative of levulinic acid cobitained by degradation of the
incubated rubber contained no activity.

The data presented in this dissertation show that the
incorporation of Clgwae@ta%eﬁ Cigmﬁﬁc andg Clﬁ*mevalamic acld
into rubber in intact plants and in enzymatic gystems is con-
sigtent with the scheme presented in Figure 2. The fact
that the data are consistent with this scheme does not neces-
sarily mean that the scheme is correct. Acetate, BOG and
BMC interconversions have %e@&‘demonatrataﬁ in plant sys-

tema, In this disgertation 1t is shown that mevalonice acid



ig rapidly incorporated inbto rubber. The interconversion

of BOG, mevaldic acid and mevalonic acid has not been demon-
strated in a bilological system. Untlil such a conversion is
shown, there is a real possibility that the reduction of a
carboxyl group may occur before mevalonic acid is finally
assembled, For example, condensation of acetyl-Col and
aceboacetate may occur after aceboacetate has undergone re-
duction., Acetate and mevalonle acid are probably real inter-
mediates in terpene synthesig., Clarification of the inter-
mediate steps, especially those relating BOG and its possible

reduction products, is 23till needed in both animal and plant

systems,
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GENERAL INTRODUCTION

& hasic objective of biology 18 the demcription of the
chenical and vhysiecal ohenomena which occeur within cells,
technigue for the atiainment of this end is the
uge of artificial isobtope ratics as tracers of metabolic

cactive isclopes are especiaslly useful in

)
£
g
oy
=
o
g
e
o
Qﬂda

this respect since their abundance iz eagily determined by

electronic counting technigues, The sucecess of all such

tracer experiments depends on the chemleal simllarity of the
artificially Introduced isotope to the normal isoctope in
guestion. Actually, two molecules, whiech differ only in the

isctople specieg of the atoms of whieh they are composed, ar
not chemically identical, Variation in the wmass of an atom
produces, in many cases, predictable effects on the thermo-
dynamic propevties of molecules which contain this atom,
Such effects are, in general, pronounced in the case of small

molecules composed of light elements. Light elements (H,0,N,0)
are the asbundant onesg in organic materlial., It is known that
neasurable fractionation of these lsotopes occurs in bilologi-

s however, about the actual

9,3

cal sy me. Littlie ig know

Cionations,., It is

[
o

processes that cause these isctopic fra

sobople frace

&)
sl

anticipated that accurate determinations of

13

tionation 1In bilological systems under controlled conditions

8

information about the nature of the processes

o

t’“ i

should vield 1

which carry ocut the fractionation. This thesis concerns a

'\d
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£

particular instance of 1softope fractionation by living
organisms, namely the fracbionation of the stable carbhon

isotopes In plants., In this study, the fractionaition of

13 iz e s . .
G52 and € in plants is corvelated with various aspects of

gy o 0f oD ey B wals  Tne o e 08 3 ey 0 e b }'3 m}‘g e e
Considerable work has been done on the C™7/0° ratios

of natural carbons. The results of some of these investl-

e reviewed below.
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number of conclusions reached by early investlgator De~
velovment of the high resolution mass spectrometer which is
used today took place from 1847 te 1950, In 1047, Nier (ﬁi}
reported an improved mass spechtrometer desipn and further

improvements were reported by McKinney et al. {52} 1

In this machine 612/?13 tios are determined to + C,01l% of
the ratio. An instrument of this design was used Uo make
the analyses reported in this dissertation.

The development of bebier instrumentation cousnled with

an understanding of the thermodynamic properities of igotople
gubsbtances initiated a new period of frultful investigation

in carbon and oxyvgen isotope chemisbtry,

%
In 1647, ﬁ?@y {53) reviewed the @z@wmmﬁjqamaa DPODer -

ST

ties of isotople substances. He presents the lsotope exchange

eguilibrium constants for a number of reactions. A typlea
reaction is of the type:

2 1 = 12 E e
Bo, + ¢'%0," == ¢"%0, + c'J0,

c

Urey hasg cale uiat&d the values

[

0°¢

ot

K = 1.0150C &

=  1,0123 at 25°C

o - . , , 12 ,.1
for this particular exchange reaction. Thus, im cT=/C 3
ratio of COp gas in equilibrium with a carbonate sclulion
would be expected Lo bhe larger than that of carbonate by

about 1% of the ratio.



In 1952, Wickman {(54) made the first extensive survey of

N e s . 1 12 .
followed by that of Craig (5%) which reported C 3!@ ratlios

from many sources including plants. VWickman analyzed repre-
sentatives of a8ll the major taxonomic groups of plants. His
regults are summarized In Figure §., Wickman noted that

desert plants are enriched in 613 ag compared to foreat plants.

He also noticed that hydrophytes growing in flowlng or btur-

U~s

h

bulent water are enriched in Gj”::g ags compared to similar planbs
growing in stagnant water. He has proposed a model to explain
both observations and his argument runs ag follows: desert
plants grow in an open environment which is usually windy

eh the plants are consitantly exposed to a well

gwm

and in wh
mixed atmosphere, Forest plants, on the other hand, grow in
an environment in which much of the SOQ ig derived from soil
regpiration. Since the respired COQ is derived from decaving
plant material, in a sbteady state 1t must have the same
J/@12 ratio as plants themselves, Thus, according ©

Wickman, forest plants photosynthesize some recycled GGQ

vather than Just the heavier 00, of normal sir, Wickman
2

v 8

%
Terminology used to descr “Jﬁﬁ ratios is dis

ibe cussed
1in Maberials and Methods {(Part I) under Terminolozy.



AT UOQaEO JO BOTABI _ D "6
< Y EAN \mwu °

" BINGTU § SINT T
°% NI NOHMYD &0 3
41 % g~ 0c— G- o1~ G- O G
¥ ¥ ] ) L L ¥ L

{0g) Bauem
~TR88 IBTJILEDIID)
WOJLI 4S8N OTUBTEIO

(GG) Steap a9nje.
180D
(19) venyoTy J831B

(¢6) 2teap asaje
SoUBTd TRTILEDIIDT,

(5G) dutrisey Je3te.
Z0n otasydgouny

(0g) ®miuBWITPSE SUTJBUW

WOLI J290BU OTUBIID

(G2) Zreap ae3ie

(#G) vewyoTy asgl®
SALUBTI SUTIEYR

G) @1eap Jeage
BIGBGISAUT DUTIER
C v wnw;m ‘mdrrmm ok @wvﬂv o
J398M B82S Ul m@
u



£4 el
o =] L o
3 o K g w X keI -
o & £ O el o = L]
o Do W T 4 = o 42 o !
8 & o T o (] o2 e Gt el el
w o o o £ & o 5 5 v
=+ it 2] o = &l o
& o @ n ] i3 M ol L3
o o o e} S o D 0 L
~ ¥ e ® £ O O e
I T < T D o B S S
O e = e o %) o Oy & o o
43 et o <53 L) @ 0 epod [}
£t B 0 £y ol & o s I £
I o @ 42 & e
i) o & Gt @ £l o3 I 24
] @D s o 3 ko] @ (& G
Ee: T 9 ] o o o
o oh €4 o g ¢ @y o ad
i o (8] ap} 24 ] ] et
o £ T 2} = e b @ m > o
() &5 0 e o £3 & [ O e
2B« B B D ol o &5
oG S R = B < 0 TR & a0
52} Eag oy} =3 ] [n} o ) o
= B oo 7 £ o @
m..w a,.:u L3 Hw ?AM mauﬂ w.&
3 o = 18] o 4D w4 o £
o S 5 oo e ol 0 & o &
« o3 3 0 £33 RS [ S £
oo" o« @ 42 < o o®% D om
g o a0« £ g £ D S T
A2 e @ L2 B = & o o
DR Pt e T4 40 ot o I
o L O e 0 2 o I o o
B B = B B+ 9] =R N - S I
Re 92wt g 0 o 22 B O S & B v A
Gy & a0 T e o w0 9] ey
43 & e 4 B o o
&4 D o N @ = 2 B b
) £ ad 23 wd o &
G e o &) £ g w4 L of by
@ e O ] 42 fas] o3 Ea]
3 - 0 o -
£ ﬂwv kS Mm_« i ™
2 S O o [ 5 L= € L]
S I o o o] o @3 e B
& “ 2o L "2 omoom 0 e85 O 6 o
42 4 7] ard S [ A s muv Pl o3 ) T4
i) o aped P %3 o fo:] o el et e o 33
= mooog o W a gt M g £t o
et O o o i fy Fid) & i @ q <3 b @
Fa 2oA e o e LI . B R . B
o pu 3 o et e Ty L s 23 g3 I
=0 @ =4 @ o
£ ) ke P L2 S T - T R
GO o &} T ) &3 g o] & b !
R o @ ) £y e G 23 K o i o] e m
b 23 w o] &l < o st sy aed Ty =i <O g




o @ BN o SRR P B
Y oy LR g ey
L B < o NS T

L2 L3 » & & ;i3

@

Y

Fre

el O D P s 1N

s TS S T AN < e ot
4 O [ < 3 [
@ o o [ @ &

feg

O

ol

£

D

S - ot

e TR =4 oy sl ] O

§ 3 § § ! F: 24

O e O O e e
=4 oy D 5

Ho




enrichment in C7F, This sugpests that plant respiration
accounts for both of these elfects. During daytime, the

. 13 . - , e
oncentration and € 3f§ 12 ratio of CO, returned to that of

ﬁﬁg mosphere, especially in the case of plants growing

naturally occurring cardon compounds . Hls data are a2lso
plotbed in Figure 9.

less than bthat of atmospheric Cls. Morine plants have &

2 i
6’*{3“3 mj’&? 2o 8 5 Som =5 4.1, 2oy 3 & L
¢/ satio about 13%e less than that .of oOcean carbonates.

Gv&i% also found that Tosell wood and cozls have the same
i2 . . ,
/ ratics as present day plants. Sone petroleums, on

i
. . . . L3 12 e o .
the other hand, nave a &3ﬁ% ratio about 5%e less than

ffﬁ

shat of present day land plants. Other petroleums have a
a3, 10 )
o3 /ol® natio abvout equal to that of land plants. This

situatlion has been much clarified by Silverman and BEpsteln
{60), who show that the C ratios of a petroleum de-
pend on whether 1t was formed in a marine or in a terrestrial
environment. This paper is further nongidered helow,
Craig {5@} sroposes an explanation y different from tha

“

tionation
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e
EYPERIMENTAL APPROACH

The experimental work is divided into two paris., In
the flrst part, experiments are described in whiech the total
fractionation factor of photosynthesis 18 experimentally
determined for the tomato, ERespiratory fracsionation of
carbon ig alsc gtudied, he @13/312 ratlos characteristic
of different parts of the plant and of the variocus mical
constituents of the plant are inveatigated. In the second
part, experiments are gummarized which gzive an indlcation

that fracticnation is a muliistep process. This lg shouwn

experimentally first, by the analysis of the €0, dissolved
within the tomabto during vhotosynthesls or respiration, and

second, by the determination of the Tracticonation involved

in the enzymatic step by which dissolved @@a is converted



PART I

CARBON ISOTOPE DISCRIMINATION DURING THE
METAROLISM OF INTACT TOMATO PLANTS

Lot oy Fa . o ey ol g
1. Method of growing plants.

ra Barly) were germinated on

' 2 4’@ £ - a N 3
moist vernleulite at 267°C for five days in the dark, AL

from the dark, p in individual cups and placed in the

shown in Figure 10

o ” -, Fow oy e
semperature

was maintained atb 5 ¢ during the day and

s
@

Booth temperatu
ey By [} 2 k) - (j‘ 2,
at 22°¢ during the night, hoth constant to + 17C. A bank

Aﬂ

of fluorescent bulba over the booth gave a light intenslity

s &% B B Vi, g o & = b g 3 %5 e ]
af 1,000 fo. at the level of the plants, and was controlled
] & 2

by a central time clock in the Barhart Plant Research

13 ,.12 - oy o s
¢ /C ratio was admibtted to the booth by

8
v

Y]
<
=y
4l
9
=
]

acildification of CalCl, with HCL. QQQ derived in this way was
zenerated at a rate 200 times fagﬁﬁf than the photogynthetic
fization capacity of the plants at maximum size. The QQQ

was diluted to the desired concentration by addition of GQQ

was prepared from Earhart Laboratory

e
ol
53]
j8i]
[
=
s
o
[}
)
A7
[
"

N 3 e g 2y o8 e ey 1ipen o8 . o, .
compresased air which was Tirst drled wilth anhydrous ﬁaﬁige

80 en

83

s

tubes 1.5 om in diameter an

4 ssu* e s o Ty g n g s ]
Itwas then passed through
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i re P P & e B oy fo 3 o
The €0, samples were analyzed in a Nler sixty-degree
g, Do - [ 2E— Py iy i E .- P - Gy oF . E:] . E q B L e -
gector btype mass spectromebter which Incorporates the lmprove-

.
I S SR I W ey e f ey oo ey B S g o o o 2.3 . e o

and for the 0 contribution to the mass 45 pealk. The cor-

wren o 18 Nt I 5 B 2 o 3 o L & - < 5 %

rections ave deseribed in detail by Craig (82).

3 73 v 9 4

o, Terminology,

shable carbon

o methods have beesn usged

E

isotope ratliosn, that of Wickman are reported

¢

13 1'3 R . " R .
in absolute C™°/C™ ratios. This has the disadvantage of

more useful method for reporiting of isotope ratios

I

is that used by Ureyvie laboratory and others, in which re-

. y e , 1 iz
s are presented as per mil deviabtlonsg of the C 3]@ <

ratio of the sample from an arbitrary standard. This method
has been adopited in the present work. The standard used 1s
€0, prepared from a cretaceous belemnite, Belemnltella

americana, from the Peedee formation of South Carolina., This

atandard is the one used in Ureyts laboratory at the Uni-
n o ey e % T o <% =1 H
rersity of Chicago. This scale 1s called the PDB seale,

The isotople composition {§) of a samrle is then given



Leuse

- Y
=90

v

i

%
&

oe

af
Z]




6]
Cu?
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it 1s the purpose of these experiments to determin
extent of carbon isobope fractionation during the photosyn-

ization of ﬁﬁg by higher plants. Tomato planits were

the initial experiments,

¥ known isotoplce composition was used

as the carbon supply for photosynthesis. These conditions

effects of lipht intensity on vhotosynthetic fractionation
were also carrled cut.

The Cafl. which was used ag a source of GGE was analyzed
aceording te the procedure described ab . The & value for

thisg carbon was found to be

fred
@
belo g

Tomaboes grown in an atmosphere containing 1.5% €0y of
.gotopie composition ¢ =

Hineteen plants were grown for 13 days and prepaved for
analyeis ag described above (Methods). The initial etiolated
seedlings averaged 1.7 wmp dry welght and had an isotople

composition of = -24,0% The final plants weighed (dry)

42 to 68 mp. Because of the comparatively larpe increase



1

in welght of the plants during the experimental period and
because of the similarity in isobtopilc composition, correc-
Gion for the carbon contribution of the seedlings is unim-

portant, The leaves, stems and roots (excluding the cotyle-

2;"

dons) from three plants were analyzed separately, These

=z for that of the plant as & whole. The enrich-

ment factor, as defined in the section entitled Terminology
in Materlals and Methods, may be calculated for these plants:
R

1y
ft
oo
]
B
~3
e

rown from ieﬁﬁ 0., of isotopiec composition

bk

A repetition of the previous experiment,

2. Tauﬁﬁ es

of experiment 2, a repeat of experiment 1, are

5

tted in Figure 14, Apain taking
Lhe value for the stems as the averape value, the envich-
ment factor may be calculated:

Co,
g = }»e\ig‘{%’ e

ﬁpianﬁ

Fea

As mentioned sbove, the C@e concentrations used in the

by

y experiments (1@§% by volume) are larper than those

.,;«s
“dy
f

first

of normal alr, which range between 0.03 and 0.04%, Two ex-

kn{o
e

&

P

—

periments bracketing

air SGE concentration range were
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therefore performed. Due to the limited facilities for pro-
duction of Cﬁg free alr, only one plant could be grown in
each of the following two experiments,

3. Lomaua@g grown in 0.05% C@? of isotopic composition
’m "‘S‘g i}fﬁne )

This plant was grown at the same temperatures, light in-

tensity and for the same length of time as those grown in
1.5% COso The results are given in Tab ZLIT and the iso-
topic compositions plotted in Pigure 14,

ol

hted average for the plant as a whole is b = -23,2% .,

The assumption that all of the seedling carbon resides in the

plant when analyzed slves & correction of +0,.1%.. Thus the
& & A \

The enrichment factor may be caleulated:

5

The plant in this experiment wasg grown under conditions
ldentical to those of the previous experiments except for the
conagentration of S@_a In this case the dry weight of the plant
was 80 small that separate isotopic analyses of the leaves,

stem and root were not possible, This plant weighed 9.3 mg.
1-

ratioc was -22.3%.. Correction for the carbon
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contributed by the seedling to the final plant, assuming
that all of the seedling carbon is contributed to the final

plant, gives the value §= -21.6%,. This result is plotted

n Figure 14, The enrlchment rfactor may then be calculated:

5. Alr CO, as a carbon source for tomato plants under experi-
menbtalTeonditions

is experiment, two tomato plants were grown under

&

Mx

4

ot

?

AT
conditions identical to those of the previous experiments
except that the CO, was supplied by {greenhouse) air, Air

was pumped through the booth at a rate of 10 1/minute. The

WEAL

2,

results of this experiment are given in Table XXIII. Taking
~30,25%. as an average 1sotople composition and applying
the correction for carbon conteibution of the seedling,

o = =30,8%.. Taking -T%. as a representative value for the
isctopic composition of air 8@25 the enrichment faector may

be calculated Tor tomato plants grown in alr as:

iJ W
'v’d‘ i faoed g ¢
i i Rw . - 1 & Qg %53 e

6. Effect of high light inte
factor of photosynihasis,

This experiment was designed to determine whether light
-
intensitles greater than 10° foot-candles influence the frac-

tionation factor of tomato plants grown in 1.5% CO, derived

S
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- % eadade 2 ., §
ditions a light intensity

inside the booth during

during the late Aprill and

natural sunlight.

Intensities wers obitained

arbon dioxide generating unit into

Under these con-

of 2,000 foot-candles was recorded
mid-day. The experiment was run

early May so that the day length

exceeded 12 hours, The experiment was run for 13 daysg,. Re-

are gilven in Table XXIV., By taking the stems as an

LI E
BuLLs

average value, the fractionation factor may be compubted:

R

O3 geemm——— = 10277 .
R, PER SN
?gld.au
The data of the loregoing experimenis are summarized in
= k3 4 A S, 1@ .
Table XXV, It is seen that greater ¢ enrichment cccurs at
high @@g concentrations., Also, light intensity is not im-

portant over the inbtensity range studied.

collected over long intervals,

N e
il

The 19 plants of second 1,5% CO, experiment (BP

series) were removed from the booth after 13 days and trans-

ferred, alfter 30 minutes exposure %o noermal air in the darlk,
to the resplratlon apparatus deseribed above., The respired
ﬁﬁg was collected in separate lots during a series of time

periods. After the Tirst ll-hour periocd 14 plants were re-

moved for lsotopic analysls and five plants were left in the
resplratory chamber, These planbs ultimately began to decay,
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Tater data probably represent ch derived from bacterial
decomposition of the plants. The data from this experiment
are summarized in Table XXVI and plotied in Filgure 15, At
the end of the experiment, the decomposed plant residue was

osllected and its isoctopic cmﬁpﬁﬁi on measured., A material

balance calculation for the respired C@E and residue, as
. PP . R b= . I .
ntrasted to the C/C™° ratio of the dried whole plants,
is made in Table XAVII,
The Inconsistencies in this table are within the ervror

imposed by uncervitainty in the elementary composition of the

fractlons respired. It may be concluded that there is good

Fal

asgreement between the isotopie compositicon of the plant as a
whole and the value ealceulated from the respired ﬁ@é and

vespiration reslidue,

8 Respirved CO. eollected over shorter time Intervals,
pel
An experiment was done in which vespired ﬁég was col-
lected over mueh shorbter time intervals than those in the first

eapiration experiment. Three 3.% week 0ld tomato plants

'3

were placed in the respiratory chamber at 5:30 P.M. The
chamber wag darkened and rapidly swept with 3@2 free alr
for four minutes. Sﬁg wag then collected at the intervals

zivenin Table XAVIII. These data are plotted in FPigure 16,

9. Distribubtlion of labeling within plant compounds.

ch tomatoss were grown in

k)nﬂ?

In the two experiments in whi

1.5% 0925 a portion of the planits were fractionated according
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to the scheme described above. These fractions were subjected
to isotopic analysis with the results given in Table X{IX.
The 1y fractions which differ greatly in isobtoplc composi-
tion from that of the plant ag a whoie are the ﬁﬁéig goluble
or non-polar lipid fractions., These fractions are enriched

in @126

To establish the generality of Clg enrichment in lipid
fractions of various plant taxaacmicrgraupsg a number of
other plants were analyzed with respect to the isoctoplic com-
posilition of the plant lipids as compared to that of the plant
ag a8 whole. These results are given in Table XXX, In all

plants investigated the lipid fraction was enriched in Cig ag

compared to the plant as a whole.

Disecussion,

. 12 ) , . 4
The C enrichment factor of the experimental plants, as

compared to the ﬁﬁg from which they were derived, varied from
1,025 to 1.028. This indicates that the environmental con-
ditions to which the plants were exposed 1n these experiments
produced only relatively small changes in the tobtal 81”
richment of the plant These environmental influences are
now considered separately to determine whether there is a2
correlation between the envivonment and the observed Szg
envichment factors.

Plant dry welight over a glven perlod may be taken as a

measuremnent of the plant growth rate during the period. The
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iz , N . ;- < :
613/@ ratios of plant stems grown in 1.5% 602 are plotted

as a function of the plant dry weight in Flgure 17. These

data indicate that there is no direct relation between the
fractionation factor and plant growth ralte under these condi-
tions,

% 18 interesting to note that the carbon of leaves is
snvariably the lightest carbon of the plant. Cralg (55)
made the observation that the C ¢ ratio of tree leaves
is usually about 1%» less than that of the wood of the tree
and has sugzgested from the early data of Murphy (47) that
this might be due to the presence of isctopically light

n bthe leaf. It has been shown abeve (Resulfs) that

5
‘w‘ 13 2 ey e £ Ll F o d A = B de [l A
the C7°/C7% ratio of the lipid fraction of tomato is 5.06%0

e

FAESH

bt o

less than that of the plant as & whole, In a mabture tomato

plant the leaves, stem and root were found to contain 17.1%,

s

L0% and 10.6% lipid respectively on a dry weight basis,

The high proportion of 1ipid in btomato leaves as compared to
stem and root appears to account ln part for the consistent
enrvichment of 612 in btomate leaves as compared to stems and

A , o . 12
roots., The reason for a greater difference in the @13/%

3

ratios of leaves, stems and roots in the second 1.5% ﬁﬁg
experiment is not yet clear.

Plant growth rate was markedly reduced at low 602 con-
centrations, It is clear that low COQ concentration is a
limiting factor in photosynthesls and hence in dry welght

production by these plants. It is known from the work of
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many vlant physiclogists {B4) that phobosynthetic rate as a

LR

£L

fuanetion of CO Op coneentration follows a curve similar to that

n Figure 18, A% high light intensities photosynthetle rate

i

ig properitional to the 3@2 concentration until the system

T 2 do g g pngny 4 s L } }-3 }'2 - fe i I

becomes saturated with €0,. The C /C7% ratios of plants
in Fig

grown at these Cﬁg concentrations arve alsoe plotted
ure 18, It is clear that a parallelism exists between dry

ionation factor as w@g concentration is

increased, TFractionatlion 1s less when CQQ is a limlting
factor in photosynthetic rate as measured by plant dry welight.
These data can be explained by assuming that a mechanism
exlsts within & plant whereby the dissolved Qﬁg i kept at
some steady sbate ﬁlgjﬁig ratio, I the rate of ﬁ@a fizxation
ig rapld as compared to the mechanism for maintenance of the
G“E ﬁlg ratio of dissolved Gégg the dissclved ﬁﬁg would be
expected to beecome enriched in C7 13 due to the preferential
fization of € by the enzymatic fixation of S@§ as described
in Part IL. £ this model 18 correct, 1t explains why 313
enrichment of dissolved 8@29 and consequently of the plant
carbon, is more likely to occur at low GQE concentrations,
This ides is given lurther support in Part II.

Table XXXI gzives a comparison of the fractionation fac-

tor for tomatoes grown in the greenhouse as compared with

o

the fractionation factor for plants grown from alr C@g in

]

che experimental booth., The larger fractionatlon observed

c‘%ﬂ

in the booth wmust be due to some difference in the experi-
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mental conditions under which the plants were grown. Light
intensity was shown to be unimportant in debermining the

s u 5 o 2 2 .{E &%
fractionation factor provided the intemsity is above 107 feo.

Temperature is not important since simllar day and night
temperatures were chosen for each experiment. The difference
may be more closely related to the extent to which a local
313 enrliched atmosphere was allowed to develop around the
plants. In the booth new QQQ is constantly added in great
excess of that used in photosynthesis. Mixing of the 6@2 is
rapid. Linear air gpeed over the leaves is about 150-200 cm
per minute., In the greenhouse, on the other hand, air is

13

not eclreulated nearly so rapidly and a € enriched atmos-

shere has a greater opportunity to develop in the vieinity
of the leaf, Such an atmosphere would produce relatively
Clg enriched leaves, It ig interesting to nobte that the seeds
from which these plants grew are -24.0%.., These peeds were
grown under fileld conditions where alr movement was probably
siower than that in the greenhouse, Falrly rapid air speeds
may be necegsary to eliminate the local 613 enriched atnos-

phere over a leal surface 1¥ g maximum fracticonation Ffactor

ig o be observed,

As menticned above {Review), Keeling (59) has inter-

. . 10
preted COy concentration inerease and C° enrichment in the

atmosphere under natural nisght conditions as due to the

idition %o the atmosphere of respired 6@2 of -22% by

% wds

ke

&

pur

ki
8., The average G*S/ﬁig ratic of land plants is given

"
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¢i
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by Craig as -24.0%0 . vests that €O, respired by

nlante may bHe similsr in lgotopic composition to the pland

as a whole., Raertehi (H2) determined that CO, respired by

. 13 .12 " e
erminating beang possessed the same C 3;@ ratlc as the

-~
[SEAES

In the light of the data presented for tomatoss
ey 3evyy el ead wen 49 4+ 4 nagn sl ot 5 owmntarndn i
SBUrpriBling, 11 LU L8 asgumed Cvhav 2 macerlia

halance exists between € gnrilchment in the lipid fracition

‘,‘
P

and © 13 enrichment in the respired C@Q of tomatoes. This
suggests that when a plant system 1s not manufacturing lipld,
. 13 ,.12 , . , - .
the € 3/@ ratio of respired CO Op ig that of the sugars and
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&

fny
b
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s probably the case
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in permineting seeds where liplds are not helngz formed, but

are beling oxidized along with carbohydrate as an energy source,

that C13 enriched CO, is respired by

plante only during the early voviions of the respiration ex-

periment. This can be interpreted as the period during which
enough sugar is presenlt from the photosynthetic pericd so

12
that 1lipid production &8ill ccours Ag long as 77 enviched
B ey 8 e P | 3 g . e G N £a - ”"23"’:%’ & T, Y # ad = b3
lipld is produced in the system, - enviched Q@Q will be

respired. When 1lipid is not produced, resplred C@@ will have

oser bHto that of the plant as & whole.

-

L~ wad oy G P R ST S o 8 £ & . ER
C anrichment in C@? evolved during decomposition of the
[ e ras @ ] % . oy S 5 R Y
olant may result from preflerential decomposition of the

lipids, fractionation durlng bacterilal respiration or a con-

bination of these two phenomena., Respiration and lipid

LY

formation are closely related biochemlceal systems. The



same two-carbon {racment, acetate, is used wobh for lipid

synthesis, and respiratlon in the ¢ sricarboxylic acid cyele.

G
an exnlanation for the data obtalined so far. Pizure 10 is
an cubline of the bilochemical pathways leadlng to 1lipid and

vespired €O, formation, That isotope selection actually
[ 2

e a

does oceccur at this point ils indicated in Figure 20 in which
envichment of the liplids in C for plants grown in nature
as compared to the plant residue after extraction is plotted
as a funetion of the % dry weight of 1lipid in the plant, H
is nobed that lipids are more enriched in © in those plants
in which 1ipid is present in small amounts. This is consis-
tent with the notion thab @12 enriched C, unlts are selected
for 1ipid synthesis, It is also interesting to note the

wide btaxonomic group of plants which seem To obey this re-

The mechanism of this selection is not clear. O, units
[
do not exist in a free Torm in plants, but are bhound into

L e G W

large molecules such as acetyl-Cok, Some chemical effect

Fioure 21 shows that the C Jfﬁlg ratio of marine organ-
isme is aboubt 10%. greater than that of non-marine organisms .
A =mimilar prelation exists between petrolesums of marine and
non-marine origin according to Silverman and Hpsteln (60},
12

RBoth petroleums sre enriched In C ag compared to thelr
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Eﬂﬂé Lipid enriched
P ’,aﬁl"ﬁﬁl

Devevoenf 05 Y - ey e -
B LASLEL L { 6} » 2{{:3} 4 2{&«?) -
* Respired COn 13
enriched in ¢~
Figure 19. The biochemical pathway leading from sugars

nd thelr subsequent

o

to two carbon units
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Biclogical sources. PFigure 21 also shows the 03“3/1’3m ratios
of the 1lipids of the varlious planits reported above. The
phvtoplankiton value may be a special case since these
organisms were collected from a plankton bloem, The data
Just presented indicate that the Iiscotopic compositio of

petroleun correspond roucghly to thoge of the lipids of thelrx

If the wihole plant is preserved, petroleum formation
must involve a discrimination against CEB. On the other
hand, 1f only the lipld fractions of plants are preserved;
fractionation 18 not an obligatory pf@@@&% in pebtroleun
formation. In an attempt to ascertain whether the process
of pebtroleum formatlion involves preservation of lipid sub-
stances without carbon isotope fracticonation or whether
petroleun formation also involves transflormatlon of non-

1ipid materials, Silverman and Epstein {60) analyzed the

non-polar extractable organic matter from three ocean cores.

In a Plorida core the amount of non-polar extractable organlce
o U N: 1 S &= S
matter increased with depth while the C /@ ratios over

the same interval decreased from -20,3%e to -26,0%- . These

ata indiecate that transformation of non-lipid substances

o

to hydrocarbons does occur. Such a transformation might be

carried ocut by baecterlia during production of Qacteﬂial lipid
from non-1ipid organic matter. A core from Santa Barbara
basin, on the other hand, contalned an amount of extract-

able organie matbter which was constant with depth and 81l of

J-L':v



isotopic composition -23.3%, . This core indicates that 1lipid
fractions of marine plants are preserved and are nod dilubed
by transformation of other materials inbto lipid, Unfor-

vunately, data of this kind are not yet plentiful enough to

beto

determine the velative importance of the Two processes,

2. 1@ 5 Ein 7. k]
Since the 077 enrichment of the 1ipid fraction of a plant

1
1z inversely related to the amount of lipid found, ﬁ*gfﬁlg
ratio variations in sedimentary non-polar organic matter
might also be associated with variations in the species pre-

sent in the plant populations which contribute the organic

Db

matter to the sediments, These are intrigulng and interesi-~
ing problems in which carbon isotope analysis of marvine

s L2 [N

¢ matter will be a powerful investigational technicue.

ke

OrEZans

e

Summary of Part I

Tomato planbts grown from Cﬁg of known isotoplic composi-
. 12 . e

tion are enviched in Cz by a fractlionation factor of
1.025 4+ ,001 at normal Cﬁg concentrations., The fractionation
factor 1s somewhat greater at high 602 concentrations. Iso-
tople analyses of fractions {rom several plant phyla show that
e P e e foe i (13 12
only the 14 & fr%@%i@ﬁ differs markedly f{rom the C -/

4

ratioc of the xlant as a whole, The ¢ enrichment in the

lipid fractlon is loversely related to the amount of linid

5

i 11y heavier than the

o

0

-1

oo

¥

P

in the plant, Resplired COQ is
. o i3 el .

plant as a whole, eventually atbtalning ¢ /C ratios egual

to that of the plant, C'5 enrichment in respired €O, is prob-

.. i2 -

ably closely relabed to C enrichment in the lipid fractions

of plants.
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PART II

PHOTOSYNTHETIC FRACTIONATION IN HIGHER PLANTS AS A
MULTISTEP PROCESS

CO, in the atwosphere is not the lmmediate source of

=
ved

[ =

2
CO, for photosynthesis. Rather the dissolved CO,, ﬁﬁﬁg“
Soer

Sjga@m of the cell cytoplasm constitutes the immediate
seservolyr from which & plant draws its C0,. The eytoplasm
of & plant cell has a pH of about 7. This mesns that about
o5% of the Cag oresent in the cytoplasm will be in the form
ey Ad g PR 3L T »ma « "3'% 1«; £ 4B g PR -, PRV
iC0g At eguilibrium, the ¢/ atlo of the €O, in the
ragervolr will be expected t0 be 6% less than that of the
bicarbonate. Cralg { 56} has shown that this is the fractiona-
tion factor bhetween air Q@g and ocean blcarbonate., Thls sys-~
tem 1g generally assumed %0 be in eguilibrium. Carbonic
anhydrase undoubtedly hastens the attainment of equilibrium

. e s R P 13 ,,12
in plants Iin many cases, Factors which affect the ¢7-/C
ratio of this internal Gﬁg reservolr will necessarily aflect
. I IR e o e - NP ,
the ¢77/C vatio of the final plant, Such factors are rates
of C 2 exchange between cytoplasm and atmosphere, photo-

13 4.1 .

synthetic rate, resplvatory rate, € 3/@*2 ratio of €O, in
the gitmoschere and transport of dissolved CGQ from cells dur-

translocation. The importance of these factors will be

below (Discussion). The above consideration sug-
gests that photosynthetle fractionation in higher plants

Pirst approximation, be considered as a two st
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process, The Tirst step involves fractionation bebtween at-
mogpharie %Qg and 669 digsolved within the plant. The second
gtep involves fractionation during the fixation of 3@2 into
sugars. This systenm is pletured more guanbtitatively in
aguation 1.,
Reo, oo, Ra1ssoived co,

= = x = (1)

S
[

nﬁa% plant

R

faissolved €O, Reotal plant

contrivution

- e L3 sl " .
R i3 the C-/C ratio of the fraction described in
the subgeript. The expression ol egquation 1 is, however,
not yet complete., A factor must be inecluded o take into
. 12 . . . -

acoount the € enrlcehment caused by the respiratory loss of

b B
C™7 enriched ﬁ@ﬁe The total expression then takes the form:
Feo, Roo, Raissolved CO,

[ i 5 o

?33; - & - R;}w 3 # - «‘“{3 1

total plant dissolved CO, ‘nlant carbohvdrate

&
R
" ‘vlant carbohvdrate
‘total plant

where the 1lipid contribution to the fractionation fachtor is

. 1 s . : v
vaken as a measure of 6'3 envrichment in respired S@QG This
factor is only aﬁavL 1.000% and therefore makes only a small

to the total fractionation,



§
ot
3

1 was determined for greenhouse tomatoes in
Part I {see Table XXXI) and shown Ho egual 1,0211 to 1.0262.
This section is concernsd wilth the exverimental determing-
S v o W Prawrs  on oy F : v i ¢ [ ve]

sion of Rapn /Rysocotved co, for greenhouse btomatoes and

R . for the fixation of C@Q by ths enzyme

which catalyzes this orocess in photosynbthesis., It 1s shown

that when the expevimentally deternined values for the indi-

vidual fractlionation steps are substlitubted into eguation 1

ot

bhey vield a valus for Rg@ 1 e which lg, within the ex-
2

-
DLETY
k"

L

perimental error, the game as Lthat determined experimentally

in Part I. PFurbther conseguences of this fractionation model

3

m 4 % % 7 gt nih R 7 . . 3 :
he experiments in which ﬁﬁﬁ’/ﬁdigsar,@d o, for
[
tomato plants ls determined are described first, In these
experinents disgolved CQQ was isolated directly from btomato
leaves which had been trapped in the photosynthetic state

o
by freezing. The Cla/ﬁlg ratlio of the dissolved Q@Q was

then compared with that of atmospheric C0,, and R.. /R.,
2 u@Q dis-

3
©
o5
&
o
&
ped
T
3
S
o
b
£
o
=3
33
@
P
O
{ adp
w0
o
P
®
@
oF
b
o
et
M
e
s
G
e
<«
@
e
3
RV

af leaves in steady state phoiosynthesis was the following.
>

Leaves were removed from a plant Iin bright 1ight and rapidly
frozen. The best reezing method consisted of plunging the

leaves under liguid nitrogen within one second after their
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removal from the plant. The leaves were then transferred

Lo a precocled flask {~?SGG) which was evacuated at dry lce
hemperabture., Pumping was conbinued for about 10 minules.

The leaves were bthen thawed. Ten milliliters of 3% ﬁgﬁ@@
were tlpped in from a side arm. The C@g frecd Trom the pulpy
£ the leaves wag collected and analyzed., This

ki

oy oy o L y & " v T E PR Lo T o 4 e RS o oy
method involves a number of experimental pitfalls which are

now Haken up separately.

&

G

1. Trapping leaves in the photosynthetic state.

3

O 24

Initial experiments were perforued wyﬂylaaing the
in a Tlask which was then placed in a dry ice bath, This
method is a8 very poor one for several reasons, First, many
of the leaves are in darkness when frozen., In thig case
regpired CGQ of a very different 013/@12 ratic enters the
flask and greatly complicates the pleture, BSecond, extreme
precautions are necessary bto prevent contamination of the
unfrogen leaves with dry ice G@Q. Dry ice 3@2 is greatly
enriched in © as compared to most natural carvbong, When

dry ice contamination did occur the yields of dissolved Gﬁg

from leaves were as much 28 five times teo high and the
13 412 s . n . " oy \ .
ce2 /e ratios conasiderably less than the plant s 3 whole.

Two such values are given in Table XXAII, In this case the
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3. Alr CQE trapped within the leaf wmesophyll during freezing

If we assume that the entire volume of an experimental

£

leafl is alr, we can caleculate the amount of CQE contalned in
thig volumes

Volume % €0y in alr = 0.03

Volune leaves per experiment = 50 cc max,

G.03 ® 107 x 50 = 0,015 ce €O,
(2

o
-3

e 0,015 e ﬁ? eguals maximum contaminatlion,
Any aly trapped within the leaf during freezing would contril-

bute less than 1% of the total volume of (0. obtained from
2

the acldified leaves This introduces a negligible correc-
Al
3,0
tion in terms of C 3/@ ratios.
] T e T e e o, ey o ey 7 4 R o | P i A
4. Releasge of ?%2 from organic compounds by brestment with

& maJor source of contamination of dissolved 00, might

be the decarboxylation of keto acids by 3% ﬁgwﬁg. A

dilution with the agueous phase of the plants, the concen-

tratlon of H,S80, is reduced to about 0.5 N, A number

of w~leto aclds such as sketo glutarate and oxalacetate
exist in plant tissues. PFalrly rigorous conditions are

needed to decarboxylate an = ke
ﬁ@Q from «-keto acids is probab
nant. p}-ket@ acids exist in smell guantities in plants and,

in addition, yileld CQ, under very mild conditions, Virianen,
cited by Thimenn and Bonner, {85) reports 30-40 mz oxalacetic

Ly

2¢1d/100 gm of pea plant., This concentration of f-keto acid



=13

L
3
i

in tomatbo leaves would produce aboub 0.2 cc of Cﬁgu This
approximate calculation suggests, therelore, that the true
values for dissolved GQQ may e somewhat heavier than those
actually determined in these experiments,

A method used to check Tor contamination due to decar-
boxviation of organic aclds was to analyze the dissolved
CO. of respiring plants and compare this value with the
ratio of resplred Cﬁgq The plants were swept with
Q@Q free alr in the respiratlion line so that noe reguilibra-
rion with alr could cecur. After 12 hours the resplring
Llants were frozen in darkness on a dry ice bath and the dis-
solved CO, isolated as described above {(Methods). Data from
gueh experiments are given in Table HIXATV,

1 12 ]
The 3/C ratlio of dissolved €O, in resplring tomato

leaves 1o aboub 10% less than that of the dissolved €O, in

photosynthesizing tomato leaves. This indicates that the
co Jo obtained by acidification must be largely an expression
of the €O, dissolved in a leaf and not of decarboxylation

2

of organic substrates,

Results.

1 12 . . ; P e

= /e tios of the dissolved €0, of photosynthesizing

2

rsomato leaves are reported in Table XXV, &= m13,57&ia
Ao % o R em v « M 2 om 7 4 E) }-3 32 Y 8
the average value obtained for the C~/C°° ratio of CO, dis-
selved in btomato leaves during photosynthesis. This repre-

1 1z s .
sents a minimum C %/C ratioc due to possible contamin
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1 7.4 which contained EDTA 107 M. The homogenat

¢
T
o

filtered through Whatman #1 filter paper and adjusted %o

£

3

H7 with 1 ¥ MH,OH., Then 475 gm of (%ﬁa)QSGa were added

and the preclpltate discarded, The supernatant was treated
with 210 gm of {%ﬁ&)g5as and the precipitate dissolved in

LOO ml O.1 ¥ phosphate buffer pH 7.4 which contained EDTA

5 y'iﬁ M., This preparation constituies the firet purifica-

tion and is called zzéeﬁiéﬂ A.B. 1. | '

A.8, I was diluted one-Pold with distilled wakter,

Ninety-two and one-half milliliters of saturated {EH;)Q

de

solutlon were added and the precipitate discarded. The
gupernatant was treated with 30.3 ml of saturabed {%ﬂ@)gﬁ it
solution and the precipitate collected and solved in 30 mi

of 0.1 M carbonate buffer, pH 7.4, This preparation con-
stituted the purilied enzyme used in the following experi-

s . e ; n
ments and was gstored at -1670

2, Enzymatic assay,

The enzyme was assayed for 1ts ability to catalyze
incorporation of C1%0, into RuDP by ilncubation with the reac-
tion mixture shown in Table XHXVI for 20 minutes at room
tenperaturs The reactiom waﬁ'ﬁﬁspped by addition of six
drops of 2 N HC1., The resction mixture was heated for fourp
minutes at 1007°C. Unreacted uO liverated {rom the reac-

b3

tion mixbure was trapped in ascarite by sweeping with air

for ten minutes. Precipitated proteln was centyif uged down,

washed two times with wabter and discarded. The supernatant
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was brought to pH 0.5 with freshly prepared HaOl. Saturated
Ball. iution was added dropwise fo the supernatant until
o more precivitate was formed. The precipitate was washed

th ethancliwater, 131 and counted on a Nuclear micro-

by
rw
,.;
s
l
")
¢4
@
T
ool
<

mil zas flow scaler, model 181,

from B, L. Horecker ab the Natlonal Instltubte of Health.

PO PIE P B e T S o o e £ 3 Ty B e B o mey
s maberial had been prepared by treating rilbulose-5-

[ g §7% LY EN o sy £ Y £
phosphate with ATP in the presence ol

purified from spinach. The product was 60% pure, the bulk

was prepared for experiments by treatment

grade Dowex 50 in the hydrogen form o eX-

um for b "‘% ropen ions,

L., Isolation of PGA from the reaction mixture,

natured protein had been centrifuged off, the supernatant

to pH 6.5 by dropwise addition of freshly pre-

paraed NalGH., Saturated ;mﬁig asolution was next added drop-
wise until no more preciplitate was formed. An equal volume
of ethanol was then added. The preciplbate was washed 3 times

with ethanol:water, 1:1., HNext the precipliate was treated
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Table XXXVI execent that one reactlon mixturs contained no
RublP, The nmixtures were incubabted 20 minutes at 250§ and
analyzed as described above. Resulis ave given in Table
RAXVIL, Chromatography of the labeled materisl in methanol:

ySp— E gy, ) o I emes g7 - ") T ey P A
formic acidiwater, c0:15:5 gave an »f value for the laheled

material ldentical to PGA. The amount of label in the

dified reaction mixture may have been insufficient in this

2. Carbon iscbope discrimination during the enzymatic fixa-

R

tion of dissolved C?Z into sugars during phobtosynthesis,

Two reaction mixbtures were prepared as described in
Table JUXVIIT and incubated with reagent prade NaeHCO
6®g source. The reaction mixbtures were stoppered and incu-
vated for 60 minutes at 25°C. Reaction mixture #1 was frozen
for dissolved CQE analysis and PGA was isolated {row mixw
ture #2 as described above. BResults are presented in
Table XXXIX. ~

Only 1/6 of the carbom atoms in the isolated PGA were
derived from dissolved GO, in solution. The remaining 5/6
of the carbon atoms were derived from REuDP. The igotopic

composition of the {ixed carbons is given by the expression:

5/6 {~13.7% )} + 1/6(x) = -15,2%0
where ¥ = the value of the carbon fixed into
sugar.

K ws —gg,aﬁa .
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is, however, a labile intermedlate in

ot
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g:?«l
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e
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b
ot
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o
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®

she veaction and that at least two steps arve therefore in-
volved. The first is the production of the labille invter-
mediate, supposedly a carboxylated RuDP for whlch several
structures have been suggested. In the second step, a
hydrolysis, thls intermediate is broken down to PGA., In
this mechanism, carboxylation would appear to be necessarlly
carvied out by GGQ itselfl, hydrolysis taking place In a

Ir 0@2 i the reactive Torm of dissoclved ﬁﬁg in photo-
1

ho
synthesis, one can make the following prediction. The C Sfﬁlg
ratio of €O, in equilibrium with H303“ is expected to be less
than that of blcarbonate by 6%. Thus, in the enzymatic

[

system, at pH T.C

[B]

, If only a small portlon of the 8@2 in the
system is used, and 1if G@Q is the reacting speeiﬁa, one would
expect the fixed CO, to be at teagt 6%e lighter than the
total bicarbonate in the system, This naturally assumes

that the ﬁﬁg in the system is 1In equilibrium with the bil-
carbonate. That this is a reasonably good assumption is
ahown by the following experiment. One reaction mixture,
similar to those used in the enzymatlic carboxylation ex-
periment, except that no RuDP was added, was incubabed for

one hour. The reactlon mixture was divided into two parts

E

oo

and frozen, One portion of the reaction mixture was evacuated

and acidified. The total CQE was oollected and analyzed.

2

3
¢
£
&

The other portion was evacuvated and allowed to thaw without
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investigations indicate that translocation of solubtes from
a plant cell may be a basic aspect of this process. It 1is
known that water ig continuously supplied Lo photosynthesizg-

ng leaves for twoe purposes., The [first purpose is to replace

=3
5]
&
0]
o
fae

water logt from the leaves during btranspliration.

subsiances manufactured by phobtosynthesis to other portions

of the plant. Burrows {(91) has shown that in one hour, one-
half the sugar in a bean leaf, made during a briefl phoio-

yrnthetic periocd, is transporied out through the petiole,
Several lines of investigation indicate thal transport of
gugar in the plant occurs by the process designated as mass

o

Tilow, mass flow 1is understood the trangport of sugars

and other solutes within a vascular plant occurring by
gimultaneous movement of solvent and solute in response Lo

8 pressure gradient. This means thet the halfl time for

s
2
)
o
o
Foty
e

ransloecation of sugar from a leafl to other porti
plant is also the half time of water renewal in the leafl due
to translocation. It 1g possible therefore that transloca-
tion mav provide & method, in addltion to collision fregueng
diserimination on the plant 8mw*aeuﬂ for 613 elimination from
the plant. Constant renewal of water in the cell and removal
913 enriched bilcarbonate by translccation makes a multl-
tep fractlonation within a higher plant a definite possi-

£

hility., An experiment 18 now described which lends support
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In this experiment, the leaves of a plant are allowed

The stem is Jacketed in a box and QQQ

2 e % Tm e S}
WO DACTOSYNITE

%]
by
[edd
1G]
o
1]
1
¢
o
fod
b
[y

avolved by

e are being

prease, the leaves re-

ntness of the seals is

dark period, {Aiw €Oy contamination wou

those values mueh lower, ) @@2 free alr washed through water

the box, riving collection

was continuously swept
was not washed with water so

re would not develop within the

box. After sample collection the water washed G@? free air
stream was again admitted to prevent desiceatlon of the plant,
The samples were trapped in the same anparatus deseribed
above (Materials and Methods, Part I} for collection of re-
soired ﬁ@ga Gﬁg wag flrst collected from the box during a

he expected to be

1ight period when the ﬁ@g evolved

R . 1z . ~ W . o
enriched in C 3 The C@E was then c¢ollected during the fol-

lowing dark veriod when the uvg evolved {rom the stem regions

4 s . . ; 12 . -
vould be expected to agaln become enriched in ¢°F, Table XLI

W gy e de s o £ Bl E R T k3
pregents the resulus of thils experinment,
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