UNIVERSITY OF
CALIFORNIA

TWO-WEEK LOAN COPY

This is a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call

Tech. Info. Division, Ext. 5545

BERKELEY, CALIFORNIA




-—

I

UNIVERSITY OF CALIFORNIA

Lawrence Radiation Laboratory
Berkeley, California

Contract No. W-7405-eng-48

CARBOXYLATIONS AND DECARBOXYLATIONS
Melvin Calvin and Ning G. Pon

April 21, 1959

Printed for the U.S. Atomic Energy Commission



3

&S]
-3

UCRL-~ 2

CARBOXYLATIONS AND DECARBOXYLATIONS
Melvin Calvin and Ning G.Pon

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

Abstract
April 21, 1959

A brief survey of decarboxylation reactions and carboxylation reactions
that are known or presumed in biological systems will be presented. VWhile a
considerable number of aminc acld decarboxylations are known, their mechanisms
will not be included in the present discussion but will be reserved for a later
paper in the symposium.

The remaining decarboxylation reactions may be subdivided into oxidative
and nonoxidative decarboxylations. In most cases, these reactions are practically
irreversible except when coupled with suitable energy-ylelding systems. The
carboxylation reactions which are useful in the formation of carbon-carbon
bonds in biological systems seem to fall into two or three groups: those which
exhibit an apparent ATP requirement, those which exhibit a reduced pyridine
nucleotide requirement, and those which exhiblt no apparent ATP requirement.
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 acld anhydride.
Those exhibiting no apparent ATP requirement seem to be susceptible to classe
ifications as enol carboxylations in which the energy level of the substraie
compound is high, rather than that of the carbon dioxide. There appear to be
at least three examples of this latter type known, amongst them belng the carboxy-
dismutase reaction of ribulcose diphosphate with carbon dioxide.

Some discussicn of the thermodynamics snd possible mechanism 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 relationship with the others msy be presented.
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The subject for discussion, es zlven in the title, ls carboxylations and
decarboxylations. In a symposium addressed to the mechanism of enzyme action,
the naoture of earboxylation and decarboxylation reactions defined by these terms
would naturally be those that are carried out by enzymatic means. I think it is
clear that we are going to have to limit the nature of the carboxylation asnd 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 in the
literature. We will not consider in this discussion the decarboxylation and
carboxylation reactions involving the alpha carboxyl zroup of aminc acids. This
has 1ts proper place at a later point in the symposium, in the collogquim in which
Professor Snell will be discussing transanination reactions. These decarboxylations
are rather closely related to the tramsemination reaction -« there are similar coe
factors involved -~ and so we will exclude from our conslderatlon the amino acid
carboxylatlion and decarboxylation resgcticns.

Fﬁrthermore, the interest in this subject, at lemst in our laboratory, is
primarily in terms of carboxylation reactions raﬁher than decarboxylation reactions.
So I would ask you to focus your attention on reactions in vhich carbon dioxide 18
added to another carbon atom to form a new cerbon-cerbon baond, resulting in a cor-
boxylic acid. This sutomaticelly will =zlso exclude from our discussion the carboxy-
lation reactions in whiech carbon dioxide reascts with atoms other than carbon, such
as nitrogen, to form materlials like caxrbamyl phosphates, urea groups and the like.

We will be concerned, then, primarily with the addition of carbon dioxide to some
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a
carbon skeleton, in which/new carbon-carbon bond is formed and in vhich a carboxyl

group is created. Those considerations of decarboxylation reactions which we will
make will be brought in rather in terms of what llght they can throw on the nature
of carboxylation reactions rather than for the sake of the decarboxylation reaction
itself or for the sake of the completeness of the discussilon.

In reviewlng the mechanisms of such enzymatic carboxylation reactions, one is
struck by the fact that there seems to be no unequivoecal description of a primary
product formed between the enzyme, or a cofactor, and carbon dioxide prior to the
appearance of the new carbon-carbon linkage. For example, if we were to consider
one of the longest known of carboxylation reactions (or decarboxylation reactions)
the decarboxylation of pyruviec acid by the enzyme carboxylase to gilve acetaldehyde
and carbon dioxide, there is no indication invthe literature of an intermediate (a
carrier of 002) between pyruvic acid and the liberated carbon dioxide{Green, Herbert
and Subrahmanyan, 'bl). Another reaction of the reverse type has been studied,
namely, the carboxylation of pyruvic acid to oxaloacetic acid, leading to the
formation of & new carbon-carbon bond (Kaltenbach and Kalnitsky, 'Sl). Agaln,

CH3-8—C(%ZH carboxylase N CH3-CH=O + CO2
thiamin pyrophosphaté
Mgt »

Reaction L, Table 1

in this reaction, there is no described evidence of an intermediate involving CO,
lying between the carbon dioxide and the new carbon-carbon bond that 1s formed in

the oxalomcetic acid. That 1s, the carbon dioxide may or may not be bound to enzymes .

El

Co, + CH3-8-COQH S HOEC-CHE-g-COQH

Reaction 5, Table 1
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or cofactors before ii is bound to the pyruvate skeleton, but 1f it is, we howve
no description of such an lntermediate.

This faet 1s a curious thing, becouse in most other enzymatic reactions in
vhich a swall group is picked up and honded on to be combined with o larger one,
or with another one, in general there have appesred intermediates in vhiech the group
to be transferred is found bound to either the enzyme or to a catalytic amount of
cofactor which funetions in conjunction with the enzyme for moving the group around
before 1t appears in its subsegpent substrate form. Therefore, in order to get some
¢lue as to how such carboxylation 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 chemlcal systems, what might be the situation in the
bilological carboxylation and decarboxylation reactions.

There are two purely chemical carboxylations which are very common. One of
them 18 the reaction of an organometallle compound such a8 a Grignard reasgent
with carbon dioxide to form a new carbone-carbon bond in which the carbon-oxygen
grouping of the CO, is presumsbly inserted between the carbon (ecarbanion) and the
metal of the organometallic compound; this will work for a number of other organo=

metallic materials as well.

R:Mcg%{ + %—O@ > R-ﬁ-ogﬂ?x

-

The other type of chemical carboxylation resction with which we are familisr in
organic chemistry is of quite a different sort, involving the carboxylation of the
metal salt of an enol, or phenol, particularly a phenol (Brown, 'S51)(Pederson, 'LT).
For example, sodium phenolate, when treated with carbon dioxide at elevated temper-

atures and pressures will produce the salt, sodium salicylate:



A relative of this enoclate carboxylation may very well beMnd in the car-

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

boxylic acid ( Stiles and Finkbeiner, '59).++ - 1
(1/2) Mg ///xo
R-CH,-N + -0 R-b N2
27~ 0@ Dry . \"'-O@
H3 dimethyl
formemide O=C

\@~Mg++ s
/ \ocay
- :

o P
R=CH-COH -+ H,0, £ R-Cali”

£
NO2 ' NO¥C O= + CH3OH

s
Mg

y;

The study of deccarboxylation reactlons has given a clue to the possible
general character of the nature of the carboxyletion reaction itself. This has
been undertaken primarily in connection with the very easy decarboxylation of
f~keto aclds. Beta keto acids, when heated, very easily lose a molecule of carbon

dioxide to give the corresponding ketone:

Rfi\, ~ A \ + €O,
&F =



o -
The R growp may be an aydroxyl, as in malonic acid, or it might be a methyl group,
as in scetcacetic acid, or a carboxyl, as in oxaloacetic acid, and s0 on. The de-
carboxylation reaction will, in general, lead ultimately to the corfgsponding carbonyl
compound, and a good deal of work has been done con the mschanism of the decarbomylation,

particularly of acetocacetlc acid and its derivatlves, and of oxaloacetic acid and its

derlvatives.
ﬂ’/ﬂ\\? ﬁ’/?\?
CH3 - q\\CH//¢C=G HOQC - C\\CH/,C=O
2 2
acetoacetic acid oxgloagetic aclid

In both cases we have pBeketo acids. The literature 1ndicates that in some cases

the primary product would appear to be an enol of the corresponding ketone, which
then undergoes tautomerization. In some cases, Lt appears that the decarboxylationn
can go as fast, or’faster, when there is no enolizable hydrogen in the lnitisl keto
acid, such as the experiment of Pederson (Pederson '3h4) and of Westheimer (Westheimer
and Jones, '4l) and this has led to the opinion that the primary product is at least
a hydrogen-bonded carbonyl, rather then a true enci. The truth of the matter may very
well lie in a compromise between the two points of view, and on some occaslona the
primary product of the decarboxylation will presumably be closer to the enol and on
others (sterically hindered) the primary product may very well be simply a hydrogen-
bonded ketone. One can then extrapolate this notion that if an encl, or enollic type
of compound is the primary residue for the breakling of the carbon-carbem in a de-
carboxylation reaction, one might expect that in the reverse operation, where carbon
dioxide ls added to maike & new carbon~carbon bond, one would first have 10 have a
systen which contains a true, or st least a potential, enclic system, preparatory
for the addition of the carbon dioxide to it. This Is simply a statement that we

may expect the same transificn state to participate in the reaction in either direction.



p-zeto acid

) N O <7 .
Y = aturated acid, etc. =9 -
‘ﬂ unsaturated acid, < ] 0\> | (‘)% £

B g é'——‘ -

Vg
. \\\c]
o
N
=)
CY
N
(@]
o
s
%365
o

3

~ 27 ~E
" transition state enol
+
002

mrpes of Carboxylation (Decarboxylation) Reactlons

An exomination of those enzymatle reacticns for which the requirements are
fairly well established (Table 1) leads to the classification‘oftthe carboxylation,
or reversible decarboxylation, reactions assoclated with them 1nf%hree general types.
Let us formulate them in terms of carboxylation reactions rather than decarboxylation
reactions, even though in some cases they are known and have been studied primarily as
decarboxylation reactions. I have tried to organize the best known of the carboxys-
lation in these terms: Those which have en energy requirement in the form of ATP

clearly established; those which have a requirement for a reduced pyridine nucleotide;

end those whieh have no apparent extra energy requlrement.

Carboxylation Reactions Requirinz Adenosine Triphosphate as Energy Source

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

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

CH

i )
3 -SCoA  + co2 4+ ATP > HOLC ~CHy=C =5C0A
(aoP +  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, '58)

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

CH3CH;§-SCOA + CQ5 + ATP N CH3-CH-@-SCOA + ADP + P1L
[ [+4 /

COEH
Resetion 15, Table 1

Another one for which the purely formal reaction has been well established but Tor
which the mechanism is still a subject of some discussion 1s the spparent direct
carboxylation not of ealpha carbon etoms but of a gamma carbon atom of a thiol ester
in the form of p-methyl-p-hydroxybumyryl coenzyme A {Bachhawat and Coon, 'S7 and '58;

Bachhawat, Robinson and Coon, '56):

CH3 ﬁ TRB 0
CHy~ -CngC-SCOA ¥+ ATP + CO, > HOEC-CH2~C~CHE~C-SCOA
i1 O

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

A reactlon which appeared to be closely related %o the one described above
end was believed to be part of the same system is the carboxylation of B-methyl-

crotonyl coenzyme A (Knappe and Lynen, ‘S8, '59):

H, 0
=R 3
CH3-C=CH-C~SCOA + 002 +  ATP | \_HOEC“Cﬁa-C=CH‘C-SCOA

N ,

Reaction 22, Table 1

This then would again lead to a carboxylation product in which the carboxyl group
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appeared on the carbon atom gaume to the’carboxyl group itself.

There 1s one other reaction requiring ATP which, at the beglnning, we have
agreed to pass over, and that would be the formation of carbamyl phosphate, which
does not involve the formation of a new carbon-carbon bond and therefore falls out-
gide the fileld of this discussion. These, then, are all of the reactions in which
the formal creatlon of the carbon-carbon bond via carboxylation is known to require

the presence of adenosine triphosphate.

Carboxylation Reactions Requiring Reduced Pyridine Nudeotide as Energy Source

A second type of carboxylation reaction is the one requiring no ATP but which
requires reduced pyridine nucleotide (TPNH). These reactions are, in general, car=
Boxylations beta to a carbonyl group which do not lead to the B-keto acld but rather
to the B-hydroxy acid. There are at least three such clear~-cut cases. The first is
the carboxylation of pyruvate itself with reduced pyridine nucleotide to glve, in

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

H
+ | (&
COo., + CH B*COzH + H + TPNH(plants and animals) HOAC~CH ~EH~COQH + TPN
2 3 DPNE (bacteria) > e

Reaction 8, Table 1

The enzyme which forms the malic acid does not make free oxaloacetic acid as a pre=-
cursor to the malic sacid.

Another reaction requiring TPNH which would be exactly analogous to this is
the carboxylation of ketoglutaric acid to produce a P~hydroxy acid (Ochoa and Welsz~

Tabori, 'L8)(Siebert, Carsiotis and Plaut, ‘57):

0
. +
HOQC-E-CHE-CHg—COQH + CO, + TPNH + H ? HOSC-CH-CH~CHo=-COH

H COoH

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-phogphate to 6-phosphogluconic acid (Cohen, 'Sk; Horecker and

Smyrniotis, '52):
0 o4

| .
CHZ—CHOH-CHOH-C- H + COp + TPNH + H \> CHE-CHOH-CHOH-CHOH-CHOH-002H + TP

2
oP : P
Reaction 9, Table 1

It is not certain whether an intermediate 3~keto-6~-phosphogluconate free of the
enzyme 1s 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 the formation of a new carbon-
carbon bond is known to take place without addition, or the direct participation
so far as we can tell, of elther 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 which we produce directly oxaloacetic
acid and inorganic phosphate(orthophosphate) (Tchen, Loewus and Vennesland, '55;
Bandurski and Greiner, °53). (2) The other subgroup of this type is the one in
which the phosphate instesd of appearing as orthophosphate directly is picked up
by adenosine diphosphate to formnot only oxaloacetic acid but, as the other product,
adenosine triphosphhte (Tchen and Vennesland, '55)
Type (1) cngag-cogﬂ + COp + HYO 2 HOzc-CHE-a-COEH + PL
: Reaction 19, Table I

Type (2) CHy=C-COH + COp + gnggéa?:§imal) f HOEC-CHg-ﬁ-COQH + oﬁTiTP

OP : 0 .

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

enzyme systems.
in

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

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

Buchanan, 'ST):

LN -cH C/N C-COH
HC + Co H
SN - Q-NHz 2 > Q-NHQ
i Z
Ribotide ' ' Ribotide

Reaction 20, Table 1

The carbon dioxide adds Qt the Ch to give the h-carboxy~5-aminoQimidazole ribotide.
Finally, the third major carboxylation with which we are familiar which does

not require ATP or reduced pyridihe nucleotide(atieast in vitro to produce phoae

phoglyceric acid) is the carboxylation of ribulose diphosphate (Welssbach , Horecker

and Hurwitz, 'S6)(Mayaudon, Benson and Calvin, 'ST)(Hurwitz, Jacoby and Horecker, '56).

Tﬂaop CH,OP .EHZOP
@o-c@ C-OH HOLC - L-OH HOw ~C-OH

‘ =0 0 ~ L
7 HO=-Cm=O0
H-C -0H H-C-~0H -f
| H-C~-O0H
CH,OP H,0P E
H,0P

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 ls a source of energy in each

case vhich is 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, is, obviously, adencsine tri-
phosphate itself and in the case of the pyrldine nucleotide requirement is the
reduced pyridine nucleotide. However, in the case of the carboxylation re-
action vhich shows neither ATP nor reduced pyridine nucleotide requirement,

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

the more stable isomers. For example, in the case of the phosphoenolpyruvate,
the 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 ribulose
diphosphate we presumably have the cafboxylation of the noncyclic form of the
ribulose which ls constrained to go through an ene-diol, since cyclic acetal

formation 1s prohibited by small ring size.



Carboxylation Reaction Mechanisms

Enol carboxylations

What we would like to do is to bring into harmony at least two of these
classes; I'm not certain that we can bring the third one into harmony with
the other two. Let us see if we can formulate a reaction mechanism which would
be common st lemst to two types, the enol carboxylation and the reduced pyri-
dine nucleotide-requiring one. First of all, no further description is re-
quired for the carboxyleion 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 ordinary chemical decarboxylation and also of the two
cases of chemical carboxylation with which we asre familiar.

Thus, one caen describe the carboxylation of phosphoenclpyruvate,
following Vemnesland (Tchen, Loewus and Vennesland, '55) as & direct car-
boxylation of the enol, leading to the ejection of orthophosphate and
the formetion directly of oxaslomcetic acid (see reaction Type (1), page 11 ).
The snalog of this, one in which some other acceptor then water is required
for the orthophosphate, namely, inosine diphosphate or adenosine diphosphate,
might be considered as a more highly evolved system in which some. of the ener-
gy stored in the encl phosphate is conserved in the sdenosine triphosphate
or inosine triphosphate, as the case mey be, for further use. In the case
of the ribulose, the carboxyldion is a direct carboxylation of an enol form
which remaine largely in the encl form because of its inebility to form the
furanoside ring, there being only three carbon atoms free and available for
such ring formetion. The amino imidazole carboxyltion would correspondingly
lead to the ketimine which would tautomerize because of the c¢yclic conjugated

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

The second type of carboxylation reaction which should be included in
this classification is the one which requires reduced pyridine nucleotide as
its energy source. Thus, one can carboxylde free pyruvic acid to form malic
acld directly when reduced pyridine nucleotide is present (Saz and Hubbard,
'57; Ochoa, Mehler and Kornberg, '48). . Presumebly, this will also/%; way
of the enol form on the enzyme, liberated only as the free melic acid after
reduction by the reduced pyridine nucleotide which is required for this en-
zyme system. A similar arrangement could be set up for the formation of iso-

citric acld from ketogluteric acid, again using reduced pyridine nmucleotide

a8 the essentlal energy source to ccomplete the carboxylation reaction.

Adenosine triphosphate-dependent carboxylations

Let us now examine the class of arboxylation reactlons 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 reaction. There have been
two suggestions made with regard to this function. One was in connection with
the carboixgylation of propioﬁyl coenzyme A to form a methylmalonyl coenzyme

A (Flavin, Castro-Mendoza and Ochoa, *'57).
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This suggestion inveolved the primary asciivaticn of varbon dicxide to form
phosphoryl carbonete. This phosphoryl carbonzte would then be the tactive!
co‘g» which would be able to carboxylate the alpha position of the propionyl
e
Idenine-Ribose~0 - P - O - %’ -0 - %t - on (c@ = 0
g 00 00O OH,

b

ADP  + HO-@-O-?»O@
bo
phosphoryl cerbonate anion
CoA to form methylmelonyl Col. There is o separate enzyme whose presumed
function is the *CO cotivetion' o fomm the phosphoryl carbonate. Another
enzyme for the carboxylation itself (of propionyl Coi) and e third for the
isomerizetion of the product formed, wethylmalonyl Cok to succinyl CoA,
have also been separeted (Flavin, Castro-Mendoza and Ochos, '573 Beck, Fla-
vin and Ochos, 'ST).

The second suggestion for the function of ATP in a carboxylation re-
ection hes been made in comnection with the ceavboxylation of hydroxylsovaleryl
coenzyme A to form ‘the B-methyl- B-hydroxyglutaryl CoA (Vioessner, Bschhovet
end Coom, '58). Here the suggestion is that the ATP reccts with the cer~
bonate to form sdenyl carbonate and pyrophosphate rather then splitting the
other woy, a8 in the first suggestion. Then the adenyl carbonate, called
‘the ‘setive' COu, appears to proceed to carboxylate the hyclraxyiﬂomleryl CoA

to form the hydrouymethylglutaryl Col.
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9]
Ad-Ritose -« O =~ -0 - i = 0 + HD - E@- o - f - OH
& H ‘ 8]

adenyl carbonete

In the other two carboxylstlon recctions, nemely, that of scetyl CoA
to form melonyl CoA (Wakil, '58; Formies snd Bredy, '59) snd that of B-methyl-
crotonyl CoA to form gluteconyl CoA (Kneppe mnd Lynen, '58), no direct evia
dence or suggestion hes been made with regerd to the neture of the ATP re-
quirement.®

It is perhaps worth pointing ocut at ths Juncture that nelther of
these two ‘sctive' COz products have been isclated or demonstrated directly
in the enzyme preparations. A synlhesis cof the adenyl carbonate ethyl ester
has been performed by Coon (Bachhawat and Coon, '57; Backhsuat, Woessner
end Coon, 'S6) using the silver sslt of adenmylic acié and ethylchlorocarbonate,
and the crude product of that reacticn has been claimed to substitute for
the ATP requirement in the carboxylaticn of the hydroxylsowalexyl CoA.
This statement was mede in & brief commmnication and no amplification hes
yet sppesred, 80 perhaps we had better reserve Judgmenl with regard to 1ii for
the moment and see if some other uniflying mechanism msy be devised Lo sccount
for the ATP reguirement which would bring the ATP-requiring carboxylstion
reactions into a coherent paltern with the other two groups which we have

elready described as enol carboxylations.
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A rather obvious mode of action suggests itself, a mode of action which
already has its analog in the formetion ol phosphcenolpyruvic acid by pyruvic
kinese (Lardy and Ziegler, '%5) as a preliminary step tc the carboxylation of
phosphoenolpyruvate (Tietz and Ochoa, '58). This 1s the formstion of the enol
phosphate of the thiol esters mentioned as those requiring ATP fer thelr car-
boxviation. The formstion of thLe cnol phosphate of the thiol ester scetyl
thiol CoA cnd propionyl CoA, &z well se thot of P-methylerotonyl CoA, seens
to be perfectly straightforwverd. The P-methylerotonyl Cod would be a vinylogous
enolization on the gemma methyl group, loeding directly to a vinylogous enol
which would be subjeet to cerboxylution in the usual way.

b

activating (t!
CHp = C = 8CoA + ADP (2)

(1) czxa-ﬂ..scm. +  ATP

enzyme
yie or some other similar com-

bination as

oF

CH;:==£-S-COA + P ~-P

() cns-cma-@‘scm+mp ; cag-cawf~s-0oA+A,DP
ete.

Ee o Sy
(3) CHy - € = CH - € ~ 85CoA + ATP >CHz=s - CH = C = 8CoA + ADP

The case of the P-hydroxyilsovoleryl CoA hovever, requires some further
éiscussion. If, es ls suggested by the work of Coon (Bachhawat, Robinson end
Coon, 'S6) end Lynen (Kneppe snd Lynen, 'S3) these are two independent enzyme
systems, and sccepting Lynen's evidence that his sysiem, beginning with hydroxy-
isovaleryl CoA involves et least four stsges, namely, (1) dehydration to B-
methylcrotonyl CoA, (2) the activation step, (3) the carboxylation step to

P-methylglutaconyl Coh, and (}) a rehydration to give B-hydroxy-@~methyl-
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glutaryl Cos, a somewhat different route must be devised for Coon's enzyme

vhich presumebly functions in the absence of

crotonase,

the hydration-

dehydration enzyme relating isovaleryl CoA and B-methylcrotonyl CoA.

Lynen sequence

sz !
CHs - = CH - - 8CoA +

jactivation ATP

ol
Clz = - CH = -SCoA

CHs @
CHg - & - CHz - - SCoA croton&qg
LH '
g
50zC~CHp ~C=C-L-SCoA Jf&rboxylation
v COz
HpO
H.a {
HO2C - CHp - © - CHp - J - SCoA

H

The most obvious suggestion woyld be that the Coon system involves a dehydra-

tlon of the hydroxyisovaleryl CoA in the opposite, or nonconjugated way, to

give B-methylvinyl acetic acid rather than the crofonic acid. This would

Coon sequence

CHz

H Q
8 I -K,0
Cliz - £ - CHp - C - SCOA ——u-X,
H
H3 k? carboxylating
HOoC-CHg-C=CH-C-SCoA
~
A CO2
CHa }
HOZC - Clip - € - CHp - C - SCoA

v
DF

Lo 0
=8 - CHy - € - SCoA

\L, activetion ATP

e £
CHy = C - ClI = C - SCoA

H.0
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would then be followed by the activation enzyme 1o produced the conjugated diene-
ol, the same conjugated diene-ol as would be obtained from the crotonic acid.
This process would then undergo the carboxylation and hydration as before,

thus bringing both systems into the same form of cayboxylation reaction.

Thus, we will have brought all of the three types of carboxylation re-
acticns which we have discussed into the same form, namely, that of the attack
upon an enol by COz (or bicarbouaste ion) in its carbonium ion menifestation,
leading directly to the formation of a carbon-carbon bond. An exactly similaer
formulation may be achieved for amino acid decarboxylation in which the oxygen
atom of the enol 1s replaced by & nitrogen atom (Mandeles, Koppelmen end
Hanke, 'SL).

There remsin, however, two peripheral observations in connection with
the proposed 'mctive' €0, 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) enzyme (Tietz and

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

(1) (e) ATP + COz2 = > ADP 4 P - COz)
Pl .
?% fluorokinase
(b) P - (O + ¥ p o+ oo (pyruvic kinase)

e

The second peripheral observation is the aspparent hydrolysis of the ATP by the
COz-mctivating' enzyme of Coon (Bachhawat and Coon, 'S8), in the required pre-
sence of hydroxylamine 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) AP+ COp — 5> NP -CO, + PP } C0s-
' ~ g’ activating
or (v) AP - COp + Holl - OH ———3 HONCOGH + AMP enzyme
(21) ATP + NH-OH enzyme ADP + P -NHOH
oy 7

In both the cases Just descriﬁed, it would appear that the fluoride and
hydroxylanine, réspectively, are substitute acceptors of the ‘'active' COo
in place of the natural scceptors, namely, the thiol esters. Also, in each
case, the flrgt reaction is required to be a reversible one, and if this is so,
one would indeed expect a rapid exchange of carbon-lsbeled ADP with ATP, at
least in the fluorokinase casej this has not been observed (Tietz and Ochos,
'53). Tt should also be pointed out that it appears possible to separate the
propionyl CoA carboxylation system from purified fluorokinase (Tietz and
Ochoa, '58).

An alternative explenation for these two COz-dependent side reasctions
wbuld be as folloﬁs: The activating enzymes, or kinases, in both ceses would
be conceived of as ATP-activeting enzymes in which the ATP is prepared for
its reaction with & sultable thiol ester substrate to form the active enol
thiol ester. However, the actlvity 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 (Lymen, Knappe, Lorch and Jutting,
'59), change the configuration of the enzyme (Koshlend, '58) so as to make it
active In its ATP-activaiing function. Such a system, then, in which the primary
function of these activating enzymes is to produce ‘active' ATP preparatory to
its transfer to the natursl substrate might or might not involve the reversible
fission of the pyrophosphete linkages, depending upon the nature of the activa-
tion process. It might thus be possible to find conditions giving sn ADP-ATP

eXchange as well as not.
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The speciiic reguivement of carbon dicxide for the activaiicn of this
ennyvine in undersitandable in evolutloncry teryms when we excmlne the nniurs of
the proposed products fommed wnder the lafluence of this emzyme, nuweliy, the
phosphoencl thiol esters. These esters might be expected to be extremely
lebile Lo speontcncous hydrolysis if €O were not present end the enzyme re-
meined fully sciive. This would, in effect), provide e frultless mechenism of
hydzrolysis of the energy-storing compound, ATP. By requiring the mere pre-
sence of carbon dloxlde for uringing the enzyme to full cetlviiy, the true
substrates for the carboxyluotion reaction of the enzyme must alunys be pre-
sent vhen the primary product is formed, thus leeding to the efficient use
of the ATP in the carboxyletion reaction. *

Prof. B. Lynen has just presented evidence (Lynen, '59) for the
formation of a compound between COy ond sdded free biotin under the influence
of the engyme for the carboxylation of P-methylerotonyl Cof and using ATP.G
The properitiecs of the products were briefly mentioned oo including very
great lebility to dilute aedd (pE 2) but considercble resistance to neutral
or slightly alkeline media (pH 7-8) at ice temperctures (lifctime 20 minutes)
25 evidenced by nonexchengeabllity of the C*#0z compound viti nonrsdicsetive

CO: swept through the solution of the product of the snzymatle renction, ao

follovs: g
s oyt
se o+ oo, ¢+ xy’ m COrboRylBEING  upp 4 P4+ Blotin-C190,
] AR
B oo OF whayhe ‘< Protuct
He  LH-(CHp)s-COH
\S,/

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

Holc-i?r/ N e
HC- CH
{
éH; - {CHy )4 -COyH
\ p,
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very unstable structure, having the carboxyl group free on an amide {uresa)
nitrogen atom. It is conceivable, however, that it would have the claimed
stability es the anion. Because the activity of the carboxylstion enzyme im
carboxylating pP-methylcrotonyl CoA is dependent upon M biotin, 1t was
suggested that the ‘active’ €O in the enzyme has the same structure as that
proposed for the free biotin carboxylatlon product, and that the latter is
formed in an exchange reaction with free blotin, according to the following

sequence:
ATP: + Biotin-Enzyme -——— ADP-Biotin-Enzyme + Pi
<._.———__
ADP-Biotin-Enzyme + €COp ——» AP + CO;-Biotin~Enzyme

COp-Biotin-Enzyme + free Biotin ————> COp-Biotin (free) + Biotin-Engyme
S {isolated product}

Accepting the existence of such a free bilotin-CQp compound, it is easy
to formulate its formation in terms of the enol carboxylation mechanism pro-
posed as general in the body of this paper. The free blotin would be considered
88 a substitute substrate for the enol phosphorylatlon and carboxylation as

follows:
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0=P-0(R)
i 0
¢ ¢
2
H - N/ \N—H g/ “HE
{ e ! é
f Ce—0~CH +  ATP SEC MG e O + Pi
{ 1 — | |
HZC‘\ /{CH-— (CHZ)‘}-COQH &é\ /:H.. (CHZ )4_00251
~ g S
(R) = AMP
H
‘ - O(R)
Gg £
g
2
Sy ﬁé ';1{';' \?m 5 HOoC- < \FH + (ADP)
NS T
CHz H-(CHz)4+COH
CH, CH-(CH, ) 4~COH 2
H‘\./ \./

The fact that blotin is a much poorer substrate for the disappesrence
of ATP under the influence of this enzyme then 1s its natural substrate, B-methyl-
crotonyl Coh, suggests that the ‘active' form of elther the COz, or the phos-
phate on the enzyme, is not ldentical with that found on the free bilotin, since
this would involve a relatively simple exchange reaction which might be ex-
pected to proceced rapidly. This, however, does not absolve the enzyme-bound
blotin from direct implicmtion in the COs-dependent ATP-activeting function of
the enzyme.

It seems that such a proposal as this will account for the experimental
obgervations that have so far been reported and for wiulch the phosphoric-
carbonic anhydride systems have been devised. -In some earlier work (Weiss-~
bach, lorecker and Hurwitz, '56; Racker, 'S5T) the high K values of the
carboxydismtase system, when calculated on total carbonate added, as observed

in in vitro systems, seemed to require some form of CO2 activation in the in
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vivo systems in order to account for the extremely rapid 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 ld lle compounds
seemed apparent (Metzner, Simon, Metzner and Calvin, '573 Metzner, Metzner
and Calvin, '58), However, further investigetion has failed to confirm any
evidence for such a product {Kesprzyk and Calvin, °'59). In Figs. 1 and 2
we see that the evidence indicates the absence of any product more stablé
than bicarbonate lying between COz and the relatively stable materials that
can withstand plating, i.e., phosphoglyceric acid, etc. The chromestographic
evidence for such a product has been sccounted for otherwise (Basshem, Kirk
and Calvin,'58).

However, an exemination ofthe-ég.zggzg_carboxydismutase engyme system
hes revealed a dependence of the activity of the enzyme on the preliminary
presence of carbon dioxide in addition to Mg++. Preliminary incubation of
the enzyme with blcarbonaete in the presence of 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).

t is perhaeps worth noting at this point tieb the precise investigations
of the kinetics of carbon flow in the in vivo systems through the carboxy-
dismutase reactlon -seem to indicate timmt whereas in the dark the primery pro-
duct of carboxylation does indeed split into two molecules of phosphoglyceric
acid, in the light it may be otherwise. In the light there is an indication
that the primary product of carboxylation may be splitting by a reductive re-
action, leading to only one molecule of phosphoglyceric acid and one molecule

at the triose phosphate oxidation level (Bassham, '59).



ST e - | =, My el e gy ~r o
Sueh o elbornoidve, of tvo ibhle noden of cetion, woan propdied
2 A- 2 e o
yvhen the corbomyiotion of ribuloce dlphocphate vas Tirol recosnized (Calvin

end Mhoodnd, 'Wos Wilson end Colvin, t553 Bog "hfm and Colvin, ‘5_7). The beot
cevidenece thou 1t might be so hos only rccently been produced o is in the foim

of more precise measurements oi the rate of opproach to carbon-lh saturaiion

of %he pools of PGA end ribulose diphosphate in algoe in & morce nearly true

steody stote of photosynthesds then hos heretofore been nchieved (see Fig. 5).
From this it i possible to show that only if & single molecule of PGA 1o libcroted
fox coch molccule of COp emtering the algae does the specifle activity (¢**) orf

+he RuDP remmin higher then thet of the o= and P-carbon etoms of PGA. The re-
peining three corbon atoms In the reascbion go directly o the sugar level of
oxidotion, when the light is on.

™o possible sequences which would fulfill these regulrements are as
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H0,C -6 -G reverse CH. 0l
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::0 . H] CH.OP o Efj
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20 + PGA
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Much more remains to be done, however, before we will know all
the intimate detalls of this reectlon, and it 1s not impossible to concelve
that this reductive spliting resction of the intermediate carboxylation pro-
duct (B- or y-keto acid) might very well require a reducing system as yet

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

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

The work described in this paper 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
aedded subsequent to presentation of foregoing paper by Lynen.
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Table 1
CARBOXYLATION (DECARBOXYLATION) REACTIONS
P Metabolic Cofactors
Reaction bstrat
Enzyme Substrate Product Pathway or Additions
1
Pyruvie Dehydrogenase Pyruvic Acid Acetyl CoA Glycolysis DPN+,COA, Thioctic Acid,
(Pyruivic oxidase) to TCA TPP, Mgt
2 a-Ketozlutarie Dehydrogenase Q-Ketoglutarie Succinyl CoA TCA DPN+, CoA, TPP, Thiocctic Acid,
(a-Ketoglutaric Acid Oxidase) Acid Mg ++
3a -Ketoacyl Dehydrogenase a-Keto, Q-Methyl -~ Isoleucine
p-Methyl- butyrl CoA Metabolism CcA, DPN+, Thioctic Acid, TPP
valeric Acid
3b " " " a-Ketoisocap~-  Isovaleryl Leucine CoA, DPN+, Thioctic Acid, TFp
roic Acid CoA Metabolism
3e " " " a-Ketoiso- Isobutryl Valine
valeric Acid CoA Metabolism Same as Above
4
b Pyruvie Carboxylase Pyruvic Acid Acetalde- Glycolysis TPP, Mg
hyde
5 Oxalacetic Decarboxylase Oxalacetic Pyruvic Acid TCA to -+
(Oxalacetic Carboxylase) Acid Glycolysis Mn
6 Q-fmino, PB-Ketoadipic a-Amino, §-Aminolevu~-  Porphyrin
Decarboxylase B-Ketoadipic  linie Acid - Metabolism
Acid
7 Isocitric Dehydrozenase D-Isocitric Q-Ketoglutaric TCA TFPN, Mn' "
Acid Acid (@-K3)
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Teble 1 (continued)

Fnzyme Substrute Preduét Metabolic Pathway Cofactors or Additions
3 Malic Euzyme
(TPN-Malic Dehydrogenase) Malic Acid Pyruvate TCA to Glycolysis TPR', (plants & animals),
DPit(bacteria)
Mot
++
9 Phosphogluconic Dehydrogenase 6=Phospho=- Ribulose-5- HMP(Shunt) MgH,or Mn ,TPH+
2luconic Acid  phosphate
10 Acetoacetle Acid Decarboxylase Acetoacetic Acetone Fatty Acid
Acid Metabolism
11 Glycolic Aclid Oxidase Slycolic Acid Formic Acid - - -
128  Picolinic Carboxylase 3-Hydroxan- FPicilinie Tryptophan -
- thraniliec Acid Acid Metsbolism Fe , 02 ?
12t  Ricotinic Carboxylase 3-Hydroxyan- Ricotinic Tryptophan
thranilic Acid Acid Metabolism " "
13 Orotidylic Decarboxylase Orotidine~5'~ Uridipe~5'-  Pyrimidine
phosphate phosphate Synthesis ———
14  Hydroxyisovaleryl-CoA p-Hydroxyiso- B-Hydroxy-  Leucine ATP,HCOS, 78"
vaeleryl CoA B-Methyl Metaboliam
Glutaryl CoA
15 Proplonyl CoA Carboxyl.use Propionyl CoA  Succinyl CoA Fatty Acid ATP, HCO3. » MgH
Metabolisn
16 Acetyl CoA Malonyl CoA Fatty Acid Mo'',ATP, ECOD
) Metabolism 3
17 Ammonia Carbamyl Urea Cycle Mg, ATP, Acetyl-
phosphate glutamie Acid
18 Phosphoenolpyruvic Carboxylase Phosphoenol-  Oxalacetic Glycolysis IDP(animal ), ADP(plant),Mn
pyruvic Acid Acid to TCA




Table 1 (Continued)

=32~
Enzyme Substrate Product Metabolic Pathyway Cofactors or Additions

19 Phosphoenolpyruvic Carboxylase Phosphoenol - Oxulacetic Glycolysls toc TCA None
pyruvic Acid Acid

20 S-Aminoimidazole  5-Amino,}- Purine Synthesis

Carboxyimi=-

Ribotide dazole Ribotlde

21 Carboxyiismitase Ribulose-1,5  3-Phospbogly- Photosynthesis Mgt
diphosrhate ceric Acid

22 p=Methyl-crotonyl
CoA BeMethyl - giutaconyl=CoA Leucine

Metabolism




Resaction

Reaction

1

2

Reactions 3a-3b

Reaction
Reaction
Reaction

Reaction

Reaction

Reaction

Reaction

Reaction

Reaction

Reaction

Reaction

Reaction

Reaction

Reaction

Reaction

Reaction

L
5

7

10

11

12a-12b

13

1ka

1hv

1lhc

15

17
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Table 2

PREINCUBATION OF CARBOXYDISMUTASE WITH SUBSTRATES AND COFACTOR

Total Total
counts/min counts/min
s S2 E S2
/1,— EMS; —=> PGA 24,000 _E~ MS,E —= PGA 23,000

E+M—=EM S2 M+51———)'MS1 S
& ems, 2> Pea 13,000 & Ms,;5,—E+PGA 11,000

S
M. ES;M —2>PGA 24,000 _E» MS;E —~PGA 10,000

E+Sy — ES; T S2 M+ Sy —>= MSy; T Sy E
T 5Es,5,—M pGA 13,000 TN ms,s—E>PGA 12,000

M
Sty E5,5 —1 PGA 9,400 E_» 556 —4>pPGA 11,000

E+$2-—>-E32/Mr Sy S1+52—>S132i 3
T Es,M —L-PGA 10,000 $(SpM—Ear PGA 11,000

(st ond it an
Preincubation Incubation Preincubation Incubation
(each {0 min, 0°C) (5 min, 25°C) (each 10 min, 0°C} (S min, 25°C)
E: Carboxydismutase Sy: NaHC!%05 Sp: Ribulose-1,5~diphosphate
M: Mg*+ PGA: 3-Phosphoglyceric Acid-1-C'#

MU ~-16949



Figure 1.
Filgure 2.
Figure 3.
Figure k4.

Fizure 5.

40

FIGURE LEGENDS

Labeled Carbon in Suspension after Ethanol Killing of Algae.

Labeled Carbon in Suspension after Acetone Kil;ing of Algne.
Préliminary Incubation of Carboxydismutase with the Substrates.
Preliminary Incubation of Carboxydismutase with Metal Ions.

Rate of Incorporation of Labeled Carbon {rom lLabeled Bicarbonate into

Phosphoglyceric Acid (PGA) and Ribulose Diphosphate (RuDP).



COUNTS PER MINUTE
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80,000
SUSPENSION OF ALGAE IN 80% ETHANOL
70,000
t ml of 2% suspension of algae plus 4 mi of ethanol
kept with 4 uc of C'* for 30 sec ond acidified
60,000 with 2 drops of glacial acetic acid.
@ - Kept at -45°
o- " " -45° swept 15 min with No
50,000 ®- " " room temperature
40,000+
30,000
20,0001
10000+
1 A ) A 1 #‘ __c
0 20 T 40 60 80 100 120 180 § 12 hrs.
) TIME IN MINUTES
MU~ 8809

Fig. la



COUNTS PER MINUTE

60,000

50,000

40,000

30,000

20,000

10000

1

-42-

ALGAE KEPT IN THE DARK, KILLED WITH ETHANOL

{ ml of 2% suspension of Scenedesmus, swept with 1% CO2 10 min and with
Ng 3 min, 4 uc of C'% added for 30 sec in the dark. Killed with 4 mi of
acidified ethanol.

@ - Kept at ~45°
o- " " -48° swept 15 min with Np
®~- " " room temperature

UCRL-8732

100
TIME [N MINUTES

Fig. 1b

180 g 2 s,

MU- 16803



COUNTS PER MINUTE
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r PHOTOSYNTHESIZING ALGAE KILLED WITH ETHANOL
70,000
H
1ml of 2% suspension of Scemedesmus, preilluminated 10 min with 1% COz, swept 3 min with No, ;-Z-
60,000} 30 sec PS with 4 uc of C4 (10 A of 0.026 N NaHC'%0y), killed with 4 mi of acidified ethanol. @8
o
y @ Killed and kept at -45° i @
q o- " """ -45° swept 15 with Np o g
50,0004 - " """ room temperature % g
Bz
40,000 g Cé
2z
30,000 g
y a2
e}
2s
20,000 22
(5 =)
10000
1835
2 . e ( =={)-1783
1\1651
() 20 40 60 80 100 120

TIME IN MINUTES

Fig, 1c

780 72 ~ 12 hrs.

MU —-16895



70,000

60,000

COUNTS PER MINUTE
S
S

g
—3

§
S
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SUSPENSION OF ALGAE IN 90% AGCETONE

tml 4% suspension of Scenedesmus pius 9 ml of acetone, kept with 4 uc of Ci4
for 30 sec and acidified with 4 drops of glacial acetic acid.
[ J

@ — Kept at -45°
O— " " -45° swept 15 min with Np
room temperature

o__u

0

%0 80 & 700 725
TIME IN MINUTES

Fig. 2a

/303 BHes.

MU - 16896



COUNTS PER MINUTE

80,000
70,000 {

60,000

20000

10,000

-45- UCRL-8732

ALGAE KEPT IN THE DARK, KILLED WITH ACETONE

1 ml of 4% suspension of Scenedesmus swept with 1% COgz 10 min, and with
Nz 3 min, ofterward 4 pc of C'4 added for 30 sec in the dark. Killed
with @ ml of acidified acetone.

®—Kept at —45°

o- " " -45° swept 15 min with Np

- room tfemperature

[l n

[¢]

T T X T

4 r —
0 20 40 60 80 100 120 180

TIME IN MINUTES

Fig. 2b

12 /l’s.

MU~18810



COUNTS PER MINUTE
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PHOTOSYNTHESIZING ALGAE KILLED WITH ACETONE

70,000
1 ml 49 suspension of Scenedesmus preilluminated 10 min with 1% COo, swept
3 min with Np, 30 sec photosynthesis with 10 yc of C'% killed with 9 ml of
60,000 - acidified acetone.
@ - Kept at -45°
o- " " -45° swept 15 min with Np
50,000 - ®- " " room temperature
40,000
30,000 -
20,000 -
10,000 -
1837
R /1800
g ® -1783
1 L 1 1 i 1 L 1 1 i A 1 1 J
4 20 40 60 80 100 120 180 {/2 hrs.
TIME IN MINUTES
MU - 16897

Fig. 2c¢



Total! Counts /Min (Thousands)

20
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THE PREINCUBATION OF CARBOXYDISMUTASE WITH SUBSTRATES AT 0°C

e .

10 20
Preincubation Time (Min)

Fig. 3

®—® Enzyme plus Mg** (0.0t M)
preincubated with HC'405" (0.0067 M)

©—0O Enzyme pius Mg** preincubated with
RuDP (~5 x 107 M)

@ Enzyme preincubated with HC'405

® Enzyme preincubcted with RuDP

All incubations ot 25°C, S min.

MU~-16943



Total Counts /Min (Thousands)
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PREINCUBATION OF “AGED" LYOPHILIZED CARBOXYDISMUTASE WITH
VARIOUS METAL IONS

0.01 M Mg*+

32t
24

6

8F 0.01 M Nit*

? —5 = a 0.01 M Co**

0 1 1 i L ‘\lr i 1 | L L OO‘ M Mﬂ++

4 8 e 6 20 24 28 32 36 40
Preincubation Time (Min)

MU-16944

Fig. 4



Micromoles of C¥ per cm3 Wet Packed Algae

c* =02 4 ¢"asin c'40, administered

.001

5.0

1.0

0.5

ot
.05

.01

.005

-49. UCRL-8732
Phosphoglyceric Acid
Ribulose Diphosphate
7 2 3
Time of C'%0, Exposure in Minutes
MU —-16945

Fig. 5



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.



