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'1'BE ENzntATIC AOTIVITY IN A P.ARTIOUI.ATE J'RAC'r.ION 
l'ROM .SEEDLINGS OF BLACK V.AI..EN!llm BEANS 

(PHA.SEOLUS V'tJI..GARIS) 

INTRODUCTIOB 

Krebs and Johnson ( al ,. pp.l52·153) originally pro­

posed the cycle known as the "citric acid cycle" or the 

Krebs cycle." Using m.inees ot pigeon breast muscle, 

these investigators obtained convincing evidence tor the 

series of reactions composing the cycle. The subject has 

been ex~ined by many investigators, and the Krebs cyole 

1s now generally accepted as the principal mechanism by 

which carbohydrates are ox14ized in animals. Evidence tor 

this has been summarized by Krebs (28, pp.l66•l70) under 

three headings, namely: 

1. All ot the reactioDs which constitute the cycle 

have been demonstrated to occur in muscle tissue at rates 

which are suttic1ent to account tor the maximum rate ot 

respiration. 

2. The 41- ud tricuboxYlic acids of the cycle have 

been found to exert a catalytic ettect upon muscle respira­

tion, that is, they stimulate musole respiration more than 

can be explained by sto1ob1ometr1c reaction& ot the added 

material. 

3. In the presence ot 0.01 14. malonate the respiration 

ot muscle tissue is inhibited and succinate accumulates. 
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This inhibition is partially or completely abolished by 

· the addition ot any ot the intermediates ot the a,rcle, but 

these no longer act catalytically but by more or leas 

stoichiometric reactions. 

That the Krebs cycle plays a major role in plant me_­

tabolism has not been generally accepted. Evidence tor 

operation ot the cycle in plants has been, until recently, 

largely circumstantial. Most ot it has conaisted ot demon­

strations ot tbe occurrence in plants ot individual enzymes 

and intermediates oommon to the CJCle. In reviewing this 

information it is well to keep 1n mind the type ot evi­

dence, m ntioned above • which has caused the acceptance ot 

the cycle with respect to animal metabolism. 

Koat ot the enzr.mes wbioh catalyze the Krebs cycle 

have been demonstrated to occur in plants. Succinic deby• 

drogenaae has been tound in plants by many investigators 

(13, pp.348-359; 16, pp.275-276; 20, p.726; 40, pp.l25-131; 

39, pp.l52-157; 41, pp.857-8M; 47, pp.l70-171; 53, p.737). 

Vennealand and coworkers (12, pp.l96-l97; 26, p.591; 60, p. 

597; 61, p.314) and Speck (52, p.323) have reported the 

presence ot malic dehydrogenase, the malic enz.y.me, and 

oxalacetic carboxylase in a number ot plants. Perhaps the 

best evidence tor a condensation reaction in plants, to 

torm citrate trom pyruvate and same other intermediate, is 

that provided by 1llerd, et al (39, pp.l53 and 159; 

http:enz.y.me
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41, pp.857-868). They found that malate, and other inter­

mediates of the Krebs oycle, catalyzed the oxidation of 

pyruvate by particles from mung beans (Phaseolus aureus). 

Pucher, et al (60, p.492; 49, pp.574-676; 48, p.533) used 

excised leaflets of tobacco and Brzophyllum oalycinum 

plants and found evidence for the conversion of malate to 

citrate, which might further indicate that the condensation 

reaction occurs in plants. Berger and Avery (4, p.l8) re­

ported evidence tor the presence ot aconitase and isocitric 

dehydrogenase in Avena ooleoptiles. The latter enzyme was 

found in a number of plants by hatley (62, p~261). 

Respirator)" responses upon adding <.1-ketoglutarate have 

been reported by Boswell (7, p.533) who used slices of the 

ftroots" ot Brassioa napus L, and by Millerd, et al {39, pp. 

152-157; 41, pp.857 and 861) who used particulate material 

from mung bean seedlings. It is true, then, that many ot 

the reactions which the Krebs oycle includes have been 

demonstrated in plants. 

Additional support for a contention that the Krebs 

cycle is operative in some species of the plant kingdom has 

been accumulated using tissue slices or organs from plants, 

or whole plants. Since it would require many pages to 

catalog completely the information of this type, only a few 

points will be cited. It has been demonstrated many times 

that addition of Krebs cycle intermediates to media in 
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which plant sections are incubated will, under certain cir­

cumstances, increase the respiratory rate of such sections 

(3, pp.385 and 389; 5, pp.318-326; 6, pp.506 and 510; 7, 

p.533; 15, p.288; 19, p.532; 42, p.314). Inclusion ot 

maloDate ill the iDcubation meditlll has been shown to illhibit 

the respiration ot certain plant materials (58, pp.296-297) 

and this inhibition ma,r be partially or completely abolish­

ed by the simultaneous inclusion ot members ot the Krebs 

cycle (5, p.322; 6, pp.511-512; 34, p.601; 3~, pp.293-295). 

As with materials ot animal origin, plant sections poisoned 

with malonate ha•e been shown to ccumulate exce sive 

amounts ot succinate, and this increase is made greater by 

the presence in the medium ot pyruvate, fumarate, or 

(.!-ketoglutarate (5, p.323; 34, p.601; 33, pp.l0-15). 

Unfortunately, many ot the experiments with plant 

tissue sections have tended to be inconclusive. In the 

first place, there is the ever-present possibility that 

the added substrate may have exerted its effect upon respi• 

ration by some means other than its own oxidation. Second· 

ly, respiratory responses trom added intermediates are, 

with plant sections, the exception rather than the rule, 

probably because ot the large amounts of substrate normally 

present in plant cells. Finally, even tbe inhibition by 

malonate cannot always be demonatr ted (58, pp.296-29?)· 
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Perhaps the most convincing evidence tor operation ot 

the Krebs cycle 1n plants is that provided recently by 

Millerd, et al (39, pp.l51-l62; 41, pp.856-861). These 

investigators prepared particulate mate;rial from etiolated 

seedlings ot the mung bean ( ?bas·eolus aureus) and found 

that the particles oatal;r,zed the oxidation ot citrate, 

~ketoglutarate, succinate, fumarate, malate and pyruvate. 

The oxidation ot pyruvate was increased by the simultaneous 

oxidation ot a small amount of any one ot the other inter• 

mediates named, and these acted catalytically. The respir­

atory quotient tor oxidation ot pyruvate was found to be 

1.3, a value close to the theoretical ratio ot 1.2 tor com­

. plete oxidation ot pyruvate. These facts were given as 

evidence tor the oomplete oXidation ot pyruvate to carbon 

dioxide and water (39, p.l50), and they indicate strongly 

that the Krebs oyole doe.s tunotion in plants. Further sup­

port. tor this oontent:ton was provided recently by Davies 

(14, pp.l75-182} who presented evidence tor operation ot 

the Krebs cycle in pea seedlings. 

The purpose of the investigation to be reported was to 

verity nd increase existing knowledge of the oxidative re­

actions by which plants metabolize carbohydrates. 
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METHODS AND MATERIALS 

The bean seedlings .(BlaOk Valentine, var. Phaseolus 

vulgaris) were grown in the dark in an inert soil (verm1­
' 

culite). The etiolated seedlings were allowed to grow to 

a height ot a to 12 inches before they were used tor the 

experiments.. This usually required a period or 10 to 14 

days.. During the winter months the temperature was regu­
' lated at 27° C. The seedlings we.re watered with tap water. 

The hypoootyls or the seedlings were the material used 

routinely tor the preparatioas. 

The measurement or the oxygen taken up d-uring the 

oxidation or the substrate was made with a arburg constant 

volume respirometer. T.he tlasks were incubated in a cir­

cular constant temperature bath with a reciprocating shak­

ing motion. 

The diphosphopyridine nucleotide (DPN) was obtained 

from the Sigma Chemical Company and it was 90% pure. The 

triphosphopyr1dine nucleotide (TPN), obtained trom the 

Sigma Chemical Company, was 10~ pure end contained about 

8% or DPN. The cocarboxylase was obtained rrom Nutritional 

Biochemicals Corporation. The terramycin·HCl was trom the 

Charles Pfizer Company. The liver concentrate was from 

Armour and Company and contained > 10 Lipmann units or 

coenzyme A/mg.; > 4% TPN and > 71t DPN. Cytochrome c was 
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obtained from Sigma Chemical Company. The adenosine tri­

phosphate (ATP) and the reduced glutathione (GSH) were ob­

tained from Schwarz Laboratories, Inc. 

Su9cinate was determined manometrically using a 

succinoxidase preparation .obtained from fresh pig heart by 

the method or Cohen (59 • p.l68). This preparation utilized 

only succinate as a substrate. 

For the isolation ot succinic acid trom incubation 

mixtures, the methods ot Krebs ( 30 • p. 457) and Cohen ( 10, 

p.554) were used with some modifications. The contents ot 

each arburg flask were acidified with 3 drops ot 50~ 

Ha504 and transferred to a 15 ml. conical centrifuge tube. 

The volume ot the sample was increased to about 10 ml. , 

and 0.25 ml. ot 101& sodium tungstate was added. The tube 

was swirled to insure mixing and then centrifuged. The 

supernatant liquid was transferred to a Kutscher-steudel 

extractor ot the type described by Krebs (29, p.l044). 

The precipitate was washed with 3-4 ml. of water, and the 

wash was added to the extractor. Two ml. of 50% HsS04 and 

0.3 ml. ot l M. KHS0 3 were added to the extractor. 

The water solutions were extracted 8 hours with ether 
.... 

free ot peroxides. About l ml. ot 0.1 M. phosphate butter 

(pH7.4) was added to the ether extract, and the ether was 

distilled ott. The residue was transferred trom the ex­

traction flask to a 15 ml. graduated centrifuge tube. 
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About 5 ml. or water were used in the transfer. The solu­

tion was neutralized with 2 N. NaOH using phenol red as an 

indicator, and the volume was evaporated to 1 ml. in a 110° 

c. oven. One ml. ot 4 N. HCl was added to the centrifuge 

tube and the tube was sealed with a marble held tightly in 

place by metal springs. The tube was autoolaved tor 4 

hours at 258° F. to destroy the malonate. The solution was 

evaporated nearly to dryness 1n a vacuum 4ess1cator contain­

ing solid NeOH. The material was neutralized and made to 

2.2 ml. volume. One ml. aliquots were used ror the suc­

cinate analyses which were carried out as described by 

Krebs (27, p.2097). 



PART I 

THE ENZY.UA.TIC OXIDATION OF SUOOINIC AC_lJ) 

Jlethod ot Preparing the Enzyme.e 

The insoluble particulate traction was obtained by 

the method ot Schneider (51, p.260), but certain mo4.1t1oa­

t1ons were necessary to ·tacil.i tate ·the use ot large quan­

~1t1es ot plant material. 

Three hundred grams ot etiolated bean seedlings (the · 

aerial portion, unless otherwise stated) were cut in small 

sections. The material was placed · in a 2° 0 .• cold room 

tor 30 minutes. The 300 grams ot tissue was then placed 

in a large Waring blendo.r with 200 ml. ot ioe cold o. 25 M. 

sucrose. This mixture was homogenized 1n short intervals 

tor a period totaling l minute. The ~omogenized material 

was strained throusn 2 layers ot cheesecloth into an ice 

chilled beaker. The strained homogenate was placed in 8 

50 ml. cellulose nitrate tubes and centrifuged at a,ooo x 

g. tor 10 minutes. The supernate was removed and centri­

fuged at 14,000 x g. tor 15 minutes. The pellets trom the 

second centrifugation were resuspended in 20 ml. or 0.25 M. 

sucrose end centrifuged at 14 1 000 x g. tor 15 minutes. 

The washed pellet was resuspended in o. 25 • suorose. This 

suspension, referred to as the particulate traction, was 

added to the Warburg t'lask. All operations in this 
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procedure were carried out at less than 5° c. 
In exper~ents designed to increase the enzymatic 

activity, other additions to the homogenizing edium were 

made; however, these exper~ents were generally unsuccess­

ful. The basic procedure was ea described bove. 

The volume ot the liquid phase in each tlask was 3.4 

ml. including 0.2 ml. ot KOH in the center well. The ex­

periments in tbi section were carried out at 20° 0. Air 

was the gas phase. The shaking rate was 90 cycles per 

minute. 

Experimental 

Price and Th~ann (47, p.l70) have pointed out that 

many investig tors have had difficulty in obtaining the 

succinic dehydrogen se syst in vitro from plants. The 

particulate tr ction obtained by the above method con­

tained the succinoxidase system but did not utilize oxal­

acetate, citrate or ~ -ketoglutarate. As shown 1n Table 1 

and Figure 1, 24 p toms ot oxygen were taken up in 2 hours 

in the presence of succinic aoid. Atter this t~e the rate 

ot oxygen uptake decreased sharply. Not more than 5~ of 

the theoretical oxygen uptake tor the conversion or suc­

cinate to fumarate was obtained. 
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Table 1 

Oxidation or succinate 

Time 

30 min. 143 
50 188 
90 232 

120 264 
160 278 

; 

Addi tiona were as follows; 
0, 3 ml, ot 0.04 M. ~-ATP 

0.1 ml. 
( pB 6. 9 ) ; 

of 0.24 M. 
0. 3 ml. o t 

MgS0 4 ; 
0. 5 M. K­

phosphate; 0,1 ml. of cytochrome o (2.4 mg./ml.); 0.1 ml. 
ot 0,5 M. K-sucoinate (pH 6.8); 0.2 ml. ot o.a~ gelatin; 
0.1 ml, ot 5.*' x l0-3 M. DPN; 1.0 ml. of particulate trac­
tion. The liquid volume in the main compartment was made, 
to 3,2 ml. with 0.25 M. sucrose. The experiment was oar• 
ried out at 20° c. 

Since suooinio dehydrogenase had been reported as 

having an active sulfhydryl group (21, pp.613~619; 22. p . 

1847), compounds ·known to protect this radical were added 

to the tlask. No 1.norease in enzymatic act1vi ty was ob­

tained upon adding cysteine, glutathione, gelatin, .or al­

bumin. The latter 2 Q9mpound s were shown by Price and 

Thimann (47, p.l70) to stabilize succinic debydroeenese. 

A cytochrome reductase preparation. obtained trom pig 

heart according to Straub (55, p .789), failed to prevent 

the cessation ot activity noted above. 

In an attempt to supply missing oo-raotors a rat 

liver mitochondrial preparation was made. The enzymes 



------r --­
- --- · 

----+--­
j­
' : 

,__ __ -­
' 

-­ r ----­

1 j
I 

.. -­ ---­---r-·--· [-·--· -­-·---l-­

' 
i 
I 

- 1--- --­

.I 

I 
I 
I 

1 ' 

j 
' I---1---­ ---- t- ·· -­

' I ! 

.. 
I 

.. 
I 
I 

i 
--t­ - ~ 

I 
I 

·· ­ ·-­ __ .. __-· · ---­ -+---·--..­

1 i I __ ; 
I . 

: "'10 . 0 'f ; 
- ___ __j,. ____:__ ' 1_L_~-+'"--== ....~~~~._____.__ ---+-~+-_..._.._ 



13 

were destroyed by heat and thi preparation was added to 

the arburg tlasks. The rat liver mitochondrial prepara­

tion did not increase tbe enzymatic activity or the par­

ticulates tram bean seedlings. 

Inorganic ions (Fe++, HC03-, Al+++, Mn++, oa++) did 

not increase the enzymatic activity when added singly or 

in combination. 

To test the errect or Waring blendor speed during 

homogenization, each or 3 75-gr8M portions or bean tissue 

was homogenized in 50 ml. or 0.25 Y. sucrose. Using a 

Waring blendor equipped with a Powerstat, the 3 portions 

were homogenized at different speeds. Subsequent frac­

tionation or the 3 hamogenates w s done as described pre­

viously. The results, shown in Table 2, indicated that 

slow speed homogenization produced tractions less active 

than those obtained at higher speeds. This was probably 

due to the incomplete breakage or cells at the slower 

speeds. 
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Table 2 

Oxygen Uptake by Particulates Prepared 
at D1tterent aring Blendor Speeds 

Net )ll. Oa uptake at Powerstat setting
Time (50 V.) (75 V.) (110 V.) 

20 min. 
40 
60 
80 

100 

44 
56 
86 
93 
97 

55 
76 

104 
110 
113 

66 
88 

116 
123 
125 

Additions were as follows: 1.0 ml. ot particulate trac­
tion; 0.1 ml. ot 0.28 K. magnesium aultate; 0.3 ml. of 0.5 
M. phosphate butter at pH 7.4; 0.3 ml. ot 0.04 M. potas­
sium adenosine triphosphate; 0.1 ml. or cytoohrome c 
(2.4 mg./ml.) i 0.1 ml. of 0.5 M. potassium succinate + 
0.05 u. sodium pyruvate; 0.2 ml. ot o.oa~ gelatin; 0.2 ml. 
ot 0.0034 M. DPN. The liquid in the main compartment was 
made to 3.4 ml. with 0.25 M. sucrose. 

Glutathione (Table 3) appeared to cause a slight in­

ore se in enzymatic activity 1n the particulate traction; 

however, this did not prevent cessation or activity. DPN 

appeared to inhibit the enzyme system. 
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Table 3 

Errect or Glutathione and D1phosphopyr1dine Nucleotide 

Additions Net oxygen uptake/2 bra. 

50 ~. K-succinate 21.g y. atoms 
50 JlM• K-succinate + 16 pM. GSH 23.6 
50 pU. K-succinate + 160 ~. GSH 25.0 
50 ~. K-auccinate + 16 ~. GSH + D.PN 18.'1 
50 MM· K-succ1nate + 160 ~. GSH + DPN 20.4 

Additions were as in Table 2 except that the liquid in the 
main compartment was 3.2 ml. DPN was added as indicated 
above. The homogenizing medium contained 1.0 gram or gel­
atin; 4 ml. or 1.0 M. NaHC03 and 2 ml. ot 0.5 M. succinate 
in 200 ml. or 0.25 14 . sucrose. The particulate traction 
was suspended in 0.25 M. sucrose. 

Table 4 

Etteot or Succinate Concentration and Cytochrome c 

Conc. ot Net oxygen 
Additions cytochrome o uptake/tirst hr. 

5 ~· K-suocinate 0.24 mg./tlaak 4.0 }1 atoms 
50 • K-suocinate 0.24 mg./tlask 16.8 

100 ~. K-auccinate 0.24 mg./tlask 11.6 
50 ~. K-succinate o.oo mg./tlask 3.1 

Additions were as in Table 2. The particulate traction 
was homogenized and washed in a solution or 0.25 M. au­
erose and 0.5~ gelatin, end suspended in 0.25 M. sucrose. 
The liquid Tolume in the main compartment was 3.2 ml. 

The data in Table 4 showed that cytochrome c enchancea 

the activity or the particulate traction. The highest 
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percentage or succinic acid was oxidized when this acid 

was at a low concentrat~on, and there appears to h ve been 

inhibition at the 100 ~· level. 

The 3,000 x g. traction and the supernate trom the 

14,000 x g. traction were tested and tound to contain no 

activity. When added to the 14,000 x g. preparation, these 

same tractions failed to cause any increase in activity. 

Oxalacetate is known to inhibit succinic dehydrogenase 

(46• p.l094). The dlmlnlshlng activity ot the particulate 

traction suggested the possibility ot oxalaoetio acid 

building up trom succinate oxidation in sufficient quanti~ 

ties to 1Dh1bi t the succinic dehydrogenase. Straub (56, 

p.l48) suggested that in the presence ot the proper 

transaminase the oxalaoetate could be removed by addition 

ot glutamic acid. The ettect ot glutamic acid on succinate 

oxidation is shown 1n Table 5 and Figure 2. 
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Table 5 

Ettect ot Glutamic Acid and Fumaric Acid 
on Succinate Oxidation 

Net p.l. oxygen uptake
Additions 1 hr. 2 hrs. 

50 pw. K-succinate 
150 ~. K-succinate + 

78 93 

150 uM. K•glutamate 99 1'13 
50 ~· K-eucctnate + 

100 • K-tumarate 38 58 

Additions were the same as in Table 2 except that 0.2 ml. 
ot a cytochrome reductase prepara·tion was added to each 
tlask in this expertment. The liquid volume in the main 
compartment was 3.2 ml. 

The presence ot glutamic acid enabled the system to 

take up oxygen during the second hour at approximately the 

same rate as during the tirst hour. A rapid decline in 

activity was not observed. Fumaric acid appeared to in­

hibit the oxidation ot succinic acid in this preparation. 

Malic acid also appeared to inhibit succinic acid 

oxidation (Table & and Figure 3), and this inhibition was 

reversed by glutamic acid. Malic acid was oxidized slowly 

by the preparation. The malic dehydrogenase that was 

present appeared to be inhibited by oxalacet1c acid since 

glutamic acid increased the malic acid oxidation. Only 4 

)11. ot oxygen uptake was observed when only glutamic acid 

was added to the flasks. 
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Table 6 

Effect of Malate on Succinate Oxidation 

Net Jl].. oxygen uptake
Additions l hr. 2 hrs. 

50 pM. K-succinate (I) 
50 ~. K-sucoinate + 

50 )lM. K-malate (II)
(II) + 150 · • K-glutamate 

50 )1-i. K-malate 
150 ,uM. K-glutamate 

50 • K-malate + 
150 • K-glutamate 

Additions were as in Table 5. 

92 112 

45 65 
81 136 

8 10 
4 0 

25 31 

To further clarity the apparent inhibition noted, an 

experiment was designed in which the enzyme concentration 

was varied. Part of the enzyme preparation was diluted 

1:3 at the end ot the centrifugal fractionation. The con­

centrated enzymes were oompared with the diluted enzymes, 

both with and without glutamic acid (Table 7 and Figure 4). 

The inhibition occurred at both enzyme concentrations and 

glutamic acid reversed the inhibition. In the presence ot 

glutamic acid the concentrated enzyme catalyzed the uptake 

ot 45 )1 atoms of oxygen in 5 hours. Table 6 showed that 

malic acid is oxidized at a very slow rate; therefore, it 

is probable that approximately 90~ of tbe 50 • of suo­

cinio acid was oxidized to fumaric acid. 
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Table 7 

Dilution ot the Enzyme 

Net }11. orygen uptate ·· 
Additions l 2* 3 4 5 hrs. 

Oono. enzyme + 50 pM.. K-suoc1nate (I) 216 270 278 283 286 
Dil. enzyme + 50 pM. 

K•succ1nate (II) 118 175 186 194 198 
fl) + 150 JJM. 

K-gl.utamate 240 398 474 495 505 
(II) + 150 )lM. 

K-glutamate 9'7 176 1 237 289 325 

Additions were as in Table 2; except that DPN was omitted. 
The liquid volUllle 1n the main compartment was 3.2 ml. 
*Value obtained from Figure 4. the experbnental readings 

were made at 110 and 130 minutes. 

For the flasks that contain . glutamic aoid, the times 

required at the 2 enzyme levels to take up fixed volumes ot 

oxygen are compared in Table e. The oonoentrated enzyme 

showed approximately 3 ·times the aot1v1ty ot that ot the 

dilute enzyme. When glutamate was omitted, the time ratio 

~t the dilute : concentrated enzyme did not remain constant 

tor the first · 200 Jll,. ot oxygen uptake. The ratios were 

1.9, 2,35, 2.54 and 6.0 tor 50, 100, 150 and 200 ~., 

respectively. 'The early low ratios 1nd1oate an expected 

early 1nh1b1tion of the oonoentrated enzyme. This may be 

due to a more rapid tol!D.at1on ot oxalaoetate by the ooa• 

oentrated enzyme. 
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Table 8 

Comparisons ot Concentrated and Diluted Enzyme
in the Presence ot K-g1utamate 

Net~· Dil. 
oxygen taken up D11. enzyme Cono. enzym.e Oono. 

50 }ll. 28 min. 10.5 min. 2.67 
100 63 23.5 2.68 
150 101 35 2.88 
200 147 48.5 3.03 
250 203 62.5 3.25 
300 266 79 3.36 

Arsenite at M./300 concentration is known to inhibit 

oxidation of tumario aoid (17, p.392). hen the reaction 

was restricted by arsenite to the conversion ot succinic 

acid to tumario, tbe glutamic aoid did not reverse the in­

hibition. Apparently fumarate inhibited sucoinio dehydro­

senase in this case, and glutamate had no ettect on this 

inhibition (Table 9}. 
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Table 9 

Fumarate Inhibition ot Succinate Oxidation 

Net l1 atoms oxygen uptake
Additions 250 min. 

50 ~. K-succ1nate 
50 • x-auocinate + ./30

arsenite (I)
(I) + 150 Jl.(. K-glutemate 
(I) + 50 J.iM. K•fumarate 
(I) + 50 ~. K-tumerate + 150 

).Ill. K-glutemate 

Additions were as in Table 2. 
main compartment was 3.2 ml. 

2'1.2 

23.1 
23.6 
16.9 

17.2 

The liquid volume in the 

Oxalaoetic acid had a very strong inhibitory ettect 

which was reYersed in part by glutamic acid (Table 10). 

The enzyme preparation appeared to slowly convert fumaric 

acid to oxalaoetic acid which accumulated in suftioient 

quanti ties to inhibit tbe suocinic dehydrogenase. The 

high inhibition (Table 11) by low concentrations of oxal­

aoetic acid would explain the early inhibition ot succinic 

dehydrogenase even though the preparation appeared to haTe 

a Yery low malic dehydrogenase activity (Table 6). 
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Table 10 

Oxalacetate Inhibition ot Suooinate Oxidation 

Net )1 atc:ma ox7gen uptake
Add1 tiona 260 min. 

50 • K-auccinate (I)
50 • x-auoo1nate + 150 JlM. 

K-glutamate (II)
(I) + 2 PM• oxalacetio acid 
(II) + 2 ~. oxalaoetic acid 
(I) + 4 .JJ)I. oxalacet1c acid 
(II) + 4 ~. oxalacet1o acid 
(I) + 8 • oxalacetic aoid 
(II) + e J*. oxalaoetic acid 

dditiona were as in Table 2. 
main compartment was 3.2 ml. 

25.6 
43.5 

2.8 
34.8 
0.7 

18.3 
0.36 
5.9 

The liquid volume 1n the 

Table 11 

Percentage Inhibition ot Succinate Oxidation 
at Various Concentrations ot Oxalacetate 

Concentration or oxalaoetate ~ Inhibition 

.. 
Succinate concentration was 0.0156 M. 

The figures tor percentage inhibition (Table 11) were 

calculated trom a 260-minute period; howeTer, they corre­

spond closely to the value, obtained by Swingle, Axelrod 

and ElTehjem (57, p.583), ot 98~ inhibition at 5 x lo-4 a. 
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oxale.oettc acid. These workers used muscle tissue. The 

experiments were tor one-hour periods. The calcium 1on 

was used to relieve the inhibition. 

Pardee and Potter ,( 46, p,l085) noted an 1nh1bi tion ot 

suoc1n1o dehydrogenase by DPN &1m1lar to that reported in 

'1' ble 3. Other research groups (57, p.590; 23, p.30&; 37, 

p.512) have considered that thls inhibition is probably 

caused by DPN stimulating, the formation ot oxalaoetio acid. 

Because ·Of the economic importance ot the phytotoxic 

agent, 2,4-d1ohloropbenox;raoetio acid (2,4-D), it was con­

sidered worthwhile to determine whether or not this chemi­

cal would atteot the enzyme · system developed to this point. 

Since the preparation apparently contained a transaminase 

tor the removal ot oxalaoetio eoid 1 it was considered that 

an inhibitor ot either the suooinoxidase system or the 

transaminase would cause a decrease in oxygen uptake. 

2,4-D was added to the enzyme system at 2 concentrations. 

The results are shown in 'fabl . 12. 

Table 12 

Effect ot 2.4-D on the Particulate Preparation 

Net )l atoms oxygen uptake 
Ac141tiona 60 m1:n. 310 m1:n. 

50 ~· K•suoc1nate (I) 18.'1 39.5 
(I) + 0. 07 • 2, 4•D 1s.a 39.1 
( I ) + 0 • 7 • 2 , 4-D l6.7 35.2 
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The ettect of 2,4-D on the oxygen uptake was not 

sufficient to be considered significant. This does not 

exclude the possibility ot the conversion ot 2,4-D by the 

intact plant to a compound that would atteot this system. 

The homogenizlng medium was altered in an attempt to 

obtain a particulate traction that would oxid1ze citric 

acid. An extraction of rat liver with 0.. 25 M. sucrose was 

made. The material was heated at 100° c. tor 2 minutes 

and then centrifuged.. The bean seedlings wel."e homogenized 

in the superaate. Similar extracts were made with o.abbage 

and bean plants. Citrate was not oxidized by particles 

prepared using these homogenizing media. 

01t .rate was oxidized when the following changes were. 

made: (1) The homogenizing time was reduced to 25 seconds. 

(2) The bean sprouts were homogenized in 0.5 M. sucrose. 

(3) The particulate traction was washed end suspended in 

0.5 M. sucrose and 0.001 M. phosphate. 

The e:xperime.nt.s beyond this point were on a particu­

late traction capable of catalyzing the oxidation ot all 

members ot the Krebs cycle. These expertments will be 

reported in Part II. 



Discussion 

In the preparation described apparently the only 

enzymes preaent and active were those required tor oonver­

aion or succinate to oxalacetate. The enzymes or the suc­

cinoxidase system were present, and a aaall amount ot malic 

dehydrosanase activity could be detected. There was ev1· 

dence tor conversion ot auocinate to oxalacetate, implying 

the presence or fumarase. Apparently the enzymes involved 

1n the oxidation ot citrate and ct. -ketoglutarate were ab­

sent. The procedure used in the preparation or the insolu­

ble traction must have either denatured the enzymes or made 

them aoluble so that they were no longer in the particulate 

traction. The long homogenizing time may have been respon­

sible tor either ot these etteots. 

Succinate was oxidized at a oonstent rate tor 1 to 2 

hours; atterwh1oh, tbe raie or oxygen uptake decreased 

sharply (Table 1 and Figure 1). It was round that oxal­

acetate was a powerful inhibitor or the succinoxidase sys­

tem (Tables 10 and 11). Malate inhibited suooinox1dase, 

but at a much higher concentration than was necessary with 

oxalscetate (Table 6 and Figure 3). These taots would in­

dicate that a suttioient quantity ot oxalacetate to inhibit 

the succinoxidase was tor.med trom succinate. The lag 

period or 1 to 2 hours betore the inhibition occurred is 
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in accord with the hypothesis that oxalacetate causes the 

inhibition. In Table 3 it may be seen that DPN gave a 

slight inhibition. Since DPN is necessary tor the conver­

sion ot malate to oxalacetate the concentration ot the 

latter acid would be increased by DPN addition and a great­

er inhibition ot succinate oxidation would be expected. 

Pardee and Potter (46, p.l085) have also observed this 

ettect wtth antmal tissue. 

Glutamate reversed the inhibition which occurred when 

.succinate was oxidized, and approximately 9~ ot the oxygen 

uptake required tor the conversion or succinate to fumarate 

was obtained. Glutamate also reversed inhibitions induced 

by the addition ot oxalacetate and malate, but glutamate 

had no 1ntluence on succinate oxidation. The latter tact 

was established by using arsenite at M./30 concentration 

to block the mal te to oxalacetate step. 

Glutamate must have removed oxalacetate by means ot a 

transaminase reaction utilizing the glutamic-aspartic 

transaminase. This transaminase was tound in oats by 

Albaum and Cohen (2, pp.26•2?); later Leonard and Burris 

(36, p.708) surveyed an extensive group ot plants and re­

ported the transaminase present in most ot the plants 

tested. No direot proot ot the transaminase was demon­

strated in this study; however, the reversal ot oxalace­

tate inhibition by glutamate can best be explained in this 
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manner. Inhibition of the succinoxidase system in an~al 

tissue, described by Swingle, et al (57, pp.588-590), was 

reversed by glutamic cid, and this was ascribed to a 

transaminase reaction. 

The systemmay be summarized by the following reac­

tions: 

succinate glutamate
+ +

fumarate oxalacetate 
+ +malate aspartate .. +

oxalacetate d- -ketoglutaric 

Oxalaoetate could also be removed by either the con­

densation reaction to form citrate or by ~ -decarboxyla­

tion to form pyruvate. The enzymes tor these reactions 

were not present in the insoluble traction or so e oo­

factors were missing. 

Fumarate at high concentrations was found to inhibit 

succinate oxidation. The fumarate inhibition was not re­

versed by glutamate in the presence of ./30 arsenite. 

Apparently fumarate itself may inhibit the succinoxidase 

system; and it may also be converted to oxalacetate which 

is a more potent inhibitor. 
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Summe.ey 

1. Succtnoxidase was present in the insoluble traction 
prepared trom bean seedlings. 

2. Slight malic dehydrogenase activity was tound. 

3. Fumarate, malate and oxalacetate inhibited the succin­
oxidase. Inhibition by malate depended upon its oonver­
sion to oxalacetate. 

4. When tbs oonoentration ot succinate was 0.0156 M., 
6.2 x lo-3 M. oxalacetate inhibited the succinoxidase 
99.1~. 

5. Glutamate reversed malate and oxalacetate ~ibit1on; 
the inhibition that occurred during succinate oxidation 
was reversed by glutamate . 

e. Cytochrome o was a necessary component ot this system. 

7. An outline ot the enzJ.matio reactions that oould be 
carried out by the insoluble traction was presented. 

http:Summe.ey
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PART II 

THE :DBMONST.RATION OY A KREBS CYCL'E IN 4 PARTICULATE 
lRACTION OBTAINBD DOlt BEAN S.BBDLlHGS 

Method 

The particulate traction was prepared in the follow­

ing manner; 75 grams ot bean seedling hypoootyls were 

homogenized i .n 50 ml. ot a medium containing 1 M. sucrose 

and 0.1 M. phosphate at pH 7.o. The temperature was. held 

below o0 c. The total period ot homogenizing amounted to 

6 .seooncls. Four homogenatea, involving 300 grams ot mate­

rial, were combined tor eaoh experiment, strained through 

cheesecloth. and spun at 3,000 x g. tor 10 minutes. The 

supernate was removed and centrifuged at 14,000 x g. tor 

15 minutes. The pellets from the second centrituge.ti~n 

were resuspended in 20 ml. or homogenizing medium and cen­

trifuged tor 15 minutes at l4r000 x g. The centrifugation 

was carried out at a temperature or less than 5° c. The 

washed particulate tra·ot1on was suspended in the homogen­

izing medium using a very loose Potter-El'vehjem type homo­

genizer. The 8DlOunt ot particulate suspension added to 

each flask contained from o.e to l mg. ot nitrogen as de­

termined by the semimioro Kjeldahl procedure. 

The volume of the liquid phase was 3.4 ml., including 

o. 2 ml. ot KOH in the oenter well. The experiments were 
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run at 30° C., The flasks were shaken at 100 oscillations 

per minute. Any variation tran this general description 

will be noted in the text. 

Experimental 

1. Oxidation ot Krebs -Cycle Inter-mediates 

Succinate. citrate and ~-ketoglutarate were tound to 

be oxidized by this modified preparation (Table 13). The 

substrates were not oxidized at a high rate and this did 

not appear to continue muob beyond one hour. HoweTer, this 

was one ot the first indications that the enzymes tor the 

oxidation ot substrates other than succinate were present. 

Pyruvate was probably not oxidized 1n this exper1 ent. 

Table 13 

Oxidation ot 01trate, Succinate, and (1. -Ketoglutarate 

Net Jl atoms oxygen uptake
Addition 60 min. 180 min. 

10 ~· K-sucoinate (I) 10.5 12.2 
50 • Na3•0i trate (II) 2.5 5.0 
50 • (}- -ketoglutarate (III) 4.6 5.3 
I + II + III + 20 • Na-pyruvate 12.6 14.7 

Additions were as follows: 0.1 ml. ot 0.28 M. !lgS04; 
0.3 ml. ot 0.033 • Na4•ATP; 0.1 ml. ot cytochrome c 
(2.4 mg./ml.); 0.1 ml. ot 5.44 x lo-3 M. DPN; 0.3 ml. ot 
0.5 M. K•glutamate; 2.0 ml. ot partioul te traction. The 
liquid volume was made to the 3.2 ml- by addition ot 0.25 
M. auorose. The temperature was ~0° 0. The entire bean 
plant was used in this experiment. 200 • ot K-phosphate 
were added with the suspension ot particulate traction. 



In an attempt to obtain a preparation more active on 

Krebs intermediates~ the erteot or adding other possible 

co-factors to the incubation medium was tested. In xperi­

ment I, Table 14, TPN was added tor the tirst time, while 

in Exper~ent II, Table 14, TPN, cocarboxylase and liver 

oonoentrat were added to the medium. ile the oXidation 

ot citrate was much improved (over that reported in Table 
. 

13), pyruvate apparently was not oxidized. The addition 

ot cocarboxylase and liver concentrate appeared to have no 

errect on the oxidation. 

Table 14 

Oxidation ot Citrate and Malate 

Net Jl atoms oxygen uptake
3 hrs. 

Additions Exp . I xp. II 

50 pM. a3-oitrate 17.7 16.3 
5 ~· Na3-o1trate 5.8 3.3 
3 • K-malate + 50 .JlM• 

Na-pyruvate 2.2 3.8 

Additions were as follows: 0.1 ml. ot 0.14 M. UgS04 + 
0.14 M. nS04J 0.2 ml. ot 0.5 ll . K•phosphate ( pH 7.3); 
0.3 ml. or 0.033 • Na4-ATP; 0.1 ml. or cytochrome c 
(2.4 mg./ml.); 0.1 ml. ot 5.44 x lo-3 U. DPN and 5.38 X 
lo-4 • TPN; 1.0 ml. or particulate traction. 100 ~· or 
K-phosphate were added with the particulate traction. 
The liquid Tolume was made to 3.2 ml. with 0.25 • sucrose. 
In Experiment II e oh tlask oontained 1 mg. ot liver con­
centrate end 0.1 1. or 4.18 x lo-3 u. cocarboxylase per
tlaek. The homogenizing edium contained 0.1 • -. 
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In subsequent exper1ment.s the oxidation or oi trate 

was tound to occur at muob. higher rates. 1'h1s was partic­

ularly true when glutathione was incorporated in the 1nou­

. bat1on medium (Table 15; Figure 5). The oxidation ot 

citrate usually continued tor about 4 hours betore the rate 

began to decrease appreciably. An 1n1tial lag period usu• 

ally occurred when o1tre.te was the substra·te. 

Table 15 

Citrate Oxidation 

et Jl atoms oxygen uptake
Addltio·na 1 hr. 6 hrs. 

150 pM. Na3-oitrate 
150 ~· Na3•ottrate + 

20.4 105.0 

K-malonate 18.7 

Additions were 
0.05 M. MnS04.; 

as tollows:0.5 ml. ot cytochrome 
0.1 ml. or 0.14 M. 

o (2.4 mg./ml.); 
MgS04 + 

0.1 
m.l. ot 5.44 X 10- M. DPN + 5.38 x l0-4 M. 'lPN + 4.18 X 
10...3 a. oooarboXJlase; 0.1 ml. ot 0.04 M. slu.tatbione; 0.1 
ml. o.t terramycin (0.16 mg./al.); 0.3 ml, ot o.033 M. 
Na4-ATP (pH 7.1). K~a1onate was added where indicated to 
give 0.033 M. oonoentratlon 1n the tlask. The liquid
volume was made to 3.2 ml. with distilled water. The ex­
per~ent was carried out at 30° c. 

When 5 ~· ot suoc1nate were used as substrate tor 

this particulate treot1on, oxalaoetate apparentlY did not 

aoc\DilUl.ate 1n sufficient quantities to inhibit the suooin­

ox1dase (Table 16; Figure &) • Fifty-seven percent ot the 

auco1n1o aoid was oxidized in Z hours when 5 • or 



36 

~ ...... · I ' 0

0 0 -~-- ~ 0 - ! - ;--- -:- --l - ·r ---­_._- · - - - ­

-----:------F ---+-- --+--- ::--- -- --- - --+--~- _ _ _L_ 
0I · l 

. 

~ 
_ 

-/----; ­A ' 

1 -- " . ,5 ~- ~+ : --+-, -~·-+-- -_· l ~-~---.---- ' - --t----f----7+-,

-r·--

I 
+- ·~--- -

' I ' i l ' : 1 ' I l 
---~-- .: ! ' ... ' ! • • i 
fi&. D. 'ltle Oxilda~i:»n ot 01~rlte br 

,.......... 

: 
!. 

D-O 11.&0 J.l~· oi!lra~• I 
o-oo ~ao Jl•· o1cr•~• + · aa~onat 11 

' · -- ----

: 
' 

- ~ 

1 

- - _j_ 

0 -- -- · 

! 

- ., . 
' 

' -+--~ 
i Yl.A . I i 

' ' 

! ·-v ~ : I , 
o j ' - --. j_ __ --- r-­

... . -+----~ ------ ,__ _ ---1~~+-__.__.-t-~-t-------"-0 ~--+ -- I 

1 __ j __ _l _ ---t--- --­ -- ----7--- -T
l1- ~ A- l I' i 

. -i ~ . 4, : :l ; ... C) : ~ --: 'fiJi• . lflo~·l - ---~---- -- --! --· -i---- ---1i 
I -- •- - j ... : ·--f-- o I _loI - -+0 : _ , 

. ; _ _ _ _ ____ i___ -- --t' 
- 0 · • ·· 

' i 
: l I 



37 

suoo1nate was added. 

Table 16 

Suocinio Aoid Oxidation 

Net )1 atoms oxygen uptake
Addition 1 hr. 3 hrs. 

5 )ll&. succinate 12.8 19.9 

Additions were as tollows: 0.1 ml. ot 0.1• M. MSS04 + 
0.14 K. MDS0 4; 0.3 ml. ot 0.033 M. Na4ATP (pH 7.1); 0.1 ml. 
ot cytochrome c (2.4 mg./ml.); 0.1 ml~ ot 5.44 x l0-3 • 
DPN + 5.38 x lo-4 14. TPN + 4.18 x 10-" K. cocarboxylase;
0.2 ml~ ot liver concentrate (5 g,/ml.); 0.1 ml. ot 0.08 
M. K-glutathione; 2.0 ml. ot particulate traction. 200 ~. 
ot K•phosphate (pH 7.0) were added with the particulate
traction. The liquid volume was made to 3.2 ml. with 0.25 
u. sucrose. The experiment was carried out at 30° c. 

To determine whether succinate would be oxidized more 

ett1c1ently at higher levels. suoo1nic ao1d was added to 

the flasks at 10, 20 and 40 ~. amounts (Table 17; Figure 

7). 



• -v ' ! . ~v i 

--+-- : - ~ ~-- 1 · · · - ~ / · · r -r----:­_--4­·--'-r 

~--- -: j­ vt --­ ___ ·­ I.::. - ~c--+-.-- .-l···:·--~---~ ·-­ ·­
1 . .. i" . . . ~ . I . . . . I ·; .­ -­ ;. 
~ ... : • I ! 

18 u I . l i I . ' : 
-= ---; ,;:···:·I - --~ - -~ --- ;··---- T· ----rr · :-:- ---~+ ·• - ---- -,·~-----+-~-: -- - __ ---r- -- 1--t--l,l ·~ -- 1-- + -­- -- --+

... : i i1 
' ' , I I 

.. L-- f-- ----- ___ __;_I - ~-·· r • !:-·· ! 
' 

l
I 

i---- -- - ..:--+---- -t---- I 

" 

I .; . . .. . I. .. ! 
' ' 

' 

I 

. ' A . . i. ----·- --._,.­

- '-
! 

· 
:-:- I 

I: · j .. 
. ' 



39 

Table 1'1 

Suocinio Acid Oxidation at Various Concentrations 

)l atoms o:r;ygen uptake
Succinate concentration 1 hr. 6 hrs. 

3.12 x lo-3 M. K-suooinate (10 ~.} 1'1.~ 41.736.24 x 10· K. K-auooinate (20 ~.} 28.9 77.9 
12.48 x lo-3 K. K-succinate (40 ~.) 39.3 120.0 

Addi tiona were as follows: 0.1 ml. ot 0.14 Ill . KgS04 + 
0.14 M. MDS04 ; 0.3 ml. ot 0.033 K. Na4~TP (pH 7.1}; 0.1 
ml. ot qytoclirome c (2.4 mg./ml.); 0.1 ml. ot o.oe M. 
glutathione; 0.1 ml. ot 5.44 x lo-3 • DPN + 5.38 x lo-4 
M. T.PN + 4.18 x lo-3 M. cocarboxylase + liver concentrate 
(10 mg./ml.); 2.0 ml. ot particulate traction. 200 • ot 
K-phoephate were added w1 th the particulate traction. The 
flasks were made to 3.2 ml. volume with 0.25 M. sucrose. 
The experiment was carried out at 30 c. 

The enzyme system did not appear to be saturated even 

at the 20 PM· level ot substrate. Figures 6 .and 7 show 

typical succinate oxidation curves. The rate, which was 

high initially, decreased after 25-35~ ot the substrate 

was oxidized. 

The break in the curve could be explained by the ex­

istence ot two typ s ot particulate matter in the insoluble 

traction. It one type ot particle contained the enzymes 

necessary to oxidize succinic acid to oxalaoetate, while 

the other contained all ot the Krebs oyole enzymes, a high 

initial rate would be expected. The evidence tor the 

stability ot suooinic dehydrogenase supports this proposal. 
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Two conditions were found to be critical in pyruvate 

oxidation. The first oondit1on was the presence of gluta­

thione. The data tor the ettect ot glutathione on pyruvate 

oxidation will be given in the next section. The second 

oondition was the presence of another Krebs ayole inteme­

d1ate. This means that the enzyme tor the carboxylation of 

pyruvate did not exist in this preparation or that some co­

factor had been lost. In Table 18 and tn Figure 8 • 1 t may 

be seen that when 5 uM. of pyruvate were included with 5 

UM. of succinate the oxidation was greater than could ~e 

accounted tor by the succinate alone·. This was demon- . 

strated again, and perhaps more convincingly, in the exper­

~ent reported 1n Table 19 and Figure 9. 
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Table 18 

Oxidation ot Pyruvic Aoid 

Net Jl atoms oxygen uptake
Additions 70 min. 280 min. 

5 PM~ K-suoo1nate (I) 7.5 15.7 
(I) + 5 pM. Na~pyruvate 10,9 28.4 
(I) + F- 8.o 16.1 
(I) + 5 pM. Na-pyruvate + F- 11.9 24,5 

Additions were as follows: 0.1 ml. ot 0.14 M. Mgso4 + 
0.14 M. KnS04; 0.3 ml. ot 0.033 M. Na -ATP (pH 7.1); 0.1 
ml. ot oytoohrome c (2.4 mg./ml.); 0.1 ml. ot 5.44 x l0-3 
M. DPN + 5.38 x lo-4 M. TPN + 4.18 x lo-3 M. cocarboxylase; 
0.1 ml. ot liver oonoentrate (20 mg./ml.); 0.1 ml. ot 0.08 
M. K•glutathione; 2.0 ml. ot the particulate traction. 200 
pu. ot K-phosphate (pH 7.0) were added with the particulate
traction. O.l ml. ot 0.71~ NaF was added where F- is indi­
cated. The liquid volume was made to a 3,2 ml. with 0.25 
M. sucrose. The experiment was carried out at 30° c. 

Table 19 

Oxidation ot Pyruvic Acid 

Net ~ atoms oxygen uptake
Additions l hr. 6 hrs. 

2 ~· K•suocinate (I) 2.4 7.7 
4 ~. K-suooinate (II) 8.o 20.9 
(I) + 4 pM. Na-pyruvate 7.5 22.3 
(II) + 8 pM. Na-pyruvate 13.2 41.7 

Additions were as described in Table 18. 



43 

ruvalte 
l

+----­-­-- ­ --;--­
I----+ 

I 
I 

j­ . I 

- -­ -+---· I 
- . --­ - -­ -

I 

-r-

I 

I 

I -----t_________;__ 
I 

-­t-

. I 
- _,_ . - - --- -: ---­ ---- . 

I

I I 

: -­ i -

2. 0 :0 I 0 I
T+m•l (ii1n t••)

L __ _ 



---

___ __j ·- ­

i . : 

·-- · ·· 
' 

rI ---­

·-­ . -----+-:-- __w--~ --ll '-­
1 .. : . j. . 

I 
-+--~----~~~ 

-I 
·- t--~--

1 

t 

-+--~----+-------4----r--~----+----+----~--4----+ 
·~cainat • ·e ~. 
suc~tnat + t ~. Iaucoilla~ --- --·-1
aucolaat 

I 

i 

J - - ~-1-

I · 

I 

·& 

. -,--. 
! 

I 
I-- --- -- ---·- ---

---· -~---· 

I 
! 

.. j . . 

-+---· 

. ! 

-1 . 

I 
: 

. I 

I I 
- .---,-- - --r-- -

• I •• • 

I 
I 

I 

- -- - --+------- - -
! 

I 

! 
I 
I --- --i 

I 

! 
I___).. 

I 



45 

That oxidation ot pyruvate is actually catalyzed by 

succinate was demonstrated clearly in an experiment re­

ported in Table 20 and Figure 10. Pyruvate was not oxi­

dized in the absence ot succinate • . The oXygen uptake, 

when both substrates were present, was much greater than 

could be accounted for by succinate alone. Catalysis ot 

pyruvate oxidation by a member ot the ·Krebs QYcle 1s con­

sidered to be very good evidence that the cycle is opera­

tive in the syste•• 

Table 20 

Catalytic Effect ot succinate on Pyruvate Oxidation 

Bet p atoms oxygen ~ptake 
Additions l hr. 5 hrs. 

2.5 PM· K-auccinate (I) 4.6 '1.2 
5.0 ~. K-auoo1nate (II) '1.6 14.9 
(I) + 20 PM• pyruvate 9.0 24.1 
(II) + 20 ~. pyruvate 14.3 35.8 
20 }ll(. pyruvate o.o o.o 
Additions were as follows: 0.1 ml. of 0.14 M. MgS04 + 
0.14 M. MnS04 ; 0.1 ml. cytochrome c (2.4 mg./ml.); 0.3 
ml. ot 0.033 M. Na4-ATP (pB 7.1); 0.1 ml~ ot 5.44 x lo-3 
M. DPN + 5.38 x 10•4 K. TPN + 4.18 x 10-~ M. cocarboxylase;
0.1 ml. ot o.os M. glutathione; 0.1 ml. ot terramycin 
(0.16 mg./ml.}; 2 .0 ml. ot the particulate fraction. 200 

• ot K•phosphate ~ere added with tbe particulate trac­
tion. The liquid volume waa made to a 3.2 ml. with 0.25 
14 . sucrose. The exper1Dlent was carried out at 30° o. 

That ~·ketoglutarate was oxidized by the preparation 

is shown in Tables 13, 29 _and 30. 
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Fumarate was oxidized by the particulate preparation 

(Table 46). 

Malate was utilize d as a substrate by this prepara­

tion (Tables 14 and 30). 

Succinate, pyruvate, c1trate, d- -ketoglutarate, 

malate, lactate and acetate were used as substrates in a 

single experiment (Table 21; Figure 11). 

Table 21 

Oxidation ot Krebs Cycle Substrates 

Oxygen uptake ~ Theoretical 
(net A atoms) 

Additions l hr. 5 hrs. 5 hra. 

10 ~· K•suocinate 15.7 40.2 57.0 
10 ~. Na3-citrate 16.3 48.4 54.0 
10 )JM. ~-ketoglutar te 15.5 47.8 60.0 
10 )lM. K-malate 7.5 . 27.0 45.0 
10 ~· · Na-pyruvate + 1.25 pJI..

K-succinate 6.0 . 20.9 42.0 
10 )JM. K-laotate + 1.25 }iM.

K-sucoinate 1.1 . 10.3 
10 ~. K-acetate + 1.25 )lM. -­

K•auocinate o.o o.o 
Add1t1on·s were as in Table 17·. 

It may be seen that the preparation was capable ot 

catalyzing the oxidation ot all ot the Krebs a,role members 

tested. Succinate, citrate • and d- -ketoglutar te were 

round to be oxidized at a high rate. Malate end pyruvate 

were oxidized at a much lower rate. The low concentration 
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ot succinate added to the pyruvate oxidation. 11 ot the 

substrates except lactate and acetate were oxidized up to 

about 50% ot the theoretical value. Lactate oxidation 

occurred only after the tirs" hour and acetate was not oxi­

dized. The oxidation ot lactate would 1nd1oate that a 

small amount of lactic dehydrogenase was present in the 

particulate traction. 

In this section the evidence tor the following points 

have been presented: (1) The enzymes necessar,y for the 

oxidation ot the Krebs cycle 1nter.med1ates. citrate, 

~ -ketoglutarate, succinate, fumarate, malate and pyruvate, 

were present in the preparation described. (2) nother 

Krebs c.yole intermediate was necessary tor pyruv te oxida­

tion. (3) Acetate was not oxidized under the conditions 

described. (4) Lactic acid was oxidized t a slow rate. 

These points are regarded as eood evidence that a Krebs 

oyole is operative 1n the particulate fraction from bean 

seedlings. 

2. Glutathione Requirements 

Glutathione appeared to give an increa e in oxygen 

uptake in an experiment in which succinate and pyruvate 

were used as the substrates. This effect was tested and 

the results were as shown in Table 22 and Figure 12. 
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Further evidence of the requirement tor glutathione can be 

found ln Table 34. 

Table 22 

Ettect ot Glutathione on Oxygen Uptake 

Net )1 atoms o~gen uptake
Additions 1 hr. 4 hrs. 

Experiment 1 
10 • Na-pyruvate + 10 

K-succinate (I) 
(I) + 8 P,M• K-glutatb1one 

• 
14.0 
16.8 

15.8 
25.2 

Experiment 2 
10 pM. Na-pyruvate + 10 pM.

K-sucoinate (I) 
(I) + 8 pM. K-glutathione 

9.8 
14.5 

11.3 
23.2 

Additions were as follows: 0.1 1. ot 0.14 • Mgso 4 + 
0.14 • nS04; 0.3 ml. ot 0.033 M. Na4-AT.P (pH 7.1); 0.1 
m1·· or oytoohrome o {2.4 mg./ml.); 0.1 m1. ot 5.44 x lo-3 

• DPN + 5.38 x lo-4 K. TPN + 4.18 x 11-3M. cocarboxylaee 
+liver oonc ntrate (10 mg./ml.); 2.0 ml. ot the part1ou­
l te tr ction. 200 • ot K-phosphate (pH 7.0) were added 
with the particulate fraction. The liquid TOlume in eaob 
flask was made to 3.2 ml. with 0.25 M. sucrose. In Experi­
ment 2 the homogenizing medium contained cysteine at 0.05 
M. concentration. The glutathione was in the reduced 
state, and it w s dissolved just before addition to the 
flasks. An equimolar quantity or KHC03 was added to the 
reduce d glutathione. 

Glutathione was added in o, a, 16, 32 and 64 J.1 mole 

amounts in an experiment 1n which succinate alone was used 

as substrate (Table 23; Figure 13). Although the 32 and 

64 .Jl)4. amounts showed the largest oxygen up take, the 
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increase over the 8 pM. level was not large enough to 

warrant use ot a hi@her glutathione concentration. The 

increase in "endogenous respiration" was not appreciable 

when e • ot glutathione was added to the flask. The 

mechanism ot the glutathione effect has not been deter-mined 

but the large stimulation at suoh low molar concentrations 

would suggest a catalytic action. During the first hour 

glutathione had very little etteot on succinate oxidation, 

but at the end ot the experiment the oxygen uptake was 

nearly doubled by the presence or glutathione. 

Table 23 

Effect of Various Glutathione Concentrations 
on Succinate Oxidation 

Net ~ atoms oxygen uptake
Additiona 1 llr. 6 hra. ­

No glutathione 14.6 24.4 
8 )lltf. glutathione 17.8 43.6 

16 ~· glutathione 16.2 41.2 
32 • glutathione 17.9 46.6 
64 ).1!4. glutathione 21.2 47.1 

Additions were aa follows: 0.1 ml. of 0.14 If. :UgS04 + 
0.14 M. MnS0 4; 0.1 ml. of cytocbrane c (2.4 mg./ml.); 
0.3 ml. of 0.033 M. Na4-ATP; 0.~ ml. of 0.1 M. K-suct~nate 
(pH 7.0); 0.1 ml£ ot 5.44 X 10- U. DPN + 5.38 X 10· K. 
T.PN + 4.18 x 10-~ M. cocarboxylase; 0.1 ml. ot terramycin
(0.16 mg./ml.); 2.0 ml. or the particulate tr otion. 200 
~. ot K-phosphate (pH 7.0) were added with the partic)u­
late traction. · The liquid ~lume in eaoh flask waa made 
to 3.2 ml. with 0.25 M. sucrose. The experiment was car­
ried out at 30° o. 
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3. ftect ot Fluoride on the Stability ot Particles in 
the Homogenate 

Kornberg and Pricer (25, pp.776-777) purified a 

nuoleotide pyrophosphatase tram potatoes. The enzyme 

hydrolyzed tbe pyrophosphate linkage from the coenzymes, 

DPN, TPN, FAD, ADP, ATP and TPP. Fluoride at 0.1 )4. con­

centration was found to inhibit the enzyme, and phosphate 

was found to reduce the hydrolysis of DPN and FAD. Mil­

lerd and Bonner (39, p.l55) have reported that fluoride 

will partially replace phosphate in the hamosen1z1ng medium 

tor preparation ot plant mitochondria. Consideration ot 

these tacts led to an attempt to increase the activity ot 

the particulate preparation by adding fluoride to the homo­

genizing medium. 

The experiment described in Table 24 was carried out 

as follows: The plant material was homogenized in 4 parts 

as de$Oribed under Methods; however, eaoh of the 4 media 

contained a different concentration of fluoride. The oon• 

centrations were o.o M., 0.05 III.., 0.1 fl., 0.15 M. The 

homogenatea were carried separately through the fractiona­

tion. As much fluoride as possible was removed in the 

washing step. The tractions were suspended 1n 1.0 M. 

sucrose and 0.1 M. phosphate. The homosenizing medium in 

each oase contained 0,05 M. cysteine. 



55 

Table 24 

Effect of F- in the Homogenizing Medium 

Net Jl atoms 
Additions F- Cone. oxygen uptake/4 hrs. 

50 pM. Na3-oitrate 
10 ~· Na-pyruvate + 

10 pU. K•suocinate 

o.o )(. 

o.o 

20.6 

20.6 

50~. Na3-oitrate 0.05 27.2 
10 pM. Na-pyruvate + 

10 PM• K-suocinate 0.05 30.9 

50 ).Ill. Na3 -oitrate 
10 )JM. Na-pyruvate + 

10 • K-sucoinate 

o.l 

0.1 

19.7 

19.1 

50 ,ul4. Na -citrate 
10 pM. Na-pyruvate . + 

10 pu. K-sucoinete 

0.15 

0.15 

24.0 

23.1 

Additions were as follows: · 0.1 ml. of 0.14 M. MgS04 + 
0.14 M. MnS04; 0.3 ml. of 0.033 M. Na4-ATP (pH 7.1);
0.1 ml. of oytoohrome c (2,4 q./ml.); 0.1 ml. of 5.44 
X lo-3 M. DPN + 5.38 X lo-• TPN + 4.18 X lo-3 M. cocar­
boxylase+ liver concentrate (10 mg./ml.); 0.1 ml. of 
o.oa • glutathione; 2.0 ml. of the particulate fraction. 
200 • of K-phospha te were added w1 ih the particulate
fraction. The liquid volume in each flask was made to 
3.2 ml. with 0.25 M. sucrose. The expertment was carried 
out at 30° c. 

Since the results of the f 1rst experiment were not 

very convincing, the etteot of fluoride was tested again 

with duplication ot homogenates. The procedure was other­

wise the s e as 1n the first experiment. ·Two of the homo­

senates contained no fluoride and the other two contained 

0.05 M. fluoride. The results are shown in Table 25. 
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Table 25 

Effect of 0.05 M. Fluoride in the Homogenizing Medium 

Net ~ a~oms oxygen uptake
Fluoride concentration 6 hrs. 

o.o 27.0 
o.o 30.9 
0.05 25.0 
0.05 29.3 

Additions and conditions were as 
Na-pyruvate + 10 pM. K-suocinate 

given in Table 24. 10 )JII. 
were used as the sub­

strates. 

The 2 experiments with fluoride in the homogenizing 

medium failed to give any coD.clusive indication that this 

inhibitor should be so used. As expected, the results for 

duplicate bomogenates were not identical. Fluoride failed 

to cause any large or consistent effect. hen used in th$ 

flask media (Table 18), fluoride caused slight inh1bi tion. 

Therefore, fluoride was not used routinely in subsequent 

experiments. 

The loss ot activity or the preparation in the latter 

stages could very well be contingent upon a catabolism of 

important co-factors by enzymes which are not affected by 

fluoride. An alternative pathway tor the breakdown ot DPN 

was demonstrated by Handler and Klein (18, pp.55-57), who 

studied a DPN nucleosidase which cleaved the glycosidic 

bond between nicotinamide .end ribose. The enzrme was 
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inhibited by nicotinamide. This inhibitor possibly could 

increase the activi~ ot the particulate traction. In any 

event, the breakdown ot co-factors must still be regarded 

as a possible explanation of the tact that oomplete oXida­

tion ot Krebs cycle intermediates has not been realized 

w1th plant particulate matter, as it has been with rat 

liver mitochondria. 

4. Sucrose and Phosphate Concentrations in the Flask and 
in the Homogenizing Medium 

The phosphate concentration was ~aried in the homo­

genizing media (Table 26). Four 75-gram portions ot bean 

sprouts were homogenized separately in 50 ml. ot the tel­

lowing media: 1M. sucrose and no phosphate; 1 M. sucrose 

and 0.05 K. phosphate; 1.0 M. aucrose and 0.1 M. phosphate; 

1.0 M. sucrose and 0.15 phosphate. The haaosanatea were 

tractionated separately. The particulate tractions were 

washed in 20 ml. ot the homogenizing medium and auapended 

in 1M. sucrose and 0.1 M. phosphate. 
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T ble 26 

Etteot ot Phosphate 1n the HOmogenizing Medi 

Phosphate oonc. Net )1 atoms oxygen 
Add1 tiona in homogenate uptake

260 min. 

10 pM. K•suocinate 
10 ~. K-suooinate 

o.oo
o.o5 • 10.2 

11.8 
10 ]J)l. K-suooinate 
10 pM. K-sucoinate 
10 ~. Na3-oitrate 

0.10 
0.15 
o.oo 

13.3 
14.9 
1.9 

10 ~· Na3-oitrate 0.05 6.8 
10 ~· Na3-oitrate 0.10 13.4 
10 ~. Na3-o1trate 0.115 13.9 

Additions were as follows: 0.1 al. ot 0.28 • MgSOt;
0.3 ml. ot 0.033 • Na -AT.P (pH 7.1); 0.1 ml. ot cy o­
ohrome o (2.4 mg./ml.); 0.1 ml, ot 5.44 x lo-3 11. DPN; 
0.3 ml. ot 0.5 w. K-glutamate; 2.0 ml. ot particulate
traction. 200 • K-phoapbate were added with the par­
ticulate traction. The liquid volume in each tlask was 
made to 3.2 ml. with 0.25 • sucrose. The experiment was 
carried out at 20° c. 

The oonoentration ot phosphate 1n the hamo~nizing 

medium did not appear to be too critical in the oxidation 

or suooinate. but citrate oxidation was greatly diminished 

by the omission ot phosphate trom the medium. 0.1 • phos­

phate was chosen tor tbe concentration to be used in sub­

sequent homogenizing media. 

The phosphate oonoentration was varied 1n th tlask 

medium wit~ 20 p oles ot pyruvate and 5 p moles ot suo­

oinat being used as the substrates .(Table 27; Figure 14). 
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Table 27 

Etteot ot Phosphate on the Aotivity 
ot the Particulate Fraction 

Phosphate concentration 
Net 

l 
~ atoms 
hr. 

OXJgen uptake
6 hrs. 

0 ]JM./t1ask 
50 

10.8 
11.6 

16.2 
22.0 

100 14.6 32.1 
150 18.8 39.5 . 
200 14.9 37.1 

Additions were as . tollows: 0.1 ml. ot 0.14 M. MgSO• + 
0.14 M. MnS04; 0.1 ml. ot cytochrome c (2.4 mg./ml.); 0.3 
ml. ot 0.033 M. N~-ATP (PH 7.1); 0.1 ml. ot 0.2 M. Na­
pyruTSte; 0.2 ml. ot 0.25 M. K-succinate; 0,1 ml. ot 5.44 
X 10•3 M. DPN + 5.38 X 10•4 TPN + 4.18 X 10•3 M. cocar­
boxylase; 0.1 ml, ot o.oe M. glutathione; 0.1 ml. ot ter­
ramycin (0.16 mg./ml.); 1.0 ml. ot the particulate trac­
tion, The liquid volume in each flask was made to a 3.2 
ml. with 0.25 M, sucrose. The experiment was oarried out 
at 30° c. 'l'he butter concentration was maintained at 200 
~./tlask by the addition ot 0.5 M. glycylglycine (pH 7.0).
The washed particulate traction was suspended in 1.0 M. 
sucrose. 

Probably all ot the phosphate concentrations were 

slightly higher then stated in Table 27, since some pbos~ 

phate must have been carried over tran the washing. The 

phosphate concentration which gave optimal activity was 

round to be 150 pY. per flask. As the experiment approach­

ed 6 hours ', the difference between 150 pM. end 2oo JiM. 

d1~n1shed .. The decrease in the amount ot . phosphate .below 

150 pM. caused a sharp drop in the activity or the particu­

late traction. A oonoentration ot 200 • ot phosphate 
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per flask was used in all subsequent experiments. 

The sucrose concentration was Yaried in the homogen­

izing medium (Table 28). Citrate and succinate were used 

as the substrates. Four separate homogenates we.re made.• 

Each ot the homogenizing media oonta1n·ed a different con­

centration ot sucrose (0.5, 0.75, 1.0 and 1.25 M.) and 0.1 

M. phosphate. The homosen.ates were carried separately 

through the tre:ot1onat1ng procedure.. The tractions were 

washed in a medium containing .0.5 M. sucrose + 0.1 M. phos­

phate. The washed par,1oulate tractions were suspended ill 

a edium of 0.25 M. sucrose and 0.1 M. phosphate. The re­

sults in Table 28 do not establish oonolusively that 1.0 

molar is the best sucrose concentration to be used in the 

homogenizing medium. However, .81noe the results with 1,0 

M. sucrose were equal or better than those obtained at 

other concentrations, use or 1.0 u:. sucrose in the homo­

genizing media was con.tlnued. 
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Table 28 

Etteot ot Various Concentrations ot Sucrose 
on the Aotivity ot the Particulate Fraction 

Sucrose oono. Net )1 atoms oxygen 
Additions in homogenizing uptake

medium 265 min. 

50 }M. K-citrate 0,75 9.8 
50 JJM. K-citrate 1.00 16.1 
50 pV. K•citrate 1.25 13.9 

10 )JM. K-suooinate 0.50 12.8 
10 )JM. K-euocinate 0.75 12.2 
10 )JM. It-succinate 1.00 13.5 
1.0 ).114. It-succinate 1.25 13.5 

Additions were as follows: 0,1 ml. ot 0.28 M. MgS04;
0.3 ml. ot 0.033 • ATP (pH 7.1); 0.1 ml. ot cytochrome o 
(2.4 mg./ml,); 0.1 ml. ot 5.44 x l0-3 M. DPN; 0.3 ml. or 

.0.5 M. It-glutamate; 2.0 ml. ot the particulate fraction. 
200 pM. ot K-phosphate (pH 7.0) were added with the par­
ticulate traction. The liquid vo1l.llle in each flask was 
made to a 3.2 ml. with 0.25 14 . sucrose. The experiment 
was carried out at 20° c. · 

The auoroee concentration was varied in the flask. 

Citrate was used as the substrate in one experiment, and 

~-ketoglutarate was used as the substrate in the second 

experiment (Table 29}. 
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Table 29 

Ettect ot Sucrose on Citrate and 
0:-X:etoglutarate Oxidation 

sucrose oonc. 
in the tlaak 

0.41 • 7.7 4.7 
0.51 7.9 
0.61 7.9 5.3'·" 
0.71 7.7 5.4 

Additions were as follows: 0.1 ml. ot 0,28 • JlgS04; 
0.3 ~. ot 0.033 • TP (pH '1.1); 0.1 ml. ot cytochrome c 
(2.4 mg./ml.); 0.1 ml. ot 5.44 x l0-3 11. DPN; 0.3 ml. ot 
0,5 M. K-glutamate; 1.0 ml. ot the particulate traction; 
0,2 ml, ot 0.5 M. K-phosphate (pH 7.0). 100 pM. ot K­
phoaphate were added w1 th the particulate traction. 50 )1M. 
ot the substrate were used. The liquid volume in eaoh 
flask was made to 3,2 ml. with double distilled water. 
The experiment was carried out at 20° c. en ct.-keto­
glutarate was used as the substrate, the K-glutamate was 
omitted and 0.1 ml. ot 5.33 x lo-4 M. TPN was added. 

Changes in the molar concentration of sucrose in 

this range had no ertect on the ctivity or the prepa.ra­

t1on. The high initial concentration ot sucro e was 

caused by the addition ot one millimole or sucrose with 

the particulate traction, which would give a 0.31 M. 

sucrose concentration in the flaSk. 

5. Ettect of Manganese Ions 

Manganese has been reported to be necessary tor 

citrate oxidation (1, p.l045; 43, pp.243-244). hen halt 

the magnesium ion concentration was replaced with 

http:prepa.ra
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manganese ion an increase in oxygen uptake was noticed 

over that obtained when magnesium ion alone was used 

(Table 30; Figure 15). 

Table 30 

Influence ot Manganese on Oxygen Upt ke 

Net ~ atoms OXYgen uptake
Additions 1 hr. 4 hrs. 

10 J.lM• K-suoctnate + :Mg++ 9.7 12.4 
10 pM. K-succinate + Jag++ + n++ 11.0 15.6 
50 pM. Na3-ottrate + ;ug++ 8.9 19.1 
50 ~. Na3-citrate +Jig++ + Un++ 10.6 25.8 
50 ~. 0: -ketoglutarate + g++ 7.8 12.0 
20 • K•malate + 20 ,UM . Na­

pyruvate + Jig++ 5.2 12.1 

Additions were as .tollows: 0.1 ~. ot 0.28 M. ¥gS04 or 
0.14 • UgS04 + 0.14 M. Mn80 4 ; 0.3 ml. ot 0.033 M. Na4­
ATP (pH 7 .1); 0.1 ml. ot cytochrome c (2.4 mg./ml.);
0.1 ml. ot 5,44 x l0-3 ~ DPN + 5.38 x lQ-4 • TPN; 2.0 
ml. ot the particulate traotion. 200 ~· ot K-phosphate 
were added with the particulate traction. 'l'he liquid
volume in each flask was made to 3.2 ml. with 0.25 u. 
sucrose. The experiment was carried out at 20° C. 

second experiment was made tor the purpose of de­

termining the conoentr tion ot manganese wh1oh would 

oause a maximum activity ot the particulate preparation. 

Citrate, at a oonoentration ot 30 ~moles per tlask, was 

used as substrate (Table 31; figure 16). 
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Table 31 

Effect of Manganese on the Act1vi ty 
ot the Particulate Fraction 

Net p. atoms o~gen uptake
J4n++ conoentrations 1 hr. 6 hrs• 

o.o '*• 23.6 78.1 
2.5 24.0 88.1 
5.0 24.4 90.0 

10.0 25.5 90.5 
15.0 27.1 91.4 

Additions were as follows: 0.1 ml. of 0.14 M. gS04; 
0.1 m1. ot cytochrome c (2.4 mg./~.); 0.3 ml. ot 0.033 M. 
Na4- ATP (pH 7.1); o.a ml. of 0.1 M. Na3-oitrate; 0.1 ml. 
ot 5.44 X lo-3 M. DPN + 5.38 X lo-4 K. TPN + 4.18 X lo-3 

· , cocarboxylase; 0.1 ml. ot o.oa u. glutathione; 0.1 ml. 
ot terramycin (0.16 mg./ml.); 2.0 ml. ot the particulate
traction. 200 • ot K-phosphate were added with the 
particulate traction. The liquid volume in each flask was 
made to 3.2 ml. with 0.25 • sucrose. The exper~ent was 
carried out at 30° G. 

Manganese was shown to increase the oxygen uptake 

when either succinate or oitrete was used as the substrate 

(Table 30). The increase in oxygen uptake w s greater 

with citrate than with succinate. hile a high oxygen up­

take may ·be obtained· Without added manganese, addition ot 

this element does increase the activity ot the preparation. 

It is possible that manganese is tightly bound to one or 

more enzymes and that it is not entirely lost during the 

preparation. It this is the case, only a slight attmula­

t1on would be expected upon adding more manganese. The 



---

- -- ---

---

---

-- --- ---- --

- -- -- ---

---

--

----

--- - -
---

---

I 

.l 

67 

I 

t 
' 

; .. . 

I' 

I ' ; I___-~ - --+-:­I 
rr--··- I 

I 
l 

-

-­ -· I - : -· · ­
I -,18 1 16. : '!'he Btre ~t :or Ya:ric I'Q.8 Cc noenira­

: tio a or idat~OD ojM&jng ~~" on: o~ 
-- -·! Git ~t-. - ~y-- l118o u-b:la bz~e · I : J'rl 

- ------L --- f--- --1-- -­
' I .

I". -: ­: 
r 

' ! 
• -4 • • ! 

: 
- -· -·­

-~l 

IAA 

'"" 
.. . . I 

v>~~ 
.....' 

·
~ 

g : 
~~ (~ 

~; ___ __.....,. __ --­

(~ 
- --

I; : ~ : 
:s. 

!LA -
--· --- ­

; ~~ 
- · ­ -E-:-' - -­

· · ­

I 
I 

' 

I 

-- ---;-- ­

f\ 

:a l..j.l" 

· ~ -

-~~ 
0 

.& 
- --+ 

i 

"~ ·.. ,.._.., 

---~ .- ---- ­--· ­

. t--,-­

...."' 
' 4 

I lr61~gue~e
-1 - ~· -- . -!- · -- ­

. ..; ,, ! 
I 

I II 
! 

IBean 1S.adt1Pn i ~ =- --- - +- - - ~..- I 
' 1a·r 

: . --1 - - . 
r I 

I' 
. ~ -­i -· 

;! 

- -T-1I 
; 

I 
' 

r 

I ' i ' 
I 

4__ hour• ..... h r 
...... 

! 
· - I 

r 

i' 1 
~ nou,.-.5 A --h­

....­

' 
' 

-

I 

I 
--- -· - -- . 

··· ­
I 
; 
I 

: 
.II) I -- - - _;__

2.. hO\Ir".S 
~ i !I r . · ­

I 
: 

·- --- ­
1 

- ----- · 
; 
­- · -r-I -- ­

hhOUr"I ·- t ­
i 

i : 
__.,_ ___ !. I . . - 1

I 
' ' 

_ _ _ ____ i ___ _ I __ 
f--­

__1 _
~--- I 

· · -- - ­ · ­t 
I 

~ I fp : I 5 : 
- ()1 M~leeJ -r1tiall: ,. oent~at~ol 

-· --- --­
! 

i --­

>----- - · ' 

- · · ­-- · 
II 



68 

optimal amount ot added manganese was 5 ~. per flask 

since larger additions caused no appreciable increase in 

oxygen uptake (Table 31). 

6. Ettect or ATP 

ATP has been round to be a requirement or a desir­

able additive in nearly all of the preparations or tissue 

homogenatea and particulate tractions in which Krebs cycle 

acti"f'i ty has been demonstrated. To determine the optimal 

concentration or ATP this co-raotor was added to the 

tlaaks at various molar oonoentrations (Table 32; Figure 

17). Twenty p. moles ot pyruvate and 5 }l moles of suc­

cinate were used as tbe sUbstrates. The concentration 

necessary tor the maximum oxygen uptake was found to be 

3.09 % lo-3 • Na4-ATP. 
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Table :32 

Ettect ot Different Concentrations ot ATP on the 
Activity ot the Particulate Fraction 

Net )1 atoms oxygen uptake
ATP concentration 1 hr. 5 hrs. 

7.0 12.6 
7.9 14.3 
8.6 14.2 

14.2 30.5 
15.6 45.1 
17.2 44.8 

Addi tiona were as follows: 0.1 ml. or 0.14 M. MgS04 + 
1.56 x lo-3 11. MnSO ; 0.1 ml. or cytochrome c ·(2.4 mg./
ml.); 0.2 ml. or 0.025 M. K-succinatel 0.1 ml. of 0.2 

• He-pyruvate; 0.1 ml. of 5.44 x 10-~ M. DPN + 5.38 x lo-4 
• TPN + 4.18 x lo-3 M. cocarboxylase; 0.1 ml. ot o.oa M. 

glutathione; 0.1 ml. ot terramycin (0.16 mg./ml.); 2.0 ml. 
ot the particulate traction. 200 ~. ot K·phosphate were 
added with the particulate traction. The liquid volume in 
each tlask was made to 3.2 ml. with 0.25 M. sucrose. The 
experiment was carried out at 30° C. 

7. Addition ot Various Coenzymes 

A number ot experiments were carried out to demon­

strate the need tor DPN, TPN, cocarboxylase and Co A. 

This was round to be difti cult because coenzyme prepara­

tiona completely tree ot other coenzymes were not avail­

able. The DPN was a 90~ pure product and was probably 

tree or other coenzymes. The cocarboxylase was highly 

purified. The source ot Co A was a liver concentrate 

whioh contained >7% DPN, >4~ TPN and >10 Lipmann 
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unite ot Co A per milligram. The TPN preparation oon­

ta~ned only 10% TPN, end 8~ DPN was present as an impurity. 

ben DPN, TPN, cocarboxylase and liver concentrate 

were omitted, the oxygen uptake wae greatly diminished 

{Table 33; Figure 18). This indicated that one or more ot 

the co-tactore was necessary. 

Table 33 

Omission ot the Coenzymes 

Net ~ atoms oxygen uptake
Additions 1 hr. 5 bra. 

5 pM. K-succ1~ate + coenzymes 9.0 22.8 
5 • K-succinate - coenzymes 5.0 7.0 

Additions were as follows: 0.1 ml. ot 0.14 M. MgS04 + 
0.14 • MnS0 4; 0.3 ml. ot 0.033 M. Na4-ATP {pH 7.1); 0.1 
ml. ot cytochrome c (2.4 mg./ml.); 0.1 ~· ot 5.44 x lo-3 

• DPN + 5.38 M. x lo-4 TPN + 4.18 x 10· M. cocarboxylase;
0.1 ml. ot liTer concentrate (10 mg./ml.); 0.1 ml. ot o.oa 
M. glutathione, 2.0 ml. ot the particulate traction. The 
liquid Tolume in each tlask wee made to a 3.2 ml. with 
0.25 M. sucrose. 200 )lM. ot K-phosphate were added w1 th 
the partioule.te traction. The experiment was carried out 
at 30° c. 

In a second experiment the coenzymes were omitted 

individually and the results compared with those tor the 

complete system (Table 34; Figure 19). 

http:partioule.te
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Table 34 

Coenzyme Aotivity 

Net )1 atoms o:xygen uptake
Additions l br. 5 hrs. 

Complete
Qomplf!tte- 11ver concentrate 
Complete- DPN 
Oomple te... TPN 
Complete- TPP 
Complete- TPN • DPN, TPP and 

liver concentrate 

16.5 
16.6 
14.7 
16.5 
14•5 

14«9 

45.7 
43.5 
37.'1 
44.. 6 
37~0 

21 '.4 
COmplete• glutathione 16~2 27.4 

Addi t1ons were as tollows: 0.1 m1. or 0.14 M. l(gso4 + 
·0.14 M. MnS04; 0.3 ml. ot 0.033 M. Na4:-ATP (pH 7.1); . 
0.1 m1. ot cytochrome o (2.4 mg./ml.); 0.1 ml. ot liver 
concentrate .(10 mg./llll.); 0.1 ml. ot o. oa gluta'th1one; 
0~1 ml.• ot 5.44 x l0-3 Mit DPN; 0.1 ml; of 1.08 x 10•3 M. 
TPN; 0.1 ml. ot 4.18 x l0-3 M. cocarboxylase; 0.1 m1. ot 
0.1 ml. ot 0.1 M. K·suooinate; 2.0 ml. ot the particulate
tre.otion. 200 }JM. ot K-phosphate were added with the 
particulate traction. The liquid volume in each tlaak 
was made to a. 3.2 ml. with 0.25 14. sucrose. The experi­
ment was carried out at 30° c. 

tthe omission ot eitller DPN or oocarbo%flaae caused 

the greatest decrease in actiYi ty, indicating that these 

co-factors are tuaotional. When all ot the coenzymes were 

omitted there was a decrease in oxygen uptake similar to ­

that shown in Table 33. Glutathione was again shown to be 

neoessery (Tables 22 and 23). The difference between the 

oomplete system and that in which the TPN preparation was 

omitted was very small, but in this oase quite a large 

amount ot TPN was placed in the flask with the addition ot 
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1 mg~ ot liver conoentr te. The removal or the liver oon­

.oentrate did not atfeot the preparation significantly. 

Using another preparation the results were round to 

d1fter from tbose given above (Table 35). However, the 

need tor coenzymes might be dirterent from one preparation 

to another because of variations ln the preparative pro­

cedure. 

Table 35 

Coenzyme ActiviV, 

Net ~ atoms OJYgen uptake
Addi tiona l hr. 5 hrs. 

Complete 9.1 22.4 
Complete- liver concentrate 9.7 25.2 
Complete- DPN 5.9 14.5 
Complete- TPN 11.2 28.2 
Complete- 'l'PP 9.2 23.3 
Complete- liver concentrate, 

DPN, TPN and TPP 7.8 11.4 

Additions and oonditions were as in Table 34 exoept the 
concentration ot TPN added was 5.33 x lo-4 K. 

The coenzymes ere studied in the absence ot the 

liver concentrate (Tables 36 and 37; Figures 20 and 21). 

When eit.her TPN or DPN was omitted the oxygen uptake was 

less than that obtained with the complete system. An even 

lower rate of oxygen uptake was obtained when both TPN and 

DPN were omitted. The TPN contained a% DPN. When TPN was 

omitted there was also an omission or 32 p grams of DPN. 
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It is doubtful that this reduction in the amount ot DPN 

could cause the decrease in oxygen uptake observed. Added 

oooe.rboxylase appeared to be unnecessary in the experiment 

reported in Table 36. 

Table 36 

Coenzyme Activity in the Absence ot Liver Concentrate 

Net ~ atoms oxygen uptake
Additions l hr. 5 hrs. 

Complete 15.9 37.6 
Complete- DPN 15.5 30.4 
Complete- TPN 15.6 32.9 
Complete- TPP 17.1 37.9 

Additions and conditions were as in Table 35, except for 
the omission ot the liver concentrate. 
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Table 37 

Influence of TPN and DPN on Oxygen Uptake 

Net }1 atoms oxygen uptake
Additions 1 hr. 5 hrs. 

Complete
Complete... DPN 
Complete- TPN 
Complete- TPN-DPN 

17.9 
15.5 
15.1 
14.4 

43.5 
32.1 
35.0 
22.0 

Additions were as follows: 0.1 ml. of 0.14 M. MgSO~ + 
0.14 M. nS04; 0.1 ml. of cytochrome o (2.4 mg./ml.);
0.3 ml. of 0.033 M. Na4-ATP (pH 7.1); 0.1 ml. of 0.1 M. 
K-succinate; 0.1 ml. of 5.44 x l0-3 • DPN; 0.1 ml. of 
5.33 x lo-4 u . TPN; 0.1 ml. of 4.18 x lo-3 • cocarbox­
ylase; 0.1 ml. of o.oa M. glutathione; 0.1 ml. of terra­
mycin (O.lo mg./ml.); 2.0 ml. of particulate fraction. 
The liquid volume in each flask was made to a 3.2 ml. 
w1.th o. 25 • sucrose. The experiment was carried out at 
30° c. 200 • of K-phosphate were added with the par­
ticulate fraction. · 

The liver concentrate was tested for activity at 2 

concentrations (Table 38}. Since Co A was present in such 

small amounts in the liver concentrate, the quantity added 

was increased ten-fold. No effect was observed with this 

increased concentration. 
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Table 38 

Effect or Liver poncentrate on Oxygen Uptake 

Net p atoms oxygen uptake 
Additions 1 hr. 4 hrs. 

Liver concentrate 1 mg./flask 15.4 34.7 
Liver concentrate 10 mg./flask 15.2 34.9 

Additions were as follows: 0.1 ml. of 0.14 • Mgso 4 + 
0.14 ·• MnS04; 0.3 ml, of 0.033 • N94-ATP (pH . 7.1);
0.1 ml. of cytochrome c (2.4 mg./ml.); 0.1 ml. of 5.44 x 
lo-3 M. DPN + 5.38 x l0-4 M. TPN + 4.18 x lo-3 M. cocar­
boxylase; 0.1 ml. ot 0.5 M. Na-pyruvate; 0.05 ml. of 0.1 
M. K-succinate; 0.1 ml. of o.oa M. glutathione; 2.0 ml. 
of .the particulate fraction. 200 pM. ot K-phosphate were 
added with the particulate fraction• The liquid volume 
in each flask was made to 3.2 ml. with 0.25 M. sucrose. 
The experiment was carried out at 30° c. 

The coenzyme requirements of the particulate traction 

were not _completely resolved. DPN was shown to be a re­

quirement for maximum activity of the preparation. TPN was 

found to increase OJYgen uptake, but the possibility was 

no·t completely excluded that the effect was due to the 

addition of a small amount ot Dp contaminating the TPN 

preparation. Liver concentrate, which was used as a source 

of Co .A ~aused no significant response. It might well be 

that a response could have been obtained with a Co A prep­

aration ot higher .purity. Cocarboxylase was shown to be 
' 

active in some instances. 
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B. Bacterial Contamination in the Warburg Flasks 

When the Warburg runs were continued beyond 5 hours a 

sharp rise in "endogenous oxidation" was observed. This 

suggested that a large bacterial contamination was obtained 

trom the bean plants and was carried into the particulate 

traction. Penicillin was tested, but tailed to lower the 

bacterial count or the endogenous respiration. 

Terramycin was next tested,in the hope that this anti­

biotic might inhibit the increase in bacterial count and 

"endogenous metabolism," without interfering with substrate 

oxidation by the particulates from the seedlings (Tables ~9 

and 40; Figure 22). No apparent inhibition or substrate 

oxidation, by the terramycin, was observed, and even more 

important is the tact that the bacteria present apparently 

did not utilize succinate as a substrate. If the bacteria 

were oxidizing the succinate, the flasks which did not con~ 

tain the terramycin ( ancl, therefore , had a higher concen­

tration ot bacteria) would have had a higher rate ot suc­

cinate oxidation than those with terramycin. The "endo­

genous oxidation" and the bacterial count were decreased 

by terraJilycin (Table 40; .Figure 22) • 
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Table 39 

Effect of Terramycin on Oxidation ot Succinate 

Net Jl atoms oxygen uptake
Terr!lD.lcin conoentrat.ion 1 hr. 3 hrs. 7 b.rs. 

o.o ppm. 
1.0 
5 •. 0 

50.0 

18.0 
22.8 
21.4 
16.2 

38.9 
44.4 
41.6 
38.9 

50.8 
59.4 
53.8 
52.8 

Additions were as follows. : 0.1 ml. ot 0.14 M. MgSO 4 ; 0,14 M. MnS04; 0.1 m1. or cytochrome o ( .2.4 mg./ml. J; 
0,3 ml. ot 0.035 M. Na4-ATP (pH '1 .•1); 0.1 ml. or 0.1 M. 
K-sucoinate; 0.1 ml~ ot 5.44 x l0-3 M. DPN + 5.38 x l0-4 
M. TPN + 4.18 x 10- M. cocarboxylase; 0.1 ml. or o.oa M. 
glutathione; 2.0 ml. or the particulate traction. 200 ~· 
ot K-phosphe.te were added w1 th the particulate fraction. 
The liquid volume in each flask was made to 3.2 ml. with 
0.25 M. sucrose. The experiment was carried out at 30° c. 

Table 40 

Effect of Terramycin on "Endogenous Oxidationrt 
and Bacterial Oount 

Endogenous oxidation Bacteria count 
Terramycin cone. lst hr. 'lth hr. per flask 

7th hr. 

o.o 44 264 960 X 106 
1.0 49 139 461 X 106 
5.0 46 19 36.8 X 10 

50.0 35 15 16.3 X 106 

23.8 x 106 bacteria were added with the 2.0 m1. of 
particulate traction. 

6 

http:K-phosphe.te
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9. Extent or Substrate Oxidation 

A number ot experiments were continued tor 6 to 7 

hours in an attempt to obtain the oxygen uptake theoreti­

cally required tor complete oxidation ot the substrate. 

The theoretical value was approached in many oases but was 

never attained. The results ot these experiments are tab­

ulated in Table 41. 

Although the oxygen uptake was not round to equal the 

theoretical amount, 60 - 75% or theoretical oxidation may 

be considered sufficiently high to conclude that all ot 

the enzymes tor the Krebs oyole were active in this prepa­

ration. Evidence tor pyruvate oXidation is also shown in 

Table 41. When succinate end pyruvate were added together 

the theoretical value tor the succinate oxidation was 

greatly exceeded. 

In one turn ot the Krebs cycle, 50~ ot a given amount 

ot succinate would be oxidized end 50~ ot the theoretical 

oxygen uptake could be expected. Two turns of the cycle 

would result in oxidation or a total ot three-fourths or 

the succinate and 75% or the theoretical oxygen uptake 

would be obtained. Since some ot the succinate is un­

doubtedly lett unchanged or only partially oxidized, it 

may be assumed that when 75% ot the theoretical oxygen up­

take is obtained several turns of the oyole have occurred. 



Table 41 

A Comparison ot Oxygen Uptake with the Theoretical Values 

Net )1 atoms Theoretical ~ 
Substrate Time oxygen uptake value Theoretical 

2 pM. K-succ1nate 7 hrs. 9.4 14.0 67.1 

4 ~. K-suocinate 7 23.6 28.0 84.4 

5 ~· K-succ1nate 6 26.0 35.0 74.3 

5 pM. K-suocinate 7 21.8 35.0 62.3 

10 ).1)1. K-suoo1nate 7 54.6 70.0 78.1 

10 PM· K-suooinate 7 52.6 70.0 75.2 

10 pu. K-suoo1nate 7 51.4 70.0 73.4 

10 pM. K-succinate 7 53.4 70.0 76.3 

10 pM. K-suooinate 7 49.4 70.0 70.6 

2 ~. K-suooinate + 
4 ).iM. Na-pyruvate 7 24.7 54.0 72-.7 

4 ~. K-suooinate + 
8 pM. Na-pyruvate 7 46.6 68.0 68.7 

(XI 
01 
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10. First-Hour Rate of Oxygen Uptake 

The ~(N) was calculated trom a number of experiments 

and the values are recorded in Table 42. The values ot 

Q0 (N) that were obtained with 40 and 50 pM. or substrate 

compare favorably with calculations by Brody and Bain ( e, 
p . 689) for brain mi tochond.rla. The Q.0 (:N) values ot the 

bean seedling preparation are over three t.imes those re ... 

ported by Millard (39, p.157) tor mung beans, even when the 

comparison is made witn Millard's data for a higher sub­

strate concentration. 

11. Accumulation ot Succinic A.oid 

Krebs and Eggleston (30, pp~448-449) have used malo­

nate to demonstrate the conversion ot fumarate to succinate 

by an oxidative pathway in mus·cle tissue. Malonate 1nhib­

i ts the forward and reverse reac tiona ot succinic acid to 

fumaric acid (31, p.l54). The aerobic conversion of fuma­

rate to succinate in the presence of malonate was taken as 

evidence tor a pathway of oxidation which is now known as 

the Krebs cycle (30, p.450). 

Using the particulate fraction, and citrate and fuma­

rate plus pyruvate as substrates • an attempt · was made . to 

demonstrate succinate accumulation in the presence of malo­

nate. The details of the succinic acid analysis were given 

under .Methods. 
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Table 42 

First-Hour Rate or Oxygen Uptake by Particles 
from Bean Seedlings 

Substrate Flask cone. Jll.LhourLms.N 

succinate 1.56 X 10-3M. 1105 llM· 
1.56 x lo-3 75• 

10 pM. succinate 3.12 X 10-~ M. 238 
3.12 X 10- :M. 191

33.12 X 10· M. 260
33.12 X 10- • 206
33.12 X 10- )1. 220* 

20 )&!. succinate 6.25 X l0-3 M. 364* 

40 ,a. succinate 1.25 X 10-2 M. 459* 

50 )IM. succinate 1.56 X lo-2 M. 565 

30 l*· succinate 9.4 X lo-3 M. 308 

30 }JM. citrate 9.4 x lo-3 M. 338 

*These were taken tram a single experiment. The remainder 
are values from different preparations. 

The effect ot malonate on the oxygen uptake is shown 

in Table 43 and Figures 23 and 24. Citrate and succinate 

were used es the substrates. Citrate oxidation was 

affected by malonate which 1s said to be a specific inhib­

itor or succinic dehydrogenase (31, p.l54)• Th1s indicates 

that citrate was oxidized by reactions involving succinate 

as an intermediate. The malonate oQnoentration of 0.033 M. 

was used in the succinate accumulation studies since suc­

cinate oxidation was inhibited about 88.4~. 
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Table 43 

Effect ot Malonate on Citrate and Succinate Oxidation 

Malonate Net .J.1 atoms Malonate 
Substrate cone. orygen uptake 

6 hrs. 
No malonate 

30 J.lM• Na3-oitrate 0.00 M. 69.7 
so p~~. Na3-citrate 0.01 42.9 0.615 
30 pM.
30 pM. 

Na3-c1trate 
Naz-oitrate 

0.033 
0.1 

~5.4 
7.9 

0.364 
0.113 

30 pM. K-sucoinate 
30 ~· K-sucoinate 

o.oo 
0.01 

61.2 
23.8 0.389 

30 pM. K-succinate 
30 ~· K-suocinate 

0.033 
0.1 

7.1 
0.4 

0.116 
0.007 

Additions were as follows: 0.1 ml. of 0.14 • gS04 + 
0.14 M. MnS0 4; 0.1 ml. of cytochrome o (2.4 mg./ml.J; 0.3 
ml. ot 0.033M. Na4~ATP (pH 7.1}; 0.1 ml. of 5.44 x l0-3 
u. DPN + 5.38 x lo-4 • TPN + 4.18 x l0-3 K. cocarboxylase; 
0.1 ml. ot 0.08 M. glutathione; 2.0 ml. ot the particulate
traction. 200 JlM• ot K-phosphate were added with the par­
ticulate traction. The liquid volume in each flask was 
made to a 3.2 ml. with 0.25 • sucrose. The experiment was 
carried out at 30° c. 

Succinate was found to be recovered almost completely 

by continuous ether extraction tor 8 hours (Table 44). 
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Table 44 

Recovery ot Succinate by Ether Extraction 

~ 
Amount succinate 

added 
Time ot ether 

extraction 
pM. succinate 

recovered 
Recovery

(corrected) 

20 PM• 8 hrs. I 19.2 104.5 
20 4 18.2 98.4 
20 e 18.4 99.5 
20 8 18.2 98.4 
10 (not extracted) 9.25* 

*Average ot 9 separate analyses. 

When 10 pM. ot suocinio acid were ana17zed by means ot the 

pig heart succinic dehydrosenase preparation, an average 

ot 92. ~ ot the theoretical o~gen uptake tor conversion 

ot succinate to fumarate was obtained (Table 44). No Or.f­

gen uptake was observed when malate and citrate were added 

to the succinic dehydrogenase preparation• 

. Table 45 gives the date tor the accumulation ot .suc­

cinate trom citrate. When only malonete was added to the 

particulate traction, the amount of succinate that accumu­

lated was too low tor accurate determination. The suo­

cinate accumulated trom the citrate represents the conver­

sion ot citrate to succinate. Though same succinate did 

accumulate when citrate was present and malonate was ab­

sent, the addition of the inhibitor did increase the 

~ount or succinate accumulated. Correlation between 
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oxygen uptake data and succinate accumulation is difficult 

since the malonate did not completely inhibit succinate 

oxidation. 

Table 45 

Accumulation ot Succinic Acid fran Citrate 

Net )l atoms )1M
Additions o!ls•n u;etake Time auccinate 

(Experiment 1) 

150 pM. Nai-citrate + 
malona e 99.2 6 bra. 28.1 

150 )JM. Na3-citrate 97.3 6 9.9 

150 ~· Na3-cttrate 103.0 6 9.9 

(Experiment 2) 

150 • Na3-citrate + 
malonate 114.0 6-1/4 33.4 

150 ~. Na~-citrate + 
ma1ona e 108.0 6-1/4 33.1 

150 • Na3-citrate 159 6-1/4 17.4 

150 '*· Na3-c1trate 159 6-1/4 13.9 

When fumarate and pyruvate were used as the sub­

atrates, succinate accumulated; however, the presence or 

malonate did not seem to increase the amount or succinate 

(Table 46). The oxygen uptake was inhibited by malonate 

and this inhibition was appreciable even during the first 

hour. The flasks containing malonate showed only 63~ as 
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muoh oxygen uptake during the t1rst hour as did those with­

out malonate. The data do not provide an explanation tor 

the taot that the malonate inhibited oxygen uptake but had 

no etteot on succinate aooumulation. The important aspect 

ot this experiment was that succinate was formed from fuma­

rate under aerobic conditions and in the presence or malo­

nate. Under these conditions the baok reaction, fumarate~ 

succinate • may be assumed to be inoperative. 

Table 46 

Accumulation ot Sucoin1c Acid tram Fumarate and Pyruvate 

Net J.1 atoms ~ 
Additions O!l;S!D U;2take Time succinate 

(Experiment 1)
100 ~. K-tumarate + 

100 pM. He-pyruvate + 
K-malonate 34.1 7 bra. 5.7 

100 pM. K•tumarate + 
100 pM. Na-pyruvate + 
K-malonate 40.6 7 5.8 

100 pM. K-tumarate + 
100 pM. Na-pyruvate 63.6 7 5.8 

100 pM. K-tumarate + 
100 pK. Na-pyruvate 68.8 7 5.1 

( Exper 1men t 2 ) 
100 ~. K-tumarate + 

100 pM. Na•pyruvate + 
X-malonate 52.7 6-l/2 6.7 

100 JIM• K-tumarate + 
100 pM. Na-pyruvate + 
K-malonate 50.8 6-1/2 6.2 

100 pM. K-tumerate + 
100 )1)4. Na-pyruvate ?5.1 6-1/2 5.8 
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Discussion 

The particulate traction prepared as described in 

Part II was able to oxidize citrate, succinate, pyruvate, 

tumarate, ~-ketoglutarate, malate aDd lactate. Acetate 

was not oxidized. The oxidation or prruvate occurred only 

in the presence ot some other Krebs cycle intermediate. 

Oxidation ot all ot these oompouncl by the enzyme traction, 

and the tact that all ot them are intermediates in the 

Krebs cycle, may be considered good eYidenoe that the 

Krebs cycle is operatiYe in Black Valentine bean seedlings. 

Although no attempt was made to identity the particles, 

the enzy.matic activity in this traction is similar to that 

ascribed to mitochondria in animal tissue. 

Citrate was oxidized tor 5 hours (Figure 5) with only 

a very slow decrease in rate. An early decrease in rate 

occurred with succinate. The decrease in rate when suc­

cinate is the substrate is discussed in Section 1. 

When the ditterent substrates were compared (Table 

21), pyruYate had the lowest oxygen uptake. The condensa­

tion step is probably the limiting one in the series or 

reactions carried out by the insoluble enzyme traction 

trom bean seedlings. Attainment ot a high percentage ot 

the theoretical oxygen uptake with each or the substrates 

provides turther evidence that the enzymes ot tbe Krebs 

cycle were operative. 
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Glutathione stimulated ozygen uptake when succinate 

was used aa .the substrate. Before glutathione was used 

with the enzyme preparation, pyruvate oxidation could not 

be demonstrated. Figure 12 shows a sharp break in the 

rate ot oxygen uptake when succinate was ueed as the sub­

strate and glutathione was absent. This could indicate a 

break at the condensation step in the Krebs cycle. This 

breek in the curve did not occur when glutathione was 

present. The low effective ooncentration ot glutathione 

indicates a catalytic role. Glutathione may have an ac­

tive role as a coenzyme in the condensation reaction. 

The idea that glutathione may function as a coenzyme 

is not new. Glutathione has been demonstrated as a pros­

thetic group tor glyoeradehyde-3-pbospbate dehydrogenase 

by Kr1msky and Racker (32, p.729). Oavallini (9, pp.4-5) 

reported oxidative decarboxylation ot pyruvic acid to ace­

tate in the presence or glutathione end the cytochrome o­

oytoobrome oxidase system. Further, a glutathione re­

ductase linked with TPN was found in wheat gem by Conn 

and Vennesland (11, p.27) and in peas by Mapaon and Goddard 

( 38 , p. 601 ) • 

Phosphate was found to .be a necessary component ot 

the homogenizing medium if citrate was to be oxidized by 

the particulate traction isolated, but its presence during 

the preparation did not have a large etteot on succinate 
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oxidation. The function ot the phosphate in the homogeniz­

ing medium is not known. 

When the phosphate concentration in the reaction medi­

um is lowered (Figure 14) , the aot1vi ty ot the enzyme 

tractiort is greatly decreased. Still (54, p. 28l) end Koep-. 

sell and Johnson (24, p.383) showed a requirement for phos­

phate in the bacterial p;y:ruvio acid oxidase. Ochoa (44, 

P• 91) showed the need tor phosphate in d-- -ketoglutaric acid 

dehydrogenase obtained from muscle tissue. Phosphate seems 

to be a necessary oo-tactor tor Krebs oyole oxidation 1n 

bean seedlings. 

Sucrose in the homogenizing medium appeared to be 

necessary tor a preparation which would oxidize c1trate. 

One molar was round to give the opt.imal activity with 

citrate as the substrate. Sucrose probably provides a 

proper molar concentration so that the particles remain 

intact and retain full enzymatic activity. 

Manganese ions gave an increased oxygen uptake when 

eithe.r citrate er succinate was used as the substrate. 

Ochoa and eisz•Tabori (45, pp.l24-127) showed that the 

deeerbo:xylat1on ot oxalsuco1n1c end oxalacetio acids re­

quired manganese and that magnesium was 1netteoti·ve at 

s~ilar concentrations. Therefore. two points in the 

oyole are dependent on manganese. 'l'he activation ot the 

oxalaoetate carboxylase by manganese was shown by Speck 
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(52, p.323) in a preparation from parsley roots. Thus it 

is reasonable to assume that manganese ions are necessary 

for the activity ot enzymes in the preparation trom bean 

seedlings. 

ATP was found to be necessary tor full activity in 

the particulate enzyme traction from bean seedlings. The 

addition ot A'l"P has been necessary with most preparations 

ot this type. This would indicate that ATP is easilY dis­

sociated from the particles in such preparations. 

DPN was found to be required as a coenzyme tor this 

enzyme traction., DPN is known in animal tissue to be a 

required coenzyme for the enzymatic oxidation of malate to 

o:xalaoetate and pyruvate to aoetat.e. 

TPN was found to increase oxygen uptake by the trac­

tion trom bean seedlings. 'l'PN bas been shown to be re• 

quired for the conversion of citrate to ct -ketoglutarate 

(1, p.l044; 43, pp.243-244). 

It is very fortunate that this enzyme preparation 

demonstrated the requirement for so many co-factors. The 

requirements tor ATP, Mn, DP.N, TPN and phosphate are all 

tn accord with those known tor animal tissue, but gluta­

thione as a requirement tor Krebs oyole enzyme activity 

has not been discussed in the literature. ith the evi­

dence of other workers cited above , and from the results . 

prese.nted in this report , it is reasonable to consider 
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that glutathione may act as a co-tactor tor Krebs cycle 

enzymes ln the plant preparation. 

The problem of bacterial oontamination was considered 

to be a serious one. The difficulty arose from the tact 

that the contamination tram the bean seedlings was concen­

trated in the enzyme fraction studied~ Terramycin was 

round to inhibit growth ot the bacteria during the Warburg 

determination, but fortunately it did not inhibit the en­

zymatic activ1 ty of the particles from bean seedlings. 

Apparently the bacteria did not oxidize the Krebs inter­

mediates. The use of terramycin simplified interpretation 

ot tne data and allowed continuation or the experiments 

tor long periods without interference from bacterial respi­

ration. 

Complete oxidation ot succinate was not achieved. 

Eighty-tour and tour-tenths percent of the theore,ical 

oxygen uptake was the highest value obtained, and in most 

determinations the figure was 70 to e~ ot the theoretical 

amount. At the end or the determination the preparation 

was still active; however, the rate of oxidation was . so 

low that a very long extension of the experimental ttme 

would have been required for complete oxidation ot the 

substrate. 

Green's cyclophorase system (17, p.400) was capable 

ot complete oxidation ot substrates in a short period. 



In the · partioles trom bean seedlings a process ot degrada­

tion ot important oo-taotors or ot the enzymes must occur 

to aooount tor the low activity ot the preparation during 

the latter hours ot en experiment. Changins the succinate 

oonoentration from 2 to 10 ~· did not seem to attect the 

percentage oxidized (Table 41). This indicates that suc­

cinate oan be oxidized at very low oonoentrat1ons. · Enough 

oxygen uptake was observed w1 th all sUbstrates to provide 

good evidence that the Krebs cycle is the oxidative path­

way 1n the particles tram bean seedlings, 

The t1rst-hour rate tor the bean seedling preparation 

was tound to be oomparable to that tor particulate prepare-. 

tiona t~om other sources. It should be mentioned that 

most or the experiments were run w1 th 3.12 x lo-3 u. sub:.. 

strate concentration and at this oonoentretion a low 

Q.0 (N) value i.s to be expected. When the substrate concen­

tration was raised to 1. 56 :1: 10•2 M., the Q.
0 

(N) values 

rose and were found to be 2 to 3 times those reported by 

)(illerd (39, p.l57) who used a substrate concentration ot 

3 x 10-2• 

01 tra te and a mixture ot tumara te and pyruvate were 

oxidized to succinate in the presence of malonate. The 

accumulation ot succinate indicates an oxidative path in 

which succinate is en intermediate.. From the oxygen up• 

take data and the data tor succinate accumulation, it can 
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be said that fumarate plus pyruvate required more oxygen 

tor converaion to succinate than did citrate. An exact 

stoichiometric relationahip was not established because 

malonate did not oompletely inhibit the succinic dehydro­

genase; however, the data indicate that fumarate plus 

pyruvate requires about twice as much oxygen to form a 

micromole ot succinate as does citrate. This .ia in accord­

ance with the Krebs cycle oxidative pathway. 

The data can be summarized in 'he following series ot 

reactions which apparently occur in the preparation tram 

bean seedlings: 

lactate 

1*<12 ioz 
pyruvate --~ ("active" acetate) (not demonstrated) 

+ 

malate oitrate 

Tu2o l 2 
tum.arate~--- succinate ~-- Gt-ketoglutarate 
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The evidence tor this scheme is as tollows: (1) 

Enzymes were present wbioh oxidized eaoh ot the intermedi­

ates when added. (2) Pyruvate oxidation required the 

presence ot another intermediate. (3) The waount ot oxy­

gen uptake upon adding eaoh ot the lntemediates was sutt1­

oient to indicate that at least 2 turns ot the oyole had 

occurred. (4) Succinate was shown to be an intermediate 

of fumarate and citrate oxidation. and fumarate plus pyru­

vate required approxtmately twice tbe amount of oxygen per 

mole ot succinate that citrate required. 
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SUIIDlary 

1. An 1naoluble particulate traction trom bean seedlings 
was prepared. This traction oontained enzymes which 
catalyzed the oxidation ot pyruvate, citrate, ~-kew­
glutarate, succinate, malate, tumarate, and lactate. 
An oxidative pathway tor the breakdown ot these inter­
mediates was proposed. 

2. When succinate was used ae the substrate, 70-8~ ot 
the theoretical oxygen uptake tor complete oxidation 
was obtained. 

3. TP, DPN, TPN, Slutathione, phosphate and manganese 
were tound to be neoesaary tor maximum act1Tity ot the 
particulate traction. 

4. In the presence ot malonate, suco1nate was accumulated 
trom Oitrate end trom a fumarate pyruTate mixture. 
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