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Introduction

In a previous paper (3), the atlizaton of sucrose, fructose,
mannose. galactose, ribose, glucuronate and gluconate in the
respimt(}r\' functions of sugar beets was demonstrated by a series
of radiorespivometric experiments. However, the nature of the
pathways for the catabolism of carbolydrates is yet to be eludi-
dared. In the present work, CF specifically Tabeled acetate.
glyoxylate, pyruavate, glucose and gluconate were used as stih-
strates to identify and estiniate major catabolic pathways operative
in sugar beets.

Materials and Methods

Sugar beet roots of the US 2273 variety were used exclusively

as test samples, and they were sclected on the basis of uniformity
in shape, weight, and inaturity. Average weight of cleaned beet
roots was approximately 500 grams.
The 1 specifically labeled acetate, pvrm'zlrc and  alucose
were abtained from the National Boreau of Standards rhrouegh
the kind cooperation of Dr. H S. M)el and from commercial
sources except in the case of glucose-3 (4) -G which was prepared
in rhis laboratovy by the nwtlm( of Waood et al. {16). Glvoxylate-i
and -2-C'' was prepared by the OsOy oxidation method of Wels-
shach and Sprinson (14} from fumarate-1,4-C and Tumarate-
2.3-00% vespectively,  Potasstum gluconate-1, -2, -3{4y, 6 and
SU-C8 were prepared according to the method of Moore and
Link {11}, .

The radiorespivometric experiments on the atilization of (7
specifically labeled substrates weve carried out in a manney similar
to that described previously (8). The “well” method {3) was
emploved exclusively as the means {or the administration of
fabeled substrates,

Radioactivity of respiratory CO. samples were determined by
means ol a mica end-window Geiger-Muller counter usine BaCQ,
exclusively as the countng form. Countings were carvied out
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to w standard deviation no greater than 197, and counting data
were corrected for background and sell-ubsorption in the con-

ventional manner.

Results and Discussion

The application of the radiorespirometric method for the
identification and estimation ol catabolic pathways operative in
a given biological system relies heavily on the reproducibility of
GO, recovery data lrom O specifically  fabeled  substrates
within a given series of experiments. Tr Tollows that the method
emploved for the administration of labeled substrares constitutes
an important factor in this regard. The degree of veproducibility
of €70, recoveries Irom the beet roots administered with spe-
cifically Tabeled substrates such as glucose is mdicated by the data
presented in Table 10 Tt can be seen that the average deviation
amoeng replicate experiments is reasonably small and the dat
are, thevefore, valid for pathway participation studies on either
the gqualitative oy the quantitative basis.

Tahle I—Reproducibility of CW0e vields rom beer roots metabolizing  specifically
Iabeled glucose samples.

Substrate Percend recovery
Substrate weight, mg Radivactivity, ne at 20 hours
Olucose-1-CY 50 0.5 15.8
Clucose-1-C 501 [) 17.5
CGlucose-1-00 36 .5 1.6
Ghircose-2-CH a0 0.5 8.0
Glucose-2-C0 a0 0.5 12.8
CGlucose.2-C Rl 0.5 13.0
Glucose-34-C1 50 0.5 215
Glucose-5 4-00 34 0.5 21.0
Glutose-6-(0 30 0.5 103
Glucose-6-C1 30 0.5 12.2
Glucose-6-0 50 8] 0.1

{dendiftcation of Calabolic Pailiveays.

In view of the exwraordinarvy abundance of sucrose in beet
root, and the role played by beet sucrose and in beet respiration
(%), it is reasonable ro believe that an active mechanism must be
operative for the degradation of sucrose to CO. with glucose and
Mrictose serving as the obvious intermediates. Effores were, there-
fore. made to eluadate the catabolic pathways responsible for
the conversion of glucose to smaller fragments, for biosynthetic
functions, and 1o the respiratory GO, lor energy production.
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In studies of this type it is olten advantageous to first under-
stand the mechanism involved in the catabolism of degradanon
products derived from glucose such as pyruvate, acctate, and
glvoxylate. The radiorespirometric  patter, ie., Ume course
plots of interval GO, recoveries or cumnulative (070 recoveries
for beets metabolizing G specifically Jabeled pyruvate are given
m Figure 1. The extensive conversion of C-1 of pyruvate to €O,
undoubtedly reflects the oxidative decarboxylation of pyruvate
giving rise to the formation ol a C, compound. That the €. com-
pound is in the nature ol acetate can be concluded from w com-
parison ol the radiorespirometric patterns lor €2 and -3 of
pyruvate with that for C-1 and C-2 of acetate given in Figure 2,
Not only do the time courses ol the respective plots bear a close
resemblance to each other, the yauo of recoveries for C-2/0-8
of pyruvate at the end of experiment was calculated as 8.0, a value
approaching closely the analogous ratio of C-1/C-2 lor acctate,
3.0, The exact nature of the mechanism for acetate catabolism
cannot he delined by the present work, however, the preferential
conversion of C-1 of acerate to COL as compared to that of -2
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Figure 2.—Radiorespiromeiric patterns for sugar beets metabolizing €U
specifically  labeled acetate.  Acetate 100 . acetate-2-(1

suggests that the tricarboxylic acid (TCAj cycle may have been
the principal pathway. The observed ratio, 3.5, tor C-1/C-2 of
acetate in GO, s somewhat higher than what has been observed
with nucroorganisms {12y, This hnding can probably be ac
counted for by considering the effect of isorope dilution upon
vartous labeled TCA cyde intermediates from unlabeled hect
constituents {131, In the present case, the effect is presumably
more pronounced in view ol the amount ol carbohydrate reserve
present in beet roots.

The radiorespirometric patterns for the utilization ol glyoxy-
fate-1 and 2-C' by beet roots ave given in Figuve 3. It is inter-
esting to note that although preferential converston of -1 ol
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Figure 3~—Radiorespivomctric patierns for sugar beets mewbolizing €'
specifically labeled glyoxvlate.  Glyoxylate1.CH ., Glvoxvlate-2-C1
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olyoxylate to CO. 15 observed, the ratio of CHOL vecoveries
C-17C-2, Tor glvoxylate s Tound to be approximately 10, a value
constderably higher than the analogous ratio observed in the
acetate e'perin'xcm This fact muay indicate that in addition to
the operation of glyoxylate l)\pdw pathway (9, 10), there may
exist other pathways which are res p(nmhlc for the prelerential
incorporation ol C-2 of glyoxylate into beet constituents hence
the preferential combustion of C-1 1o CO.. Possible mechanisms
ol this type, to cite a few, are the in(‘m‘por;nion of C-2 of
gl}n\\fldtc to a formyl group which is an importun intermediate
m (G, mewabolisn. )

With 7 specifically labeled giu(ios(‘ zzs tracing subsurate, the
mdiorespimmetric patterns for G-1, G2, (-3 4 (md -6 of glucose
are given o Figure 4. The prompt and extensive recovery of
(34 of glucose in vespiratory GO, suggests strongly that the
operation ol the Fmbden-Meyerhol- Parnas {(EMPy glyeolytic
pathway in conjunction with the oxidative dec (nb<>>\ylmi(>n of
pyruvate is the major initial step for glucose breakdown. Mean-
while, the observed preferential conversion of G- of glucose to
GO, in comparison with C-6 points to the participation ol an

2
B Pret
1»’
SN 6
s, 4
y “ Wi,
3,41 N :-52 /{
! vooRe s //
K Yooae /
n [ o
i CG O e
, '
- E i © 4 g iz s
Lous 7 1 TIME (RS
w
“
R3
i
&
w
o
k3
e
" !
© -
s
@
W
&
o
nd
@
£ os
=
®
b
/]
/
i
I
o 4 g te 6 z0

TIME HRS)
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alternate pathway, since these two carbon atoms should behave
metabolically identical in the EMP-TCA schome. The naue
ol the alternate pathway can be best analyzed with the discussion
ol the findings in the gluconate experiment.

It is reasonable to further speculate that the acetate, derived
from ghucose by way ol the EMP- pvm\ﬁatc decarboxylation
mechanism, is catbolized via the TCA cyclic pathway as evie
denced by the preferential conversion of (12 nf ghicose to GO,
relative to that of C-6. Conclusion is drawn {rom the face that
im the classical EMP-TCA scheme, one would expect to find
that C-2 and C-6 of glucose corresponding to the carboxyl and
methyl carbon atoms of acetate respectively, The pnssibkf oper-
ation of the TCA cycle in beet roots has been discussed earlier
in connection with the acetate experiment.

The nature of the alternative pathway for glucose catabolism
in sugar beets was further elucidated by the use of (V' s 'p(’('iﬁ(‘:ll y
Iabelcd gluconates as substrates in radiore SPITOMeric ex pcnmemx
Although  the phosp weluconare  decarboxylation ;Atlm«u is
known to occur in plant systems (1) the tate of the pentose phos-
phate, dcn\cd from <>qu>sg t-phosphate, in plant catabolism has
yet to be fully clari fied. ‘The use of G labeled I gluconate offers
the advantage that the catabolic behavior of pentosephosphates
can be recognized without interference from the concurrent catab-
olism of substrate glucose since 1t ix known that G-phosphoglu-
conate cannot be mdm, converted to glucose-G-phosphate di-
vectly (7).

The GOy recovery patterns for G-l G2, €34 and C6 of
gluconate are presented in Figure 5. The extensive conversion
ol C-1 of gluconute 1o CO.L, 909, alter 36 hours, substantiates
the occarrence of a4 C-C; cleavage pathway which is prestomably
in the nature ol phosphogluconate decarboxylation. The cua-
holic fate of pentose derived [rom the Jatter pathway can be
clucidated by examining the radiorespirometric pasterns for the
other carbon atoms ol U]ll(()lmlc The findings thar €O, re-
covertes [rom gluconate carbon atoms are the order of C-3,4>
C-2>C-6 indicate that the pentose, presumably in the nature of
ribose-h-phosphate, is converted rather extensively to {ructose-
G-phosphate through the action of nansketolase and transaldolase,
The conclusion is drawn from the consideration that tm)ihud
of the C-34 of gluconate should remain in (-34 position ol the
re-formed hexose phosphate (4) which can be In turn converted
extensively to CO. when it is subjected to the glycolytic catab-
olism (5.
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Figure 5.
specifically labeled gluconate. Gluconate-1-00 1 .
, Gluconate-d 4.7 , Gluconate-6-¢:1

Radiorespirometric patterns lov sugar beets metabolizing €
, Gluconae 2.0

The catabolisi of glucose via the pentose oyele patdhway has
been recently examined by Katz and Wood (8, 153 These authors
evaluated the effect ol recyeling of hexose monophosphates upon
pathway participation under the assumption thar the fructose-6-
phosphate formed via the pentose oyele is i perfect equilibrium
with ghucose-G-phosphate and s hence engaged exclusively in
repeated operations of the peutose cycles The assumprion thus
implies that the redormed  {ructose-G-phosphate would not be
catabolized glyveolytically by way of [ructose-l, 6-diphosphate, 4
situation which cannot be accepted without experimental evidenee
particularly with biological systems wherein the EMP pathway
is one of the major pathways,

A more realistic approach has been employved by Dawes and
Holms (6) Tor the estimation of pathway participations, In a
study with Saveina hiten, these authors evaluated the relative cons
tribution of the EMP pathway and the pentose oyelic pathway
on the basis that thee fructose-i-phosphate formed in the later
pathway is in equilibvium with both glucose-G-phosphate and
[ructose-1,6-diphosphate and lhence should display catabolic be-
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haviors identical to that ol substrate glucose, The treatment,
although derived only (rom theoretical considerations, appears
to be plausible when one takes inro consideration the respiratory
and biosynthetical functions of glucose pathways. The radio-
respirometric data presented in Pioum 5 renders experimental
prool to the assumption made by Dawes and Holms {6y,

Estimation of Palhways.

If one may assume, on the basis of the loregoing discussion,
that m beet root glucose 1s catabolized primavily by way of two
major pathiways in the manner given i Figure 6 (4, 6), 1t would
then be possible to make use of the comulauve CUO, recovery
data from the glucose experiments to estimate the relative par-
ticipation for each of these two pathways. The principle of the
method involved has been presented by Bavbour ev all (2) fov
fruit studies.

GLUCCSE

Figure 6~—Fate of glucose in bret catabolism. G-6-p glucose-6-phosphate:
F-6-p, fructose-b-phosphate; 6-PG, G-phospho-gluconate; CP, pentwose phos-
phate; C-P, wriose phosphate; EMP, the Embden-Meverhot-Parnas pathway:
PO, the pentose cyole pathway; TCA, the tricarboxylic acid cyvcle pathway,
Main pathways , Pemose cvcle recyeling

The necessary assumptions requived {or the estimation of
pathway participation ave essentially the same as that described
previously for fruit studies (2). In short, these assumptions can
be summarized as lollows: (@) The administered glucose s
catabolized extensively by way of the FMP Oly(oVsls and the
phosphogluconate decznbo\\lamm pathway: (b)  The trioses
formed in the glycolytic pathway are cqmmlcm to each other
at the pyruvate level with respect to further metabolic reactions; (¢
The pyruvate derived from the wrioses is decarboxylated promptly
and e\tcnmc]\, giving rise to acetate which is in turn catabolized
by way ol e TCA processes;  {dy The conversion of (-1 of
glucose o (‘(): in the phosphogluconate decarboxylation is a
prompt and practically quantitative process: {e) The pentose
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formed in the phosphogluconate decarboxylation does not con-
tribute promptly to CO, production pzn‘tix‘ul;n‘lv in the earliey
stage of the time course experiments, The evidence supporting
these assumptions has been presented earlier in the discussion
of the nature of catabolic pathways functioning in beet root,

In the esumation of pathway participation i plant sysrems,

it is essential to first estimate the exact amount of the labeled
glucose catabolized, since the administered labeled glucose was
utilized only in part lor catabolic functions, Bearing in mind the
foregoing assumptions, one woul( expect that for cach mole ol
iu(tm’ mm]mhxnd by way ol glveolysis there would 1)(’ f())‘rncd
one mole of respiratory CO, [rom either C-3 or G4 of glucose
and similarly one mole of COL would be recovered in the 1”65;)11‘:1~
tory CO, from G- of glucose mmhohrcd via the phosphoglucon-
ate decarboxylation pathway, The later is superimposed on the
recovery of C-1 ol glucose in {‘\}3 via the elyeolytic pathway
which s identical with that derived from C-6 of glucose. Conse-
quently the peveentage fracuon of labeled glucose carabolized
by beet root can be expressed as in Fqguation ©:

Goo— (G, — G - Gy, (0

where Gy s equal to the percentage fraction of administered
labeled glucose catabolized at time t and G, Gy and G, are
the percentage cumulative radiochemical recoveries of the sub-
strates 1 the vespived GO at time ¢ from beet roots metabolizing
cqual amounts of  glucose-1-C1 glucose-3, (-C and glucose-
H-CH respectively.

The estumation ol pathway partcipaton in the catabolism
of glucose with respect (o the Traction Gy of the administered
amount is given mn Lguations 2 and

Gy Gy

(x, = Jp— . < 100 (2
’ ((’ — G Gy b =

Goo= 100 — G, (%)

where G, represents the pevcentage [raction of administered
glucose catabolized via the phosphogluconate  decarboxylation
and G, represents the percentage fraction ol glucose engaged in
the LEMP glycolytic pathway.

The values of Gy, G, and G, caleulated according 1o these
equations along with the m(lim‘cs‘pirmnctri(‘ data (avevage vesults
from three veplicate experimentsj employed Lor these calculations
are given in Table 2 for experiments extended to a pertod of 20
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Tabie 2—Pathway distribution in heet roots.

o Camulative radiochemical recovery %y Glugose-CU < Pathway
Time of substrate activity in GOz catabolized distribution
Hrs. G- G2t G340 G610 G (BEq. 1) Gy (Eq. 2) Ge (Eq, 3)
b4 L .1 0.3 0.7 36 it
1 2.2 [ 2.0 12 3.0 33 6B7
6 1.3 1.1 2.4 6.0 32 08
b 6.5 RS 7.5 1.1 1o 21 76
10 5.6 tr.e iRl 14 22 T8
12 s 3.3 137 6.5 IH 22 s
It 12.0 16.2 7.4 20 20 Rl
] 135 (R 18.2 B0 23 201 30
18 4.8 20.4 1.2 25 1Y 81
20 L. 124 913 0.9 26 i Hi

hours, Tt s noted that the value of G, rises sharply in the carlier
stage of the experiment and levels toward the end ol the experi-
went; meanwhile, the values of G, decline sharply av the be

ginning and soon reacl wd a steady value at 10 hours elflc‘ sub-
strare administration. The oend of diminution in G, values in

fact veflects much o the validity of assumptions set forth for the
derivation ol equation 1 and 2, particularly the assumption on
the Tate ol pentose (as‘smnptiml ¢y e can be readily seen that
the terms Gy and Gy i these equations were meant to repre-
sent the pereentage conversion ol € () and C3 (4 of glucose
respectively in GOy via exclusively the EMPYTCA patl‘m';xv This
is indecd true in the carly phase ul the 1 1(111)1(‘ pnum(,tzl( experi-
ment (up to a duration ol six houors in Figure 43, However, as
catabolism of the administered glucose proceeded. the contribu-
tion of CO. production via the pentose cyele pathway  (Figare
6y to the terms G, and Gy , became more pronounced, as shiown

in Figure 53, thus 1csulm‘{§) in 1]1(’ diminution of the caleulated
values for G, On the basis of the foregorng understanding, 1t
would appear that the values G, cale ulated from the data mL
lectedd in the carly phase of the experiment are closer o the

actual participation of the individual pathways,

It, therefore, appears that in sugar beet yeots over once-hall of
the glucose engaged in catabolisty s vouted through the FADP-
TCA pathway with the remaining portion degraded via the
pentose cycle mechanism. The latter pathway presumably serves
as the lIl‘li()I‘ avenue for pentose prodm‘ti(m. The possible in-
volvement ol ;)(‘musc cyele reactions in the catabolism of pentose
derived from G-phosp 1(1glu<01m acid has been discussed carlier,
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Summary
The nature and participation ol pathways for the catabolism
ol acetate, glyoxylate, pyruvate, gluconate and glucose in sugar
beet roots has been studied by the radiorespirometric method.
It appears that glucose is utilized mainly by way ol the EMP
alycolytic pathway and o 2 minor extent via the phosphoghiconate
decarboxylation route. The bulk of the pentose derived rom
clucose via the latter pathway s belicved to undergo pentose
cycle reactions giving rise to the reformation ol hexose which is in
turn catabolized in a manner identical to that of beet glucose.
The pyruvate derived rom glucose by way of the EMP mechanism
presumably undergoes extensive oxidative decarboxylation which
s in turn metabolized via the TCA cyclic pathway and to some

extent the glyoxylate bypass pathway.
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