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RESPIRATORY AND ASSOCIATED RESPONSES OF
CARROT DISCS TO SUBSTITUTED PHENOLS'

B. K. GAUR? ano HARRY BEEVERS
DEPARTMENT OF BIOLOGICAL SCIENCES, PURPUE UNIVERSITY, LAFAYETTE, INDIANA

The striking physiological and biochemical effects
of the classical uncoupling agent 24-dinitrophenol
(DNP) are now well known, (4, 5, 15) though still
imperfectly understood. The pertinent work with
plant materials has been reviewed by Simon (21)
and Laties (16). Stenlid, who carried out some of
the earliest work on plants, reported that 5 other nitro-
phenols brought about similar respiratory responses
to those induced by DNP, and, like DNP, inhibited
glucose uptake by wheat roots (24). The behavior
of the nitrophenols was compared to that of azide
(23) and later to that of methylene blue (25).

In this paper quantitative comparisons have been
made of the effects of a series of NO.-, Cl-, and Br-
substituted phenols on respiration and concommitant
glucose uptake. In addition, the effects of these com-
pounds on mitochondrial oxidations have been de-
termined. The conclusion is drawn that, with dif-
ferent degrees of efficiency, all of the substituted
phenols acted as uncoupling agents.

Observations on the effects of the phenols on
C'O,-output from glucose-C'* are also presented
and discussed in relation to the question raised re-
cently by Porter and Runeckles (19) of a possible
shift in respiratory substrate resulting from DNP
treatment.

MATERIALS AND METHODS

Carrots of 25 to 30 mm average diameter were
purchased locally and stored at 3 to 5° C for at least
a week before use. Discs of about 0.3 mm thickness
and 7 mm diameter were prepared, washed quickly

1 Received revised manuscript November 3, 1958.
2 Present address: Biology Division,, A. E. E. T,
Indian Cancer Research Centre, Parel, Bombay, India.

in 3 changes of distilled water, dried lightly, and
separated into weighed samples. The various phenols
and other reagents were of the best grade commer-
cially available, and were used without further puri-
fication. Radioactive glucose, uniformly labeled with
C'* was prepared by hydrolysis and chromatographic
separation from a sample of sucrose-C!* produced
during photosynthesis in C'*O, and generously sup-
plied by Dr. H. R. Garner. All determinations of
radioactivity were carried out in a gas flow window-
less counting system, and the results are corrected for
background, and in the case of carbonate, for self
absorption.

Two types of experiments were carried out. In
the 1Ist, the aim was to determine the relative effects
on O,-uptake of a group of phenols and other com-
pounds, by testing responses over a wide range of
concentrations. For such experiments 650 mg
samples of discs were placed in Warburg flasks (with
the test compound where necessary) in 2 ml 0.03 M
potassium phosphate pH 5.0. O, uptake was meas-
ured over a 2-hour period in the usual manner at
25° C.

The information from these experiments was used
to choose, for each compound, concentrations which
were: a) slightly stimulatory, b) strongly stimulatory,
and c) inhibitory to O,-uptake. In the 2nd series
of experiments the test compounds were supplied at
each of these 3 levels and stimultaneous measurements
of O,-uptake and glucose uptake were made over a
longer experimental period (6 to 8 hr). In these
experiments 2 series of flasks were assembled. The
1st was composed of large vessels (100 ml capacity)
and these contained 1.30 g discs, the test compound,
and an aliquot of radioactive glucose (0.036 mg) (tip-
ped from the side arm after equilibration) in 4 ml
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0.03 M phosphate pH 5.0. In order to measure glu-
cose uptake, samples (0.1 ml, containing initially
about 400 cpm) were removed at hourly intervals
from these large flasks. These were dried under an
infrared lamp on steel planchets and counted directly.
The decrease in radioactivity was used to calculate
glucose uptake.

The 2nd, parallel, series was made up of small
flasks each containing 650 mg discs in 2 ml of solution
with proportionate amounts of glucose and the test
compounds. These flasks were used to obtain a con-
tinuous record of O,-uptake of controls and treated
samples during the experiment; they were not opened
when samples were removed from the larger flasks.
The respired CO, was trapped in 20 9% sodium hy-
droxide and the radioactivity determined at the end
of the experiment by converting to barium carbonate,
plating and counting. For each of the compounds
tested an experiment of this kind was carried out and
then repeated at least 3 times. The results were then
pooled and averaged. In the experiments with mito-
chondria, castor beans were used; the methods were
those described by Beevers and Walker (3).

REsuLTS

A. EXPERIMENTS IN WHICH RESPIRATION ONLY
Was Measurep: When different concentrations of
2,4-dinitrophenol were applied, the anticipated
stimulatory and inhibitory effects were established
from the outset, and O,-uptake continued unchanged
at these new levels throughout the period of measure-
ment. From data obtained in this way dosage re-
sponse curves were constructed for each compound.

The forms of the various response curves were
similar; for each compound only a rather narrow
range of concentrations induced stimulated O,-uptake,
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and inhibitory effects ensued when higher levels were
applied. The response curves differed from each
other in 2 respects; the extent of the stimulation in-
duced at the most effective levels of the test compound
and in the placing of the response curve along the
concentration axis.

We may note from table I that on both of these
counts unsubstituted phenol is the least effective com-
pound; not only is the maximum stimulation a mere
20 9% above the control, but the concentration required
to induce this is considerably greater than 0.01 M.
By contrast, dinitrophenol, the most effective com-
pound, elicited a maximum response (236 % of the
control rate) at a concentration 0.000025 M (table I).

Between these extremes lie the responses to the
other compounds tested. The single substitution of
Cl-, Br-, or NO,-, in any position results in a com-
pound greatly superior to phenol itself in its stimula-
tory ability. Para-substitution was particularly ef-
fective in all 3 classes, and resulted in stimulation as
striking as those from dinitrophenol and dichloro-
phenol. However, the concentrations which were
required to induce these effects were somewhat higher
than the corresponding dinitrophenol level. These
differences are shown in table I, in which the effective-
ness of each compound in inducing stimulated respira-
tion is related to that of dinitrophenol by the calcula-
tion of a DNP index.

For comparison, results obtained with azide and
with methylene blue are included. In no case was
azide found to induce a significant stimulation of
respiration, methylene blue was effective over a rather
wide range at high concentrations.

B. ExrerIMENTS IN WHiIcH GLUCOSE UPTAKE
AND O,-upTAKE WERE MEASURED: The experi-
mental design outlined above allowed the following

TABLE 1
Errects oF Various CoMpounps oN THE OXYGEN UpPTAKE ofF CArror Discs

CONCENTRATION
MaxiMmum INDUCING CONCENTRATION DNP
CoMPOUND STIMULATION MAXIMUM INDUCING INDEX *
OBSERVED STIMULATION 50 9, INHIBITION
9% of Controls M x 10—5 M x 103
Phenol 120 2500 6600 1000
o-Nitrophenol 155 250 1000 100
m-Nitrophenol 227 250 580 100
p-Nitrophenol 242 60 480 25
2,4-Dinitrophenol 236 2.5 20 1
0-Chlorophenol 180 760 1400 301
m-Chlorophenol 160 125 680 50
p-Chlorophenol 241 125 680 50
2,4-Dichlorophenol 253 60 160 25
o-Bromophenol 200 76 630 30
m-Bromophenol 146 76 400 30
p-Bromophenol 232 76 400 30
Methylene blue 170 50 1600 20
Sodium azide No stimulation from 10-8 M—3 X 105 M 5 ...

Molar concentration of test compound giving maximum stimulation

* DNP index =

Molar concentration of 2,4-dinitrophenol giving maximum stimulation
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determinations to be made: a) a continuous record
of O,-uptake b) hourly progress of glucose uptake
and ¢) total C1*O, release, determined at the end of
the experiment. From this primary data the infor-
mation contained in table IT was obtained. The ef-
fects of the test compounds on O,-uptake, glucose up-
take, and C*O, output are recorded as percentages
(table IT) of the corresponding control rates. As in-
dicated at the foot of table IT the control values ob-
served in the several experiments are (uite uniform.
They show that the bulk of the supplied glucose was
absorbed during each experiment and that only a small
fraction of this was converted to C'*O,. The re-
sponses to the various test compounds at each of the
3 chosen concentrations are shown in table II. Again
a uniform pattern emerges.

The O,-uptake figures show firstly that the an-

TaBLE 11

SIMULTANEOUS OBSERVATIONS 0N THE UPTAKE OF
OXYGEN AND RApIoActive Grucose BY CARROT
Discs 1IN RESPONSE TO SUBSTITUTED PHENOLS

LoG. aMoLar OXYGEN Sucar C!40,

CONCEN-  UPTAKE UPTAKE EVOLVED
Coarrorxp TRATION
% of controls*
o-Nitrophenol —3.2 108 89 84
—26 130 26 49
—22 70 3 5
m-Nitrophenol —3.3 110 84 101
—26 117 6 3
—22 21 18 2
p-Nitrophenol —33 168 36 47
—3.1 91 14 16
—23 6 37 1
2.4-Dinitrophenol —5.6 160 88 96
—4.6 220 44 51
—3.6 14 17 2
0-Chlorophenol —3.2 116 58 61
—29 128 35 27
—26 144 26 9
m-Chlorophenol —32 113 30 31
—29 137 15 9
—23 73 25 1
p-Chlorophenol —34 181 39 63
—29 185 6 7
—22 4 35 1
2,4-Dichlorophenol —43 123 86 81
—3.2 195 10 9
—29 37 2 3
0-Bromophenol —4.3 110 96 89
—3.3 117 76 86
—23 110 18 6
n1-Bromophenol —43 106 100 101
—3.1 115 25 19
=26 71 22 25
p-Bromophenol —4.3 107 96 93
—3.3 150 35 53
—26 47 17 1

* The control samples in the above experiments took
up from 76 to 93 9, (average 84 9) of the supplied glu-
cose-C14 and converted 8.1 to 11.9 9, (average (10.0 %))
of this to C140,,.
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RESPIRATORY RESPONSES To SUBSTITUTED PHENOLS IN
CONCENTRATIONS WHICH INHIBITED GLUCOSE
UpTAKE rY 50 9,

CONCENTRATION
AT WHICH RESPIRATION AT
GLUCOSE THIS CONCENTRA-
CoMPOUND UPTAKE WAS TIoN (O,-UP-
INHIBITED BY TAKE AS 9 OF
50 %. CONTROLS)
M x 1075
o-Nitrophenol 159 123
m-Nitrophenol 87 116
p-Nitrophenol 42 167
2,4-Dinitrophenol 2 218
0-Chlorophenol 79 120
n-Chlorophenol 25 105
p-Chlorophenol 23 170
2 4-Dichlorophenol 19 158
o-Bromophenol 178 113
m-Bromophenol 32 115
p-Bromophenol 27 138

ticipated respiratory responses were induced, although
it should be noticed that the stimulations are not, in
general, so large as those observed in the correspond-
ing short term experiments. Strong inhibitions of
glucose uptake are induced by concentrations of the
phenols which curtail O,-uptake, but what is more
important, striking inhibitions are obtained at those
levels which are most effective in stimulating respira-
tion, and correspondingly smaller effects, again in-
hibitory ones, are obtained at still lower levels of the
test compounds, which elicit smaller respiratory
stimulations. The values in table IIT emphasize one
important aspect of the results, that all of the test
compounds, at levels which reduced glucose uptake
by half, induced stimulations in the rate of O,-uptake
(table ITT).

For each substituted phenol the curves relating
its concentration to its effects on glucose uptake and
0,-uptake, diverged in opposite directions from the
horizontal when a particular concentration was ex-
ceeded. Thus in their relative effectiveness as in-
hibitors of glucose uptake the various phenols are
related to dinitrophenol in the same way as they were
found to be in the respiration experiments. That is
to say, dichlorophenol, p-nitrophenol, and the m- and
p-substituted chloro- and bromo-phenols were 20 to
50 times less potent than dinitrophenol, and the o-
substituted phenols were the least effective.

Tt will be seen that in a few instances (- and p-
substituted nitro- and chloro-phenols) in table II,
glucose uptake was apparentiy less strongly inhibited
at the highest concentration of phenol than it was at
the intermediate level. Tt was noticed that in those
examples a considerable amount of “leakage” had
occurred from the slices during the experiment so
that on drying down the aliquots removed for counting
a lacquer-like deposit was obtained, whereas normally
only a very thin film was obtained on drying. The
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effect of the materials lost from the slices would be to
increase self absorption and so to give a lower count-
ing rate. This would lead to a spuriously high value
for glucose uptake. We do not feel justified there-
fore in attaching significance to the apparently lower
effectiveness of the highest concentrations of some
of the test compounds.

The figures for C'*O, output during the experi-
ments with glucose-C'* are shown in the final column
of table IT. It should be emphasized that, of the total
glucose absorbed by the controls, only about 10 %
was converted to CO,. Nevertheless it is clear that
the test compounds drasticaily reduced the production
of C'*0, at whatever level they were applied. The
very close parallel between the responses of C'*O,
production and glucose uptake to individual concentra-
tions of the test compound should be especially noted.

C. EXPERIMENTS WITH MITOCHONDRIA: The
responses of plant mitochondria to DNP have been
described by several authors (1, 6, 16, 17, 18) and it
is clear that P/O ratios are drastically reduced.
These experiments have usually been carried out in
the presence of the hexokinase-glucose trapping
system, which, although it allows the inhibitory effect
of DNP on phosphate esterification to be shown, may
preclude the demonstration of what is an equally dis-
tinctive effect, namely that of stimulated O,-uptake.
In castor bean mitochondria such a stimulatory effect
of DNP has been described, (1), and we have now
investigated the ability of other substituted phenols
to bring about this response. For each compound
a series of concentrations was applied and response
curves were constructed from the results of triplicate
experiments. The values in table IV were read off
from the curves (table IV). Striking stimulations
were induced by all of the phenols; again the di-
substituted phenols were particularly effective, with

TaBLE IV

ErrFects oF VARIOUs SUBSTITUTED PHENOLS, SODIUM
AzIDE AND METHYLENE BLUE oN THE OXYGEN
CoNSUMPTION BY MITOCHONDRIA FROM
CAsTorR BEAN ENDOSPERM *

MorAr coNC MOLAR CONC
MaxiMum

GIVING GIVING
Test compounD STIMULATION MAXIMUM 50 9,
STIMULATION INHIBITION
Y% of controlM x 10—3 M x 10—2
o-Nitrophenol 184 5.0 9.8
m-Nitrophenol 205 1.3 55
p-Nitrophenol 204 0.4 5.3
Dinitrophenol 204 0.3 6.3
0-Chlorophenol 146 3.7 12.0
m-Chlorophenol 141 2.5 4.9
p-Chlorophenol 189 2.5 7.6
Dichlorophenol 182 0.5 2.8
Sodium azide 107 0.5 3.1
Methylene blue 145 0.3 47.9

* The mitochondria were prepared as described by
Beevers and Walker and O,-uptake was measured over a
30-minute period with «-ketoglutarate (0.005 M) as sub-
strate (3).
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the p-, m-, and o-substituted phenols following in that
order. Methylene blue induced a considerable stim-
ulation while azide had virtually no such effect. In-
hibitions of O,-uptake ensued when the concentrations
of all the compounds were raised above the stimulating
one.

Discussion

It is clear from the results that all of the substi-
tuted phenols, when applied at appropriate concentra-
tions have the following properties in common with
the classical uncoupling agent DNP: a) They stim-
ulate the respiration of carrot discs; b) at levels
stimulatory to O,-uptake, they inhibit the associated
endergonic process of glucose uptake; and c) they
stimulate the O,-uptake of castor bean mitochondria
oxidizing «-ketoglutarate.

It is concluded that such compounds, like DNP,
are uncoupling agents.

From their different abilities to induce the re-
sponses described (tables I, IT and IV), the following
conclusions were drawn about the relative effective-
ness of the various phenols. 24-dinitrophenol was
the most effective compound, i.e., it induced responses
at the lowest levels. This was followed in turn by
2,4-dichlorophenol, and the para-substituted nitro-,
chloro- and bromo-phenols ; the ortho-substituted com-
pounds were less effective but considerably more
active than phenol itself. The responses to the addi-
tion of various substituents in the molecule thus con-
form in general to a pattern which has emerged from
more extensive comparative work with other ma-
terials, in which usually only one response, i.e., a
respiratory effect or an inhibitory action, has been
measured. Among this work may be mentioned par-
ticularly that of Stenlid on wheat roots (24), Clowes
and Krahl (7, 14) on sea urchin eggs, of Simon and
Blackman (20, 22) on Trichoderma viride, Lemna
minor and Brassica alba and of Field, Martin and
Field (9) and more recently Deken (8) on yeast.
We suppose, with the previous authors, that the dif-
ferences in effectiveness most probably reflect, to a
large degree, the ease of penetration of the phenols
to the points of primary attack, which, one would now
suppose, are the enzymes in the mitochondria concern-
ed with electron transfer.

Azide failed to induce respiratory stimulations in
the experiments reported here, although effects which
can be reasonably ascribed to an uncoupling action
have been described in plants by Stenlid (23) and by
Harley and his colleagues (12). Presumably re-
spiratory stimulations can only be demonstrated if
the level of azide required is lower than that at which
the oxidation enzymes are themselves inhibited. As
in Stenlid’s experiments (25) methylene blue induced
effects on respiration and glucose uptake which were
similar to those due to the phenols. This parallelism
has now been shown to extend to the mitochondria.
It should be noticed however, that the mechanism of
action of methylene blue may be rather different from
that of the phenols, since it is itself autooxidizable
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and may effectively by-pass normal electron transfer
steps (13).

In considering the C4O, results it should first be
emphasized that the carrot tissue contains ample avail-
able carbohydrate reserves, and its respiration, with
a respiratory quotient close to unity is not increased
by the small amounts of glucose supplied. At all
levels of DNP (and, by inference, of the other
phenols) which stimulate O,-uptake, CO,-output is
stimulated to at least the same extent (2). But, at
these stimulatory levels, as shown in table III C'tO,
output was drastically reduced, so that the specific
activity of the respired CO, declines with increasing
DNP. Such an observation was one of the arguments
used by Porter and Runeckles (19) in support of
an otherwise well founded suggestion that in tobacco
leaves DNP induced the respiration of non-carbohy-
drate material. However, the final 2 columns in
table IT show that there is a striking parallelism be-
tween the inhibitory effects of each phenol on glucose
uptake and on C'*O, release. In the carrot tissue
then, it is possible to ascribe the lowered specific
activity of the CO, directly to a reduced uptake of the
radioactive glucose, and it is not necessary to invoke
a change in respiratory substrate as an explanation.
It should be noted that in contrast to the carrot tissue
used in these experiments and those described previ-
ously (2) the tobacco leaf tissue had a low RQ (0.7),
its respiration was strikingly stimulated by the added
sugar, and the experiments were carried out in 100 %
O,. Whatever may be the explanation of the re-
sponses to DNP in the tobacco tissue, the present re-
sults confirm that no change is necessary in the con-
clusions from our previous experiments, (2, 10),
namely that the respiratory responses to DNP in the
tissues used can be ascribed to an increased rate of
glycolysis brought about as an indirect result of the
uncoupling action at the electron transfer level.

SUMMARY

The effects of a series of substituted phenols on
O,-uptake and glucose accumulation by carrot discs
have been determined. The response to each com-
pound was a respiratory stimulation, which reached a
maximum and then declined sharply to an inhibition
as the concentration was raised over a rather narrow
range. The striking changes in respiration as the
concentrations were increased were accompanied by
the progressive inhibition of glucose absorption ; those
concentrations which induced maximally stimulated
O,-uptake drastically curtailed glucose uptake. The
various phenols induced stimulations of O,-uptake
by castor bean mitochondria which were similar to
those induced by dinitrophenol. The various sub-
stituted phenols were thus supposed to be acting, with
varying degrees of efficiency, as uncoupling agents.

The relative effectiveness was gauged by compar-
ing the concentrations of the compounds required to
induce maximally stimulated respiration, which in
most instances amounted to over 200 9% of the control
rates. 2,4-Dinitrophenol was the most effective com-
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pound, followed, in turn by 24-dichlorophenol,
p-nitrophenol, the bromophenols, #m- and p-chloro-
phenol, m- and o-nitrophenol, o-chlorophenol and
phenol itself, which induced at best only 20 % stimula-
tion.

In parallel experiments with methylene blue it was
shown that effects similar to those of the substituted
phenols were induced. Azide induced only respira-
tory inhibitions and corresponding curtailment of
glucose accumulation in carrot discs.

It was also demonstrated that the appearance of
radioactive carbon in the respired CO, was inhibited
only to the same degree as the uptake of the glucose-
C!* was itself prevented. For this reason the effects
of substituted phenols on C'*O, production cannot be
considered as evidence for a changeover in respira-
tory substrate in response to their addition.

This work has been supported in part by the
Atomic Energy Commission, (Contract no. AT-
(11-1)-330). We record our appreciation of this
support.
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STUDIES ON THE MECHANISM OF HERBICIDAL ACTION OF
2-CHLORO-4,6-BIS(ETHYLAMINO)-S-TRIAZINE *-*

——

D. E. MORELAND 3, W. A. GENTNER¢, J. L. HILTON ¢ a~xp K. L. HILL 3

NortH CAROLINA AGRICULTURAL EXPERIMENT STATIoN AND U. S. D. A, RALEIGH, NoRTH CAROLINA

Recent studies have shown that certain triazine
derivatives can be used to control weeds in specific
crops at relatively low rates of application (2, 3).
At higher rates of application they can be used as
soil sterilants for general weed control on non-cropped
areas. One of these compounds, 2-chloro-4.6-bis-
(ethylamine)-s-triazine [simazin] °, applied as a pre-
emergent spray at 2 to 4 pounds per acre has given
excellent control of annual weeds in corn for prac-
tically the entire growing season (3). Corn appears
to be especially tolerant to the chemical and very high

1 Received November 24, 1958.

2 Cooperative investigations of the Crops Research
Division, Agricultural Research Service, U. S. Depart-
ment of Agriculture and the North Carolina Agricultural
Experiment Station. Published with the approval of the
North Carolina Agricultural Experiment Station as Paper
no. 933.

3 Plant Physiologists, Agricultural Research Service,
U. S. Department of Agriculture, N. C. State College,
Raleigh, N. C.

4 Plant Physiologists, Crops Research Division, Agri-
cultural Research Service, U. S. Department of Agricul-
ture, Beltsville, Maryland.

5 The experimental samples used in these studies were
supplied by personnel of the Geigy Chemical Corporation,
Ardsley, New York.

rates of application have been used successfully in
some studies. Barley and other small grains are not
able to tolerate pre-emergent applications of even 2
pounds per acre of simazin (2, 3).

The objectives of the studies reported herein were
a) to determine the effects of simazin on the photo-
chemical activity of chloroplasts isolated from barley
plants and b) to determine whether the inhibitory
effects of simazin could be overcome by supplying
treated barley plants with carbohydrates from an
external source. A preliminary report (4) of these
findings has been presented.

MATERIALS AND METHODS

STuDIES WITH ISOLATED CHLOROPLASTS: The
chloroplasts used in this study were obtained from
10-day-old greenhouse-grown barley plants (Hordeum
vulgare L. variety Dayton, CI 9517) using the pro-
cedure given by Spikes et al (6). Following the ini-
tial isolation they were washed 3 times with 0.5 M
sucrose.

The photochemical activity of the isolated chloro-
plasts was measured in small beakers. A 10-ml reac-
tion mixture was used which had the following com-
position: 0.0005M potassium ferricyanide, 0.01 M
potassium chloride, 0.17 M sucrose, 0.05 M potassium



