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TF FATE OF L(2,b-DIcr-rroRo F1NOXY) 
BIffYRIC ACID IN FAT METABOLIZING SYSTEMS 

INTRODUCTION 

As the field of plant growth regulation has developed, many 

new chenica1s of highly specific activities have come into use. 

These chemicals, by the nature of their effect on plants, have raised 

many questions concerning their specificity and mode of action in 

susceptible plants. Of these chemicals, t(2,L.-dichloro phenoxy) 

butyric acid (2,L-FB) is one of the most promising for ed control 

and consequently one of the most interesting. 

2,L-PB is the butyric derivative of the 2,L-dichloro phenoxy 

alkyl acids. The herbicidal activity of he chemical has been known 

for some time an 1.ts ususual specificity has been the subject of 

much study. 

2,L1-fl3 has been found to exhibit an unusual specificity in 

that it has much the same biological activity as 2,L-D, which is 

widely used in this country, but in contrast to 2,L-D, 2,L-DB is not 

harmful to the leguminous plants, alfalfa and clover (21,p.2-36). 

This characteristic affords the possibility of selective control of 

broadleaf weeds with little or no injury to the crop. 

In order to understand the action of a chemical as a plant 

rrowth regulator a know1ede of the tabolism of the chemical is 

indispensable. This knowledge enables the investigator to draw con- 

clusions concerning not only the mechanism of degradation of the 

chemical within the plant body, but also on the specificity of the 
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chemical. A knowledce of the mechanism of degradation and of the 

metabolic pathway of any particular chemical is also the first 

prerequisite in understanding the mode of action of that particular 

chemical as ll as that of the mechanism of plant growth regulation 

in general. 

Of interest to investigators, also, is the fate of the herbi-. 

cide in the animal body. Such concern arises from considerations of 

the possible toxicity of the chemical to either animals or human 

beings ingesting a treated crop. This consideration of possible 

toxicity leads to investigations of the fate of the chemical when 

ingested by animals and the deposition of the chemical in meat and 

mi1k which may later be used for human consumption. A series of feeding 

studies employing white ratc, were conducted in order to assess 

metabolism of the chemical by mammals. This work was premised on the 

assumption that the chemical, if not deposited in the ft of tF 

animal will not appear in t're butter fat or milk, and if not deposi- 

ted in the muscle will not appear in subsequent meat products. In the 

animal studies, the actual fate of the chemical was studied rather 

than its toxicology. Detection of the chemical in the animal body 

was the primary objective, with some consideration being given to 

identifiction of intermediates and ntabolites. 

The auspication of a study of this nature requires certain 

as3unptions to be employed. One such premise applied in this case 

was that the molecular structure of 2,L-DB would indicate thut the 

chemical would enter plant arid animal metabolism as a atty acid 
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equivalent to an aliphatic acid of about 8 carbon atome. On this 

assumption then, that literature was surveyed which dealt with the 

metabolism of fatty acids in the plant and animal body. 

Although Knoop in 19OL (3,p.3L3-)423), and ynen, (11,p.63- 

688), and others, have clearly demonstrated p-oxidation to be the 

major mechanism of fatty acid metabolism in marnralian tissue, there 

has been sore doubt that tis is tl' sole, or even the primary mecha- 

nisni of fat metabolism by plants. In some higher plants, oxidation 

is effected by a peroxidase system which forms CCi from only the car- 

bol carbon of labeled lons-chain saturated fatty acids. In this 

mechanism a long-chain fatty aldehyde 1$ thought to be an intermediate 

(6,p.610). 

Webley, et al, (2L,p.7I8-7L9, 2S,p.36l-363, 26,p.1130-ll3l) 

deorstrated the presence of the p-hydroxy acids arising from oxi- 

dation O? the chiorophenoxy hutyric acids by Nocardia opaca. Webley 

further noted that substitution in the position of the side chain 

rendered the acid inactive as a substrate. 

Fawcett, et al, was able to isolate the corresponding acetic 

acids :ormed when pheno acids were used or rrdia for wheat coleop- 

tiles. He demonstrated an alternation of activity ïn that members 

of the homologous series of ()-phenoxy alkane carboxylic acids, C6H50- 

with ri 2,I,6,8,lO yielded the corresponding phenols and 

members with n -l,3,,7,9, yielded very little phenol. (7,p.Li3- 

7O) . This is in agreement with the fact that phenoxyacetic acid 

would be the expected end product from the p -oxidation of penoxy 
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Very little work has been reported c ncerning fatty acid 

metaboli5m in higher plants, probably due to the complexities of the 

systems and the difficulties encountered in separation and identi- 

ficatin of intermediates. Several investigators using either peanut 

microsomal or mitochondrial frnctions have reported studie8 on fat 

metabolism in systems derived from plants. Humphreys et al, (9,p.9tl- 

9I8) found no evidence i r the participation o± mitochondria in the 

oxidation of Palrnitate-l-C. He found the plant system oxidized 

palmitic acid more readily than palmityl Co A and that the PCA cycle 

was inoperative. In a later study iuinphreys (lO,p.9Ll-9L9) treated 

the plant microsomes with sodium choleate to obtain a soluble fatty 

acid oxidizir enzyme system. In these studies, he discovered ari 



activating agent which has not yet been identiuied. Hthnphreys con- 

cluded, in 19SS, that a completely different series of reactions 

are involved in fatty acid oxidation in plants (peanuts) from those 

invold in -oxidation of fatty acids in ma.mrnalian tissue. 

Stumpf, however, used peanut nitochondrial fractions for his 

studies of fatty acid oxidation. From cofactor requirements and ef- 

fect of inhibitors on tnis system he concluded that the rchanism was 

a path of oxidation almost identical to that found in the aniial 

body. 

In a recent publication (l3,p.2S29) Nartin and Stumpf 

reconciled the differences of opinion by showing that different ftac- 

tions of possibly follow radically different pathways 

fatty acid oxidation. In tris study, Stumpf found that cell free 

susaensions prepared by an acetone powder procedure carry out a-oxi- 

dation of fatty acids and was able to isolate and identify some of 

the aldehyde intermediates formed in the oxidation. 

In the plant cotyledons alone two mechanisms of fatty acid 

oxidation other than -oxidation have been demonstrated. The first 

involves a specific long-chain fatty acid peroxidase which converts 

fatty acids into long-chain aldehydes through the loss of 002 The 

second oxidative mechanism involves a inicrosomal system which ceta- 

lyzes a IJPN dependent, stepwise, degradation of saturated long-chain 

fatty acids. The long-chain unsabu.rated acids andergo oxidation in a 

still different manner, 
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The structure of 2,I-DT3 would not indicate unequivoedly 

whether the chenica1 would be netabo1ized as a lon-chain fatty acid, 

or as an urïsaturted fatty acid. Sorne enzyme system wcs sought which 

might present a more general pattern than either a viicrosoal or mito- 

chondrial preparation. It was su'ested that an acetone poier of 

some lare plant organ might supply a satisfactory preparation. Such 

a nreparation was developed ard found to be active in using 2,14-DB 

as a substrate. The reduction of tetrazoliui dyes wa. used as an 

indication of activity. 

'any investigators have chosen triphcnyl tetrazoliurn chloride 

as the rlectron acceptor to indicate presence and rate of respira- 

tory activity. Since these chemicals have been showi to serve admir- 

ably in this role, it was f'lt that they mirht also be used as the 

electron acceptor in fatty acid oxidation. 

It has been shown that enzyïe systems are responsible or the 

reduction of TZ (which is colored in its reduced state). rore speci- 

fIcally, the tetrazolium salt accepts electrons from. a flavo proein 
in th system of the general nsture 

Dehydrogenase --------------- 3 Phosphopyridi. nucleotide 

Flavo protein -------------- 3.-TZ 

It is reasonable to assunte that the dye should accept electrons from 

a flavo srotein in any system Involving this exchange. 

Since the dye was first prepared In 18914 by von Peckham and 

Runge, a number of substituted Tetrazoliun salts have been synthesized 
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(Th,p.692-693). The substituted salts are less water soluble in the 

reduced state than the original compound and are more deeply colored, 

producing a deep purple to black deposit on reduction. These char- 

acteristics have a great advantage to the histologists but would not 

be satisfactory for the present study. In this light neo-tetra- 

zoliuin chloride was chosen as the electron acceptor, being suitably 

soluble in organic solvents and water and having a satisfactory magenta 

color on reduction. 

The spectrophotometric method using the dye was chosen over the 

more conventional manometric techniques of measuring oxygen uptake or 

002 production for two reasons. First, it was felt that a spectro- 

photometric method was somewhat more sensitive. For exain-le, the sub- 

strate concentration of 10 u-grams which gave a very high absorbance 

would have yielded an oxygen uptake of only about O.0).j milliliters. 

The second point was the general versatility of this method. Either 

very smafl quantities of material could be used as indicated above, 

and as is necessary with the labeled rrterials used, or very large 

quantities could as easily be used when looking for specific inter- 

mediates. 

EXPERIMENTAL 

Preliminary experiments were conducted to note the suscepti- 

bility of some plants to the action of 2,L-flB arid to determine the 

gross rates at which the chemical is metabolized. These experiments 

were conducted using intact plants and carbonyl labeled 2,Li-DB. 



Alfalfa seedlings were treated with the ethanol amine salt of 

2,14-DB at 14 pounds per acre. The disappearance of the chemical from 

the plant was followed by clipping a sten, sectioning it into leaves 

arid sterns, drying, grinding and counting. 

To determine the rate at which the cheical was metabolized 

in vivo, well established plants of alfalfa, Ruinex Spp and Capsella 

Spp were removed from the soil, their roots carefully washed as free 

of soil as possible, and placed in contact with a water solution of 

the amine salt of 2,14-DB-l-C114. The plants were maintained in an 

airtight growth chamber through which CO2 free air was constantly 

swept. The CO2 produced from the metabolism of the chenca1 was 

trapped in O. N NaOR. At the end of the experiment time the CO 
was precipitated from solution with barium ion and the BaC1O3 

plated on spun nass discs ar1 counted. 

Although alfaLfa absorbed 2,14-PB from the solution (the root 

tissues contained C4 equivalent to 3 to ppm of the chemical) no 

detectable CO2 was produced. The plants showed no damage after 

214 hours exposure to the criemical. The Ruinex Spp and the Capsella Spp 

both produced measurable amounts of CO and exhibited symptoms 

typical of 2,14-D injury after 12 hours exposure to the 2,14-DB. 

These datare self explanatory for the susceptible species. 

There would however, appear to be several possible explanations for 

the response of the resistant plants to the chemical. Is this resis- 

tance to injury a result of a very slow metabolism of the chemical, 

or a rapid detoxification, or does it indicate that none of the chemical 



is being metabolized? The fact that the C 2,L-DB was absorbed and 

translocated would seem to indicate that the chemical is not rneta- 

bolically inert. On the assumption that the chemical is being meta- 

bolized, the question arises: is this a very slow reaction which 

allows the particular plant to metabolize any harmful intermediate 

before an injurious concentration accumulates, or is the original 

chemical itself being detoxified before it is metabolized far enough 

to cause injury? The problem is then: is 2,L-DB active per se, or 

is it a metabolite which exhibits biological activity? Is the chemical 

itself toxic to some plants and not to others? 

Since we have demonstrated some metabolism of the chemical, 

the logical assumption is that the material is oxidized in the tissue 

and sorne intermediate, probably an acid, is the biologically active 

material responsible for the plant growth regulation. There are 

three possible mechanisms for this hypothesized oxidation. The 

mechanism may, in higher plants, be one of a-oxldation, of p-oxi- 

dation, or some combination of bOthe 

Laxtons Progress peas were chosen as a source of active enzyme. 

The acetone powder preparation had a high activity and a demonstrated 

ability to use 2,L-DB as a substrate. This procedure is a modifi- 

cation of that used by Stafford for preparing an enzyme system from 

an acetone powder of Alaska pe:is (l7,p.O5). The acetone powder was 

prepared in a cold room at 1°C. Twenty grams of pea seed ground to 

a !O mesh meal were acde to 200 milliliters of acetone at -18 to 

-20°C in a Waring Blender jar. The acetone was brought to temperature 
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by dissolvirg a siial1 amount of cry ice in it. The sample was 

blended 60 seconds, transferred to a Fuchner funnel and filtered 

under vacuum through Whatman #1 filter paper. T'ne powder was re- 

moved and again submitted to the same procedure. Two hundred muli- 

liters of ethyl ether were then poured ovr the filter pad and suction 

continued for 30 minutes to 2 hours after the pad was dry. The 

acetone powder prepared in this manner can be stored in a vacuun 

dessicator for as long as several months at 140G and not lose any 

demonstrable amount of activity. The powder rom the above procedure, 

about l grams of material, was added to 130 milliliters of 0.00 

Volar phosphate buffer of' pH 7.14 at 14°C in the lender jar. This 

mixture was stirred at slow speed for 20 minutes, then squeezed 

through 14 layers of clean cheese cloth and the liquid placed in 

centrifuge tubes. The particulate material was centrifuged at 

1460 R'M for 30 minutes. The supernatant solution from this pro 

cedure contains boti soluble enzyme fractions and some very finely 

divided suspended particulate material. 

The reaction vessels, 16 mm X 10 mm culture tubes; to which 

were added i j mole D?N, 2.S m Mole ATP, Ng', the dye, enzyme and 

substrate; were adjusted to volume with 0.00 M phosphate buffer, pH 

7.14. The tubes were maintained in an ice bath until the enzyme was 

added, at which time they were removed to a water bath at 32°C. All 

reactants ee stored in a refrigerator so the volumes and tempera- 

tures were constant. 

At the end of the reaction ti 10 milliliters of l-14 Dioxane 

was pipetted into each tube to stop the reaction and precipitate the 
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prote.ns. The proteinaceous material was removed by centrifu- 

gation and the color intensity of each tube measured on a Photo- 

electric colorimeter at about 2O millindcrons. 

The first problem in using a specific system of enzymes for 

experimentation is the proof of the existance and the identity of an 

active system. To establish these points, the following experiment 

was run. Controls, consisting of tio tubes containing all compo- 

nents except substrates were compared to five tubes containing 

sodium butyrate in varying ariounts and five containing the sodium salt 

of 2,1-DB in varying amounts. The pi of each substrate solution 

was adjusted to 7.LL to 7.6 before addition to the reaction mixture. 

Substrate concentrations used in thiS study were from 0)4 to )4OO 

mie romolos. 

It was found from these experiments that both sodium butyrate 

and 2,)4-DB were used as substrates in that the amount of dye redue- 

tion in both cases was creater than that of the controls. The 2,)4- 

PB tubes produced colors from G.02 to 0.10 O.D. units higher than the 

corresponding sodium butyrate tube. In a like manner 2,)4PB was 

compared with 2,)4-D. 2,)4-D73 was found to be highly active as a sub- 

strate, while the 2,)4-T) was only slightly different from the controls. 

Also compared in this manner were Indole Acetic acId and 

Indole butyric acid. The butyric acid derivative was oxidized and 

the dye reduced, but the acetic acd derivative aath was not used 

as a substrate ar did not produce dye reduction. 
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Further verification of the identity of the syteii 
con3isted 

of running 2,h-PB in half of the tubes and sucrose 
in the other half. 

In this case 2,i-fl behaved as previously described ac the sucrose 

oroduced no color change over the blank. The usual citric acid cycle 

inhibitors 1'luoride ion and '4alonate ion produced 
no detectable cf- 

feet on the system. In the preseflce of either of these ions both the 

control tubes containing no addition1 substrate, 
and t.he tithes con- 

taming butyric acid, or 2,)i-PB perfozned as previously 
indicated with 

ro noticeable inhibition of activity. 

Sodium citrate produced no additio'a1 dye reduction 
above that 

of the control tubes. It as concluded, therefore, that this par- 

ticular system of enzymes probably does not contain 
those enzyre3 

involved in the citric acid cycle. 

Isolation and identification of the oxidation intermedIates 
of 

2,L-nB was carried out using paper chromatography. Descending chroma- 

tography in one dimension was employed. Solvent systems of n-butyl 

a1cohol-'1H3-water in the proportions :l:8 and n-butyl alcohol- 

proplonic acid-water in the pr000rtlons 
were used for the 

separations. (7,p.L3-7O). 

In preparation of the chromatoFrars the enzyme 
r:-action was 

a'ain stopped with l-t Dioxane, the solid matter centrifuged down and 

the liquid decanted off. The dioxae-water was evaporated, the sample 

made acid with HC1 and extracted with ether. Both the ether fraction 

and the aqueous phase remaining from the extraction 
were chromato- 

graphed. 
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The solid aterial from the reaction was digested with 6 N 

4Cl for 8 hours to free any intermediates which might have become 

occluded to the protein on precipitat1.on and any still attached to 

an enzyme surface. fter hydrolysis, the sample was cooled and 

filtered; the filtrate washed several t.mes with distilled water and 

this phase also extracted 'th ether. oth the aqueous phase nd the 

ether extract were agaIn chroma tographed. 

The chromatograms re developed, dried in the air in the 

laboratory and counted with a Tracerlab stepwise chromatograrn scan- 

ner. A l/I inch slit was used with l/) inch counting steps In deter- 

rninng the location of radioactive spots. i'or better resolution a 

1/8 inch slit and 1/8 inch countIng step was occasIonally used. 

wach step was counted to at least OO counts. To determine the signi- 

ficance of' very low activity spots, a blank strip was put through 

the counting procedure several tis and the average background and 

standard deviation from this calculated. A count, to be accepted as 

signIficant, must differ by two standard deviations from the back- 

ground. Such a count would then fall Into the 96.% confidence inter- 

val. At the low levels used in these experirents the counts are 

strictly qualitative, being significant of nothing more than the 

nrobability of there being a spot at a particular location. 

Sarples of unlabelled 3-hydroï !(2,Ij.-dIchloro phenoxy) 

butyric acId, I(2,Lt-dichloro phenoxy) vinyl acetic ac'd, ¿;(2,h 

dichloro phenoxy) acetoacetic acid and t(2,1-dich1oro phenoy) cro- 

tonic acid were very kindly supplied by Pr. B. J. eywood of May and 

Baker Ltd., England. These compounds, the theorized intermediates 
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in the 3-oxidation of 2,24-DB, were used as markor in the chroinato- 

graphic work. The position of these iiaterials on paper chromato- 

grams was located by spraying tï:e dried chrornatograin with BritIsh 

Drug House's 1univ'rsa]. indicator" dilut3d 1]. ',-Ith aqueous 

ethanol and adjusted to pH 9 with sodium hydroxide. The position 

of each compound was revealed as a pink spot on a light green back- 

ground. (7,p.3-7O). 

After the values of the proposed intermedirites were deter- 

mined, a sample of C carbonyl labeled 2,L-DB was used as a substrate 

for the enzyme system and the spots located by counting the chromato- 

grams as indicated above This procedure was found to be much 'iore 

sensItive than the d'e technique, detectin s little as O.OS micro- 

rarns as compared io the or 10 riicrogranms required for the dye. 

The anirr.al work with the cherical as concerned primarily 

with the possibility of 2,L-DB se being deposIted in the animal 

tissues. Varying concentrations of C1, carbonyl-labeled 2,i- and 

2,-) were fed to white rats for varying lengths of time. The 

chemical was fed as tI sodiummi salt in the drinking water. The animals, 

which showed no hesitancy at drinking the water, were fed on a stock 

pellet ration for the entire treatment time. At the end of the time 

the animals were sacrificed by CO2 suffocation and saiples of the 

tissues in question reroved. The tissues examined !:'cluded fat, 

muscle and liver, with nost interest centered on the fat and liver. 

The tissues were exhaustively extracted with chloroform in Soxhiet 

extractors to remove the cherica1. The solutions vere reduced to 



standard vo1uns, a1quots plated into ringed aluminum planchetts, 

and counted. 

Because of the somewhat arnbtguous data obtained from several 

of the animals, samples of the chloroform solutions were chromato-. 

graphted in ari attempt to identify the activity found. Poth one arid 

two-dimensional clirornatograrns were prepared using n-butyl alcohol- 

propionic acid-water, in te proportions :6:l and phenol saturated 

with water as the developing systems. To locate the spots, tI two- 

dimensional chromatograms were cut into one-inch strips perpindicular 

to the direction of second development, and counted. R values were 

determined for both directions of development. 

RESULTS AND t)ISCUSSION 

Alfalfa seedlings were treated with C-2,L-DB, then harvested 

and counted at intervals over a period of several weeks. It was 

found that the level of activity dropped rapidly for the first three 

weeks, then remained almost constant. A level of activity equivalent 

to 20 ppm of 2,1-)B was found in the plants as long as 10 weeks after 

treatment. Only a very little of this activity was found in those 

portions of t plant not directly treated. By 8 weeks there was 

no detectable activity in the stems of the tren ted branch while the 

leaves still contained 20 ppm 2,i-DB. It would appear that the chenil- 

cal is almost immobile in alfalfa once it has been translocated to 

the aerial portion of the plant. 

The uptake of the chemica]. by roots and its subsequent metabolism 
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was studied in sevral differnt plants. It was found that both 

unex spp and psella spp take up the chemical out of water solution 

through their roots and metabolize it at a measurable rate. Alfalfa 

plants, however, produced no measurable C-O2, although the root 

tissue contained equivalent to 3 to ppm 2,I-DB. The Rumex 

sp and Capsella spp showed some damage typical of growth regulators 

after 12 hours exposure to the chemical, while the alfalfa showed no 

injury afte 2L hours. 

That those plants which produce CO9 also show symotoms of 

herbicidal damage suggests that it is not the original 2,Ij-DB which 

is active, but some metabolite. Since 2,tr8 does not appear to he 

biologically active itseLf, the data suggest that the active metabolite 

is sorne other acid, possibly 2,L-.D, arising from the oxidation of 

2,L-DB. If the herbicidal activity of 2,t-13 is attributable to a 

metabolite, it must be presumed that enzymes are involved in the 

conversion. One would assume from the chemistry of 2,!-DB that a 

system o.f fatty acid oxidizing enzymes would be active in the meta- 

bolisrri of the chemical, Therefore, it was decided to prepare a 

system capable of fatty acid od.dation and test whether 2,t-DB would 

serve as a substrate and thus produce a biologically active metabolite. 

An acetone powder preparation of enzymes from Laxtons Progress 

peas was chosen for study. A tetrazolium dye servec' as elec'tron ac- 

ceptor and indicator of activity in the system. 

Figure 1 shows the dye reduction produced with 2,I-DB, sodium 

butyrate and sodium laurat.e used as substrates. From this curve it 
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may be seen that 2,I-)B serves equally well as a substrate in 

this system as either lauric acid or butyric acid. These observations 

lend credence to the theory that 2,L-DB is metabolized to an active 

form by a fatty acid oxidizing system. 

In order to analyze the reaction mixture for intermediates, 

a sample of C-4, carboxyl labeled 2,L-DB was used as a substrate and 

fractions of the incubate chromatographed. The 2,L-DB derivatives 

from May and Baker and several possible intermediates were chromato- 

graphed as markers. Their values are 1ven in Table 1. 

TAr3TE i 

Values in N-butyl Alcohol-Ammonia-Water 

Compound 

2,L-DB 
2,I-D Crotonic acid 

-Keto-2 ,L-T)B 
2 , 

Succinic Acid 
Oleic cid 
Paimitic Acid 
Citric 'cid 

Acetic Acid 

Rf 

- 

0.14:3 - 

O.31 - 3.37 

no Rf could be determined 
o. - oJ.8 
0.00 - 0.0)4 
0.00 - 0.0)4 
0.00 - 0.0)4 
0.00 - 
0.02 - 0.O1 

Since the C labeled material was labeled in the carboxyl 

postion, consideration mu't be given to the possible incorporation 

of tite one or two carbon fragment which will be released on oxidation. 

Since any acetyl Co A will most likely be incorporated directly 

into the chain lengthening of some fatty acid, or go directly into the 
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citric acid cycle, those acids ire thvetigated which would be pos- 

sible acceptors of the acetate of a C1 fragment. 

The Rf values of the labeled spots and their relative act±vities 

are given in Table 2. These are the spots found on the chromatogra1ns 

TABLE 2 

Rf Values of th ost Frequently Appecring Spots 

from Carbol Labeled CLi 2,t_DB* 

Spot Rf Counts a.b.g. 

1. 0.00 10-70 
2. 0.33 10 

3. O.Ii2 17 

I. o.8 999 

0.76 90 

6. 0.92 L,2 

7. 1.30 lib 

Ether extraction of the Dioxane-water phase from th' enzyme mixture 

from the carbol labeled material. In comparing these values to those 

listed in Table 1, sevca1 conclusions can be drawn. First, it ap- 

pears from the spots at R. 0.3 cnd 0.t that both t3-1)H-2,I,-DB and the 

2,L-D crotonic acid are present in the mixture. The experimental sys- 

tern was auite free from the interferences encountered in whole plants 

or i1ant., parts. The only labeled materials present should be: 1. 

Compixes with low 'noleular weight amino acids, 2. Metabolic inter- 

mediates from either a, or p-oxidation of the original product, or 

3. Incorporation products from the cleaved one or two carbon frag- 

ment. The chromatographic data strongly suggest the presence of 
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-oxication intermediates. 

it will be noted, howev'r, that there were several spots on 

the chroîatographs which could not he accounted for specifically in the 

terms of p-oxidation. These are undoubtedly either the complexes with 

the original conpound, or sorte incorporation product. 

In order to determine whether or ot these spots contained the 

original phenyl ring and nnid b contdered direct int,ermediates of 

the ritabolsri of the original conipound, a sample of ring-labeled CTh 

2,Lt-1JB was obtained, courtesy of Chipman Chemical Company. The spots 

located when this chemical was used as substrate are presented in 

'able 4. From this thìe it s seen that the weak spot near the origin 

Spot 

TABLE 3 

Rf Values of Those Spots Appearing after ¡ici Hydrolysis 

of 12 Hours. Carboxyl Labeled 2,b_fl13 

Rf Counts a.h.g. 

1. 0.00 - 0.10 9 - 210 

2. 0J9 -3.3 1j38 

3. 0.63 - 0.70 1l2 

has disappeared, indicating that it was probably an incorporation 

product of either a C1 fragment or an acetyl Co fragment. No attempt 

was made to identify this spot since a labeled acetyl Co A might 

appear in any number cf places, e.. either a fatty acid or any one 

of the citric acid cycle intermediates. A C1 unit would probably be 

incorporated in this system via the methyl malonyl Co A route, thue 
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finding its way into th cItric acid cycle where it would be indi8- 

tinguishahie from the acetate product. 

Also, in Table ¿4 it can be seen that the intensity of the spot 

TABLE ) 

R1 Values of the Intermediates in the Ether Extraction 

of the Enzyme System Using Ring-labeled C111 2,14-DB 

Spot R1 Counts a.b.g. 

1. 0.303 66 

2. 3.3146 33 

3. 0.1430 201 

¿4. o.14'37 9142 

5. 0.660 60 

0.765 39 

near R1 0.5 has moved closer to iì 0.148, indicating that a large 

amount of 2,14-D is present. This sample was incubated 12 hours with 

the enzyme system. It is reasonable that a large amount of the 5 

microgram sample would be connected to 2,I-P. Since ',h-D has br 

shown to be inactive in the system, it should accumulate as shown. 

The activity located from R1 0.6 to 0.7 seen in Table 3 must 

be due to sorne direct intermediate since it was also present when the 

ring-labeled material was used. 

Between Rf 0.7 and 0.8 there appears a significant amount of 

activity which was consistent in its location and relative activity. 

Since in this system the butanol is the mobile phase and water the 

stationary phase, this activity must be due to some compound or corn- 

pounds less water soluble than 2,14-DB and its derivatives. It has 
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been pointed ont that the lower riiolecular weight, iore wt.er soluble 

molecules remain on or near tho origin in the stationary water phase. 

(5,p.30l-3l2). The less wat'' soluble compourds at tis 1ocaton niay 

be aldehyde intermed1stes arising from some -oxidation, the possi- 

bility of which has not been eliminated, or they may be amides of 2,L- 

PB formed on r'action with the lower moleculor weight amino acids. 

Fawcett (7,p.l9) recorts the of 2,i-P amide ir. this solvent 

s.rstem to be O.8. However, this spot is still present after the 

proteinaceous material is hydrolyzed in 6 N HC1 for 12 hours, sugges- 

tin that the activity is not amide in nature. ThIs complex must 

involve the original molecule since the spot is also present when the 

ring labeled material is used. 

3etween tf 0.6 and tne solvent front is a sflot or spots of in- 

consistent location and irtensity. F'rom their varIance, and the fact 

that these spots do not appear when ring labeled 2,L-P is used, it 

was assumed that these are again compounds formed from the incorpora- 

tion of the radioactive carbon ragments. 

In order to investigate the spots which appear to be some meta- 

holic intermediate other than those attrIbutable to p-oxidation, 

Stunmf's orocedure utilizing the fluorescent properties & the aromatic 

2,-dthitro phenylbydrazones was employed (1,p.3O-308). The cromat- 

oram strip was sprayed with a solution of 2,1-dinitro phenyihydrazine 

in ethanol. The chromatogrem was dried for 30 minutes, then scanned 

with an ultra vo1et light to locate the fluorescent spot. The 

fluorescent properties of these compounds t'ere used for Identification 
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because of the great sensitivity. This technique revealed several 

fluorescent spots. One of these spots had an Hf between 0.9 and 1.0 

and the other between 0.7 and 0.80. It appears possible that there 

is some aldehyde intermediate present in the incubate. However, the 

identity of these compounds should be more closely investigated before 

any conclusions are drawn. 

That 2,1.-DR does enter the biological system was indicated by 

the increased amount of dye reduced and also by the studies with the 

labeled material. The increased dye reduction may be due to either 

stiriulation of the previously existing activity by the chemical or by 

use of the chemical in the system as a substrate. :easoning by 

analogy, from the similar effect produced by both sodium butyrate and 

sodium laurate on the system the evidence indicates that the primary 

function of 2,L-DB is that of a substrate. 

In studying the increase in amount of dye reduced with time it 

was noted that 2,L-)B produced a curve roughly parallel with both the 

control and the sodium butyrate system. The 2,1-1JB, however, produced 

some stimulation over and above its effect as a substrate, This 

effect was also noted when comparing 2,t-DB and sodium laurate. With 

butyric acid only one oxidation step, in case of -oxidation, and 

only three in case of -.oxidation are possible. This is also true 

with 2,)-DB since it can be reasoned that either phenoxy acetic acid, 

or dichioro phenol will be the end product of the reaction. In the 

case of laurie acid, however, the carbon chain length is not a lind-. 

tation. It would appear then, that there is an additional effect of 
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2,1-flB on this Systeme It is reasonable to assume that this stimu- 

lation of activity is, at least in some measure, attrïbutable to the 

auxin-like characteristics of 2,14-DB and its homologues. 

This stimulation of activity with 2,L-DB also manifests itself 

when a seauence of concentrations of 2,1v-DB is used. Then the concen- 

tration of 2,L-DB is plotted against the activity, a curve is obtained 

which is not unlike that obtained when an intact plant or some part of 

a whole plant, e.. Avena coleoptiles, is treated with natural or 

synthetic auxins within these same concentration ran','es. 

Figure 2 shows an enlargement of the stimulation obtained over 

a concentration range of i to 100 micrograms of 2,L-DB. This curve 

is strikingly similar to those obtained when whole plants are treated 

with auxins (2,p.2). Figure 3 demonstrates the stimulation obtained 

when a concentration of 10 to 1000 micrograms of material was used. 

It is apparent from these curves that this stimulation of the enzyme is 

superimposed upon the role of 2,L-DB as a substrate. It s also ap 

parent that two different enzymes are affected, a fairly sensitive one 

showinr stimulation at 14 micromoles, and the other, a more resistant 

enzyme, shows stimulation at around 2S0 micrornoles. 

If the only or even the major pathway of metabolism of 2,14-PB 

is by p-oxidation, the three indicated intermediates would also serve 

as substrates for the system. Since the detection in this case is by 

an electron acceptor, the amount of additional activity indicated should 

be a direct measure of the number of electrons transferred within the 

system. From the reaction: 
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one would expect a four electron cange in oxidizing 2,L-DB to 2,t-D 

by .-oxidtion. Two electrons should be transferred in oxidizing 

2,L-flB to 2,L-D crotonic acid and an additional two electrons should 

be transferred in changing the unsaturated compound and the 
Ç 

-OH-. 

2,L-.DB to the -carbonyl compound. By this reasoning the Ç3.-Keto 

compound would donate no electron to the dye when it is cleaved to 

2,1-DR and an acetate. 

As seen in Figure L the exoerimental results confirm the expec- 

tations with one exception. The 2,1j-DB does give more dye reduction 

than any of the intermediates, which is as would be predicted. The 
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intermediates are all active and all at essentially the same level. 

The fact that the -Keto compound should be essentially indistinguish- 

able from the other intennediates is undoubtedly due to the fact. that 

the sample used was in the form of the ethyl ester since the free 

acid could not be isolated and purified. Since the chemicals were all 

added as their sodium salts, the ester undoubtedly saponified leaving 

ethanol in the system. The ethanol, by oxidation, could be converted 

to acetate which could enter the metabolic system. Depending on which 

particular metabolic cycle this acetate enters, at least one additional 

electron change would conceivably be produced. To check this, sodium 

acetate was added to the system in the same molar concentrations as 

those of the aceto-acetate derivative of 2,-DB and did produce a 

significant amount of dye reduction. While these studies are not 

conclusive, they do indicate a good possibility that 1-oxidation of 

the fatty acids is taking place within the system. 

The chrornatographic data has reïnforced the conclusions drawn 

from the enzyme reaction data by producing evidence that some of the 

intermediates found in the incubate are most likely a result of the 

-oxidation of 2,I-DB. These results, while indicating that -ox1- 

dation is probably a pathway of metabolism in tis particular system 

of enzymes, have not eliminated the possibility of some a -oxidation. 

In this light a sample of It(2,1-dichloro phenoxy) propionic acid (2,L- 

DF) mp 9200, was prepared for use in the enzyme system. It was reasoned 

that if 3-oxidation were a major pathway in this system, the 2,Li-DP 

would serve as a substrate equally well as 2,L-DB. Also, since - 

oxidation is DPN dependent and a -oxidation was shown by Stumpf 
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(2O,p.5558) not to be DPN dependent, the behavior of the system 

containing 2,li-P and in the presence and absence of DPN should serve 

as a ood indication of the part&cular mechanism involved. It was 

found, when these experimental conditions re iinposed, that 2,11-DP 

did serve as a substrate fr the system, but did not produce as iuch 

d'e reduction as 2,I-Pi3 dthin the saine concentration range. It was 

also determined that the oxidation of 2,L1-flP was DPN dependent, thus 

implicating poxidation. Figure 5. 

It is not inconcievable that 2,t-DP would undergo p-oxidation 

by the reaction 

-C- C-COOH 

- Cl 

Cl 

OH 

O-CC-COOH O-C--C-COOH 

- IIIJ51 

Ci 
Cl 

O 
14 

O-C-C-COOH OOH 
i__________________ i 

Cl 

+ HCCOOH 

As an added check for the presence of a-oxidation, a modified 

system much like the plant growth chamber was devised. A reaction 

mixture equal to about 10 times the amount of constituents used per 

tube was incubated with 25 micrograms of C, carbonyl labeled 2,t-flF3. 
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The s-stem was air-tight and wa flushed with CO2 free air during the 

reaction tie. The CO2 produced by the system was trapped in O. 

N NaOH. After t hours the mixture was brought to p 3 with concen- 

trated Ji, the temperature of the water bath brou7ht to about O°C and 

the mixture agitated for about an hour. At the end of this time the 

NaCH trap was removed, the dissolved CO2 precipitated with barium ion 

and the BaCQ3 plated onto spun glass dsca and counted. By this 

rieans it was found that no C-4O2 was produced from the action of the 

enzyme system ort 2,1-DD. 

While these studies have not clearly eliminated the possi- 

bilities of a-oxi ation in the enzyme system used, they do suggest 

that p-oxidation is the major pathway in the oxidation of 2,L-Dfl in 

the plant system. 

The possIbility of some a-oxidation in the system is evidenced 

by the presence of unidentified spots on the paper chromatogriis which 

contain the original phenyl ring and must be some intermediate in 

the m-'tabolism of 2,!-DB. The fluorescence of the 2,t-din±tro phenyl- 

hydrazone spots on the chromatograms indicates that some of these spots 

are aldehyde in nature. 

Evidence that p-oxidation is the major pathway of metabolism is: 

1. 2,L-D3 serves as a substrate for the system of fatty acid 

oxidizing enzymes used, as indicated by dye reduction. 

2. The derivat.ives of 2,L-DB that would be the logical inter- 

mediates in the case of p-oxidation of the compound also served as 

substrates for the system. These compounds showed the relative 
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activity that would be eected from the electron exchange in the 

-oxidation of 2,b-DB to 2,L-D. 

3. The cnromatographic data present substantial evidence that 

the derivatives of 2,L1-D3 which are the poEtulated inteznediates in 

the metabolism are present in th reaction nixture. 

To determine what lavels, if any, of 2,1-DP might be stored in 

the bodies of animals ingesting a crop treEted with the herbicide, a 

feeding study using whie rats andcarboxyl labeled C3 2,14-D and 

2,i-DB was conducted. The activity found in various animal tissues ie 

shown in Table 1. 

The inconsistencies found in the re1ation&ip of anount of 

chemical fed to the concentration of activity found in the animal are 

in large measure due to the differences in sizes and ages of the 

animals. ¡';ot enough aniitals were used in this first study to make 

any of the trends seen in the table really conclusive; however, a 

few of the outstanding dií'ferences may well be discussed. It is 

interesting to note the constant level of actvty found in the fat 

both at lL ay and 28 days. (Experiments i and 7). If the chemical 

were simply being stored in the animal body , it would seem 

reasonable to believe that the concentration would centirn to in- 

crease so long as the feeding was continued Since this appears not 

to be tne case, one might suppose that the activity has been incor- 

porated into a lipid pool in the form 2 
units and the concentration 

of these units reaches a state of equilibrium. 



TABLE 5 

Concentration of Chemical in the 
Tissue of Treated Animals 

Expt. unir Size Chemical Cone. Exposure Amt. Tissue Conc, 

NO. .nimals (gm) (ppm) Length (da) Ingested (rie) 2,h-DB 

1 2 10-l20 2,1.-DB 50.0 ppm 13 5.30 fat 9.20 ppm 
muscle .50 /organ 
liver 9.60 /organ 
kidney 1.00 /orgai 

2 2 1:O-120 2,Lt-B 25.0 ppm 13 6.25 fat 0.33 pp 

3 1 70 2,1.I)B 5.0 ppm 10 3.5) fat 3.6i 

liver none 
muscle 0.017 pp 
kidney none 

1 70 2,Lj-D 5.0 ppm 10 fat nons 
liver 0.012 ppm 

5 1 200 2,ti-DB 50.0 ppm 1I 15.00 liver 3.00 /organ 
iuscìe 3.00 ppm 
fat none 

6 1 200 2,L-D 12.5 ppm 1 3.76 liver none 
usc1e none 
fat none 



Table (Continued) 

Expt. Number Size Chemical Cone. Exposure Anit. Tisaue Cone. 
2,)4-DB No. Animals (gm) (ppm) Length (da)Ingested, mg 

7 1 2O 2,L.-r'3 53.0 ppm 28 30 liver 
fat 9.0 ppm 

8 1 200 2,t-D 12.5 ppm 23 7.52 liver 3.6 /organ 
fat none 

* Assurnin:: the activit: to be 2,4-DB 
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The absence of 2,L-D deposition in the fat of the animals 

suggests that perhaps 2,L-1JB is not being deposited merely as a 

chlorinated organic compound in the fat, but by some other mechanism. 

In order to establish the identity of the activity found in the animals 

fat, paper chromatoraxns were prepared in several di ferent developing 

solutions, From these chrontograms the most significant result was 

t smearing of the activity the entire length of the strip. It W38 
extremely difficult to achieve any real separation of the active 

components. This might be interpreted to indicate that the activity 

is incorporated into several of the many fatty acids in the animal body. 

In the light of this and the lack of conclusive differentiation of any 

of t spots, several two-dimensional chromatograms were developed 

first in n-butyl alcohol-propionic acid-water, then at right aníles 

with phenol saturated with water. These chromatograms resulted In 

several small spots in various locations and in two large spots. Of 

these, the Rf values of one of the more intense spots corresponded 

closely to the values obtained for 2,L-DB. It was felt that in so corn- 

plex a system that this Rf value was hardly conclusive evidence to the 

identity of the spot. 

These data would seen to indicate that the activity appearing 

in the animals fed 2,I-DB is primarily in the form of some metabolic 

intermediate. The evidence in support of this view is 

First: 2,1j-D is not deposited in the fatty tissue. )ne would 

reason that due to its very close cheiiiical similr1ty to 2,L-D that 

2,)4-fl13 should not be deposited either. 
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Second: the fact that activity is found can be accounted for 

by the poxidation, which is known to occur in animals, and the conse- 

quent distribution of C in the t±ssues. 

Third: the constant level of 9 ppm of activity found at 11 and 

28 days would suggest that the activity indicates presence and opera- 

tion of a lipid pool in which there is a fairly constant turnover of 

labeled fragments, rather than accumulation of the chemical in a deposit 

where the concentration should increase. 

Fourth: the chromatographic data further substantiates the 

views outlined above. The distribution of activity the full length of 

the one-dimensional chromatograms and the small scattered spots on the 

two-dimensional chromatograms suggest the incorporction of a 
2 

unit 

into a number of fatty acids, one or nore having an similar to that 

of 2,I-T3 in this system. 

'evera1 of the findings in this study are worthy of further 

discussion from their possible application to the specificity of 2,I-DB. 

It would appear that Ç -oxidation is the major route of metabolism of 

2,Li-DB in peas. This reaction would give immediate rise to 2,L-D, to 

which peas are notably susceptible. The possibility of some cL-oxidation 

activity might suggest sevr'ral reasons for the selectivity of the 

chemical. Alfalfa plants, which were found to be resistant to the chemi- 

cal, may have either a more selective p-oxidation system which does 

not attack 2,1-DB, or, possibly an -oxidation system whinh is more 

active than the p-system. By a -oxidation the chemical would be more 

slowly converted to 2,LL-D than by 
1 

-oxidation and either metabolized 

or detoxified before any injury can occur. It should be pointed out 
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that field studies have noted that alfalfa does suffer some injury 
at 

very heavy concentr:tions of 2,1.i...DB. This lends credence to the 

theory that the 2,L-PB is being metabolized but for some reason at a 

much slower rate than in the susceptible species. The other mechanism 

is, of course, detoxification, It is likely that the specificity of 

2,-fl3 involves some combination of both these. 

As was seen in Figure 1, the stimulation of trils system of 

enzymes is remarkably like that produced on the whole plants 
when treated 

with a plant growth regulator. This suggests that this etTect and 

possibly that most of plant growth regulation is occuring at a subcel-. 

lular level. It is most probable that a large part of the effect is at 

a molecular level. 

Figure 2 suggests that in this system two different enzymes 
were 

stimulated. Other workers have demonstrated that a number of widely 

diiTerent enzymes and enzyme ystems respond to phenoxy acids (l6,p.l- 

L76). These phenomena suggest some very general mechanism of herbi- 

cidal activity. It appears necessary to invoke some concept that would 

account for both inhibition an stimulation and which would be general 

enough to account for the response of widely differing enz:mes and 
enzyme 

systems to the sanie chemical. Plant growth regulators must rely on 

some characteristic which the different enzymes have in common, possibly 

the requirement for a specific secondary and tertiary conformation 
of 

the protein surface. It may be, as has been suggested, that the 

mechanism is one of adsorption of the chemical on t'nc protein surface. 

Such adsorption is conceived as modifying the catalytic properties 
of 



the enzyme resulting in stimulation at low surface concentrations arid 

inhibition at higher concentrations. 

While these speculations are interesting, they need much moie 

evidence. It is the opinion of the author that the syteri descMbed 

herein and other similar preparations are very adaptable to studies of 

mode of action of herbicides. It is suggested that these systems 

should be more widely employed since the coleoptile test, curvature of 

peas and other such macro systems have largely out-lived their useful- 

ness. It is difficult to see how much more relevant data cari be gleaned 

from these methods, and it is suggested that rather than extrapolating 

data from treatment of an intact plant to the molecular level, tbe 

investigators might profitably turn to at least a subcellu].ar level in 

their studies. 

SU'MARY 

A knowledge of the metabolic pathway of the plant growth 

regulators is indespensible to the investigators in the field. It was 

desired to determine the mode of degradation of 2,L-P to an active 

product, whether by a-oxidation, or p-oxidation, or a combination. 

vidence obtaíned from the activation of a system of enzymes prepared 

from an acetone powder oreparation of Laxtons Progress peas treated 

with various chemicals, and from the various metabolic intermediates 

found in the reaction mixture, has been presented. The data suggest 

that a-oxidation, if present at all, is only a minor route and that 

p -oxidation is in this particular system, the major route of the 



oxidation of 2,I-JB to 2,1-D. 

It was suggested that the rietabolic route possibly accounts for 

the sDecificity of this chemical. It was also suggested that the 

marked stimulation of the enzyme system by the chemical lends supuort 

to the plant growth regulation theory of adsorption of trie chemical on 

a protein surface. 

It has been shown that 2,I-DB is degraded by oth plant and 

animal systems. Since carboxyl labeled 2,b-T) was oot deposited in the 

animal tissues it was reasoned that the activity found in the rats fed 

2,J.j-DB was most likely some metabollc intermediate formed from an 

acetate fragment rather than 2,Li-DB se. Feeding studies now in 

progress using rìng-C labeled 2,I-D and 2,L-DB should provide a more 

conclusive answer. 
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