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METABOLIC STUDIES ON THE HONEY BEE, APIS MELLIFERA

INTRODUCTION

The ultimate pathways of carbohydrate metabolism-
in most tissues investigated to date are included within
the scope of three major metabolic schemes, namely, the
tricarboxylic acid cyecle, glycolysis, and the pentose
cycle, A knowledge of the existence of any or all of
these three schemes 1s essential to an understanding of the
overall carbohydrate metabolism in any organism,

Evidence for the existence of the tricarboxylic
acid cycle as an efficient mechanism by which pyruvic acid
is oxidized to carbon dioxide and water and energy stored
in the form of high energy phosphate compounds has accumu-
lated for many types of tissue., Krebs, (13, pp.148-156) in
1937, established the cyclic nature of a series of re-
actions which had previously been assoclated with carbo=-
hydrate oxidationsj thus, in 1911, Battellil and Stern
(24 pp.478-505) had shown the rapid oxidation of citrate and
gseveral four carbon apids by a frog muscle preparation, and
Mertius in 1937 (17, pp.l04=110) demonstrated the conver-
sion of a six carbon acid, citrate, to a four carbon one,
succinate, Numerous investigations (6, pp.l40-146) have
certified the exispence of the tricarboxylic aecild eycle in

mammalian tissue, bacteria, molds, yeast, plant material



and certain invertebrates, Included in the last category
are the insects, one of the most numerous of all forms of
animal life, Despite the tremendous economic importance
of these organisms, very few complete reports on their
oxidative metabolism have been forthcoming. An understand-
ing of the fundamental processes by which insects metab=-
olize food stuffs could be of great value in the system-
atic development of antimetabolites for insect control,

0f importance in this work would be any observed variation
between insect and plant or animal metabolic patterns and
also any variation among the various stages of insect
growth,

Among the earliest reports of significance on tri=-
carboxylic acid cycle activity in insects was that of
Barron (2, pp.57-76) and Tahmisian using cockroach muscle.
These investigators demonstrated a2 stimulation of respira-
tion by several Krebs cycle intermediates, acetate and
glutamate, and an inhibition of glucose oxidation by
malonate, Data were also given on respiratory quotients

relative to vertebrate and invertebrate tissue, In
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addition, higher R. Q.l values were found for male than for
female cockroaches,

In 1951, Watanabe and Williams (30, pp.675-689)
succeeded in loceslizing Krebs cycle activity in the sarco=-
somes of insect flight muscle, The similarity between
these particles and mammalian mitochondria was demonstrated,
These particles possessed enzymestic activity for the oxida=-
tion of malic, succinic, and pyruvic acids.

Spirites (26, p.251) in the same year, using a
less well-defined system of unwashed homogenates, water
extracts, and acetone powders, was able, by Warburg mono-
metry and spectrophotometric techniques, to demonstrate
considerable Krebs cycle activity in the fly, Drosophila
melanogaster. He observed activity for the enzymes aconi-
tase, isocitric dehydrogenase, succinic dehydrogenase,
fumarese, malic dehydrogenase, and the citrate condensing

1  Abbreviations used in this report are:
R. Qs = respiratory quotient

DPNH - reduced diphosphopyridine nucleotide
G-6-P = glucose-6-phosphate

G-1l=P « glucose-l-phosphate

HDP - hexose diphosphate

EDTA « ethylenediamine tetraacetate or "Versene"
TRIS =« trimethyolaminomethane

TPN - triphosphopyridine nucleotide

DPN - diphosphopyridine nucleotide

ITZ - triphenyl tetrazolium chloride

TPP - thiamine pyrophosphate

AMP - adenosine monophosphate

ATP - adenosine triphosphate

F-6=-P « fructose-6-phosphate

R=5«P « ribose-5-phosphate



enzyme, Other ancillary enzymes were also investigated,

Intimately associated with Krebs cycle activity is
the generation of high energy bonds in the nucleotide,
adenogine triphosphate, This phenomenon has been demon-
strated recently in insect sarcosomes by Lewis and Slater
(15, pexxvii), A relatively low P/0 ratio of 1,80 was
noted in the absence of any sdenosine triphosphatase
activity. They suggest that this may be a property of
insect sarcosomes in vivo, differing from other living
forms where P/0 ratios of 3 or higher have been recorded,

In 1953, Sacktor (22, pp.371-387) working with the
housefly was able to show activity for several enzymes
agsociated with the citric acid cycle. Among these were
malic dehydrogenase, DPNH oxidase, cyctochrome ¢ oxidase,
and malic and sucecinic cytochrome ¢ reductase. These en-
zymes were localized in a particulate fraction,

A recent study by MeGinnis (18, pp.41-50) on the
adult blowfly, Phormla regina, provides evidence for the
complete oxidation of ecitric and aa~ketoglutaric acids, and
the inhibition of this oxidation by malonate, Citric acid
oxidation and isocitric dehydrogenase asctivity was also
demonstrated in mature larval preparstions. Here, again,
the Krebs cycle activity was shown to reside prineipally in
a particulate fraction.

Glycolysis, or the aneserobic fragmentation of



sugars into lactate is also a widely distributed process.
Thus, glycolytic activity has been demonstrated in mammal-
ian tissuve, protozoa, bacteria, yeasts, and numerous in-
vertebrates (6, pp.100-108), An important contribution

to knowledge of this process in insects was made by Barron
and Tahmisian (2, pp.57-76) working with cockroach muscle,
Using glucose as a substrate, these authors measured gly-
colytic activity both in terms of lactate formation and
CO02 production from a bicarbonate buffer, Considerably
more COp was evolved than lactic acid produced, The
authors suggest that this could concievably be a function
of considerable adenosine triphosphatase activity. This
same phenomenon has been reported more recently by Mc=-
Ginnis (18, p.50).

That this increased COp production, released by
acld from a bicarbonate buffer, could be a function of the
production of some acid begides lactic was shown by
Humphrey (9, p.324) and Humphrey and Siggins (10, p.359).
In the latter paper, working with the grasshopper,
Migratoris locusta, these investigators were able to show
the production of both lactic and pyruvie acids from
glycogen, glucose, fructose, G-6=Pl, G-1-Pl, or HDPL,

The occurrence of the third major carbohydrate
pathway, the pentose cycle, haz only recently been demon-

strated in insect tissue, Previously this cycle, in which
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hexoges may be oxidatively metabolized in the absence of a
tricarboxylic acid cyele, had been demonstrated in higher
animels (8, p.214), plants (1, pp.619-634), bacteria

(7, ppell-26), and the wheat smut fungus (20, p.27-35).

The studies on insects have been limited to two orgeanisms.
The first demonstration of this cycle was with the pea
aphid, Macrogiphum pisi, (19, pp.37-45) where oxidation of
known intermediates in the cycle and interconversions among
the ecyclic constituents were shown, McGinnis (18, p.52)

in his work on the blowfly was able to demonstrate the dis-
appearance of ribogse-5~phosphate and formation of sedohep-
tulose and hexose in all three life stages, egg, larva,

and adult of this organism,

It can be seen that although information has been
rapidly accumulating on the various phases of carbohydrate
metabolism in insects, much work remains to be done, Such
work would be important both from an economic viewpoint and
in furthering the fundamental knowledge of comparative bio=-
chemistry, It was with this ih mind that a study of metab-
olism in the honey bee was undertaken., This insect was
chosen primarily for its year-round availability in
quantities large enough for investigation and for its

relative ease of handling under laboratory conditions,
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METHODE AND MATERIALS

Ereparation of Mitochondria

Mitochondria were prepered from the thoracic seg-
ment of the honey bee. Approximately three hundred bees
were anesthetized with COp, transferred from the cage into
a beaker and washed several times with distilled water,
Heads and abdomens were removed and the thoraces ground
in a cold mortar and pestle with a 0,9% KC1-0,01M EDTA'
solution, The intestinal tract was removed essentially
intact by the process of removing the head from the re-
mainder of the body. The resultant brei was strained
through eight layers of cheese cloth and centrifuged at
500 x g for five minutes to remove heavy cellular material,
The supernatant liquid was then centriruged at 10,000 x g
for 10 minutes to separate the mitochondria., Before use,
these were resuspended twice in the KC1l-EDTA solution, re-
centrifuged at 10,000 x g and briefly homogenized in a
loose-fitting Potter-Elvehjem glass homogenizer to obtain
a uniform suspension., The mitochondria as viewed with a
microscope at a 440-fold magnification, took up Janus green
B stain and appeared to be homogeneous. All operations were

carried out at 4°C,



Preparation of Acetone Powders

Acetone powders were used to a limited extent to
determine activity and pyridine nucleotide specificity of
pentose cycle enzymes, These were prepared by placing
either whole bees, heads, abdomens or thoraces, separately,
in a cold Waring blendor with 20 volumes of cold aca@fgﬂding
for 30 seconds and filtering the resultant material. The
powders were resuspended twice in 10 volumes of acetone
and the entire operation repeated. The acetone powders
were dried in yacuo and stored at -20°C, The preparations

were stable for at least three months,

Preparation of Soluble Enzyme Systems

Soluble enzymes were prepared by one of three
methods, namely, extraction of acetone powders of thoracic
homogenates, differential centrifugation of thoracie
homogenates, or alternate freezing and thawing of mito=-
chondria as described previously,

For a few determinations of pentose cyecle activity,
acetone powders were used. Approximately one gram of
material was suspended in 15 ml. of 0,2M TRIS! buffer, pH
8.0, homogenized in a Potter-Elvehjem homogenizer, and ex-
tracted for 30 minutes. This slurry was then centriruged.
for 30 minutes at 3000 x g and the supernatant fluid



dialyzed two to three hours against 0,02 i TRIS! buffer,
pH 8,0, to lower the content of pentose and hexose which
would interfere with the coleorimeter determinations, Con=-
glderable polyphenol oxidase activity was noted with a
whole bee acetone powder extract as evidenced by a darken~-
ing of the solution during dislysis.

A soluble enzyme system from a thoracic homogenate
was used for glycolytic measurements and to obtain evidence
for the verious enzymes of the pentose cycle. This system
wes prepared by the same general method as described for
mitochondria with the exception that centrifugation was
carried out at 10,000 x g for 45 minutes to remove all
larger particles,

For the determination of certain chemical reac-
tions associated with the particulate or mitochondrial
fraction of a thoracic homogenate, especially those to be
followed spectrophotometrically, a soclubilization pro-
cedure had to be followed, The one used was alternate
freezing and thawing of the particulate fraction, Both a
slow freezing at -20°C, and a more rapid freezing with a
chloroform-dry ice mixture were used, The slower process
proved to be generally superior. A large amount of gela-
tinization occurred during the rapid procedure but was not
evident during the slow procedure, The extract obtained

in this manner was used to detect isocitric dehydrogenase,



10

o=-ketoglutaric dehydrogenase, the acetate activating en-
zyme, the citrate condensing enzyme, and pyruvie oxidase.
When pyridine nucleotide spécificity was to be established,
the extrasect was dialyzed for three to four hours against
0,02 M TRISl, pH 7 to 8., The acetate activating and citrate
condensing enzyme systems could not be demonstrayed without

prior solubilization by this technique.

Warburg Mapometry and Chemical Assays

A conventional Warburg apparatus was used to
follow the oxidation of tricarboxylic acid cyele intermedi-
ates, utilization of HDP by the glycolytic pathway, arsen=-
ite and malonate inhibitions and formetion of c-ketoglu=-
taric acid from citric and isocitric acids. In all aero=-
bie experiments, the flasks were oxygenated for five mine-
utes and equilibrated for seven minutes prior to tipping
of the substrate from the sidearm of the Warburg vessel,
In all experiments, the bath temperature was 3?50.

Angerobic measurements iore made in an atmosphere
of 95¢ nitrogen - 5% carbon dioxide. The production of
CO2 from a bicarbonate buffer was used as a measure of
acid production from HDP during glycolysis. Concomitant
production of lactic acid was measured by the method of
Umbreit gt gl. (29, p.192)., HDP was determined by the re-
sorcinol method (29, p.191).



11l

a~Ketoglutaric acid formation from citric and iso-
citric acids was measured under anaerobic conditions on
the Warburg apparatus using substrate quantities of PNt
end DPN, The C.ketoglutarate formed was assayed by the
method of Brummond and Burris (4, pp.754=759). This
method consisted essentially of precipitating the ax~keto-
glutarate as the 2,4—din;tropheny1 hydrazone, extracting
with ether in a liquid-liguid extractor, evaporating to
dryness and dissolving in 3-5 ml, of an 85% CHCl3-15%
butanol mixture, The latter is the organic phase of a
previously prepared silica gel column, The o-ketoglutarate
derivative formed was separated on the column from the un-
reacted dinitrophenyl hydrazine and measured on a Beckman
spectrophotometer against a standard curve prepared with
known quantities of the hydrazone derivative of o~keto-
glutarate,

Acetyl coenzyme A was measured by the hydroxamic
acid method as described by Lipmann and Tuttle (16, pp.
21-28) with the exception that the incubation time was
extended to twe hours to allow maximum development of color,
The enzyme system was a solubilized preparation from frozen
and thawed mitochondria., Dialysis time was twelve hours
against 0,02 M TRIS and 0.001 ¥ EDTA, pH 8,1,

Citric acid was measured by the method of Saffran
and Dendstedt (23, pp.844-855), This method consists of



dissolving the deproteinized sample in acetic anhydride
and developing the color with anhydrous pyridine at 60°C,
A complete standard curve was carried out with each deter-
mination, All colorimetric readings were made on a Bausch
and Lomb colorimeter.

The activity of several enzymes was measured as a
function of the reduction of DPN or TPN at 340 mu, These
included glucose-b6-phosphate dehydrogenase, 6-phosphoglu~
conic dehydrogenase, isocitric dehydrogenase, and o-keto~
glutaric dehydrogenase. All analyses were made with a
Beckman Model B spectrophotometer.

1z} was used as the electon acceptor in measuring
pentose ecycle activity. A complete system for this experi-
ment contained, in addition to substrate, phosphate buffer,
pH 7.2, MgCl,, Armour coenzyme concentrate, thiamine pyro-
phosphate, TTZ, and methylene blue, This mixture was in-
cubated for one hour at 37°C. in vacuo to effect the
oxidation, 5 ml., of acetone added, the resultant precipi-
tate centrifuged and the optical density of the reduced
dye (formazan) determined at 550 mu.

A standard curve was prepared by reduction of TTZ
with excess Nap8504. Known amounts of TTZ were dissolved
in 1% NaOH, The Na28204 solution and 5 ml, of acetone
were added and the solution aerated for five minutes with

oxygen in order to remove excess hydrosulfite,
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The disappearance of ribose-5-phosphate and forma-
tion of sedoheptulose and hexose were measured as a func-
tion of time, the reaction being stopped with trichlor-
acetic acid, Ribose~5-phogphate was incubated at 37°C
with the enzyme preparation, MgClp, TPP!, and TRIS buffer,
pH 8,0. Aliquots were removed for analyses at appropriate
times, Pentose was determined by the Meijbaum orcinol
method as deseribed by Umbreit gt al. (29, p.191). Sedo-
heptulose and hexose were assayed by the method of Axelrod
et al (1, pp.619-634), Optical density measurements were
taken on a Bausch and Lomb Spectronic 20,

In all experiments in which hexose or pentose was
measured it was found necessary to starve the bees for
several days prior to use, This procedure, coupled with a
dialysis of the enzyme preparation against five or six
changes of one liter of TRIS buffer, pH 8,0, over a period
of 12 to 16 hours, served to reduce the endogenous oxida-
tion by the tissue to a point where colorimetric measure-
ments could be made,.

All protein determinations were made by the
method of Weichselbaum (31, pp.40~79).
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RESULTS AND DISCUSSION

Zhe Iricarboxylic Acld Cyvcle

Although several reports have been presented on
tricarboxylic acid cycle activity in insects, much of the
information avalilable concerns itself with ill-defined
systems or fragmentary data, It was felt that a more
thorough investigation into the nature of oxidative metab-
olism in insects might be in order. Thus, any small de-
viation from known pathways in other organisms or plant
tissue might be of importance in the development of insect
antimetabolites,

An important initial objective in this work was
the development of an active particulate preparation for
the demonstration of oxidation by citric acid cycle inter- -
mediates, ©Several attempts with varying grinding media
failed to produce an active preparation until an isotonic
KCl solution and high concentrations of EDTA were employed.
Figure 1 shows the effect of varying the EDTA concentration
on the oxidation of citrate by a thoracic homogenate. This
oxidation was followed manometrically at 37°C, It can be
seen that a ten fold increase in EDTA concentration, from
10~3¥ to 10~2M, results in approximately a 300% increase in
total oxidation, When this information was applied to a
mitochondrial system, it became possible to obtain con=-

gistently active preparations., The high endogenous shown



Figure 1, The effeect of EDTA (Versene)
upon the oxidation of citriec acid by

a;. Honey Bee homogenate, A complete
system for these oxidations contained
14 n moles phosphate buffer, pH 7.2, 20
n moles s 10 n moles AMP, 1 mg,
cytochrome ¢, 1 mg, of Armour coenzyme
concentrate, and 3 n moles citrate
Protein concentration was 50 mg-/?iask,

15
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in figure 1 disappeared in the washed mitochondria, Al=-
though the exact function of EDTA is not known, it can be
assumed that a chelation of injurious metal ions 1s its
prineipal role. 8ince insect thoraces have been shown to
contain large amounts of calcium, the lowered activity in
the absence of EDTA may be the result of this metsal as
suggested for similar animal systems (24, p.119).

An attempt was next made to demonstrate the com=-
plete oxidation of compounds directly and peripherally
associated with the citric acid cycle, Table 1 shows the
completeness of oxidation of thege intermediates while
figure 2 also shows rates of oxidation. It can be seen
from Table 1 that with the exception of oxalacetate and o=
ketoglutarate, all oxidations are complete, The oxidation
of isocitrate, based on utilization of the L-isomer only,
is considerably above theoretical, It is possible that
some mechanism may be available for the conversion cof the
DL- to the L-isomer, or else that the enzyme in bee mito-
chondria is non-gpecific for the qptical configuration,

A reaction characteristic of TCA cycle activity is
the competition of maloniec acid with succinic acid for the
enzyme suceinic dehydrogenagse, This reaction displayed un-
usual features when quantities of succinate were used which
did not saturate the enzyme surface of succinic dehydro-

genase, Added malonate had the effect of inereasing the



Figure 2, Oxidation of several Krebs
eycle intermediates by a mitochondrial
preparation from the Honey Bee, Additions
to Warburg vessels are identical to those
shown for figure 1, Protein concentration

was 50 mg./flask.

18
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TABLE 1

Oxidation of Krebs Cycle Intermediates
by the Honey Bee

20

Substrate  p moles EFMWW
. added heory observed

Citrate 3 27 26,3
Isocitrate (DL) 4 18* 2546
O-Ketoglutarate 3 24 12.7
Sucecinate 3 21 2l.4
Malate 3 18 18,4
: Fumarate 3 18 20.3
Oxalacetate 2 10 5e8
Pyruvate 2 10 9.8
Acetate 20 80 29.6

* 0On basis of the utilization of L-isomer.
For asdditions to Warburg vessels required
for these oxidations, see figure l., Protein
concentrations averaged 40 to 60 mg./flask.
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rate of oxidation of edded substrate, These data are 1il-
lustrated in figure 3, It was originally thought that
malonate itself might be oxidized, possibly by a prelim-
inary decarboxylation; however, experiments designed %o
test this theory showed neither oxidation of malonate it~
self nor COp evolution as measured by the direct method
for COpe A possible explanation of this phenomenon lies
in the function of malonate as an uncoupling agent for
oxidative phosphorylation., This has been reported to in-
crease the rate of oxidation of tricarboxylic acid cyele
intermediates (14, p.379).

Further work on this problem with a fully saturated
enzyme established malonate as a potent inhibitor of
succinate oxidation. This is shown in Table 2, The
quantity "K' shown in this teble is a value which repre-
sents the ratio of succinate to malonate which willl give
a 50% inhibition of the oxidation of succinate alone,
This value was derived by Krebs (12, p.614-627) and may

be caleculated from the formula:?

k* den F iit;‘]

n n 0
-heren'm&.h}rsn_x.mx&_mhmﬁ.u_
reaction rate without inhibitor

That the enzyme surface is saturated igs shown by only a

very slight increase in the rate of oxidation of 140 u



22

Figure 3, The stimulation of sucelnate
oxidation by malonate, Succinate concean-
tration in all flaske: 3 p moles, Curve 4,
15 m moles malonatej curve B, 1,5 p moles mal-
onate; curve C, 3 n moles succinate; curve D,
endogenous, For other additions see figure

1, Protein concentration 33 mg./flask,
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TABLE 2

Inhibition of Suecinate Oxidation by

Malonate in the IHoney Bee

Flask n 1l Oxygen n* K*
uptake
l. Endogenous 10 - -
2., 100 n moles Succinate 602 B -
3. 140 p moles Succinate 604 - -
4, 100 m moles Succinate
4 p moles Malonate 462 0.77 7.5
5, 100 m moles Suceinate
8 n moles Malonate 366 0.61 8,0
6., 100 m moles Succinate
50 p moles Malonate 188 0.31 4.4
7. 100 p moles Succinate
80 n moles Malonate 138 0.23 4,2

* See text for values of n and K,

24

The oxidations shown were meagured manometrically
at 37°C, for 30 minutes. Protein concentrations
10 mg./flask, For other additions to flask see
figure 1,
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moles of succinate over that of 100 p moles. It can be
seen that the K values determined fall into two groups,
one about eight and the other about four. The higher set
of values are reasonably close to the value of ten re~-
ported for mammalian tissue (12, pAl6)., One possible ex~-
planation for the lower values might be an inhibition of
other enzymes systems, notably the oxidation of oxal~-
acetic acid (21, pp.241-250), at higher malonate concen=
trations.

An attempt was next made to measure some of the
individual reactions of the cyecle, The formation of G-
ketoglutarate from citric and isocitric acids was first
investigated. It was found that added sodium arsenite in-
hibited the rate of oxidation of a-ketoglutarate and that
this inhibition was proportional to the amount of arsenite
added, Considerable protein, about 65 mg, per flask, was
used in these experiments, so a proportionally high con-
centration of arsenite was required., Fifty pn moles of
arsenite gave 38% inhibition, 250 » moles of arsenite gave
65% inhibition, and with 500 p moles the inhibition was
complete, Several attempts were made to isolate Gi-keto-
glutaric acid as the 2,4 dinitrophenyl hydrazone from
citrate and isocitrate by use of this arsenite block. All
were unsuccessful and it was assumed that arsenite in

these high concentrations had interfered with the sction
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of some enzyme prior to O-ketoglutaric dehydrogenase,

The problem of o~ketoglutarate formation from
citrate and isocitrate was solved by use of an anaerobic
gsystem and substrate quantities of pyridine nucleotides.
Between citric and isocitric acids and @-ketoglutarate,
there is but one oxidative step, namely, the dehydrogena-
tion of isoeitric acid. After added pyridine nucleotide
had been reduced, no further oxidative reactions, (e.g.,
the oxidative decarboxylation of a-ketoglutarate), could
oceur. The reaction would, therefore, stop at this point.
This procedure worked quite well as can be gseen from the
data given in Table 3., These data indicate, in addition
to the formation of G-ketoglutarate, that TPN is specif-
ically required by isocitric dehydrogenase., No explana-
tion can be given for the smaller formation ofa-~keto-
glutarate from isocitrate than from citrate, This is
especially puzzling in light of the high value for oxida-
tion of isocitrate as shown in Table 1,

Activity for isocitric dehydrogenase was demon-
strated by following the reduction of TPN at 340 mp, This
is shown in Figure 4, The TPN specificity of isocitric
dehydrogenase as shown by this method is in agreement with
the data obtained by formation of o~ketoglutarate from
isocitrate,

An effort was next made to establish cofactor



TABLE 3
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The Formation of a=Ketoglutaric Acid

from Citric and Isocitric Acids

by the Honey Bee

A moles N moles
Substrate Cofactor Substrate o <=ketoglutarate
added formed
Citrate TPN 10 6.3
Isocitrate (DL) TPN 20 %
Citrate DPN 10 0.7
Isocitrate DPN 20 0.1




Figure 4, The reduction of TPN by
isocitric dehydrogenase from a frozen

and thawed mitochondrial system, The
complete system contained 4 n moles

DL isocitrate, 0.5 n moles pyridine
nucleotide, and 50 n moles TRIS buffer,
pH 7.5. Appropriate controls were
included for the complete system less
substrate, enzyme, or pyridine nucleotide,

28
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requirements ags well as activity for several enzyme
systems associated with the Krebs cycle, One of these
studied was the enzyme o-ketogluteric dehydrogenase. The
activity of this enzyme was studied by following the re=-
duction of DPN on the Beckman spectrophotometer using a
frozen and thawed mitochondrial system, The reduction
of DPN can be seen from figure 5 to be dependent on HB*:
thiamine pyrophosphate and coenzyme A, This is to be
expected if Mg'' and thiamine pyrophosphate were required
for an initial decarboxylation prior to the reduction of
DPN, TPN is not reduced by this enzyme system, Each
cuvette contained approximately 3 mg. of protein,

The conversion of acetate to acetyl CoA and the
cofactor requirements for this reaction were next studied
by the hydroxemic acid method of Lipmann and Tuttle (16,
pp.21-28), Several attempts were made to show this
activation of acetate by use of an intact mitochondrial
preparation but, here again, it was found necessary to
solubilize the enzyme system by alternate freezing and
thawing. Initial work was designed to show that acetyl
CoA could be formad from acetate, coenzyme A, and ATP,
Hg'* was an obligatory cofactor, The results of this
experiment are shown in figure 6 where the formation of
acetyl coenzyme A is plotted as a function of time,

In an attempt to establish cofactor requirements



Figure 5, G -Ketoglutaric dehydrogenase
activity from a frozen and thawed mito-
chondrial system of the Honey Bee
ié}ustrating dependency upon DPN, CoA,

¥, and TPP, The complete system i
contained 044 n moles DPN, 10 n moles Mg' ',
Os1 mg., TPP, 50 Lipmann units CoA, and
70 ;m moles fRIS buffer, pH 7.5. ﬁnzymo
concentration, 3.0 mg./cuvette,

1 u mole -Xetoglutarate was added at
time zero and where indicated.
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Pigure 6., The formation of acethydrox-

amic acid by a frozen and thawed mitochondri-
al system of the Honey Bee, This system
contained 100 m moles acetate, 50 Liﬁmann
units (35¢) coenzyme A, 400 n moles hydrox-
ylamine, 10 u moles Mg , 10 m moles ATP+,
100 p moles TRIS buffer, pH 8,1, and 10 m
moles glutathione, All acidic materials

were neutralized with KOH, Protein con-
centration, 42 mg./ml,
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for the acetate activating system, the enzymes were di-
alyzed for varying periods of time against the resin
Dowex 50, This had been reported by earlier investigators
(11, p.237) to completely remove all cofactors. In the
honey bee, however, extended dialysis against this resin
served to inactivate the enzyme system, This problem was
resolved by dialysis with frequent changes of 0,02 M TRIS
buffer, pH 8.1, over periods ranging from 16 to 24 hours.
The results of these experiments are seen in Table 4 and
clearly show the requirements of this system for ATP, Mg
jon, and Co A, Teble 4 includes also data to show the
condensation of the acetyl coenzyme A formed with oxal=-
acetate to form citrate, Spirites (26, p.25) had pre=-
viously shown the presence of the condensing enzyme in
insects but with a less well defined system. The present
demonstration is believed to be the first one for the
acetate activating system in insect tissue,

A variation of the hydroxamic acid method for
measuring acetate activation was used to study pyruvie
oxidase. In these experiments, hydroxylamine was omitted
and citrate formation in the presence of oxalacetate was
used as a measure of cofactor requirements, These data
are summarized in Table 5. This experiment clearly shows
the formation of citrate but fails to give clear cut data

for the cofactor requirements., The reduced citrate
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TABIE 4

Acetate Activating and Condensing
Enzyme Systems and Cofactor Requirements
in the Honey Bee

A moles
Experiment Conditions Acetyl CoA Formed
1 Complete System 1.5
2 Complete System 0.9
2 ATP omitted 0.1
2 ug*t omitted 0.l
3 Complete System 0.6
3 Co A omitted 0.1
A moles
Experiment Conditions Citrate Formed
4 Complete System
10 n moles oxal-
acetate (less HoNOH) 1,11
4 Complete System

‘5 n moles oxal-
acetate (less HpNOH) 0.87

For the complete system involved, see figure 6.
Experiment 4 contained no hydroxylamine.



TABLE 5
Cofactor Requirements for the
Conversion of Pyruvate and Oxalacetsate

to Citrate in the Honey Bee

a moles
Tube Conditions Citrete Formed
1 Complete System
less GSH 1.57
2 Complete Systen .
less CoA 1,12
3 Complete System
less Mg 2,25
4 Complete System
less lipoic aeid 2,25
5 Complete System
less DPN 1,79
6 Complete System
less TPP 2,18
Complete System 2425
8 Complete System 2,25

The system employed was identical with that given for
experiment 4, figure 6 with the exception that 40 n
moles of pyruvate are used instead of acetate, The
system contained 4,6 mg, protein/ml,
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formation shown in the absence of coenzyme A and DPN can
be considered significant but the negative values for
ugt¥, lipoic acid, and TPP could easily represent a fail-
ure to remove these cofactors under the dialysis conditions
used, Of these three, lipoic acid is known to be tightly
bound to the enzymes with which it is associated. In an
attempt to remove the other cofactors, various methods
were used, but all resulted in an inactivation of the
enzymes involved.

An unsuccessful attempt was made to follow the
reduction of DPN by malic acid in the presance of malic
dehydrogenase using a soluble gsystem from frozen and
thawed mitochondria. A possible explanation for this
fallure might be the presence of oxalacetic acid, whiech
has been reported (27, p.261) to inhibit, even in minute

quantities, the action of malic dehydrogenase,

Ihe Pentose Cvele

Characterization of pentose cycle sctivity encom=
passed the following reactions: - the reduction of TTZ by
certain substrates associated with this cyele, the pyri-
. dine nucleotide specifity of these reductions, the forma-
tion of sedoheptulose from ribose-5-phosphate, and the
spectrophotometric detection of glucose-b6-phosphate
dehydrogenase and 6-phosphogluconic acid dehydrogenase,
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Acetone powders of both the whole bee and abdomens
alone were used in the TTZ reductions. Table 6 shows the
extent of reduction and pyridine nucleotide specificity
when 1 p mole of substrate is oxidized by the enzymes
present in an extract from whole bee acetone powders.
Parallel experiments with an extraect from abdomen acetone
powders showed only very slight activity for these sub-
strates, The anserobic reduction of TPH rather than DPN
suggests the reduction of TTZ by enzyme systems other than
glycolysis., Later experiments with TTZ using soluble
enzyme preparatiors from a thoracic homegenate by centrif-
ugation demonstrated oxidatlon of aGr-glycarol phosphate,
oa-ketoglutarate, 2nd suvuecinate in addition to those com-
pounds listed in Table 6,

As further evidence for pentose cycle activity,
the activity of the enzymes glucose-b6-phosphate dehydro=-
genase and 6-phosphogluconic acid dehydrogenase were
followed by the reduction of TPN at 340 mp on the Beckman
Spectrophotometer, These reductions are shown in figures
7 and 8, Neither of these enzymes possessed activity in
the presence of DPH,

The formation of sedoheptulose from ribose«-5-
phosphate was also demonstrated, This is shown graph-
ically in figure 9., An attempt was made to measure hexose

formation also but an exceptionally high hexose endogenous



TABLE 6
Reduction of TTZ by Phosphorylated

Hexoses and Pentoses in the Honey Bee

N moles
Substrate Cofactor TTZ Reduced
Geb=P TP 0,47
G-6-P DPN 0,10
HDP TPN 0,20
HDP DPN 0,00
Fe6=pl TPN 0,55
Feb=P DPN 0,10
R-5-pt TPN 0.60
R=5=P DPN 0.15

A complete system for these reductions contained
3.2 mgs TTZ, 1 p mole substrate, 0.1 m moles
pyridine nucleotide, and 0.1 ml stock solution,
Stock solution contained ? parts phosphate buffer,
pH 7.2’ 0.1 H’ 1 put 4 0.1 H, 1 part Al‘moul'
coenzyme concentrate, 10 mg./ml, and 1 part TPP,

1l mg./ml,
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Figure 7, The reduction of TPN by
glucose~C~phosphate dehydrogenase from a
soluble enzyme preparation of the Honey
Bee, Thils system contained, in addition
to enzyme solution, 2 m moles glucose-6-
phosphate, 0.5 n moles pyridine nucleotide,
and 50 m moles TRIS buffer, pH 7.5. Pro-
tein concentration was 4,0 mg,/cuvette,
Appropriate controls were run as befors.
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Figure 8, The reduction of TPN by
6-phosghogluconic dehydrogenase from
a soluble enzyme preparation of the
Honey Bee, The system contained 2
p moles 6-phosphogluconic acid and
4,0 mg. protein/cuvette, For other
details of the gystem see figure 7,
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Figure 9, The formation of sedoe
heptulese from ribose-S5ephosphate
in 2 soluble engyme system from the
Honey Dee, The completed system
contalined 32 mg. protcsn 100 a
aoles TRIS buffer, pil 840, 30 m
moles 301 =0 :?P:” S n
moles R-SeP, 1.0 ml, gssaples were
taken at the times indiea and the
regetion stopped with 1,0 aml, of
108 trichloroacetic acid,
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system made these data meaningless.

Glycolygls
Glycolytic activity was measured by the method

of LePage (29, p.144), The enzymes were obtained by
centrifugation of a thoracic homogenate for 45 minutes

at 10,000 x g. Measurements were made manometrically at
37°Ce The complete system contained 6 u moles HDP, 75 A
moles bicarbonate, 7 pm moles phosphate, 12 n moles MgCl,,
12 p moles ATP, 0.6 p moles DPN, 60 m moles nicotinamide,
30 i moles KFy and 15 p moles pyruvate, This system pro=-
duced 1.82 u moles CO, by acid diﬁplaéement from the

added bicarbonate and l.4 u moles lactate as measured by
Barker and Summerson and described in Umbreit (29, p.192).
All of the added HDFP disappeared durlng the course of the
experiment, While the stoichiometry of these conversions
is poor, there is evidénce for the anaerobic reduction of
DPN and the formation of an acid liberating 002 from bi=-
carbonate, These reactions are indicative of a glycolytiec

pathway.
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SUMMARY AND CONCLUSION

A study has been made of carbohydrate metabolism
in the honey bee, Aplg mellifica. Three prinecipal pathways
have been investigated with considerable emphasis placed
on the tricarboxylic acid cycle. For this particular
pathway, information was obtained concerning the following:
the oxidation of direectly and peripherally associated sub-
strates and the effect of EDTA upon these oxidations; the
dual role of malonate as both a stimulator and inhibitor
of succinate oxidation, depending upon the concentration
of succinate; the inhibition of respiration by arsenites
the anserobic formation of a~ketoglutaric scid from citrate
and isocitratej the cofactor requirements for g-ketoglu-
taric dehydrogenase and isocitric dehydrogenase as fol-
lowed on the Beckman spectrophotometér; the conversion of
acetate to citrate in the presence of oxalacetate and the
cofactor requirements for this reaction; the conversion of
pyruvate to citrate in the presence of oxalacetate, and
finally limited information on the cofactor requirements
for this reaction,

Information on pentose cycle activity was ob=-
tained concerning the oxidation of phosphorylated sugars
and the pyridine nucleotide specificity for these oxida-

tions, the enzymatic conversion of r;bose-s-phosphate to
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sedoheptulose, and, finally, activity for the enzymes
glucose~b6=phosphate dehydrogenase and 6-phosphogluconic
acid dehydrogenase. Information on a glycolytie pathway
was limited to a measurement of lactic acid formation and
CO, evolution during an anserobic manometric experiment,
Lactate was presumably formed by reduction of added pyru-
vate with DPNH produced in the oxidation of glyceralde-
hyde=3=phosphate, The acid produced by this reaction,
3=-phosphoglyceric, displaced CO» from the bicarbonate
buffer,

The experimental data presented here leave little
doubt that the tricarboxylic acid cyecle is operative in
the honey bee, Apis mellifics. The data are also sugges-
tive of the presence of glycolysis and the pentose cycle
in this organism, All three pathways, as fer as investi-
gated, show only slight variations from the corresponding
pathways in other tissue,
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