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Abstract-The in vitro and in vitro effects of a nymber of herbicides and plant growth regulators on phenylalanine 
ammonia-lyase (PAL) activity were investigated. The most effective in vitro inhibitors were product analogs, t-cin- 
namic and p-coumaric acids, and carbonyl reagents, hydroxylamine and nitromethane. Application of the herbi- 
cides diuron, dalapon, amiben, and chloropropham. to plants resulted in a decrease in the intracellular concn 
of PAL. The inhibitory effect of alachlor was found to be dose-responsive and somewhat specific. A correlation 
between PAL inhibition and herbicidal activity was observed for hydroxylamine. The cytokinin, pyranyl benzyla- 
denine, (PBA) increased PAL activity in pigweed. The possibility of developing herbicides acting through PAL 
inhibition is discussed. 

INTRODUCTION 

THE POSSIBILITY of developing a herbicide acting through selective inhibition of phenyla- 
lanine ammonia-lyase (PAL, E.C. 4.3.1.5) was discussed in a previous paper.’ This paper 
describes the effect of several herbicides and plant growth regulators on the in uivo and 
in vitro activity of PAL. The relationship between PAL inhibition and herbicidal activity 
is explored. 

RESULTS 

The effects of various herbicides, plant growth regulators, and carbonyl compounds? 
on the activity of PAL in plants are shown in Table 1. The compounds were applied 17.5 hr 
before harvesting as described in the Experimental Section using a solution of 3 mg active 
material/ml in 10% acetone. The plants used were green foxtail (GF, Setaria viridis Beauv.), 
pigweed (PW, Amaranthus retrojiexus L.), yellow nutsedge (YNS, Cyprus esculentus L.), 
and purple nutsedge (PNS, C. rotundus L.). Some compounds produced the same effect 
in all the species tested, while others produced opposite effects in different species. The 
extraction procedure and assay system were carefully checked and found to be quite repro- 
ducible. The effects observed, however, were somewhat variable due to slight differences 
in plant age and difficulties in reproducibly applying the compounds. Among the most 

* Present address: Adolph Coors Company, Department 306, Golden, CO 80401, U.S.A. 
7 Compound listed: 2,4-D, 2,4-dichlorophenoxyacetic acid; Diuron, 3-[3,4-dichlorophenyl]-l,l-dimethy- 

lurea; Dalapon, 2,2-dichloropropionic acid; Chloropropham, isopropyl N-[3-chlorophenyl] carbamate; Chlor- 
amben, 3-amino-2,5-dichlorobenzoic acid; Chlorflurecol, methyl-2-chloro-9-hydroxyflurene-9-carboxylate; Ala- 
char, 2-chloro-2’,6’-diethyl-N-[methoxymethyl]-acetanilide; Endothall, 7-oxabicyclo-[2,2,1]-heptane-2,3-dicar- 
boxylic acid; Diallate, S-2,2,3-trichloroallyl-diisopropylthiocarbamate; Fenuron, 3-phenyl-l,l-dimethyl urea. 

’ JANGAARD, N. 0. (1974) Phytochemistry 13, 1765. 
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effective inhibitors of PAL were 2,4-D, diuron, dalapon, and chloropropham. Endothall, 
alachlor. and diallate were effective inducers of PAL in pigweed. 

- 

Compound Species* Effect Compound Species E&t 
-~_ I______ 

Abscisic acid GF t 103” (9) 
- 74”<,i’Z) 

Alschlor CT-- -61”,,(l) 
YNS r’u’ + 65”,, (8) 
PUS -4.?“,,(?) 

Endothall G F O(5) 
2.4-u GF - 45”,, (3) PW + 267”,, (6) 

PW - 49”,, (3) 
Dmron GF -4O”,, (1) Hydroxqlamine GF -41”,,(7) 

PW - 50”,, (3) Nitromethanc GF 0 
D&pan GF -3o”,,O) Szmicarba~ide GF 0 

PW - 49”,,(3) 
Sodium Boroh!,dridc GF 0 

Chloropropham GF -w:,, (8) 
PW - V”,, ( IO) Phcnylhydr-wine GF - 34”,, (3) 

YNS _ 58”,, (2) 
PNS - 55”,, (2) Sodium (:)anidc GF -48”” (3) 

Chloramben GF _ w,, (-3) Diallate GF - 53”, (3) 
PW --.w,, (3) PW + I30”‘,, (3) 

Chlorflurecol GF - w,, (3) Fenuron GF -hO”,, (41 
PW -11”,,(j) PU 0 

PNS -- li”,, ( I I 

* GF = Srruricc rOdis (L.) Bcauv.. green Ib\tail. PW = ~11wxrrrl~~ r~/wtic~rr.~ I.... pyweed (redroot). YNS = 
C~perus esculrutws L.. jellow nutscdge. PNS = C‘~~~WJX ~t~ut/~l\ L.. purple nutsrcdgc. 

The effect of varying concentrations of alachlor on PAL activity in green foxtail was 
then investigated. Solutions containing 0.5. I. 2. and 3 mg of the compound per ml were 
applied to 4-week-old plants and the PAL activity and protein concentration measured 
17 h later. Two controls were used and each group was run in triplicate. The effects 
observed, going from lowest to highest dose. were none, 19.40 and 73”,, decrease in specific 
activity. The effect of the inhibitor on the it7 vile activit) of three other enzymes in addition 

to PAL is shown in Table 2. The IDH and G-0-PDH activities were slightly increased by 
alachor while PAL and TAL activities were decreased by 61 and CV,,, respectively. 

TABU: 2. ~LACXLOK L f,f-f.Cf’ 01 iri uw 4C~lVllY ok FOI’R GRI-I Y HIXIAIL f.K%WtS 
-__ I_--__----~_ ___I-. I_-_ 

Protein Isocitric DeH’ase G-6-P DeH‘asc P/\L TAL 
GOUp* mgtml Sp. Act. “/, Difl‘ sp. Act. i’j, DiB: Sp Act. I’,) Ditf sp. Act. ‘Ia, Diff. 

-I-__ ____. __.I_...~-. --_ ---..__ 

Control 2.0 I 137.0 33.7 31.5 5.4 
Alachlort 2.12 3hW + IO”,, 330~4 + y, 17,i - 6 I cl() 3.3 -yq’ 0 

I_-_ ---~----..__ 
* Average of two experiments. 
t Treated with 3 rng/ml and hartestcd 16 hr later. 

Figure 1 illustrates the time course of the effect of pyranyl benzyladenine (PBA) on PAL 
in pigweed. Four hours following treatment, the specific activity of PAL was the same 

in both groups. Following this, PAL levels increased greatly in the treated plants with the 
maximum effect observed 48 hr after treatment. 

The effect of a number of compounds on the ir7 7~itw activity of a corn acetone PAL 
preparation is illustrated in Table 3. The value shown is the mean response and the 
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number in parentheses indicates the number of times the compound was tested. A value 
of less than 15% was considered to be no effect. The most effective inhibitors were t-cin- 
namic acid and p-coumaric acid. Compounds such as 2,4-D and chloropropham which de- 
creased the in viuo activity of PAL, had no effect on the in vitro activity of the enzyme. 

Esam PEA, 2 mg/mC 

60 72 

Time, hr 

FIG. 1. EFFECT OF PBA APPLICATION ON in km ACTIVITY OF PAL IN PIGWEED. 

The plants were homogenized (1 g fresh wt/lO ml borate buffer) as described in the Experimental sec- 
tion. The homogenate was centrifuged for 20 min at 28700 4 and the supernatant solution was used 
for the analyses. 

The effect of the carbonyl reagents phenylhydrazine, sodium cyanide, and sodium boro- 
hydride on the in vitro activity of PAL from green foxtail is shown in Fig. 2. Sodium 
cyanide was the most effective inhibitor of the three, giving a 96:/, inhibition at a 1.0 mM 
concn. Figure 3 illustrates the effect of varying concentrations of hydroxyl-amine and nitro- 
methane on green foxtail PAL activity. Both compounds are effective inhibitors, giving 
approximately 90% inhibition at a concentration of 0.5 mM. 

TABLE 3. In vitro INHIBITION OF CORN ACETONE PAL PREPARATION 

Compound 
Cone 

W) Effect Compound 
Cone 

W) Effect 

p-Coumaric 10 - 38% (2) Gibberellic Acid IO - I SC% (2) 
acid 100 -7lu/,(5) 100 - 27% (2) 

t-Cinnamic 10 - 39% (2) PBA 10 - 23% (2) 
acid 100 - 83% (2) 100 - 27% (2) 

Caffeic acid 10 - 24% (2) Abscisic Acid 10 0 

100 - 28% (2) 
Ferulic acid 10 0 Alachlor 10 0 

100 0 
Salicylic acid 10 0 
Syringic acid 10 - 30% (2) 2,4-o 100 0 
Sinapic acid 10 - 29% (2) Chloropropham 100 0 
Vanillic acid 10 0 Endothall 10 0 

Tri-lodo- 10 - 24% (2) Chlorflurecol 10 Benzoic acid 100 - 36% (5) 100 -3i%(3) 

The L-phenylalanine concentration in the reaction mixture was 5 x 10e4 M, the incubation temp. was 38”, 
and the incubation time was 2.5 hr. Each assay was run in triplicate. 
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The effect of applying hydroxylamine to young green foxtail plants is shown in Table 
4. The plants were sprayed until drenched with a surfactant solution (controls) or the same 
solution containing 1, 2, or 4 mg,hydroxyl-amine/ml. Twenty hr later the appearance of 
the plants was noted and a sample taken for the determination of PAL activity and protein 
concentration. The same procedure was reported 72 hr following treatment. At 20 hr there 
was a positive correlation between the degree of plant damage observed, the amount of 
hydroxylamine applied. and the degree of PAL inhibition. Between 20 and 72 hr the plants 

receiving the highest dosage died. At this time, the degree of PAL inhibition and the degree 
of plant damage had increased markedly in the plants sprayed with the solution containing 

2 mg hydroxylamine/ml. 
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InhIbitor cont., Mx104 

FIG. 2. INHIBITION OF GREEN WXTAIL PAL HY SODIUM CYANIDE. SODIUM BOROHYDRIDE AW 

f'HIUYLHYI~RA%IY~. 

Experimental detak are in the text. 

Table 5 illustrates the relative sensitivity of PAL and TAL from green foxtail to in citro 
inhibition by hydroxylamine and nitromethane. The inhibitors were added to the reaction 
mixture to give a final concentration of 5 x IO-’ M and 2 x lo-” M. The two enzymes 
were equally sensitive to inhibition by these compounds. 

0 
I 

0 2 4 6 8 0 2 4 6 8 10 

InhIbItor cone, MxlO' 

FIG .1. 1~1 vitro INMIBITION 01: GKE6N FOXTAIL PAL “Y HYI~ROXYLAMINfi AND NITROMETHAN1:. 
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TABLE 4. EFFECTOF HYDROXYLAMINEON GROWTHOF GREENFOXTAILANDON in ko PAL LEVELS 

Hours NHzOH 
following added 
treatment (mgiml) 

Cinnamic acid 
produced 

(pmoliml) 

Protein 

(mgiml) Sp. act. Diff. 
Appearance of 

plants 

20 0 
1 
2 
4 

72 0 
I 
2 
4 

26.2 0.93 28.2 
20.2 0.99 20.3 
19.5 1.06 1X.4 
21.3 I .90 11.2 
21.0 109 19.3 
- 

8.5 1.38 
_ 

6.2 

- Normal 
- 28% Slight dehydration 
- 3512 Chlorotic 
- 60% Withered 

Normal 
- None available 

- 68’>!, Severely withered 
~ Plants dead 

DISCUSSION 

The compounds producing the most in vitro PAL inhibition were either products, t-cin- 
namic acid and p-coumaric acid, or carbonyl reagents, hydroxyl-amine and nitromethane. 
The product inhibitors behaved as classical competitive inhibitors and the corn green fox- 
tail and pigweed PAL preparations were similar in this respect to PAL from other 
sources.2-7 Both t-cinnamic acid and p-coumaric acid also inhibited TAL from green fox- 
tail. The carbonyl reagents were probably active as a result of their ability to covalently 
react with the dehydroalanyl residue reported to be present in the active site of the 
enzyme. 7-1o The kinetic properties of the enzyme in the presence of these inhibitors is con- 
sistent with this view. The inhibition produced by these compounds was non-competitive, 
irreversible, and could be increased by preincubating the enzyme with the inhibitor. No 
evidence was obtained to suggest that PAL from green foxtail is an allosteric enzyme.5 

TABLE 5. In vitro INHIBITION 0~ PAL AND TAL FROM GREEN FOXTAIL BY HYDROXYLAMINE 
AND NITROMET1-1ANE 

Inhibitor 

Inhibitor PAL activity 
concn- AA” % 

(PM) group 270 nm Inhibition 

TAL activity 

A A” 
0’ 
4, 

330 nm Inhibition 

NH,OH 0 1,042 0.168 
50 0.828 -21% 0.141 - 16”/, 

200 0.356 - 65% 0.092 - 55% 

MeNO, 0 0.427 -_ 0.160 
50 0.213 - 50% 0.064 -60% 

200 0.09 1 - 197; OOOS -950; 

The in uivo activity of PAL is known to be affected by a number of variables.’ ‘-I3 Com- 
pounds that intercalate with deoxyribonucleic acid in peas produce increased levels of PAL 

’ HAVIR, E. A.. REID, P. D. and MARSH, H. V., JR. (197 1) Plant Physiol. 48, 130. 
3 RAO, P. V. S., MOORE, K. and TOWER$ G. H. N. (1967) Canud. J. Biochrm. 45, 1863. 
4 SCHOPFER, P. (1971) Planta 99, 339. 
5 BOUDET, A., RANJEVA, R. and GADAL, P. (1971) Phytochemistry 10, 997. 
’ YOUNG, M. R. and NEISH, A. C. (1966) Phytochemistry 5, 1121. 
’ HODGINS, D. S. (1971) J. Biol. Chem. 246, 2977. 
s HANSON, K. R. and HAVIR. E. A. (1970) Arch. Biochem. Biopllys. 141, I. 
’ HAVIR, E. A. and HANSON, K. R. (1968) Biochenz. 7, 1904. 

lo MARSH, H. V., JR., HAVIR, E. A. and HANSON, K. R. (1968) Biochrmistry7, 1915. 
’ ’ HAHLBROCK. K.. KUHLEN. E. and LINDL. T. (197 1) Plama 99, 3 11. 
I2 RUBERY, P. H. and NORTHCOT~.. D. H. (1968) Nuture 219, 1230. 
I3 WALTON, D. C. and SONDHEI~R, E. (1968) PIarlt Ph_vsiol. 43, 467. 
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activity and increase the rate of pisatin synthesis.13.’ ’ In this paper PBA (pyranyl benzyla- 
denine), a cytokinin, was found to induce PAL activity in pigweed. Kinetin has a small 
stimulatory effect on PAL activity in grapefruit callus.” Cytokinins stimulate isoflavone 

and anthocyanogen synthesis in clover. I’ an action which may be mediated through PAL 
induction. Gibberellic acid promotes lignification and induces PAL in se\~ai plant spe- 
cies.‘“+“’ Ethylene also increases PAL activity.“’ ” Abscisic acid depresses lignin and 

phenolic biosynthesis,‘3 a finding that could be explained by PAL inhibition. In this paper, 
abscisic acid was found to increase PAL activity in green foxtail and to decrcasc it in yel- 
low and purple nutsedge. Abscisic acid has been reported to produce both an inhibition 
and a stimulation of PAL activity irl Cro. 13.“‘.23 2.4-D decreased PAL activity in both 
pigwecd and green foxtail. 

c\ number of herbicides, affected the ill Cro activity of PAL. Diuron. dalapon. Amihen, 
C‘IPC, and Maintain (CF. 125) consistently produced a PAL inhibition in all four of the 

species tested. It is difficult to assess the relationship between the herbicidal activity of 
these compounds and their inhibitory effect on PAL. It should be noted that there was 
a dose-response relationship between the amount of alachlor applied to green foxtail and 

the inhibition of PAL obtained (Table 1). It was also found that alachlor application could 
significantly affect PAL and TAL activity without affecting the activity of isocitric dehyd- 
rogenase. a citric acid cycle enzyme. OI glucose-&phosphate dehydrogenase. an en;lymc 
of glucose metabolism. 

One of the reasons for selecting PAL as a possible target f& herbicide desi;:n is that 

this enzyme has not been reported to occur in mammalian cells.“.“” If an inhibitor highly 
specific for PAL can be designed. it may display a low level of mammalian toxicity. How- 

ever. it should be noted that histidine ammonia-lyase. an enryme found in mammalian 
cells, appears to contain a dehydroalanyl moiety in its active site.‘- I” as dots P.4L.- “I 
The effect of PAL inhibitors on histidine ammonia-lyase should be asccrtnincd therefore 
prior to the widespread USC of such an agent. 

Another reason for selecting PAL inhibition as an approach to herbicide design \vas the 
hope of obtaining a selective herbicide. It was hoped to achieve this by selzctivcly inhibit- 
ing PAL activity while leaving TAL activity unchanged. Those plants containing primarily 
PAL activity would be adversely affected by an inhibitor of this type. while those contain- 
ing both PAL and TAL activity. including corn, wheat, sorghum. oats. rice. sugar cane 
and barley. would be much less sensitive.‘,’ i,“’ However. the findings that PAL and TAL 
are equally inhibited by some compounds irk ciao (Table 2) and i77 ritro (Tahlc 5 ). that PAL 
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and TAL from green foxtail cannot be separated easily,’ and the literature report that the 
deamination of both L-phenylalanine and r_-tyrosine is catalyzed at a common catalytic 
site on the PAL from maize,2 suggest that it may not be possible to achieve selectivity 
in this way. 

The question of the relationship between PAL inhibition and plant survival is difficult 
to answer. If one observed a 90% inhibition of PAL activity and no deleterious effect on 
plant growth, then it can be concluded that PAL activity is non-essential. This was never 
observed. In this study a positive correlation between herbicidal activity and PAL inhibi- 
tion was observed (Tables 1, 2 and 4). This finding, together with the general background 
showing the relationship between PAL activity and lignification, l2 makes it appear 
reasonable to operate on the assumption that PAL inhibitors may have herbicidal or plant 
growth regulatory activity. 

EXPERIMENTAL 

The PAL and TAL assays and the corn acetone powder preparation were described in the previous paper.’ 
lsocitric dehydrogenase and glucose-6-phosphate dehydrogenase were assayed according to standard methods.30 

In vivo enzyme tests. Three to five-week old plants were sprayed until drenched with a 10% acetone soln (05% 
Tween 80 and 0.5% Span 20) containing the test compound. The plants were routinely sprayed at 16.00 hr and 
harvested the following morning at 09: 30 hr. The plants were washed, weighed, minced, and homogenized in 
a Virtis homogenizer. Cold 0.1 M borate buffer (pH 8.8, 5 mM glutathione) was used at a ratio of I g plant mater- 
ial per 4 ml buffer. The homogenizer was run at the 60 setting and run for a period of 45 sec. The homogenate 
was filtered through cheesecloth and the filtrate was centrifuged in a refrigerated centrifuge for 15 min at 29,000 9. 
The temperature was maintained at 5”. The supernatant solution was then decanted into chilled test tubes and 
used for protein3i and enzyme assays.i 
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