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INTRODUCTION

LY

General Aspects. Although each carboxylation (or decarboxylation) reaction

ééSults in an alteration of the structure of an organic compound by only one

carbon atom, the role.of this reaction in complex biochemical systems is no less

an important one. Rarely is there a case in metabolism, where the, substrate is

not subjected to the action of a carboxylation or decarboxylation enzyme (carboxy-
lase or decarboxylase, respectively) since ultimately, the substrate either may

end as carbon dioxide and water or the substrate may take up carbon dioxide to

form a new'compound of higher molecular weight. Indeed, the list of known carboxy-
lases and decarboxylases is large.. Even the details of a given enzyme are so
extensive that it is beyond the scope of this thesis to describe anything about

the enzyme except for its possible rélationship to carboxydismutase. There is,
however, one general pattern that emerges from a casual examination of a list of
enzymically catalyzed carboxylation reactions;* that is, one can catagorize them
into three groups: (1) those reactions requiring extra energy; (2) those reactions
requiring reducing power and (3) thése reactions not requiring either extra energy
or reducing powerul’2 The last of the three categories may also be characterized
as enolic carboxylation reactionso2 Examples of each group of carboxylation
reactions are, respectively, (1) the propionyl coenzyme A carboxylase system,3 (2)
the "malic" enzyme systemu and (3) oxalacetic decarboxylase system.’ Falling

also within the last group is the reaction catalyzed by carboxydismutase. This

reaction has the following well established stoichiometry:6’7

Since decarboxylation reactions are related thermodynamically to carboxylation
regctions, any discussion of the latter would automatically embrace that of
the former. Henceforth no further reference will be made towards decarboxyla~
tion reactions unless specifically required.



H2COPO3
' C=0 L 00~
] ' carboxydismutase | .
HCOH +  HCO3 - - 2 ,HTOH + H
HTOH : » - H2?QP03 '
HecOPO3
ribulose-1,5-diphosphate 3-phosphoglycerate

From the above equation it is not immediafely'obvibus what role this enzyme
system plays in metabolism. All of the available evidence indicate that
this system appears to befrglated to the primary carboxylation reaction

of photosynthesis.. The historidal-developments-léading to the discovery -
. of this enzyme system will illustrate this point.

History; Ever since carbonic acid was first implicated in photosyn-
thesis by such pioneers as Senebier and ‘Ingén-Housz at the end of the 18th
century, the subject of photosynthesis'in'fhis respect has intrigued many
scientists over the centuries. In fact, so enormous is the literature
dealing with photosynthesis, that, in the words of Rabinowitch, '... a
complete review of all papers on this subject, . s+ appears almost iﬁpossible,'
(A very illuminating account of the early history of_photoéynthesis may
be found in this volume of ‘Rabinowkch.) It wds not, however, until the
Jlater half of the 19th century and thé turn: of the 20th century that
the nature of the first étable product of carbon dioxide assimilation
during photosynthesis was considered. The tacit assumption was that the
primary product was organic in nature. From this point of view it is
understandable that nearly a century elapsed before any hypothesis was pro~
posed, for the chemistry-ofvofganic compounds was not quceived but several
decades earlier by Wohler (1828);( Even so, ﬁaqy-thebries and speculations

were proposed.9 ‘Among the compounds suggested as the first intermediates



of photosynthetic carbon dioxide fixaﬁion were organic acids (Liebig,
1843); formaldehyde (Baeyer, 1864); glycolic aldehyde (Fincke, 1914) and
chlorophyll-carbon dioxide (Willst#tter and Stoll, 1918). Many attempts
were made to find these intermediates in plants, but.the results were in-
conclusive. Feeding of some of the proposed intermediates to the plants
also gave indefinite results. Finally, experiments on the isolation of
enzyme systems capable of yielding the primary product of carboxylation
were totally lacking.

Thimann, in:l938, returned to the organic acid theory of Liebig, but
with a‘slight modificationolo He suggested that an organic acid was the
carbon dicxide acceptor. This acceptor underwent a second carboxylation
foilowed by a photoreduction and then after undergoing various intramolec-
ular changes, the acceptor was regenerated. This cyciic process was much
like the Krebs cycle operated in a reverse manner. Again, little, if any,
evidence was available in support of this idea.

With the advent of the radioactive isotope of carbong C;l, the first
major breakthrough'was é,ch.ieved° Ruben, et gioll_allowed barley plants
to assimilate cllog, both in the light and in the dark, and found that .
the leaves incorporated radioactivity_into the'water soluble extract of
the legves. If, on the'ofher hand, the barley plant was kept in the dark
for 3 hours prior to the administration of Cllog, then very little radio-

activity was detected in the water soluble extract. In a later paper by

11

the same group of workers, the fixation of C

.12
cribed. By using standard techniques of organic chemistry, ‘these

O2 by Chlorella was des-

workers established the fact that the compounds Which incorporated the
rediocactive isotope possess similar chemical properties, whether formed
in the light or in the dark.’ Thus a major. portion of the radioactivity

in the water-soluble extract of the algae was precipitated with Ba'' in



80% ethanol. Furthermore, on decarboxylaticn of the barium salt, a consid-
erable-percentage of the radioactivity was found in the resulting BaCO3,
indicating that the label was originally present in carboxyl groups. Appli-
cation of the Schotten-Baumann reaction:to'the aqueous extract using
benzoyl chloride followed by extraction of the'resultant-estef with chloro-
form showed that a.substantial quantity of radioactivity résided in the’
chldrdform.iaYér.T%Thigfféét indicateéd the presence of alcoholic gréups*in
the labeled compouhds. (Tests to demonstrate the presence of radibactive
formaldehyde via its hydrazone were negative.) Although a large number of
compounds were added as carriers, attempts to identify any one of them
with the radioactivity (present in the water-soluble extract'of_Chlore;la)
failed, - The pfdblem, then,-becéme one-of the separation and identifica-
tion of extremely minute qﬁahtities“Of radicactive substances. Thevfé-
quirements of this problem could not be fulfilled'by the éarbon-ll iso-
tope because of its short half‘life (ca. 21 minutes) Since.any problem of
this SOrtﬂwouid.usually be lengthy.

When the long-lived radioactive . carbon isotope‘(Clh) became_avaiiable
after World War II,’the‘answer to this ‘problem was, at least in part, fur-
nished. In 1948, Benson and Calvin described the first application of
this isotope 4o the study of the effect of préillumination on the dark

, 13

assimilation of carbon dioxide in Chlorella. By means of ether~extraé—

tion, adsorption column chromatography and ion exchange column chromato-
graphy, they obtained data_whiéh suggested that phosphoglyceric- acid was
the first stable intermediate'of'ClMOQ'fixation. -The;e-findings wére'con-
firmed by Gaffron and his gr'oup,llF although initidlly,’their results were
in contradiction with those of Benson and Calvin,ls-'

With the application of paper chromatography;g'coupled with the de-

. _ 1
tection of the labeled material by radiocautography, 7 the role of
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phosphoglyceric acid as the first stable product of 002 fixation became
increasingly clear. This method, permitting the rapid separation and
identification of many compounds simultaneously, confirmed the previous
findings obtained.by column techniques. 1In fact, as Scenedesmus was ex-
posed to clhog, in the light, for progressively shorter times, the radio-
active phosphoglyceric aclid spot on the chromatpgram became more and more
dominant_until for 5 seconds photosynthesis, about 90% of the tracer was
found in phosphoglyceric acid with approximately 90% of the label in the
carboxyl group.

Having established the role of phosphoglyceric acid in fhotosynthesis,
the next problem was to determine the chemical nature of the carbon dioxide
acceptor. The Tact that the first stable carboxylation product was a
three carbon compound naturally implicated a two carbon compound as an
acceptor. One of the very first of such compounds proposed was vinyl phoé—
phate. That vinyl phosphate might serve as the CO2 acceptor was based on
two fact5319 1) a small spot (on the chromatogram) of 2-phosphoglyceric
acid with a higher specific activity than the major spot, 3-phosphoglyceric

1L

acid, was found and 2) a small amount of C~ was lost from the aqueous
alcoholic extract of Chlorella (after 1 minute photosynthesis in the pres-
ence of,Cluog) when this extract was treated with.l N HC1 for 10 minutes
at SOOC° Presumably the loss of radiocactivity was in the form of acet-
aldehyde. The latter results, however, could also be accounted for by

the decarboxylation of pyruvic acid20 and phosphoenolpyruvic acid which
are most likely to be present in the extract. The presence of four-carbon
dicarboxylic acids in Chlorella extract was also consistent with the view
that vinyl phosphate was the primary acceptor leading to 2-phosphoglyceric

acid after carboxylation. When the role of malic acid was later shown

not to be connected with the primary cafboxylation reaction,21 vinyl



phosphate: was abandoned in favor of an alternate, as yet, ‘unspecified Co
precursor of phosphoglyceric acid. -- |

With the application of the tracer technique for measuring steady-
state concentrations of compounds in the metabolic pool, the first clue
towards the primary carbon dioxide acceptor was revealed. The photo-
stationary concentration of each compound was determined by exposing the
algae to radiocactive bicarbonate for a long period of time followéd by
extraction and separation of the compound in guestion with the aid of
chromatography. The radiocactivity incorporated into the compound was
counted directly on the papér.chromatogramo' The specific activity of the.
initial cluog being ‘known, 1t was then possible to calculate the concen-
tration of the compound.

When such an expériment was carried out in the light followed by a

L 20

dark period, all in the presence of'Cl 02, two marked changes occurred.
Thus with the onset of the dark period, the.phosphdglyceric acid concen-
tration suddenly increased while, cdncomitantly, the diphosphate (mostly
ribulose diphosphate) concentration decreased. These results not only

confirmed the fact that phosphoglyceric acid was the primary product of
carboxylation, but also strongly suggested that ribuloée—l;5=diphosphate
wa.s thevacceptora |

23,2k

This idea was strengthened by an experiment of another itype.

L

Agair, the algae was exposed to 01.02 until steady state was achieved

when sud@enly the carbon dioxide pressure was reduced to almost zero. The
transient changes‘in the concentrations of many'metabo;ites andlnotably
those of phosphoglyceric acid as well as ribulose diphosphate were measured.

The results showed & decrease in the concentration of phosphoglyceric acid

with a concomitant increase in the concentration of ribulose diphosphate.

"

¢
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free extract of algae capable of yiélding phosphoglyceric acid from Cl

FPurnished with these facts, the next problem was to obtain a cell-

L
02

(or HClhog ) in the presence of ribulose diphosphate. This, in.fact, was

accomplished in 1954 in this laboratory by sonically rupturing Chlorells

followed by centrifugation toc obtain a cell-free preparationo25 To this
preparation was added labeled bicarbonate and ribulose diphosphate (iso-
lated in a separate7experiment by chromatography of an aqueous alcohol
extract of Scenedesmus). In addition, experiments were also carried out
with this cell-free extract using unlabeled bicarbonate and labeled
ribulose diphosphate. In either case, the product obtained was radio-
active phosphoglyceric acid (along with lesser quantities of organic acids).
Where labeled bicarbonate plus unlabeled ribulose diphosphate were used,

all of the tracer was located in the carboxyl grbup°

About the same time, Weissbach, et al. found in soluble spinach
extract, an adenosine triphosphate and triphosphopyridine nucleotide de-
pendent carboxylation system,26 Thﬁs, when this enzyme system was incu=
bated with radioactive carbbnate and ribosea5uphosphate in the presence
of these cofactors, carboxyl-lgbeled phosphoglyceric acild was produced.
If, however, ribose-S-phosphateul-Clu was incubated with unlabeled car-
bonaté,_then the phosphoglyceric acid was tagged mostly (70%) in the B
carbon of this acid; the rest of the radioactivity being in the carboxyl
carbon.

It thus became apparent that the groundwork feor future studies on
this enzyme system was establishedo -Indeed; mgny more publications on
this subject were to follow == on more refined studies of fhe spinach
leaf: enzyme system as well as on Studies of similar enzyme systems derived
from other sources. These studies are treated in their proper places in

the ensuing sections of this thesis.



As a matter of ‘historical interest, due credit should be given to Fager
for the early discovery (1952) of an énzymé‘syétem“frdm spinach leaf macer-
ates capable of -forming phosphoglyceric ‘acid from carbon didXide;27f'By
1954 (a paper submitted Oct: 31, 1953) he was &able %o characterize the
carbon dioxiée'acceptor which led ‘to this“product, namely, that it was a
relatively stable phosphate ester, but was not vinyl phosphate, phospho-
glycolic acid, phosphdglyCOaidéhyde or ketose (fructose, sedohepﬁuldse or
ribulose)‘monophosphates.28 The exact nature of the acceptor compound,
however, remained obscure.

Tt ‘should be noted that not all workers in the field of photosynthe-
sis are in complete agreémént'with the idea that ﬁhosphbglyCerié acid is
the first product of carbon dioxide fixation or that ribulose diphoé?hate
is the carbon dioxide aCceptOr. For example, Gibbs and Kandler, on the ba-
sis of the asymmetric labeling of glucose phosphates_froméd dﬁring ﬁhoto-
synthesis, suggested that the hexose diphosphate could not have arisen
from the condensation of'glyceraldehydé‘phospbate with dihydroxyacetdne :
phosphate°29 "In support of this idea, Kandlér'then identified hamesmelonic
acid diphosphate with the early product of photosynﬁhetic carboxylatibn;Bo
This conclusion was reached by carrying out photosynthesis experiments with
algae in the presénce'of radioactive bicarbonate and high concentrations
of cyanide., Mortimer, working slong the same lines;’offered'evidehce”for
an alternate pathway for the photésynthetic carbon aioxide assimilation.
He conducted experiments with soybean leaves in the presence of labeled
carbon dioxide and found that the léﬁel of glycéric acid was reduced to
zero when hydrogen cyanide was added to the system. 'Finélly, Gibbs"found
that the starch glucose was tagged'mostly in the C) position when radio-
active formaste was fed to algae in the presence of 5% unlabéléd carbon

32

dioxide.



Other experiments suggesting alternate pathways of carbon of a dif-

34 Thus Warburg,

ferent nature were performed by Warburg33 and Boichenk05
on the basis of fluoride inhibition studies, concluded that the decarboxy-
lation of glutamic acid to form y-aminobutyric acid and 002 is closely
connected with the initial photosynthetic process. (This result and

those of the preceding paragraph were discussed adequately in a recent
paper by Calvin.,)35 The experiments of Boichenko, however, yielded re-
sults that implicate a nonprotein, noncarbohydrate, ironncontaining‘co2
acceptor, which on carboxylation, resulted in an insoluble polyhydroxy=
acid. Whether the latter two pathways are related to & cyclic photo-
synthetic process remsins a question. In any case, since the subject of
this report deals only with the in vitro carboxydismutase system, any
discussion of the investigations mentioned above will be considered only
when it is relevant.

Purpose of the Research. The next thing to recognize are the objec-

tives of the research described in this thesis. These are listed below:
l. To study the physical and chemical properties of ribulose
diphosphate.i

2. To purify extracts of Tetragonia expansa (New Zealand spinach)

by several different methods and following this, to .compare
the purity of these preparations via their specific enzymic
activity as well as their physical and chemical properties.
3. To study some properties of cell-free Chlorella extracts with
respect to the carboxydismutase activity.
4. To study the effects of various additions (e.g. activators
and inhibitors) on the carboxydismutase system.

5. Finally, to study the effects of the preliminary'incubation of
the activating metal ion and the substrates on the activity of

carboxydismutase.
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EXPERIMENTAL PROCEDURE

© General Abbreviations:

cpm
dpm

eq(s) -

ir
ke

uc

my

s

.0

o»

.o

oo

Special Abbreviationsﬁ

AS
ATP
CE

EDTA

HmDP

counts per minute ' ‘ ‘mM
: disintegrations/minute min
equation(s) M
Geiger-Mueller B 5]
gram(s) or acceleration ‘ ppt
due to gravity:
. ' - rpm’
infrared
S S soln
kilocycles per second R
R DR sp &r
“microcurie(s)
: o sq
microgram(s) v
' o supn’
microliter(s)
micromole(s) ,
- hr
milliamperes i
| ' 0.D.
milligram(s)
temp’
millimicrons
XS
(NH),) 550y, DNP
adenosine-5'-triphosphate EAMT
‘chloroplast extract _
' EtCH
.ethylenediamine- -

tetraacetic acid FDNB .

addition product of

cyanide to RuDP (ham- "~ GSH
amelonic acid diphosphate

and its isomer) S

oe '

se

Abbreviations. The following abbreviations are henceforth used ‘throughout

minute(s)

molar

normal

-precipiﬁate

: revolutions/min.

oo

solution

specific gravity

“square .

supernatant liquid

. ultraviolet

e

X

oo

‘hour

‘optical density

temperature

excess

2, k-dinitrophenyl

Ehrlich ascites
mouse tumor

ethanol

: 1=-fluoro-2,4-di-

nitrobenzene

glutathione
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ratio of distance

HOAc .- acetic acid " Rp :
travelled by spot to
MeCH ¢ methanol distance travelled by
' solvent front. Dis-
Py : inorganic phosphate tance is measured from
the origin to the
B s ionic strength densest portion of
. the spot.
FGA ¢ phosphoglyceric B
acid RMP : ribose-5-phosphate
PrOH ¢ n-propanol SAS : saturated ammonium
sulfate
Ps ¢ photosynthesis
TDP : threose-2,4-diphos-
CoA : coenzyme A phate
OAc : acetate TPP ¢ thiamine pyrophos-
: phate
PEP : phosphoenolpyruvic ‘
acid S tris : tris(hydroxymethyl)
aminomethane

P-glycolic : phosphoglycolic acid

Apparatus. Homogenizers: Plant and animal tissues were ruptured with the
aid of oﬁe of the following homogenizers: 1) blender, operated at full
speed; 2) Virtis homogenizer, operated at 40,000 rpm; 3) Raytheon magneto-
striction oscillator at 9 kc; 4) Potter-Elvehjem type homogenizer with a
Teflon pestle; or 5) mortar and pestle, with or without sand. The sand
was washed with warm HC1l until the acid washing was colorless. It was
then washed exhaustively with distilled water.

Centrifuges: The following centrifuges were employed for preparative
pUrposes: ‘l) International Clinical Centrifuge (up to 2,500 X g), 2)
International Portable Refrigerated,Centrifuge, Model PR-2 (up to 2,500
X g); and 3) Spinco Ultracentrifuge, Model L (from 3,000 to 145,000 X g).
All g values are maximum values. The homogeneity of enzyme preparations
was studied in the Spinco Ultracentrifuge, Model E.

Electrophoresis Equipment: Electrophoresis of substances byvthe

moving boundary method employed a Perkin-Elmer Tiselius Electrophoresis
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Apparatus, Model 38. Studies by the zonal electrophoretic technique were
performed with a horizontal paper striﬁ apparatus.

Radieactivity Counters: The radicactivity, K of samples were measured
usingva_flow countef‘equipped with a thin window G-M tube. Precise
countings were done in an assembly consisting of a Nuclear-Chicago -scaling
unit (model 183) with,an-autoﬁatic sample changer (Model C-110A) and a
printing timer-(Model C;lll)° The counter tube wihdew for this.arraﬁge—
“ment was a Micromil* film and the quenching gas (Q‘éee) flowing threugh
the sysfem was compOSed_of 99.05% He and 0.95% isobutane. Less precise
counting was achieved with a different set-up; the counter tube beihg‘a
modified G-M tube (Scott) fitted with a Mylar window37vand flushed centin-
“uously ﬁith Q g8s.

The samples were spread out on thin aluminum planchets in those cases

where the samples were acidified with acetic acid and on glass planchets '

where the samples were acidified with HCl. The matérial was transferred
t0 the planchet while on a rotating table,38 with the aid of microPipets
and to facilitate'the spreading of the material,zlaor 2 drops of detergent
(Aquet,** diluted'SOO times) were added. (Some micropipets from 55,.10 and

15 pl, have been calibrated by weighing the Velume of water delivered into

.a previously tared closed vessel. It was found that, in general, the re-

producibility of the pipeting.ie Withinrilh% of the mean value and the error

of the mean value from that of the rated value falls also within 4W.) In
general, the area covered by the radioactive material on the planchet was

about 8.5 cim. 2 The planchets were either counted with the Mylar window of

% Supplied directly by the Nuclear-Chicego Corp.

*% From the Emil Greiner Co., 22 N. Moofe Stag-NeW'York
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the G-M tube flushed over the sample, or they were cOﬁnted while :the
planchets were set in a recess approximately 2 to 3 cm from the window of
the detector.

The counters were corrected for coincidence by making the appropriate
serial dilutions of a high specific activity (1 uC/uM) amino acid solution,
plating these solutions, and counting them. At the most, the amount of

material on the planchet was of the order of 1073 mg/sq cm and therefore,

n38

M

may be considered as "infinitely thin. The correction thus obtalined

depended on the type of detector and scaler used and amounted to as much
as 5% at 10,000 cpmlfor the Scott tube .detector while for the automatic
sample changer arrangement, no corrections wefe required.

QOccasionally it was desirable to calculate the amount of product
formed‘from a reaction involving labeled bicarbonate. This was achieved
by determining the factor for converting cpm to dpm, providing -that the
stoichiometry of the reaction and the specific activity in uC/uM of the
radioactive bicarbonate are known. A series of "infinitely thin" plates

1k ,
of BaC 0, standard plates were prepared as follows: the’BaCluO was

3 3
precipitated from a NaHClAO3 solution’ of known specific activity, con=
taining carrier amounts of NaéCOB, using,Ba012 as the precipitant. The

amount of Na2003 chosen was such that no more than 0.05 mg/sq cm of

1 . ,
BaC h03 was on the planchet for a given maximum aliquot portion of uni-

)

form suspension of BaClhO3n The precipitate of BaCl 03 was washed free

of soluble salts with distilled water followed by ethanol. Different ali-
1k

quot portions of a uniform (representative) suspension of the BaC O3 were

plated on aluminum planchets, with and without detergent, and then were

counted in the usual manner. .A stable reference standard (an "infinitely

1k

thick" BaC 04 plate covered with a film of shellac) was also counted in



1h

order to correct foﬁ daily variations in the counters. .The results of .
the counting were. plotted With_ﬁhe_ordinate in terms of cpm per unit
volume vs the abscissa in terms of the volume plated on the planchet.

The true finfinitely thin" plate value was obtained by extrapolating to
zero volume. . A value of 1 cpm was found to bg,h,G.i O°l dpm when the
stable reference standard gave a value of 4,200 cpm. It should be pointed
out that exact specific:activity of the bicarbonate used for the prepara-

tion Qf_the BaClu

O3 standards Qeed not be known as long as. the same bi-
carbonate was used in the reaction to be studied. Thus this method auto-
matically cqmpensatedvfor.any uncertainty in the specific activity of the
labeled bicarbonate.

Spectrophotometers: -The Cary Recording Spectrophotometer, Model

11 and lA, were used for both spectral analyses and quantitative determina-

tions. In the latter-determinations; the absorption of the samplé was =
meagured over a range of wavelengths. . The Beckman'Spectrophotometer, Model
DU, however, was employed only for quanti;ative analyses and at a fixed ..
wavelength, This instrument was particularly suited for measuring the
absorption Qf eluatestroﬁ column chromatography. -All optical densities
for both types of SPectrophotomete;s were read in cells of 1 cm light path.
Where monocﬁromatic light was not absolutely essential, as in the colori-.
metric determination of'phosphatés,or.proteins, the Klett-Summerson Photo-
electric Colorimeter was employed. Infrared spectrum analyses, from 2 to
15 microns, were carried out in an Infra-Red Recording Spectrophotometer,
Model.AB2_(Baird Associates, Inc.), equipped with a NaCl prism. The sam-
ples for this_instrument were made. into KBr pellets.

Fraction Collectors: Eluates from chromatographic columis were
collected in test tubes or graduated centrifuge tubes placed in a fraction
collector. The fraction collectors were of two types: .1) time operated,
the time per fraction being kept constant and 2) siphon operated, the vol-

ume per fraction being kept constant.



15

Gradient Elution Apparatus: . Aside from the usual stepwise gradient
concentrafion techniques for the elution of chromatographic columns, a
particularly effective way is to use a continuously changiné concentration
for this purpose. Such a continuous gradient was achieved in a specially
designed apparatus. This apparatus consisted of a reservoir which con-
tained a solution of concentration A flowing into a mixing vessel at a
rate - In turn, the solution in the mixing vessel flowed out (into a
column) at a rate rp. The amount of material X in a volume V of the liquid
in the mixing vessel at any time t is described by an equation of con-
tinﬁity:39

dx/dt

Ary - (x/V)r, eq. I
which becomes, when x/V = C; the concentration:
v(dc/dat) + ¢(ry - rp) = Ary - Crj eq. II

One special case arises when r) = r, = constant = R. Under these

conditions, V = constant also and the solution of eq. II is
C=A-(A- co)e'(R/V)t ‘ eq. III

where C, 1s the initial concentration of the material in the mixing vessel.
Equation III is then a description of an exponential gradient. The ex-
perimental arrangement to achieve this type of gradientuo is to connect

.a separatory funnel (the reservoir), with an airtight seal, to an Erlen-
meyer flask (the mixing vessel). Flush at the bottom of the flask is
attached a horizontal side arm (the outlet tube). The solution within

the mixing vessel is coﬁstantly stirred with a magnetic stirrer. The con-

centration of the solution emerging from the outlet obeys eq. III.



16

then ry % ro the solution to eq. II 1s given by the expression: .
In[(A-C)/A - Co)] = {r{/ (rp - r)1in(V/V,) eq. IV
where Vo is the initial volume in the mixing vessel.

An inﬁeresting.¢ase‘isrwhen Tp = ?rl, eq. IV reducing to N
C=A - (V)R -C) - ed. vV
In termsvof,the flpw faﬁe,_rl,Awhgre v E-VOG- rit, eq. Y has the form;
C=Cy+ (r1t/V) (A -¢cy) | S B edq. VI

( A similar equation was also derived and given_elsewhere.)ul Under these
conditions thé concentrdtion.at the outlet tube varies linearly with time.

The device to .achieve the condition where ry = Erl is shown in the lowéri

left hand sectioanfﬁEiggnl@“_Itfis_impérative_xhatﬁthefreservoir—K~and SR
the mixing_vessele are identical in size and shape. Another apparatus
which can accomplish the saﬁe'goél is descfibéd'by'Ledererahv

The system shown in the upper right hand corner of Fig; 1 is a screw-
driven syringe, providing pressure.into the’elution apparatus. With this
system a préssurized-controlled flow rate is furnished. This éystem is
particularly suited for certain types of'éhrométographiC'columns where the
flow rates are apt to.vary durihg the development. - Under these circum-
stances eluates are collected in a time-operated fraction collector, the
volume collected in each tube béing_nearly equal.

‘To test the characteristics of the system shown -in Fig. 1, the follow-

- ing experiment was carried. outs; ' Water (50 ml) was added to the mixing vese

sel L and a dichromate solution (50 ml, prepared by mixing 0.5 ml of a
saturated KéCr207'solution to make 50 ml of aQueoﬁs solution) vas added to

the reservoir K. To the outlet .0 of this system was attached a powdered
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To top of column

MU-17516

Fig. 1. Controlled flow linear gradient elution apparatus.
A = drive motor; B = guide rod; C = feed screw;
D = drive plate; E and F = limit switching mechanism;
G = syringe; H = rubber tube; I = glass tube;
J = siphon with stopcock; K = reservoir; L = mixing
vessel; M = magnet; N = magnetic stirrer; and
O = outlet tube. Full details of tlge operation of the flow
controller are given elsewhere. 4
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gless column (1 cm diameter X 20 cm high). Since Cos the initial concentrs-
tion of dichromate lon in the mixing vessel, 1s zero, eg. VI reduces to the
following expression:
| C = (Ary/Vo)t,

where C 1s the concentration of dichrdmate idn in the mixing vessel at time
t, A is thé concentration of dichromste ion in the reservoir, rp islfhe fiow
rate from the mixing vessel and V, is the inifial'volume of the water in the
mixing vessel,

The siphon was formed.by drawing the liquid up the siphon tube J with
reduced pressﬁre applied ﬁhrdugh the opened stopcock. After the stopcock

. 3

was closed, the magnetic stirrer M and N and the flow controller A-G were
switched on. The solution from the column was collécted using a time-operated

i fraction -collector. Theﬂ"low;contro-l-»lfer‘was-*ad;justed*to'give*amflow*ra;te"‘of‘—w

about 3 ml/20 minutes. The amount of dichromate collected in each tube con-
taining 3 ml was determined ;pectrophotometrically.at 372 mp by diluting 50 pl
of the fraction with 5 ml of 0.05 N KOH. The volume collected in each tube
wa.d a{:l:so'm.ea'surede The results are shown in Figo'2; As expected; from tube
no. 4 (retention volumevof the column) to tube no., 27 (where the liquid in
the mixing vessel was almost completely exhausted), the concentration of the
dichromate varies linearly with time and the volume per tube is éonstant to
about + 0.1 ml.

Conductivity Meter: After protein is precipitated with a given precipi-
tant, it is often necgssary to reprecipitate it in order to schieve further
purificationu Thé quantity of precipitaﬁf occluded in the first precipitate,
however, must be. taken into accounto>,Tﬂis was done by megsuring the conduc-
tivity of a standard volume of buffered sélution éontaining a small amount of
the redissolved protein. For this purposé,'a Conductivity Bridge, Model

RC, Industrials Inc., Jersey City 5, New Jersey, with a

'
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Fig. 2. Characteristics of the linear gradient elution apparatus.
See text for explanation.
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conductivity cell (éell constant = 1) was employed. The measured conduc-
tivity was compared with a standard curve of conductivity vs concentration
of precipitant, the latter being dissolved also in a standard volume of
the same buffer used withgfhe protein. Corrections were then applied for
the occluded precipitant before reprecipitation.

Rotary Dialyzer: It was often necessary_to fémove salts;and low mol-
ecular Weighf material from .a protein solution. This was accomplished by
dialyzing the protein solution aéainst a very dilute buffer. TheAdialysis
bag was made of Visking cellulose acétate tape; theAsample to -be dialyzed
was placed‘within the bag and then both.ends were knotted. To.insure com-
plete dialySis,1avrotary dialyzer was used,lFigo 3. This dialyzer not
.only mixed tﬁe SOlhtion within the bag by.thettumbling,action of thé small

glass rod A, but also provided stirring outside the sac by the sweeping

motion of thef&ialySis bag while the glass shaft D is rotéting’° The ex-
ternal dilute buffer was changed periodically, i.e., at least once every
6 hours. | | | |
Rotating‘Evaporator: -Solutions of reléfively large volumes were
concentrated with a Rinco rofating evaporator (Rinco Instrument Co.,

Greenville, Ill.).

General Analyses. Paper Chromatography: After a reaction was completed,

the usual method.was tovséparatekthe prodﬁcts by papér chfomatdgraphyo
For routine work Whatman No. 4 oxalic acid-washed paper waé used, with
phenol -water and butanol-propionic acild-water as dleveloping_solventsc.Lm’)-“5
Before preparing the phenol solvent system, the phenol was either distil-
led directly or with aluminum turnings and sodium.bicarbonateoue The for-

mer treatment produced a water phase when saturated with phenol, which had

a pH of <3 while the latter treatment gave a water saturated with phenol
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MU-17701

Fig. 3. Rotary dialyzer.
A = glass rod; B = dialysis sac containing protein
solution; C = rubber band; D = glass rod; E = large
glass vessel containing very dilute buffer; F = motor
operated at 5 to 6 rpm.
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N

phase that had a pﬁ of about 6. Since large amounts of salt caused streak-
ing of the material on the chromatogram, samples.containing no more than

3 to k4 M of salt were applied at the origin of a two-dimensional chromato-
gram.

Phosphorylated esters were further separated using an ethanol-formic
acid-sodium molybdate solvent system on Whatman No. ;, AC1-EDTA washed
1‘)&1.13631‘.,)+6 Three other possibilities were_explored fqr solvent systems for
separatingAphosphate esters. These Were 1) the Bandurski acid solvent
system containing methanol -formic aéidawater, 2) fhe Bandurski alkaling
solvent of methanol -ammonis-water, and 3) the pr0panoi-ammonia-water sys-
’c,emumL The supporting medium for the Bandurski solvent systems was

Whatman No.. 1, HC1-EDTA washed peper while for the propanol system, it

was oxalic acid-washed -Whatman No. 4 paper. : ] _ o

For éll of the abovéwmeniioned‘chromatography,‘the temperature during
the development of tﬁe chromstogram was about 20 to‘ESQCo -The papers were
then dried under forced draft at room temperature.

Dinitrophenyl derivatives of amino acids were separated by two di-
mensional chromatography on unwashed_WhatmanrNoo,l paper using toluene-2-
chloroethanol—pyridine;ammonia as the first developing solvent and 1.5 M
phosphate as the second gglvent.u7 Good resolution of the compounds was
obtained only when the temperature was greater "than ESQCn

If the samples chromatographed were radioactive, the compounds on
the chromatogram were located by exposing the paper to DuPont x-ray film,
Type SOTE; single coated Kodek x-ray film, double coated Kodak Blue Screen
x=-ray film or dduble coated Kodak No' .Screen xsrayrfilma- The'latter,_al—
though most seﬁsitive for the detection of B-rays, produced a marked back-
ground fog. For all films, & spot of 300 cpm per éq cm required about 2

to 3 days exposure.
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The identity of the chromatographically separated compound was estab-
lished tentatively by its Ree The radioactive compound was then eluted
and cochromatographed with the authentic marker compound (ca. 150 ug of
merker) for confirmation. Exact coincidence of the radioactivity with
the marker compound was taken .as a criterion for identity.

The identity of phosphate estefs was further confirmed by treating
the eluates suspected to be phosphate esters with acid phosphatase puri-
fied from Polidase-S (Schwartz Labofatories, Inc.) or with acid prostatic
phosphatase.* The‘enzymic hydrolysate was cochromatographed with authen-
tic marker compounds in the manner indicated in the preceding paragraph.

The acid phosphataée from Polidase-S was purified according to .the
method of Cohen‘,h8 A suspension of Polidase-S (10 g) in 100 ml of dis-
tilled water was made to 83% SAS bycadding 63 g of (NHH)QSOM° The mix-
ture was allowed to stand at 0°C for ca..l0 minutes and was centrifuged
at 36,000 X g for 5 minutes. The supernatant liquid was decanted and
made toleO% SAS with an additional 12 g of AS. After standing for ca.
30 minutes at OQC, the mixture Wés centrifuged at 36,000 X g for 5'minutes°
Actually, not all of the AS was soluble and therefore;, only the mixture
containing the precipitated protein plus the supernatant liquid was cen-
trifuged. This was done by gently swirling the mixture, allowing the
heavier undissolved crystals of AS to settle, and then rapidly decanting
the supernatant suspension into the centrifuge tube. The supernatant
liguid obtained after the centrifugation was discarded and the precipi-
tate was dissolved in a small volume of distilled water (ca. 5 to 10 ml).
The resultant solution was dialyzed ¥s distilled water at k4 to 8° ¢ for

12 to 14 hours, the distilléd.watef being changed at least three times

* Kindly supplied by Prof. H. A. Barker.
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during'this period. :TheJd;alyzed_protein,goiution_was-ly;philized,'yield-
ing several hundred mg(of light brown fluffy powder.

:Eluates with a volume of 500.ul or less of radioactiyeﬂsppts,f;omz
,chromatograﬁs were treated with 25 to 50 pl_ofJenzyme_solutiop erv;2«to :
l6}hours.at‘37QCo‘ The enzyme SOIution.consisted,of lﬁmg_of\l&ophilized .
protein -per ml of pH 5.0, 902 M sodium acetate-é%ﬁ@er:containingVO°Ol M
MgClge.

The authentic marker compounds (added as carriers) were located -on the
chromatograms by spraying or dipping the papers with specific reagents..
Free sugars and sugar acids (ioe.,_polyhydroxy acids) were dgtected with

a methanol solution of ammpniacal.silver'nitrate sprayon9 This spray was

rather insensitive for the detection of the sugar acids, often requiring

- at least 5 to 10 minutes heating at 100° ¢ to develop the color of the

Ebdig_fA~more sensitive technique was to dip the chromatogram into an ace-

tonic .solution of silver nitrate and then to spray the paper with ethanolic

50

-Na.OH. In this case, no heat was required to generate the.color for either

the free sugars or the sugar aéids° Organic phosPhates were locatedvby

exposure of the paper chromatogram to sunlight after spraying it with an

51

acidified ammonium molybdate reagent. - The inorganic phosphate was dis-

tinguished from the organic phosphates by its yellow color prior to.exposure

to sunlight; all other phosphates giving a blue color only after exposing
to sunlight. The positions of aminoc. acids were determined by spraying the

52

chromatogram with an ethanol solution of ninhydrin. Particularly effec- -

tive was the modification of this spray, using a little collidine, whereby
' ]

the amino acids were distinguished by their different h.ueso53 .

The dinitrophenyl amino, acids were detected visually either under

ordinary white light or ultraviolet light. Under uv, the dinitrophenyl

derivatives appeared black instead of yellow and very minute amounts of
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naterial can be detected under this cbnditipn, Téntaﬁivevidentity,df the
DNP-amino acid was established by its Rp, and confirmed'by,pérallél'chroma-
tography of the eluted DNP-amino acid with synthetic DNP-amino acid.

Paper Electrophoresis; Both Whatman No. 1 and No. 4, either oxalic
acid-washed or unwashed, were used as supporting medium in electrophoresis.
The paper was usually_l9 cm wide and 55 cm long. ’Buffers-were generally
one of the following: 1) pH 3.8, 0.1 M formic acid-ammonium formate;

2) pH 8.3, 0.1 M NaHCO,; 3) pH 8.6, barbital, p = 0.05; and 4) pH 9.5,

35
0.1 M ammonium hydroxide-ammonium formate. The formic acid and ammonium
-hydroxide buffers were especially suited for electrophoresis where the
sample was to be recovered or where the paper was to be sprayed with an
indicator. Bufferé which deposited & residue on the paper after drying
gave a high background color when the paper was sprayed with reagents for
the detection of sugars and phosphates. Samples were applied on the

paper strip after the paper was eéuilibrated with the buffer for about 30
minutes. No more than 25 pl of solution was applied per spot on the origin
line, except where a band of material was applied. Along with the samples,
two colored markers were employed to indicate the extent of the migration
of the ions. The marker solutions were 1) a saturated aqueous solution

of picric acid and 2) an aqueous solution of potassium dichromate (2.4
g/lO ml). Five pl of each marker solution was applied on the paper.

Each electrophoresis ﬁas operated at a coﬁstant potential, generally
from 600 to 700 volts. The current was allowed to vary from 10 to 50 ma,
depending on the buffer and the temperature. The temperature of the
paper was controlled by forcing cold tap water through the cooling plate
(about 20° C) or by circulating ice water through the same plate (about
30 C). Each electrophoretic run was conducﬁgd for at least 2.5 hours.

\

After the completion of the run, the paper was removed carefully; the
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ends were blotted and'finally hung.on.a rod to dry under a forced air draft
at room temperature.

By comparipg the relative moﬁiiity of the unknown compound- to.those
of reference compounds or of the colored marker compounds, one tentatively
‘identified the compound. Its identity was_further established by chroma-
tography of the eluted compound using the routine chromatography system.
Final confirmétion_was supplied by cochromatography‘of the eluted material
with authentic ﬁarker cdmpounds as described in the previous section

under Paper Chromatography.

.Special Analyses. Total Phosphate: This method.is described by_AllenSu

and consisted of the complete hydrolysis of the substance followed by
the colorimetric determination of the liberated phosphate by reaction with

ammonium molybdate.

o Enéfgdnié Phosphate: This analysis involved the reaction of ammonium

molybdate with inorganic phosphate under very mild éonditigns (pH 4),55

The color was compared with that of a stahdardléurve of inorganic phosphé,te°
Protein; The ‘amount of protein in“a solutionvwés measured invthree

different ways: 1) dry weight, 2) colorimetric méthod, and 3)'uvvabsorp—

tion. The dry weight method required the complete diaiysis‘of the sample

prior to drying. The samples were then 1§ophilized or‘evaporated to.dryneés

over P205 under reduced pressure. The colorimetric method was based on the

measurement of the color developed by a.combination of the reaction of

the Folin-Phehol_reagent with the tyrosine résidues of the protein and of

the biuret reactiono56 fhe uv abSorption'method employed £he abéorption

of light at 275 or 280 my which is dué to the'tyroéine and tryptophane

groups in the protéin.57 It is necessary at soﬁe‘stages of the purifica-

tion, to correct for the absorption of nucleic acids often found associa-

ted with the protein.57
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Ammonia: The method of Nessler58 and of Moore andnstein59 ﬁére
applied for the determination of ammoﬁiao Both methods afe éolorimetric
measurements, the former being based on fhe reaction of free ammonis with
the com.plex,HgI2 and yieiding a finely divided yellow précipitate of
Hg2NI.H20. This precipitate is kept in uniform suSpensibn by the pre-
'sence of gum ghatti. The Moore and Stein method producés a blue=-purple
color as a result of the‘reaction of reduced ninhydrin; with free émmonia
and oxidized ninhydrin.

Chlorophyll: The method consisted in the extraction of'chloro-
phyll-containing material with 80% aqueous acetone, clarification of thé
extract by centrifugatioﬁ and measuring the light absorption of the super-
natant liquid between 640 and 700 my. The details of this procedure are
described by,Arnon.Go

Acyl Phosphate: Quantitative analysis of these compounds was

carried out by reacting them with NH,.OH resulting in hydroxamic acids,

2

followed by development of the color with FeCl The célor of the re-

61
3

action product of the samplé was compared with that of succinic aﬁhydride.

Preparation of Ribulose—L;5~diph03phate (RuDP). RuDP was prepared either

by extraction from algae or by enzymic methods. _RuDP,—ClLL was prepared
solely by extraqtion from aléae. While both of these methods have been
published elsehwere, the detailed procedure for each of these methods
is given below‘for the sake of completeness and convenience, along with
.a few slight modifications. ”

Extraction from,Algae:6?v_Freshly harvested algae, either Scenedesmus

obliquus or Chlorella pyrenocidosa, (1 to 1.5% suspension) in ca. 20% .

diluted nutrient, was allowed to undergo photosynthesis in 1 to h% COop
at 5 to 10,000 foot-candles from 15 to 30 minutes. To prepare unlabeled

RuDP, N

5 was bubbled vigorously through the suspension in order to flush
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out the dissolved 0020 -Aftgr éxactlyv30‘s¢copds tpgtalgalbsuspension was
rapidly drained into,either cold (2§O_C)”Qr hotﬁ(boiling)ualggho%:to a
final concentration Qf 8Q%_,ethanol° .The:mixtuge‘was_qentriﬁuged_a@ l,SOQ'
X g for lO_minufes{ The precipitate was extféctgd with aAsmall yolume of
warm 20% ethanol and the mixture wa;_centrifuged at 363090 X g for 5
minutes. The>éxtraction with 20% ethanol was.repeaﬁed and"the.sgpernatanp

" liquids obtained after each centrifugation were compined. _The latter was.
evaporated under reduced pressure to a volume less then 1 ml. 'BuDP,
wag separated from the other sugar phosphates by papgr:chromatography
using phenol-water as solventol‘Generally, the aqueous_alcohol extract
was app;;ed as a band oﬁithe paper,and the thomatogram was allowed to

: develop_from_36 to k2 hoursol Radioactive:RuDP'obtained_frqm chromatograms

of other photosynthesis experiments with algae and radioactive bicarbonate;

_Awas;spoﬁted,inuthree_placesualonguthe~origin~line~as~markerst“fTHe‘RﬁDP'

area, located by radioautography, was cut out, washed with absolute ethanol,
and eluted with water. The eluate was either used directly_or concentra-

ted to a smaller volume. The yield per g of wet glgae of RuDP is a maximum

of one uM.
For the preparation of RuDP;Cl&,'theualgae was preilluminated as in -
the method for unlabeled RuDP. ' Prior to injection of Na.Hcl”fo3 into the

algal'suspension,'the COo was féméved‘and Né'waé'flushed‘through the sus-
pension for 1 minute in order to sweep 'out,.any'c.ii'ssolvedeO‘e° ‘Radio-
active bicarbonate was added (0.026 N, 400 pC/ml), and photosynthesis was
carried out for 2 to 3 minutes. jApproximately O;OEB'EM'of’bicarbonate
was used per ml of wet packed cells per minute;v.At’the end of the 2 to 3 P
minutes, N, was bubbled rapidly thfough:the suspension for 30 seconds &and

the algal suspension was quickly kiliéd'by drqpping it into four volumes

of room temperature alcohol. Subsequent treatments were identical to

-those described for the preparéti6n of unlabied RuDP; In addition to the
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paper chromatography of the 20%,alcohol extract, paper electrophoresis
was performed on\a’small‘aliqpot of this extract. Conditions of electro-
phoresié were£‘>13‘formic acld-ammonium formate bwfﬂer; 0.1 M pH 3.8; 2)
tempeféturé, tap water-cooled; 3) potential; 750 wolt; U4) current, 28-to
35‘ma, and 5) duration of run, 3‘h‘c§ﬁrs° The purity of the RuDP-Clu,
separated and eluted afﬁér paper chromatography, was iﬁvéstigated by
treatment with acid prostatic phosphafa.se° The enzymic hydrolysate was
chromatographed in two-dimensions using tﬁe pheﬁol—water system and the
butanol-~propionic acid-water system. The bénds of radioactivé substances
in the paper electrophoretogram were eluted, and were tentatively iden-
tified by subsequént'chromatography using the usual two-dimensional
solvent systems. |

63,6k This method

Enzymic Method for the Preparation df RuDP:
depends on the conversion of ribose-5-phosphate (RMP) to RuDP in the
presence of adenosine triphosphate (ATP) and an enzyme mixture containing
phosphopentose isomerase and phosphopenfose kinase. The preparation of
the isomerase-kinase enzyme mixture is outlined in the flow diagram Fig. L,

The isomerase-kinase mixtufé ﬁas.assayed prior to its use for large
scale RuDP preparation. iThis was accémplished by following the rate of
acid liberation uéing the pﬁ sﬁat.G5 The test solution contained 11 uM
of ATP, 10 uM RMP, 10 MM MgClo, aﬁd 5 uM cystéine in 10 mi. The pH was
adjusted to 7.40 and held constaanduring the réaétion by the addition of
0.1 M NaOH. The reaction was startéd by the addition of the enzyme mix-
ture (150 pl). A contrél withoutbRMP was aiso done.

Large‘scale preparétién of Rqu was.achieved by reacting the iso-
merase-kinase mixture with the same components as those given in the
assay technique, except that the quantities involved were on a large

scale. In a typicél pfeparative experiment, the procedure was as follows:
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240 g Spinacea oler. leaves®

_ QGmel water

blender at full speed for 3 min

flltratlon, cheesecloth

[ : ”
filtrate re81due (dlscarded)

13,000 X g; 10 mlnb

supn (800 ml) : - ppt (dlscarded)
246 g (NH),)50,° |

3,SOO.X.g; 5 min

pht (discarded)' _ " supn
1k2 g AS

3,600 X g, 5 min

Pt - ' ' supn (dlscarded)

80 ml, pH 7.4, 0.05 M potassium phosphate

A}

soln (88 ml)

23.1 g AS

' d
20,000 X g; 15 min

pﬁt (discarded) v supn
5.16 g AS

20,000 X g; 5 min

ppt supn (discarded)

12 ml, pH 7.4, 0.05 M phosphate

[isomerase-kinase preparation (stored in a frozen state))

a) All operations were carried out near O° C.
b) Spinco Ultracentrifuge,iModel L, rotor number 2%

c) After each addition of ammonium sulfate (AS), the solutlon was
adjusted to PH 7 O with 2.N NHLLOH°

d) Rotor number LO.

Fig. 4. Flow Diagram for the Preparation of the Isomerase-Kinase Mixture.
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The barium salt of RMP (4 mM, 1.83 g) was diSsol&ed in LO ml of
water -and 40 ml of 0.15 M_pptassium.sulfate vas added. The mixture was
ceﬁtrifuged and the residue was washed with water (20 ml). To the com-
bined washings and supernatant liquid, 6 mM ATP, O.h mM cysteine and L
mM Mg012 were added and the volume was made up to 300 mlo The reaction
was carried out in the pH stat at room temperature under an atmosphere
of N2 gas; the pH was adjusted to_7.40 and maintained constant by the
addition of CO,-free NaOH (1.8 N). To start the reaction, the isomerase-
kinase preparation was added (5 ml). When the uptake of alkali (1.5 ml)
had slowed down (requiring in this case, 37 minutes), the reaction was
stopped by the addition of 50% trichloroacetic acid (20.ml). Acid-
washed Norit A (120 g) was used to remove the nucleotides. The solution
was centrifuged_(l,OOO X g for 10 minutes) and the residue was washed
with four 2OQ ml increments of water. To facilitate the centrifugation
of the Norit A, the solution was layered with a small amount of alcohol.
Barium acetate (4 ml of 1 M) was added to the combined supernatant liquid
and washings, and the pH was adjusted to 6.4 with saturated barium hydrox-
ide. The precipitate was removed by centrifugation and washed‘with water
(50 ml). The supernatant liquid and washings were combined and an équal
volume of gthanol was added. RuDP precipitated in a gelatinous form; it

was collected by centrifugation, washed with 80% ethanol and dried in vacuo

over P20 Yield of the crude material: 1.75 g.

5°
An attempt was made to purify this preparation of RuDP by fractional
alcohol precipitationol Thus, the barium salt of RuDP (46 mg) was tri-
turated withvwatgr_<20 ml) and the solution was centrifuged to remove the
insoluble material. The latter fraction (50 mg) was washed with 50%

alcohol (5 ml) and dried in vacuo over PpOg; it consisted mainly of inor-

ganic phosphate. The addition of ethanol (5 ml) to the supernatant liquid

precipitated 22 mg of material.
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Column chromatography of RuDP was achieved in a column 0.8 cm dia-
meter x 27 cm lehgth. The ion exchange resin useéd ﬁas'aﬁion_éxéﬁangéf,
Dowex 1 in thé formate form. The resin was freed: of finés by decantation”
and converted to the formate form with 2f§_fdrmiéfacid, Elution was
carried out with an apparatué which provided a linear gradient'Of.ammonium
formate, (see description under Apparatus). ‘

RUDP (100 mg Ba salt) was dissolved in water (30 ml) with the aid of
a little Dowex 50 (H' form) and the pH was adjusted to 6.0 with KOH. The
solution was centrifuged and the supernatant liquid was run'through ﬁhe
column. ' The column was washed with watef and subjected to gradiént elu4
tion. Samples were collected every 5 minutes in a time-flow fraction
cbllector, The raté of flow was O.lk ml pér minﬁtea Fractionsfcontain—
ing phosphate were located by qualitative test. Aliquot pbftiohs'from
each fraétion were spOtted on strips of filter paper, dried and'sﬁrayed -
with the Hanes-Isherwood reagent.sl The fractions were theﬁ'éssayed for
total phosphate and RuDP. The methbd used for the determination.of RuDP

lLLOE by RuDP in the presence of the enZyﬁe,

is based on the fixation of
Carboxydismutase. It was assumed that the latter is specific for this
substrate and that the enzymevpreparation is sufficienﬁly pure"éo that nd
other fixation is possible under the conditions of ‘this assay. The
reagent solution was prepared by mixing NaHClAO3'(200'pl.of”0,036.§b

400 pC/ml), MgCl, (80 pl of 0.0L M in 0:0k N HC1), tris buffer (20 yl,
PH 7.83, 1 M with respect to tris), and carboxydismutase (50 pl of & New
Zealand spinach'preparation fractionatéd between 32 and 35% saturated
ammonium sulfate and containing 6 mg of protein per ml). An aliquot from
each éolumn fraction (5 pl) wés plaééd'on a pl;nchet and the feagent s0~-
lution (15 ul) was added. To reduce evaporation, the planchet was placed

on top of a largé moist filter paper in a covered vessel and allowed to

incubate at room temperature., After twé'hours the reaction was stopped by
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the addition of acetic acid (10 pl of 6 N) and the planchet was prepared
for coupting in the usual manner.

Once the RuDP was located, it was recovered from the eluate by adding
500 pl of barium acetate (1 M) plus 95% ethanol to make a final concentra-
tion of 50% ethanol. The mixture was cooled in an ice bath and the pre-
cipitate was collecfed by centrifugation. The precipitate was washed suc=
cessively with 50% ethanol (20 ml), 95% ethanol (10 ml), absolute ethanol

(10 m1) and dried in vacuo over Po0s-

Reaction of RuDP with Cyanide.66 Formation of Carboxyl-labeled Hamamelonic

Acid Diphosphate and its Isomer (HmDP) : “Two separate reactions were per-
formed, one at a caiculated pH of 6 and the other at a calculated pH of
11. For each reaction the monobarium salt of RuDP (12 mg) was triturated
with water (1 ml) and Na,SO), (4O pM). The residue of BaS0) was removed
by Cenfrifugation. For the reaction at pH 6, the residue was washed with
0.1 M HC1 (200 pl) whilé for the reaction at pH 11, the residue was washed
with water (200 pi). The supéfnatant liquid and washing for each reaction
were combined and treated with 1.3 mg of kcthy (20 uM, 1 uC/uM) for 16
hours at foom temperaturéa | |

Formatioﬁ of Unlébeled HmDP: The monobarium salt.of RuDP_(117 mg)
was ffiturated'with water (10 ml) containing K550 (75 mg)° The insol-
uble material was removéd By centrifugafion and KCN (O.2k M, 900 nl) was
added to the supernataﬁt liquid. Aftef 18 hours at room‘temperature the
solution was centrifuge@ and the small amount of residue was discarded.
The supernétant iiquid was cooled in an ice bath and barium aéetate
(1M, éOO ul) wasvaddeda The copious precipitate was collected by cen-.
trifugation, washed.éucéessively with 5 ml portions of 80% and 90% ethanol

and dried under reduced pfessure dver P205; yield of the first crop being
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120 mg. A second .crop of 15 mg was recovered by adding-two:volumes of
ethanol to the supernatant}liquid,

The first crop was contaminated with BaS0) :which was removed by tri-
turating the total amount (120 mg) with HC1 (0.1 M, 10-ml) followed by
centrifugation. The insoluble residue was washed with Water‘(S_ml); it .
weighed 42 mg and consisted mainly of BaSOy, s The supernatant liquid,
combined with the water washing, was-adjusted to pH 7:1 and then cooled -
in an ice bath. The precipitate was collected, washed‘with 50% ethanol
(7.5 mL), 90% ethanol (5 ml) and dried in Zaggg_over P 05, yield: 26 mg
(product A). A further crop was obtained by adding an equal volume of
ethanol to the supernatant llq_uld° ThiS'mixtnre was centrifnged, washed
with 50% ethanol (4 ml), 90% ethanol (5 ml) and drled, yleld 22 mg
(product B)f |

Both products A and B were coehrématogfaphed sepafately nith'radio-
active HmDP in the ethanol~formic acid—melybdate system and exact coinci-
dence.with the radieactivity'and the nhosphonolybdatevcolor was'obtained
in Both cases. - |

Identification and CnaraCterizatibn: Beth,the products.of_the reacei
tion of RuDP with KC N and KC l*N were chromatographed in the follow1ng
solvent systems: 1) Two dlmens1ons in the general solvent systems, BuOH~-
propionie acid-water and phenol—water, 2) BuOH—propionic acid-water for
48 hours,'3) PTOH=NH3—nater;‘h) EtOH-formic acid-aquegus molybdate, 5)
MeOH-formic acidewatex" and 6) MeOH—l\]H3‘=-water° '

Electrophore51s of both labeled and unlabeled HIDP was performed at
pH 3.8, 8. 3, and 9 5 using, respectlvely, formic ac1d blcarbonate, and
ammonium hydroxide buffer59 The condltlons were generally similar to

those described previously under General Analyses;
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Further characterization of the reaction products of RUDP with cyanide
was achieved by dephosphorylatihg them with acid phosphatase or with HCl
hydrolysis. In the latter case, HmDP was treated with 1 M_HCl for 16 hours
at 120° C in a sealed tube. (Heating with 0.1 M HCl at 103° C for 12

hours did not seem to,dephosphorylate the products.).

Hamamelonic Acid._ Preparation: Authentic hamamelonic aclid was regenerated
from the phenylhydrazide of hamamelonic acid*'using the method of Hudson,67
but modified for a sméller scale.: Hamamelonic acid phenylhydrazide (50.3
mg, 176 pM) was mixed with Cus0) °5H,0 (45.8 mg, 184 M) and 1 ml HyO. One
to 2 pl of n-octanol was added-to minimize foaming. The mixture was re-
fluxed for 5 hours. Hydrogen sulfide, generated from & FeS-HCl mixture,
was bubbled through the solution to remove the excess cupric ion. Sulfate
was removed by adding an equivalent of Ba(OH)g, 0.7 ml.of saturated Ba(OH)2
being required.

Both the starting material and the product were studied under paper
electrophoresis (ammonium hydroxide buffer, pH 9.1) with an applied poten-
tial of 600 volts for 3 hours. The substances were also chromatographed
two-dimensionally using the routine solvent systems with 150 to 300 ug of
material applied on the origin of the paper.

The Lactone=Acid Interconversion: The formation of the lactone or
conversely, the carboxylate ion of hamemelonic acid, in the presence of
various buffers was studied. These buffers were as follows: pH 1 (calcu-
lated), HCl; pH 2.9, citrate; pH 4.6, acetate; pH 6.8, phosphate; pH 8.7,
tris; pH 11.2, phosphate; and pH 13 (calculated), NeOH. In these studies
10 pl of hamamelonic acid solution (300 pg) was mixed with 50 pl of 0.1 M

buffer and allowed to stand for 16 hours at 37°~Cx At the end of this

% Kindly supplied by H. Simon through the laboratory of O. Schmidt.
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. period, each mixture was chromatographed in two' dimensions with the
general solvent systems except that the paper dimensions. were reduced

to one-half of the original size (i.e., 11.5 x‘lhfcm). As & result of
this alteration, the sample on'the-paper;was exposed to each solvent for

only about 3 hours instead of -the usual 8 to 10 hours:

Preparation-bf‘Carboxydismutase.‘“Source materials for this enzyme

were Tetragonia'expansa* leaves and Chlorella pyrenoidosa cells. The

occurrence of this enzyme was also studied in other plant and animal
tissues, but not extensively. 'Three different methods were used for
the purification of the enzyme from Tetragonia while the enzyme obtained
from Chlorella was used only in the crude form for purification studies.

Enzyme from Tetragonia: Method I, the Crude Extract Method. In
this method the enzyme was prépafed by ammonium. sulfate fractiOnation.
of the clarified crude extract of Tetragonis leaves.62 The steps in
this pfoceduré‘are.outlined in Fig. 5.

Further purification of the 32 to 35% .SAS Preciﬁitate was attemp-
ted bywing classical enzyme purification techniq_ues° .These studies
were -0f an exploratory nature and are described below.

1) Heat Treatment: An ammonium sulfate fractionated enzyme solu~-
tion (32 to 35% SAS ppt) containing 25 mg of'protein.in 2.5 ml was
heated inva 56 to 58° ¢ water bath for & minutes. .A small glass rod
was used to stir the solution. The mixture was cooled immediately to
0° ¢ and centrifuged at 36,000 X g;fof 5 minutes. (The rotor was pre-
viously cooied'to 0° ¢ béfqre’centrifugation.) ThHe supernatant liquid
was assayed for activity. The final pH of superﬁatant liquid was 6.75.

Protein content was determined on the basis of dry weight.

#* New Zealand spinach, mostly commercial source.
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50 g Tetragonia leaves, with
stems and midribs removed®

50 m1 pH 6.8, 0.1 M potassium phosphate
blender at full|speed for 90 sec .

filtration; No. 588, Schleicher and
Schuell, fluted filter paper

residue (discarded) filtrate

145,000 X g; 10 min®

supn B ppt (discarded)
(dark brown - 55 to 65 ml)
"erude extract"

2 g (NHu)esolL per 100 ml
'lof original extract

36,000 X g; 5 min

f
d L
0-32% SAS ppt supn

(generally discarded)

Additional 2.7 g AS per
100 ml of original extract®

36,000 X g; 5 min

ppt stpn
(Generally discarded)

5 ml, pH 6.8, 0.05 M phosphate
soln
dialysis vs pH 7 to 8, 107" M tris for 16 hr;

buffer changed twice during this interval of
time.

-dialyzed soln (32 to 35% SAS ppt)

a) All operations were performed at, or near, 0° C.
b) Spinco Ultracentrifuge, Model L, rotor number L40.

c) After each addition of ammonium sulfate (AS), the mixture was
adjusted to pH 7 with.-2 N ammonium hydroxide.

d) Fully saturated ammonium sulfate solution (100% SAS) was taken as

75.4 g (NH,) 50, per 100 ml of initial volume of solution at 200 ¢.68569

Fig. 5. Flow Diagram for Method I, the Crude Extract Method.
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2) EthanolAFractionation:7,Absolute efhanol'was cooled to léss than
_MOOC~in a CO,-acetone bath. Thevprotein.sdlution (32"to 35%. SAS ppt) was
cooled forOo'in an ice bath. -The-concentrafion of the latter was ca.

10 mg/ml. In the folléwiné.opefation_it was essential to work at tem-
peratures below 0°C. Cold éthanol (0.625 ml) was siowiy éddéd t§ 2.5 ml
of chilled protein'éo;ution accompanied with gentle stirring. .The pre-
cipitate wés‘rgmerd by centrifugation at 36,060 X g for 5 minutes. To
the supernatant liquid was added O.44 ml chilled ethénol. The precipitate
was collected by centfifugation:and.reéuspended in cold (OQC) 0.05 M, pH
6.8 potassium phosphate buffer. Most of‘the matgrial.appeared to bé
insoluble; it was removed by centrifﬁgatioﬁ an& fﬁe sﬁpernatané liqﬁid
was subjected to assay. Protein.content was .determined énva weight béSis.

3) Acetone,fractidnétion: ;To,a.solution.of the 32 to 35% SAS pre- -
cipitate (10 ml containing a total of 60 ﬁg protein) was added 50 ul 2 M
potassi&m phosphate, pH 6.8 and 0.5 g.suérbse;“iffecooled'acetone (-25°¢)
was added td'this sélution aécompanied with vigérdus stirring. The temp-
erature rose to.—iSOC; Thé mixture was allowedjto stand for several
minutes. A turbid solution formed after this péfiod. Centrifugation of
the filtr;te waé éarried out at -11° C.;t i;SOO‘X g for 10 minutes. The
gummy precipitate waé washed with 75 ml of -iBQC.acetoneo A stirringvrbd
was used to. triturate the préciéitéte,vbut the:latter waé too gummy td -
haﬁdle well. The mixture was cenirifugedfagain at 1,500 X g for.5 minutes.
The precipitate, which was now partly powdery, but mostly~still gummy, was
washed once with 75 ml of cold ethyl ether.(-15° C) and ‘the mixture was
centrifuged (1,500 X' g; 5 minutes). The Qéésél_cdhtaining tﬁe precipitate
wés quickly transferfed tOwa,désiccatof éﬁd the’ﬁaterial wés driedﬁOVer
P205 under reduced pressgre, Yield of acetone pﬁwder: 28 mg of.apparently

hygroscopic powder. Assay of this poﬁdér'for carboxydismﬁtase activity ﬁas
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made on the basis of dry weight as well as colorimetric determination of
protein (Folin-Phenol method). |

4) 1Isoelectric precipitation: All operations were carried out at,
or.néar 0°c. Starting with 8 ml of a pH 6.8 dialyzed solution of the 32
to 35% SAS precipitate (83 mg of protein determined colorimetrically),
the pH‘of the solution was titrated to the following pH's Wifh aéétié acid
of vé,rying strengths (0.0l to 6 M): pH 5.6, 5.4, 5.1, 4.8, k.5, and 3.3.
A small sample was set aside (0.5 ml) for control. After each pH adjust-
ment the precipitate was collected by centrifugation at 36,000 X g for
5 minutgs. (No precipitate formed when the pH was adjusted to 3.3
although about li% of the starting material was still present in this
fraction.) The precipitates werevredissolved separately in 2 ml of
water with the aid of O.Ol1g NHLOH until the pH was between 6.8 and 8.2.
The final superﬁatantvliquid which was at a pH of 3.3, was‘alsovtitra— |
ted to pH 8.8 with NH)QH. All fractions were then dialyzed against pH
T2, lO—l+ M tris for 24 hours, the dialysis medium being changed twice
during this interval of time. The solutions were stored iﬁ a frozen state
and later assayed for protein colorimetrically and for carboxydismutase
activity.

Method II, the Acetbne Powder Method. This method involved the
preparation of the acetone powder of theiclarified crﬁde extract 6f
Tetragonia leaves, Fig. 6, followed by ammonium sulfate fraction of this
powder, Fig. 7.

Method III, the Chloroplast Method. By this procedure the enzyme
was obtained from the chloroplasts of Tetragonia. The chloroplasts were
first isolated and then lysed osmotically to yield the chloroplast extract.
This extract was fractionated with ammonium sulfate. The steps are given

in Fig. 8 and Fig. 9.
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360 g Tetragonla leaves w1th stems removeda

160 ml, pH 6.8, 0.01 gégotassium
phosphate . 1n.5% sucro :

blender at full speed for 2.5 min (leavesrwere'addedﬂlittlembywlittle)

J|filtration; No. -588, Schleicher.
and Schuell fluted fllter paper

residue (discarded) . flltfhte (> 3oo ml)

1&5,000 X g 15
minC:.

_supn BN " ppt (discarded)
300 ml
Merude  extract"”

{. Rapidly into 2,700 ml acetone
(-25°C) with v1gorous stirring.
Final temp -15 C. Allowed to:
stand 1 min, xs acetone decanted.

1

Suction filtration

l N — - o : .
grey brown residue filtrate (discarded)

Before the residue in the funnel sucked dry,
added 500 ml acetone (ca. =10° C) .

grey residue., | : . R L T

Repeated preceding operation, but washed with 500 ml
ethyl ether (—lOOC) Sucked re51due completely dry.

Grey re81due on fllter paper was transferred to a crystalllz1ng dish and
placed in a vacuum desiccator while in the cold room. The desiceator was
evacuated with a water aspirator before allowing to rise to room tempera-
ture. The desiccator was then connected to. a water aspirator at room )
temperature and the evacuation was contlnued until the grey residue became
powdery dry(light grey in color):  "acetone powder" yield: 8.9 g

a) All operatlons were performed near OO C, or otherw1se at the tempera~
tures indicated. :

b) The addition.of-sucrose to the grinding medium, fer’preparing the
acetone powder, was recommended by Prof. D. E. Green of the Enzyme
- Institute, .University.of Wisconsin. L ' .

c) Spinco Ultracentrifuge,:Model L; rotor number 40..

s -

Fig. 6. Preparation of the Acetone wadera'
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8.8 g acetone powder’
100 ml, pH 6.8, 0.1 M potassium phosphate
103 ml soln
21.6 g (NHu)éSQA

36,000 X g; 5 min

sdpn

4.k g AS

"0 to 28% SAS ppt (discarded)

supn (discarded)

0.5 ml

28 to 48% SAS ppt (lst AS ppt)
23 ml, pH 6.8, 0.1 M phosphate
25.8 ml soln

25.3 ml

-
conductivity measurement 4,3 g AS

0.0k g AS was present per
ml of this protein soln

36,000 X g; 5 min

5.5 ml dialyzed soln -

0 to 28% SAS ppt stpn

b ml, pH 6.8 1.78 g AS

0.05 M

phosphate

goln f i

supn (discarded) 28-37% SAS ppt
(2nd AS ppt)

b ml, pH 6.8
0.05 M '
phosphate
soln

6.5 ml dialyzed soln

* All conditions and explanations for the abbreviations are given under

Method I, the Crude Extract Method; unless otherwise noted.

Fig. 7. Ammonium Sulfate Fractionation of the Acetone. Powder.
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o a
500 g Tetragonia leaves

1 liter 0.5 M sucrose in 0.03 M,
PH 6.8 potassium phosphate

blender at full speed for 30 sec

6 layers of cheesecloth

residue (discarded)  filtrate

' b
200 X g; 5 min

Pt (discarded) o supn

600 X g3 12 min

1
ppt (whole Ehloroplasts) » supn (discarded)
1 liter buffered sucrose

600 X g; 15 min

ppt supn (discaﬂded)
50 ml, pH 6.8, 0.05 M phosphate, 1 hr

14,000 X g; 10 min©

PRt supn

"ehloroplast fragments" - "chloroplast extract"

a) All operations were carried out at, or near, 0% c.
b) International Portable Refrigerated Centfifuge, Model PR-2.

c) Spinco Ultracentrifuge, Model L, rotor number L4O.

Fig. 8. The Preparation of the Chloroplast Extract.
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100 ml "chloroplast extract"
2L g (NHLL)ESOLL

36,000 X g; 5 min

- T " '
ppt (discarded) O to 32% éLS supn
10.3 g AS

36,000 X g; 5 min

32 to Mé% SAS ppt _. supn.(diécarded)

5 ml, pH 6.8, 0.05 M potassium phosphate

soln
dialyzed soln - adjusIed to pH 8 with NH),OH
lyophilization
kwhite powder
"32 to L6% SAS ppt", yield: ca. 50% of the initial
amount of protein present in the "chloroplast extract.”

Enzyme solutions for typical assays contained 1 mg of
powder per ml of pH 8, 0.001 M tris buffer.

¥ All explanations and conditions were identical to those in Method I

except where otherwise ‘noted.

Fig. 9. Ammonium Sulfate Fractionation of_the Chloroplast Extract.
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Enzyme ffom:Chlorella Pyrenoidoéa: lj Pfeiiﬁinary sfudies° Eight
ml of wet packed.chlorella'cells, acéumﬁlatéd 6ver a period of féur days
from the shaker eulture fiask,'was suspended in 37 ml.of'o.l M potassium
phosphate buffer, pH 6.8. 'Thé suspension was cooled to nearlyvOO C énd'sonia
cally ruptured for the foilowing duration of time: 215, 5, 10, 20 and 30
minutes...At the ehd of each period, a 6 ml aliquot portion was removed and
centrifugedjat lhé,OOO.X g for 30 minutes. Theisupernatant iiqpid was
dialyzed at 4 to 8° ¢ fof lGVhours against lO'u'M_sodium acetate which was
adjusted to pH 7. Two changes of fresh dilute sodium acetate were made
dﬁring-this interval. The amounf of protein was determined on a.dry weight
bas@s. Some of these preparations, after dialysis; were lyophilized'
yieliimg a Tluffy white powderov

2) Preparative scale. In subsequent preparative experiﬁents, the
aigae were accumulated éver a'périod af several days; sﬁsfénded in sbout
4O ml of pH 6.8, 0.1 M phosphate buffer, and ruptured sonically for 25 to
30 minutes. The supernatant liquid, after centrifugation at 145,000 X g
for 30 minutes, was either dialyzed exhaustively (i.e. greater than 2k
hours) against lO"uvM acetate at pH 7 and 0° C, or subjected to one
ammonium sulfate precipitatipn (62 g/lOO ml of original solution). In
the latter procedure, the precipitate was collected by centrifugation at
36,000 X g for 5 minutes. The precipitate was redissolved in 0.01 M phos-
phate, pH 6.8. After removal of small amounts of insoluble material by
centrifugation, the solution was dialyzed exhaustively and lyophilized;
yield: 16 mg,soiid per ﬁl of packed.Chiorella cells (not treated With.
ammonium sulfate), 10 mg solid per ml of packed Chlorella cells (after
ammonium sulfate precipitation).

3) -Purification studies on the crude Chlorella extract. a) Pre-

0
liminary experiment:7 A solution of lyophilized crude Chlorella extract
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(20.5 mg/10 ml distilled water, solution adjusted to pH 7.0) was made to 90%
saturated émmonium sulfate (SAS) by the addition of solid ammonium sulfate.
The pH of the mixture was adjusted to 7.4 with 2 N NH)OH. The precipitate

was collected by centrifugation at 36,000 X gAfor 5 minutes and then suspended
in 100% SAS_(SO ml, the latter being previously adjusted to pH 7.0 at SO c
using concentrated NHMOH). This suspension was poured into the mixing vessel
of a continuous exponential gradient elution apparatus in which the outlet

was fitted with a loosely packed glass wool plug. Water (125 ml) was added

to the reservoir. The liquid in the system was permitted to flow at free
flow rate. Fractions were collected with a time operated fraction collector,
set so that approximately 3 ml of effluent was collected for each tube. The
time interval for each tube varied from 30 minutes initially down to 7.5
minutes at the end. The protein content in each fraction was determined by its
optical density at 275 mu.

b) Column technique for the ammonium sulfate fractionation of crude
Chlorella extract: Lyophilized crude Chlorella extract (20.7 mg) was dis-
solved in 10 ml water and adjusted to pH 7.0. For a control, 0.5 ml was
removed and frozen while to the remeinder of the sclution was addéd 6.65 g
of ammonium sulfate. The pH of the suspension was adjusted to 7.0 with
ammonium hydroxide (50 pl, 2 g)f The precipitate was collected by centrifuga-
tion at 36,000 X g for 5 minutes and resuspended in 2 ml of 100% saturéted
ammonium sulfate solution which was previously adjusted to pH 7. The suspen-
sion was carefully added to an ion exchange column (XE-97, Amberlite, NHK B
0.9 cm diameter’X‘?O cm length) which was‘washed‘previously with neutral 100%
saturated ammoniu@.sulfate. Previous experiments have shown that this ion
exchange resin does not retain any protein from the crude extract of
Chlbrélla5at PH 7.0 when the salt concentration of the eluant is 0.1 M.

When the meniscus .of the suspension had dropped to the level of the top
of the ion exchange resin, 3 ml of 100% saturated ammonium sulfate was

added. A continuocus exponentiai gradient elution apparatus was fitted to
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the top of the column. Fifty ml of 100, SAS vas added o ‘the miing vessel
end distilled water (125 ml) was added to the resér%oir,' Theffl$W'of the
liguid fﬁroﬁgh the columh wésvéef fof freé floﬁ; Fractions Wéfe colleéfed
in a siphon operated fraction collector, the volume caliédfed per fraction
being approximately 3 ml. The pfoteinHEOntenf>was determined'by.uf abSOfp_
tion af 275 my. 'Only the péak tubes were £ested'fdr carbbxydismutasé"
actj';vi’c‘.:;r-° B |
Somé éx@loratory eiperiments in the'fractiOnation of the crudé Cﬁlorella'
extracts were undertaken; To test whether the enzyme derived fromiChlorella
is similar to the preparation obtained from Tetragonia, tﬁe usualidlassical
technique for the ammonium sulfate precipitétidﬁ was ﬁsed. In a typical
experiment, Chlorella accuﬁulated over a period of several days, was soni-
cally rupturea in.phosphate buffer for 30 minutes. The exact details of
this méthod are described under Preparative Scale. The suﬁernatant liquid
obtained after high speed centrifugation was fractionated with ammonium sul-
fate. Before this operation was initiaféd a small portion of this super-
natant liquid was rembved for dialysis and then set aside as a control.
Dialysis was perforged agaiﬁst 10—4 M NaOAc at pH 7 for approximately 42
hours.  All oﬁeratioﬁs were carried out at, or near, 0° ¢. In the sequence
of operations for the purification,,solid ammoniﬁm sulfate'ﬁas used. The
pH of the resulﬁant solution was adjusted to nearly 7 WithVE.E ammonium hy-
droxide. The precipitate obtained after each addition Of ammonium sulfate
was collected by centrifugation at 36,000 X g for 5 minutes. BEach precipi-
tate was redissolved separately with phosphate buffer (6,5 M, pH 6.8, 3 ml)
and dialyzed according to the conditions given above. Protein was determined
on a dry weight basis.
: o : A
c) Treatment of the soluble Chlorella protein with lead acetate: Lead

acetate solution was prepared by dissolving l9:g of Pb(OAc)2*3HéO to make
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100 ml of aqueous solution. The pH of this solution was adjusted to
about 7.0 with 1 N NaCH. The lead acetate solution was allowed to stand
for 2 days. The supernatant liquid (10 m1) was then diluted to 30 ml
with water.

| ~In the following experiment all operations were carried out at 0°¢.
Two ml of a water soluble extract obtained after sonic disruption of
Chlorells containing aboutul2 mg of solid (detérmined on a dry welght
basis after dialysis) was mixed with 0.6 ml of the diluted lead acetate
‘'solution and an additional 1.4 ml of water. The yellow precipitate was’
collected by centrifugation for 5 minutes at about 1,500 X g and redis-

solved with 2 ml of 0.2 M NaHCO The mixture was bubbled with a stream

3"
of COp for 2.5 minutes. A trace of n-octanol was added to minimize
foaming. The mixture was centrifuged to remove the white precipitate
of PbCO3. After dialysis against 10~k M NaOAc at pH ca. 7 for 4k hours;
the supernatant liquid was tested for protein content (dry weight) and

carboxydismutase activity.

Homogeneity Studies of Various Carboxydismutase Preparations. Physical

Chemical Sfudiesi Most of these studies were made on the pfeparation
obtained by the Crude Extract Method. Ultracentrifugation was performed
in potassium phésphate buffer at pH 6.67, ionic. strength (u) of 0.2.%

The protein concentratidnbwas about 10 mg/ml; For electrophoresis, how-
ever, fhe protein concentration was about‘5 mg/ml and the potassium
phosphate bufferé used in these experiments were of two different pH's and
of two different ionic strengths, namely; pH 5.97, u = 0.1; and pH 6.67,

u = 0.2. Prior to the electrophoresis of the sample, the latter was

* Experiments were génerously carried out by KQKa Lonberg-Holm in the

laboratory of Prof. H. K. Schachman.
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dialyzed against the buffer for at least 18 hours at 4° C. The same pro-
tein fraction was studied under paper electrophoresis in barbital buffer,
PH 8.6, u = 0.05 at 3° ¢ For 6 hours. -In this case Unwashed Whatman No. b
paper was used as the supporting medium. About 100 pl of protein solution
containing a maximum of 960 pg of material was applied as a band 1k cm
wide at the center of the paper (widthwise) after the paper was initially
equilibrated with the buffer for at least 30 minutes:~-A varying potential
was applied starting with 760 volts and ending with 650 voits; during all
of this time, the current was maintained at 10-ms. At the end of the run,
the paper was removed and strips 1 cm wide by 2.5 cm long (the length of
each strip being parallel to the width of theraper), were cut‘fromAthe
moist paper while in the cold room (ca. 4 to 8°C). Each strip was placed
into a test tuBe‘containing 1 ml of cold water. A stirring rod was used
to press the strips beneath the Qéter; After sfanding overnight at 4° ¢,
a 500 pl aliquot portion was removed from each tube for protein analysis
by the colorimetric method. The carboxydismutase activity was located by
incubating 50 ul of the eluates With AO pl of a buffered cofactor—substraté
solution which consiétedvof the‘fqilowing: NaHClhd3, 26.6 pM_aﬁ 400 pC;v
;cris, 300 uM at pH 8.k4; MgCl,, 2 uM; and RuDP, ca. 0.5 pM; all made to a
total volume of 1.55 ml with water. The reaction was carried out on a
planchet in thé form of a drop and placed in an atmosphere which was sat-
urated with water. After 21 hours at room temperature, 20 pl of 6 N
HOAc was added to stop the;reéction. The mixture was spread‘on the planchet
with the aid of 2 drops of detergéﬁt solution and counted.

Absorption spectra were taken-of protein preparations at almost allA
stages of purification of the enzyme. The range under investigatioﬁ was
generally in the ultraviolet region (from 220 to 350 mg). _Protéin con=

centration was about 0.6 mg/ml.
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The homogeneity of the carboxylation enzyme prepared by the Acetone
Powder Method was studied by the fractional solution method. The 28 to
39% SAS precipitate was divided into two portions, one for control and
the other for the exﬁeriment. To each of these samples were added O.1 ml
of pH 8.4, 1 M tris and 9 ml of 93% SAS adjusted to pH 7.2. All oper-
ations with the enzyme were carried out near 0°C. The precipitated ma-
terial was centrifuged at 36,000 X g for 5 minutes. The control sample
was stored in the cold room (5° ¢) for the duration of the experiment.
The supernatant liquid of the sample for the experiment was decanted.

The precipitate was resuspended in 1 ml of 93% SASand added to a column
(1L cm diameter X 20 cm length) packed with O.1 mm diameter glass beads.
The column was previously‘waéhed withVSO ml of 93% SAS. After the liquid
level fell to the top of the column bf beads, an additional 9 ml of 93%
SAS was added and the linear gradient elution apparatus was connected.

In the mixing vessel was placed 50 ml of 93% SAS and in the reservoir,

50 ml of distilled water. The flow raté was controlled to about 3 ml per
20 minutes. The time required to collect each fraction was set for 22
minutes. The protein concentration in each tube was determined by uv
absorption at 275 my. (While these fractions were being read, the con-
trol was removed from the cold room and allowed to stand at room tempera-
ture.) Several fractions were assayed for enzyme aétivity° The protein
concentration in tube was also determined coloriﬁetrically with the
Folin-Phenol reagent and the results were essentially similar to those
obtained by uv analysis.

Organic Chemical Studies: N-terminal amono acids of the 32 to 35%
SAS ppt (Fig. 5), the acetone powder (Fig. 6) and the 32 to‘bfe% SAS ppt
of the chloroplast extract (Fig. 9) were determined. The determination

was based on the measurement of the N-dinitrophenyl derivatives of amino
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acids obtained after reacting the protein with l-fluoro-2,4-dinitrobenzene
(FDNB) followed by hydrolysis of the resultant DNP protein.72

In a typicél reaction, approximately 80 mg of prétein was suspeﬁded
in 2 ml of 0.2 M NaCO3 at pH 8.7. FDNB (0.05 ml) was added and the mix-
ture was stirred vigorously using an air-driven stirrer. The reaction was
carried out at‘hbo C. After 4 hours the reaction mixture was extracted
three times with peroxide-free ethyl ether (prepared by shaking the ether
with a slightly acidic solution of FeSOh)a The mixture was then'acidified
with 0.05 ml of concentrated HCl and re-extracted 3 X with ether. ' The’
precipitate was collected by centrifugatibn and finally, washed three-
times with water. All operations which included the extractions and the
washings were done in-a 12 ml centrifuge tube. The precipitafe was dried
under reduced pressure over P205. (The DNP acetone_powder, origi@ally '
greenish yellow, turned black on drying while the 32 to 46% SAS ppt,
initially bright yellow, turned to orarige yellow). The DNP derivative was
hydrolyzed with 2.5 ml of 6 N HCl at 110°C for 16 hours in a sealed tube.
The hydrolysate was diluted with water until the final concentration of
HC1 was 1 N. "The solution was. then extracted with ether until no more
color was extragted. The ether extracts were combined, evaporated to dry-
ness, and chromatographed. After chromatography the yellow spots were cut
éut, placed into test tubes and eluted with 4t ml of 1% NdHCO3 at 50 to 60°
for 15 minutes. -Thé optical densities of the solutions were measured ét
360 mue |

Biochemical Studies: Ih érder to test for contaminating enzymes in
the purifigd carboxydismutase preparations, the standard assay method was
used (see Carboxydismutase Assay below). ,Tﬁe time of incubation was ex-
tended to several days instead of the usual 5 to 10 minutes. Toluene was

layered on top of the incubation mixture to prevent bacterial growth. The

products were studied by chromatography in the usual manner. The presence
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of other enzymes were also detected by taking RuDP«Cl and unlabeled

bicarbonate as substrates. In this case the RuDP—Clh,waS mixed with
unlabeled RuDP so that the concentration of this substrate was nearly the

same as that present in the standard assay mixture. The period of incu=-

bation was also extended to 2 gr 3 days.

The Carboxydismutase Assay. There were three types of assays: 1) Assay

I, where the enzyme was preincubated with thé cofactor, one of the substrates
and other édditions,>if any; for an unspecified period of timeg 2) Assay
II, where the enzyme Was preincubatéd with all additions except one or
two of the components fdr a known period and 3) Assay ITI, where the
enzyme was not pfeincubated with any of the constituenﬁs.of this enzyme
system.

Assay I: The incubation mixture for this assay was prepared by mix-
ing, in the order indicated, the folldwing components: Hy0, to make 200
pl; NiCly,, O.k pM; potassium phosphate, 2 uM at pH 6.8 or HCl, to make the

l”03,,‘1‘,3 WM at 20

final pH 7.0 when mixed withvlabeled bicérbonate; NaHC
uC; and the enzyme, about 25 ug of purified preparation br 100 pg of crude
extract. RuDP, 0.1 uM was added to start the reaction. The mixture was
incubated at 25°¢ for 10 minutes. The temperature was controlled to + 0.1°
using a thermoregulated water bath. The reaction was stopped by heating
the(reaction vessel with steam for 30 to 40 seconds followed by adding 50
ul of 6 N HOAc. A suitable aliquot portion (generally l/lO of the total
volume) was plated on an aluminum or a glass planchet and counted. - No
special precaution was taken to control the time of preliminary incubation
of the enzyme with any of the components of the assay system.

Assay II: The constituents were the same as those in Assay I, except
that in some cases, a MgCl, (2 uM) plus tris buffer (15 uM at pH 8.3) mix-

ture was substituted for the NiCl, plus HCl or phosphate mixture. There
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were two.steps to this assay: 1) the preliminary incubation (preincubation)»
step and 2) the incubation step. In the former.step'éll but one}or two of
the components of the assay systém were mixed and alléwed:to stand either
at 0° or 250 C fof a predetermined time. At the end of this period the rest
of the component(s) was added (the incubation step) and the complete system
was incubated'for‘a‘fixed time, (usually 5 or 10 minutes,) at 25° C. (In
somé cases where two components %ere preincubated with the enzyme, the first
component was allowed to be in contact with the enzymé for a given time "a,"
followed by preliminary incubation with the second component for time "b."
The firstvcomponent would_then be preincubated‘with the enzyme for a total
time of a + b.) The reaction was stopped by adding HOAc and treated subse-
quently in a similar manner to As’say.‘I°

Assay III: 'This"éssay, aléo termed_as thé n§n~préincuba£ed o? zZero-
time preincubated assay, contained the same components as Assay I or II.
In this case, howeVer, the metal ion and substrates were first'mixed and
the reaction was started b& adding the enzyme to this mixture. Subsequent

treatment of the reaction mixture was identical to that of Assay II.

Carboxydismutase.Activity in the Presence of Digitohih. All operations were

performed at, or near 0° C. A 0.5 M sucrose suspension (0.2 ml) of intact

chloroplasts, prepared from Spinacea oleracea;73 was mixed with an equal
volume of digitonin. (The latter was the clear SUperhatant:liquid obtained

: {
after suspendihg 0.5 g of digitonin in 12.5 ml of Hy0. The supernatant
1iquid was adjusted to pH 8.1 by adding 50 M of pH 8.4 tris bﬁffér.,) An
extra 5 ml of diluted digitonin (1:1 with water) was added to the chloroplast-
digitonin mixture and after standing for 3 hours, the suspension was centri-
fuged for 30 minutes at 145,000 X g. . The ¢lear green supérnatant liquid was |

assayed for chlorophyll, carboxydismutase activity, ‘and colorimetrically for

protein.
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Assay III was employed for determining the enzymatic activity using

+*+ as cofactor. Between 30 to 50 pg of protein was added to each incu-

Mg
bation mixture. Incubation time was 10 minutes.
For comparison a suspension of intact chloroplasts (0.1 ml) was mixed

with 2.8 ml of pH 8.4, 0.01 M tris. The whole suspension was assayed for

chlorophyll, protein and carboxydismutase activity.

Cofactors and Inhibitors of the Carboxydismutase System. The require-

ment for a cofactor(s) was demonstrated by heating the'dialyzed crude
extract of Tetragonia for 2 minutes over a steam bath, cooling and then
adding it to an incubation mixture containing the 32 to 35% SAS ppt (Crude
Extract Method). The conditions of Assay I were used. A reactionvmix-

ture having the heat treated énzyme, but no 32 to 35% SAS ppt, was used

as a control. For comparison,.an assay ﬁixture was'prepared which contained
the 32 to 35% SAS ppt, but no heat treated enzyme.

The possibility that RuDP extracted from algae also contained an
activator was considered. In this case, the RuDP was destroyed by hydr6=
lyzing a solution of RuDP (ca. 75 pM) with HCL (150 pM) in a ﬁotal volume
of 150 pl for 4.5 hours at 100° ¢. The sample was taken to dryness under
reduced pressure over P205° The incubation mixture was prepared in the
same vessel; enzymically prepared RuDP was added as one of the substrates.
A suitable control experiment for the presence of cofactors in the HCl was
performed. Another experiment was designed to test for intact RuDP still
present after the hydrolysis.

A variety of inorganic and organic substances, at different concen-
trations, were tested as cofactors or as inhibitors of the enzyme system.
The effect of the added substance was readily measured 5y adding 1t to
the standard incubsgtion mixture and then proceeding in the usual manner

for a carboxydismutase assay.
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Reproducibility.of thefCérbOXydismutaSé Aésay;* FOr studying the relia-

bility of the enzymaticiéséay,'éix incuﬁation mixtures'Wére ﬁrepéred dsing
a given enzyme solution and foiloﬁing the method of'Assay'iII; Three of
 the incubation mixtures had no RuDP added to them (Controls) while the
remaining thfee contained'fhe completed syéﬁem'(Variables)n To redﬁce
systematic errors the mixtures Were:incuﬁated in the followinglérder;
Control l,'Variablé 1, Variable 2, Control 2, Control 3 and finaldy,
Variable 3. After 10 minutes at éSQ C the reactions were .stopped by add-
ifig ; HOAc and 15 ul (from a total volume of 253 pl) of each mixture was
plated'on aluminum planchets (in triplicatesIZiﬁ the usual manner. The
plates were counted in a Nuclear-Chicago éounter with automatic sample
changer. The plates prepared from the Variable and Control series were
counted for'iO,2HO counts and 320 counts, respectively; the time required

to reach these values being recorded. Each plate was counted three times.

pH vs Carboxydismutase Activity. Assay III was used for fhese experiments.
The pH 8.3 tris buffer was substituted with each of the following buffers
(15 uM): pH 5.95 and '6.22, SQdium ecitrate; pH 6.59 and 6.71, histidine;

PH 7.13, imidazole; DH T7.58, 7.98, 8.39, 8.82 tris; 9.2 and 9.52 histidine.

The Stability of Carboxydisﬁutase»‘ Enzyme preparations at various stages

of purification were stored‘in the form of lyophilized_powders and solu=
tions. Storage temperéturés"ranged from room tempersture to =200 Co.

The efféct of fadiatiOn on the aésay system was.also considered. In
this case, in each incubation mixture, the amount of radioactivé bicar-
bonate was varied from 1 to. 20 uC while keeping the tofgl bicarbonate con-
centration constant at 0,00665 M. Otherwise the assay qonditions were

those of Assay III (Mg™™ as cofactor, 10 minutes incubation at 25° C).

* The author gratefully acknowledges Y. Natofiafor this‘workov



55 . ' Lo

Experiments with Carbonic Anhydrase. The action of carbonic anhydrase on

the carboxydismutase system was studied by adding to the standard assay
mixture (Assay III with Mg++ as cofactor and 10 minutes incubation at 25°
C) 50 ug of the former enzyme. Incubation mixtures without carbonic an-

hydrase or RUDP served as controls.

Carbamyl Phosphate: Assay IIL was employed for these experiments, using

1.3 pM of dilithium carbamyl phosphate in place of HClLLO-’o Dilithium

3
carbamyl phosphate was prepared according to the method of Lipmanno7u*
The rest of the constituents of the assay system were RupP-ctY (0.0 ua),
unlabeled RuDP (ca. 0.1l pM), vgtt (2 uM), and aﬁ eﬁzyme preparation via
the chlofoplast method (25 pg). Incubation conditions were 10 minutes at
250 C, after which the reaction wés stopped by adding HOAc. One fifth
of the total was applied on paper for chromatography in the usual two-
dimensional solvent systems. The radicactive spots were then counted.
Similar experiments with RuDPmclA were performed on incubation mixtures
containing unlabeled bicarbonate, but no enzyme; or céntaining unlabeled
bicarbonate plus enzyme; or containing no bicarbonate and enzyme.

Formic Aclid: 1In these experiments the assay system consisted of
Mg++ tris, RuDP, radioactive bicarbonate or formate, and enzyme. The
general procedure was similar to Assay III. The mixtures were incubated
for 10 minutes at 25° C. - In the formate experiments, 38 pM of clu—
labeled sodium formate (2.6 uC) was dissolved in 0.5 ml distilled water
and 0.05 ml 1 N HCl was added. Nitrogen gas was streamed through the
solution for 30 minutes at room temperature. The sdlution was neutralized
with an equivalent of NaOH and then diluted to 1.0 ml. Fifty pl of this

solution was used in the incubation mixture. To show that the radicactive

formate contained no\radioactive bicarbonate as contaminant, the following
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control was prepared: Diluted formic acid (36 pM) was-miXed‘WitthaOH
(40 M) and 0.5 ml HéOo Nchl.”o?). (0.13 pM at 2 uC) was added to this solu-
“tion along with 0.05 ml 1 N HC1. ,Nitrdgen gas was bubbled.through‘this
solution for 30 minutes at room temperature, after which the solution was ‘ “
neutralized with‘Q,OS ml 1 N NaOH and then diluted to 1.0 ml. Fifty pl was
added to thé reaction mixture fof the control. In all of the above incuba-
tion mixtures, after the required time of incubatioﬁ, 50 pl of-é N HCL ﬁas-
added to stop the reaction. A $uitéble aliquot portion was blated én glass
planchets for counting° The eﬁiyme.ﬁsed fbr thisvexperiment was prepared
by the Chlofoplast Extract Method, and was about 25 pg per reaction mixture.
Two other experiments were perférmed as controls; one to insure that
the enzyme was active by means of the staﬁdard assay with radioactive bi=-
carbonate (instead of radiocactive formate) and the other to sﬁow that the
fixation of labeled formate was due to the presence of RuDPﬂ The latter

control was then one without added RuDP.

Occurrence of the Carboxylation Enzyme. The presence of the enzyme was

studied in the following tissues: Nostoe muscorum, baker's yeast, rat.

liver, rat bfain, lettuce leaves, méture avocado leaves, button mushrooms

and Ehrlich ascites mouse tumor (EAMT) cells. Crude extracts were obtained

by grinding the tissues in pH 8.&, 0.01 M tris at; or near, o° C; except

for EAMT qells which was homogenized in pH 6.8, 0.01 M potassium phosphate

buffer. For rupturing Nostoc, yeast and EAMT cells a sonic oscillator

was used. Rat tissues were ground in a Pottér=Elvehjem homogenizer while .
mushroom, lettuce and avocado leaves were ground in a Virtis homogenizer.
All homogenates were clarified by centrifugation at 145,000 X g for 10
minutes. Protein was determined colorimetrically with the Folin-Phenol
reagent. Incubation mixtures were prepared as in Assay III With.Mg++ _
as cofactor e#cept that a maximum volume of extract was added to each incu-

bation mixture (to make a final volume of 200 pl),. Each reaction mixture
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was layered with 50 pl of toluene and then incubated for 12 hours.  The
reaction was stopped by adding HOAc and prepared for counting in the

usual manner.

Carboxydismutase Activity from Chloroplasts Isolated in Nonagueous Solvents.

This method was developed by C. R. Stoc_kingo75 New Zealand spinach leaves,
with stems removed; 100 g, were frozen in liquid nitrogeﬁ, The most cormr
venient way was to wrap the leaves in cheesécloth so aé to form a bag and
then to dip it into a Dewar flask containing liquid hitrogen° As soon as
the leaves were frozen, they were crushed, while in the bag, with several
blows from a hammer. The crushed frozen bits of leaveslwere quickly
poured into the botﬁom of a precooled (at -150 C) vacuum desiccator and
lyophilized. Yield of lyophilized material: 6 g.

The SCheme for the fractionation of the iyophilized material is given
in Fig. 10.

The supernatant liquid obdained from each step of the fractionation
was treatéd in the following manner: One-third, by volume, of the super-
natant liquid was mixed with an equal volume of n-hexane. The precipi=-
tate was collected by centrifugation and resuspended in 50 pl of 0.5 M
sucrose. The suspension was examined under the microscope at 900 times
magnification (oil immersion). The remaining two-thirds of the supernatant
liquid was treated in a similar manner except that the final precipitate
was resuspended in pure- n-hexane inétead of sucrose. This suspension was
transferred nearly quantitatively to a tared 3 ml conical centrifﬁge tube.
The precipitate was collected by centrifugatioh, and the supernatant
liquid was discarded. The precipitate was dried b& standing overnight at
room temperature. The tube plus residue was welghed giving thus, the
weight of the precipitate. The precipitate was suspended in 0.0l M tris,

pH 8.4 (1 ml) and analyzed for chlorophyll. Another portion was centrifuged
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to obtain a clear supernatant llqnld whlch was assayed for proteln (color1=
metrically) and for carboxydlsmutase act1v1ty (Assay III, Wlth Mg++ as co=

factor, 10 minutes incubation).

Attempts to Trap the Carboxylated Intermedlate of the Carboxydlsmutase

Reactlono So diverse were the conditions for these experlments that-only
an outline of them are glven in the RESULTS AND DISCUSSION sectlon° In
general these experlments fell 1nto two categories; namely, those in
which the method for 1nact1vat1ng the enzyme was varied, and those in which

inhibitors were added to accumulate the intermediate.



59

Lyophilized leaves, O0.33 g

15 ml of 1.285 sp gr* hexane-
carbon tetrachloride mixture*¥*

Model 10, Brock Hand Tissue Grinder,
5 to 10 min grinding

Filtration through glassiwool

- ]
resié&e inecl. ' _ ‘1st filtrate.
glass wool plug

25,000 X g; 20 min

10 ml 1.285 ~ ppt I © supn A
sp gr solvent

1.302 sp gr solvent
Filtration through

6 layers of cheese-
cloth

ond filtrate (work residue

up identical to (discarded)
that of 1lst filtrate)

25,000 X g; 20 min

Pﬂt sugn B

1.331 sp gr
solvent

25,000 X g; 20 min

ppt supn C

1.347 sp gr
solvent

25,000 X g; 20 min

.‘pp% ' gapn‘D
1.367 sp gr

25,000‘X g; 20 min

U 1
ppt F supn E

¥  Specific gravity were measured at room temperature.

*¥*% All solvents were mixtures of n-hexane and carbon tetrachloride?
Each ppt was resuspended in 10 ml of solvent in subsequent steps.

Pig. 10. Fractionation of Lyophlllzed Leaves of Tetragonia in
Nonaqueous Solvent. :



60

' RESULTS AND DISCUSSION

Ribulose-l,5—diph§sbhate;' RuDP from Algae: As stated in the INTRODUCTION
section of this thesis,:dne of thé.oﬁjectives of this research was to
study the properties of RuDPf Ordinarily, these studies would of neces-
sity involve rglatively large amounté of RuDP, but since algae yield only

about 1 uM of RuDP per ml of packed cell,2u these studies must be approached
' ' L

by employing more sensitive techniques. Towards this end, RuDP-Cl seemed

to offer the best possibility. | '

The physical properties of RuDP generally include such properfies
as solubility, density, etc., but in these studies only the behavior of
this compound towards paper chromatography and paper-eiectroPhoresié ﬁas,
considered. Such information was readily available without isolating the
compound from the rest of thevsugar phosphates present in the 20% EtOH
extract of algae. Paper chromatography and paper electrophoresis of this
extract gave the results shown in Fié. 11 and Fig. 12, respectively. Most
conspicuous of the results is the predoﬁinance of the diphosphate area in
both the chromatogfam and the electrophoretogram (labeled as RuDP in the
electrophorefogram). This area makes up AB% of the total rgdioactivity on
the'paper electrophoretogram. (It was not possible to give a true evalua-
tion of the percentage of the diphosphate area on the papéer chromatogram
owing to the loss of many of the other radioactive compounds after 36
hours of development of the chromatogram. Some losses during the electro-
phoresis of the alcoholic éxtract also occurred, these compounds being
cations.)

When the diphoéphate area was éluted and rechromatographed in two di-
mensions for U8 hours in each direction, using the usual solvent systems,

only one spot was generally obtained. On occasions, however, at least

three spots were seen; the major one was RuDP and has an Rf greater than
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Fig. 11. Radioautograph of a chromatogram of a 20%
EtOH extract of photosynthesizing Chlorella.

ZN-2574



Fig.

-62-

PH 38 OIM FORMATE BUFFER 600 VOLTS

12. Radioautograph of an electrophoretogram of a
20% EtOH extract of photosynthesizing Chlorella.
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ZN-2575
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the two minor spots in the butanol;pfOPionic acid~water direction and an
Rp intermediate to the two minor spots in the phenol-water direction.
(The other two spots were identified by Moses‘76 as the diphosphate of a
7-keto acid and of hexose.)

Clearly, then, the diphosphate area of the paper chromatogram is not
entirely RuDP, but rather a mixture of at least two other compounds. The

43 b5

findings of Goodman, qualitatively, and of Bassham, guantitatively,
indicate that photoétationary concentration of RuDP in #he diphosphate
region of a chromatogram exceeds 90%° The latter investigator found that
photosynthesizing algge in the presence of l% CO2 has a steady state con-
centration of RuDP of 0.5 pM per ml of wet ﬁacked cells. On changing the
CO, pressure from 1% to 0;003%, the amount,of RuDP rose to twice the
steady state levelgu (hence; the estiméted yield under optimum conditions
becomes 1 pM per ml of wet packed cells), but the percentage of RuDP in
the diphosphate region was, at best, 80% of the total diphosphates present.
In the particular results shown in Fig. 11, RuDP constituted a mini-
mum of 70% of the total diphosphates, as shown by dephosphorylation with
acid prostatic phosphatase, Fig. 13. A minimum value was quoted because
of the susceptibility of RuDP towards oxidative cleavage into PGA and
phosphoglycolic acido77 There are also present in the above radioauto-
graph, a dozen or more weak radioactive spots; in agreement with the
results of Moseso76 Among fhem are hexose; glyceric acid and glycolic
acid. | | |
Although some informafion on the properties of RuDP was gained from
RuDP derived from algae, the amount of RuDP fell far short of the demands
for further studies of the carboxydismutase system. It thus became desir-
able fo obtain quantities of RuDP larger than that normslly extracted

from algae. A new approach was employed; namely, RuDP was prepared by

means of an in vitro system of enzymes.

3.
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Fig. 13. Radioautograph of a chromatogram of the
diphosphate area dephosphorylated with acid prostatic
phosphatase.
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VRuDP prepared by Enzymic Means: The principles of this method are
outlined in the previous section, EXPERIMENTAL PROCEDURE. The yields
were of the order of 1 or/2 grams of crude Ba salt for each gram of
starting material (barium salt of ribose-5-phosphate). The crude Ba salt
of RuDP wasi fractionatea by alcohol precipitation and by column chroma-
tography; full details of which are given in the experimental section.
The results of the column chromatography are shown in Fig. 14. The elu-
tion pattern shows two well separated phdsphorus-containing peaks. The
first to emerge from the column contains only inorganic phosphate; the
second peak is in the position expected for a diphosphate ester,77 and
the enzyme assay shows it to contain essentially all fhe RuDP. It is
noteworthy that the RuDP and phosphate peaks do not coincide in the
second pesk, suggesting the presence of at least one phosphate.ester in
addition to RuDP. This impurity emerges from the column slightly ahead
of RuDP. From the ratio of RuDP to organic phosphate, the quantity of
this contaminant can be calculated. fhis constitutes the shaded area on
the graph, Fig. 1k, and represents'aboﬁt 20% of the material in the
second peak. The fractions emerging between A and B (sample a) and be-
tween B and C (sample b) were pooled. They were recovered as the barium
salt with the yield of sample a béing,22 mg and sample b being 23 mg,
starting with 100 mg of the crude Ba salt of RuDP° |

Treatment of these samples with acid phosphatase (Polidase-S) gave,
along with ribulose, a small quantitonf ribose from sample a, while sam-
ple b gave only ribulose. Sample b is thus considered as a purified sam-
ple of dibarium RuDP. Further analyses of these samples supports this v
view, see Table I. Incluaed in this tablé are the anglyses of the crqde
preparation and those of the aicohol fractionated materialo

Although the alcohol fractionated.materiai-had the highest per-

centage of organic phosphate, the incrganic phosphate content was
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Fig. 14. Elution pattern of RuDP on a Dowex 1 formate column.,
Volume is in ml. Klett reading of 230 corresponds to
0.5 pM phosphate. The material was eluted by using
a linear gradient elution apparatus with 100 ml of 5 M
ammonium formate in the reservoir and 100 ml of water in
the mixing . vessel,
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TABLE T

Phosphate Content and Purity of Various RuDP Preparations

Preparation  Inorganic Phosphate®  Organic Phosphate® Ratio® Purity®
Crude material 0.40 2,31 8 67
Alcohol ppt. 0.55 : 2.63 5 77
Column
chromatography

sample a 0.21 2.35 | 11 89
sample b 0.23 | 2.42 11 71

a) pM per.mg of material.
b) Approximate molar ratio of organic phosPhate to inorganic phosphate.

c) Percent by weight, assuming that all of the organic phosphate is RuDP.
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correspondingly higher, thus giving a ratio of organic phosphate to in-
organic phosphate of only 5. For this reason the purification of RuDP
by alcohol precipitation was abandoned in favor of the ion exchange
column chromatography techniques

Stability of RuDP: The problem of the stability of RuDP towards
. o !

\

acld and alksline ﬁ&dfolysis has been adequately dealt with by a number
of investigators.u3’63’78 The gist of their findings is that in both
acld and alkali, the hydrolysis of both phosphate groups of the RuDP
molecule proceeds at nearly thé same rate. This result is manifested
by the accumulation of only a small amount of ribulose monophosphate
during the hydrolysis (iﬁ contrast to a large quantity of free ribulose).
Furthermore, an analysis of the rate of hydrolysis displayed only a
single first order kinetic curveau?’v’63 One éxplanation for this phenom-
enon 1s the presence of the phosphate group on the 1 position which
then renders the 5 position linkage more labile to aéid,63 Anoﬁher pro-.
posal involves the migration of fhe ene-diol of RubP‘from the 2,3 posi~-
tion to the 3,4 position resulting in a symmetrical)gne-diol compoﬁnd.
vThe latter must necessarily révert to the 2-ketopéntose since the
product of hydrolysis is ribulosefA_The lattéf mechanism goﬁld be
tested by measuring tﬁe optical rotation of thé RuDP before and after
treatment with acid. In case the accumulation of this enolization pro-
duct is small, the change in optical rotation should be correspondingly
small and should correlate with the rate of the hydrolytic reaction.
RuDP also decomposes readily in agueous solution in the presence
of oxygen. This is evident in radioautographs of chromatograms in which
“the RuDP-ClLL solution, aftervstanding fér a day, is rechromatographed.
Not only is the original diphosphate present, but hexose monophosphate -

(arising from the hydrolysis of hexose diphosphate), pentose monophos-

phate (a hydrolysis product of pentose diphosphate), phosphoglyceric
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acid and phosphoglycolic acid are found. In addition, when RuDP-Clu was
dephosphorylated with acid phosphatase, the products were ribulose, hexose,
glyceric acid as well as glycolic acid,'Fig° 13, in accord with the
previous findings. The latter two acids probably arose from the oxidation
of RuDP, with a cleavage between carbon atoms 2 and 3,77 In alkaline
solution the oxidative cleavage of RuDP proceeds readily.8o The meéhanism
of this reaction is probably one similar to the air oxidation of aldose

to aldonic acidosl Applying this mechanism, the following would be the
mechanism for the oxidative cleavage of RuDP:

(imgo ® Tﬂgo@ (iHQO ® (0 ®

C=0 OH™ COH =0 1/2 0, COOH
N ; SN 2
| | 1/2 0 | + Hy) ——3
HCOH oH —=> c=0 +
HCOH HCOH HCOH - (fOOH

CHL0 (B) ca,0(®) - cr0(®) HC|) OH
CH50 @)
Verification of this mechanism must await experiments along kinetic lines.

The Reaction of RuDP with Cyanide (HmDP): This topic is discussed

in this section under the Mechanism of Enzyme Action.

The Paper Chromatografhic and ElectroPhérétic Properties of RuDP:
Rather than listing the behavior of RuDP towards paper chromatography
and paper electrophoresis here, it is convenient to describe it elsewhere
along with the chromatographic and eleé¢trophoretic properties of 3-FGA,
2=PGA, HmDP and inorganic phosphate. This tehle is given in this ‘section

on the Mechanism of Enzyme Action.

Preparation of Carboxydismutase. Enzyme from Tetragonia expansa: When

a crude extract of Tetragonia is fractionated with ammonium sulfate (Method

I), a purification of about 3 fold is achieved, Table II. The ffaction
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TABLE II
Purification of the Crude Extract

by Ammonium Sulfate'Precipitationa

Material Proteinb Specific Abtivityc Total Activityd Purifi-
mg units per mg - units cation®

Crude extract - 800 ' 0.087. . N (¢ : 1

33 to 35% SAS  1L3 £ 0.25 .35 - 2.9

ppt

a) The Crude Extract Method or Method I, sée experiﬁental section.

b)  Dry weight of solid per 100 g of fresh leaves.

¢) Assay III; in each incubation mixture, in bz NiClp, 0.2; NeHC™ 035
1.3 at 20 uC; RuDP, 0.0B‘of organic phosphate; either crude enzyme,
100 pg or partially purified enzyme, 25 pg. Final volume: 0.2 ml PH
of incubation mixture: T.2. Incubation time: 10 min. 1 unit is

defined as 1 uM of carbon fixed>during 10 minutes incubation at 250 C.

a) The product of mg of protein and the units'peréméxﬁfrﬁyeciﬁic activity.

e) Activity of the partially purifiéd ﬁreparation relative to the crude

extract.

,(O
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precipitating between 33 and 35% saturated ammonium sulfate was chosen
because the most active preparation precipitated in ‘this conéentration .
range°62 Actually Mayaudqn fqund that most of the activity resided in
the material which precipitated in 33 and 40% saturated ammonium sulfate,
but he chose to define 100% saturated ammonium sulfate as 68.5 g
(NH,) ;50), per 100 ml initial volume of solution. If the solubility of
ammoniuﬁ sulfate is taken as 75.4 g per 100 ml,6$ ( a criterion set by
Dixon69), then these percentages become 30 and 36 respectively.

The results of Table II agree with those of Horecker,6 and Ochoa7

8
and Racker 2 who found that ammonium sulfate fractionation of crude

extracts of Spinacea oleracea gave a 3-fold purification.

It was desirable to further purify the ammonium sulfate fractionated
material using a variety of classical enzyme precipitation techniques.
In each case the starting material was the 33 to 35% SAS precipitate and
the purpose of the experiments was to test the feasibility of the various
treatments for the purification. TableIII lists the results of these ex-
pgrim,ents°

Only those fractions listed in Table III were assayed for carboxy-
dismutase activity except for the experiment on isoeiéctric precipitation.
For example, no effort was made to assay the materialvprecipitated-by
heat, by ethanol in the range of O to 20% and 30 td 100%, or the super=
natant liguid of the 90% acetone mixture. It is possible that these frac-
tions have higher specific activity than the starting material (33 to 35%
SAS ppt), but other workers have found that the treatments cited in Table
ITI gave further purification of the ammonium sulfate precipitated ma-

6,7,82

terial derived from Spinacea. The only exception to this is the ace-

tone treatment where, according to-Ochoa,7 acetone precipitation inactivates

the carboxylase system.
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J

" TABLE III
The Effect of Various Precipitation Techniques on the -

© Enzymic Activity

Fraction Recovery of  Relative Specific
Treatment  Assayed Material % CActivity %
Heat ,Supefnatant; R < ' 70°
Ethanol 20 to 30% Eth ppt S 35% 72°¢
Acetone . 90% acetone ppt ' 6P ' Lol
Isoelectric pH 5.6 to 5.4 ppt ST - 59
a) Based on dry wdight determination relative to the starting material.

d)

Based on the Folin-Phenol colorimetric determination relative to the
starting material.

Percentage of the speqific activity, in units per mg of érotein,
relative to the specific activity of the starting material. These
samples Were‘assayéd by preincubating the enzyme with Nit+ plus.

oLk 5 for 10 minutes atvOO C and after adding RuDP, -incubating the
complete system for an additional 10 minutes. Full details are given
in the experimental section under Assay II.

Same as ¢, except that Assay III was used.
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"On the othef hand, all precipitates and the-final supernatant liquid
from the pH (isoelectric) precipitation experiment were assayed, but 80%
of the recovered enzymic'activitywand o%ef 60%.of the réc6Vered'material
resided in the fractionfwhich precipitated between pH 5.6 to 5.4, 1In
this study, the pH of the enzyme solution was decreased successively from
an original pH4of 6.8 to a final pH of &.5;

In view of the partial inactivation of the carboxylation enzyme by
these methods, Method I; the Crude Extract Method, was abandoned in favor
of the Acetone Powder Method (Method II); the results of which are shown
in Table IV.

Most conspicuous of this fractionation procedure is the 9jfold puri-
fication of the final ammonium sulfate precipitate over that of the crude
extract. This value, however, must be regardgd with some suspicion owing
to the recovery of what appears to be more total activity in the acetone
powder than in the starting material; namely, 27 units against 23 units,
respectively. A more striking difference ‘is found in another experiment
where the acetone powder had a total activity of 89 units against 31
units for the crude extract. A point of interest here is that, in this
case, 2.5 g of acetone powder was obtained from 100 g of fresh leaves.
This is particularly surprising since the same amount of fresh leaves
yields about a gram of nondialyzable solid,,although, experimentally, at

-least 6 g of dried solid can be expected from 100 g of Tetragonia leaves
when they are lyophilized. - Even though the total activity of the sample
is the product of its sPecificvactivity’and its weight, it is unlikely
that these two factors contribute largely to the discrepancy.between the
total activities of the acetone powder and the crude extract. Both of
these factors were found to be reliable to better than + 5% and hence,

some other reasons must be considered. The results can be explained on
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TABLE IV

Purification of Carboxydismutase by the Acetone Powder Method®

Protein  Specific Acti_vityd Total Activity® Purifi=-

Material mg units per mg = - units  cation”

Crude extract. . 650° 0.035 - 23 1.0

Acetone powder. LooC . 0;067 27 . o 1.9

1st AS ppt My 0.2k 1w 6.9

ond AS ppt 6.5 0.33 2.1 9.k

a) Méthod II,vseé éxperimental section.

b) Weight determinedvcolorimetriéally with the Folin-Phenol reagent
per 100 g of freéh leaves.

c¢) Dry weight of solid per 100 g fresh ieavesf

a) Determiﬁed by Assay III: in each iﬁcubation mixture, in uM: MgClz,
0.1l; tris, 15 at pH 8.#; NaHCluO3, l.33:at 20 #C;'RqDP, ca. d.Oh;
and enzyme, 30 to 50'pg. Final volume: 0.20 ml.  TIncubation condi-
tions: 10 minutes at 25° ¢. 1 uﬁit equals 1 yM of carbon fixed per
10 minutes at 250'C.

€) The product of mg of protein and. the units perimg ofuepecific activity.

f) Ratio of the specific activity of the sample to that. of the crude

extract.
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the basis that the crude extract, from the'time of its extraction to
~1ts assay, has lost a considerable amount of its activity while the
acetone powder did not. (The acetone powder, when stored at room
temperature for 6 weeks, remained fully active; whereas under such
conditions, the crude extract would be completely inactive.) Alter-
natively, the crude extract mey contain an.inhibitor which is not
precipitated by acetone thus accounting for the higher activity of
the acetone powder. Further'experiments.are necessary for the an-
swers to these questions.

In the two aforementioned methods for the preparation of carboxy-
dismutase, one objectionable property wasthe intensely brown color
~of the enzyme solution. Often the enzyme contained a small amount
of nucleic acid.83 On further treatment of the ammonium sulfate
fractionated enzyme, such as heat itreatment, precipitation with ethanol,
acetone or by isoelectric precipitation the brown color of the solu-
tion still persisted. In tobacco leaf extracts Wildman's group
found that the brown color, which was due to the polyphenoloxidase
system, produced a marked change in the properties of the soluble pro-
teins.8u For example, the pellet obtained after prolonged centrifu-
gation at high speeds was very difficult to redissolve. Furthermore,
the intense color often seriously hampered observations of the pro=
teins during the course of the electrophoresis and the ultracentri-
fugation. When proteins were obtained from extracts which were pre-
pared under 99»99% nitrogen atmosphere, all of these difficulties
were eliminated.

It is known that the‘carboxylatidn enzyme is present in the water
extract of spinach chlorOplaStso85’86 Moreover, this colorless ex-

tract contains a large portion of this'enzyme and it was found to be
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free of nucleic‘acids. ® Accordingly, it seems that the best way to prepare
this enzyme is to proceed via the chloroplast. - Table V gives the revults
of the purification of the chloroplast extract.

It appears that the Chloroplast Extract Method offers no bvetter puri-
fication than'the'Crude_Extract‘Method,-both giving a 37fdﬁhﬁurification;
Numerous other experiments, however, have.shown that the purifiecation of
cafboxydismutase;cpuldfbé well over 20-fold. Thus, one experiment gave a
chldroplast extract that had a specific activity 15 times that of the crude
extract while another experiment gave, upon further fractionation of the
chloroplast extract with ammonium sulfate, an additional 2 to 3-fold increase
in the specific activity of the sample.

It should be noted-that not all of the activity was extracted from the
chloroplasts on the first washing with dilute buffer. -In the experiment‘
described in Table'v, 75% of the total activity was recovered in the first
washing. (In two other experiments; over 90% was recovered in this fraction).
The remainder of the activity was distributed between the combined 2nd and
3rd washings (20%) and the particulate fraction (4%). The specific activi-
ties of these samples were 0.73 and 0,018 units per mg, respectively.

| A point of further interest is the behavior of the chioroplgst,ex=
traét when it is fractionated with ammonium sulfate. Normally when a crude
extract is fractiénated in this manner (Method I), about 9% of the total
recovered activity resided in the precipitate obtained betweeén 30 to 36%
saturated ammonium sulfate; (bear in mind the difference in criterion adop=
ted in these experiﬁents)°62 The remainder of the activity was located ’
in the O to 30% SAS precipitate with less than O,é% of the activity in .
the |36 to .45% SAS precipitate. On the other hand, the chloroplast extract
when treated similarly, gave the folloWing‘distribution‘of recovered ac-
tivity: O to 32% SAS POt 3%; 32 to 35% SAS ppt, 40%; and 35 to 63% SAS ppt,

57%. The fact that over half of the recovered activity is precipitated in
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TABLE V
The Purification of the Chloroplast Extracta

1

Pereinb Specific Activityc Total Activityd Purifi-

Material mg units per mg units cation®
Crude 1,100 0.46 L0 1.0
extract : :
Chloroplast :
extract (CE) k47 l.12 52 2.4
AS ppt of CE 26 1.43 Lo 3.1

a) The Chloroplast Extract Method or Method III, see experimental
section.

b) Weight per 100 g of fresh leaves, determined colorimetrically with
the Folin-Phenol reagent.

¢) Determined by Assay III; in each incubaiion mixture, in pM: MgClo,
2; tris, 15 at pH 8.k; Nchlho3, 1.35 at 20 pC; RuDP, 0.068; and
enzyme, 24 to 30 pg. Final volume: 200 pl. Incubation conditions:
10 minutes at 250 c.

d) The product of the mg Qf protein and the units per mg, specific
activity.

e€) Ratio of the specific.activity of the sample to that of the crude

extract.
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the range between 35 to 65% SAS indicates that the carboxydismutase derived
from chloroplast extract is remarkagly @ifferent from that of the crude

extract. (The mbst activé fraction was the 32 to 35% SAS ppt, however; the
specific activity of this frPaction was ca. 1.5 times that of the 35 tQ 63%

SAS ppt.) More is discussed @bout this point later in this section under

Homogénéity of Varioﬁs‘Céfbéxydismﬁfase Pfeparations.
Thé somewhat Vﬁiént_cbnditions in which leaves were ground; namely
in a blender, would lead to an expectedly low yield of intact chloroplastse
It ié‘therefore surprising that the yield of enzyme after the first ammon-
ium sulfate precipitation is more or less comparable to the yield of . the
Crude Extract Method or that of the Acetone Ebwder,Method. Thus, on.the.
average, the yield per 100 g of fresh leaves after one ammonium sulfate
precipitation was 110 mg, 50 mg, and 30 mgfor the Crude Extract.Method,’
the Acetone Powder Method and the Chlbroplaét Extract Method, respectively.
Many different conditions have been tried to incréase the yield of
the final ammonium sulfate precipitate. Since the major obstaclé is the
yield of intact chloroplasts, a variety of conditions were used to rup-
ture the leaf cells and to prepare the chloroplasts. Thesé:aie outlined
below: .
1. Leaves were ground with a mortar and pestle using sand or no sand.
2. Centrifugation speeds were varied for the‘isolation df the chloro-~
plasts. |
3. Leaves were ground in a blender for different time peériods.
b, Leaveé frozen in liquid nitfqgen were gmound‘in a blender’ at dry
“lce temperatufes° |
5. Chloroplasts were prepared by'the method of Commoner, et al.
This method separates the chloroplasts from the rest of the debris
and fragments by floating the chloroplasts in a hypertoﬁic sugar

solution.
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6. Chloroplasts were prepared in isotonic salt solution (0.35 M NaCl)
instead of sugar solution.
The results of these experiments indicate that the optimum conditions
for maximum yield of protein in the chloroplast extract is, in fact, Method
III. A full account of these experiments are described elséwhere.8

Carboxydismutasé from Chlorellas pyrenoidosa: The first experiments

carried out on the cérbOxylation enzyme'gmmem éontaining RuDP and radio-
actiﬁe 5icarbonate, used a preparation derived from the algae, Chlorella.
In these studies the crude enzyme was extracted ffom the algae by first
rupturing them sonically in phosphate buffer and then femoving fhe whole
cells by centrifugation, thus resulting in a cell-freevsystem° The yield
of material was generglly small and consequently, experiments were per-
formed to determine the optimum condition for-the large scale preparation
ofAcrude enZymeo Although exposure of thé algae for long periods to an
audio frequency oscillatory field is deéirabievto obtain maiimum yield
of protein in the extract, the activity of the enzyme in qﬁestion is des-
troyed under such conditions. Hence when a celléfree enzyme syStem was
obtained after varying lengths of sonication.time, the amount of pfotein
present in the extract ranged from 4.6 fo 36 mg per‘g of cells after 2.5
to 30 minutes sonication; respectively. (These values are valid only
for this particular oscillator since others of this type are sufficiently
different to warrant determining their individual rupfuring capacities.)
The specific activity of the preparations varied from 0.055 units per mg
protein after 2.5 minutes of oscillation to a maximum of.O°39 units per
mg at 10 minutes (the yield at this juncture was 16 mg per g of algae)
and then decreased to 0.27 units pervmg at 30 minutes. It was decided

to take a loss in the specific activity in favor_of the recovery of the

. total activity (compare, for example, the total activity of 62 units for

the 10 minutes oscillation semple with 97 units for the 30 minutes sample).
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Thus, in the subsequent large scale preparation of the crude Chlorella ex-
tract, a period of 30 minutes was generally employed for:the disruptipn of -
the algal.cells.

The preparation of large amounts of crﬁde enzyme of Chlorella, then
permitted the,uninterrupte@ studies of'the carboxydismutase system during
the winter months when the_other source material, New Zealand spinach, was
out of séasonil Tq>shqw that the algal carboxylase is similar to that of
Tetragonia;.the-behaQior of the former to gmmonium sulfate precipitation
_Was‘studied."The results of this treatment are itemized in Table VI.

Nearly 91% of the recovered activity resided in the 28 to 419 SAS

62 who: found

pregipitaté; thisvcomparéd.well with the result of Mayaudon
thatSQM% of'thejrecovéred cérboxydismutase activity from Tetraéonia
leaves was located iﬁ the 30 ‘to 36% SAS precipitate. From this stand- »
point, therefbre,(fhe enzyme extracted from these two sources are alike.
One obviogs difference, however,. is the color of the crude enzyme prepara-
tion as Well as‘the'more'purified material; that isthe extradts_from.
Chlorella are almoét.always‘colorless while those from Tetragonia are
always dark brown. This suggests the absence of the pol;phenoloxidase
system in Chlorella, or ét‘least thé lack ofvone component of this enzyme
systemvin these cells.

One disturbing aspect of the results shown in Table VI is the appar-
ent recovery of total acﬁivity greagter than that of the_starting material
(the crude eﬁtract). The recovered totél activity is 0.89 units whereas
the total activity of.starting,material is 0.48 units. The discrepancy
can be ascribed to the loss of activity of the crude extract from the time
of the rupture of the algal cells to the time of the assay. The loss is

prbbably due to the action of some proteolytic enzyme preéent in the crude

extract. Although the ammonium sulfate fractionated material also required

]
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TABLE VI

Ammonium Sulfate Fractionation of the Cfude Chlorells Extract

Protein®  Specific Acﬁivityb Total Activity® Purifi-

Material . mg units per mg units cation

Crude extract 12k ©0.,0039 o 0.k8 1.0

0 to 149 SAS 2.5 0.00 '~ 0.00 0.0
ppt . -

1Lk to 28% sAS 15 © 0.0056 0.08 - 1.4
ppt

28 to big SAS 35 0.023 0.81 5.9

41 to 83% SAS 50 0.00 0.00 = 0.0

ppt

d)

Dry weight of nondialyzable solid.'

Determined by,Assay ITII; in each incubation mixture, ih uMs NiCl2,

1k

0.2; HCL, O.k; NamC™ 0, 1.3 at 20 uC; RuDP, ca. 0.05 (based on

orcinol determination®3); and enzyme, 25 pg. Final volume: 200 pl.

" Incubation conditions: pH 7.5, 10 minutes at 250 C-

The product of the mg of protein and the units per mg of the specific
activity.
Ratio of the specific activity of the sample to that of the crude

extract.
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the same.length.of time for theupreparation as the crude extract, it is
probably during the course of thevfractionation_that these proteases were
separated fronjthe carbox&lation enzyme and therefore escaped the degradaf
tive action. If the specific activity of:the crude extract is recalculated
on the basis of recovered total activity and recovered protein, purificae

. tion then becomes 2.7 times,'which is in good agreement with .the results

ohtained for Method I (cf.pPreparation of Carboxydismntase,-Enzyne from

Tetragonia expansa, in this section),

With the accﬁmulation of large supplies of the crude ehtractnof,
Chlorella, it was possible to explore the purification of the enzyme with
‘various techniqnes, One such techniqne employed the method of fractional
solution of the protein mixture using an apparatus Similar to that of Zahl
and Stahl.’® The method is based on the following principle: After a
mixture of proteinslis completely precipitated in 90%’satnrated ammonium
sulfate soiution, the precipitate is washed with,an ammonium sulfate solu-
tion of gradually decreasing concentration. (The latter is achieved by
using a gradient elution apparatus.) The washings are collected in a frac=-
tion collector and each fraction is then assayed for enzyme activity as
well as for\protein concentration.'

The details of this method, as applied to the crude extract of
Chlorella, are given in the experimental section under Enzyme from Chlorella
pyrenOidosa. -Results of a preliminary experiment, using a glass wool plug
to separate the washings from the protein preCipitate, showed 5 peaks (uv
absorption at 280 mu), although there were some indications of leakage of
protein through the plug owing to the partial solubility of the proteins
in a relatively large volume of liquid. The method was then modified, a
glass bead column or an inert ion exchange column being used as support med -

ium end substituted for the glass wool plug. The results of this "ammonium
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sulfate column chromatography" are shown in Fig. 15.

An elution pattern with five distinct peaks is evident. .Assay of
the peak tubes showed that the carboxydismutase activity was located in
peaks 4 and 5, with the specific activity of peak L4 being three times that
of peak 5. The specific activity of the starting material, however, was
1.3 times that of peak 4. Nevertheless, it appears that the method of
fractional solution could serve as an alternate method for the purifica-
tion of carboxydismutase. It should be pointed out that most of the
activity (peak 4) was soluble in ammonium sulfate at concentrations less
than 0.21 of saturation.

There are still some indications of a leakagééof protein through the
column, but to a much lesser degree than the experiment employinglthe glass
wool plug. The leakage is apparent when a line is drawn so as to connect
the minimums between peaks 1 and 2, 2 and 3, 4 and 5, and the trailing
of material after peak 5.

5o far ammonium sulfate, ethanol, acetone, heat treatment, and iso-
electric precipitation have been applied to the purification of the car-
boxylation enzyme from Tetragonia, but it is often possible to remove
undesirable proteins by using heavy metals as precipitants.57 Lead ion
was used, for example, in the purification of the Q-enzyme from potato.
The identical procedure was applied-to the purification of the crude e#—
tract of Chlorella, the material precipitated by lead being retained for
study. The results show that over 60% of the material was precipitated.
‘When this precipitate was solubilized by removing the lead ion as lead
carbonate, the resulting solution had a specific activity (Assay I)
which was only 13% that of the starting material. The fault of this
method may be attributed to one or a combination of many factors, among
them being 1) the incomplete removal of lead ion, é) denaturation caused

by foaming during the streaming of CO, through the solution, 3)
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Fig. 15. Elution pattern of a crude extract of Chlorella
using the method of fractional solution. One optical density
unit equals 0.52 mg of protein per ml of solution.

The peak tubes were assayed using Assay I. The
incubation ir}lixture contained, in pM: NiCl,, 0.2;_ HCl1,
0.4; NaHC""O3, 1.3 at 20 pC; enzyme, 25 pg (based on
uv absorption at 275 my); and RuDP, 0.05 (based on
-pentose determination by the orcinol color). Final
volume: 200 pl. Incubation conditions: pH 7.1, 30
minutes at 250C. Column: 0.9 cm diameter X 20 cm
length, Amberlite XE-97, NH' form. The exponential
gradient elution apparatus: 561 ml 100% SAS in the
mixing ve'ssel and 125 ml water in the reservoir.
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denaturation caused by the presence of added n-octanol used to reduce
foaming, and 4) improper conditions for the precipitation of the carboxy-
dismutase activity. (The last facﬁdr takes into account the possibility
that the carboxylation activity might actﬁaliy be in the supernatant liquid

of the lead treated material.)

Homogeneity of Various Carboxydismutase Preparstions. Further purifica-
tion of carboxydismutase derived from Tetragoﬁia greater than 10 to 20-
fold proved to be unsuccessful (as in the case of the purification of ex~
tracts of Spinacea).,6 Neverthele8§, it was of interesﬁ to investigate the
purity of the preparations obtained by the various methods in order to
determine any new course of action in the purification of this enzyme.
The studies were approached from three sides employing physical chemical,
organic chemical and biochemical'techniques, the details of which are
already indicated in the experimental section.

Physical Chemical Studies: Electrophoretic studies on the enzyme
prepared by Method I, carmied out in phosphate buffer at pH 6.7, p= 0.2
and at pH 6.0, p = 0.1; gave a single symmetrical peak in both cases.
Moreover, the same result was obtained through ultracentrifugal analysis,
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confirming the findings of Mayaudon. Actually, as indicated previously
in the discussion on the preparation of carboxydismutase from chloroplasts,
these observations were hindered because of the darkvbrown_color of the
enzyme solution. Analyses of the schlieren patterns of both the electro-
phoresis and the ultracentrifugation were therefore made with considerable
difficulty. One other fact is available from the electrophoretic data;

the mobilities suggest that the iggelectric point of the enzyme is in

the region of 5. Consistenf with this value gre the results of the pH

precipitation experiment where the bulk Qf the enzyme activity was found

in the fraction precipitating between pH 5.6 and 50k
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From the above data itlappearg that fufther purifiéation of the car-
boxylation enzyme is hardly necessary. Even the starch.elecprophoresis <
data, in O.1 M phosphate buffer at pH 6.9, showed‘no,gepargtion Qf the
activity from the protein. 3 When paper electrophoresis was pgrformed,
however, on fhis ammonium sulfate fractionated enzyme; in barbital buffer
at pH 8.6, p = 0.05, the activity clearly does not coincide with the bulk
of the protein, see Fig. 16, It was not possible tb calculate the speci?@g
activity of the fracfion contalning . the maxiﬁum"actfvity (415 to +16 cm ¥ .
from the origin towards the anede) because the protein econcentration was
near the threshold of the colorimetric determination. The possibility -
that an artifac£ (owing to the denaturation of the protein) can arise from
this type 'of experiment is not eliminated. For example, Horecker found
that, in the free electrophoresis of spinach,carboxylage conducted at pH
8.6, two schlieren peaks were observed near the end'of.the experiment,
whéreas when the electrophoresis was conducted ét PH 7.7, only one schiieren
peak was obtained. None-the-less, the method may be fruitful for further
fractionation of carboxydismutase° Further experiments are re@uired to
fully evaluéte this method.

The preparation obtailned by the Chlcroplast Extract Method was slso
analyzed ultracentrifugally. .Sincé the preparation is colorless, the migra-
tioﬁ of the protein under the centrifugal field was easily observed. A
pleture of the schlieren pattern'of\the ultracentrifugai’run ig ghown.in
Fig. 17. At least two components are evident, thé faster one making up
approximatelyJ65% of the total area uhder the schlieren curve. Unless a
study of the sedimentation rate as a function of protein concentration is
performed, no correlation of the area under the curve to protein concentra-
tion can be made since anomalous boundary effects often ariseuduring the

. N 8 ) .
ultracentrifugation of protein mixtures. ? The schlieren diagram, however,
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Fig. 16. Paper electrophoresis of an enzyme preparation
purified by the crude extract method. Paper: unwashed
Whatman No. 4. Temperature during the run:
39C. Buffer: pH 8.6, p = 0.05, barbital. Potential

_applied: 760 to 650 volts. Current: 10 ma. Duration
of electrophoresis: 6 hours. Protein concentration:
‘Determined colorimetrically with the Folin-Phenol
reagent. Klett units are uncorrected for the blank
reading (average value of 121). - One Klett unit equals
0.6 ug of protein per 0.5 ml after correction for blank.
Carboxydismutase assay: In each incubation mixture,
in pM; NaHC14Q , 0.69 at 10.3 pC; tris, 7.7 at pH
8.4; MgCl,, 0.05%;- RuDP, 0.0085 and enzyme,

50 pl. Incubation period; 21 hours at room temperature.
Final volume: 90 pl. (The starting material, when 0
assayed under these canditions gave 6,500 cpm per 5

pg protein.)
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Fig. 17. Ultracentrifuge Schlieren diagram of an enzyme fraction
prepared by the Chloroplast extract method. Rotor speed:
30,531 rpm. Buffer: pH 6.8, 0.05 M potassium
phosphate. Time: 48 minutes. Protein concentration:

Ca. 5 mg per ml. Sedimentation is from left to right.
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is identical to that obtained by Maysudon in his studies with the enzyme

83 Judging from the .data of Mayaudon

prepared from Tetragonia by Method I.
and Hofecker,G it appears that the main peak is associated with the actlv-
ity of the..enzyme° The sedimentation coefficient, Sw,2O? calculated from
the data of this experiment; i.e., pH 8,h, 0.0l M tris; in 0.1 M NaCl;
protein concentration, 11 mg per ml; is about 18 Svedberg units, in agree-
ment with other investigatorso6’83’86 ‘The diffusion coefficient, D, as
measured by the rate of spreading of the boundary, is about 1.6 x 10-7
8g. cm per second. This number must be regarded as tentative because a
small variation of the sedimentation coefficient with protein concentra-
tion may cause a large change in D. For example, gross errors over 50%
may arise from artificial sharpening of the boundaryo9o This problem is
also easily settled by determining the diffusion rate as a function of the
concentration of protein. If the true D. i1s 5.5 x lO—7 5Q. Cm per second,6
the molecular weight is estimated to be ?round 300,000 using the Sw,QO
obtained in these experiments and assuming a partial specific volume of
0.75 ml per g of protein at EOOC° This molecular weight strongly suggests
that this protein is either related to, or associated with the Fraction
I protein found in soluble extracts of hiéher plant leaves when they are
ruptured mechanically,9l This subJject is discussed fully by other wo,rkeré°
83,86

It was found that carboxydismutase prepared by ammonium sulfate frac-
tionation of the crude extract of Tetragonia is a nucleoprotein and that
the activity of this enzyme 1s not lost after the removal of the nucleic
acid moietyo83 In support of these findings are the.results of the spec-
trophotometric studies on the various fractiqns of the cellular exﬁracts,
Fig. 18 through 20. These absorption spectra clearly indicate that as
the enzyme becomes more purified (from the crude extract to the final

ammonium sulfate-fractionated chloroplast extract), the nucleic acid con-

tent qualitatively decreases based on the shift in wavelength of the



_9.0-

2.2 T I' T - T T .l |v T T

2.0H

Optical Density

0.8}

0.6}

0.4}

0.2

230 260 270 290 310 330 350 370 390 410 430
A (my)

MU-15752

Fig. 18. Absorption spectrum of a crude extract of
Tetragonia expansa. Concentration: 0.12 mg ‘
(dry weight basis) of solid per ml of pH 7, 10-4 M
NaOAc. The crude extract was not dialyzed, but used
‘directly for spectral studies. The dialyzed fraction
gave optical densities at the absorption maximums about
one-half those of the undialyzed material. Optical densities
were measured in a cell of 1 cm path length, :
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Fig. 19. Absorption spectrum of a chloroplast extract of
Tetragonia expansa. Concentration: 0.63 mg (determined
colorimetrically with the Folin-Phenol reagent) per ml
of 0.0125 M, pH 6.8 potassium phosphate buffer, Protein
solution was undialyzed. Optical densities were measured
in a 1 cm thick cell. ) '
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Fig. 20. Absorption spectrum of an ammonium sulfate-
fractionated chloroplast extract of Tetragonia expansa.

Protein concentration: 0.62 mg (determined colori-
metrically with the Folin-Phenol reagent) per ml of
0.01 M, pH 6.8 potassium phosphate buffer. Protein
solution was undialyzed. Optical densities were
measured in a 1 cm cell.
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absorption maximum from 267 iy to 277 mp. A quantitative measure of the
contamination of nucleic acids is indicated by the ratio of the optical
density at 280 mp to that at 260 mp. When the ratio is greater than 1.6
the preparation is considered to be free of nucleic acids,5 .The ratios
of optical densities are 0.83, 0.98 and 1.50 for the crude extract, the
chloroplast extract and the ammonium sulfate-fractionated chloroplast
extract of Tetragonia, respectively. These findings agree with the re-
sults obtained from studies on enzyme preparations ffom Spinacea; namely,
that the carboxylation enzyme (and Fraction I) is free of nucleic acids,86

Note further that a second absorption maximum for the crude extract
is present at 330 mpu, Fig. 18. This peak accounts for the brownish-
yellow appearance of this solution. Aétually, the more concentrated
solution is brown, as are.all fractions purified from the crude extract;
for example, the ammonium sulfate precipitate of the acetone powder. In
extfacts of tobacco leaves this brown color is attributed to the poly-
phenoloxidase sys‘cem.,&L Compatible with this notion are the spectra of
some plant polyphenols which have absorption maximums in the region of
320 to 370 mp,92-9u glthough these polyphenols are not necessarily in-
volved in the crude extract of Tetragonia.

So far three different instruments have been used to study the
homogeneity of the enzyme preperations: electrophoresis, ultracentrifuge
and spectrophotometer. A fourth approach was to stud& the solubility of
the enzyme in ammonium sulfate, similar to the fractional solution tech-
nique applied for the purification of the crude extracts of Chlorella.
In this particular case, however, a column packed with glass bead as a
support medium was used and elution was achieved with an apparatus which
provided a linearly decreasing concentration gradient of ammonium sulfate.

Using an enzyme fraction prepared by the Acetone Powder Method (Method

II), a separation of material from the enzymic‘activity'Was obtained, Fig. 21.
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‘Fig. 21. Fractional solution of carboxydismutase from
Tetragonia. Enzyme: 2nd AS ppt from the acetone powder
method. Column: Packed with 0.1 mm diameter glass
beads, 1 c¢cm diameter by 20 cm length, Eluant: 93%
SAS at tube no. 4, decreasing linearly to 0% SAS at
tube no. 31. Optical density: 1 unit equals 0.43 mg
protein per ml. Average volume per tube: 3.4 ml.
Counts per minute: For 10 pg protein per 30 minutes
incubation at 25°C. Incubation mixture contained, in
uM: NaHCl1%03, 1.35 at 20 uC; MgCl,, 2; tris, 15 at
pH 8.3; RuDP, ca. 0.04; and enzyme, ca. 10 pg
(based on O, D, at 275 my). Final volume: 200 pl.
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Whether this result is due to an artifact of the experiment such as the
denaturation of the profein Qr; is in facté real remains tQ be tested by
further work. A doubt is cast on the results because.of the higher
specific activity of the control wﬁich was kept as é précipitate in the
presence of saturated ammonium sulfaté° In contrast té this, a lower
specific activity resulted from a control ﬁhere the e#zyme was kep£ in-
solution for the duration of the experiment. For example, for the control
in precipitate form and the control in solution form, values_of 55300 cpm
and 800 cpm, reSpectively, were obtained. Thus, tubé number 29 withvan
activity of 2,000 cpm could either represent an inactivation or a purifi-
cation of about 2.5-fold, depending on the reference chosen.

-Often it is convenientrto purify a protein by following the increase
of its N—térmiqal amino acid content in the hope that its biological acti=-
vity runs parallel to this‘inc.rease° Such an experiment_was attempted |
with the various preparations extracted from Tetragonia. Preliminary ex=
periments employing the fluorodinitrobenzene methéd of Sanger95 was
applied to an ammonium sulfate fractionated crude extract (Method I).

The results suggested that glutamic acid was the N-terminal amino acid and
hence, was asséciated with the bulk of the protéin along with the enzymic
activiﬁy. Thus? after the usual treatment of the protein mixture with
FDNB followed by quantitative paper.chrdmatography, the results showed
that besides a &efy large spot of 2,4-dinitrophenol (qﬁantitative deter-
mination of this spot is not possible because of the volatility df thié
subsfance); a major spot of DNP-glutamic acid corresponding to ca. 1 uM
per pM of protein of molecular weight 300,000 and minor spots of'DNPw
alaﬁine, -glycine, -serine, and -threonine were detected. Later experi-
ments, however, with the same technique applied to the acetone powder

and the ammonium sulfatespurified chloroplast extract of Tetragonia,
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showed that glutamic acid vas not, in fact, related to the ackivity of the
enzyme. This is evident from the relatively large content of DNP glutamic
acid (0.32 uM per lOO mg protein) for the former while the latter had only
0.15 uM of DNP—glutamic acid per 100 mg proteine It'is poss1ble that the
N-terminal amino acid is either glycine, proline, or cystineo Should this
be.the case, then the usual treatment would result in the destruction of
these DNP-amino ac1d and concomitantly, yield dinitrophenol plus the amino
ac1do72 The fact that a much larger quantity of dinitrophenol was oOb-
' tained from the_treated AS ppt of chloroplast extract then from the treated
’aCetone powder is consistent with this view° .At present no conclusion can
be drawn from these eiperimentsQ Resolution of this problem will have to
awalt the application of the Edman method for the‘determination of N-,
terminal amino acide96 v |

'An_eXtremely sensitive method for the detection of contaminating
enzymes is available_simply by allowing the standard assay mixtnre to in-
cubate for several days instead.of the usual 10 minutes. In this way, the
product (fGA) and any radioactive bicarbonate arejconverted to other nro—
' dncts if there are minute amounts of other enzymes present. 'éomparison of
the radioautoéraphs, Fig; 22 to Fig. 24 points clearly to thevfact that,
the ammonium sulfateufractionated chloroplasts extract of Tetragonia con=-
tains.the least amount ofvcontaminating.enzymes° Eren in this preparation
the presencevof a small amount of enolase (and presumahly phosphoglyceric
acid nutase) is evident from the appearance'of a small spot of phospho-
enclpyruvic acid (PEP) after 32 hours'incnhationQ

vThe acetone ponder, twice precititated with ammonium sulfate, pro~
duced after 46 honrs‘incubation with RuDP'and labeled bicarbonate, an
additional conpound, Fige 239 This unknown compound was also obtained in

ma, jor amounts:when the ammoninm.sulfate=fractionated crude extract (Method I)

te)
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Fig. 22. Products formed from 42 hours of incubation of
ammonium sulfate-fractionated crude extract with
RuDP and radioactive bicarbonate. Assay condition:
Assay II at LFH 7.0. In each incubation mixture, in
pM: NaHC! 8 at 20 pC; HCI1, 0.8; MgClp, 0.2;
enzyme (33 to %5 SAS ppt, Method I), 48 pg; and
RuDP, ca. 0.08 of organic phosphate. Final volume:
200 pl (layered with toluene) Preincubation conditions:
Enzyme with Mgtt, Hcl40- 3 for 10 minutes at 0°C.
Incubation conditions: 42 hours at room temperature.
Amount on chromatogram: 180 pl of the incubation
mixture on the origin. :



 ENZYME VIA THE ACETONE POWDER METHOD
ENZYME + RuDP + HCO; + Mg'"
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Fig. 23. Product of the action of an ammonium sulfate-

fractionated acetone powder on RuDP and radioactive
bicarbonate. Assay conditions: Assay III. In each
incubation mixture, in pM: tris, 15 at pH 8.4;

MgCl,, 0.1; NaHC14O3, 1.33 at 20 pC; RuDP, ca. 0.05;
and enzyme (28 to 37% SAS ppt, Method II) 59 ng.

Final volume: 200 pl (layered with toluene). Incubation
conditions: 46 hours at room temperature. Amount

on the origin of the chromatogram: one-fifth of the

total volume. -
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Fig. 24. Products of the action of an ammonium sulfate-
fractionated chloroplast extract on RuDP and radio-
active bicarbonate. Assay condition: Assay III. In
each incubation mixture, in pM: MgCl,; tris, 15 at
pH 8.3; NaHC1%403, 1.3 at 20 uC; RuDP, ca. 0.02;
and enzyme (32 to 46% SAS ppt, Method III), 25 pg.
Final volume: 200 pl and then layered with toluene.
Incubation conditions: 33 hours at 25°C. On the
origin of the chromatogram: 10 pl.
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was tested, Fig. 22. On elution and rechromatography of the radicactive
spot (the unknown compound), a minor labeled spot coincided with carrier
‘aspartic acid, but the bulk of the radioactivity moved'faster than aspartic
acid in the butanol-propionic acid-water direction although the Rg of the
major spot was the same as aspartic acid in the phenol-water direction.

If the unknown compound was treated with KBH),, the product did not cochroma=-

tograph with carrier malate. In fact, the R, of the major radioactive spot

f

was -gregter than aspartic acid in both solvent directions. (The Rf in the
butanol-propionic acid-water direction was the same as the untreated spot. )
It appears, therefore, that the compound was altered in some unknown manner
after it waé eluted and rechromatographed.

That PGA orvPEP is the precursor of this unknown spot is indicated
by the results in figo 23. Indeed, when PGA-Clu is incubated with the ‘
ammonium sulfate precipitated crude extract in the ﬁrgsence of unlabeled
’ bicarbonate, the unknown spot was formed Whereasrwhen radioactivé glyceric,

1k

acid was addedAin place of PGA-C™ , the latter remained unchangeci° One
other fact 1s significant; that is, the unknown spot 1s not a phosphate
ester as evident from the unaltered Rf of this compound when the original
carboxydismutase incubation mixture was treated with acid phosphatase
(Folidase-s)a In this case, glyceric acid and pyruvic acid were’produced,
however. |

In addition to the three spots obtained by incubating the'enzyme pre-
pared according to the Acétone Pdeer Method with RuDP and labeled bicar-
bonate, the enzyme prepafed by the Crude Extract Method yielded a number
bf other épotsg amohg'them being a few minor unknown spots alohg with
glyceric acid and pyruvic acid, Fig. 24. The présenée of these compounds

suggests that there is present in the incubation mixturé ( and therefore

the enzyme system) some phosphatase activity. The indications are that
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two types of phosphatase are'operating,'one in the acid region and the
other in the alkaline region. By incubating the standard assay mixture,

pH 8.&, for 10 minutes at 250 C in the usual manner and then merely adjust-
ing the pH to ca. 9 with ammonium hydroxide, one can convert all of the
1_=’GA-ClLL initially formed, to glyceric acid after an additional hour stand-
ing (determined electrophoretically). If the pH of the incubation mixture
was changed from 8.4 to pH 4.0, after an initial 10 minutes of incubation
at 250 C, a similar result was obtained. Consider, for example, two car-
boxydismutase incubation mixtures in which the enzyme (Crude Extract
Method) was incubated for 82 minutes. To both mixtures was added acetic
acid in order to stop the reaction, one to a final calculated pH of 2.7

and the other to a final calculated pH of L4.0. After standing an additional
hour, the ratio of glyceric acid to the sum of glyceric acid plus phospho-
glyceric acid was 0.07 for the former reaction mixture, while fer the
latter mixture the ratio was 0.56.

An experiment of another type can also shed light on the presence of
other enzymes, but the observations_were complicated by the innumerable
spots arising from the decomposition of RuDP (see discussion on the sta-
bility of RuDP in a previous part of this section). The experiment was

carried out as follows: RuDP-ClLL

was incubated with the enzyme prepara-
tion prepared by Method III (the Chloroplast Extract Method) in the
absence of bicarbonate, but in the presence of the activating metal ion
plus the buffer (tris). After 1k hours incubation the pattern, obtained
after chromaography in the usual solvent systems, was quantitatively
similar to that obtained from a reaction mixture containing no enzyme.
This indicates that this carboxydismutase preparation is relatively free

of enzymes capable of converting RuDP to compounds other than PGA.

N
(Naturally, when RuDP-Cl was ilncubated with unlabeled bicarbonate, the
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enzyne, Mg+t and tris buffer, PGA was formed along with.a small amount of

phosphoenolpyruvic acid.)

The Carboxydismutase'Aséay. Stolchiometry: In the INTRODUCTION it was

noted that the Stoichiometry of the carboxydismutase reaction was estab-
lished by two investi‘g;za,to.rs.6’7 Theée wOrkers found thaﬁ from one mole of
RuDP and one mole of bicarbdnate, in the-presence of the carboxylation
enzyme, two moles of PGA plus onérﬁole of hydrogen ioﬁ were formed. 1In

the experiments described in thié‘report, the activity of the enzyme was
measured on the basis of the amount of acid-stable radiocactivity fixed in
an incubation mixture per unit'fime per unit weight of enzyme preparation.
Hénce, this aséay assumed no particular stoiéhiometry,' When it is neces-
sary, however, td calculate the amount of product formed or the quantity

of substrate consumed, the stbichibmetry'established by the above-mentioned
investigators was assumed to apply to this case. It is at least definite
that the product of the carboxylation reaction catalyzed by Tetragonia
extracts, after 5 or 10 minutes incubation, is 3-phosphoglyceric acid. The
Re of this product in the usual two-dimensional chromatography as well as
the molybdate solvent system_correspoﬁded to that of authentic 3-PGA.
(After longer periods of incubation or using cruder enzyme systems, some
2-PGA is formed. This fact eliminated 2-PGA as the initial product of the
carboxylation reaction.) Paper electrophoresis of ﬁhis'substance confirmed
the fact that this substance has the same mobility as PGA. Chromatography
of the radioactive material with the authentic 3-PGA gave exact coincidence.
Further evidence was furnished when the labeled compound was enzymically
dephosphorylated and found to cochromatograph exactly with glyceric acid.
Finglly, the radiocactive product, purified by chromatography in the usual
two-dimensional system, served as a substrate for the highly purified phos-

phoglyceric acid m.utase.97

%
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The selection of an incubation time of 5 or 10 minutes:was because
of two reasons. First, a high level of Clh was‘fixed without any sacri-
fice in the precision of measuring the incubation time: Second, the fixa-
tion during this time period fell within the iinear portion of the fixa-
tion vs8 incubation time curve, when the enzyme was preincubated with the
metal ion and HCO_, Fig. 25. Although approximstely 25% of the RuDP was
consumed after 10 minutes incubation, the rate of fixation may be consi-
dered as essentially similar to the initial rate.

When the incubation waé carried out under non-preiﬁcubated condi-
tions (Assay III), a curve of fixation vs incubation time with a lag
period was observed, Flg. 26. By extrapolating the linear portion of the
curve to zerc counts per minute, one obtains a lag period of about 5
minutes. This rather large period appears to be due to two factors: 1)
the preincubation effect of the enzyme with the metal ion and one of
the substrates and 2) the relatively large amounts of RuDP present in
the reaction mixture (0.2 pM). At this concentration RuDP inhibits the
enzyme. Ih the generasl assay system, where the amount of RuDP is only
ca. 0.05 uM, the lag period is reduced to less than 1.5 minutes, hence
contributing only about a 15% error in the assay. These results are in
full accord with those found by Racker, 2 A more detailed discussion of
both the inhibitory effect of RuDP in the enzyme system and the preliminary
incubation effect on the enzyme are given later in this section.

Cofactors: When Mayaudon first partially purified the crude extract
of Tetragonia and studied this system, he found it unnecessary to add co-
factors to the assay mixture in order to have enzymic activity.62 Since
then, in the present experiments, the corresponding enzyme fraction (33
to 35% SAS ppt, the Crude Extract Method) exhibited little or no activity.

The problem was resolved, in part, by boiling a dialyzed crude extract of
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Fig. 25, Fixation of Cl'4 from NaHCl4O by the _
‘carboxydismutase system under préincubated conditions as
a function of incubation 'time. Assay condition: Assay I
(unknown preincubation time). In each incubation mixture,
in pM: NiCl,, ‘0.2; HCI, 0.4; NaHCl40,, 1.3 at 20 pC;
enzyme (crude extract of Chlorella after 15 minutes of
sonic oscillation), 100 pg dry weight; and RuDP, 0.04.
Final volume: 200 pl. Incubation conditions; pH
7.1, 25°C. Plated: 6 pl and acidified with HOAc.
Stable reference standard: 4,200 cpm.
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Fig. 26. The kinetics of clt fixation by the carboxydismutase.

system under non-preincubated conditions. Assay

condition: Assay III. In each incubation mixture,

in pM: HCI, 1.6; MgCl;, 0.8; NaHCl%0;, 3.6 at

40 pC; RuDP, ca. 0.2; and enzyme (33 to 35% SAS

ppt of the crude extract, Method I), 30 pg, colorimetrically.
Final volume: 200 pl. Incubation conditions: pH 7.0, 25°C.
Plated: 10 pl and acidified with HOAc. Stable reference

 standard: 4,400 cpm.
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Tetragonia leaves and combining it with the ammonium sulfate fractionated
material. Thé specific activity of this fraction was enhanced from 0.016
to 0.059 unit per mg protein, clearly indicating that a stable non-dialyz-
able cofactor was present in the crude extract. The éuestion remains,
however, as tc why the enzyme system of Mayaudon was active without adding
any cofactors whereas the same enzyme fraction was inactive in the present
set of experiments under similér conditions. A close scrutiny of the con-
stituents of the carboxydismutase system for both cases showed that the
only difference was the source of RuDP, Mayaudon using RuDP derived from
algae (ig_zizg) while RuDP in the present experiments was prepared enzymi-
cally (in vitro). That algal RuDP contained a cofactor for the carboxy-
dismutase system ﬁasxdemonstrated by hydrolyzing it in acid and adding the
hydrolysate to the enzymically prepared RuDP. This mixture, when tested
in the usual manner for carboxydismutase assay yieided a doubling of the
specific activity of the enzyme.

The stability of the cofactor(s) towards acid and heat treatment
strongly implicated a metal ion as the activator of the enzyme. A host
of metal ions from monovalent cations to tetravalent cations as well as
complex forms of cations was tested in the asséy. These are listed as
follows: l)vMonovalent catiéns: LiCl, RbC1, AgNO3, CuCl and HgNO3;

2) Divalent cations: BaCly, CACl,, CoClp, €aClp, CuSO)y, FeSOy, MnSO),
HgCl,, NiCly, SnCl,, 2ZnSO), SrClng(NO3)2 and MgClp; 3) Trivalent cations:
AlClg, Ce(Cth)3, Fep(S0)) 3, Fe2(804)3, TiCly and 0?013; 4) Tetravalent
cation: 8nCl) and finally, 5) Complex ion: V0SO). All of these ions
were tested at a final concentration of 2 X 10"3 M and 2 X lO"LL M. The

final concentration of VOSOL was 2 X 107% M. only Nit¥, mn*+, co™, wg**

=+t

and Cr gave substantial fixation of the radiocactivity, the most fixa-

tion being by Ni*t and decreasing in the order listed (Table VII). An
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interesting feature of these experiments is the finding that neither

-+ . :
served as an activator at these concentrations; yet

Fe** nor Fe++
++ -3 . .
Horecker found that Fe = (10~ M) activates the enzyme system obtained

from Spinacea oleracea.

One other point of interest is the subsequent finding that the

+ 15 an artifact of the assay.

activation caused by the addition.of Cr
Because the assay is based on the amount of acid-stable Clu=fixed, the
product was automatically assumed to be radiocactive phosphoglyceric acid.
Suitable controls, howevef, eliminated Cr+++ as an activatdr since a

mixture of Cr Tt s Hclh0=’ and tris (or phosphate buffer plus enzyme),

3
but no RuDP, yilelded an acid-stable fixation product which is not PGA, ’
but a compound having a composition of one carbon dioxide molecule to
each molecule of chromic ion. The product is probably one similar to

98

that of a carbonate—amineametal compleX.
| At this point, it seems appropriate to mention that gldtathioneA
stimulates the activity of the carboxylation enzyme lO.times over that

of the control in prepafations from S_pinaceao6 Furthermore, EDTA also has
a similir effedt; In this regard, thé latter ét 5 x 1072 ﬁ_final concen-

62

tration, stabilized the enzyme derivéd-from Tetragonia ~ and the present

work has indicated that when the enzyme (crude extract) was dialyzed vs

6 M EDTA, the enzyme

107 M EDTA at pH 7 followed by incubation at 10~
wes not only stabilized, but was still active even withbut adding'metal
ions to the incubation mixture. This suggests that the metal ion (or
other cofactors) already present in the crude extract is bound rather
tightly to some proteins in this extracto>

A side experiment with digitonin was performed on the énzymg from

both Tetragonia and Spinacea. When a half saturéted aquéous solution of



108

- TABLE VII

Fixation of Radloactive Carbon from Labeled Bicarbonate in the

Presence of Various Metal Tons

Cation _.. ' v~ : Specific Acfivity,iunits per mga
Finel cone’ | 2 x 107 u® 2 x 1073
it S  0.062 0.083
mn** - | 0.023 0.035
cott o 0.023  0.032
Mg'++ | - 0.012 0.026
ettt o 0.012 "~ 0.015
a) Assay T, :s'pecific activity in wnits per mg. (dry weight) of

protein. One unit equals 1 uM of carbon fixed in 10 minutes

c)

d)

of incubation.

Final concentration of metal ion in the incuﬁation mixture.-
In éach incubation mixture} in pM: metal ion, 0.0k; NaHC1403,
1.3 at 20 pC; enzyme (32 to 35% SAS ppt of the crude extract
~of Tetragoniaj, 1L pg dry weight; and RuDP, éa; 0.1 of pentose
(orcinol assay). Final-volume: 200 pl. FIncﬁbation condi=-

tions:; 10 minufes at 250 C.

In each incubation mixture, in uM: same as in c) except that

metal ion, O.4 and enzyme, 19 ug.
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digitonin was used to extract the enzyme from intact chloroplasts of
Spinacea, the specific activity (Assay III, Mgt as cofactor) of the en-
zyme was 1.03 unit per mg of protein as compared with 0.58 unit per mg
vhen tris buffer was used. This result appears not to be due to direct
stimulation of the activity of the enzyme by the éction of digitonin; for
when the same solution of digitonin was added to a purified carboxydismu-
tase system (Chloroplast Extract Method) of Tetragonia, no activation of
the enzyme oceurred. Excluding the possibility that the enzymes derived
from the two different sources are quite differenf in their properties,
these results could be interpreted in the following manner: 1) the
digitonin stabilizes the enzyme by formation of micellcs,99 2) the
digitonin extracts some unknown cofactor from the chloroplasts and 3)

the digitonin makes the enzyme more accessible to the substrates (e.g.,
greater permeability of RuDP through the chloroplast membrane to the
.enzyme).

Inhibitors: Among the inhibitors of the carboxydismutase system
were the phosphorylated esters, Tables VIII and IX. Particularly effective
were thiamine pyrophosphsate (TPP), 3-phosphoglyceric acid (3-PGA) and
threose-2, L-diphosphate (TDP). These compounds inhibited the carboxyle-
tion enzyme by L0% at 1o'u M, 30% at 1073 M and 55% at 1073 M r§spectiVe1y,
ATP at ca. lO-3 M.concentration‘decreased fhe activity of the enzyme by
only 15%. The nature of the TPP inhibition is unknown, but at least part
of the effect may be due to a phosphate effect. This could be the fri—
mary effect although ATP does not possess as marked an effect on the
activity as does TPP oﬁing to a difference in assay conditiqns. The in-
fluence of PGA and TDP on the carboxydismutase activity seems to.fallv
along a definite pattern; (Threose diphosphate was found to inhibit the.

100, 101

triose phosphate dehydrogenase system of mammalian tissues. In

The course of applying this inhibitor to a spinach chloroplast system, 1t
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TABLE VIIT

Some Organic Inhibitors of :the Carboxydismutase System

Compound(s) Assay Conditions™ Final Conc™ % Inhibition
TPP Assay T, pH 7.k, 1 x 107% 40

- Mgtt, 0.L M : .
TPP plus- Same as above ' 1x lO-A 65
thioctic acid ea. compound
Thioctic acid Same as above 1x lO'u 10
ATP Assay II, pH 7.0, 9 x 1073 95

Mgtt, 0.2 uM pre-

incubated 10 min with

enzyme at 0° C. o .
ATP Assay ITI, pH 8.3, . 9x 1074 15
Mg*t, 2.0 uM
ATP plus Same as above 9 x lO'u and 15
glutamic acid 8 x 10°% resp.
EtOH Assay II, pH 7.2, 1x 107t 20

Nit¥, 0.2 M pre- o
incubated 10 min. with '™
enzyme at 0° C.

¥ Details of the assay are given in the experimental section.

*%¥ Molarity of the inhibitor in the incubation mixture.
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TABLE IX

Threose Diphosphate and PBhosphoglyceric Acid as Inhibitors of Carboxydismutase

* *%
Compound Assay Conditions Final Conc % Inhibition
TDP Assay II, pH 8.3, Mg, 2.0 M 8 x 107° 10

preincubated 2 minutes at
250 C with the enzyme

TDP | Same &s above 8 x 107? 10

TDP Same as above 8 x 10””‘ 55

TDP Seme as above, but preincu- 8 x 107% 35
bated only TDP with the enzyme

TDP Assay IiI,_pH 8.3, Mg*t, 2.0 8 x 10-4 | 20

3-PGA Assay II, pH 7.0, Ni**, o.o w1 x 10k 10

preincubated 10 minutes at 0© C
with the enzyme |

3-PGA Same as Above , 1 x 1073 30

3=-PGA Seme as above ‘ 1 x 1072 80

%  Other details of the assay are given in the experimental section.

#%  Molarity of the inhibitor in the incubation mixture.
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was found that not only the debyd;ogenase,was affected, but also the total
¢arbon.dioxide gptake,;q2 :In vie% of_thesg resultsa this compound was .
testéd fof.its effect ;n carﬁéx&dismu£ése)o A gfudy of ﬁodels of these com;
pounds showed that these two compounds are si@ilar in twq respects: 1) the
‘S?atial config@rafionvbf,the groups around the‘tw; bbétom carbon atdméiofy
these molecules and 2) the placement'df.the carbonyi'grdup relative to tﬁe
rest of the molecule. The fact that RuDP ﬁas é similar goﬁfiguration as.
these molecules points strongly to a competitive action of these inhibitﬁrs'
for the active site,éf the eﬁzyme. The position of the phosphate group
attached to carbon atom one of RuDP relative to ‘the rest of the molecule
also resembles that of the number twe carbon of TDP. It should be noted
here that the inhibition by 3-FGA wQuld not haVé been detecﬁed by the tech-

8 82

nigue utilized by Horecker- and Racker since both investigators assayed.

the activity by determining the total amount of PGA formed.

The reduction of actiﬁity by hydroxylaminé is due to the formation of
the oxime of RuDP. (See Table X)  Ethanol affécts the activity perhapsvby
partial denaturation of the enzyme. (Table VIII) Other organic inhibi-

6,258, 62

tors are described elsewhere, among them being p-chloromercuri-

benzoate and iodoacetamide. Enzyme preparations from Chlorella, Tetragonia
and Spinacea were studied in theée cases.v

The decrease of activity of the carboxylation enzyme owing to the
presence of anions are shown in Table ¥X. These inhibitions are not as
large as those found by-Horecker, probably because of differences in assay
conditions. For example, phosphate and arsenate, both at 0.01 M, inhibit
the carboxylation enzyme 25% and 35%, respectively. Thesebvalues should
be compared with the 70% and 100% inhibition by phosphate (0.0l M) and
arsenate (0.02 M), respectively. That the reduction of enzymic activity
is not due to an ionic strangth effect alone, is demonstrated by the addi-

tion of NansS0), to the incubation medium.
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TABLE X

Inorganic Inhibitors of Carboxydismutasev

Compound Assay'Conditions* Final Conc** % Inhibition
o _ L o
NH,O0H Assay II, pH 7.0, Mg*tt, 0.2 1 x 10 10
WM, preincubated 10 min at :
0° ¢ with the enzyme, then
RuDP treated. with NHoOH for
22 minutes at room tempera-
ture was added.
NH,0H v Same as above 1x 1073 . 75
NEOH Same as above . 1x107 100 °
. “ n
NaF Assay II, pH 7.0, Mg™, 0.2 1 x 10 0
M, preincubated 10 minutes '
at 0° C with the enzyme.
NaF , Same as above ' 1 x 1073 15
NaF Same as above 1 x 1072 60
KoHPO), Assay III, pH 8.3, Mgtt, 1 x 1078 . 25
2.0 uM ,
*K¥ -
NagHASOu Same as above 1 x 10 35
Na,80, Same as above - 1x1072 10
* -Other details of the assay are given in the expérimental section.
*% Molarity of the inhibitor in the incubation mixture.

¥%%  Adjusted to pH 8.3 by the addition of HCL or NaOH.
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Note that fluoride ion at!O,Ql M final concentration in the presence
of Mgt (0.001 &)\inhibits cafboiydismutase_by 60%, This is expected for
enzymes which are aétifafed by Mg++.57 Thé effect on the enolase system
is seen from the chromatqgrams of the fluoride inhibited carboxydismutase
syéfemc These éhroﬁafograﬁs showe@_that»nc ﬁﬁosphoehélﬁyruvate is’formed
after ten minutes incubation (iﬁ COnﬁfastmtd theléontrol_where a_tface
amount of PEP was formed) and'aﬁout l%'of the total éci&—stable Cl)+ fixed
is in the form of PEP after 42 houfs of incubation° These results indicate
that fluoride'inhibits the‘plant leaf enolase nearly completely under these
conditions. A com@arison of this inhibition with that of the yeast enolase
system is not possible since the inhibition is dependent‘on the Mg++ con-
centration as well as the type of 5uffer used. (The activity of yeast eno-

L

M in the presence of 2.7 x

)103

lase is decreased 50% by fluoride ion at 10~

1075

M Mg** and pH 6.7, 0.05 M phosphate buffer.
Of special intéres$ are those experiments with additions which have
little (i.e., + 10% change) or no influence on the carboxydismutase activity.
These compounds or m;xpures of compounds are itemized in Table XI, along
with their roles in photosyntﬁesis or in carboxylation reéctionso

The Preincubation of Metal Ioné with_Carbokydismutase, in the Presence
and Absence‘of‘Bigarbonate: In the study of any enzyme, the p:oblem of
ité assay is of‘paramount importaﬁce, For example the progress of the puri-
bfication of thé énzyme and the effecttof various added substanges on the
activity of the enzyme 5oth require an accurate, or at least, a reiiable
method of assay. Since the activity of carboxydismutasé can be determined
by measuring the amount of radio;étive PGA formed from the carboxylation

of unlabeled RuDP with Hcluo’, any variation in the determination of the

3
acid-stable fixation of the radioactivity must first be considered. Ex-

reriments showed that for a given reaction mixture, the variations in the
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TABLE XI

Compounds Having No Effect on the Carboxydismutase Activity

» Final Conc Role in Photosynthesis or " Refer-
Compound (s) (M) Carboxylation Reactions ences
_ = _

Thioctic acid o 2x lO'LL - Cofactor for pyruvie car- 1,2,

boxylase ' ' © 57
Biotin 1 x 10°4 Cofactor for carboxylases 57,104

* . _ . _

Avidin 1.5 x 107> Inhibitor for biotin dependent 104

enzyme systenms 105
Biotin plus 1x lO"l‘L e e ——ee—
avidin 1.5 x 107° | o
Glutamic acid 8 x 1074 Possible early product of photo- 33

: » synthetic COp, fixation
Amino acid mixs 1c:1.8 X 1073 cmcccccceccmmmmmmmcemmcaee e
ture (acid total '
hydrolysate of ~
protein)
6-Ethyl -8~ 1.25 x 1073 Inhibitor of photosynthetic - 1086
thioloctanoic 0o evolution and.CO2 uptake
acid '
Azaserine 7 to E9 Possible inhibitor of trans- 45
x 107 aminases in -Scenedesmus
Thiamine l1x 10‘“ Parent compound of cocarboxylase ===—--
EDTA o 1x lO_“'l‘L Metal ion complexing agent, activa- 6
: tor of Spinacea carboxydismutase

Digitonin 8.6 x 107 Natural surface active agent, used 107,

in extracting chloroplasts 108

*Based on a molecular weight of 66,000, Specific activity: 2.5 units/mg°
Actually avidin decreased the fixation by 25%, but addition of biotin
did not reverse this result. ‘
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counts per minute are of the or@er of + 5% or less. This fact indicates
that the pipetting error; the plating error, ﬁgge#heriwith the couﬁting
error, are relatively small compared with the error which is due to the re-
action itself. In the latter case, when the acid-stable fixed radicactivity
is compared from one reaction mixture.to another, within a given day for
a given enzyme‘solution, the variations may be és.large'aé i333%,_even
though the conditions appeared to bezidenticai° On the other hand wheﬂ no
metal ion is-added'to the incubation mixture, the enzyme has‘a low residual
activity which yields a reproducible result (to within + 5%).

These experiments.indicate the 1) the enzyme is not stable over a
pefiod a day and/or.2)-the enzyme requires a preincubation period with either
the metal‘ion anthe substrate or,bqth. The first of theée possibilities
appears not té be the'controlling'factor because experiments have shown
that the enzyme is quite stable over a-period of a day even at room tempera-

ture (for greater detalls, cf., in a later section, Stability of the Enzyme. )

With regard t§ the second possibility, it was found that in an effort to

‘ establish reproduéibie‘results in the assay technique, the order of addi-
tion of theienzyme to fhe incubation mixture mérkedly affected the enzymic
activity. .This:obsefvatibn led to'ﬁhe conclusion fhat the enzyme (crude
extract of Chiorella) reqpires preincubation with the activating metal ion
in the pfésence of bicarbonate in order to attain maiimum activity, Fig. 27
and Fig. 28. From these figures it is apparent that the activity of the
enzyme rises sharply to a maximum and gradually falls off as the preincuba-
tion time is increased. That the peak of activity varies as a function of

the temperature of'preincubatioﬁ is evident fr@m the curves showihg a maxi-
o .

mum of 55,000 cpm at O C preincubation temperature compared with 19,000

cpm at 250,0 preincubation ‘c)eniperature° The results can be interpreted in

two ways: 1) the time required to reach maximum activity is shifted from
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MU-15753

Fig. 27." The Preliminary incubation of a crude extract of
Chlorella with . Nickelous ion and bicarbonate at
msay condition: Assay II. In each 1ncubat10n
mixture, in pM: HCI1, 0.24; NiCl,, 0.04; NaHC! 03,
0.26 at 4 pC; enzyme (crude extract of Chlorella),

20 pg and RuDP, ca. 0.05 of pentose (orcinol color).
Final volume: 40 pl. Preincubation conditions:

pH 7.1, 25°C. Incubation conditions: Same pH and
temperature as before, 10 minutes. Stable reference
standard: 4,200 cpm. The zero minute preincubation
point employed the same assay conditions as above
except that Assay III was followed (i. e., the enzyme
was added last).
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MU-15754

Fig. 28. The activity of the crude extract of Chlorella
as a function of preincubation period with Nickelous ion and
bicarbonate at 0°C, Assay conditions: Identical to those
of Fig. 27, except that preincubation was at 0°C.
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10 minutes at Oolc to less than 2 minutes at'25° C or 2) the enzyme is
more active at 0° ¢ than at 2530 C preincubation temperatures owing to al,
rapld inactivation process at the latter temperature.

So far the curves shown are those of the ¢rude extract of Chlorella;
the preparations of Tetragonia (both the crude extract and the ammonium
sulfate purified material) yielded eséentially the same results. In
the ammonium sulfate purified system, two main effects are obsefved when
the metal ion concentrationvwas increased: l);the increase of the enzymic
activity and 2) the shift. of the activity maximum towards shorter prein-
cubation times, Fig. 29. At a final concentration of 0.001 M.Ni++, the
enzyme 1s saturated with respect to this cation, further increase of the
metal ion concentration being ineffective for higher enzymic activity.

A consequence of these experiments was the finding that when the
tdtal incubation volume was decreased from 0.2 ml to 0.O4 ml while keep-
ing all of the components (i.e., RuDP, H(:‘ll*o;)= , enzyme, Nit" and HéO)
at the same concentrations, the maximum specific activify changed from
0.11 to 0.033 unit per mg. This phenomenon indicates that surface effects
play a prominent role on the enzymic activity, perhaps by competitive
adsorption of the metal ion or by a change in the pH of the reaction mix~
ture.

Preliminary incubation of the enzyme with Mg++, both in the presence
and absence of bicarbonate, gave entirely different results from those
of Ni++, Fig. 30 and Fig. 31. No inactivation of the enzyme occurred at
OO C preincubatioh even after 60 minutes. Note further in Fig. 31, that
Mgtt at 0.0001 M or less, activated the enzyme only to a small extent.
Under these conditions then, the addition of cysteine to the incubation
mixture had no effect. At 25° C preliminary incubation of Mg'' with the
enzyme slowly decreased the activity as a function of time of preincuba-

tion, Fig. 32. Actually the first point was not at zero time, but at
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MU-15746

Fig. 29. The preincubation of carboxydismutase with

various concentrations of Nitt and bicarbonate at
-00C. Assay condition: Assay II. In each incubation
mixture, in iLM: NiCl;, see curve above; HCI,

1.2; NaHC'%0,, 1.3 at 20 uG; enzyme (32 to 35%
SAS ppt of the crudé extract of Tetragonia, Method I),
20 pg; and RuDP, 0.08 of organic phosphate., Final
volume: 200 pl. Preincubation conditions: pH 7.1
and 0°C. Incubation conditions: 10 minutes at 25°C.
Stable reference standard: 4,300 cpm.
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Fig. 30. The preincubation of carboxydismutase with Mg++

and bicarbonate at 0°C. Assay condition: Assay II.

In each incubation mixture, in puM: NaHC14O3,

1.8 at 20 pC; MgCl,, 0.2; HCIl, 0.8; enzyme

(32 to 46% SAS ppt of the chloroplast extract of
Tetragonia, Method III), 25 pg; and RuDP, 0.03
(based on the carboxydismutase assay). Final volume:
200 pl. Preincubation conditions: pH 7.0 and 0°C.
Incubation conditions: 5 minutes at 25°C. Stable
reference standard: 4,600 cpm.
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Fig. 31. The preincubation of carboxydismutase with
different concentrations of Mg’ ' in the presence and
absence of cysteine at 0°C. Assay condition: Assay II.
In each incubation mixture, in pM: cysteine, 0.2;
enzyme (32 to 46% SAS ppt of the chloroplast extract
of Tegragonia, Method III), 25 pg; MgCl), see curve above
" tris, 0.5 at pH 8.0; RuDP, 0.03 (based on the -
'carboxydlsmutase assay); and NaHCl4 O3, 1.8 at

20 pC. Final volume: 200 pl. Preincubation conditions:
- Enzyme with Mgttt or with Mgttt plus cysteine only

00C. Incubation conditions: 5 minutes at 25°C. Stable
reference standard: 4,600 cpm.
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" Fig. 32. The preincubation of carboxydismutase with various

concentrations of Mg?t at 25°C. Assay condition:

Assay II. In each reaction mixture, in pM: Enzyme

(32 to 46% SAS ppt of the chloroplast extract of
Tetragonia, Method III), 5 pg; MgCl,, see curves

above; tris, 2.0 at pH 8.0; RuDP, 0.2 (organic ‘
phosphate); NaHCl40 , 2.4 at 27 pC. Final volume:

200 pl. Preincubation conditions: Enzyme with Mgt+only
250C. Incubation conditions: 10 minutes at 25°C.
Stable reference standard: 5,600 cpm.
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15 seconds. The possibiiity that maximum activity was reached. within this
first 15 seconds was coﬁsidered, The ;esults of an experiment designed

to show this effeé% ié given in Table XII. Indeed the true zero time pre-
incubation gave an actiﬁity less than that of the 30 or the 60 minutes pre-
incubation in both the 0° and the 250‘0 experiments. Although the condi-
tions of these experiments were not identical to those described in Fig. 31
and Fig. 32 (where the enzyme was not preincubated with bicarbonate), the
results were similaf, in that the enzyme was being activated when preincu-
bated at 0° C and was being inactivated when preincubated at 250.0 after

60 minutes. The activation process at 250 C, therefore, is a very rapid
one, requiring only a few seconds for maximal activity. From the tempera-
ture depencence Qf‘the pfeincubation effect, the process of acti;ation by
Mgt+ appeafs to proceed first by the unfolding of the protein, similar to
the denaturation of proteins. Hence, for a change of every 10° C, the
denaturation of a.protein may change as much as 10 to 100 fold while for
ordinary enzymic reaction the change may only be of the order of 2 to 3
fold,lo9 One can' then speculaté that'the‘Mg++ is bouﬁd by the enzyme only
after some weak bonds such as hydrogen bonds are broken.

The next problem to .consider is the remarkable difference in the pre-
incubation effects of Ni++ and'Mg++. Why should one ion give.rise to only
an activation effect.while the .other gives an activation followed by an
inactivation.effect? An explanation for the latter phenomenon is that
witt actu?lly aétivates the enzyme by simply displacing the frue metal co-
factor from inactive sites of ghe enzyme to the active site5069 The ensuing
inactivation process is accounted for by the subsequent displacement of the
activating metal ion from the active site by Ni++ or by the reaction of
essential sulfhydryl groups with Nitt, (It may be argued that there is no

metal ion present in the enzyme preparation since the fractionation involves
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TABLE XII:
The Preincubation of_Mg++ and Bicarbonate with Carboxydismutase

(Total Counts per Minute)

Preincubation time, min. 0 30 60
Preincubation temp., 0° C. 110,000 170,000 182,000
Preincubation temp., 250 C. 110,000 172,000 153,000

Assay conditions: Assay II and Assay III. In each incubation mixture,
in yM: MgCly, 2.0; tris, 15 at pH 8.3; NaHCl0g, 1.33 at 20 C;
enzyme (32 to 35% SAS ppt of the crude extract of Tetragonia, Method I),
ca. 30 pg; and RuDP, 0.033. Final volume: 200 pl. Preincubation
conditions: Enzyme with Mgt and.bicarbonate; at 0° and 25° ¢. Incﬁba-

tion conditions: 10 minutes at 25° C.
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dialysis. It has been demonstrated;.however, thet dialysis does not remove

all of the}metal ion from.crude extracts of Tetragonia, even when the pre-

parations were dialyzed against EDTA.'.This'conclusion is deduced from the

fact_that there is no loss of activity of the crude extract after dialysis). -
Thus it is possible that Mgt is the true activating metal ion for the car-
boxydismutase éystem. Althouéh Qo++ and Mot are;also cdfactbrs for this
enzymé, these ions'méyvbe eliminated as true aqtivétors since they (and Ni++)
do hdt stimulate. the aétivity of an agedvenzymé preparaﬁibn, Fig. 33;¥ These
negative results, however, may be due to partial denaturation of the pro-
tein because of its age or due to the formation of a tris-metal ion complex.
(The formation of a“tris—mefal ibn cbmplexlis évident from the color change
of the métal'soiutibn when tris is aaded). While the competifion between
the enzyme and £he fris for the metal ion éan aééount for the nonactivation
of the aged enzyme, egperimenté performed with.this preparation.in the
absence of‘tris,;using Ni++, failed.to activaté the enzyme by more than

2.5 fold. A fresh enzyme; when.treéfed similarly,ﬂis generélly activated
between 10 to 50 times. Finally, when an aged enzyme is preincubated

with a mixture of_two ﬁetal ions, Mg++ and Ni*™ in the presence of tris,

Mg++

activates the Nitt treated system and conversely, Ni** inactivates
the Mg™ activated system, Table XITT.

According to the activation by displacement hypothesis then, nicke=
loqs ion (and presumably cobaltous and manganous ions) actiﬁates the enzyme
by displacing the true cofactor (magnesium ion) from some inactive sites
to the active sites: The inactivation by Nitt after prolonged preinéubation
with the enzyme arises from the subs®guent displacement of Mg++ from the

active centers or by reaction of Nitt with the essential sulfhydryl groups.

N :
Recently Racker found that cott, Nitt and Mntt activates RuDP carboxylase
in Chlorella’ extracts only slightly. (111)
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33, The preincubation of an aged enzyme with various
metal ions. Assay conditions: Assay Il and Assay III
In each incubation mixture, in pM: - Enzyme (32 to

46% SAS ppt of the chloroplast extract of Tetragonia,
Method III, lyophilized powder'stored at -150C for 21
months), 25 pg; tris, 15 at pH 8.4; metal ion
(chloride form), 2.0; RuDP, 0.048 (carboxydismutase
assay); and NaHC1403, 1.32 at 20 uC. Final volume:
200 pl. Preincubation conditions: Enzyme with metal
ion only, at 0°C. Zero time preincubation (lst point):
Method III, otherwise, same concentrations. Incubation
conditions: 10 minutes at 25°C; Stable reference
standard: 5,300 cpm.
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TABLE XIII

The Effect of a Mixture of Metal Ions on the Activity of Aged

Carboxydismutase
(units per mg) « .
Pretreatment of the Enzyme . Specific Activity
Mg**, control (no.RuDP) | - 0.000 -
Mgt plus NitY, control (no RuDP) 0,000
No metal added o 0.014
Nitt, 10 minutes preincubation’ 0.009
Mgft, preincubated 10 minutes 0.16
Mgt¥, preincubated 10 min then added Ni** with an 0.051
additional 10 min preincubation

. . . ++ , '

Ni" ", preincubated 10 min then added Mg followed 0.0k2

by an additional 10 min preincubation**
' Assay conditions: ‘Asséy II; 1 unit,equals-l W of carbon fixed per
10 minutes of incubation. Weight-is inldry weight of lyophilized enzyme.
In each incubation mixture,‘in pM: Tris, 15 at pH 8.l4; metal ion (chloride
form), 1.0 each (see table); enzyme (32 to L46% SAS ppt of the chloroplast
extract of Tetragonia, Method III, lyophilized powder stored at -15° ¢ for
21 months),-25pg; RuDP, 0.048 (carboxydismutase assay>; and NaHClhOB, 1.35

at 20 uC. Final concentration: 200ul. Preincubation conditions: Enzyme

o o
with metal ion only, at @9 C. Incubation conditions: 10 minutes at 25 C.

‘

¥¥ :
The first metal was preincubated a total of 20 minutes while the second

.metal was preincubated for 10 minutes.
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In the aged enzyme the true cofactor is bound more tightly than in the
fresh enzyme or it ié masked by a part of the protein which has unfolded
'after the partial denaturation so that the transition metal ions cannot
displace the true cofactor off the inactive sites. That this denatura-
tion may prevent these ions from entering the active centers is dis-
counted by the fact that Mgtt can still activate the enzyme, the»hydrated»
radiﬁs of the latter”being larger than those of the hydréted tranéition
metal ions‘.l"L2 The possibility that a complex between bicarbonate and
the transition metal ion is larger than thé hydrated'or biéarbonateeMg++
_>complex is not excluded, however. |
Reproducibility of the Assay: Inasmuch aé the carboxydismutésé
activity‘is largely affected by the effect of preincubation, the relia=-
bility of the general assay method was reinvestigated. In order to obtain
a reproducible assay, the number of variables was minimized. For this
regson the effect of preincubation was eliminated by conducting the éssay
under conditions where there was no preincubation (Assay III). The re-
sults are summarized in Tables XIV and XV. The control series (no RuDP
added) is included to illustrate the exﬁent of the counting error. When
an overall averaée.is taken of either the control series or the variable
series, the mean error of the assay 1s not more than + 3% from the mean
value. Note that although the planchets are numbered serially from 1 to
9 for each series, the experiment was actually carried ogt in a random
manner. Thus not only were the incubation mixtures, but also the plating
of the samples randomized. In this way anysystematic error arising from
the aging of the enzyme or the instability of the substrate may be dis-
counted. A close scrutiny of the counting data indicates that a large

part of the error was due to counting (see, for example, the control series).

Fach planchet of this series was counted for a total of 320 counts; the
4 .
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'TABLE XIV
Reproducibility of the Carboxydismutese Assay .

Control Series (No RuDP)-

Incubation mixture no. . I | IT | IIT

Planchet no. 1 2 3 &k 5 & 7 8 9
Counts per min, 16t count W7 45 b W41 43 49 43 o
Counts per min, 2nd count 48 47 Lk 46 49 53 47 b1 M8
Counts per min, 3rd count 41 41 k2 Lo 80 454' 49 ' 43 f 5h
Mean.value, coﬁnts per. b5 oy 43 L ho 47 4 k2 50

min S L ‘ » : :
Mean error of mean value. 3 2 1 16 L 1 1 @2

counts per min

Assay condition: Assay ITI. In each incubation mixture, in pM: MgClyy

2.0; tris, 15 at pH 8,3;_'NaHClu

03,vl.32.at 20pC; end enzyme (32 to
35% SAS ppt of the crude extract of Tetragonia, Method I, ca. 30 pg.
Final volume: 200 pi. Incubation conditions: 10 minutes at 250 C.
Termination oﬁ the reaction: 50 pl 6 N HOAc. Aliquot portion per aluminum

planchet: 15 pl. Counting: Nuclear-Chicago scaler with sutomatic sample

changer. Results were recorded in minutes per 320 counts.
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TABLE XV
Reproducibility of the Carboxydismutase Assay

Variable Series (Complete Assay)

TIncubation
mixture no. I o IT IIT
Planchet no. 1 2 3 L 5 6 7 8

Counts per min 3,450 3,520 3,430 3,570 3,680 3,830 3,520 3,480
lst count '

Counts per min 3,340 3,590 3,440 ~ 3,590 3,660 3,810 3,500 3,410
2nd count '

Counts per min 3,390 3,430 3,480 3,490 3,710 3,640 3,360 3,400

3rd count

Mean value 3,390 3,510 3,450 3,560 3,680 3,760 3,460 3,4ko
counts per min ' .

Mean error of 34 60 23 37 13 83 70 35

mean value
counts per min

All conditions are similar to those given under Table XIV, except that 0.03
of RuDP was added and that each planchet was counted for 10,240 counts; the

time required to reach this value was recorded.

9

3,510
3,510

3,400

3,470
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time required to reach this value was then recorded automatically. This
error is reduced by increasing the total number’ of counts to be recorded.
Thus in the variable series, each planchet was ¢counted for a total of
10,240 counts. Comparison of the percentage deviation obtained from the
two series showed that the maximum deviation for the counting is + 12%
for the control series whereas fqr the variable éeries, it is + 2%.

Tt wes previously shown that some of_the eqéyme preparationé can con=
vert radioactive PGA into other coﬁpounds, {If aUvolatile subétaﬁce arisges
from this conversion (e.g. pyruvic acid), then a loss of radiocactivity can

be expected. In addition, labeled bicarbonate may be incorporatedvinto

s
i .

compounds such as oxalacetic acid, which in turn is transformed into

aépdrtic acid. It is felt, however, that errbrs'arising,from these two '

sources are partly self-compensafing and that these errors are sﬁéll,
especially when the incubation périod is 10 minutes or less. This isrseen“
by chromatbgraphy of the products of the carboxydismutase reaction. In

no case is the formation of products other than PGA and glyceric acid
apparent when purified enzymes were used.  Even crude-eﬁZyme preparations,
after dialysis, yield more or less the same extent of contamination.

Dependence of the CarbOXydismutéSe‘ACtivity‘oniEnZyme and Substrate Con-

L

centrations. The rate of fixation of Cl by the carboxydismutase system

follows a nearly linear dependence with respect to the enzyme concentra-
tion, Fig. 34. The slightvdeparture from linearity can be accounted for
by the presencé of m}nute Quantities of heavy metal ion present in the
buffer solution,or distilled water used in the incubation mixture, the
enzyme being sensitive tovthese heavy metal ions. Alternatively, a similar
effect can be obtained from an enzyme with a dissociable activator. Hence

under concentrated conditions most of the enzyme is in the activated state

oy
B

i
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Fig. 34. Enzyme activity as a function of enzyme concentration.
Assay conditi?z.: Assay III. In each incubation mixture,
in pM: NaHC**0,, 1.35 at 20 pC; MgCl,, 2.0; tris,

.15 at pH 8.3; RuDP, 0.068 (carboxydismutase assay);
and enzyme (32 to 46% SAS ppt of the chloroplast
extract of Tetragonia, Method III), see curve above for
concentrations. Final volume: 200 pl. Incubation
conditions: 10 minutes at 25°C. Stable reference
standard: 4,200 cpm.
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while at low concentrations much of;the enzyme is.inactive because of the
dissociation of the metal ion erm the enzyme. A full account of these
%wo cases 1s described elSewhere,69

- The effect of bicarbonate concentration on enzyme activity is shown
in Fig. 35. Since the extent of the reaction was very large, it was not
possible to give an accurate value 6f the Michaelis constant for bicarbon-
ate. The bicarbbnate»COncentratiOn at which the carboxydismutase reaction
rate is one hglf the maiimum rate is at least greater than 0.006 M. This
value compares well with tﬂose quoted by dther iﬁvestigators for the enzyme
system from.Spinacea;.vizo, 0.0l to 0,02 M,§’82 The significance of these
results_is diséussed.in a later secfion in terms of the*speéificity of the
enzyme (see_Specificify), |

Thé influence of Varying conéghtrationgﬂbf-RubP on. the carboxydis~-

mutase activity is shown in Fig. 36. The activity is proportional to the
substrate'concenﬁration at levelé less than 9 x 10'5'M and reachés'a mgxi=

mum at 1.35 x lO-LL

M RuDP.- Abqve this qoncentration, the enzyme is inhibi-
ted. Becausevofkinsufficient;points in the  lower concentration region, a
double reciprocél_plof of reactidn vélocity against RuDP concentfation
(according to Lineweaver and Burk57) provides no new information. Horecker's
group, however, were able to gnalyze their kinetic data by this method.
They foﬁnd thét, for,theiséinécea cafboxylase syétem; the K, is 205 X 10““
M and thé'maximﬁm veiocity of the reaction is about.tﬁice that of the ob-
served maximum.® 1Wﬁé£hef theée éonstants-are'the true Michaelis constant
for the enzyme-RuDP complex'énd the truevméximum §eloci£y of ﬁhe regction,

remains a question, since the mathematical treatment of this problem

depends on a number of assumptions.
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Fig. 35. The dependence of enzyme activity on bicarbonate
concentration. Assay condition: Assay III. In each
incubation mixture, in uM: tris, 15 at pH 8.3;

MgCl,, 2.0: RuDP, 0.033; NaHCl40,, see curve
above 15pC per uM; and enzyme (32 to 35% SAS ppt

of the crude extract of Tetragonia, Method I), ca. 30 pg.
Final volume: 200 pl. TIncubation conditions: 10
minutes at 250C.
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Fig. 36. The effect of RuDP concentration on the enzyme

activity. - Assay condition: Assay III. In each

incubation mixture, in pM: NaHCl40 , 1.35 at 20 pC;
tris, 15 at pH 8.3; MgCl,, 2.0; RuDP, see curve
(determined by carboxydismutase assay); and enzyme

(32 to 46% SAS ppt of the chloroplast extract of

Tetragonia, Method III), 23 pg (colorimetric determination).
Final volume: 200 pl. Incubation conditions: 10

minutes at 25°C. Stable reference standard: 4,200 cpm.
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Two mechanisms have been proposed to explain the inhibition of an
enzyme by high concentrations of substrates; namely, the two point
attachment theoryll3 and the effective-ineffective enzyme substrate com-

plex theory.69’109’llh

Both of these mechanisms require that the enzyme
have two available sites to anchor the substrate. They differ only in
that the former mechanism calls for the attachment of the substrate
moleculé to the enzyme at two centers on the protein (perhaps in a com-
plementary fashion) for the enzyme-substrate complex to be active. On

the other hand, in the latter mechanism, the substrate needs to be bound
only to one site, but necessarily to the "right" or "effective" site in
order that the enzyme-substrate complex be fully active. If the substrate

"ineffective" site, then

is anchored to the enzyme at the "wrong" or
the enzyme is no longer active even when the ineffective-enzyme~-substrate
complex combines with a second molecule of substrate at the "effective”
site, |

When both mechanisms are interpreted mathematically, an identical
expression is obtéined, except that some of the constants are combina-
tions of association constants of different reactions in the scheme of the

mechanisme

1/v = L/KV(S) + (K1+Kg)/KV + Ko(8)/V '  er VII

where v 1s the initial velocity of the reaction at any subsirate concen=-
tration (s), V is the maximum velocity of the reaction (proportional to

the initial concentration of the enzyme), Kg is related to the assoéia-

tion constant of the active enzyme-substrate complex, Kj is the constant
involving the association of the enzyme with a substrate molecule to

form an inactive complex and Kp is ‘the constant involving the association

\
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of inactive enzyme=subqtrate complex with a second substrate molecule.
(The appllcatlon of the steadynstate method on one of these mechanlsms also
gave a mathematical expre$s1on of more or less the same for'm,lllL but 1t is
beyond tbe scope of this thesis to descrlbe,.ln detail the differences).
Eguation VII shows that at low substrate concentratlons, a plot of
1/v vs 1/(8) and at very high substrate concentrations, & plot of 1/v vs
(3) should give a straight line. In both cases the intercept is (Kl.+ K;)
/ksv, but the slopes of the straight line portion of the curves are 1/KgV
and KoV respectively° Clearly, it is-seén that a Linewéater=Burk type
tiot does not yield a’simple function such as the maximum velocity'of the
reaction Qr‘thé Micheelis constant for the active enzyme substrate comples.
fihen the data shown in Fig. 36 is plotted with 1/v against (s), &
straight line'is‘obtained at high sutstrate concentrations. The intercept
is T‘x lOmG reciprocal counts per minute and the slope is 0,010k cpm’Hg“lo
The only information’that these data show is that these mechanisms are con-
sigtent with the results of the kinetics. If the mechanism 1s true;, then
st very high RuDP concéntrations the enzyme should be completely inhibited.
Confirmatioﬁrof this prediction must aWéit éxteriments‘along this line.

The Effect of pH on the Cafboxydismutase Activity. Carboxydismutase shows

a t&pical bell-shaped curve of pH versus activity, with a pH "optimum"

at 8.0, Fig. 37. Whether the loss of enzymic activity on both sides of
the pE "optimum" is due to denaturation of the pfotein remains to be de-
termined. The fact is that when the enzyme is subjected to isocelectric
precipitation, a partialtinactivation of the enzyme takes place. This
suggests that, on the acid side of the "optimum," the low activity may be
accounted for by the partial denaturation of the protein. The picture is

not so clear on the alkaline side and needs to be worked out further.
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Fig. 37. The effect of pH on the activity of carboxyd1smutase._
Assay condition: Assay III. In each incubation mixture,
in pM: buffer, 15 (see experimental section for details);
MgCl,, 2.0; NaHC140,, 1.33 at 20 pC; RuDP, 0.033;
and enzyme (32 to 35% %AS ppt of the crude extract of
Tetragonia, Method I), 30 pg. Final volume: 200 pl.
Incubation conditions: 10 minutes at 25°C,
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Stability of the Enzyme. It was mentioned in a previous part of this dis-

cussion that carboxydismutase is active after standing for one day at room
temperature. Actually fhe stability of the enzyme 1s dependent on the |
stage of purification of the enzymé, the'teméerature at which the énzyme
is stored, the state of the enzymé (solid or sqlution), the pH (cf. pre-
vious paragraph), and other factors associated with the stability of
proteins. .Generally if‘the protein is in é dlalyzed crude étage and is a
lyophilized powder or kept in a frozen state.(in solution), the enzyme
preparation is most stable., TFor exampie a frozen splution.of‘a crude
extract of Chlorella stored for more than 3 months at eQOO.C,‘remained
fully active aftervone thawing. In fact a lyophiliZed powder of the same
Chlorella extract, although standing at room temperature for greater than
‘two years, was still active.

The remarkasble stability of the enzyme is illustrated further by the
following examples: l):a solution of an. unfractionated chloroplast ex-
tract of Tetragonia, stored ovefnight at room temperature was fully éctive;
2) a solution of an enzyme prepared by ?he Crude Extract Method, stored at
~2OO ¢ for fivé months, retained 40% of its activity; 3) a iyophilized
sample of this solution stéred'at ;200 C for greater than 2 years, still
bad 38% of its original activity; and 4) a lyophilized preparation of the
enzyme prepared by the Chloroplast Extract Method, stored under the same
conditions as above, had 35% of its original activity.

Another factor to consider is the effect of radiation on the activity
of the,enzyﬁe. For ihsténée Boighenko and Zékhafova found that when leaves

of Primula obconica were exposed for 1 minute in.the light to 3% CO, con-—

taining 0.08% cll‘og, the total CO, assimilated was QU026 mg. When the
leaves were exposed to the same total concentration of COp, but in the

presence of only 0.004% cluog, the uptake of total COp was 0.27 mg, a change
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of 10-fold. Their findings, however, do not agree with those of Holm-

Hansen,_g? 530116 Nevertheless in order to insure that no serious effects
can arise from radiation on carboxydismutase,'an experiment was conducted
in which the enzyme was exposed for 10 minutes at 250_0 to varying
amounts of radiocearbon. In this experiment the total bicarbonate,COncen-
tration was kept at 1.3 pM pér incubation mixture\and the radiocactivity
added was varled from 1 to 20 uC per incubation mixture. The results
showed that in all of these reaction mixtures, the total carbon fixed was
the same. Tt is conceivable that lower levels of radiocarboh might show

some difference.

Reversibility of the Carboxydismutese Reaction. Since the assay is

based on a measure of the radioactivity fixed, one way of detecting the
radiocarbon is via radiosutography. With this technique it is possible

to detect és 1little as 10 counts per minute (when counted on the paper o
chromatogram) of a spot of about 1 to 2 cm2 ares after 6-weeks' exposure

on X-ray film. Accordingly it seemed appropriate to applyﬁthis.method

.for testing the reversibility of the carboxydismutaéevreaction, Despite
the sensitivity of this method, however, there was no trace of labeled
diphosphate (arising from the reversal of the carboxydismutase reaction)
even when chromatograms of carboxydismutase reaction mixtures containing
P(}A--Clbr (50,000 cpm, counted on peper) were exposed to X-ray films for
greater than 2 months. The results are not too surprising when one calcu-
lates the amount of RuDP which can result from the reversal of the carboxy-
lation reaction. Thus the concentration of RuDP that would be at eqpiiw
ibrium with 9.0 x 1073 M bicarbonate, l.4 x 107 M PGA and 1.0 x 1070 M..
H" is calculated to be 2.5 x 1071 M. If the specific activity of the
labeled bicarbonate is about 15 pC per uM, and if the reversal of the

regction puts one tagged carbon atom into the resultant RuDP, then one
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could expect only 1 count per 4 days; indeed a small number! These calcu-
lations are based on the free'énergy of the éarboxydismﬁtése reaction quoted
by Bassham and Calvinj45 namely, -8.9 keal 'at pH T.0. Tt is seen, therefore,
that even with this extremely sensitive method of detection, the goal is

far from being realized.

Specificity. A study of the spec¢ificity of this enzyme system must neces-
sarily involve the two substrates, the CO, acceptor and the COo donor. In
the first category the compounds which have been tested as.possible sub -
strates were all sugar phosphates, among them being RuDP, ribulose mono-

6,252 ' Only RuDP proved to

117

phoéphate, RMP, hexose diphosphate and others.
be effective; xylulose-l,5-diphosphate failed to serve as a substrate.

In contrast to the acceptdr system, the donor system requires a
special consideration. Because the reaction is normally carried out at
thé pH "Optfﬁum" (i.e., pH 8), most of the carbon dioxide in the incubation
mixture is in the form of’Bicarbonate° This does not mean, however, that
the actual carboxylating specie is bicarbonate. The pH "optimum" may only
be a consequence of one or a combinstion of many factors; for example, the
change in stability of the enzyme és a function of pH, the ionization of
groups near the active sites of the enzyme and the ionization of the sub-
strates. What then is the actual carboxylatinglspecie? The answer to
this question may lie in some comparisons of ﬁhe in vivo and the in vitro
maximal rates of CO, fixation and the CO, concentrations required for
these rates.

So far the highest rate of COgvfixation by an in vitro carboxylase
system‘was that found by Weissbach, g§_§£06 In their assay system contain-
ing 0.05 M bicarbonate ét pH 8.0, the rate of formation of PGA is 52 uM per
10 minutes incubation per mg of protein. These values are to be compared

with those of the intact leaf, but first the conditions of the EE_ViVo

experiment must be normalized to those of the in vitro experiment.



" variety of leaf tissues is not over"(o-l
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In this laboratory it has been found that the maximum rate of CO,
assimilation by intact leaves of Spinacea, in the presence‘of 0.8% COy
in air (down to 0.h4% COp)s is 190 uM per mg chlorophyli per hour.118
Withithe chlorophyll to nitrogen weight>ratio being between 0.32 and

119

this rate becomes 62.5 uM of CO, fixed per hour per mg of nitro-

05359 2

gen. If the plant protein is 15% nitrogen, the rate of fixation is then
9.4 puM of CO2 per hour per mg protein. Since two moles of PGA afe
formed from each mole of CO2, the rate of formation of PGA is 18.8 uM
per hour per mg protein or 3.1 uM per 10 minutes. Weissbach gi'gi.,
estimated that the carboxylation enzyme constitutes about 10% of the
soluble protein of spinach leaves,?6 this value givesva rate of formation
of PGA of at least 31 uM per 10 nminutes per mg of protein.

If,‘however, 0.8% Cogvis in eqpilibfium with a pH 8 buffef, the con=

centration of the resultant bicarbonate solution would be 1l.l1 X lO'2

M;
This concentration of bicarbondte gives exactly half maximal velocity in
the Weissbach et al., system or, in other words, 26 pM of PGA formed per .
10 minutes per mg protein,* Therefore the rates of formation of PGA in
the EE_YEEEQ_carboxydismutase syétem agrees quite well with that of the
in vivo system.

The major failacy of this argument is that the pH of the surrounding
medium within the leaf cells may not be pH 8, but closer to pH 7. For
example Arnon and Johnson found that the pH of the expressed sap of a
» 20 (In this laboratory we have

found that the pH of the expfessed sap of Spinacea is 6.4). The unknown

*
Racker recently found in spinach leaf homogenate, RuDP=-carboxylase

which can carboxylate 150 yM of RuDP per hour per mg of chlorophyllolll
This number corresponds to 25 uM of PGA formed per 10 minutes per mg
protein.
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factor is thevcontrlbutlon of the organlc.aoids (located in the uacuoles
of the cells) towards the lowerlng of the pH of the expressed sap. If
the pH of the medlum surroundlng the carboxylatlon enzyme is chosen to
be 7.0, then under a O, 8% CO atmosphere, the total concentratlon of the
various carbon dlox1de specles ‘would be l h X lO -3 M (l 1x 10 -3 M bicarbon-
ate and 2. 7-x 10 4 M dlssolved COé) When thls value 1s substltuted into
the Mlchaells—Menten equatlon along w1th the values for the Mlchaells
constant and the maximum veloc1ty of the reactlon (K = l l X lO -2 M and

= 52 pM of PGA formed in 10 mlnutes per mg of proteln), the rate of for-
mation of FGA reduces to 5. 8 uM- per lO minutes per mg of proteln° Thus
the rate is about 19% that of the intact leaf (or less, dependlng on
whether the amount of soluble proteln is substantlally less than the total
proteln content of the leaves) This discrepancy is not too serious when
one considers the handling that the carboxylation enayme undergoes durlng
its preparationo | | | | |

A much larger discrepancy is present in the minimum concentration of

bicarbonate required for the maximum rate of 002 uptake by the in vivo

and the in vitro systems. This concentration is referred to as the satura-

tion concentration and is 5°6 X lO"LL M in the leaf, correspondlng to 0.L4%

CO2 in equlllbrlum with a pH T medium; whlle in the 1solated carboxydls~

mutase system, the saturatlon concentratlon of blcarbonate is 2.2 x 10 -2 M.

Hence the in v1tro saturatlon concentratlon is about 40 times that of the
in_yizg_system7 Although there is.a host of reasons for this difference
the simplest explanation could be that the dissolved COg is the actual car-~
boxylating specie. If one considers only the saturation concentration of

. N . . . .

dissolved 002, it would be 1.4 x 10 M for the in vivo system and 5.2 x 10

M for the in vitro system. These numbers are quite comparable, the

-
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difference in the saturation concentration being accounted for by the
differences in the nature of the isolated enzyme as compared with the
enzyme EE.EEEEO Further evidence consistent with this hypothesis 1s
found in the work of Park and Epsteinol2l By studying the ratio of the

isotopes Cl3 to C12

in PGA, resulting from enzymic carboxylation of
RuDP with bicarbonate of known isotopic'composition, they implicated
dissolved CO, as the actual carboxylating specie.

Because a small quantity of carbonic acid (HECO3) is iﬂ equilibrium
with dissolved COp, the possibility that the former is the actual carboxy-
lating specie must be considered. Experiments with aﬁded carbonic anhy-
drase, an enzyme that catalyzes the rapid conversion of dissolved 002
to carbonic acid, shbwed no effect on the rate of fixation of radio-
carbon from bicarbonate by the in vitro carboxydismutase system. These
results, however, do not exclude the likelihood that the carboxydismutase
preparation used in these assays already contained carbonic anhydrase.

It should be emphasiéed that all of the above discussion on the
carboxylation rate of the isolated enzyme system are based on the dats
obtained by Horecker and his coworkeréo6 In the studies described in
this report, no effort was made to obtain maximum rates. Hence the
highest rate obtained so far is only about 4.7 uM of PGA per 10 minutes
incubation per mg protein at a bicarbonate concentration of 0.0067 M.
This rate is about one-fourth of that obtained by Horecker under equivalent
cOnditions, the latter being corrected for by substituting into the
Michaelis-Menten equation the appropriate parameters already quoted. The
lower specific activity of this enzyme may be due to the lower specific

activity activity of the starting material; see "Preparation of Carboxy-

dismutase. Enzyme from Tetragonia expansa:" The most active starting
material from Tetragonia has a specific activity of 1 unit, compared with

5.5 for the starting material from Spinacea (used by Horecker).



1ke

The disagreement in the cgrboxylation rates and in the bigarbonate
saturation concentrations between the iﬁtact leaf and the isolated enzyme
system can also be explained in terms of the denaturation of the enzyme,
the lack of necessary cofactors-and the possibility of another type of
COo substrate. In this last Cateéory is the so-called active €Oy which
has been conéidered as a naturalAéubstrate for the carboxydismutase system,122
Initially various forms of active COo have been suggested as intermediates
in at leasg three apparently different enzymically catalyéed reactions.

These reactions, all having an abéolute requirement £or ATP and bicarbonate,
are the caiboxylation of 1) proPiQnyl CoA to form methylmalonyl COA,3 2)
123

B-hydroxyisovaleryl CoA to form Bwhydroxy-B~methylglutaryl CoA, and

104 For these re-

-3) B-methylcrotonyl CoA to form,Baméthylglutaconyl CoA.
actions the acti&evfofmS'of COo are, respectively, phosphoryl carbonate,
adenyl garbonate, and a:carboxquted biotin derivative.

Actually phosphoryl carbpnate was suggested as the intermediate only

for the propionyl CoA carboxylase system of animal tissues. Involved in

the propionate metabolism of the bacteria, Propilonibacteria, 1s another

type qf active Cog,4tbe_qarboxylated blotin com.pound‘,lg)+ Presumably, this
viotin derivativevis identical to the one proposed for the methylcrotonyl
CoA carboxylase system.,l’O)1L In either case, these Co, intermediates have
not been isolated fromvthe propionate systems.

Adenyl carbonate has not been isolate also; however, its monoethyl

ester has been synthesized and claimed to be a substrate for the "CO,-
125

activating"” enzyme of the hydroxyisovaleryl CoA carboxylase system.
Recent results have cast doubts as to the validity of this claim as well
as to the plausibility of this proposed active COpe It was found that
ADP and a éompound aifferenf from orthophosphate or pyroPhosphatevwere

formed by the "Cog—activating" enzyme in the presence of ATP and bicarbonate
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when NHoOH was ad‘dedol26 It was later established that the compound was
hydroxylamiﬁe phosphateo2 |

The third type of active COos the carboxylated biotin, has actually
been isolated from the enzymic reaction mixture, but only when biotin was
added as a substrate in place of methylcrotonyi Cvoth The compound was
stabilized by adding diazomethane to the incubation mixture and isolated
as the dimethyl ester. This ester, when labeled with radioactive bicar-
bonate, coincided exactly with synthetic dimethyl ester of carboxylated
biotin after chromatography on paper. (The synthetic material was obtained
by treating the methyl ester of biotin with methyl chlorocarbonate, yield-
ing the methyl ester of an allophanate-type derivative of biotin). More-
over upon mixing the labeled biotin derivative derived from the enzymic
mixture with the synthetic  compound, and thén recrystallizing the material
several times, constant specific activity was obtained, indicating that
both synthétic and enzymically produced biotin derivatives are one and
the same.

It is pertinent to metnion here another ATP dependent carboxylation
system which involves biotin. This enzyme system forms long-chain fatiy
acids from acetate plus CoA (or acetyl CoA), ATP, bicarbonate, Mot and
triphosphopyridine nucleotideolg731289129 No suggesﬁions as to the nature

of the active CO2 have been forwarded other than the fact that biotin is
required9127’128

Despite the fact that the role of the mixed anhydrides of carbonic
and phosphoric or adenylic acids is in doubt for those enzyme systems
mentioned above, it nevertheless seemed worthwhile to synthesize the ethyl
esters of these compounds in order to test them in the carboxydismutase
system. From the outset, hoWever, the syntheses of these mixed anhydrides

were totally without success .30
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Consider, for exampley; the attempted synthesis of phosphoryl-carbonate
ethyl ester. An ethereal suspension of monosilver phosphate was treated
with ethyl chlorocarbonate in a manner similar to the preparation of acetyl
phosphate,GL After isolating the silver salt of the product, it was anal-
yzed for phosphate, silver, acid and alkaline-labile COp, C-CHS, and acyl
phosphate. :Furthermoree elementary and igfrared‘analyses weré performed.
The results show that,ﬁinitially, the pfoduct WasAprQbably, in part, di-
silvef phosphoryl carbonate ethyl ester, but it was rapidly converted to
disilver ethyl phosphate. This conversion is similar to the decomposition
of the ethyl esters of mixed carbonic-carboxylic anhydrides in which COp
131

and the ethyl ester of the carboxylic acid are produced. Probably most

of the monoethyl phosphate was formed during the reaction owing to, perhaps,
too high a reaction temperature (iie., greater than 0° C).

The synthesis of adenyl carbonate ethyl ester was attempted by first
preparing monosilver adenyldié¢ acld. . The latter was obtained by'adding one
equivalent of AgNO3 to a solution of adenylic acid which was previously
adjusted to pH 6.0. The precipitate was collected, washed with ethanol,
acetone,. and ether, and then dried at room temperature in the dark. The
monosilver adenylic acid, suspended in ether, was treated with ethyl chloro-
'formaté° After removing the excess ethylcchioroformate by ether extraction,
the product was precipitated with silver nitrate, washed with organic sol-
vents, and dried in air in the dark. The product was analyzed as in the
case of disilver ethyl phosphate. The results showed that the product is
not monosilver adenyl carbonate ethyl ester, but disilver adenylicvacidn

Although the methods given above fail to produce the desired compounds
for studies in the carboxydismutase system, there is one active COp compound
thét has actually been made; namely, carbamyl phosphate. This compound was
prepared by reacting potassium phosphate with.potassium cyanateo*;32

* Prepared in this laboratory and generously supplied by Dr. J.A. Bassham
for these experiments.
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Phosphate and ammonia nitrogen anaiysés showed tha£‘thé prodﬁct of this
reaction is 90% carbamyl phosphate. The léttéf wés tested in an assay
mixture containing RuDP-Clu,Mg++, and carboxydiémutasea There ﬁéfe also
three control assay mixturés; all containiﬁg RuDP-élu and Mé++: 1) contrél
1 with no enz&me, but with.unlabeled bicarbonategie) control 2‘With both
enzyme and unlabeled biéé}bonate, and 3) control 3 with enzyme, but.no
unlabeled bicarbonate. All mixtures were incubated 10 minﬁtes at éSO C,
using conditions of Assa& IIT (cf. exﬁerimental section). The pfoducts
were examined quantitativeiy after paﬁer chrbmatogfaphy in two dimensions
in the usual solvent sysﬁemsa ‘The results showed quite clearly that
carbamyl phosphate produces no striking‘differences from fhat of bicér-
bonate alone. In fact, carbamylvphOSPhate forms less PGA than.in contfol
35 but more than in control 1. There is one‘small différence in fhe
chromatographic'pattern of the carbamyl phosphate~containing incubsation
mixture. There is one extra spot in between the dibhosphate and the pen-
tose monophdsPhate regioﬁso Iﬁéubation mixtures without carbamyl phos‘-=
phate do not give this spot; It is not clear whether this compoﬁhd is
produced by enzymic action on RuDP (in the presénce of carbamyl phosphate)
or whether it is defived nbnmenzymically,

One othér compound was tested as”subétrate fof the carboxydismufase
system, This compound, in a leVel nore reduced than carbon dioxide, was
formic acid. The fact thaf when carbon-labeled formic acid was fed ﬁo
algae, the label was located mainly in'theACnh position of starch glucose
suggests the importance of this compound. in photosyhthesiso32. In éddition,

Quayle and Keech showed that in Pseudomonas oxalétiéus, formic acid may

have a role in the formation of the carboxydisﬁutase activiﬁy,l33 When
the bacteria was grown in medium containing oxalic acid as the sole car-

~bon source, no carboxydismutase activity was present in the bacterial -
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extracts. On the other hand,Awhen the babteria was grown in medium con-
taining forhic.acid the bacterial extracts”eontained carboxyd;ismutaseo

In the light of these experiments; 1t ﬁas of 1nterest tovtest formic acid
as a substrate for carboxydismutaseoﬂ Carbon—labeled formate was incubated
with carboxydismutase, Mg++ and RuDP for lO minutes at 25 C. The same
mixture w1thout RuDP served as the control. It was found that no fixation
of formate occgrred. It was concluded, therefore, that carboxydismutase
is specific for bicarbonate only (or dissolved Cbg) .

QOccurrence of the Enzyme. The occurrence of carboxydismutase in numerous

85

plahtsvand mieroorganisms has been sthdied:extensively by Fuller and Gibbs.
Their r.esults are, éompiléd ’in Table XVI, Table XVII, and Table )'(VII_I; along
with the findings of this and:other laboratories°

The most striking aspect about thesevtables is the lack of the car-
boxylation enzyme in mammalian tissues° Barroh, et al., however, have
evidence suggesting the presence of_carboxydismutase in certain carcinoma
celisjl3h This conclusioh was deduced from the fact that ribose-5—phosphate
is utilized more rapldly anaerobically than aerobically, and that the uptake
of thislcompound is accompanied by a simultaneous fixation of COgn More-
over when tagged carbon dioxide was used, all of the label was found in
the carboxyl group of lactic acid. Apparently no more work was carried out
by this group aloné this line, so that the above conelusions must be con-
sideredbas tentative. An extract of mouse tumor, on the other hand,'does
not have any carboﬁydismutase activity, see Table XVIII.

The rather general distribution of RuDP carboxylase over a wide variety
of higher plant tissues and-microorgahisms indicates that this enzyme is
not strictiyvassoeiated Withfthe'photosynthetic ﬁlechanism° It is note-

worthy that buffered extracts of mature avocado leaves and Hostoc contain
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TABLE XVI

Occurrence of Carboxydismutase in Extracts of Higher Plant Tissues

Description Investigators References’
Spinacesa oleracea leaves Fuller and Gibbs, Weissbach 85, 6
et al., Jakoby, et al., 7, 82
Racker
Spinacea oleracea Fﬁller and Gibbs, Lyttleton 85, 86
chloroplasts _and Ts'o, Whatley, et al. 4135
Tetragonia expansa leaves Mayaudon, et al. 62
Tetragonia expansa Pon and Rabin 88
chloroplasts
Rye grass (blades?) Weissbach, et al. 6
Cabbage leaves Racker | 82
Tobacco leaves Racker 82
Pea leaves Fuller and Gibbs 137
Pea chloroplasts Smillie and Fuller 138
Normal green barley s.-.1.: Fuller and Gibbs 85
seedlings .
Lettuce leaves Pon -
Valencia orange leaves* Buffacker and Wallace 139
Valencia orange peels* Huffacker and Wallace. 139
Barley roots Young 140
Pine pollens Stanley and Young 1kl

*
Present also in root and vesicles, but in small amounts.
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TABLE XVII

Occurrence of Carboxydismutase in Extracts of Microorganisms

Desecription

Chlorella pyrenoidosa

Chlorella variegata, grown
as an autotroph

Chlamydomonas

Green Euglena

Astasia (a naturally
colorless Euglena)

Romeria

Anacystié nidulans

Hydrogenomonas vinelandii
grown on an autotroph

Hydrogenomonas ruhlandii

Thiobacillus thioparus-

Thiobacillus denitrificans

Thiobacillus thio-oxidans

Rhodospirillum rubrum

Escherichia coli, grown on
xXylose and carbon dioxide

Micrococcus denitrificans,
grown as an autotroph

Chromatium, strain D, grown
‘both as an autotroph and
heterotroph

Investigators

Quayle, et al.; Kornberg
et al..

Fuller and Gibbs

Fuller and Gibbs
Fuller and Gibbs

Fuller and Gibbs

Fuller and Gibbs
Fuller and Gibbs

Vishniac

Santer and Vishniac
Santer and Vishniac
Trudinger

Suzuki and Werkman
Fuller and Gibbs

Fullér and Gibbs
Kornberg, et al.

Fuller and Gibbs

Pseudomonas oxalaticus (0X 1) Quayle and Keech

grown in formate

References

25, 25a
85

137
85
85

137
85
85

k2

143
Le

14k
85
85

ks

85

133
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TABLE XVIII

Extracts of Organisms Containing No Cerboxydismutase Activity

Description

Ehrlich ascites mousé tumor
cells

Seeds of Tetragonia expansa

Peé roots

Tetrahymena gelii

Euglena, bleached with
streptomycin

Escherichia coli, grown in
glucose '

Barley seedlings, X-ray
induced albino mutant

Barley seedlings, genetic
albino mutant

Baker's yeast
Mature avocado leaves

Nostoc muscorum

Button mushrooms
Rat liver

Rat brain

Neurospora crassa

Chlorella variegata, grown
as a heterotroph

Pseudomonas oxalaticus (0OX 1)

grown in oxalate

Investigators

Lonberg-Holm and Pon

Pon

Fuller and Gibbs

Fuller and Gibbs

Fuller an@ Qibbs
Fuller and Gibbs 
Fuller and Gibbs
Fuller and Gibbs

Pon, Fuller and Gibbs
Pon

Pon

Pon
Fuller and Gibbs

Fuller and Gibbs

Quayle and Keech

References

137
85

85
85
137

“"'x85

. e o

85

133
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no carboxydismutase activity. It must be emphasized that the conditions
for the assay of this enzyme is at'pH 8 witthg++ as the cofactor. It is
possible that the enzymic carboxylation of RuDP to form PGA can occur in
certain tissues at some other pH and may require some other metal ions as
cofactor. Another possibility thgt must be considered is that-a complete
'crudé extract of plant tissues may contain an inhibi£or of the carboxydis-
ﬁutase system. Hence a negative result cannot be construed as absolute
proof for the absence of a qarbdxydiéﬁﬁﬁaée—like enzyme in the tissue con-
cerned; |

Of particular interest is ‘the location of carboxydismutase Within.the
cells of leaves. The specific activity of carboxydismutase in ﬁhé extracts
of Tetragonisa chloroplaséé being from 3 td 15 times that of carboxydisﬁutase
in the'whble leaf extracts, Table V and Method 11T, impliesvthét this enzyme
is concentrated in the chloroplasts. While the total actlvity is found
mainly in the whole leaf extract, see Table'v,.most 6f this activity probably
: origiqated from the chloroplasts since ﬁhe isolation of intact chloroplasts
depends on the grinding‘medium’used and the method of grindingolS8 The
problem”of localization of the enzyme can be resolved by preparing chloro-
plasts from lyophilized leaf tissues in nonagueous medium according to the
method of Stocking.,75 Unfortunately a preliminary experiment along this
line, using Tetragonia as the source material, failed to give a clear cut
anéwer as to whether ghe éarboxydismutése activity resides totally or par-
tially in the chloroplasts ofbin'the cytoplasmal The fault of this method
seems to lie in the improper ly0philizatipn of the leaves, the temperature
being kept at?Oo instead of the required -10° C;‘.At the former témperature
there is some danger of localized thawing and reformation of ice crystals,

thereby breaking the Structure of cellular materisls. For this reason it
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is subsequently difficult to isolate intact chloroplasts.

Fuller and Gibbs have shown that when chloroplasts were isolated from
Spinacea leaves in 0.35 M NaCl, they contain about 70% of the total éarboxy—
dismutase activity of the leaf.85 Moreover Smillie and Fuller have shown
a clear association of the carboxydismutase activity with the chloroplasts
of pea’leavesol38 This association was demonstrated by preparing the
chloroplasts in a nonaqueous medium (according to Stocking) and then
assaying‘thém for carboxydismutase activity and chlorophyll content. The
percentage distribution of carbdxydismutase'runs parallel‘to the percen-
tage distribution of chlorophyll in the various fractions which precipitate
in the nonagueous solvents of different densities. Thus the percentage
distribution of chlorophyll is highest in the fraction where the RuDP car-~
boxylaée activity (percent wise) is also highest. PFurthermore a micro-
scopic examination of this fraction showedit to contain the highest pro-

portion of chloroplast.

The Mechanism of Enzyme Action. The Activation Step: An analysis of an

enzymically catalyzed reaction must take into account two phases, the acti-
vation step and the reaction step. The former step involves, in 1ts sim-
plest form, the formation of the enzyme-substrate complex whereas in the
more complicated tertiary system, the activation of the enzyme involves

the sequence of combination of the‘various constituehts of the enzyme
system. For example a tertiary system containing a metal ion cofactor,

M; a substrate, S; and aﬁ enzyme, E; may have at least two different

gequences of combination:
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Mechanism I ., - . .- - - - o Mechanism II-
1) E+M = .EM. . 1) M+8 === MS
2) EM+S5 T———r= . EMS . . . - -2) M5+ E T="2 EMS
-3-> EMS = w3y EMo+ P 3) EMS —-——«—}Ew

where P, EM and IMS are the product, the enzymenmetal ion complex and the
enzyme-metal ionssbustrate complex, respectivelya ‘The mathematical treat-r

69,114,146
ment of these two sequences gives the same results, namel 95

'v. = k (E) / 1+ Km/(S) + Km/KX,m(M)(s)] o | “eq. VIII

-~

wnere v is the Velocity of the_reaction; k 1s thevspecific rate eonstant
of‘the.decomyosition-of EMS intofEM or.E pius P; K, is the Michaelis con~
stant; Kx m is the association constant for the formation of either EM
or MS; and the terms in parentheses are concentrations of the respective
constituentso It follows bhat it is not possible to determine the sequence
of combination of the substrate or the metal ion with the enzyme from the
usual:LineweaverABurk analysis.of the kinetic data. .

" It should be nbted'tnat there 18 a third mechanism for the formation

of the enzyme;substrateumetal'ion complexo This can be writtenlas followss
E+8 ST==== ES; FHS +M s===s2FMS; EMS—>E+ P+M

where ES 18 the ennyneésubstrate complex.andsthe'rest are;the seme es‘ebote{
This mechanism is distinguishable from Mechanisms I and IT in that only the
Kp/(S) term iﬁ'eqnation VIIT above is altered to Km/(M)f, Cleerly‘thig is.
easily differentiated from the kinetics of Mechanisms I.and IT. .
Despite the fact that & simple analysis of the kinetic data cannot tell

the difference between Mechenisms I and II, several investigators



nevertheless attacked this problem along two lines. One approach Waé to
compare the association cénstants of the metal ion for both the‘pure enzyme
and the pue substrate:with the kinetically determined <:'ons’can1:,.l)+6 ‘The
other approach was to measure the rate of the reaction in both the for-
ward and reverse directions and obtain kinetically the value of Kx;m,lu7‘
If the same value is obtailned for the reaction in both directions,
Mechanism I is favored, wheréas if the values are different (corres-
pomding to the difference in binding of the metal ion to the different
substrates), then Mechanism II is favored.. Both approaches have been
applied for the study of the enolase system and it was found that the
date. are consiétent with Mechanism I,

When the enzyme of the substrate is not pure or when the réaction
does not proceed reversibly to any degree, the above-mentioned approaches
are not applicable. Further compiication is encountered when another sub-
strate participates in the reaction. (Actually the reaction catalyzed
by englase in the reverse direction; that is, the cénversion of phos-~
phoenolpyruvate to 2-phosphoglycerate 1s a two-substrate reaction. The
second substrate is water and therefore its concentration remains constant
duriné the reaction). The carboxydismutase system falls within this
éategory; namely, that both the enzyme and the substrate (RuDP) aré im~-
bure, that the reaction is a two-substrate reaction aﬁd that the reaction
is observed to be irreversible. . In view of these complications recourse

‘must be made to another approach for the study of the mechanism of acti-
vation of the enzyme. TFortunately there is one approach which can simplify
the determination of the activation mechansim, providing that thereAis
a time effect in the activation of the enzyme (the preincubation effect).
In fact, in some cases, the time required for the actlvation of the enzyme

may be extended over a measurable time interval by lowering the preliminary
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incubation:temperature.-.Such is the case for carboxydismutase; see for
example the discussion of The Preincubation  of Metal Ions with Carboxy- .
dismutase, in the Presence and Absence of .Bicarbonate.:

It should be noted that the existence of a time effect in the activa-
tion of an enzyme is not proof of-t.hevmechanism° Often the lag period,
" obtained when the enzyme is not preincubated with the métal ion,'disappears
whén the enzyme is further purified. Furthermore fhe lag period may not -

1ke

be directly involved with the primary process of activation.~ The inter=-

pretation of the preincubatidn effect,: then, must be approached with due

caution.

-Regardless of this uncertainty, experiments were performed in which

carﬁoxydismntase‘was preincubated with Mg++, RuDP, and Hclkog, in various
sequences and combinations. The results are shown in»Taﬁle XIX and Fig. 38.
Clearly the enzyme 1is moreiactive when it.is preincubated with-either metal
ion or bicarbonate first than when it is preincubated with RuDP first,
Table XIX. Moreo?er, in the presence of metal ion, the activity of the
enzyme inéreases as a function of Increasing time of preincubation with bi-~
carboﬁate whereas the activity decreases as a function of preincubation
time with RuDP, see Fig. 38. |

One interpretation of this phenomenon is that the enzyme combines with
the metal ioﬁ (or bicarbonate) first followed with Eicarbonate (or metal
ion) and then, finally, with RuDP. Whether the metal ion forms a complex
.with the enzymevbeforewbicarbonate,ror vice versa, is uncertain. The case
where a magnesium-bicarbonate type complex combines with the enzyme (in
effect, the simultaneous attachment of the metal ioﬁ.and bicarbonate to

the enzyme) is also not excluded. In the latter case the metal ion can

serve as a connecting bridge between ‘the free amino groups of the enzyme
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Total Total
counts/min counts/min
S S
S1, EMS; —2» PGA 24,000 _E. MSE —2, p6A 23,000
E+M—>EM% Sy ' M+5|""—‘>'M31\Sa~ £
EMS; —— PGA 13,000 MS(Sp—=— PGA 14,000
M., ESM —24PGA 24,000 _E. MSE —2Le PGA 10,000
E+S| —F-ES| S2 M+52_"M32 Sy
TS Ees5,—Ms PGA 13,000 \" Mszs,L» PGA 12,000
Sty ESpS) —¥> PGA 9,400 ' E_» 54526 —> PGA 11,000
E+Sz—>—ESgi Sy 51+52""—>5|32(: E
ES;M —+ PGA 10,000 ‘ ${SpM—=—> PGA 11,000
ond : qst ond
Preincubation Incubation ' Preincubation Incubation
(each 10 min, 0°C) (5 min, 25°C) (each 10 min, 0°C) (5 min, 25°C)
E: Carboxydismutuse Sy NoHC’4O3 S»: Ribulose-1,5-diphosphate
. M: Mgt PGA: 3-Phosphoglyceric Acid-1-C'4

MU-16949

Table XIX. The preincubation of carboxydismutase
with substrates and cofactor Assay condition: Assay II.
In each incubation mixture, in pM: MgCl,, 2.0; tris,
15 pH 8.3; NaHCl40,, 1.35 at 20 pC; RuDP, ca.
0.07; and enzyme (32 to 46% SAS ppt of the chloroplast
extract of Tetragonia, Method III, lyophilized powder
stored at -15YC for 29 months), 25 pg. Final volume:
200 pl. Preincubation conditions: lst component prein-
cubated 20 minutes and 2nd component preincubated

10 minutes at 0°9C with the third component. Incubation
conditions: 5 minutes at 25°C. Stable reference standard:
4,600 cpm. :




Total Counts /Min (Thousands)

-160-

' ®—® Enzyme  plus Mgtt (0.01 M)
preincubated with HC'405" (0.0067 M)

O—0 Enzyme plus Mg** preincubated with
RuDP :

® Enzyme preincubated with HC'?03

o Eniyme preincubated with RuDP

All incubations at 25°C, S min.

q 1 I J
295 0 20 30
Preincubation Time (Min)
MU-16943

Fig. 38. The preincubation of carboxydismutase with
- substrates at 0°C. Assay condition: Assay II.

In each incubation mixture, in pM: Enzyme (32 to 46%
SAS ppt of the chloroplast extract of Tetragonia,
Method III, lyophilized powder stored at -15°C for 29
months), 25 pg; MgCl,, 2.0; tris, 15 at pH 8.3; NaHCl%0;,
1.35 at 20 pC; and RuDP, ca. 0.07. Final volume:
200 pl. Preincubation conditions: Temperature, 0°C.
Enzyme plus Mg'H’ case, enzyme preincubated 1 minute
at room temperature with MgCl; and tris, then pre-
incubated with one of the substrates; reaction started
by addition of the second substrate. Enzyme case,
enzyme preincubated with one substrate shown above;
reaction started by addition of the other substrate plus
MgCl,." Incubation conditions: 5 minutes at 25°C.
Stable reference standard: 5,800 cpm..
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and bicarbonate, perhaps similar in many respects to an amine-cobaltous-
carbonato complex.

Another explanation for the activation phenomenon is that either the
metal ion or bicarbonate activateé the enzyme not by acting at the active
sites, but at some sites adjacent to them. A conformation change of the
enzyme is induced and this change is accompanied by the activation pro-

2,146,148 -
cess. It is perhaps noteworthy that this activation process
by bicarbonate does not directly involve the bound bicarbonate for the
carboxylation of RuDP. Once the enzyme is activated, the carboxylation
can occur through the combination of the unbound bicarbonate with RuDPo

A third factor to consider is the presence of unlabeled bicarbonate
in the reaction mixture. This is inevitable since the pH of the incubation
mixture is 8.3. The amount of unlabeled bicarbonate present in the incu-
bation mixture, excluding that already in the radioactive bicarbonate,
was generally about 0.09 puM. This value represents about 7% that of the
added labeled bicarbonate. If the unlabeled bicarbonate is bound to the.
enzyme, the preincubation effect may then be an exchange or displace-
ment of the unlabeled bicarbonate by the radiocactive bicarbonate. (Exchange

149,150

reactions in native proteins proceed instantaneously, but easily

exchangeable hydrogens in native insulin requires at least 30 minutes for
complete exchange with deuterium oxide at 37° ¢).T2T

The decrease of activity of the enzyme when.it is preincubated with
RuDP is due to substrate inhibition, the inhibition being larger the
longer the enzyme is allowéd to stand in contact with thel inhibitor. Con-
sider, for example, the inhibition of carboxydisﬁutase by threose diphos-

b M, threose diphosphate inhibits the enzyme

phate, Table IX. At 8 x 10~
by 20% when it is not preincubated with the enzyme while it inhibits the

enzyme by 35% when it is preincubated with the enzyme for 2 minutes at
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250 C. If the compound is preincubated with the more active enzyme-metal

ion combination, however, then the inhibition is still larger, 55%.  These
experiments show that diphosphates inhibit the enzyme by competing for the
active sites and for the activating metal ion.

The Mechanism of the Reaction: The mechanism of the ecarboxydismutase

reaction was proposed by Calvin as proceeding through an enolization step

followed by a carboxylation step and finally, a hydrolytic cleavage stepolLS

These steps are shown as follows:

CH,0® CH,0® CH,0 : CHX0
l=o o o (I‘iOH + CO,  TO,CCOR + OH™ "ogcclzor—{
H<|30H (_____ foE == c=0 +E'e—= &
HCl;‘OH. o HCOH HCOH : COs
C|)H20® ) CH0(® CHp0 (P HCOH

c'mgo

If this mechanism is-true,,then incubation of unlabeled RuDP in water

labeled with deuterium or with tritium, whould yield in the absence of bi-
carbohate, RubDP which.is labeled with deuterium or with tritium. On the
other hand, if the incubation is carried out in the presence of bicarbonate,
then the ﬁroducﬁ PGA should be labeléd with the tracer. Such an eXperiment
has been carried out by‘Horeckef's group and, in fact, the results were as
predicted aboveo_l36 One interesting'faét derived from their resulté is that
the enolization step appears to be enzymicaliy catalyzed. It seems élso that
the carboxylatioﬁ step requires the enzyine3 since in the absence of the
enzyme, some enolization of RuDP occurs. It is likely that the hydrolytic
cleavage step is nonenzymic,_such compounds as the P-keto acid being extremely

unstable towards hydrolysis.
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Although neither the enol form of RuDP nor the P-keto acid has been
isolaﬁed from the invvitro systgm by Horecker's group, it ig likely that
these compqunds are real intermediates of the reaction., Moses was able
to detect, in chromatographic quantities in Chlorella, a 7¥-keto agid»
along with a compound tentatively identified as the lactone of the 5fketo
acid,76 The 7-keto acid is apparently not involved in the primary car-
boxylation of pphébvosynthesis since a decrease in the Coerpreséure in the
algae.does not influence the»concentration of this compound within thg
cello-152 This fact suggests that the y-keto acid is a stable end product
arising irreversibly from either g direct qarboxylation or from a precursor
such as thevB—keto acid. The lack of appearance of the p-keto acid may
be due to the instability of this acid, it being decomposed by the subse-
quent work-up.

There were many attempts to-demonstrate the existence of this B-keto
acid in.the isolated enzyme system. Conditions for the incubation were
varied, among them being the use of high concentrations of PGA apd RuDP
as inhibitors to block the-gnzymic sites in the hope that the keto acid
intermediate will accumulate. Another reaction was carried out in deu-_
terium oxide in order to slow down the hydrolytic step. The reactions
were stopped with a variety of agents, for example, strong acid (HCl),
stroﬁg alkali (NaQH); weak alkali (NH)0H), a reducing agent (NaBHY, to
comvert the unstable keto acid to the more stable hydroxy acid), alcohols
(methanol and ethanol), and even acid phosphatase (Polidase=-S, to dephos-
phorylate the unstable compound, thereby, perhaps, making the product
slightly more stable). Finally, a variety of analytical methods were
used; some examples were long exposures of X-rgy films tq the carboxydis-

mutase reaction product after paper chromatography, and paper electrophoresis
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of the reaction product usihg‘bicarbohate as the bu_ffér° th the.latter
method the pH of the buffer was the same as that of the incubation mixture.
The incubation mixture was applied difectly on tﬁe paper, previously
equilibrated with this buffer, without sto@biné the reaction. It is in-
teresting to note that radioactive bicarbonate, when subjected to electro-
phoresis in this buffer, glves a discrete radiocactive spot moving. towards
the anode. Despite these rather'éxtensive studies, they failed to produce
any evidence for the existence of the-postulated B-keto acid intermediate.
Most iikely, thexamoumt of this acid is tob small to be detected even by
tracer techniques. |

It is worthwhile to speculate fﬁrther on the presence of the 7-keto
acid found by Mosesj6 Apart from the explanationé already proposed by
this worker, it may bé that this acid reflects the reservoir size of the
related B-keto acid. If'this is true, then the implicationé are that car-
boxydismutase ig;zizglis quite different from carboxydismutase in vitro.
The‘rate of formation of the B—keto acid in the former case would be much
more rapid thén in the latter case; therefore accumulating keto acid and
PGA, respectilvely.

If either the p-keto acid or ‘the f—keto acid is>reduced with borohydride,
a phoéphorylated branch-chain hydroxy acid is formed. Dephosphorylation

of the reduction'produét‘would'produce hamamelonic acid and its isomers: ,

?oo‘
HOHCCOH
HCOH hamamelonic acid or 2-C(hydroxymethyl)-
HCOH . D-ribonic acid.

CH,OH
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Related to this compound is,the compound found by Kandler when he
fed cyanide to algae during photosynthesis in the presence of 002,30
This compound appeared in the diphosphate region of a two-dimensional
chromatogram (butanolnprOPionic acid-water and phenol-water). When this
diphosphate area was trqateq with acid pﬁosphatase, two new spots appeared
(in addition to other known sugars). Further characterization of the de-
phosphorylated material by rechromatography and psper electrﬁphoreéié at
different pH's showed that these two spots were related; one being the

acid and the other being the corresponding lactone. This compound was ten-
tatively identified as hamamelonic acid.

Following the discovery of this néw compound, Rabin, et al. suspected
that it might have been an artifact of the experimento66 For example;
ribulose can react with HCN to form the branch-~chain cyanohydrin which,
upon hydrolysis, yields hamamelonic acid0153 It was conceivable, there-

fore, that the diphosphaté of hamsmelonic acid and its epimer-(HmDP) can

“be obtained in a similar fashion. Indeed when RuDP was treated with

cyanide, either at pH 6 or 11 for 16 hours at room temperature, the reac-
tion proceeded to nearly 100%, allowing for impurities present in the
crude RuDP starting material. The extent of the reaction was followed by
taking a known aligquot portion of a radioactive cyanide addition product
(HmDPuclu), acidifying it with acetic acid, counting the plated sample,
and comparing the counts per minute with the known specific activity of
the starting labeled potassium cyanide.

Chromatography of HmDP-ClLF in two dimensions using the routine solvent
systems showed 87% of the redioactivity in the diphosphate region. When
HmDP-Clh was chromatographed in butanol-propionic acid-water system for

48 hours, there was one main radioactive spot accompanied by a streak of
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several minor spots. The Re of the main spot is identical with that of
RuDP. In the ethanol-formic acid-sodium molybdate'sysfem, a éeparation

I

of RuDP from the major spot of EmDP-CT' was achieved, see Table XX. (The’
unlabeled HuDP was also cochfomatogréphed in the latter sol&ént system with
HMDP—Clu, Exact colncidence was’obtéined between the phosphomolybdate
color and the radioactivity)° in the alkaline solvent systems such as
methanol ~-ammonia-water and n—ﬁropahol-ammonia—water, RuDP is unstable and
therefore is destroyed dﬁring chromatography, one more evidence that HuDP
is, indeed, different from RuDP. All of the solvent systemé gave at least
N

two spots when either HuDP or HmDP—Cl was chromatographed.

Before studying thg proPerties'of HmDP by electrophoresis, the éondi=
tions for the conversion of authentic hamamelonic acid to its lactone and
salt or ionic form were determined. The aéid was first generated from its
phenylhydrazide by refluxing the latter in the presence of Cutt, After 5
hours,'éll of the phenylhydrazide appeared to be removed as evidenced by
three facts: 1) all of the starting maferial went into solution, the phenyl-
hydrazide being relatively insoluble in water; 2) chromatography of the
v product in the routine solvent systemsvfailed to show any sign of a 3pot
with an Re of the phenylhydfazide (ca; 0.9 and‘007 in the phenol-water and
butanol -propionic acid-water direétions, respectively); and 3) the ammoniacal
silver spray for reducing sugars gave a negative result, this spray being
extremely sensitive for the detection of the phenylhydrazide since no heat
is required for the test whereas for the detection of the salt of hamamelonic
acid and its lactone (and even reducing sugars such as fructose) a tempera-

ture of 80 (C for at least 10 minutes is required before a positive test

is obtained.
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TABLE XX

* . : B N
P-Constants of Various Phosphate Esters during Paper Chromatography

and Paper Electrophoresis

Solvent MeOH-formic — MeOH-NH,-  PrOH-NH,- EtOH-formic  Ammonium
or buffer acid water water water acid-water- formate,
..... . . L ) . - mol'ybdateA pH 308

Paper No. 1 No. 1 No. 4 No. 1 : No. 1
(Whatman) :

Pretreat- EDTA-HC1 EDTA*BC1 Oxalic EDTA-HC1 Unwashed
ment of washed washed acid washed

paper washed

Compounds

P; 100 100 100 100 100%**
RuDP 80 100% _— 30%¥ 110
HmDP 80 90 30 4o & 20 110 & 120
3-PGA 90 110%* 110 50 120
2-BGA 90 110%* 100 60 ---

*. ’ ’
“P-constant is defined as the migration of the compound relative to ortho-

Ly

phosphate (Pi) It was measured from the densest region of the spot to the
origin and is given in percent. All percentages were roﬁnded to the nearest

ten. The P-constants of 3-PGA and 2-PGA for.both methanol solvent systems aré
different from th;se quoted in the article by Benson. These differences are
attributed to differenﬁes in temperaﬁure of chromatography and in the paper used.

- . .
These compounds streaked in the direction of higher P-constants.

***All P-constants in this column are measured in the direction of the anode.
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Hamamelonic acid exists as a lactone as shown by chromatography when
the former is allowed to stand at pH 1l at 370 C for 16 hours. At PpH 2.9
a second spot on the chromatogram is obtalned with an Ry correspondlng to
that of the ionic form, the ratlo of lactone tO'salt being gbout 3 to 1 as
estimated by the densities of the reduced silver -spotsf_ A third spot
appeared at pH 406, tnis one having the-same Rfas that of nhe'salt in theﬂ
butanol -propionic acid-water direction and the same Rf as that of the lac~
tone in the phenol-water direction. (This compound may be the.free acid).
Finally, at pH 6.8 or higher, only the salt form can be seen.
The rate of conversion of the ionic form of hamamelonic acid to lac-
tone or vice versa cannot be determined by the experiments described above.
Some clues, however, are provided by the behavior of.these solutions towards
chromatography. . Thus.tnevlactone obtained at pH 1 is not converfed to
-the corresponding salt form during chromatography even though the mixtufe
was exposed to solvents whlch had a pH of ca. 3 for greater than a sum

total of 6 hours. (Recalled that at pH 2.9 the mixture showed the presence
of both species, the lactone being the_predominant one)., Conversely, the
salt obtained in the pH 6.8 (or higher) mixtures appeared not to be con-
verted to the iactone in the presence.of the same solvents. The conclusion
is fhat.the interconversion of the ionic forn to the lactone, or the reverse;
proceeds very slowiy at roon temperatune at pH 3. |

Having established that hamamelonic acid is all in the lactone form

‘at pH 1, and all in the salt form at pH T, after standing for 16 hours at
37° ¢, the reactlon product of RuDP with radioactive cyanlde (HmDP--Cll‘L

was treated 51m11arly 40 obtaln its lactone and salt forms. Actually
HuDP-C 1k was treated separaﬁely wifh.O,l7 M HC1l and 0;09 M NaOH_for 16 honrs

at 37° C.. (AHmDP is not hydrolyzed by C.l M HCL at 103° ¢ for 12 hours; it
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is unlikely, therefore, that this material is hydrolyzed at the acid pH
and conditions given above.) The acid and alkaline treated HmDP-Clu were
subjected to paper electrophoresis at three pH's, giving the results
shown in Fig. 39 to Fig. k4l,

As in the paper chromatography of the radioactive cyanide reaction
product (HmDP-Clu), paper electrophoresis of this product showed more
than one radioactive spot; The major one haé'the largest mobility in the
direction of the anode° It is worth indicating that RuDP and‘PGA have
about the same mobility as the main spot of HmDP-ClL‘° In fact at pH 8.3
and 9.1, PGA has a mobility slightly greater than either RuDP or HmDP,
although at these pH's the number of charges per molecule of PGA, RuDP,
and HmDP are quite different, Table XXI. It appears that the mobility
of these compounds is, to a large extent, governed by the charge to mass
fatio of the compound.

Although the reaction product of RuDP with cyanidecannot be dis-
tinguished from RuDP on purely mobility grounds, it is still possible to
differentiate them by means of their phosphomolybdate cclors, RuDP giving
a purple coclor and HmDP giving a blue spot.

Both the reaction products of HCluN and K.Cll‘L

N with RuDP gave essen-
tially the same complek electrophoretic pattern. Since the electrophore-
sis at pH 3.8 routiﬁely gave the besf fesolution, only this electrophoreto-

~gram (Fig. 39) will be analyzed in detail. A casual examination of ﬁhe,
electrophoretogram shows that the untreated HmDP (i.e., the original pro-
duct) is a composite picture of the acid treated and the alkaline treated
material. The;mobilities Qf spots i and 2 being similar to-'that of RuDP

suggest that they are diphosphates. That these spots are converted to one

spot of lower mobility, spot 4, by acid treatment, means that the acid
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g PAPER ELECTROPHORESIS : THE ®
REACTION PRODUCT OF RuDP WITH
HC“N

CONDITIONS: pH 3.8 0.1 M FORMATE 1
BUFFER 600 VOLTS FOR

3.5 HOURS
P-GLYCOLIC
; ACID

ZN-2581

Fig. 39. Radioautograph of the reaction product of RuDP
with HC14N after paper electrophores‘is at pH 3. 8.
Product plus OH-: 0.33 pM HmDP-CL% in 55 ul 0.09
M NaOH. Product plus Ht: 0.33 pM HmDP-C14 in
60 pl 0.17 M HCL. Both kept at 37°C for 16 hours.
Original product: HmDP-Cl4 (RuDP plus HC14N),
see experimental section. Amount of HmDP-Cl4 on
the origin: ca. 0.06 pM. Electrophoresis conditions:
pH 3.8, 0.1 M ammonium formate buffer at 600 volts
for 3.5 hours. Temperature: cold tap water.
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2 PAPER ELECTROPHORESIS: THE ®
REACTION PRODUCT OF RuDP
WITH HC“N

CONDITIONS: pH 83 O1 M BICARBONATE
600 VOLTS FOR 275 HRS.

P-GLYCOLIC
ACID

3 6
} — i $ +
MARKER Pl " PRODUCT MARKER ORIGINAL

PLUS OH™ PLUS H+ PRODUCT

ZN-2582

Fig. 40. Radioauto%raph of the reaction product of
RuDP with HC14N after paper electrophoresis at
pH 8.3. All materials and conditions were identical
to those in Fig. 39, except for the buffer and the time
for the electrophoresis: pH 8.3, 0.1 M sodium
bicarbonate buffer, 2.75 hours. -
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B
PAPER ELECTROPHORESIS: THE REACTION
PRODUCT OF RuDP WITH HC"N @
CONDITIONS: pH 9.1 O1 M AMMONIA
BUFFER 600 VOLTS FOR 2.5 HOURS I

@ i

- + + t -+
MARKER PRODUCT PRODUCT MARKER ORIGINAL;

i PLUS OH  PLUS HY PRODUCT
4 risuLose NEUTRAL FRACTION
ZN-2583

Fig. 41. Radioautograph of the reaction product of RuDP
with HC14N after paper electrophoresis at pH 9.1.
All materials and conditions were identical to those
in Fig. 39, except for the buffer and the time for
the electrophoresis: pH 9.1, 0.1 M ammonium formate
buffer, 2.5 hours. T
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TABLE - XXI

The Number of Charges and the Charge to Mass Ratios of Several Organic

Phosphates at Two Different pH's.

pH 3.8 . .pH 8 to 2 . pH 3.8 pH 8 to 9
Compound (Charges per molecule) (Charges to mass ratio)
3-PGA 1.5 3.0 050082. 0.016
RuDP 2,0 hgo-“ 0.,0085 . 0,013
HmDP 2.5 | 5.0 | 0.0071 0.01k4

*gor these calculations, the acid dissociatlon constants of the phosphate
and carboxyl groups were assumed to be the same as those of orthophos-

phate and lactic acid, respectively.
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produced a change in the number of charges in these compounds. A similar
result is obtained with spot 3, which upon. treatment with acid yieids spot
5, although in this case, the changes in the mobilities are much larger than
in the previous case. The mobility of spot 5 corresponds quite well with
that of the monophosphates.  On the basis of the electrophoretic properties
of these compounds, spots 1 and 2 could be the diphosphates of hamamelonic
acid and its epimer, while spot 3 could be the monophosphates of gluconic
acid and altronic acid, both arising from the reaction of cyanide with
ribose-5-phosphate. The last compound.probably originated from the hydrolysis
of ribose diphosphate Wﬁich was present as a contAminant in the crude RuDP,
see discussion on RuDP Prepared by Enzyﬁic Means. Although RuDP itself

is as susCeptible to hydrolysis as ribose diphosphate, little ribulose mono-
phosphate is produced since the hydrolysis of either phosphate group proceeds
at nearly the same rate. The main product of hydrolysis is then ribulose,
which upon reaction with cyanide would yield the neutral cyanohydrin pro-
duct. This is evident in Fig. 39, where.infboth acid and. alkaline treated
sample (also the original sample), the amount of neutral fractions remain
unchanged. The possibilify that spot 3 is hamamelonic acid or its epimer

is excluded because acid treatment of this spot did not give é larger neu-
tral fraction (corresponding to the lactone). Finally it can be said that
spots 4 and 5 are the fespective lactones of spots 1 to 3, thus accounting
for the lower mobilities of the former.

Treatment of spots lauand 2 with acid phosphatase (Polidase-S) followed
by chromatography of the hydrolyéate gavé the patterns shown in Fig. 42 and
43, Almost exact coincidence was obtained with the main radiocactive spot
and the salt of authentic hamamelonic acid for both hydrolysates of spots

1 and 2. Since authentic hamamelonic acid treated with pH 4.6 buffer for
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ZN-2584

Fig. 42. Radioautograph of phosphatased Spot 1 from the
paper electrophoresis at pH 3.8 of HmDP-C14, after
paper chromatography. The outlines of the marker
hamamelonic acid and its lactone, along with other
silver-positive material, have been drawn in. Dotted
lines represent faint silver-positive material on the
chromatogram. The zone labeled '"Hamamelonic
Acid'" is actually the ionic form of this acid.
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LACTONE REGION

Pt

BUTANOL-PROPIONIC ACID-H,0 (II)

HAMAMELONIC
ACID

. ENZYMATICALLY DEPHOSPHORYLATED
SPOT 2 FROM ELECTROPHORESIS
IN pH 3.8 FORMATE BUFFER

5

ORIGIN
PHENOL-H,0 (I) ‘g

ZN-2585

Fig. 43. Radioautograph of phosphatased Spot 2 from the
paper electrophoresis at pH 3.8 of HmDP-Cl4, after
paper chromatography. Lines drawn in are described
in Fig. 42.
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16 hours at 37° C gave a salt to lactone ratio of 2 to 1 according to the
density of their silver-positive spots, the conditions for the phosphatase
action (pH 5.0 at 37° for 16 hours) should yield a slightly higher salt

to lactone ratiof That this is the case is ‘shown in both Fig. 42 and

43; however, the phosphatased spot 1 gave rebﬁﬁmﬁg'more lactone than phos-
phatased spot 2. Numberous other spots (not lactone or salt) are also
present in larger quantities in phosphatased. spot 1 than in phosphatased
spot 2, indicating that conditions are dightly different, e.g., pH of
rhosphatased spot 1 being slightly lower than that of phosphatased spot

2. Note that iﬁ Fig. 42, spot 1' and spot 2' are radiocactive. Since the
sole source of radioactivity was the cyanide used for the synthesis of
HmDP—Clu, then the former spot may be the cyanehydrin of ribulose and the
latter spot may be the free acid (i.e., the uncharged carboxylic acid of
hamamelonic acid or its epimer and similar to the one present in the pH
4.6 mixture of authentic hamamelonic acid). The identity of the other
nonradioactive spots is, at present, unknown.

One other fact can be deduced from these experiments, that 1s the
facile hydrolysis of the intermediate cyanohydrin of RuDP. For example
the cyanchydrin is present in minute quantities in the original RuDP-
cyanide mixture. This is evident from Fig. 39, where spots 1 and 2, on
treatment with acid, yield a spot of lower mobility, spot 4, indicating
that the former spots have more charges than the latter. Furthermore,
dephosphorylation of either spot 1 or spot 2 with acid phosphatase pro=-
duces a radioactive spot which cochromatographed with the ionic form of
hamamelonic acid and its epimer, Fig. 42 and Fig.lh3o While these acids
could arise from hydrqusis under the mild conditions (pH 5.0, 16 hours

at 37° ¢) during the treatment by acid phosphatase, it is improbable
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because the original reaction mixture already contained the'diphosphates
of these acids, spot 1 and spot 2 in Fig. 39. That spots 1 and 2 originated
only aftervthe»action of alkali is discounted by the fact .that the originalf
reaction product gave both of these spots when subjected to paper electro-
- phoresis, sée right hand pattern of Fig. 39. Thus under the conditions of
reaction of HCN.with RuDP (pH 6, 16 hours at room temperature) hamamelonic
acid diphosphate and its epimer are formed. (Note that the conditions for
the preparation of hamameldnic acid are 1, reaction of ribulose with HCN
at pH of ca; 8 for 1 dayvdt;mg'c‘and 2 days at room temperature followed
by 2. hydrolysis with 1 M Ba(OH), at 60° ¢ for 4 to 8 houfs;l5u or until
~ no more ammonia is evolvéd.) :
On the basis of available evidence, the ionic forms of these two com

pounds haveithe following tentative strgcture:

720

c(OH)CO0™

HCOH

HeoH

| ('3'H20'® |
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SUMMARY

An enzyme system has been studied from the standpoint of the purifi-
cation and properties of one of ité substrates, ribulose;l,S-diphosphate
(RuDP), and .the enzyme, carboxydismutase. |

RUDP was prepared 1) by extraction from algae and 2) by conversion

of ribose-5-phosphate (RMP) in the presence of adenosine triphosphate

N

(ATP) and an isomerase-kinase mixture. RuDP--Cl was obtaiﬁed also from
algae by using radioactive bicarbonate as the source of carbon. The

algal RuDP was separated from the other sugar phosphates by peper chroma-
tography and recovered from the paper by elution with water. Studies

with labeled RuD? showed that aboﬁt 459 of the total radicactivity fixed
by algae (2 to 3 minutes photosynthesis followed by 30 seconds flushing
with nitrogen gas):was located in the.diphosphaté region of the  chromato-
gram. Of this diphosphate area, at least 70% was RuDP. The enzymically
prepared RuDP ﬁés separated from the starting material (RMP) and the )\
intermediate ribulose-5-phosphate by aqueous ethanol fractionation of the
barium salts of these substances, that of RuDP precipitaﬁing in 50% aqueous
ethanol.‘ At this sﬁage, a yileld of the order of l‘g of crude product
(barium salt) was oBtained per g 6f barium RMP. This preparation contained
about 70% organic phosphate, the rest being inorganic orthophosphate.
Chromatography of this crude material on a Dowex-1 (formate) ion exchange
column gave a diphosphate fraction made up of 80% RuDP and 20 % ribose
diphosphate. RuDP was found to be unstable, hydrolyzing easily to form

as the main product, not ribulose monophosphate, but free ribulose. RuDP
in aqueous solution also decomposed rapidly in air; the main products in

this case were phosphoglyceric acid (PGA) and phosphoglycolic acid.
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Source materials for carboxydismutase were Tetragonia expansa (New

Zealand spinach) and Chlorella pyréhbidosa. The enzyme from Tetragonia

was purified by ammonium sulfate precipitétion of either 1) the clarified
crude extract, 2) the acetone powder of the clarified crude extract, or‘3)
the water soluble chloroplast extract. On the average, the yield per 100
g of fresh leaves wasvllovmg, SO‘mg and 30 mg for the respective methods.
The purification (the ratio of the specific activities; in units per mg pro-
tein,'of the'purified fraction to that of the clarified crude extract) was
approximétely 3 lO? and >10, reéspectively. Further burification of the
ammonium sulfate fractionated crude extraét was attempted using various
classical techniques such as heat, acetone, ethanol and isoelectric pre-
cipitations, but all without success. |

The ehzyme from Chibréliafwas the clear supernatantAliquid obtained
aftef-centrifugation of the suspehsion of sonically ruptured algge and
was used directly without»purifiéatidn. This crude extract was found to
have_; behavior similar to that of Tetragonia when éubjeéted to ammonium
sulfate fractionation, the activity precipitating in the same ammoniﬁﬁ sul-
fate range in b&th cases, |

ﬁomogeneity studies dn some of the prepérations obtained from Tetragonia,
employing ultracentrifugal methods, spectrophotometric mefhpds and enzymic
assays, indicated that the most purified fraction was the ammonium sulfate
precipitated chloroplast extract, although paper electrophbresis and N-
terminal aﬁino acid analysis suggested that this preparation was far from
pure. |

The course of the carboxydismutase catalyzed reaction was followed‘by
counting'the acid-stable, non-volatile fi?ation of radioearbon from labeled

bicarbonate when incubated in the presence of unlabeled RuDP and the enzyme.
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The product of this reaction was shown to be unequivocally 3-PGA by

paper chromatography.: An alternate way for determining the extent 6f

the reaction was achieved by incubating RuDP—Clh with unlabeled bicarbon-
ate in the presence of_carppxydismutase and following separation from
other radioactive'compoundé by paper chromatography, the 3-PGA was counted.

Certain divélent metal ions were required for full activity of the
carboxylation enzyme, among them-being_Ni++, Mn++, cot* and Mgtt in de-
ereasing érder of their effectiveness. Addition of cysteine to the Mg*t
activated syétem enhanced the activity of the eénzyme only slightly.. *

A seriés of phosphorylated compounds served as inhibitors, these
being thiamine pyrophosphate, 3-FGA, threose'diphosphate, and ATPo»*ﬁméng
the inorganic inhibitors were included hydroxylamine, fluoride, phosphate,
and arsenaf-e° ,Aithough-avidin decreased the activity of carboxydismutase,
the addition Qf biotin to this system did‘not restorerthe‘acfivity of the
enzymes | |

Preincubation of thé enzyme with Nit+ in the presence of Bicarbonate

at 0° and 25° C gave a sharp rise in the activity followed by a gradual

‘decrease in the activity of the enzyme as a function of preincubation

time. On the other hand, when the enzyme was preincubated with Mg*t at

o° ¢ (éither in the presence of bicarbonate or the absence of bicarbonate),
the activity of the enzyme increased abruptly and then léveled off as the
preincubation period was increased.  Preliminary incubation of the enzyme
with Mg** at 25° ¢, however, showed no indrease‘in activity of the enzyme;
instead a small decrease of activity was observed after long periods of
preincubation. =These results along with those of experiments carried out
at 0° C indicated that the activation of‘the enzyme. involved the unfolding

of the protein prior to the binding of the metal ion. - Furthermore, these
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facts suggested that Mg++ is the true cofactor for carboxydismutase. Con-
sistent with this notion is the-factvthat an aged enzyme preparation was
oﬁly activated by Mg++.

The activity of thé enzyme was linearly dependent on enzyme concen-
tration. Both bicarbonate and RuDP also exhibited a similar behavior at
low substrate concentrations, but at high concentrations, the former gave
a typical saturation curve while the latter showed a slight inhibitory
effect.

A typical bell-shaped curve was obtained for the activity as a func-
tion of pH, the activity maximum being at pH 8. The low agtivity of the
enzyme at lower.pH's was attributed to the instability of the carboxylation
enzyme on the acid side of the PH ﬁ0ptimum,"

The éarboxylatidn enzyme was stable for long periods of storage, the
crude extréct of Chlorells being fully active after.storage‘for_>3 months
at -20° C and a lyophilized preparation of an ammonium sulfate fractionated
chloroplast extract of Tétragbhia‘having 35% of its original activity when
kept at -20° ¢ for >2.years.. The activity of carboxydismutase was also
stable towards Clu radiation.

The cérboxydismutase reaction was found to be irreversible under the
conditions employed. .

Carboxydismutase feqpired RuDP and bicarbonate as substrates; no other
compounds served as substrates. Although the ig_zizg rate of fixation of
carbon dioxide is within an order of magnitude of that of the in vitro rate,
the saturation concentration of total COp species for maximum rates of fixa-
tion in the ig'ﬁizzgqsystem is LO times that in the in vivo system. From

this fact it was surmised that the actual carboxylating specie is dissolved

COps; not bicarbonate.
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The enzyme occurs in higher plants in the leaves, roots, peels, etc.
In addition both photosynthetic and non-photosynthetic microorganisms
contain this carboxylation activity. It is not clear whether all of the
carboxydismutase activity resides in the chloroplasts of higher plant
leaves, although it Was deduced from specific activity considerations
that the activit& is concentrated there. The carboxylase activity does
not seem to be in mammalian tissues.

The mechanism of enzyme action involves two steps, the mechanism of
activation of the enzyme and the mechanism of the reaction. Preincuba-
tion studies with the substrates showed that when the enzyme alone, or
when the enzyme plus metal combination is preincﬁbated with bicarbonate;
the activity of the enzyme increases as a function of preincubation time,
but when preincubated with RuDP, the activity decreases as a function of
preincubation time. One interpretation for these results is that the
formation of an enzyme-metal ion-bicarbonate complex is required prior
to the carboxylation of RuDP., *

Altﬁough a diphosphate ester of a B~keto acid was postulated as the
intermediate of the carbbzydismutase reaction, all efforts failed to pro-
duce any evidence for its existence. These efforts included variations
in conditions for the incubation, variations in conditions for terminating
the reaction, and application of different analytical methods. The
similarity of the reduced form of the dephosphorylated p-keto acid to
hamamelonic acid led to an investigation of the reaction of cyanide with
RuDP. This reacion, a facile one, led to a product which was tentatively
identified as the diphoéphate of hamamelonic—aCidvand its epimér (and not

the cyanohydrin).
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