"HE METABOLIC PRODUCTION OF CARBON DIOXIDE*

+~pNEY Freiscuer, Pu.D.

ALL organic compounds when burned or com-
Lusted to completion yield carbon dioxide as
wne of the final products. Animal systems
without exception contain the biochemical ap-
paratus for burning organic compounds by
molecular oxygen and thus massive CO, pro-
duction is the hallmark of the animal body.
We shall address ourselves in this review to
the following questions: (1) which organic
compounds can be combusted to CO,; (2)
liow are these compounds formed; and (3)
liow does the combustion process provide
energy for the needs of the body.

WhicH ORrGANIC SUBSTANCES ARE COMBUSTED
T0 Cansox Dioxine?

The three main classes of organic materials
in the animal body, viz., proteins, fats and
carbohydrates, are all ultimately combustible,
That is not to say that proteins, fats and
carbohydrates are combustible as such. An
claborate preliminary preparatory  process is
mandatory before the stage is set for the
actual combustion.  For example, proteins
must first be hydrolvzed to peptides; in turn
the peptides must be hydrolyzed to amino
acids; these in turn must be degraded to
pasticular keto acids and only these can funnel
into the cellular furmace. The nature of the
preliminary manipulation to which the com-
plex molecules have to be subjected will vary
from one class to another and quite separate
biochemical mechanisms are involved in the
degradation of euach of the three main classes
of organic materials. The unifving and sim-
plifving fact is that proteins, carbohydrates
snd fats ultimately give rise to much the same
small molecules and thus the same cellular
simace can be used to bum the fragmentation
«r degradation products of cach of the three
«Jasses of foodstuffs.

_Dr. Fleischer is Assistant Professor, Institute for
zyme Research, University of Wisconsin, Madi-
n, Wisconsin.

How Proteixs, Lipips axp CARBOHYDRATES
ARE PREPARED FOR CoMBUSTION

In essence, the preparative process is simply
a matter of breaking the bonds which hold
together the component molecules of the large
macromolecules.  Proteins can be looked upon
as large molecular weight compounds com-
posed of as many as several hundred amino
acids. In the protein the component amino
acids are linked one to the other by means of

0 H
peptide bonds ( I
—C—N\

) In the gut there

are specific enzymes which hydrolyze these
peptide bonds, and as a result of this pro-
teolytic action the protein is reduced to the
large number of component amino acids. Not
all of the amino acids can be directly truns-
formed into derivative molecules that are cap-
able of entering the cellular furnace. How-
ever, almost without exception, all amino
0
@ HL—C—COOH  f)  H.C~COOH
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Fic. 1. The structural formulas of compounds
capable of being directly combusted by the cell:
(a) pyruvie acid, (b) acetic acid, (¢} citric
acid, (d) isocitric acid, (¢) a-ketoglutaric acid,
(f) succinic acid, (g) fumarc aeid, (h) malic
acid and (i) oxaloacetic acid. (see figure 3, The
ic Acid Cyele.)
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TABLE 1

Forstatiox or Crrric Acib Crene INTER-
MEDIATES AND CO: FROM AMINO AcIDs

Amino Acid Key Degradation Product

alanine
serine
evsted

— pyruvate
vsteine 2
methionine J

fyrosime ]—» fumarate + avetyl CoA
phenylalanine E
glutamie acid 7
proline
arginine
histidine |

——— a-ketoglutarate

fysine —— a-ketoghutarate + CO.
leueine ——— acetyl CoA + CO:
isoleucine ——— *propionyl CoA - acetyl
CoA + CO:
threonine ——— *propiony! CoA + CO:
valine ——— *propiony] CoA + €O,

aspartic acid ———  oxaloacetate

glveine — (0.

* Proprionyl CoA ix converted to o eitrie acid
evele intermediate, sitecinie acid.

acids can be manipulated chemically in such a
way that they will give rise, in part, if not in
whole, to some molecule which is directly
combustible. The particular molecules which
are capable of direct combustion are pyruvie
acid, acetic acid, citric acid, isocitric acid,
«-ketoglutaric acid, succinic acid, fumaric acid,
malic acid and oxaloacetic acid  (structural
formulas, fig. 1).  As shown in table 1, it is
possible to convert cach of 16 amino acids
into at least one of the nine compounds cap-
able of direct combustion.

Lipids are, in essence, esters of polyaleohols,
such as glycerol or inositol.  Both fatty acids
and  substituted phosphoric acids, such as
choline phosphate and ethanolamine phosphate
(formulas, fig. 2) form the ester linkages with
the polyaleohols.  The preparation of lipid
for ultimate combustion involves essentially
the hydrolyvsis of the ester bonds which hold
the molecule together.  After hydrolysis by a
group of special enzymes known as esterases,
the lipid molecule is reduced to the individual
chemical building  stones, namely. the free
fatty acids. glveerol phesphoric acid and the
nitrogenous bases.  Of these, only the fatty
acids are of any practical importance as far

as combustion is concerned, although it is
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also possible to convert the polyaleshols anc
the nitrogenous bases to combustible molecules
The fatty acids can be oxidized to acetic acid
which, as mentioned above, is one of the
organic fuels for the cellular furmace.

The carbohydrates are in essence polvmer:
of sugar molecules held together by glyeosidic
linkages. A whole group of special en
-ailable which can hydrolyze p()l\
charides like starch or glveogen into disac-
charides and eventually into monosaccharides
In tumn, the monosaccharides can now be de
graded ultimately to pyruvie acid in a com
plex sequence of reactions collectively referred

to as glyeol * Pyruvic acid is then com-
busted to CO, and water in the cellular
furnace.®

Tre MecHANISMS OF THE
ConBusTION PROCESS

There are three complex  processes
evelical nature which largely define the com-
bustion of organic molecules in the animal
body. These are, respectively, glycolysis.® the
citric acid cyele * and the pentose cvele?

in glveolysis, sugar in the form of glucose is
cleaved into two molecules of lactic acid.

Cel:0s — 2 CHLCHOHCOOH s

No CO, is formed in this sequence but the
product of the cleavage is a first cousin to
pyruvic acid which is one of the ultimate
fuels.  Thus glveolysis is a device for pre-
paring the sugar molecule for combustion to
CO, and H,O. However, in this particular
preparatory process, energy is harnessed even
though true combustion involving molecular
oxygen has not intervened.

The citric acid eyele is the key mechanism
for cellular combustion.  In this cyele pyruvic

()

(HCr— N—CH.—C lla—Ol’OH

(’)H
Choline Phosphate
Y]
HN—CH— ('H:*()fl.l’~()"
(I)H
Fthanolamine Phosphate

Fie. 2. Structural formulae of: (a) choline
phosphate and (h) ethanolamine phosphate.
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«cid is combusted to CO, and H.O in a series
£ 5 oxidative steps:

CH;COCOOH + 250, = 3C0: +2H.0 (2)

rhis is also the major system in animal tissues
-or trapping chemical energy in a utilizable
‘orm,

The pentose cyvcle is a eyclical sequence of
;eactions which, in effect, can oxidize glucose
w CO, and H,0. No energy is harnessed in
the process. However, the pentose cyele
wrely, if at all, operates like the citric evele.
it would be more accurate to say that the
pentose evele is vet another device for con-
verting glucose to intermediates which are
capable of entering the citric acid evele.
There are other intermediates formed in the
pentose evele which are not relevant to the
combustion process and much of the meaning
of the eyele has to be found in these additional
functions.

At this point it may be desirable to consider
in more detail the three major eyeles referred
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to above. In this review the primary emphasis
will be on exposing the chemical strategy,
while the actual chemical changes will take
a place of secondary importance.

Glycolysis. The most significant chemical
event in glycolysis is the fragmentation of a
G-carbon sugar into two molecules, cach con-
taining 3 carbon atoms. It is not glucose as
such which is fragmented but rather a phos-
phoric ester of an isomer of glucose, viz.,
fructose. A specific phosphorylating  agent
known as adenosine triphosphate (ATP) and
three separate enzymes are required for this
conversion of glucose to fructose-1,6-diphos-
phate:

ATP
glucose — glucose-G-phosphate (3
glueose-G-phosphate = fructose-6-phosphate  (4)
ATP
fruetose-6-phosphate — fruetose 1.6
diphosphate.  (5)

Fructose-1,6-diphosphate  is  cleaved  into
two similar but not identical halves:

HLCOPO,I CILOPO,. CHO
€=0 ‘=0 CH.0H
HOCH —— CHOH +  CILOPOIL ®)
11(:'011

ll(l‘()ll
H.COPO:H.

fructose-1.6-
diphosphate

dihydroxyueetone
phosphate

glyeeraldehyde-3-
phosphate

Each of the two fragmentation products (which are interconvertible) can in tum be
converted to pyruvie acid in the following sequence of reactions:

glyeeraldehyde-3-phosphate === dihydroxyacetone phosphate [¥h
-2

glveeraldehyde-3-phosplute —— phosphoglyeerie acid (8)

phosphoglyeerie aeid —— pyruvate 4+ “phosphate.” wm

When anacrobic conditions prevail the product
{ glyeolysis is not pyruvate but its reduction
aroduct, lactate.  Under aerobic conditions,
~vhich are more pertinent to the reactions
onsidered in the present review, not lactate,
“ut pyruvate, is at the end of the glveolytie
rgquence.

The Citric Acid Cycle  The strategy of

the citric cyele is readily apparent from a
consideration of figure 3.

Pyruvate is oxidatively  decarboxyviated to
acetate and CO,:

-2H
CHC0C00H —— CH.CO0H + CO.. (1)

“Acetate” condenses with oxalucetate (7) to
form citrate (1) which in tum is converted
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T A

PYRUVATE—+"ACETATE"

The complete combustion of pyruvitte
v y of the ic acid cycle. The inter-
mediates of the v onum-
as s socitric acid,
S—fumaric
etate”

citric

back to oxalacetate in a sequence of 4 oxida-
tive reactions (2—3, 3—4, 4—5, and 6—7).
This point is more clearly shown below:

C'ITRAY‘E gTFAYE
. / \
OXALCACETATE i CKA’_CA:E’!ATE] CXA‘_M:ETATE}
ACETYL Cok ACETYL CoA f AZETYL CoA
:
|
PYRUVATE PIRUVATE PYRULATE

At the begiming of cach evele “acetate”™ is fed
into the eyele via combination with oxalacetate.
At the end of cach evele oxalaeetate is formed.
Thus each cvele achieves the complete com-
bustion of acetate to CO, and water.

The condensation of “acetate” and oxalace-
tate to form citrate is a simple aldol type con-
densation: *

H
H—(—COOH
: H.C- Cooti
H
4 — H()("»- COOH (1)

0= CO0H

COOH
1eid citrie achd

H.C-—-COO0H

oxaloacetic aeid

Citric acid rearranges to form isocitric acid:

H.C—CO0H
!

HOC—COOH «——— (- COOHl ——— HC- COOH
| .

HC--COOH

citrie acid
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Then isocitric acid is decarboxyvlated to o
ketoglutarie acid:

Lo —2H -
isocitrie netd — 5 a=ketoghitarie acid + CO.L (13

A second oxidative decarboxylation then takes
place, this time of o-ketoghitarie acid to suc-
cinic acid:

-2
a-ketoglutarie acid —— suceinie acid +C0. (14
Succinic acid is dehydrogenated to fumaric
acid which in turn is hydrated to malic acid:

—2H
Suecinie actd —— fumaric

L H0 L -
acid = malie acid. (15

Finally, malic acid is oxidized to oxaloacetic
acid and that is the end of the eyele:

—-2H
malic acid —— oxuloacetie acid. (6.

In the interest of simplicity a  notable
omission was made. 1t is not acetie acid as
such which enters the cevele but rather o
compound of the acid with a special coenzyme
known as coenzyme A ( fig. 4.5 The active
group of this coenzyme is a sulfhydryl group
and we may represent the coenzyme by the
notation CoASH.  The active form of acetate
is formed by interaction with the coenzyme in
the presence of a specific enzyme and ATP:-»

CHAC00H
TP -
4 CoASH — CH.COSCoX + 1O, T

The  thiol link in effect
esterificd molecule much more reactive than
the free acid.

Fatty acids are capable of being oxidatively
and  quantitatively converted to acetate and
thus ultimately fatty acids can be bured to
CO, and H,O in the furnace of the citrie cycle.
Again, it is not the free fatty acid as such
which is so converted, but rather the thiol
ester of the fatty acid and coenzyme A and

ester makes  the

H
HOC-—COOH

H.C—COOH

isoeitrie acid
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Le product is not free acetate but the co-
nzyme A ester thereof:

HCH) COSCoN
+8H0

— > B CHOCOSCoN, 118
8 CoAsH
Fhe oxidative fragmentation of the fatty acyl
CoA ester to two carbon units proceeds by way
of the well-known g-oxidation sequence. '
Amino acids can give rise to pyruvate, oxal-
e, e-ketoglutarate, succinate, fumarate or
acetate—each one of which can be burned to
O, and H.O in the citric eycle (table 1), In
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this way amino acids, like fatty acids, cun
eventually be oxidized to CO, and H,O after
appropriate preparation.

Pentose Cycle. Glucose can be converted to
pyruvic acid by a sequence of reactions other
than that shown above for glycolysis.  Again
the starting point is ghicose-6-phosphate which
is formed by the phosphorylation of glucose
by ATP. The aldehyde group of the sugar
phosphate is oxidized to a carboxyl and the
corresponding  phosphorylated  sugar acid is
then oxidatively decarboxyvlated to a pentose
phosphate:

HC -0 COOH COOH CO.
HCOH Heou HOCOH n:(fon
. —_ H
HOCH s HOCH ;“. —_— (=20 (o

(HCOHD, (HCOH):

HACOPOH.

ghiteose-t-
phospliate

H.COPOH,

G-phoxpho-
pluconie acil

(HCOH - (HCOH) .

H.COPO:H.

G-phospho-3
Keto glueonie :
arid ribulos
pliospliate

H.COPO:H.
carbon dioxide

Ribulose-3-phosphate can isomerize to another pentose xvlulose-3-phosphate;

ribulose-3-phosphate «——— sylulose-3-phosphate. 200

Then two molecules of pentosephosphate interact to form a 7-carbon sugar phosphate
(sedoheptulose-phosphate) and a 3-carben sugar (triosephosphate):

H.COH H.COH H.coy TOHC=0O
-0 -+ =0 — (=0 + HCOH 20
HCOH HOCH HOCH H.COPO:H.
H("'()“ HCOH (H.COH
H:("(’)l‘()dl-_- H.COPOH. H«(:'()l’() H.
rilntlose-5- xylulose= sedoheptulose- glveeraldehyde-

phosphate phosphy nll

Triosephosphate is convertible to pyruvie acid
according to equations § and 9.

The sequence of reactions from glucose to
triosephosphate via pentose phosphate is part
of the pentose evele—an alternative to glveoly-
sis for degrading the sugar molecule.  The
pentose eyvele is present in many tissues but is
not of the same quantitative significance as
alyeolysis.

CoztpusTioN AN Exenrcy Proprerios v

acid to
m en-

The complete oxidation of pyruvie
CO, and H,0 by molecular oxygen is

r-phosphate 3-pliesphate

ergy vielding process and in general metabolic
CO, production runs parallel with energy
generation.  Part of the energy is released in
H rmzw»o.-{

! pantoc ! Y
ALANNE s RESTUE —=

3 3 DABUSSTE eSO —=— &0

t‘};\i:}“

e

m/
I\z

PANTETHERE RESLE

COENZYME ArADENNE -RBCSE. 3 PHOSATE -PYEOP-OSHATE ~
BANTOC ACID-B- AL AN - THL THANOL AR
Fic. 4.

The structural formula of coenzyme A,
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ADEMOSINE-5-PHOSPHATE (AMP)

e

CN

N
'if T e Q19 0

HCo S/ _o_  CHy—0P-0-F-0-P-oH
\ OH

i

s

OH oOH
ATP=AMP-P-P
ADP=AMP-P

ADENOSINE TRIPHOSPHATE (ATP)

The structural formula of adenosine
triphosphate (ATP).

1. 5.

the form of heat and the rest in the form of
the bond energy of adenosine triphosphate (fig.
3). Thus when 1 molecule of pyruvate is fully
oxidized to CO, and H,O by oxygen 15 mole-
cules of ATP are svnthesized:

15 adenosine diphosphate (ADP) + 15 phosphate

— 15 ATP. (22

The released energy of oxidation is harnessed
to a chemical synthesis, viz., the esterification
of ADP by inorganic phosphate with formation
of ATP. The major source of biochemical
energy is this coupling of citric eycle oxidations
to svnthesis of ATP.

The glyeolysis of sugar to lactic acid also
leads to synthesis of ATP. Thus the conver-
sion of one molecule of sugar to two molecules
of lactic acid leads to the synthesis of 2 mole-

cules of ATP. By contrast the further oxida-
tion of the two molecules of lactic acid to CO,

Fic. 6. Electron micrograph of a section of
beef heart muscle showing cluslcrs of mitochondria
along the muscle fibrils.  The structures are
magnified 30,300 (li;llec The phnh)gmph was
prepared by K. L. Filmer and Paul Kaesburg of
the University of Wisconsin.
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and H,O by way of the citric cvele leads to
the synthesis of 36 molecules of ATP—18 times
as much as in the glycolytic sequence.

The oxidations of the citric cyele as well as
the coupled synthesis of ATP are carried out in
the mitochondrion—a subecellular entity.  An
electron micrograph of a cluster of mitochon-
dria in heart muscle can be seen in figure 6.
The thirty or more enzyvmes involved in the
combustion and coupling processes are ar-
ranged and organized in a very precise pattern
within the mitochondrion.’®  The harnessing
of energy involves a rather intricate sequence
of events.  In cach of the five oxidative steps
of the citric acid cycle, electrons are transferred

1) FLAVIN ADENINE DINUCLEOTIDE (FAD)

R R
HJCIINLN/TO H;CI:[N /N\ro
HaC NN HaC: N
H o OH OH

oxzaton
ST Ton

€2Y HEMOPROTEINS CCYTOCHROMES A, B,C, AND &)

FERROUS HEME SEisos FERRIC HEME
€3) COENZYME Q)9
CH30. cn; ouoanon, M0 CHy
CHO TEE o R
o
R=(CH;~CH=! c-cnz),on
Fr xidation-reduction components of the

electon  transfer  system flavin  adenine
dinucleotide which contains a riboflavin  moiety
is the functional group of the flavoproteins; (2
thu heme group of the hemaproteins { eytochromes

b, ¢, and ¢) undergoes oxidation reduction:
(3) coenzyme Q.17

from substrate to molecular oxygen through a
series of catalysts capable of undergoing re-
duction and oxidation.  This involves a struc-
turally linked series of enzymes collectively
designated as the electron transfer chain.

The electron transfer chain contains enzymes
with the following functional groups: ribo-
flavin, heme, and a quinone known as coen-
zvme Q% Each of these functional groups
can undergo reversible reduction and oxidation
(fig. 7) as can non-heme iron and copper
which is hound to some of the electron carrier
enzymes.  Electrons are transferred from one
functional group to the next in line and each
such transfer involves the oxidation of the first

zese//:dny woly papeojumoq
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and the reduction of the next component. Thus
electrons are passed from one catalyst to the
next in a sequence of some eight or more trans-
fers. Oxvgen is the terminal electron acceptor
and the final product of the reduction is water.
Some three of these transfers involve a simulta-
neous svnthesis of ATP.  How this is accom-
plished is still unknown and is one of the press-
ing problems of contemporary biochemistry.

Coxcrusiox

It can be seen from the foregoing discussion
that carbon dioxitle is mainly a by-product of
the energy supplying mechanisms of the cell.
\While it is true that a small amount is reutilized
in urea formation ™™ and other carboxylation
reactions, the bulk of the carbon dioxide is
transported by the blood to the lungs where it
The mechanism of this transport
in other sections of this

is expired.
will be discussed
svmposium,

I am indebted to Dr. David E. Green for his
help in preparing the manuseript.
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