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Early, work by Sehoene and Hoffman (28) and others has ' 
shown̂  that maleie hydraslde (Mil )■ has ah effeet oh plant growthj, 
development^ and flowerlngo Although many workers, have stud* 
led the effects of ,1®. on the morphology of plants*, the meeha» 
nism of. Its aetion -is not. well' understood,!, - ' -

Leopold and Klein (16*'17) 9 (MuLaih .and Haesloop (10)* 
and others suggest that $E acts as, an antiauxin in plants^ 
Isenberg et aid (11). and Maylor and Davis (25) s. assert it 
affects dehydrogenases'® Phouphas. (26). suggests It disturbs 
the enzyme balanced Greulaeh and Attehison (9)$, Greulaeh (8)* 
and Barlingtoh:' and MeLeish. (4); report that MH is antimitotic 
in aetion and does not -effect cell elongation® Work of Gur* 
rie'r et alts (3)$, Greulaeh (7)$ Meere (20:)* Haylor (23),*. Nay« 
lor and Davis- C24)--g--Zukel (33 )g and others established the 
fact that MH eauses the aeeumulatiom of. carbohydrates and the 
appearance of anthoeyanlns6 . . ,

.. Respiration is generally considered to be.one of the pro® ' 
cesses associated with growth. (2) although the proportion of 
respiratory energy used- in growth is small (8* 31)e Since-MH 
,'inhibits growth of plants* Haylor and Davis (25) performed 
experiments to demonstrate that Mi inhibits respiration* and 
therefore growthe, The MH provided inhibition of aerobic res® 
piration. and they speculated- along with .others (11* 26* 
that MH prevents dehydrogenases from functioning normally,



If maeh~:is the ease MH will prevent the activity of deliy<ir©«» 
genases evolved im the f ©rmatien. -©f mail© aeid and .©©rtain 
other essential respiratory metabolites® Addition ©f these 
metabolites might restore respiration and therefore, growtĥ .

The experiments reported here eoneerm the mechanism of 
the effect of MH on plant respiration0 - The resnlts indicate.’, 
that MHg a derivative ©f. malei© aeid (5 )» the .eis=»is©mer of " 
fmmarie aeid.j, inhibits plant respiration by. .competing for the 
ensymes fmmarase and aeonitase (Figure 1)® Fumarase normally 
acts-'upon ftimarie aeid to form mali© aeid9 and aeonitase aets 
upon eis^aeonitie aeid to form isoeitrie aeid (129 14)® In 
the presence of Krebs cycle intermediates s individually or 
in combination .̂ MH induced inhibition is not completely ©ir«=*, 
cmmv.ented# Partial. restoration is achieved, however, by the 
addition of malie and isoeitrie,acids* ■ MH.appears to inhibit; 
respiration by competitive,inhibition, although this is not 
conclusively proved «* Also, the data suggest. that MH inhibits 
respiration, through some other mechanism, . possibly, by morn- 
competitive inhibition ©f the thiol.groups ©f certain dehydro^ 
genases of. the. Krebs cycle& This conclusion is in agreement , 
with McRae and Bonner (22) who showed that MH is not a strict 
competitive inhibitor of growth according to kinetic treats 
meat of MH growth inhibition data.® •
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METHODS AID MATERIAL

Miang b e a n Bhaseelms aureuswas used because prelimi«= 
nary experiments showed that MH inhibits respiration, of this 
plant9 and because Millerd$ Bonner^ Axelrod3 and Bandurski 
(19) isolated mitochondria from mung bean seedlings which 
were capable of carrying out all reactions of the Krebs cycle 
(Figure X) c Seeds for all the experiments were from a. umi=$ 
form stock supply of field grown mung beans obtained from 
the Department of Agronomy of the University of■Arizona»

Mung bean seeds were washed and soaked in tap water for 
two hours * During this period the seeds were rinsed three or 
four times until the rinse water was clearo Ho difference in 
quality or quantify of seedlings'was observed between umsteri^ 
limed seeds and seeds sterilised in a 0 o006 per cent solution 
of Boeeal^ as recommended by Addicott efc aJU (1) 9 ©r with 
various concentrations of Purex* Therefore sterilisation was 
emittedo At the end of two hours the soaked seeds were placed, 
on one thickness ©f„ absorbent eheeseclotho A Petri dish cover 
was placed over the seedsg the cheesecloth was fastened tights 
ly to the cover8 and the whole was placed over a d®@p«w@ll 
Petri dish filled with distilled wafer0 The seeds were germi« 
nated in a dark cabinet for 4$ hourso At the end of 24 to 30 
hours the distilled water was discardeda the Petri dish washed#



and a fresh supply of distilled water added0 After 4$ hours 
the roots had grown 2 to 3 ems straight down in the water»
They were then removed from the cabinet s again rinsed in dis« 
tilled water8 and the terminal 1 em<, section of root tip re« 
moved o Cutting of root tips was facilitated by a special seis=* 
sore which had a 1 cm0 piece of wire fastened at a right angle 
to a blade 1 cm® from the tip of the blade 0 The cut sections 
were placed in distilled water in a covered Fetri dish®

This eheeseeloth^water culture method was used because 
it provided a'dependable supply of straight roots Sfrunifom 
thickness and length in a minimum of time® A minimum, of hand= 
ling reduced injury to the roots® Another advantage was that 
the medium surrounding ..the roots was always aqueous since the 
roots were cultured in water and root respiration was measured 
while the roots were in water solutionso

I®@t tips were selected at random and carefully placed 
into Warburg vessels containing the test solutions® Bespiral 
tion was measured in standard$, single0sideara Warburg vessels 
of approximately 16 ml® capacity provided with a central well® 
These vessels.were attached to manometers8 placed in a eon~ 
stant 3OoO0Co water baths and allowed to equilibrate for lo5 

hours before respiration measurements were begun® Measure^ 
ments were then made once an hour until the limits of the 
manometers were reached9 usually 4 to 6 hours later® The 
machine used was of the circular type and had a shaking rat® 
of approximately 120 oscillations per minute® Total volume
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'’included 0*2 ml0 of 20 per eent KOH in the 'center well for . 
the absorption of respiratory'OQgo All Measurements of oxygen 
eonsumption were made using the direct method of Warburg as 
described-' by1 Umbreits. Burris, and Stauffer (32 )9 and all re? 
suits are expressed as plo Qg eonsumption/10 roots/unit time® 
f© maintain constant pH9 - phosphate buffer CKHpPO, «,%gHP0, )' was 
used in all experimentSe Experiments to .be diseussed in 'de«*4 
tail later showed that 10 root tips and pH 7*0 were most

2 .ME- was used in the experiments rather than its. @emmerei=
al sodium or.diethaaolamiae salts (which are 40 and 30 per 
cent active.’MH, respectively) in order that all results ©b<=i / 
tained could be attributed directly t© MBo' The nearly pure 
MH as supplied was further purified by recrystallisation from 
water (5)* The purified $® was white and had no apparent im= 
purities' or .foreign matter0 . It was found that MH thus purU 
fled gave greater .inhibition than the nearly pure'ME®

ME solutions were, prepared to provide ME eoncentratiena 
of 0o05 and 0o07-5 molarity*. This was done by dissolving erys~ 
talline ME in hot buffer of a.molarity greater than the MR 
being prepared* Because. ME is s© strongly acid and the buffer 
is weak by comparison, the solution was cooled"and adjusted; 
to the desired pH ©f 7<0 with KOH0 Buffer was again added t©; 
bring; the solution to -v©lume.6 .. It should be emphasised that 
mere buffer was added after the pH had been adjusted with KGH

laleie hydras id® used in-'this work was generously 
supplKed in the nearly pure fora by the laugatuek Chemical Blv= 
si©n9 U® S» Rubber Go* ,. Naugatuck, Connecticut0



la order to provide a reserve of buffer to maintain the pH ©f . 
-the solution at 7e0@ If this step was emitted the final pH. ; 
©f solutions after 5 to 6 hours' in the Warburg vessels varied 
between 5 and 7s0o Solutions of other eompounds were prepared 
in - a similar manners Although the addition of KC®-. to'solutions', 
©f MHS and to other eompounds not available as a potassium 
salt8. increased the total molarity of the solution to an un«=> 
known.degree.g these solutions were used uniformly' in .any' one 
experiment 'so that the effect, of the.increased.molarity would 
"not alter the respiratory'measurementSo -Total molarity of 
the solution being tested varied slightly among experiment 
but in any one experiment test solutions had uniform molarity® 

Before the actual study of MH inhibition in the presence 
■©f Krebs cycle intermediates8-certain preliminary-experiments 
were made t© determine the number of roots to be used per ves^
■ selg the optimal pHg molarity limits■ concentration of ME# 
length of time to make measurements^ and length, of time.to 
equilibrate-the vessels and roots bef©re;beginning.oxygen up­
take measurements®. These will be discussed individually later® 

Occasional, experiments which, for unknown reasons yielded 
data of a 'precision less than desirable were discarded.®
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EXPERIMENTAL RESULTS

, Mamometrl# Precednre 
It was neeessary t© determine the number of roots to be 

used’per wsselg equilibration period required9 and"number of - 
replications of.tests neeessary for aeeuraeyo This was dene 
by adding 10.9. 153 or 20 mung bean root tips to,"separate..mano- 
■ meter vessels containing 0o©5 M buffer at pH 6*0* t 'Following 
a 5 minute equilibration period respiration measurements were 
made every 3© minutes® Eight vessels contained710 roots*.four 
vessels held 15 ro©tsg and four vessels received 20 roots©
It was desired to use'as many roots as ..possible in/ order to 
minimize variation between samples ©f roots and to. obtain 
maximum respiration<> However9 within three hours the flasks 
with 20 roots and within five hours flasks,with 15 roots had. ■ 
so .greatly respired that measurements could no longer be madee 
•..Because MH, usually requires a 2 to 3 hour period to attain 
maximum ihhitetien8 and beeause roots in the presence of many 
of the Krebs cycle intermediates respire much more,rapidly 
than d© roots in plain bufferj, a 4 to ■ 5 hour measurement of 
respiration'was desiredo .Therefore8 10 root tips.were used J 
:in all experiments® Measurements from,flask to flask were 
not consistent for the first 90 minutes so an .equilibration 
period ©f 90 minutes was establisheda •

From this and subsequent experiments it seemed obvious
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that replication of treatments in each experiment i?as requireds 
Averages of measurements of flasks in groups of. three provided 
values which did not deviate significantly from the mean estab*= 
lished by eight flasks0 Therefore experiments were designed 
to provide three replications of treatmentse However^ because 
only 1? manometers were available for experimentation^ one 
treatment occasionally received only two replications® Measure^ 
ments of three flasks receiving the same treatment provided 
measurement of oxygen absorption of 30 root tips* These 
three sets of 10 roots provided measurements whieh8 when tot= 
aled8 averaged:S) and expressed on a 10 root basisg eliminated 
most of the variation single measurements .furnished<s>

An attempt was. made to. express oxygen uptake on a dry 
root weight basis8 but the dry weight of the roots was small 
and rather large variation of root weights existed between 
samples® Expression of oxygen consumption on a mg* nitrogen 
basisy as often reeommended9 was discarded because of the ni^ 
trogen added to the roots in the form ©f MH0 For these reasonss 
oxygen uptake was expressed, on the number of roots used®

Hydrogen Ion .Concentration (jgj|)= To determine the ©pti« 
mum pH for mung bean roof respiration^ oxygen uptake was 
measured in 0o 10 M solutions of buffer at pH 5$) 7g and 
9o Results (Table I) show that respiration is highest at pH 
7$, and that if rapidly declines, at pH 8 and 9° Although pH 
values of 5 and 6 were almost.as -satisfactory for respiration 
as pH 7% they were net used since (4I more ME will go info 
solution at a high rather than a low.pH9 (b) mung bean
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Table I© Effect of pH on respiration of pung bean root tips 
in 0*10 M phosphate buffer« : Experiment 3 o

pH -.............. ; ̂ alo.'Ojj/lQ Toots/S '.hours-
- 1

Sample• .. - 2 ■ - . 3 . Mean
' 172 ' 155' ■ 163 ' ' 163.6 169 175 189 178

7 201 195 211 2038 . 140 7 12 • 53
9 135. - 95 70 - . 100

Table IIo Effect of molarity on respiration of mtmg bean 
. . root tips® Roots in phosphate buffer̂ . pH 7«0«
. Experiment .6* ' .

'Molarity ' ' ' " 1 .Jial» Og/lO roots/5 hours
Sample -

, 1 ■ -2 • • 3 4 .’"'"■''Mean
0.0$ 263 " ' 234 256 -*̂ ' 243":: ' ‘ 249
0*10 245 ' 274 .276 263 ' 2650*1$ .229 239 238 * 235
Oa20 215 228 218 ' 217 220

Table III* Effect of MH (nearly pure) concentration on res=» 
piration of. mung bean root tips® Experiment 7®

;Molarity Molarity .Total • #1$ -02/10 roots/4-hours
MH . buffer molarity pH- Sample fo of

1 ■ 2 - • -3 Mean control
'0*00' ' 0*125 ' ' 0*125 ' 7,0 • 225 230 175 : 210 100%
0*025 0*10 ; 0*12.5 7,0 153 197 140 163 ... 78-
0,05 ' 0«075 0*125 . 7*0 26 16 39 2? 130*075* 0*05 0-. 125 7° 6 6 2 5 2
0*10*: '0.025 0*125 7e 8 -2 . 1 3 1

* S Some MH precipitate*



mlSoeh©adria respire rapidly at. pH 7*1 (19) 9 and (e) it will 
b®. shown that mimg bean root respiration is effectively inhi= 
Mted by MH at pH 7 o0 o

To determine the effect of total molarity of
the test solution on res®: root tips were
DoOSj 0*10, Do15s and Do20 M solutions of buffer at pH'7o0o 
Results (Table II) shew that most rapid respiration occurs at 
do 10 Mo Howeverg because of the high ; concentration of MH re«>' 
quired for inhibiting respiration^ and,therefore.the concern̂  
tration. of buffer needed to maintain controlled pH, the molar- 
ity used was generally 0®20»

/ Maleic Hydrasid© ’
MH Concentrationi Because most previous work with. MH 

has been limited to its commercial preparationss the. inhibit, 
tory concentrations of pure MH had to be determined9 To do. 
this MH solutions9 in water rather than buffer, of 0®20,
0*15, 0*10, and 0*05 M were preparedo These were dilated 
half and half with 0o05, O@10, .0@15, and Oi20 M buffer.(pH

solution had a total molari-e 
ty of 0*125o Because in the presence of high concentrations
of MH low molar buffer can not maintain' the some ME.

out., of the 0*15 and 0o20 M MH . solutionsQ Therefore, 
actual MH concentration and pH ©f these two treatments are 
mot known* This experiment was performed before the need for 
a concentration of buffer, equal to that, of the MH had been 
recognised, otherwise precautions, would have been used to 
avoid the concentration and pH changeso : However, the experiment
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as it was "conducted provided the necessary information 
(Table III)« Some of the- inhibition at the 0o15 and 0*20 
M concentrations must be attributed to a low pĤ  however9 .at 
these concentrations.1H inhibition might have been consider* 
ably greater if all ©f the IE. had been in solution» The re«
. suits indicate; 0 o05 M M- to'be. the minimum concentration for 
■ significant -inhibitions y ■ . - - z

Effect of MET Purity? • The HH used in the previous exp@r= 
iment had not been purified by recrystallization from water 
(.§.}♦ Therefore a comparison was .made, between inhibitory ef* 
feet of the nearly pure MH as used above and purified MHa In 
this experiment 0«, 10 M MH-was dissolved in 0o20 M buffer8 pH 
7sOj) rather than water* • One ml$ of the MH was pipetted into 
a Warburg vessel and one ml* of 0*10.M buffer-addeds The re# 
suiting solution contained .0*05 M MH and 0*15 M buffer, total 
molarity in the vessel being O*20«> It is readily seen. (Table 
i")- tha tV. the-'"purified. MH ̂ both alone and in combination with 
a Erebs cycle' intermediate (citrate),, inhibits respiration to 
a greater degree than does nonpurified or stock MH under the 
same conditionso; Purified MH was therefore used"in all other 
experiments0 ■ - .

Variation .of . Results: . It; should be noted that through^ 
-out this study MH does not always inhibit respiration.to the 
same degree * Variable inhibition, with MH may:be explained 
on the basis of 'varying permeability of tissue to MH9 dif» 
ferent tissue susceptibility to MH.due to variation in enzyme 
content $ ..and different susceptibility due to - variation in
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amcin ©ositent (16$, 29) o ■ However$, since eaeh experiment de= 
viates with the same general respiratory trend$, the variable 
inhibition with MH was not considered farther̂ ,

Effect of Krebs Cycle Intermediates on MH Inhibition 
Citrate: In order t© determine the effect■of MH on.

roots in the presence of .citrate,. a concentration of citrate 
was determined which stimulated.root respiration®. This was 
determined by two experiments* The first compared a control 
against concentrations of. 0*0$'* 0,10*: and 0*15 M potassium:' 
citrate® These were set up,in the following manner*

Molarity' of potassium
citrate

0*00
0,050,10
0,15

"buffer
Total by 
molarity 
of solution

0*15.0* 10.0,10
0*05

0*150*150*200,20
"This. experiment-(Table I¥$ Experiment d.) ..indicates that low
oomoehtratiens are mot very Inhibitory t© respiration*

The second ofthese concentration experiments used 6*01,
"Oo0O5.5- OeOOlj, and' O'®0005 M potassium eitrate^ These were set
up in the following mannere.-

Molarity of. Total -
molarity ;
. of solution

potassium
citrate
0*00 
'0*0005. 0*001 - 
0.005 0,01 '

■0*10
.0,100*10
■d*10
Ooi

6.10
0*10050*101
0.1050*11

. Results; @f this experiment (Table 1?9 Experiment 9) show that 
potassium citrate solutions less than Os005 M stimulate mung
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Table IV, Effect of various eoaeentrations of potassium 

citrate on respiration of mung bean root tips*

Molarity Total 
citrate molarity 1

roots/4 hours
Mean 56 ofcontrol

Experiment 8
e 00 0,15 160 241 211
oQ5 0e15 182 '172 122
*10 0*20 80 78 78
•15 0*20 82 60 47

204
159
79 3932

9
0.00 oa,10 226 256 253 245 100
0o0005 Oq1005 270 243 294 269 110
09 001 . Oq101 ' 289 286 310 295 120
0.005 Oo105 265 297 299 28? 1170oOl -0*,11 245 253 234 244 100

Table V® Effect of nearly pure stock IE (S MH) and purified 
Mi (P MH) and citrate on respiration.©f mung bean 

is Experiment 10*

Total
Sampl

Buffer 
0o05 M S MH 0*05 M. P MH
0*005
P'-;;. sr.

citrate

inhibition 
Mean due to MH

0®20 83 120 112 105Oo20 58 85 77. 73 31
0 @20 ■ 58 76 55 63 40
0.205 95 97 110 100
0®205 71 67 69 . 31Oe205 ' 73 29 69 59 41
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bean root respiration*.. '
.The.effect of MH ©n-'respiration in the presence of citrate 

.was determined using 0*005 H citrate* Solutions of higher 
total molarity resulted upon.the introduction ©f MH and its 
aecompanying.buffere. : Eelarities of the various solutions used 
are shown in Table ¥®,: The results from this experiment'(Table
.¥}.indicate MH°inhibited respiration is not restored within 4 
hours# Therefore there is no action ©f EH in the Krebs cycle 
on the ensyme.immediately preceding citrate» These .results5 
in.::conjunction with'the results ©£ iseeitrate (Table .XI) and 
eis^aconitate (Table XII) experimentsa indicate that this 
MH action is on the ensyme &©©nitas@s which maintains the 
citrate@ eis^aconitate^ and isoeitrate. equilibrium* '

Malatei Previous experiments with malic acid indicated 
that 0®0.05 H malate was stimulatory, to respiration® There™ 
for® experiments to measure malate effect on oxygen., uptake were 
set' up using this; concentration* . Results from these experi^ 
ments (Table ¥1) indicate that malate partially restores EH 
inhibited respiratiomo The respiratory inhibition due to MR. . 
has been calculated as the per'cent decrease in respiration 
between a.test solution without EH and a similar test solw*. 
ti©a with MHo Inhibition as thus calculated shows that malate 
partially restores EH'reduced respiration* These experiments 
show that one action of MH in respiration is, on an ensyme 
which preceded the fermatlon of malate in the Krebs cycle@ . 
Results from the.fumarate experiments (Table ¥111 show this 
ensyme to be .famarase8 which yields malate as a reaction
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Table VI* Effect of MH and malate on respiration of mung beanroot tips * Experiment s .11, 15, 23* „•

Vessel contents Total /ulo02/l0roots/4hrs= % inhi» %
molarity Sample bition rest-

. ' 1 2 ; 3 Mean due to MH oration

Buffer "(Control)- 
0,05 M. ME .
0,005 M malate 
'»» a 0,05 M MH

Buffer (Control) ' 
0,075 M MH
0,005 M malate
■ v:. 0,075 m mh

Buffer {Control) 
0,075 M MH
0,005 M malate

0 ,075 M MH

0,200,20
0,205
0,205

0,20
0,2125
0,205
0,2175

0,20
0,20
0,205
0,205

Experiment 11
141 152 150 14893 144 102 113
257 240 —  
207 182 180
Experiment 15
154 147 82 96 74
231 220 206 
168 156 156
Experiment 23
197 206 —
98 147 144
277 248 267 
199 182 209

249
189

151
84
219160

201
130
264
196

24

24

44

27

35

26

17



prednet® It may also be iaferred that ME action is mot oa 
malic dehydrogenase* .

Fnmarat®: The effect- of fnmarate (O@0O$ and 0o05 H) on
restoration of MH=inhibited respiration was studied with 0605 
and 0^075 M MH0 Results (Table ¥11) show that fumarat® does 
not restore MH inhibitiono In Experiment 12g. 0*05 M fumarate 
in the presence of O©05 M MH after 4 hours had apparently 
restored respiration 7 per ©@nts but if one abnormally high 
sample is diso&rd@d3 the inhibition caused by MH is 33 per 
cent^ or no apparent restoration* In this same experiment
0.005 M fumarat® in 5 hours did not restore respiratione. It 
cam be concluded from this and the malate experiments that 
©ne'action of MH is to inhibit the emmyme fumaraseo

Succinate? Concentrations', ©f 0o005 and 0®05 M succinate 
do not restore respiration retarded with MH (Table ¥1115 & 
Succinic dehydrogenase oxidatively converts succinate to 
fumarate* Therefore the addition- ©f succinate to mung bean 
roots stimulates respiratisno Howeverg in the presence of 
MH this increase in respiration did not occur and it may be 
assumed that MH Inhibits suecinie dehydrogenase^

alpha^Ketoglutarater This Krebs cycle intermediateg at 
concentrations of 0*005 and O.0O5 M8 did not restore MH* caused 
inhibition within 4 hours (Table IK)* Because alpha«ketow 
glutarate Is oxidatively deearboxylated by alpha=ketoglutari© 
oxidase to succinate £, an addition of alpha=ket©glutarate to



Table ¥11« Effect of MH and fmarafe on respiration ©f mimg bean
. . • r@©t tips*;. . Experiments 12$ 14a

Vessel "contents Total' . Per 4 boars^1802^10 reQj|r•5 hours % inhibition

Buffer (Control) 
0*05 .M.MH
0*05-Mfumafate
•» ,-..,;b;05 1 11
0 6 005 1" fumarat e 

, 0,05 1 MH

molarity

0<>200*20
0,200.20
Oe2©5
0*205.

”3

198 209 171 122 140 131
219 194

mm219 263 
.153 150 144

Mean ■ 2

Experiment 12

131
214

241
149

269 260 213 
192 216 195
349 323 347 212

Mean

247

237

due to MH 
Per'4 hours- Per 5 -houfs

32 19

Buffer (-Gontrol).
0*075 M. MH
0*05 M fumarate 
* ,0*075 M MH

0*20 209 188 . 199
0,2125 150 169 141• 153
0,18 271 270.267 269
0,2175 159 203 188 ' 183

23

32

* # Mean of samples -2 and 3*
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Table fTIX̂  Effect- of MH and smeelnate ©n respiration of. ' . .  mtmg bean root tips* Experiments 13$ 14*

- Vessel ©ontents Total ".,T#lyl(
f Sc______
1 --2 • ■

hours* %
inhibition 

Mean "’due to MH

Buffer 
0*05 M MH
.0*05 M m

i n: * r

0*20

" 0.05 M MH 0*20

iriment 13
95* 114
Si 79 ' 9902', . 1?

r=3
H

t

I93 16
115 #<= ■ 
96 110

120
102 15

Buffer 
0*075 MJMH

0*20 209

rosts/4
14
:-0 m - • 199141 153 23
271 2S0 : ,
19# 19# 29

©f 3*5 hours used̂
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presence of ME this alpha-ketogiutarate stimulation is re« 
dueed (Table IX)0 Therefore it may he assumed that MH inhi= 
bits the normal'fuziotion of 'alpha-k.etoglut.ari c oxidase»

Oxalosueeinates, .This eompbmid was in limited supply and 
only one experiment was conducted using a concentration of 
0,0125 This concentration was not able to restore MH-inw ■ 
.hibited respiration (Table %)# H© oxidation is involved in 
the conversion of o’xai©succinic acid to 'alphaM.ketoglutarate# 
Therefore■ the manometric techniques employed could not meas­
ure this reaetiono. Howeverg* because oxalosuecinate is con­
verted to alpha-ketoglutarate.which is further oxidatively 
converted to succinate9 an increase in respiration should be 
noted unless MH inhibits (a) ©xalosuecinic carboxylase which 
converts ©xalosuecinate to alpha-ketogliitarate9 or (b). alpha# 
ketoglutarie oxidase which converts, alpha-ketoglutarate to 
suceinate. The latter effect has been..noted previously., 
while the former action needs further investigation* -

■Isecitrate. Measurements of oxygen.consumption indicate 
that 0,0125 M isocitrate will partiaily restore respiration 
reduced with 0,075 M'MH (Table-IITherefores MH does not 
act.upon .isoeitrie dehydrogenase because an increase in res# 
piration did occur* ' This and a previous experiment with 
citrate indicate that MH inhibits aeonitase (Figure 1)*

Gis-acoaitaf e“ This intermediate at. 0=0125. M .did not. 
restore. MH"reduced respiration (Table XII)* .. Only one experie 
ment was conducted because of the limited supply of @i.s=. 
aeonitatee This experiment9 in conjunction with the fact;



21

Table IZ0 Effect, of MH and. alphâ lcetogliatarate (a K̂G) on
. respiration, of mmag bean root tips*- Experiment 16,

Totaleontents

0e075 M..MH
G»050*0$,
0o005 M a®K.G

0»075 M

0*200*212$
0* 20.
0*2375
0*20$
0*217$

200 2©3 @n«
179 144 154
297 25S 295 
179 145 203

272 275 306 
148 149 130

inhibition 
Mean due t© MH

201
159

175
284"'142

21

50

Table Effeet of MH and 
#f miang bean root

on. re si 
19«

Vessel.'eontents Total
: -2 -3

hours 
Mean due to

Buffer (Control) 0*20
0*075 B,.MH r 0,20
0*0125 M OS 0.2089 » 0*075 M MH 0*20

231 247 ** 211.178 200
239 25.0 249 
179 178 197

239
11

25
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Table JI ® Effect of MH and iso citrate oil respiration of
... mung bean root tips® Experiments 19, 20*..

Teasel contents . Total O2/IO roots/4hrs % inhi« %
   . bit ion rest"’

1 '2 -3 Mean dae to MH ©ration

Baffer 
0o075 MJffi

0*20
0® 20

Experiment 19
231 247 ##211 178 200

©00125 M isecitrate O»20 21? 245 " 4 Q*075 M B® 0*20 218 I83

196
219
193

Buffer (Control)
©o075 M.m

•. Experiment 20
0*20 • 216 220 . * &  

0*20 134 144 143
0®0125 M isoeitrat@ 0,20.172 165 178 
r ® 0®075 M B® ©'@.20 .1 4 3 1 2 9 1 2 4

218
140
172132

18

12

36

23 13

Table•XII® Effect, ©f MH.and eis=aeonitat@ |GA) on respiration 
. of mung.bean root tips*. Experiment 20*

content

Buffer
0*075 m m
.0*0125 M Qk

n *Q,075

Total

0* 20.0*20
.0,20 

MH 0*20

jlle O2/IO 
Sample

1 ' 2̂ ' .r
hours

Mean

216 222 ## 
134 144 143
183 194 210 
87 114 128

218140.

110

fo imhi“ 
bition 
due to Bffl

44
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that eiferate did not restore respiration while isoeitrat© : 
was able to, indicates that MH inhibits aeonitasee

Oxaloacetate: One experiment with this intermediate
indicates (Table XIII] that oxaloae'etate probably does not

■ restore respiration0 This is not proved conclusively^ how* 
ever, since there was one very low Value of MH inhibition 
(Experiment 23)» If oxaloaeetate does not restore respira« 
tion MH does not inhibit malic dehydrogenase 0 MH may in­
activate the condensing or soluble .enzyme involved in the

• condensation of acetate and oxaloaeetate, but this cannot be 
determined since when citrate is added no restoration of res-" 
piration occurs because aeonitase is inhibitede

.. Isocitrate and .Malates Action of MH has been located 
between cis-aconitate'and isocitrate, and fumarate and malate® 
Since the'addition separately of malate or Isocitrate parti­
ally restored respiration, this experiment was to determine 
the. effect' of isoeitrate and malate in combinations This

■ was done with 0o005 M malate, 0eQ125 M Isocitrate,.and 0*07$
M MH* Results' (Table UY) show that MH reduced respiration 
is-partially restored but this restoration Is not greater 
than, either malate (Table VI) or isocitrate (Table XI) is 
able, to produce alone# ;" ; 1 .

. Effect of MH on Glycolysis and. Pyruvate Oxidation
Yeastt Since MH may.also influence growth of plants by 

the inhibition of enzymes elsewhere than in the aerobic res­
piratory cycle, the effect of BE.on yeast fermentation was"
: studied#. Yeast is strictly anaerobic and does not carry out
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Table ZIITo Effect of MH and. oxal©acetate fOA) on respira= 
.... tloa ©f mimg bean root tips® Experiment 23c .

Vessel:content Total jal.
1

Buffer (Gontrel) 0*20
do07-5 H,M .. 0,20
0,0125' MOi. 

s
0*20

88 " 0*075 M MH 0,20

197 206 **- 
9S 147 144
197 193 156 132 15.6 124

* m Mean ©f 2 and 3<

hours fo inhiw 
bit!on 
due to MH

201130(146)* 35(2?)

25

Table. XIV®- Effect of MHj, malate2 - and iso
.... tiea of mung beam root tips* Experiment •22«

2/J.w ro e

. - 1 .

Buffer (Control.) ■0* 20' 204
0o075 E-M . 0,20 130
0<,005 M malate - 0,205 242

0,005 M malate9 
0*0125-M ' ' -
88 s 0a0?5 M

0*20*0.20!
0o0125..M isoeitrate 0*20 170 151

125
213161

Mean
h in« > 

hibition tora^ 
due -to MHtiom©

195
124
228

36

203-187 200 197
140 144 162 149 24
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any Krebs cycle reactions® least was .grown in the presence 
of' sucrose as a substrate;,' and carbon dioxide evolution was 
measured fors (a) yeast in a phosphate buffer^suerose eon™
trol, (b) yeast in the. presence of buffer,' sucrose, and 0»0;5 

M Mij and (e)--yeast in buffer and sucrose to which 0*05 M MH 
was added after 45 minutes of measured; respiration0 The lat­
ter treatment was accomplished by tipping MH from the sidearm 
of a Warburg vessel into the main chamber after 45 minutes* 
Teast fermentation was.rapid so only a 20 minute equilibration 
period was used® All solutions contained 0®10 M buffer at a 
pH of 5e0g and' 0@30 M sucrose® MH used was 0@05 M® Solutions 
■had a. total'molarity of 0*4© without MH presents and 6s45 with. 
MH present®' The amount of yeast added t© each solution was 
0*73 mg® .©f dry, granulatedj,Fleischmann?s “aetive dry® yeast• 
Carbon dioxide evolution is expressed as ml® GOg/O®?) mg® 
yeast/45-minutes^ . -

As is shown in Table %V, MH did not exert an inhibitory ; 
.effect- upon yeast respiration^ . Since yeast does not have an 
aerobic cycle, it is likely that inhibition of respiration by 
MH- in mung bean roots is als© limited to: the aerobic respira« 
tory oyele«. : . ' ' ' : .

Pyruvate and Acetates- Experiments to further locate MH 
inhibition as to aerobie-respiration were- initiated using py­
ruvate and acetate'as substrates 6 if MH inhibits the Krebs 
cycle the addition of pyruvate.t© roots treated with MB 
should partly restore oxygen uptake because pyruvate will form
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Table X¥* Effect of MH on respiration, (anaerobic) of yeast, 
Experiment-.3.0®

---........ Bnffer
r .GOo/ 0173 mg® Semite
yeast/time 1 - -2 ■'

1st 45 minutes 30- 40
2nd 45 minutes 33 34
3rd 45 minutes 24 29

0o05 M MH Sample . 
Mean 1 2 Mean

39. 44 42 43
33 32 30 31
26 ’ 19 26 22

0*05 JTMH tipped 
in at .45-. minutes 
Sample
~ T ™ r

42 43 42
33 31 32
27 25 26

Table Xfle Effect of Ml and 
...... bean root .'tips» on respiration ©f mung 

s 17. 164

Vessel contents

Buffer 
0o075 Mjffi

Buffer. 
0.075 M. MH

Total

0*200e20
Go025 M pyruvate 0e20 

" MH 0*20t 0.075
0®005 E pyruvate 0*20 ® 0*07-5 M M -  0.20

0o200.20
0*0125 M pyruvate 0*20 
« .s 0*075 M MH 0*20

1 : -2- ■■ -3
irs ® % inhi-p $

bitipn rest- 
Mean due t© MH oration

Experiment 17
192 219
190:129 154 ' 15#
265 270 2#9 275

233 312 253 266
21# 177 2B3 226

Experiment 1#
226 232 —  229
203 17# 193 191
271 247 235 25122# 219 211 219

23

9 14

#

13
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aeetate with the loss of one molecule of carbon dioxide and 
the uptake of one atom of oxygen@ Furthers addition of ace­
tate to an inhibited system should not restore respira­
tion (Figure 1) > . ■ ■

As shown in Table ZFIS pyruvate partially restored MH 
inhibited respiration,̂  which indicates that MH does not inhi­
bit the oxidation of pyruvate^ When acetate was added to MH 
inhibited respiration no increase in oxygen uptake occurred 
(Table ZFII) <=> These re suit ss ■ in conjunction with the results 
of the effects of oxaldaoetate^-citrate^ eis-aconitate^ and. 
isocitrate on MH”inhibited respiration^ and the effect of MH 
on yeast f©mentationindicate that MH partly inhibits aerobic 
respiration by inhibition of aeonitase®

Competitive Inhibition of Fumarase by MH 
The previous experiments indicate that MH inhibits the 

aerobic Krebs cycle by specifically inhibiting the enaymes 
fumarase and aeonitase» Inhibitors of ensymatie reactions 
are traditionally classified as competitive or noncompetitive ® 
In competitive inhibition the inhibitor is regarded as com­
peting with the substrate for specific sites on the ensyme s@ 
that the decrease in activity of the ensyme depends on the 
relative concentration of both the substrate and inhibitor#
In'noncompetitive inhibition the.inhibitor inactivates the 
engyme by combining directly, with emymatie groups® Hence 
inactivation, depends only on concentration of inhibitor®
Because of the structural, similarities of MH9 fumarate9 and 
eis-ae©nitate3 it is probable that MH competitively inhibits
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Table X¥Ii.0 Effect of MH and acetate on respiration of mtmg 
bean root tips® Experiment 16®

Vessel content Total pJ. o 02 /1 Oroot s/4hrs» % inhi= fo 
molarity Sample.. bition rest*-*

1 -2..3 . Mean dme to MH oration

Staffer
0+075 m,m o0;
0<,0125 M. acetate 0®20 
» (, O9O75 M MH 0+20

226 23 2 
203 176 193
266 317 310 
164 150 165

191
305
159

17

46 •35.Inone,
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faraarase ani aeeaitasê ' .
T© test -the: hypothesis that ME. is a eompetitiire inhibit 

t©rs iiBewea'rer and Bark$s (16̂  30) kinetie treatment of in« 
hibitien was applied to the inhibitiom of fumaras® by IE (Tab« 
le Z?H1)» The inhibition of respiration at O0OOs OoO055 

0 & 01$ and 0@05 M Ml was stmdied in the presene® of 0«00g .
09.0005:5> 0».G01S de'OOSs and 0*01 M famarate®

It is apparent that Ml inhibits fnmarate«lndmoed r@spira«# ,.- 
tion and that inhibition inereases with higher ©omeentrations 
of MĤs, Further 8 at most ©on cent rations of MH the inhibition 
decreases' with increasing-concentration of fmmarate*-. However^
BE is" not shown conclusively to. be a competitive inhibitor of - 
fmmarate ; (Table Z17III) as shown by the double reciprocal plot 
(1/v against 1/(81) of these'data (.Figure 2)» The require®. 
.aentSg as described by Lineweaver and Burk■ (IS) for.eompeti® 
tive inhibitlong are not fully met because the resultant 
curves are not straight g do not possess increasing slopes^ 
and do not have a common ordinate, intercept#

It should be noted that more replications of the MH® 
fumarate experiment might yet prove MH to be a competitive 
inhibitor of the ensyme fumaras©o That isn if. four positions 
on the graph (Figure. 2), are ignored because they do not fife . 
the general trendsg the curves then become almost straight 
and nearly .pass through a single. origin® . '
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Table XYIII, Effect of different'MH concentrations on 
.irarious concentrations of fumarate on' resplra* 
tlon of rnmig beam root tips6 Experiments 24 ‘ 27* -

of MH

0*80

0*00$

0*01

0*05

(Expo Mo*} 0*00 0c
of fumarate ' ' ..

0.001 0*005 0o01

■ jol* 02

265

263

'24" 185 228 '''221
25 213 202 24326 155 -180 209
27 ' 178 222

Mean 183 208 231
24 197 223
25 155 261
26 164 174
27 200 212

Mean , ,179 218
' 24 213 161
25 213 208
26 185 217
27 m m

Mean 196 200
24 183 202
25 176 204
26 ,147 200
27 • m

Meaa 168 . 197

194
301
282

18226?
231202

159
259
219210
212

188
252
243
232
233268196

208
275
187
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. 0.05 M MH

0.01 
m m
0.005
M MH

No MH

10O0
1/Molarity Fumarate

2000

Inhibition of fumarate stimulated mung bean 
root tip respiration by MH. Means from Table 
XVIII plotted according to the Lineweaver- 
Burk treatment as a test of competitive inhi­
bition.

Figure 2
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DISCUSSION AND CONCLUSIONS

Because MH was thought to inhibit .aerobic or Krebs cycle 
respiration8 intermediates in this cycle were added to MH in­
hibited roots 0 If MH inhibition occurs in the Krebs cycler 
the addition of intermediates directly following the site of 
inhibition should at least partially restore respiration.® It 
was found that lew concentrations of malate and isocitrate 
were able to partially restore MH-inhibited respiration^ where-- 
as the addition of other intermediates of the Krebs cycle did 
net restore respiration* MH may therefore act upon the enzymes; 
fumarase and aconitaseo

Data from yeast9 pyruvate8 and acetate experiments indi­
cate that MH action is limited to respiration in the Krebs 
aerobic cycle®. Data from MH-fumarate inhibition experiments 
indicate that MH inhibits respiration by competing with the 
substrate for the enzymeo While this inhibition is probably 
competitive8 data obtained are.not conclusive* More study is 
needed concerning the effect of MH on the enzyme fumanase and 
it should also be determined whether MH competitively inhibits 
aeonitas@e

If MH is a competitive inhibitor of fmmarase and aeoni- 
tase^ it is likely that it is so because of its structural 
similarity to the substrates of these enzymes8 fmmarate and 
cis-aeonitateo MH is a derivative of maleie aeid3 which is
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the els« form of fumarie acid®. The structure .of eiseonitate 
is also similar to MHs

■ MH inhibition of:ftimarase and aeonitase may also be due
to a e©B©omltant noneompetitive inhibition of thiol (sulfhydryl 
or -SB) groups of these enzymes® It has been shown that iodo^ 
acetatea known thiol,aoeeptor^ will earns@ partial inhibition
of fumarase'(15)»’ -It has similarly been shown that copper

■ - ' ■ .and mercury ions 9 also thiol competitors,' will inhibit aconi«*
tase in relatively low concentrations (13)® The presence of 
thiol groups .in these enzymes is therefore indicated® Al=* 
though MH has not been,shown to be a thiol competitor, it is 
known that maleie acid will compete- for thiol groups of gly» 
©xalase and succinic dehydrogenase. (21)® It is a. possibility, 
therefore, that MB may also nomeompetitively act upon fumarase 
and aeonitase"for thiel groups which they ■ contains 'H©wevers, .. 
since, the MH-fumarafce. eoBpetiti'fe inhibition study indicates 
that MH is. a structural competitor, the possibility of super**, 
iaposed noheompetitl're imhibitiom is not to© likely.̂

MB may also noneompetitiirely act on ©xalosueeinie carbox­
ylase, alpha^ketoglutarie oxidase, and succinic dehydrogenase 
(Tables. VII, ?IlIa IX, and XX)© / It is seen.from the Krebs ' 
cycle (Figure 1) that if M  inhibits respiration by acting- 
©n isocibrie acid dehydrogenase,’ then isocitrate .added to the 
system should not restore respiration® If isocitric acid dee 
hydrogenase was inactivated, the oxidation, of isoeitrate to ' 
.oxalosuccinate could-not be. measured® Because this, isoeitrate 
oxidation has been shewn to occur (Table XI), MB must not act
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on isoeitrie acid dehydrogenase* The action of MH on ©xaloe 
sac e-ini c- carboxylase. was not detemined since oxidation does 
not occur between exalosiaceinabe and alpha”ketoglutarate #
The possibility.therefore exists that MH may Inactivate oxalo# 
succinic carboxylase» Since MH may act on this enzyme^ ad­
dition of alpha-=ketoglutarate should restore respiration.̂  
Howeverj, restoration was not demonstrated (Table ¥111) and 
MH must therefore block the oxidation of alpha-ketoglutarate 
by inactivating alpha^ketoglutaric oxidase® ■ Succinate is‘©xi<* 
dised to fumarate in the Krebscycle©- Therefore the addition 
©f succinate should measureably restore respiration to an Ml 
inhibited system, since MH acts on alpha*ketoglutarie. 'oxi­
dase 'and possibly on -oxalosuecinie carboxylase o However, 
this; does not occur (Table ¥XX) and it can be assumed that MH 
acts on succinic dehydrogenase0 It is know that sueeinio 
dehydrogenase contains thiol groups and is partially iaactiw - 
vated by thiol acceptors (27)8 including maleie acid {21)o 
Again one should'note, the structural similarities between 
maleie acid and IE® Inhibitors of alpha-ketoglutarie oxidase 
and ©xalosueeinie carboxylase are not known, nor has the pres­
ence or. absence of thiol:groups in the structure of these 
ensyiaes. been indicatedo

The mechanism of inhibition of aerobic respiration by 
MH therefore is two«fold since MH appears to be. a. competitive 
inhibitor of fmmarase and aeonitase and a noncompetitive in** 
Mbit or of. alpha ̂ketoglutaric oxidase and succinic de hydro «= 
genase». The effect of MH on the condensing or soluble enzyme
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and ©xalosneeinic earboxylase ©an not be determined from the 
experiments reported here* It should be noted that this
mechanism of inhibition by MH accounts for the usual gross

- . , ' • " - ' - --

effects of this herbicide^ such. as accumulation of fructose-̂  
suerosep and starch (3s 7* 10s 20s. 23 9 24s 33)»
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. .. ■ A/eulture teehniqae for growing straight and uniform ■ 
mmg bean roots. that were easily cut and rapidly, measured was ’:: 
developed„ loot“ tips' obtained .by. this technique were subject-; ' 
ed. to respiration measmrements e. leoamse : the .respiratiom of, < ,
these mimg beam root tips is dependent upon pH of:the medium9

■; - : "pH was: usede ■̂SoneeBtratiohs -©^0®Q5t:sihd: : W 5 :S MH wire t: 
:Bsed to inhibit" respi'ratiom.®■ i :: i•

the ezpeglmeBt's show' the locations, of respira*- 
.of mmmg bean root tips to MH& These locations 

■appear: limited largely .to. the Krebs cycles and within this .... 
.tyole. to . specifit areas*:.., The- mechanism of inhibition may be 
twotifold since MH appears to. be a competitive inhibitor ©f - : ; 
.fmmarase amd aooai-tase and ' a , hbne.ompetitiye' inhibitor of alpha« 
ketoglutaric oxidase and succinic dehydrogenase* . The. effect , ; 
of MH ©n the; condensing .©f soluble ensyme .and .oxalosuGcinic, • 

can not be determined from' the experiments re*» ■ ’•
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