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CARBOXYLATIONS AND DECARBOXYLATIONS
Melvin Calvin and Ning G.Pon

Department of Chemistry and Lawrence Radiatlon Laboratory
 University of California, Berkeley 4, California

Abstract
April 21, 1959

A brief survey of decarboxylation reactions and carboxylation reactlons
that are known or presumed in biological systems will be presented. While a
considerable number of smino acid‘decarboxylatidns are known, their mechanisms
will not be included 1n the present discussion but will be reserved for s later
paper in the symposium.

The remaining decarboxylation resctions may be subdivided into oxidative
and nonokidative decarboxylations. In most cases, these reactions are practically
irreversible éxcept when coupled with suitable energy-ylelding systems. The
carboxylation reactions which are useful in the formatlon of carbon-carbon
bonds in blological systems seem to fall into two or thrée groups: those which
exhibit an apparent ATP requirement, those which exhibit a reduced pyridine
nucleotiae requirement, and those which exhibit no apparent ATP reqpirement.
Of the first group, at least four cases, and possibly six or seven, are known,
and one interpretation of them involves the preliminary formation of "active"
carbon dioxide, generally in the form of a carbonic acid-phosphoric acid anhydride.
Those exhibiting no apparent ATP requirement seem to be susceptible to class-
ifications as enol carboxylations in which the energy level of the substrate
compound is high, rather than that of the carbon dioxide. There appear to be
at least three examples of this lattér type known, amongst them being the carboxy-
dismutase reaction of ribulose diphosphate with cﬁrbon dloxide.

| Some discussion of the thermodynamics and possibie mechaniem of this

reaction will be given. A possible alternative to the "active" carbon dioxide

mechanism for the first class of carboxylation reactions which would bring them

into the formal relationehip with the others msy be presented.
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The subject for discussion, as Zlven in the title, is carboxylations and
decarboxylations. In a symposium addressed to the mechanism of enzyme action,
the nature of carboxylation and decarboxylation reasctions defined by theése terms
would naturally be those that are carried out by enzymatic means. I think 4t is
clear that we are going to have to limit the nature of the cafboxylation-and de=
carhoxylation reactions with which we will be concerned, and I shan't try to re-
view all of the carboxylation and decarboxylation reactions that appear ih the .

- literature. We will not consider in this discussion the decarboxylation and
carboxylation reagtions involving the alpha carboxyl group of amino acids. This
has 1its proper place at a later point in the syﬁposium, in the colloquim in which.'
Professor Snell will be discussing transamination reactions. These decarboxylaﬁionéf
ere rather closely related to the tramsemination reaction -- there are similar cosl
factors involved ~-- and so we will exclude from our conslderation the amino acid -
carboxylation and decarboxylation resctions.

Fﬁrthermore, the interest in this subject, at least in our laboratory, ig
primarily in terms of carboxylation reactions rather thon decarboxylation reactions.
So I would ask you to focus your attehtion on reactions in which carbon dioxide’ia
added to another carbon atom to form a new carpon-carbon band, resulting in a care
boxylic’acid. This automaticselly will also exclude from our discussion the carbo#y-
lation reactions in which carbon dioxide reacts with atoms other than carbon, such
as nitrogen, to form materials like carbamyl phosphates, urea groups and the,like-'

We will be concerned, then, primarily with the addition of carbon dioxide to some
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carbon skeleton, in which/néw carbon-carbon bond is formed and in which a carboxyl
group is created. Those considerations of decarboxylation reactions which we will
make will be brought in rather in férms of what:light they can throw on the nature
of carboxylatlon reactions rather than for the sake of the decafboxylationvreaction
itself or fof the sake of the completeness of the discussion.

In reviewing the mechanisms of such enzymatic carboxylation reactions;”one is
struck by the faét that there seems to be no uneéﬁivocal deseription of a primary
product formed between the enzyme,. or a'cofactor; and carbon dioxide prior to the
appearance of the new carbon-carbon linkage. Fér examplé, if we were to consider
one of the longest known of carboxylation reactions (or decarboxylation réactiogs)
the decarboxylation of pyruvic écid by the enzyme carbo&ylase to give acetaldehyde
and‘carbbn dioxide, there 1s no ihdication in the literature of an intermediate (a
carrier of 002) between pyruvid acid and the liberated carbon dioxide(Green, Herbert
'and Subréhmanyan, '41). Another reaction of tﬁe reverse type has been studied;
namely, the carboxylation of pyruvic acid to oxaloacetic acid, leading toithg
formation of & new carbon-carbon bond (Kaltenbach and Kalnitsky, '5L). Again,

CH3-8—CQQ¢{ carboxylase N 'CH3~CH=Q + CO,

thiamin pyrophosphaté .

Reaction k4, Table 1
in this reaction, there is no déscribed evidence of an intermediate involving-COE
lying between thevcarbon dioxide and the new carbon-carbon bond that 1s 'formed in

the oxaloacetic acid. That is, the carbon dioxide mey or may not be bound to enzymes

CO2 + CH3-8-002H > HOQC-CH2-8-COEH

Reaction 5, Table 1
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or cofactors before it 1s bound to the pyruvate skeleton, but 1f it is, we hawe
no description of such en intermediate.

This feet is a curious thing, because in most other enzymatic reactions in
vhich a emall group is picked up and handed on to be combined with a larger one,
or with another one, in general there have appeared intermediates in'which the group
to be transferred ies found bound to either the enzyme or to a catalytic amount of
cofactor which functions in conjunction with the enéyme for moving the'group around

before it appears in its subsequent substrate form. Therefore, in order to get some
clue as to how such carboxylatidn and decarboxylation reactions might develop, one.
has to turn to the purely chemical systems and surmise from the mechanisms which
are proposed for sich purely chemical systems, what might be the aitu_ation in the

- blological carboxylation and decarboxylation reactions.

There aré two purely chemical carboxylations which are very common. One 6f'l
them is the reaction of an organometallic compound such as a Grignard reagent |
with carbon dioxide to form a new carbon-carbon bond in which the carbon-oxygen
grouping of the 002 ié presumably inserted betyeen the carbon (cerbanion) and the ”
metal of the organometallic compound; this will work for s number of other organ04" 

metallic materials as well.

(I?:M%X 4+ %-0@ . R~@f0@I‘l§X

rd

The other type of chemical carboxylation reaction with which we are familiar in
organic chemistry is of quite a different sort, involving the carboxylation of the
metal salt of an enol, or phenol, particularly s phenol (Brown, 'Sl)(Pederson; '47).
For example, sodium phenolate, when treated with carbon dioxide at elevated temper-

atures and pressures will produce the salt, sodium salicylate:
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A relative of this enolate carboxylation may very well be fund in the car-

. boxylation of metal salts of nitro alkanes to form the metal chelate of the car-

‘ boxylie acid ( Stiles and Finkbeiner, '59)w++ : ~ 1
: (1/2) Mg~
R-CH,~N + -0 ‘ 4
2 . .. :
H3 dimethyl 7
‘ formamide

R-CH-COH : - H 0, £

+ CH.O
CH3 H

The sfudy of deccarboxylation reactions has given a clue to the possible
‘general character of the qature of the carboxylation reaction itself. This has
been undertaken primarily in connection with the very easy decarboxylation_of
B=keto gcids. Beta keto acids, when héated, very e&;ily lose a molecule df carbon

dioxide to give the corresponding ketone:

'Rfﬁk ‘ A X : | +.C§
Q\ [ — e
SN H -
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The R group may be an hydroxyl, as in malonic meid, or it might be a methyl group,

as in acetoacetic acid, or a carboxyl, as in oxaloascetic acid, and so on. The de=
carboxylation reaction will, in general, lead ultimately to the corresponding carbonyl
compound, and a good deal of work has been done on the mechenism of the decarbomylation,

particularly of acetoacetic acid and 1ts derivatives, and of oxaloacetic acid and {its

derivatives,
//'H\? . f"/}i \o
CH, =~ ﬁ C=0 HO,.C - C éso
3 Neny/ ~ " Newg”
2 2
acetoacetic acid 3 oxaloagcetic acid

In both cases we have peketo acids. The literature indicates that in some cases

thg primary product would appear to be an enol of the corresponding ketone, which
then undergoes tautomerization. In some cases, it appears that the decarboxylationn
can go as fast, or faster;‘when there is no enolizable hydrozen in the 1initial keto
acid, such as the experime;t of Pederson (Pederson '34) and of Westheimer (Westheimer
and Jones, 'hl) and this has led to the opinion that the primary product is at least
& hydrogen-bonded c&rbbnyl, rather then a true enol. The truth of the matter may very
well 1lie in a compromise between the two points of view, and on some occasions the
primary product of the decarboxylation will presumably be closer to the enol and on
others (sterically hindered) the primary product msy very well be simply a hydrogene
bonded ketone. One can then extrapolate this notion that 1€ an enol, or enolic type
of compound is the primary residue for the breaking of the carbon-carbon in a de=
carboxyiation reaction, one might expect that in the reverse operation, where carbon
dioxide ls edded to make a new carbon~carbon bond, one would first have to have a
system which contains a true, or at least a potential, enclic system, prepsratory
for the addition of the carben dioxide to it. This is simply a statement that we

may expect the same transition state to participate in the resction in either direction.
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Tmes of Carboxylation (Decarboxylation) Reactions

An exomination of those enzymatic reactions for which the‘reépirements aré
falrly well established (Table 1) leads to the classification‘oftthe carboxylation,
or reversible decarboxylation, reactions associated with them iq’ihree general types.
Let us formulate them in terms of carboxylation reactions rather than decarboxylation
reactions, even though'iﬁ some cases they are known and have been studied primarily as
decarboxylation reactions. I have tried to organize the best known of the cafboxy«
lation in these terms: Thosg which have an energyvréqpirement in the form of ATP

clesrly eétablished; those which havé a requirement for a reduced pyridine nucleotide;

and those which have no spparent extra energy requirement.

Carboxylation Reactions Requirinz Adenosine Triphoephate as Energy Source

Those carboxylation reactions which have an ATP requirement are as follows:
the carboxylation of acetyl thiol ester in the form of acetyl coenzyme A, to give

malonyl coenzyme A (Wakil, '58' Formice and Brady, '59):

| | i‘
CH3- «SCoA + 002 + ATP — HOZC -CHy~C ~SCoA

(AP 4+ Pi)
Reaction 16, Teble 1

Corresponding to this in form would be the carboxylation of the next higher fatty
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acid ester, propionyl coenzyme A, to give methylmalonyl coenzyme A (Tietz and Ochoa,

(Flavin, Castro-Mendoza and Ochoa, '57). This,again, is an alpha carboxylation.

CH3-CH-@-SC0A + ADP + Pi

COZH

N
CHBCHQZ;SCOA + CO, + ATP

N\
7

Reaction 15, Table 1

Another one for which the purely formal reaction has been well established but for
which the mechaniem is still a subject of some discussion 18 the apparent direct

. \
carboxylation not of alpha carbon atoms but of a gamma carbon atom of a thiol ester

in the form of p-methylsf~hydroxybumyryl coenzyme A (Bachhawat and Coon, 'ST and '58;
Bachhawat, Robinson and Coon, 'S6):
CH3 ﬁ ' THS
CH3-(~CH,-C-SCOA + ATP + CO, S IiOQC-CH2-<l1~CH2-C~SCoA
H o

0

+ (AMP + pyrophosphate?)
Resction 14, Table 1

A reasction which appeared to be closely related to the one described sbove
end was believed to be part of the same system is the carboxylation of B-methyle

crotonyl coenzyme A (Knappe end Lynen, ‘58, '59):

-?HB ﬁ 4 CH

- 0
34
CH3~C=CH-C~SCoA + CO

o + ATP } > HOaC“'CHz =C=CH~C~SCoA

Reaction 22, Table 1

This then would agsin lead to a carboxylation product in which the carboxyl group

'58)
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appeared on the carbon atom gamua to the carboxyl group itself;‘

There is one other reaction requiring ATP which, at the beginning; we have
agreed to pass over, and that would 5e the formatioﬂ of carbamyl phosphate, which
does not involve the formation of ;vnew cérbon-carbon bond and therefore falls out-
side the field of this discussion. These, then, are';il-of the reactions in whiéh

the formel creation of the carbon-¢arbon bond via carboxyiation ie known to require

the presence of adenosine triphosphate.

Carboxylation Reactions Requiring Reduced Pyridine Nudeotide as Energy Source

A second'type.of carboxylationlreaction is the one requiring no ATP but which
requires reduced pyridine nucleotide (TPNH). These reactions are, in general, care
‘boxylations beta to a carbonyl group which do not lead to. the ﬁfketo acid but rather
- to thenﬁ-hyd;oxy acid. There are at least three such CIear~cut.¢aseSa The first is
thg_#érboxylation of pjruvate itself with reduced pyriaine'nucléotide to give, in

. this'case, malic acid directly (Sez and Hubbard, '57)(Ochosa,Mehler and Kormberg, '58):

v ‘ H
| . - o
€O, + CH B*CO, +H + TPNH(plants end animals) HOLC-CH ~gH~COQH + TPN
2 3 28 DPNH (bacteria) ) € 2" _ :

Reaction 8, Table 1

The enzyme vhich forms the malic acid does not make free oxaloacetic acid as a pre~
cursor to the malic acid. |

Another resction requiring TPNH which would be exactly analogous to'this is
@he carboxylation of ketoglutéric acld to produce a'thydroxy acid (Ochoa éndIWEiszf

Tabori, 'L8)(Siebert, Carsiotis and Plaut, '57):
@ ] .
+ _
HO,C-C-CH,-CH,-COH + CO, + TPNH + H > HOoC~CH-CH-CHp~COH

OH COLH

Reaction 7, Table 1
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A third reaction which may belong to this class is the reductive carboxy-

lation of ribulose 5-phosphate to 6-phosphogluconic acid (Cohen, '54; Horecker and

Smyrniotis, '52):
0 0oH

+ o
+ COp + TPNH + H », CH,-CHOH-CHOH-CHOH-CHOH-COH + TP

CHE-CHOH-CHOH-C~AH > 2
be

2
oP

Reaction 9, Table 1
It is not certain vhether an intermediate 3fketo~6-phosphogluconate free of the
enzyme is involved or not. In any case, the reduction is required to show the
reaction as a carboxylation. |
These three reactions all require additional sources of energy in the form
of reduced pyridine nucleotide.

Carboxylation Reactions Which Have No Apparent Extra Energy Requirement

Let us have a look at those reactions in which fhe formation of a new carbon=-
carbon bond is known to take piace without additicn, or the direct participation
s0 far as we can tell, of either adenosine triphosphate or reduced pyridine nucleotide.
There are three of these reactions and the first is the carboxylation of phosphoenol-
pyruvate. This reaction can, in turn, be subdivided into two parts -~ two different
kinds of carboxylation: (1) The first is one in ﬁhich'we produce directly oxaloaCetic
acld and inorganic phosPhate(6rth0phosphate) (Tchen,'Loewus and Vennesland, '65;
Bandurski and Greiner, °'53). (2) The other subgroup of this type is the one in
which the phosPhate instead of appearing as orthophosphate directly is picked up
by adénosine diphosphate to formnot only oxaloacetic acid but, as the other product,
adenosine triphosphhte (Tchen and Vennesland, 'S55)
Type (1) CHp¢-COJfl + C0p + Hy0 5. HO0-Clp-f-COH + PL
v Reaction 19, Table I
Type (2) CHp=C-COH + CO, + gpg;a?:simal) s H02C-CH2-ﬁ-COQH + Oﬁm;TP
P - 0

Reaction 18, Table 1
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These are two different carboxylétion reactions requiring two different carboxylation

enzynme -systems.
in

The second reaction which requires no ATP is the one/vwhich we directly

carboxylate an amino imilazole ribotide derivative of this character (Lukens and

Buchanan, 'S7):

LN - CH 'HéﬁN - C-CO

HC + co -
4yl : —> K-zz-ma
Ribotide - : - ' ibotide

Reaction 20, Table 1

The carbon\dioxide adds_qt the C) to give the h-carboxy~5-amino4§midazole ribotide.
Finally, the third!hajon carbo#ylatibn with which we are fémiliar which does

not require ATP or reducé@ pyridiﬁe nucleotide(&tieast in vitro to produce bhpag

phoglycefic acid) 1s the éarboxylation of ribulose diphosﬁhate (Weissbach -, Horecker

f

end Hurwitz, '56)(M§yaudon, Benson and Calvin, 'S7)(Hurwitz, Jacoby and Horeéker, '56).

ﬁ iHaoP CH,0P o _ZHQOP

@o-c@ f»OH | H020~é-OH : HOx2-C-OH
| 1,0 [

~OH __ =0 2
7 7 H0-0m0

H-C~OH H-C-OH ‘

. | H-C-OH
CH,OP H,O0P @

H,O0P

Reaction 21, Table 1

It thus appears that we have at least three kinds of carboxylation reactions.
An inspection of the three types reveals that there is a source of energy in each

case which 18 required in order to produce the new carbon-carbon bond. This source
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of energy, in the case of the ATP requirement, 1s, obviously, adenosine tri-
phosphate itself and in the case of the pyridine nucleotide reqpiremenf is the
reduced pyridine nucleotide. However, in the case of the carboxylation re-
ection which shows neither ATP nor reduced pyridine nucleotide requirement,

the source of the energy is the substratevitself. The substrate itself is already
in an "active" form in the sense that it 1s an unstable form with respect to

the more stabie isomers. For exsmple, in the case of the phosphoenolpyruvate,
thé energy is stored in the form of enol phosphate. In the case of the imidazole
.we have again the carboxylation of an ene-amine, and in the case of the fibﬁlose
diphosphate we presumably have the cafboxylation of the noncyeclic form of the
ribulose which 1s constrained to go through an ene-diol, since cyclic acetal

formation is prohiblted by small ring size.
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Carboxylation Reaction Mechanisms

Enol carboxylations

What we would like to do is to briﬁg into harmony at least two of these
classes; I'm not certsin that we cen bring the third one into harmony ﬁith
the‘pther two. Let us see if we cen formulate a reaction mechanism which would
be common at least to two types, the enol caxboxylation and the reduced pyri-
dine nucleotide-requiring one. First of all, no furthef descripﬁion 1s re-
quired for the carboxyltion of the enol forms since they already represent
the model types that we spoke of as being the kind of primary product of
_decarboxylation in ordiﬁary chemical decarboxylation and also of the two
casés of chemlcal carboxyiatioh with which we ere familiar.

Thus, one can describe the carboxylafion of phosphoenolpyruvate,
folloving Vennesland (Tchen, Loewus and Vennesland, '55) as & direct car-
boxylation of the enol, leading to the ejeétion of orthophosphate and
fhe formatioﬁ direcﬁly of oxaloacetic acid (see reaction Type (1), page 11 ).
The analog of this, one in which some other acceptor then water is required
for the orthophosphate, nemely, inosine diphosphate or adénosine diphosphate,
might be conside:ed as a more highly evolved system in which some of the ener-
'gy stored in the enol phosphate is conserved in the sdenosine triphosphate
or inosine triphosphate, as the case may be, for further use. In the case
of the ribulose, the carboxyldion is s direct carboxyletion of an enol form
which remains largely in the enol form because of its inability to form the
furanoside ring, there being only three cerbon atoms free and available for
such ring formation. The amino imidazole carboxyltion would correspondingly .
leéd to the ketimine which would tautomerize because of the cyeclic conjugated

structure to give the carboxylated amino imidazole.
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Reduced pyridine nucleotide-dependent reactlons

Thé second type of carboxylation reasction vhich should be included in
this classiflcation is the one which requires reduced pyridine nucleotide as
1tsvenergy source. Thus, one can carboxylite free pyruvic acid to form malic
~ acid directly when reduced pyridine nucleotide is present (5az and Hubbard,
'57; Ochoa, Mehler and Kofnberg, '48). Presumasbly, this will also/%; way
of the_enol form on the enzyme, liberated only as the free malic acid after
reduction by the reduced pyridine nucleotide which is required for this en-
zyme system. A similar arrengement could be set up for the formation of iso-

citric acid from ketoglutaric acid, again using reduced pyridine nucleotide

a8 the essentlal energy source to complete the cerboxylation reaction.

Adenosine triphosphate-dependent carboxylations

Let us now exsmine the class of aboxylation resctlons which have an ATP
requirement to see in what form this energy supplied by the ATP may aétually
perform its function in.producing the,carboxylation reactign. There.héve.been
two éuggestions made with regerd to this function. One was in conmection witﬁ
the carboxylétion of propionyl coenzyme A to féfm a methylmalonyl coenzyme

A (Flavin, Castro-Mendoza and Ochoa, 'ST7).
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This sugge‘sticn involved the primary activation of carbon dioxide 1:0 form
phosphoryl. carbonate. This phosphoryl carbonate would then bé the ‘active'
COx which would be able to carboxylate the alpha pqsition 61;" the propionyl
.. i) [ ©
Adenine-Ribose-0 ~ P - 0 -P -0 - F - O = Q

bo lo bo  ©

1 -

ADP 4 no-ﬁ-d-g-o@
be
phogphoryl corbonste arnion |
CQA m form methylmionyl ‘CoA. There is o seperate enzyme whose presumed
function is the *COz esctivation' to form the phosphoryl carbonate. Another
. enzyme for the carboxylstion itself (of propionyl CoA) and & third for the
isomerizetion of the product formed, methylmﬁlomfl Colk to suceinyl CoA,’
heve also be&ﬁ separeted (flavin, Castro-Mendoza and Ochoa, ‘573 Beck, Fla-
vin ead Octoa, '57). -

The second suggestion fér the function of ATP in a narhoxyla‘cﬁ.on re-
action has been made in connection with vthe carbozylation of hydroxyisovaleryl
coenzyme A to form the BQmethyiL- B-hydroxyglutaryl CoA (Vioeasngr, Bachhavet
end Coon, '58), Bere the suggestion 1s thet the ATP reacts with the coyw
bonate to form adenyl carbonate and ppfrophaspmte vather than splitting the
other way, &8 in the firct suggestlon. Then the adenyl carbonete, called
the ‘active' CO», appears to proceed to carboxylate the mrdro::yissovaleryl CoA

to form the hydroxymethylgluntaryl Cod.



Ad-Ribose -~ O - f
0C

(o

Ad-—Ribose-O-ﬁ-O-—ﬁ:O + HO-P-0-}-0CH
' bo H ®
(2) |

adenyl carbonate

O-———-O
o

In the other two carboxylstlon recctions, nemely, that of scetyl CoA
" to form mmlonyl‘CoA (Wakil, *58; Formice and Brady, '59) snd that of B-methyl;
crotonyl CoA to form gluteconyl CoA (Knappe and Lynen, '58), no direct evi-
. dence or suggestion has been made with regerd to the neture of the ATP re-
quirement.®

It 18 perhaps worth pointing out at tms:juncture that neither of -
these tvo 'active' C0» products have been isolated or demonstrated directly
in the enzyme preparstions. A synthesis of the adenyl carbonate ethyl ester
has been performed by Coon (Bachhawat and Coon, '57; Bachkhawat, Woessner
and Coon, 'S6) using the silver salt of adenylic acid end ethylchlorocarbonate,
and the crude product of that reaction has dbeen cleimed to substitute for
the ATP requirement in the carboxyletion of the hydroxylsoveleryl CoA.
This'statement was made in & brief communication and no amplification hes
yet appesred, so perhaps we had better reﬁerve?judgment'with regard to it for
the moment end see if some other unifying mechsnism may be devised to eccount
.for the ATP requirement which would bring the ATP-requiring carboxylgtion
reactions into a coherent pattern with the other two groups which we have

already described as enol carboxylations.
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A rather obvious mode of action suggests itself, a mode of action vihich
already has its analog in the formation of phosphoenolpyruvie acid by pyruvié
kinese (Lardy end Ziegler, '45) as a preliminary step tc the carboxylation of
phosphoenolpyruvate (Tietz and Ochoa, '58). This is the formation of the enol

'yhosphételof the thiol esters meﬁtioned as those requiring ATP for their car-
boxylation. The formation of the énol phosphate of the thiol ester acetyl

thiol CoA and propion&l CoA, &8 well &6 thet of B-methylerotonyl CoA, seems

1o be perfectly str&ﬁghtfonmrd. The 6«methy1crotoxiy1 Cos would be & vinylogous
enolization on the gemma methyl group, lceding aixéétly to & vinylogous enol
which would be subject to darboxylmtion iﬂ the usuel way.

6

activeting &
CH, = C = 8CoA + ADP (?)

(1) cna-ﬁ.-scm +  ATP

€ 5 '
nzyue or some other similey come

bination as

oF

CI@“SnS-CoA + P -P

(.‘2) 01{3.- CB; - @ - SCoh + ATP CHg ~ CH = EP- 8 - CoA + ADP
‘——__> , etc.

R S N S

(3) CHy-C=CH-U - 5CoA +A’I‘P___>CHQS - CH = C -~ SCoA + ADP

The case of the B-hydroxylsoveleryl CoA however, reguires some.further
discussion. If, es 18 suggested by the work of Coon (Bachhawat, Robinﬁon end
Coon, ‘56)_and Lynen (Knappe end Lynen, '58) these are two independent enzyme
systenc, and accepting Lynen's evidence tﬁat his system, beginning with h&droxy-
isovaleryl CoA involves at least four siasges, namely, (1) dehydration to B-
nethylerotonyl CoA, (2) the activation step, (3) the carboxylation step to

B-wmethylglutaconyl CoA, and (4) a rehydration to give: B-hydroxy-f-methyl-
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glutaryl CoA, a somewhat different route must be devised for Coon's enzyme
vhich presumebly functions in the ebsence of - crotonese, the hydration-
dehydration enzyme relating isovaleryl CoA and B-methylcrotonyl CoA.

Lynen sequence

| CH, @ 3113 @
CHs - é - CHp - C - 8Cop  C¥otomese oy d.cH-t-scoa +

by

lactivation ATP

iHs @ : gﬂs EP
B0aC-CHp-CsC-li-gCon . CB¥poxylation CHz = C - CH = C ~SCoA
> COs
H,0
Ha
HOAC - CHs - ¢ - CHp - 0. scon
H

The most obvious suggestion woyld be that the Coon system involves a dehydra-
tion of the hydroxyisovaleryl CoA in the opposite, or nonconjugeated way, to
give B-methylvinyl acetic scid rether than the crotonic acid. This would

Coon sequence

H3 ﬁ -Hao EHS @
Clig - £ - CHz - C - 800A ———3,  CH =& - Cp - C - SCoA
H \L, activetion ATP
. Hz g) carboxylating EHS ip
HO2C-CHp-C=CH-C-SCoA CH> = - CH = - SCoA
™~
COz

\L’Hzo

gHS i
HOzC - CHp -~ € - CHy - C - SCoA

H
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would then be foliowed by the activation enzyme to produced the conjugated diene-
0l, the same.conjugated diene-ol as would be obtaiﬁed from.ﬁhe crﬁtonic acid.
This process would then undergo fhe cafboxylatioh and hydration aé.before;

thus bringing both systems into the same form 6f carboxylation‘reéction.

Thus, we will have brought all of the three types of carboxylation re-
actions which we have discussed into the same form, namely, that of the attack
upon an enol by COz {or bicarbonate ion) in its carbonium ion ménifestatiOn,
leading directly to the formation of a carbon-carbon bond. An exsctly similar
formulation may be achieved for amino acid decarboxylation in which the oxygen
atom of the enol is replaced by a nitrogen stom (Mandeles, Kbppelman‘and
Hanke, 'Sk).

There remain, however, two peripheranl observations in connection with
the proposed ‘'asctive' CQOp which must be accounted for. These are as follows:
First, the CO.-dependent formation of phosphoryl fluoride from ATP and fluoride
ion under the influence of the fluorokinase (pyruvic kinase) enzjme (Tietz and

Ochoa, '58) with the formation of ADP as the other product:

(1) (8) ATP + CO2 > ADP + P - coz |
| & | fluorokinese -
(v) P - CO + 325 ‘ Féi P + COs ‘VB(pyruvic kinase)

The second periphersl observation is the apparent hydrolysis of the ATP by the
COz-activating' enzyme of Coon (Bachhawat and Coon,r'ﬁg), in the required pre-
sence of hydroxylemine and COp, leading to AMP and some pyrophosphate—like 
meterial, perhaps phosphoryl hydroxylamine. These reactions are presumed to

take place in two stages, as follows:
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(2) (a) ATP + CO = > AP -COp + P -P ) COnm
| o :g activating
or (b) AP - COp + HN - OH —nn3r HONCO-H + AMP enzyme
(1) ATP + NHpOH __enzyme . ADP + P -NHOH ‘
Cos 7

In both the éases Just descriﬁed, it would appear that the fluoride and
hydroxylamine, réspectively, are substitutevacceptors of the 'active' COz
}in pléce of the natursl acceptors, namely, the thiol esters. Also, in each
case, the first reaction is required to be & reversible one, end if this is so,
one would indeed expect a repid exchange of carbon-lsbeled ADP with ATP, at
least in the fluorokinase case} this has not been observed (Tietz and Ochosa,
'58). It should also be pointed out that it appears.poasible to separate the
propionyl CoA carboxylation system from purified fluorokinase (Tietz and
Ochoa, '58).

An alternative explaenation for these two COz-dependent side reactions
wéuld be as folloﬁs: The activating enzymes, or kineses, in both cases would
be conceived of as ATP-activating enzymes in whiéh-the ATP is prepared for
its reactlon with a suitable thiol ester substrate to form the active enol
thiol ester. However, the activity of these ATP-activating enzymes would be’
absolutely dependent upon the presence of carbon dioxide which would presum-
ebly, in some way probably involving biotin (Lynen, Knappe, Lorch and Jutting,
'59), change the configuration of the enzyme (Koshlend, '58) so as to make 1t
active in its ATP-activating function. Such a system, then, in which the primary
function of these activating enzymes is to produce ‘esctive' ATP preparatory to
its trensfer to the natural substrate might or might not involve the reversible
fission of the pyrophosphate linkages, depending upon the nature of the activa-
tion pfdcess. It might thus be possible to find conditions giving an ADP-ATP

exchange as well as not.
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The specific reguirement of carbon dioxide i’o‘r the ac‘&ivaub:fxon of this-
engyme is understaadable in evolutioncry terms when ve .examine the noture of
the proposed pﬁ:oi‘.ucts formed wnder the influence of this enzyme, nawucly, the
phosphoenol £hiol ecters. These esters might be e:%pec‘bed t0 be extremely
lebile to spontencous hydmly.éis if CO; were not prevsent tnd tim enzyme 1e-
meined fully active. This would, in ei_"fect‘, provide a fruitless mechenism of
hydrolysis of the encrgy-storing compound, ATP. By requiring the mﬁe pre-
sence of carbon dioxide for bringing the enzyme to full ectivity, the true
subgtrates for the carboxylation reaction of the ‘enzyme_ st sluveys be prew-
sent vhen the primsry product is ;Eomed , thus leeding to the efflcient use
- of the ATP in the carboxyletion reaction. *
~ Prof. E. Lynea hes Just pmscmﬁed evidence (Lynen, '59) for the
formation of & compound betwean COz and sdded free bilotin under the influence
of the e,nzyme for the carboxylation of P-methylcerotonyl Cob and using ATP.Q
The propertiec of the products vere briefly mentiéned as lncluding very |
great lebility to dilute acid (pi 2) but considercble resistance to neutral
or slightly nilml:me media (pH 7-8) at ice temperstures (lifetime 20 minutes)
85 evidenced by nonexchengeability of the C#0, compound with nonradiosctive

CO= swept through the solution of the product of the enzymatic reaction, as

follows: 8
S .
AP o+ clo, + mn” cerboxylatiNg  upp 4 Py + Biotin-C %0,
HO e O-H enzymie -7 Product
!:z-gz YH-- (CHy ) 4 -COLH
\S/

The product was formulated as a carboxamidic acid. This is almost certeinly &

HOQ_C—N/ N I

o in
Cdw, ba(om)e-coun
\5/
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very unsteble structure, having the carboxyl group free on an emide (urea)
nitrogen atom. It is concelvsble, hovever, that 1t would have the ciaimed
stability as the anion. Because the activity of the carboxylation enzyme in
carboxylating P-methylerotonyl CoA is dependent upon M biotin, it was
suggested that the 'active' CO- in the enzyme has the seme structure as that
proposed for the free biotin carboxylation product ,' and that the latter is
formed in an exchange reaction with free blotin, | gcéording to the following

sequénce:
ATP: + Biotin-Enzyme -——> ADP-Biotin-Enzyme + Pi
I <
ADP-Biotin-Enzyme + CO2 ~———3 AP + CO,-Biotin-Enzyme

COx-Biotin-Enzyme + free Biotin -————3 COz-Biotin (free) + Biotin- e
< . (is0lated product)

Accepting the existence of such a free biotin-COp compound, ‘it is eaéy |
" to formulate its formation in terms of the enol carboxylation nechantsm pr@ |

poéed as genefal in 'the body of this paper. The free biotin would be considered
aé a substitute substrate for the enol phosphorylation and carboxylatiou_qa _

follows:



OH 2

- 0=p-0(R)
] )
C | /,c\
H - Iir/ \N-—H - n” \é\m
- ! | Enzyme B :
HC CH +  ATP “ HC oo CH + Pi
' b COH | g : H-(CHyp ) o -C
HaC - S/CH-(ﬂHz)r 01 - _ H\BC\ /C -(CHz ) 4-COxH
(R) =
) - 0(R) o
v ¢g o
S - @é '1&) \?H 5 Hoaclj/ Neg 4 (avp)
B CWFH SR
(‘: H—-(CHe)u-(,Or,H

n\X cm(cnz)g-cozn | | His /

The fact that ‘bi‘otin is 'a much poorer subf;trate for the disappesrence
of ATP under the influence of thils enzyme then is its natural substrate, B-methyl-
" crotonyl Coh, suggests l'!.f.ha-t:, the_'active' form of either the CO», or the phos-
phate on the enzyme, is not ildentical with that fourid on ‘the free bictin, since
this would involve & relatively simple exchange reaction which might be ex-
pected to proceced rapidly. This, however, does not sbsolve the enzyme-bound
bilotin from direct inxplicaﬁion in the Coa—dependént ATP-activating function of
the enzyme.

It seems that such a propossl as this will account for the experimental
observations that imve so far been reported and for which the phosphoric-
carbonic anhydride 'systems have been devised. -In some earlier work (Weiss-
bach, . Ilorecker and Hurwitz, '56; Racker, 'ST) the high L values of the
carboxydismutase system, when calculated on total carbonate added, as observed

in in vitro systems, seemed to require some form of COz activation in the in
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vivo systems In order to account for the extremely repid rate of carboxyletion
of ribulose diphosphate observed in the in vivo systems. At first, some evi-
dence for such'a COz-activation in the form of extremely léd ile compounds
seemed apparent (Metzner, Simon, Metzner and Calvin, 573 Metznef, Metzner
and Calvin, '58). However, further investigation hes failed to confirm ény
evidence for such e product (Kasprzyk end Calvin, '59). In Figs. 1 end 2
we see that the evidence indicates the absenceaof aﬁy product more stablé
than bicarbonate lying between COz and the relgtivel& stable materials that
cen withstand plating, i.e., phosphoglyceric é'c'm, etc. Tre chromatographic
evidence for such a product has been accounted for otherwise (Basshém, Kirk
and Calvin,'58).

However, an examinaiion ofthe in vitro carboxydismutase enzyme system
has revealed & dependence of the activity of the enzyme on the preliminary
presence of carbon dioxide in addition to Mg++. Preliminéry incubation of
| the enzyme with bicarbonate in the presencevof-magnesium does indeed induce
a'greater carboxylaion activity than preliminary incubation with any other
component of the reaction system; see Table 2 and Figs. 3 and 4 (Pon, '59);

It is:perhaps worth noting at this point tht the precise investigations .
of the kinetics of carbon flow in the in vivo systems through the carboxy-
dismutese reaction.seem o indicate tiat whereas in the dark the primsry pro-
duct of carboxylation does indeed split into two molecules of phosphoglyceric
acld, in the light it may be otherwise. In the light there is an indiéation
that the primary product of carboxylation may:be splitting by a redﬁétivevre—
action, leadiﬁg tb only one molecule of_phosphoglyceric acid and one molecule

at the triose phosphate oxidation level (Bassham, '59).
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Buch on elternative, of two possible modes of action, was proposed
.whcn the ce rboxylotion of rlouloue dlyhosphate was mmb rc.cogumu ((,alx in
end Mossind, 923 Wilson end Calvin, '5953 Bogsheu and Calvin, '57). The best
evidence that it might be 80 hoo only recently been pi"oduced end is in {the fomm
_ of more pwc,iz)e neasurementa of the rete of e*ppxmch to carbon-1h sat ':Juion
of the pools of PCGA end ribulowc diphosphate in algae in & more nearly true
steady state of photosynthesis *ﬁkwm‘kms heretofore been nchieved (sece Fig. ‘))
.From this iv't is possible to show thot only if s siﬁgle molecule of PGA 1s liberated
for each molccule of COp entering the elgae docs me speeifie sctivity (€1*) of
the PuDP remsin hig;her then thet of the 6= and 5~éarb0n etong of PGA “The ré-
meining three carbon awm; in the remction go dirvectly t the sugar level of
oxidation, when the light is on.

Tvo posoible sequences which would fulfill these requirements are ac

, H?O wm"““ﬂ} - o HB - VCIHOH“ CQ;.‘;H
/ derk ' ( '

phosphoglyceric acld

f'olloxm s

intermediate B-keto acid : Hz - CHOH- COH  + Hey ~ CHOH - CH = O
- Ie Tk |
‘ 9}'{_ ‘ phésphog,lycerié acid triosze phosphate
o ‘ BUERTS
© HO,C-C-0H reverse CH, Ol T _
H-¢-0H - aldol —2 C=0 + HCLC - w -».CH;,;Q enTyne .bo‘und

=0 0 [.H] CH;:_OP . . Eﬁj

I-EE.‘ZOP s L i me Y
direct splitiing
Ot
y-keto ceid “CH 00
C‘:.:-.O -

Cﬂ;z op

" ]
\’ SUSGIG

PCA
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Much more remains to be done, however, before we will know all
.the‘intimate detalls of thié reasction, and it is not impossible to conceivé
that tﬁis reductive splitting reaction of the intermediate carboxylation pro-
duct (B- or y-keto acid) might very ;ell require a reduciﬁg system as yet

elther unknown or, at best, unsurmised and undetermined.
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FOOTNOTES

Presented at Qak Ridge National Laboratory Twelfth Annual Research
Conference on Enzyme Reaction Mechanisms, Gatlinburg, Tennessee, April 1, 19%9.

The work described in this péper was sponsored by the U.S. Atomic Energy
~ Commission.

See footnote 4 on page 22, discussing results presented in the previous
- paper at this meeting and after this paper was written.

Paragraph 2, page 22,page 23, and formulas and paragraph 1, page 24 were
edded subsequent to presentation of foregoing paper by Lynen.
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- Table 1

_ CARBOXYLATION (DECARBOXYLATION) REACTIONS
- » § Metabolic Cofactors
Reaction Enzyme Substrate ?roduct Pathway or Additioms
T .
Pyruvic Dehydrogenase Pyruvic Acid Acetyl CoA Glycolysis DPN+,COA, Thioctic Acid,
(Pyruvic oxidase) ' to TCA TPP, Mg*t
2 a-Ketoglutaric Dehydrogenase O-Ketoglutarié Succinyl CoA TCA . DPN+, CoA, TPP, Thioctic Acid,
(a-Ketoglutaric Acid Oxidase) Acid Mg *++
3a a-Ketoacyl Dehydrogenase ”a-Keto, Q-Methyl- Isoleucine
- B-Methyl- butyrl CoA  Metabolism CcA, DPN', Thioctic Acid, TPP
valeric Acid ' :
3b " " " Q-Ketoisocap- Isovaleryl  Leucine CoA, DEN', Thioctic Acid, TRP
roic Acid CoA Metabolisnm '
3¢ " " " a-Ketoiso- Isobutryl Valine
valeric Acid CoA Metabolism Same as Above
) +
by Pyruvic Carboxylase Pyruvic Acid Acetalde- Glycolysis TPP, Mg
- hyde
5 Oxalacetic Decarboxylase Oxalacetic Pyruvic Acid TCA to -
(Oxalacetic Carboxylase) Acid L Glycolysis Mn
é a-Amino, P-Ketoadipic a—Amind, S-Aminolevu-  Porphyrin
Decarboxylase p-Ketoadipic linic Acid - Metabolism
’ Acid
K Isocitric Dehydrogenase D-Isocitric abKetoglutaric. TCA TPN, Ma' '
Acid :

7 Acid (@-Ki®)
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Table 1 (continued)

Enzyme Substrute Product Ketabolic Pathway Cofactors or Additions
S Malic Enzyme ;
(TPN-Malic Dehydrogenase) Yalie Acid Pyruvate TCA to Glycolysis TPR', (plants & anirals)
DPE' (bacteria)
Ma*t .
_ _ ++
9 Prosphogluconic Dehydrogenase 6-Phospho- Ribulose-5- EMP(Shunt) Mz or Mo ,TPNT
zluconic Acid  phosphate
10 Acetoacetle Acid Decarboxylase Acetoacetic Acetone Fatty Acid
Az id Metabolism
11 Glyeoliec Acid Oxidase 3lycolic Acid Formie Acid - - -
12a . Picolinic Carboxylase 3-BEydroxan- Piciliniec Tryptophan -
o ' - thranilic Acid Acid Metabolism Fe , 02 7
12t FHicotinic Carboxylase 3-Hydroxyan-  Kicotinic Tryptophan ;
thranilic Acid Acid Metabolism " !
13 Orotidylic Decarboxylase Orotidine~5'~ Uridine~5'- Pyrimidine
phosphate phosphate Synthesis ———-
14  Hydroxyisovaleryl-CoA p-Hydroxyiso- B-Hydroxy-  Leucine ATP,ECOS, 76t
veleryl CoA p=-Methyl Metabolism
Glutaryl CoA
15 Propionyl CoA Carboxyl.ase Propionyl CoA  Succinyl CoA Fatty Acid ATP, chg, Mg++
_Metabolisn
16 Acetyl CoA Malonyl CoA Fatty Acid Mn',ATP, BCOT
- Metabolism 3
17 Ammonia Carbamyl Urea Cycle Mg, ATP, Acetyl-
phosphate glutamic Acid
18 Phosphoenolpyruvic Carboxylase Phosphoenol - Oxalacetic 3lycolysis IDP(animal), ADP(plant),Mh+
pyruvic Acld to TCA

Acid




Table 1 (Continued)
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Enzyme Substrate Product Metabolic Pathyway Cofactors or Additions
19 Phosphoenolpyruvic Carboxylase Phosphoenocl - Oxulacetic Glycolysis to TCA None
pyruvic Acil Acid
20 S-Aminoimidazole  S-Amino,k- Purine Synthesis
_ Carboxyimi-
Ribotide dazole Ribotide
21  Carboxydismutase Ribulose-1,5  3-Phospbogly- Photosynthesis Mgt
~diphosphate ceric Acid
22 p=Methyl-crotonyl 4
CoA BeMethyl=~ glutaconyl-CoA Leucine

Metabolism
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Table 1 (continued)
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Table 2

PREINCUBATION OF CARBOXYDISMUTASE WITH SUBSTRATES AND COFACTOR

Total Total
counts/min counts/min

s Sz Sz

1y EMS, —2> PGA  .24,000 _E.msE—2+pPGA 23,000
E+M —-EM 32 M+S|———+M31 2 )
~ems, s pea 13,000 ~%2, MSSp—E—~ PGA 11,000
s

M., ESM —25pGA 24,000 _E ., MSE —L>PGA 10,000

E+31 —+ES1

S2 E
TSEgsis,—MspGa 13,000 MS,S,——>PGA 12,000

M
S1, ESpS  —M>PGA 9,400 E v $,5E—>PGA 11,000

E+32—+E32)M» Sy ' 51*‘32——"3132('L E
T ES,M —»PGA 10,000 $SpM—E—PGA 11,000

st ond : g5t ond
Preincubation Incubation Preincubation Incubation
(each 10 min, 0°C) {S min, 25°C) (each 10 min, 0°C) (5 min, 25°C)
E: Carboxydismutase Sy: NoHC'403 Sp: Ribulose-1,5-diphosphate
M: Mgttt PGA: 3-Phosphoglyceric Acid-1-C'¢

MU =-16949
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FIGURE LEGENDS

Figure l._ Labeled Cérbon iﬁ Suspension after Ethanol Killing of Algae;

Figure 2. Labeled Carbon in Suspension after Acetone Killing of Algae.

Figufe 3. .Préliminary Incubation of Carboxydismutase with the Substrates.
Figure L. Preliminary incubation of Carbéxydismutase with Metal Ions.

Figure S. Rate of Incorporation of Labeled Carbon from Labeled Bicarbonate into

Phosphoglyceric Acid (PGA) and Ribulose Diphosphate (RuDP).
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SUSPENSION OF ALGAE IN 80% ETHANOL

i ml of 2% suspension of algae plus 4 ml of ethanol
kept with 4 uc of C'* for 30 sec and acidified
with 2 drops of glacial acetic acid.

@ - Kept ot -45°
O0- " " -45% swept 15 min with Np

®- " room temperature

T

— "
Py 1 1 1 1 1 1 0
0o 20 40 60 80 100 120 180 12 hrs.

TIME IN MINUTES

MU-16809

Fig. la
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ALGAE KEPT IN THE DARK, KILLED WITH ETHANOL

1 mi of 2% suspension of Scenedesmus, swept with 1% CO2 10 min and with
No 3 min, 4 uc of C'% added for 30 sec in the dark. Killed with 4 ml of
acidified ethanol. :

@ - Kept at -45°
-45°, swept 15 min with Ny
" room temperature

o_u
O_H

O

O

UCRL-8732

40 60 80 100
TIME IN MINUTES

Fig. 1b-

1580 % 12 Frs.

MU- 16808



-43- UCRL-8732

B PHOTOSYNTHESIZING ALGAE KILLED WITH ETHANOL
70,0001
&
1ml of 2% suspension of Scenedesmus, preilluminated 10 min with 1% COz, swept 3 min with Np, E
60,000} 30 sec PS with 4uc of C'¥(10 X of 0.026 N NaHC'30s), killed with 4 ml of acidified ethanol. g §
@ — Killed and kept at-45° j @
! o- " """ -45° swept 15 with Ny o ]
l’;—: St ,000q e- " " " " room temperature g g
4 w
= 53
. 40,000 z9
wi sZ
o z
[2] & [a]
2 30000 &z
P4 e w
a n
o EE
20,000 8 g
[ Q]
10000
835
e = =t =783
Y " 1 1 1 1 1 l 1651
0 20 40 60 80 100 120 180 ‘% ~ 12 hrs.
TIME IN MINUTES
MU - 16895

Fig. 1c¢
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SUSPENSION OF ALGAE IN 90% ACETONE

1ml 4% suspension of Scenedesmus plus 9 mi of acetone, kept with 4 uc of C'¢
for 30 sec and acidified with 4 drops of glacial acetic acid.

@® — Kept at —-45° .
—45°, swept 15 min with Np
room femperature

(e X
® -

T L] & % 0. —0
40 60 80 100 120 /ao; 12 hrs.

TIME IN MINUTES

Fig. 2a

MU -16896



COUNTS PER MINUTE
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ALGAE KEPT IN THE DARK, KILLED WITH ACETONE

1 ml of 4% suspension of Scenedesmus swept with 1% CO2 10 min, and with
No 3 min, afterward 4 pc of C'% odded for 30 sec in the dark. Killed
with 9 mi of acidified acetone.

®—Kept ot -45°,

o- " " —45° swept 15 min with Ny

®- " room temperature

40000 |-
30,000 -
20000 |-
10,000 |- _
1 1 1 i N . 4 T 1 o. T I i 3 G
0 20 %0 60 80 100 120 180 C 12 hrs.
TIME IN MINUTES s

Fig. 2b
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PHOTOSYNTHESIZING ALGAE KILLED WITH ACETONE

1 ml 4% suspension of Scenedesmus preilluminated 1O min with {% COg, swept
3 min with N, 30 sec photosynthesis with 10 uc of C“‘, killed with 9 ml of
acidified acetone.

® - Kept at -45°
" " -45° swept 15 min with Np

o —
- " room temperature

UCRL-8732

/1600

- @ §f1783

—26 40 60 & 100 120 180 (12 hrs.
TIME IN MINUTES {

MU-16897

Fig. 2c
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THE PREINCUBATION OF CARBOXYDISMUTASE WITH SUBSTRATES AT 0°C

)

y
10 20

Preincubation Time (Min)

3o

Fig. 3

®—® Enzyme plus Mg*t (0.01 M)
preincubated with HC‘4O3' (0.0067 M)

©—O Enzyme plus Mg** preincubated with
RuDP (~5 x 10°5 M)

© Enzyme preincubated with HC'405

® Enzyme preincubated with RuDP

All incubations at 25°C, 5 min.

MU-16943
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PREINCUBATION OF "AGED" LYOPHILIZED CARBOXYDISMUTASE WITH
VARIOUS METAL IONS

0.01 M Mg**

N
Qo

§ : 0.01 M Nit*

W' ‘ Q 0.01 M Co*t

0 A ) . A . —8- 0.01M Mn**

4 8 7”2 16 20 24 28 32 36 40
Preincubation Time (Min)

MU-16944

Fig. 4



Micromoles of C* per cm3 wet Packed Algae

c*:=¢2 4+¢%as in c'%0, administered

5.0

.005

.001

-49.

Phosphoglyceric Acid

UCRL-8732

Ribulose Diphosphate

2
Time of C'%0, Exposure in Minutes

Fig, 5

3

MU-16945 |



This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission"” includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.





