METABOLISM OF HERBICIDES

Complexes of 3-Amino-1,2,4-triazole

in Plant Metabolism

3-Amino-1,2,4-triazole may exert its effects in several ways.

ties may contribute to reduction in activity of many enzymes.
to develop certain proteins appears to occur typically.
metabolism have been shown to be interfered with,
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Its metal-chelating proper-

Failure of treated plants

Glycine utilization and histidine
A relatively stable glycine-3-

amino-1,2,4-triazole derivative has been demonstrated, and the naturally produced

derivative aminotriazolylalanine has been identified and characterized.

interference

with normal amino acid metabolism can account for the failure of synthesis of plastid
proteins that normally occur in green portions of plants.
structural protein framework associated with chloroplasts, pigment synthesis cannot occur.
Although a glucose-3-amino-1,2,4-triazole adduct has been reported, its importance as a

limiting factor in metabolism is questionable.

Without the enzymatic and

A strong possibility exists that a common

precursor of nucleic acid and protein synthesis is interfered with by 3-amino-1,2,4-

triazole.
D('Jux(‘ the  mid-1930"s, 3-amino-
1.2 d-triazole was introduced ax a
selective  herbicide (/73 One  of its

carliest uses was as a defoliating and re-
growth-inhibiting  agent /2) in  the
mechanical harvesiing of couton. The
compound ncreased  the  eflecuveness
ol many  commercigl defoliants while
adding w0 the ol regrowth
inhibiuon.

proper

3-Amino-1.2.4-triazole has been used
successfully: in the conwrol of several
woody species. Folvon vy is quite sensi-
dve.  Toliage spravs ol 3-amino-1.2.4-
wiazole at the vate of Y pounds per acre
produce an 897 kill of several species of
oaks and ashes. Honevsuckle iz also
casily conuolled by applications of 3-
amine- 1.2 4-triazole.  Sassalras and red
maple #re not very seasitive.  Virginia
creeper and ericaccous  species
ave unatltected.

The most characteristic svimptown ob-
served  followiag  5-amine-1.2.4-wriazole

mMam

treatments i~ an  almost pure white
growth.  Neither chlorophyvll nor ca-
rotenoids are produced in appreciable
quantities,  Leal primordia that have
already  differentated at the dme of
weatment may expand almost to {ull
size.  In the process of being formed.
however. they mav be prevented from
fullv expanding. but will still retain their
form.  This 1x in sharp contrast 1o the
drasiie formative changes ofien observed
with such herbicides as 2.4-D.

Since field wials demonstrated that 3-
amino-1.2.4-uiazole ix a useful phvio-
cide. basic studies have been conducted
to learn more about the entrance. dis-
wibution. and wansformaton of  3-
amino-1.2.4-wriszole in plants to arrive

at rome understanding of how the chem-
ical functions as a phyviocide.  An im-
portant recent review of this work is
that by Hilton e/ wl. (/7).

Theory and Findings

Tracer studies using  3-amino-1.2.4-
triazole and autoradiography indicate
that this substance ix abrorbed through

the leaves and roots by members of

many plant genera.  Translocation both
upward and downward mayv occur guite
rapidly.  Andersen (2) found that radio-
acuvity [rom  3-amino-1.2.4-wiazole-3-
M was distributed throughout nut grass
plants 21 . hours after application on a
single leal. "The rate of movement of 3-
amino-1.2.4-wriazole has been said 1o lar
exceed that of radioactive 2.4-D.  In
less than a day after application o leaves.
radioactivity is  detectable  throughout
bean. tomato. four o'clock. and maize
(277, Root growth ol Populus tremula
is notceably affected within 24 hours
after application of 3-amino-1.2.4-wi-
azole to mature leaves (9).

Since 1937, it has been known that
radioactve  3-amino-1.2.4-uiazole  is
rapidly metabolized (37). Racusen (29)
found in the bean that only 79 of the
total radioactivity was in 3-amino-1.2.4-
triazole at the end of his sampling period.
The only radioacive 3-amino-1.2.4-
triazole found was in the weated leaves
and in the roots: though large amounts
of radioactivity were present in the stem
and bud. none of it was in 3-amino-
1.2.4-wriazole.

The fact that metabolic transformation
of 3-amino-1.2.4-wriazole is quite rapid
and extensive causes considerable difhi-
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culty when trving to account for the ob-
served svmptoms.  The possibility exists
that metabolic transformadon products
play important roles in the phveocidal
acton of the chemical. But it might
equally well be that 3-amino-1.2.4-ui-
azole reacts with certain plant constitu-
ents to form tovic compounds that per-
dst and produce the symptoms associ-
ated with 3-amino-1.2.4-wiazole treat-
ment.

Attempts o clucidate the tosic action
of 3-amino-1.2.4-riazole have centered
upon respiration studies including glu-
core adduct formation. metal-binding
properties of the compound. porphyrin
metabolism. and  the mewbolism  of
compounds containing  an  imidazolyvl
group.

Respiration Studies.
tigators have measured respiration of
3-amino-1.2.4-triazole -treated tissues (/2.
200235, 3-Amino-1.2.4-triazole ard it
salts generally cause an inidal stimula-
tion of respiraton of Avene sections and
leal disks. But. alter about 26 hours, the
O uptake of weated leal disks is approxi-
mately the same as the conwols.  Thus
[ar. respiration studies per se have re-
vealed very litle that is of positive
interpretive value,

Glucose metabolism may. however, be
affected. A glucose adduct with amiro-
triazole has been described by Rogers
(30/) ard bv Frederick and Gentile (77).
Infrared absorption spectral analyses
indicate that the p-glucose adduct of
3-amino-1.2.4-wriazole is an amine gluco-
side (Figure 1).  Assuch, it could partici-
pate in phosphorylating reactions and
offer some resistance to phosphorylation
by hexokinase, If this were itx only

Several inves-
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Figure 1. Glucose adduct of 3 amino-
1,2,4-triazole as deduced by Fred-
erick and Gentile (10)

effect on metabolism, however, it would
be difficult to account for the typical
symptoms.

In test-tube experiments with phos-
phorylase  from  Oscillitoria  princeps,
Frederick and Gentile (70) have been
able to demonstrate that 3-amino-1,2,4-
triazole acts as an inhibitor. But very
strong 3-amino-1,2 4-triazole solutions
are required to block all activity.

Metal Binding. 3-Amino-1,2,4 tri-
azole could exert some of its effects
through its ability w form salts upon
reaction with many acids and bases.
It also reacts with aldehydes and ketones
through the amino group and forms
stable complexes with several metals
such as iron. copper, nickel, and mag-
nesium. On the other hand, 3-amino-
1,2,4-triazole treatment is known to re-
sult in an accumulation of manganese
(20).

A ferric chelate can be readily formed,
and the author has confirmed Frederick
and Gentile’s statement that a 3:1 ferric
chelate with 3-amino-1,2,4-triazole is
produced (Figure 2). Other mezallic
chelates are also produced (8). In none
of the author’s extensive experiments
with local application to leaves, buds,
and roots have iron compounds been
able to prevent the development of
poiconing symptoms following the appli-
cation of standard amounts of 3-amino-
1,2,4-triazole.  Some slight relief has
been obtained in a few instances. But
the 3-amino-1,2,4-triazole-Fe complex
itself is effective as a chlorosis-inducing
agent. In experiments with corn, Mc-
Whorter (20) could find no difference in
the amount of iron in the leaves of control
and  3-amino-1,2,4-triazole-Fe—treated
plants. Some of the iron he measured,
of course, may have been in complexes.

Porphyrin Metabolism. As pointed
out earlier, lack of chlorophyll in new
growth follows application of 3-amino-
1,2,4-triazole. Omne could theorize that
lack of chlorophyll leads to death. But
it must be remembered that it is only the
tissue that develops after treatment thar
shows chlorosis. Is photosynthesis in
the old tissue affected? In several ex-
periments with radioactive carbon diox-
ide, neither the amounts of C! fixed nor
the alcohol extractable products receiv-
ing label appeared to be altered by the
introduction of 3-amino-1,2,4-triazole
into the tissue.

Since several steps in the synthesis of
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Figure 2. Trivalent (ferric) chelate

of amino triazole (10)

chlorophyll are known, it has been rela-
tively easy to learn if 3-amino-1.2,4-
triazole blocks any one of them. The
scheme shown in Figure 3 has, accord-
ingly. been tested at several points to
obtain critical data.

In experiments designed to determine
if 3-amino-1,2,4-triazole interferes with
the conversion of protochlorophyll to
chlorophyll, a technique developed by
Smith ¢t al. (32) was employed. Leaves
of dark-grown plants were ground in the
dark, and the holochrome was obtained
by centrifuging at 105,000 X G. Con-
version of protochlorophyll to chlorophvil
was observed by means of the Beckman
DU spectrophotometer. [t occurred
equally readily in the presence and
absence of 3-amino-1,2.4-triazole.

In a parallel experiment, dark-grown
bean plants were subjected to 3-amino-
1.2,4-triazole just before bringing them
into the light. Treated plants developed
some chlorophyll, but soon stopped,
whereas the controls produced chloro-
phyll steadily for 48 hours. These two
experiments were interpreted to mean
that 3-amino-1,2.4-triazole would not
prevent the formation of chlorophvll from
preformed protochlorophyll but would
stop svnthesis of new protochlorophyll.
In a further experiment. some light-
grown plants were weated with 3-amino-
1.2.4-triazole and allowed to remain in
the dark undl several new leaves had
developed. Upon being placed in the
light, the leaves turned green. Similar
results have been obtained in a repetition
of the experiment. Apparently there is
an interaction of light and 3-amino-
1.2,4-triazole that results in failure 1o
develop new protochlorophyll. Bogorad
(3, 4) found, additionally, no inhibition
of porphyrin synthesis by 3-amino-
1,2,4-triazole.

Even though chlorophyll was formed,
one might question whether the chloro-
plast was functional in photosynthesis.
An experiment was accordingly designed
to give some evidence on this point. At
intervals of 0, 1, 4, 8, 15, and 20 hours
during the greening process, untreated
and 3-amino-1,2,4-triazole—treated etio-
lated bean plants were supplied with
CHO, for 30 minutes. Paper chromato-
graphic analysis of the CMO, fixation
products showed that photosynthesis be-
gan soonest (after 4 hours of illumina-
tion) in the untreated leaves, and, for
the duration of the experiment, fixed
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Figure 3. Hypothetical scheme show-
ing the route of synthesis of some of
the best known porphyrins

the largest quantity of label into sucrose.
An excess of what was tentatively identi-
fied as CM-glycolic acid occurred in the
3-amino-1.2,4-triazole-treated  plants.
Two additional compounds, not found
in the conwols, became well labeled
and are discussed later.

If 3-amino-1,2,4-triazole exerts 1its
effect prior to the production of proto-
porphyrin 9 (Figure 3). suppression of
synthesis of porphyrins other than
chlorophyll might occur. Thus heme,
catalase, cvtochrome, peroxidase. and
chlorophyll should all be affected.

Experiments on heme svnthesis were
carried out with duck blood. Ducks
were used because of their availability
and the fact that bird ervthrocytes re-
tain their nuclei. In these experiments,
heme synthesis was actually stimulated
by 3-amino-1,2,4-triazole. As ver, these
experiments must be regarded as tenta-
tive though they have proved to be re-
peatable, Reports of no similar experi-
ments have come to the author’s atten-
tion.

Numerous experiments on catalase
activity of 3-amino-1.2.4-triazole-treated
plants have been carried out. Following
application of 3-amino-1.2.4-triazole.
catalase activity is sharply reduced in the
newly formed leaves. The same is true
for cytochrome c. Several reports are
now in the literature (73, 27. 26, 27, 36)
that show inhibition of catalase activity
by 3-amino-1.2,4-triazole.  Most of
these are based on in vitro experiments,
Possibly the effect is achieved through
chelation of 3-amino-1,2.4-triazole with
the iron component of the enzyme.
Experiments of Nicholls (25). as well as
Margoliash and Schejter (27), have
shown that an irreversible complex is
formed. Indeed, this fact has been
made use of by Price ¢t /. (27) in studies
on catalase synthesis.

In the production of the pvrrole
nucleus, glycine and succinic acid are
of key importance. Considerable signifi-
cance may, therefore. be attached to
the discovery that chromatograms de-
tecting free amino acids in 3-amino-
1.2.4-uwiazole-treated plants have much









and one ol the precursors of hisddine

histidinol.  Histidine applications. how-
have not. as vet, prevented 3-
amino-1.2.4-wriazole poisoning in beans,
Hilton (74) has been able to largely re-
verse 3-amino-1,2.4-triazole-induced in-
hibitdon of growth of Saccharomyces cere-
cosiaeand  Schizosaccharomyees pombe
with histidine.  The inhibiton could
not be reversed o the same extent with
p-histidine. r-hisudinol, urocanic acid.
other 1-amino acids. purines, or pyrimi-
dines.  Hilton’s attempts 1o demonstrate
1-histidine  protection against 3-amino-
1.2.4-triazole toxicity with seedlings of
higher plants vielded negative results,

Sund ¢t af. (37) found that the effects
of 3-amino-1.2.4-wiazole on the growth
in size of tomato plants can be signifi-
cantly reduced by the simultaneous ap-
plication of equimolar amounts of ade-
nine. guanine. hypoxanthine, adenosine,
guanosine. or inosine.  These compounds
had litde influence. however. on the
inhibition ol chlorophyll formation.
Weyter and Broquist (37) found that
inhibiton of growth of Escherichia coli
induced by amirotriazole could be al-
most completely reversed by adenine.
Histidine alone was ineffective. but. in
combination with adenine. brought
about a reversal that was more complete
than with adenine alone.
1.2.4-wriazole-inhibited  Twrula  cremoris
was rewurned o0 almost i normal
growth rate with the addition of histidine
but not by adenine.  Wolf {38) was able
to obtain complete reversal of 3-amino-
1.2.4-riazole  inhibition of growth of
Chlvrella pyrenoidosa with  equivalent
weights ol adenine. guanine. hvpoxan-
thine. and xanthine,

Measurements are vet o be made on
any of these organisins 10 determine if
there is an acwal reduction in synthesis
of any of their imidazolyl compounds.
Freliminary experiments with  Euglena
indicate that synthesis of adenosine
monophosphate and cytosine monophos-
phate are unaflected by quantites of
3-amino-1.2.4-wriazole that markedly re-
duce growth rates.  This point is being
investigated intensively.

If purine. pyrimidine. and amino
acid  metabolism are aflected by 3-
amino-1.2.4-wriazole. one can readily ac-
count for the [ailure of new growth of
treated plants to become green.  Chloro-
plasts are known o be sclf-replicating
bodies that contain large quantities of
protein.  Chlorophvllis formed in situ and
is deposited in monomolecular films on
protein lavers contained in the plastids.
‘Thus.  3-amino-1.2,4-triazole-treated
plants would fail to produce chloro-
plasts of normal size or perhaps none at
all.  In experiments carried out in the
author’s laboratory with Llodea plants
transferred 10 a very weak solution of
3-amino-1.2.4-wviazole. the new leaves

CVer,

3-Amino-

did indeed lack chloroplasts (Figure 8).
Spirodela {duckweed) and moss protone-
mata, however. continued (o produce
plasuds for some tme though the plas-
tds were few in number and very reduced
in size. Rogers (37) and Linser and
Kiermaver (79) reported similar tind-

Ings.

One of the few studies of the etlects of

3-amino-1.2.4-wriazole on cell clongation
was done by Jackson (/8). When 3-
amino-1.2,4-wriazole and histidine were
supplied individually, both  3-amino-
1.2.4-wriazole and histidine were toxic.
But when they were present together
they tended to neutralize one another.
Jackson™s results may be interpreted in
at least two ways.  Perhaps histidine
antagonizes the enwance of 3-amino-
1.2.4-urlazole  into  root hairs;  then
again. 3-amino-1.2.4-triazole may block
one or more steps in L-histidine synthesis.

Sund ¢ al. (3/. 37) and Hilton (73)
reported that partial relief of 3-amino-
1.2.4-triazole-induced chlorosis was ob-
tained in sced plants with rviboflavin.
Although members of the author’s labo-
ratory have wied several times, with a
variety of plant mateiials. they have
not been able to duplicate these authors’
results.  As vet, no one has been able
to obtain relief from 3-amino-1,2.4-
triazole inhibition in microorganismswith
riboflavin  additions to the growing
medium.  In those cases where there
has apparently been some reduction in
toxicity, some chemical inactivation of
3-amino-1.2.4-trjazole or possibly pro-
motion of complex formation mayv have
occurred.
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