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Sumntmary. The amino acid antimetabolite, DL-p-fluorophenylalanine (FPA), in-
hibited induction of flowering in the short-day cocklebur plant, Xanthiutm pensylvani-
cunt Wall., primarily by interfering with processes occurring during the inductive
dark period. At the concentrations tised the inhibitor had little effect on subsequent
vegetative development of the plant.

The inhibition was largely reversed (internally) by L-phenylalanine, but not by
D-phenylalanine nor by DL-tyrosine. The FPA strongly inhibited the absorption of
labeled phenylalanine, leucine, and glycine, and inhibited the conversion of pheny-
lalanine into protein in experiments where incorporation was separated in time from
effects upon absorption. The FPA, too, was incorporated into protein, at nearly
half the rate of phenylalanine. Neither D- nor L-phenvlalanine significantly interfered
with absorption of FPA, showing the FPA did not affect amino acid absorption bv
simple competition for a common carrier site. It was concluded that FPA may
affect flower induction because of its interference with normal enzyme synthesis,
although effects on other processes might also be involved.

Several metabolic inhibitors have been found
to interfere with flowering in short-dav plants
(21, 23). Some were applied to the cocklebur,
Xanthiurn pensylvanicuin Wall., at various times
during and after a single inductive dark period
to determine their specificity of action. Of these,
certain pturine or pyrimidine analogs, two amino
acid antimetabolites (ethionine and p-fluorophenyl-
alanine), and 1 inhibitor of isoprenoid synthesis,
were effective only during this dark period (2, 5,
22). Later application, even though still 7 or 8
days prior to determination of the floral response,
did not interfere with flowering when these chemi-
cals were used.

Conclusions from some of these studies with
the cocklebur are that RNA synthesis is an essen-
tial part of indtuction (3, 5), and, more tentatively,
that peptide or protein synthesis is also necessary
(5). Induiction of Pharbitis nil Chois. (Japanese
morning glory) requires active DNA multiplication
in the btud at the time of arrival of the flowering
stimtulus (27). Perhaps RNA synthesis in this
plant is also essential for induiction, since Galun,
et al. (10) recently showed that actinomycin D ap-
plied to the pltlmule stronglv inhibits its flowering.

In all of the experiments with cockleburs a
single leaf was used to provide the flowering stim-
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ulus. The need for RNA synthesis during the
dark period does not appear to be in the leaf, but
is primarily, or perhaps entirely, restricted to the
bud (3). This is true even though the plant cannot
be induced by darkening only the bud.

If the requirement for RNA synthesis is to form
a necessary enzyme or group of enzymes, protein
synthesis in the bud would be expected also to be
an essential part of induction. We have inves-
tigated this possibility using the phenylalanine an-
tagonist DL-p-fluorophenylalanine (FPA). FPA
inhibited indutction 50 % at about 0.02 M when the
single remaining leaf and bud were treated just
before induction (5). Its effect was largely over-
come by simultaneous addition of L- or DL-phenyl-
alanine. Inhibition was observed when FPA was
applied only to the leaf, and, less consistently, when
only the bud (shoot apex) was treated. At the
time it was not possible to positively conclude
whether this compound interfered with processes
occturring in the leaf, the bud, or both.

The present studies were designed to determine
whether FPA interferes with induction in the donor
leaf or in the bud, or in both, and whether protein
synthesis is the sensitive process involved.

Materials and Methods

General Techniquies of Handling Plants.
Growth, induction, and methods of evaluating the
floral response of the Xanthium pensylvanicum
\Wall. (cocklebur) plants were similar to those
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dlescribed by Salisbury (20). The plants were
grow iln soil-conitaining pots from seed kindly
suipplied l)y Dr. James Bonner. They were kept
vegetative prior to uise by exteIndinig the day-length
in the greenhouise to abotlt 20 houirs with incan-
(lescenit light of approximately 50-foot candles.
\VhIen plaints reache(d two months old they could
uisuially be tlse(l in the floweriing experiments.
Those in which the blade of the third or foturth
leaf longer than 1.0 cm (ntumbering from the
shoot-tip) was between 6.9 anId( 8.5 cm loIng were
selectecl. This leaf is the one capable of providling
the maximuim flowerinig response (12). The leaf
jiust above anid all older leaves were removed along
with their axillary buds. Except where noted,
plants were place(d on carts and puished into a dark
room for one 16-houir inductive dark periodl. They
were then retturned to the greenhotuse and main-
tainiedl for 8 or 9 (lays undler the uistual 20 hour
photoperiod. At the enId( of this time the floral
stage was (letermine(I according to the system of
Salisbury (19).

Application alnd Souirce of Chemicals. The
FPlA or other chemicals were applied by (lipping
the leaves or shoot-apex directly in soltutions of the
chemicals. Tweein 20 (2 drops per 100 ml) was
ulse(l as a wetting agent to increase penetration.
The FPA tused was the DL-form suipplie(d by Cal-
biochem. or by the Nuitritional Biochemical Corpora-
tion. Phenylalanine ancl tyrosine were obtained
from the same souirces. The particuilar isomer uised
for variouis experiments is specifiedl in the Resuilts
section.

In the leaf disc experiments a cork borer was
used to cuit (liscs 1.2 cm in (liameter from the
photoperiodicallvr sensitive leaves of several plants
selected for uiniformity. These (liscs were pooled
in distilled water, removed anl l)lotted, andl 10 or
20 placed in each bottle uisedl for the incuibation
stil(lies. The bottles were either 2-ounce or 4-ouince
Skrip ink bottles containing si(le wells to which
5 % KOH was addedl to collect CO,. The leaf
(liscs were incuibatecl in 0.02 Mt sodiu1m-potassium
phosphate buffer at a p1I of 5.8 to prevent trapping
of the CO2. Radioactive chemicals were dissolved
in the btuffer. DL-phenylalanine-3-14C was obtained
from the New England Nuiclear Corporation. This
compouind is labeled oIn the carlbon of the alanine
si'de chain adjacent to the ring. L-letucine-1I14C
an(l DL-glycine-1-14C were obtained from Calbio-
chem. DlL-p-flutorophenvlalanine-3- 4C was ptir-
chased from Volk Radiochemical Company.

WN'hen labeled amino acids were added to the
leaves of intact plants, the leaves were first wetted
in water containing Tween 20 and(I allowedl to par-
tially dry. Then 0.10rml of the compouind(s was
spread over the uipper suirface of the moist leaves
using a micro-pipette. The plants were immedi-
ately placed in darkness as for flowering induction.

Tiss-uc Analysiv. In the leaf (lisc experiments
the 14CO., collectedl in the wells was analyzedl by

a direct plating techniquie described previously ( 18).
The leaves or leaf (liscs were thoroughly rinsed in
tap water to remove adlhering radioactive chemicals.
They were then either frozen at 2200 for later
analysis or were immediately homogeniize(l. Ho-
mogenization techniquies to extract soluble aminoIacids andl proteins were similar to those of Crook
(7). Leaf tissue (frozen discs or an individual
leaf) was placedl in 25 ml of cold distille(d water
adljusted to pH- 8.5 with Na(H. A Serxvall omni-
mixer (Ivan Sorvall, Inc.) was uised for grinding,
and anl ice bath kept the homogenate col(l. The
cell fragments -were filtered off ulsing filter paper
and were (liscarde(l. Protein was precipitate(l from
the filtrate by addiing trichloroacetic acid to a

fiinal concenitratioin of j %. Occasionally the pro-
tein was precipitate(l by heating to 800 for 1 houir.
The heating techniquie gave less protein but its
specific activity was the same as that obtained by
the acicl precipitatioin when phenvlalanine-3 ' {C haldbeen incorporated. Acid precipitated protein was
washed with 0.5 N trichloroacetic acid at room

temperatuire, then with acetone at room temperatulre,
and fincally with boiling acetone. Protein was (lis-
solved in 2.5 ml of 5 N KOH at 500. The volulme
was a(ljuisted to 25 ml with water and( samples were
then taken for determiniatioin of radioactivith! and
for proteini ainalysis by the Lowry proce(lure ( 13).

After removal of protein, the remainiing extract
was analyzed for radioactivitv and when chroma-
tography of labeled amino acids an(d other metabo-
lites was performed, the extract was either air-driedI
or freeze-drie(l. Paper chromatography was per-
formed ulsing n-butyl alcohol, glacial acetic acid,
an(l water (BA\V, 2: 1: 1 /v) as the first solveint
aind t-hbutyl alcohol, methyl-eth l ketolie, water,
ammoniulm hydroxide (5-BKN\V, 4: 3: 2: 1 v v) as
the second(l. Chromatograms were place(d against
Kodak Bltle-Brand N-ray film to locate radioactivke
compoun(ds. The amiino acidls were (letecte(I wvith
a ninhydrini spray.

Radioactizve Counting Techniiqules. All samples
for '4C analysis were platedl oIn stainless steel
planchets and countecl unlder a Nuiclear-Chicago
model D-47 gas flow geiger tube. Self absorption
corrections were madle for all samples except the
soluble extracts where self absorption was negli-
gible and in the case of some of the powders
preparecl from oven-dried leaf dliscs or leaves.
Wthere quantitative estimates of the translocation of
p-fluiorophenylalanine were ma(le the tissuie was
oven clrie(d and aliqilots combusted to CO., by a
wet oxidation techniq(ute previously described (25).
The CO2 was collected in KOH, precipitate(d as

BaCO2, an(d the Bal'+CO3 couintedl antd correcte(d for
self absorption.

Results

The Site of Action of FPA. We first attempted
to determinie whether UPA interfered wvith proc-
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esses in the leaf or in the bud that are essential
to flowering. In most of the studies no effect was

obtained when only the shoot-tip was dipped in the
inhibitor (0.02 M), but occasionally a small inhibi-
tion was noted. Leaf application consistently re-

duced the observed floral stage. When concentra-
tions as high as 0.04 M were used, FPA inhibited
flowering when applied to either site. Leaf appli-
cation was more inhibitory, although in this case

approximately 10 times as much chemical was added
to the plant due to the difference in wettable surface
area.

WAle fotund that translocation of FPA-1-C from
the shoot-tip to the leaf during the 16 hour inductive
period is almost negligible. In 1 experiment, for
example, a maximum of 0.02 % of the '4C added
to the shoot-tip was recovered in the leaf. The
possibility cannot be eliminated that some of this
radioactivity actuially moved as 1'CO2 formed from
catabolism of the labeled inhibitor, and was incor-
porated by dark fixation into the leaf. Even if
actual translocation of FPA does occur, it seems

very unlikely that such traces would be sufficient
to account for the inhibition of flowering resulting
from shoot-tip application. It is thus probable that
FPA, like 5-fluorouracil (3), does inhibit processes

occurring in the bud during photoperiodic induction.
Additional evidence for this will be cited later.

\VNe also noted in various experiments that the
movement of FP.A from the leaf to the bud during
induction was small. This, along with the greater
inhibition of flowering dtle to leaf treatment, suig-

gested that FPA-sensitive processes also take place
in the leaf. Another experiment was designed to
determine if this is true. Instead of using plants
trimmed to 1 photoperiodically sensitive leaf, as

in the above experiments, 2 additional leaves were

left on the plants, 1 immediately above and 1 just
below.

Three groups of 25 or 30 plants each were
induced to flower by covering the lowest leaf
(8 to 9 cm long) with black construction paper
for 16 hours. With one of these groups, the leaf
to be covered with paper was dipped in 0.04 M FPA.
A'ith a second group, the 2 leaves just above the
1 to be darkened were dipped in the FPA, and in
the third group, no inhibitor was added (controls).
By this method the treated plants received about
70 % as much FPA when the 2 uncovered leaves
were dipped as when only the covered leaf was

dipped. Starting at 4 PM, plants were placed
under 8 hours of incandescent light of approximately
50 ft-c intensity, then kept in darkness 4 hours,
then under normal greenhouse light during the
remaining 4 hours.

Results of 5 experiments using this technique
are summarized in table I. The floral stages are

relatively low in all cases, probably due to the fact
that the leaf covered is not optimum for production
of the floral stimulus (12), and also because the
presence of additional leaves kept in light causes

poor flowering (23). Inhibition of flowering due
to FPA (35 to 50 % in all experiments) resulted
only if this chemical was added to the covered leaf
in which inductive processes were occurring. Treat-
ment of the 2 leaves immediately above (not includ-
ing the shoot apex) was never significantly inhibi-
tory.

Translocation of 14C in labeled FPA to the bud
was barely detectable in both cases. If inhibition
of flowering had resulted only from translocation
of leaf-applied FPA to the bud, this inhibition should
have been as great when FPA was applied to the
uncovered leaves. These results demonstrate that
FPA interferes with some reaction essential to flow-
ering which occurs in the leaf providing the floral
stimulus. This conclusion is supported by the fact
that L-phenylalanine added to the shoot-tip did not

Table I. Inhibition of Cock!ebur Flowering by DL-p-fluorophenvlalanine (FPA).
FPA was added to the plants by dipping either the covered leaf or the 2 largest leaves above the covered

leaf directly in the solution. In no case was the apical bud dipped in the inhibitor. DI-p-fluiorophenylalanine-3-'4C
(3.5 mc/rmmole) was then added by spreading 0.10 ml over the upper surface of the treated leaves with a micro-
pipette. Black envelopes were used to cover the lowest remaining leaf of all plants and were removed after 16 hours.
as described in the text. Continuous lanolin rings were placed around the base of the leaf petioles to prevent creeping
of 14C to the apical bud. Buds were harvested immediately after the 16-hour period, oven dried, then wet combusted
to CO., and radioactivity counted as BaCO3.

Expt 1 Expt 2 Expt 3 Expt 4 Expt 5

No. plants used per treatment 25 30 30 30 30
Cpm FPA-14C added

per plant (X10-3) 93 133 86 113 670
FPA added (,umole/plant)
To uncovered leaves 24 22 21 19 20
To covered leaves 33 35 28 26 28

Cpm found in apical bud
From uncovered leaves 50 55 3 3 16
From covered leaves 5 0 3 5 29

Avg flowering stage
Controls 3.2 2.3 2.5 1.0 3.3
FPA on uncovered leaves 2.6 2.5 2.9 1.2 2.8
FPA on covered leaf 1.8 1.2 1.5 0.5 2.1

1187



Table II. Inability of L-Phenylalaninc Added to Cocklcburi, Shloot-Tips to Rcverse the InhtiwN11,i
Cautsed by Leaf-Applied FPA

Plants were treated by dipping the leaf or shoot-tip in the inidicated soluitioni just before a 16-houir inductive dark
period, and the floral stages xxere measured 9 days later. The nio. 3 leaf is that most effective iu: causing floxxer-
ing and was the only donor leaf remainiing on the plants when induced. Oven-dry weights of this leaf anid those wl,ich
developed above it cliriiig the 9 daxys prior to dissection xN-ere measured. All values are means of 20 p)lants.

Final (drx weiglhts

Treatimenit

Distilled x-ater (controls)
0.04 m FPA oni no. 3 leaf
0.04 M FPA oni nio. 3 leaf

and( 0.04 AI 1-plienylalanine
on shoot-apex

* Stanidard (leviationi.
overcome the inhibition caused by FPA added only
to a single remaining donor leaf (table II). Table
II also illustrates that this compotund interferes xvith
flowering without necessarily in fluiencing the in-
crease in dry weight of the leaves.

Tile Tinie of Inthibitory Actiont of FPA. If ari
inhibitor interferes with flowering only, becauise it
affects the indutction process, rather than by catusing
a general inhibition of growth alndI development, this
can be determined by time-of-applicatioin cu1rves
(20). It was shown previously that 0.02 M FPA,
applied simultaneouisly to the leaf and bud, inihibits
flowering only if adde(d dutriing the inductive dark
period ( 5). In more recent experiments we have

w
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BUD . LEAF

DARK PERIO

4 8 16 20 24 32
TIME OF APPLICATION (HOURS)

FiG. 1. The inhibitory effect of FPA upon flowering
when applied at various times durinig and after the induc-
tive dark period. Either the leaf or the shoot-tip (bud)
was dipped in a solution of 0.04 at FPA at the times
indicated. Eaclh point represents a meani of 3 experiments
in which each treatmenit had 15 or 20 plants.

Avg
floral stage

4.1 -+- 1.6*
2.7 +- 1.1

2.7 -4- 0.65

Original
no. 3 leaf

294 miig
293 mg

Youinger
leaves

135 m1g
137 mg

295 Illg 131 mrug

tisedl 0.04 M concentrations of FPA, appliedl to the
leaf or btud of separate grouips of plants.

These higher conceintratioins of EPA a(lded to
the single donor leaf inhibited primarily, although
not entirely, during the (lark period ( fig 1). Some
retardationl of floral developmenit occulrre(I uiponl
application even 24 houirs after the end( of this inclulc-
tive period. Bul(I applicatioin of FlA caused inhi-
bition regardless of the time of treatnmenit, suiggestiing
that a rather inon-specific effect was involved.

It might be suispected that the inhibitions note(d
from applications after the inductive cdark period
are clue to a general inhibition of growth. This,
however, cloes not appear to be truie, since 0.04 .\

FPA did not inhibit the final dry veghts of either
the donor leaf or of the combined yo lnger leaves,
regardless of the site of applicationi. In I experi-
ment, for example, the average final dry weights
of the dlonor leaves at the time of dissectioni were
as follows: A) controls, 285 nmg: B) 0.04 NT FPA
added to loior leaf, 296 mg; C) 0.04 -m FPAX added
to shoot-tip, 299 mg (also see table II). Perhaps
FPA interferes with necessa-ry processes occLurring
after the inductive clark period, suiclh as transport
of the flowering stimululs to the buid or clifferenti-
ation of the buid itself. In any case, FPA interfered
most with flowering when a(lded to the donor leaf
before or duiring the inductive dark periodl.

The ,echanisin of Actioni of EPA. \Ve first
determinedl whether FPA influience(d the respiration
rate of cocklebuir leaves, using a Warburg apparatuis.
No significant effect ulpon respiration was observed
when donor leaves were dipped in 0.04 mI FPA, as
in the floxvering studies, and the rates measuired 9
houirs later. Similarly, 4 mM FPA adde(I dlirectly
to the \Varburg flasks didc not significantly in-
fluence the oxygen uptake of leaf dliscs, suiggesting
that a general interference with respiration is not
responsil)le for the effect uiponl flowering.

The inhibitory action of FPA uI'pon proteill synl-
thesis observed in animal and microbial systems
(6, 17) suiggestedl that this compoulndl might inter-
fere with this process in cocklebur leaves. Most
of the experimenits designedl to test this possibility
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Table III. Influence of FPA Upon Incorporation of Amino Acids into Protein of Cocklebur Leavtes or Leaf Discs
Leaf results are means from 5 leaves and are representative of 2 experiments. One donor leaf of intact plants was

treated with 0.5 ,uc of DL-phenylalanine-3-14C (7.55 mc/mmole) after dipping in water (controls) or 0.04 M FPA,
and was analyzed after 16 hour darkness.

Leaf disc results with DL-Phe-1C are means of 4 flasks and are representative of 5 experiments. Twenty leaf
discs (600 mg fr wt) were incubated 4 hours in darkness at 280. Flasks contained 10 ml of P1 buffer at pH 5.8 with
1.0 Ac of DL-Phe-14C. Leucinie and glycine results are means of 6 flasks containing 1.0 Ac each of L-leucine-1-14C
(8.0 mc/mmole) or DL-glycine-1-14C (23.6 mc/mmole), 5.0 ml of buffer, and 10 leaf discs.

Counts/min/flask

Labeled Soluble
Experiment amino acid Inhibitor CO2 extract Protein

-Leaves DL-Phe-3-14C None 36,100 10,300
4 mm FPA ... 7580 1500

Leaf DL-Phe-3-14C None 736 394,000 23,400
discs 4 mM FPA 408 88,600 3920

L-Leucine- None 68,500 79,800 15,200
1_14C 4 mM FPA 9520 15,300 3180

DL-Glycine- None 36,600 78,900 14,100
1-14C 4 mM FPA 14,800 16,200 4260

were done with discs cut from leaves of a size and
age optimum for causing flowering, because more
reproducible results could be obtained than with
intact leaves. Nevertheless, some of the results
with leaf discs were verified by 1 or more experi-
ments with intact plants.

That FPA strongly inhibited the incorporation
of labeled phenylalanine into protein of either leaf
discs or intact leaves is evident in table III. How-
ever, the total amount of phenylalanine absorbed
was also strongly inhibited by FPA, masking any
effect on protein synthesis which may have oc-
curred. The effect upon absorption can be seen
by comparing the radioactivity in the soluble aqueous
extracts, which we have found by paper chroma-
tography to consist primarily of unmetabolized
-phenylalanine. This fraction contained most of the
radioactivity absorbed by the leaf discs, but the
insoluble residues obtained when the tissues were

homogenized also contained radioactivity, and in-
corporation into this fraction was similarly inhibited
(data not shown). The conversion of phenylala-
nine-3-1AC into 14CO2 was affected less by FPA than
was absorption and incorporation into protein.

Because of the marked effect of FPA upon

phenylalanine absorption by the tissues, labeled gly-
cine and leucine were used as tracers to measure

protein synthesis, since it was suspected that FPA
would not appreciably interfere with their uptake.
Table III summarizes results of separate experi-
ments showing that the FPA did inhibit uptake of
both glycine and leucine in cocklebur leaf discs,
the effect being approximately as great as the in-
hibition of phenylalanine absorption. Thus, a sig-
nificant difference in protein synthesis cannot be
demonstrated by incubating the leaf discs simul-
taneously with both the inhibitor and any of these
amino acids. It was necessary to perform experi-
ments in which uptake of the labeled amino acid

was separated in time from the effect of the
inhibitor.

Table IV lists the results of averages from 2
such experiments in which FPA inhibited incor-
poration of previously absorbed phenylalanine into
protein by nearly 40 %. If corrections had been
made for the amount of incorporation occurring
during the first hour when FPA was absent, the
inhibition wotuld probably have been even greater,
but this was not measured. It may be concluded
that FPA does inhibit protein synthesis in cocklebur
leaf discs. This experiment was not performed with
intact leaves, but it is assumed that FPA would also
interfere with protein synthesis in these leaves,
especially since the effects on amino acid absorp-
tion are the same as in leaf discs (table III).

FPA itself has been shown to be incorporated
into protein of certain microorganisms and animal

Table IV. Inhibition by FPA of the Incorporation of
Previously Absorbed Phenylalanine into Protein of

Cocklebur Leaf Discs
Values are means of 2 experiments, each having 4

replications per treatment. Twenty leaf discs- were incu-
bated in flasks containing 10 ml buffer and 3.0 ,uc of
DL-Phe-3-14C (2.5 mc/mmole) for 1 hour at 280 in
darkness. Tissue was rinsed and placed in fresh buffer
without labeled phenylalanine for 3 hours. Half of the
fresh buffer solution contained 4 mm FPA, the other
half contained no FPA (controls). Analyses were made
after the second, 3 hour incubation.

Counts/minute

Treat- Soluble
ment extract CO2 Protein

Control 70.250 228 16,800 (2410)*
4 mm FPA 76,000 256 10,700 (1510)
* Counts/min/mg protein
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cells, replacing phenylalanine (1, 11, 17). In Es-
clherichia coli, FPA replaced the majority of pheny-
]alanine in the proteinis, while synthesis occurred
at about half the normal rate (see ref 17). The
incorporation of other amino acid(s into protein was
not affected by FPA. FowN(den (9), workinig with
radicles of germinating mtung hean seedlings, fotund
a phenylalanine-reversible EPA inhibition of
growth, btut observe(d no incorporatioin of FPA
iinto protein. Experimenits were therefore con-
(ltcted to determinie if suich iincorporation occturs
in cocklebur leaves, siince this pheinomenoin might
lead to the formation of proteins incapable of
catalyzing 1 or more of the chemical reactioins
necessary for flowering.

Table V lists dlata showiing that w,xhen eclual
amotunts of labeled FPA andl phenylalanine were
a(Ided to leaf discs, about 94 % as mtuch FPA wvas
absorbed, and 44 % as muich radioactiWity from FPA
was incorporated into the soluble protein fractioin.
To confirm that this 14C was in(lee(d in the FPA
molectule, the protein was hydrolyzed by boiling
16 hours in 5 N KOH. The hvldrolvsate Nwas neu-
tralized with perchloric acid, chille(d to remove inl-
soluble KC104, and the amiino acids chromatographed
2-dimensionally with unlabeled carrier FPA. FPA
moved with phenylalanine in the first solxent
(BA\V), and was just resolved from phenylalanine
in the second solvent (t-BKN\-). \When auitoradio-
graphs were made of the chromatograms from the
protein hydrolysates of (liscs incubated with labeled
FPA, the single exposecl area oIn the film coincidecl
exactly with the positioIn of FPA oIn the chroma-
tograms located with ninhydrin. This indicates that
EPA can indeed be incorporate(l into proteinis of
plant tissuies.

Failitre of Tyrosinie to Reverse the FPA Inhibi-
tion of Flozwering. The ability of DL-phenylalanine
to reverse the inhibition of flowering (lIe to FPA
suiggests that FPA acts as an inhibitor of fuinctions
of endogenouis phenylalanine, and likely replaces
phenylalanine in proteinis to some extent. It was
also considered possible that because FPA is similar
in structuire to tvrosinie, it might inhibit flowering
because of ani interfereince with tvrosinie metabolism.
However, concentrationis of tyrosine uip to 0.05 sI
had no infltuence oIn flowerinig wN-hein applie(d alonie,
and did Inot reduice the EP. inhibition of flowering.

It does not appear that FPA acts as an inhibitor
of functions of tvrosine which are involved in in-
dtuction of flowering of this plant.

The Requiremnent for I-phenvlalanine to Reverse
the Flowering Inihibitiont of FPA. Althouigh otir
previouis resuilts (5) showed effects of FPA to be
overcome by approximately equial concentrations of
DL-phenylalanine, we had since (letermined that
L-phenylalanine is also capable of this reversing
action (u1nptublishe(d (lata). When it was observed
in the present experiments that FPA strongly inI-
hibited the absorption of phenylalanine by leaf
(liscs or 1v leaves uise(d in flowering stuidies, conicern
arose that phenylalanine might reverse the FPA
floweriing inhibition only because it similarly inter-
feres with uiptake of EPA into the leaves. Consis-
tent with suich a possibility, was the previously
established observation (5) that phenylalanine added
simulltaineou1sly w\ith EPA completely eliminates ap-
pearance of the few necrotic lesions otherwise
cauise(l by the latter. If phenylalanine were to
overcome the inhibition of flow ering duie to FPA
solely by preventing its absorptioli by the leaves,
this would cast doubt oIn the conlclusioi (5) that
phenylalaniine, anid( perhaps proteiin synthesis, are
directly involved in the indutictioin process.

Two kindls of experiments show that phenylala-
nine overcomes the FPA effect hy aIn iIntelrnal
mechainism, and not by competition for absorptioll.
Indirect evi(leince was first obtained by comparinig
the ability of D- and of L-phenylalanine to reverse
the flowering inhibition of 0.04 Mt FPA. It wNas
thotught that if the L-isomer coimipetes for an uip-
take site, the D-isomer shouild, too, ancd would thtus
also reverse the effect uipoIn flowrering.
We fouind that L-phenvlalanine largely over-

came the floweriing inhibition cauised by EPA,
-while D-phenylalanine dlid not. Neither isomer
aloine was inhibitor\. However, both 1)- and L-
phenylalaniine were equially effective in preventing
vegetative injury to the leaf by EPA. It is not
iuniderstoo(I how D-phenylalanine cani prevent injury
symptoms and yet inot overcome the effect oni flow-
eriing. One possiliility might le that a slowx- racemi-
zatioin of the D- to the L-isomer occuirs in the
cells, wshich is not completedl rapidly elnouigh to
affect inductive processes, but which caII prevent
the injury to the lea\-es which appear later.

Table V. Incorporation of ]4C from Labl?1ed FPA and Phlinlalanine, into 1'.((jin (of Cockleb)ur Leaf DiScS
Tws-entv leaf discs were inicuibated in 10 ml buiffer for 4 lhouirs in darkness at 280. Bottles containied 2.0 ,uc of

D)L-Phe-3-'4C or DL-FPA-3A4C (each at 2.5 mc/mole). CO., wvas collected in 1.0 ml of 5 % KOH. Data are
rep)resentative of 2 exl)erimenlts.

Counts/mnm

Aminio acid

DL-phenylalanine-3-14C
DL-p-fluorophenIlalanine-3-1 4C
X Cotinits/inuiin/iig proteill

Soluble
extract

374,000
35 1,000

CO.,

480
164

Protein

18.900 (8880)*
8300 (3800)
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Direct evidence that L-phenylalanine prevents
the full inhibition of flowering caused by FPA by
an internal mechanism was demonstrated by uptake
competition experiments using '$C-labeled FPA and
phenylalanine. In both intact leaves and leaf discs
D- and L-phenylalanine each caused only slight
reductions (O to 15 %) in the amount of DL-FPA-
3-14C absorbed, but FPA significantly decreased the
absorption of DL-phenylalanine-11C. The lack of
influence of L-phenylalanine upon absorption of
FPA almost surely eliminates the possibilitv that
this is the mechanism of its effective action in
reversing the FPA-caused inhibition of flowering.
These observations raise an interesting question as
to the mechanism of the inhibitory action of FPA
upon phenylalanine absorption, although it is clear
that a simple competition for an identical carrier
site is not occurring. This is to be contrasted with
microbial results where it was concluded that phen-
ylalanine and FPA follow the same route into the
amino acid pool (17).

Discussion

The results presented here show that FPA is
inhibitory to flowering of the cocklebur because of
effects occturring in both the donor leaf and in
the receptive bud. The time-of-application results
indicate that the principal site of action is in the
leaf and that the effects on the bud are less specific
and less marked. In these respects FPA therefore
acts somewhat differently than does 5-fluorouracil
(3).

Data in tables IV and V show that FPA blocks
the incorporation of phenylalanine into protein and
that it is incorporated into cocklebur leaf proteins,
probably replacing phenylalanine (17). It is possi-
ble that the inhibition of protein synthesis occurs
because FPA is incorporated only about half as
rapidly as phenylalanine, althotugh other explana-
tions are certainly not eliminated. An inhibition
of normal protein formation may well be the mech-
anism by which FPA interferes with induiction of
flowering in this plant. If this is true, it stuggests
that during normal inductive dark periods processes
leading to the formation of enzymes specific for
flowering occur. These enzymes might be nec-
essary to synthesize the flowering stimulus, or to
destroy flowering inhibitors, for example. FPA
might act by reducing the rate of their formation
or might render them ineffective when it is present
as a part of such enzyme molecules.
We have no evidence, however, that protein syn-

thesis is the only process involving phenylalanine
with which FPA interferes. As pointed out by
Mann (14), conclusions arrived at by the use of
metabolic inhibitors in physiological experiments
are often only as valid as the specificity of the
inhibitor. Perhaps FPA simply blocks transport of

the floral stimulus from the leaf by effects unre-
lated to protein synthesis.

The interesting, although poorly understood, ef-
fects of FPA upon amino acid absorption (table
III) stuggest that this compound might affect trans-
port of other solutes. The inhibitory influence of
FPA upon absorption of phenylalanine, leucine, and
glycine is rather similar to that of D-serine upon
the uptake of other amino acids, as observed by
Ellis (8). D-serine did not inhibit respiration, but
reduced the absorption of 6 inorganic ions and
several amino acids. It seemed to somehow un-
couple salt uptake from respiration. We have not
yet determined whether FPA also interferes with
the absorption of essential inorganic ions, but did
find that L-phenylalanine does not overcome the
inhibitory effect of FPA upon absorption of amino
acids (unpublished data).

Phenylalanine is presently believed to be a pre-
cursor of other aromatic compounds, including trans-
cinnamic, p-cotumaric, caffeic, and ferulic acids,
and of flavonoids which probably arise, in part,
from these acids (15). In pea seedlings (4) and in
sorghtum mesocotyl (24) red light influences the
hydroxylation pattern on ring B of the flavonoids,
the ring derived from phenylalanine. The fact that
both red light interruptions and FPA applications
inhibit induction of flowering in the cocklebur stug-
gests the possibility that both are effective because
of influences tupon flavonoid formation. Additional
possible connections between flowering and phenolic
compounds were reported by others (5, 26, 28).
That FPA might affect flowering of the cocklebur
throtugh an inhibition of normal phenolic metabo-
lism is being investigated.

Recent work suggests that FPA does not in-
hibit flowering by blocking the conversion of phen-
ylalanine to flavonoid prectursors such as trans-
cinnamic and p-coumaric acids. Both of these
acids were completely ineffective in overcoming
the effect on flowering due to FPA, and had no
effect when added alone.
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