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ABSTRACT

Cells from 4-days old suspension cultures of Paul's Scarlet
rose were incubated with acetate-U-'4C for 10 minutes. After
washing, cells were incubated for 2 hours in growth medium
in the presence and absence of cycloheximide. The 14C content
of individual amino acids in the soluble form and in protein
were determined at the end of the 10 minute pulse and at in-
tervals thereafter in control cells and those treated with cyclo-
heximide. During the period following the pulse there was a
3-fold increase in the "4C content of protein in control cells; no
such increase occurred in the presence of cycloheximide.

In the control cells there was a net increase in the 14C content
of eight individual amino acids during this period. For six of
these, the corresponding increases in the presence of cyclohexi-
mide were curtailed by the following amounts: arginine 98%,
lvsine 94%, isoleucine 93%, threonine 82%, valine 49%, and
proline 36%. This is interpreted to mean that the synthesis of
each of these amino acids was slowed down when their incorpo-
ration into protein was prevented.

is emphasized by the work of Holleman and Key (14) in which
they estimated that exogenously supplied leucine (5 mm solu-
tion) caused a 64-fold expansion of the protein precursor pool
of leucine in soybean hypocotyls during a 5-hr incubation pe-
riod. It is apparent that if this occurred during an isotope com-
petition experiment, the nonradioactive amino acids entering
the tissue from an exogenous source would seriously dilute
amino acids synthesized endogenously from a radioactive pre-
cursor. Such dilution would reduce the specific radioactivity of
the amino acids in the protein precursor pools and lead to a
decreased incorporation of 14C into the protein of the treated
tissue. It follows that in those isotope competition studies,
where no consideration was given to changes in the soluble
amino acids (5, 6, 15), the reduced incorporation of "C into
the protein may not be due directly to the regulation of amino
acid synthesis.
The purpose of the present investigation was to determine

if the synthesis of amino acids is subject to rapid control when
protein synthesis is stopped. To achieve this, suspension cul-
tures of Paul's Scarlet rose were exposed to a pulse of acetate-
U-`C and its incorporation into soluble- and protein-bound
amino acids was followed in control cells and in samples
treated with cycloheximide, an inhibitor of protein synthesis
(7, 8, 11).

Experiments with microorganisms have shown that the rate
of synthesis of individual amino acids is closely regulated by
the amount present in the cell (19, 20). Commonly, an exoge-
nous supply of an amino acid will prevent endogenous syn-
thesis by inhibition of specific enzymes in the synthetic path-
way (end product inhibition) or by repression of synthesis of
the enzymes required (20).

Although it has been shown that key enzymes isolated from
plants are inhibited by amino acids (2, 18) evidence for the
operation of such control by end product inhibition in living
cells of higher plants is based primarily on isotope competition
experiments (5, 6, 15-17). These experiments have required
several hours for completion, and therefore, have not distin-
guished b.tween control arising from end product inhibition, a
rapid response in microorganisms, and that due to enzyme re-
pression, a slow response (4, 20).

Davies has pointed out that a second complication with some
isotope competition studies has been the failure to consider
the influence of high concentrations of exogenously supplied
nonradioactive amino acids on the size and makeup of the pro-
tein precursor pools (4). The necessity for such consideration
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MATERIALS AND METHODS

Suspension cultures of Paul's Scarlet rose were grown as
previously described (9). The investigation was performed on
cells harvested after 4 days of growth, at a time when the cells
were undergoing rapid cell division (9). The sterility of the
cells and the medium used in the labeling experiments was es-
tablished by plating each separately on Difco Bacto Nutrient
Agar and incubating at 25 C for 96 hr.
Ten grams of cells were aerated for 10 min in 20 ml of

growth medium containing 20 ,uc of acetate-U-'`C (53 ,tc/
,umole). The material was held in a 30-ml coarse fritted glass
filter funnel connected to an air line. Following the pulse, the
medium was drawn off through the bottom of the funnel, and
the cells were washed several times with sterile growth medium.
Approximately 1 g of tissue was removed and homogenized in
15 ml of 80% (v/v) ethanol to serve as the zero time sample.
The remaining cells were divided into two equal portions and
placed in separate funnels. One portion, the control cells, was

aerated in sterile medium for the remainder of the experiment.
The second portion, the treated cells, was aerated in medium
containing cycloheximide (50 ,ug/ml). This high concentration
of cycloheximide was used to ensure an immediate and drastic
inhibition of protein synthesis. The cells were incubated in
medium removed from the growing cultures at harvesting.
Five milliliters of medium were used for each gram of cells.

Samples (5 ml) were pipetted from both funnels at selected
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time intervals and handled as previously described for the zero
time sample. Pipetting of plant suspensions did not yield
samples of uniform weight. Therefore, the protein amino acid
content was determined for each sample, and these values were
used to express the observed data in terms of equal sample
weights (1 g).
The alcohol extracts recovered from the samples were frac-

tionated and the distribution of '4C in the individual soluble
amino acids and those in the protein were determined as previ-
ously described (9). The amount of "4C incorporated into the
amino acids of the cycloheximide-treated cells was compared
with that of the control cells.

RESULTS

In cells exposed to a 10 min pulse of acetate-U-14C (Fig. 1),
15 amino acids became labeled in both soluble and bound
fractions (Table I and III). Immediately following the pulse,
a total of 258,000 cpm of 14C were present in the soluble amino
acids and slightly over 40,000 cpm in the protein. Except for
leucine, each amino acid was more heavily labeled in the solu-
ble phase than in the bound phase. Protein bound leucine con-
tained approximately 10 times more 14C than the soluble leu-
cine. At zero time, leucine accounted for 70% of the total "C
present in protein, but only 1% of the total "C in the soluble
amino acids. In contrast to this, glutamate was heavily la-
beled in the soluble phase (75% of total "C), but moderately
labeled in the protein (17% of total "C).

In cells exposed to cycloheximide following the pulse, only
a small amount of "C (4600 cpm) was incorporated into the
protein during the first 20 min and none thereafter (Fig. 1). In
contrast to this, in the control cells, 19,800 cpm of "C entered
the protein during the first 15 min following the pulse, and an
additional 51,800 cpm accumulated during the subsequent 105
min. Increased amounts of "C in 12 amino acids accounted for
the rise of "C in the protein of the control cells (Table III). The
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Table I. Distributioni of 'IC in the Soluble Aminto Acids of Conltrol
Cells following a 10-Min Pulse of Acetate-1 ,2-14C

Samples were 1 g fresh weight.

Time after Pulse
Amino Acid

0 min 15 min 60 min 120 min

cptn
Glutamate 127130 77415 25245 10485
Glutamine 11470 8330 3340 1064
Proline 4080 4360 2600 1820
Arginine 230 235 140 85
Aspartate 19310 16965 7545 1850
Methionine sulfoxide 1590 1125 640 635
Threonine 1065 1195 915 555
Isoleucine 185 230 315 330
Lysine 75 60 15 0
Homoserine 535 510 295 140
Asparagine 1460 3265 5415 5650
Alanine 3020 4095 2140 1800
Serine 625 600 595 365
Valine 470 605 510 405
Leucine 1800 875 210 415
Glycine 250 360 100 10
Phenylalanine 55 0 4 0
Tyrosine 25 50 110 150
Histidine 0 0 0 0

Table II. Distribution of 14C inl the Soluble Aminio Acids
of Cycloheximide-treated Cells followinig a 10-Mimi

Pulse of Acetate-],2-14C
Samples were 1 g fresh weight.

Time after Pulse
Amino Acid

0 min 20 min 65 min 125 min

Glutamate 127135 78475 47800 39925
Glutamine 11470 9490 7650 10945
Proline 4080 5790 5540 6040
Arginine 230 345 800 205
Aspartate 19310 21230 11795 11710
Methionine sulfoxide 1590 525 1135 1015
Threonine 1065 1555 1420 1495
Isoleucine 185 365 355 570
Lysine 75 90 140 115
Homoserine 535 345 220 205
Asparagine 1460 4305 6970 12250
Alanine 3015 3345 2130 2080
Serine 625 1230 1355 1930
Valine 470 595 620 1065
Leucine 1800 2635 2445 3940
Glycine 250 180 145 140
Phenylalanine 55 95 0 70
Tyrosine 25 I 65 0 90
Histidine 0 0 0 0

r-
individual increases ranged from a 4-fold increase in glutamate-
"C to a 1400-fold increase in valine-"C. During the same time

30
. .period, the protein in the treated cells experienced only minor

O0 -310 6'0 90 120 changes in its "C composition (Table III).
Despite the almost total inhibition of protein synthesis in

TIME AFTER PULSE (min) the treated cells, the level of "C in the soluble amino acids

uence of cycloheximide on the "C content of the dropped rapidly immediately following the pulse and in 2 hr it
luble amino acids in 4-day cells following a 10 min was approximately one-half of that at zero time (Fig. 1). In the
e-1,2-"C. control cells there was an even more rapid disappearance of
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Table IlI. Distribution of 14C in the Protein of Conttrol Cells and
Cycloheximide-treated Cells following a 10-Min Puilse

of Acetate-i ,214C
Samples were 1 g fresh weight.

Time after Pulse

Amino Acid Control Cycloheximide

0 min 15 min 120 min 125 min

cpm
Glutamate and glutamine 4650 10410 18720 5995
Proline 650 2465 6750 1150
Arginine 700 2015 5070 800
Aspartate and asparagine 940 3170 8260 1355
Methionine sulfoxide 65 380 1080 180
Threonine 75 860 4090 260
Isoleucine 485 670 3180 310
Lysine 318 1415 4115 490
Alanine 205 1225 2870 365
Serine 0 190 740 105
Valine 0 335 1430 105
Leucine 19090 22235 22835 19540
Glycine 0 0 10 0
Phenylalanine 0 0 1 0
Tyrosine 0 0 0
Histidine 0 0 2 0

Table IV. Calculation for Percentage Inhibition of
Threonine Synthesis

Control Cyclo-heximide

4C in soluble threonine at zero time 1065 1065
14C in protein-bound threonine at zero time 75 75
Total 14C in threonine at zero time 1145 1145

"C in soluble threonine at 120 min 555 1495
14C in protein-bound threonine at 120 min 4090 260
Total "4C in threonine at 120 min 4640 1755

Increase of 14C in threonine between 0 and 120 3500 615
mnn

Percentage inhibition of threonine synthesis =
82%

"C from soluble amino acids; after 2 hr only one-seventh of
that present at zero time remained. However, of the 209,000
cpm of "C which were lost from the soluble amino acids in
control cells, only 81,600 cpm appeared in protein, a dis-
crepancy of some 127,000 cpm. It is significant that a similar
amount of 'C (122,000 cpm) was lost from the soluble amino
acids of treated cells, in which protein synthesis was halted,
during the same period. Clearly some component(s) of the
soluble amino acid fraction labeled during the pulse was uti-
lized in both treated and control cells in reactions not leading
to protein synthesis. Inspection of Tables I to III shows that
the only component whose behavior fits this pattern is gluta-
mate. The losses of "C from this single constituent go far to-
wards accounting for the total loss of "C from the total amino
acid fraction which is not recovered in protein.

In the control cells, the "C content of the other soluble
amino acids also decreased steadily after the pulse. However,
in contrast to the pattern observed for glutamate, the amount

of "C which disappeared from the soluble fraction of most of
the other amino acids was either matched or exceeded by "C
recovered in the corresponding amino acid in the protein frac-
tion. Exceptions to this were glycine and asparagine. None of
the soluble glycine-"C was incorporated into protein, and
there was a continuous accumulation of "C in soluble aspara-
gine.

In the treated cells the soluble amino acids behaved quite
differently. Many of the amino acids either retained their ini-
tially high amounts of "C or gained additional "C after the
pulse (Table II). The increase in "C was most pronounced in
soluble asparagine and serine. After 120 min, twice as much
asparagine-"C and five times as much serine-"C were present
in the treated cells as compared to the control cells. Since
serine and glycine are presumably closely linked metabolically

Table V. Effect of Cycloheximide Treatment on Incorporation
of 14C inlto Amino Acids

Tests were made in the 2-hr period following a 10-min exposure
to acetate-U-14C.

Net Increase in 14C
Amino Acid

Control ICycloheximide Inhibition Enhancement

cpm %
Arginine 4245 75 98
Lysine 3720 210 94
Isoleucine 2845 210 93
Threonine 3500 615 82
Valine 1365 695 49
Proline 3840 2465 36
Leucine 4065 4300 5
Asparagine 4190 10790 260
Serine 485 1410 290
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FIG. 2. Changes in the "IC content of the protein and soluble
amino acids of cells subjected to the following sequential treat-
ments: 0 to 60 min: acetate-2-1"C; 60 to 210 min: acetate-2-"4C plus
cycloheximide; 210 to 300 min: no acetate-2-"C or cycloheximide
(growth medium only).

-P-Ia-nt Physiol. Vol. 48, 1971 263



FLETCHER AND BEEVERS

(3, 10), it was surprising to find only a small amount of "4C in
glycine during the later stages of the experiment when 14C ac-

cumulated in serine. Some of the other amino acids such as

glutamate, glutamine, aspartate, and alanine showed steady
losses of "4C.
To determine if the inhibition of protein synthesis had any

influence on amino acid synthesis, an analysis was made of the
total 14C incorporation into individual amino acids between 0
and 120 min in the control and treated cells. Table IV shows
a sample of the calculation, with threonine as the example.
It is clear that the incorporation of a"C into threonine in the
period 0 to 120 min was drastically reduced in the cells ex-

posed to cycloheximide. No such reduction could be demon-
strated for "4C incorporation into glutamate, aspartate, methio-
nine, or alanine, since no net incorporation of "4C into these
amino acids occurred in control cells. For five other amino
acids, however, total 14C incorporation in the period 0 to 120
min was strongly affected by the concurrent cycloheximide
exposure. As shown in Table V, the inhibition was particularly
severe for arginine, isoleucine, lysine, and threonine, but the
synthesis of labeled valine and proline was also markedly af-
fected. In contrast, the synthesis of serine-55C was increased by
a factor of 2.9, and the accumulation of soluble asparagine
was increased by a factor of 2.6. Incorporation into leucine
was virtually unaffected.

As shown in Figure 1, the total "4C in protein after a short
pulse of acetate-"4C remained essentially constant after the ad-
dition of cycloheximide. In a further experiment cells were

exposed to acetate-2-1aC for 60 min (Fig. 2). Under these con-

ditions a much heavier labeling of the protein was achieved,
and, when cycloheximide was added, a steady decline in "C
content of the protein was evident at a rate of roughly 5%
per hour. This was accompanied, as expected, by a rapid fall
in "4C in soluble amino acids. At 180 min the cells were thor-
oughly washed to remove cycloheximide and resuspended in
growth medium. During the subsequent 2 hr the loss of 14C
from protein was arrested and it appeared that net synthesis
was resumed for a limited period. The estimate of protein
turnov-r by this method is somewhat higher than that deter-
mined in other systems by different methods (1, 12. 13).

DISCUSSION

Cycloheximide treatment had the anticipated effect of in-
hibiting protein synthesis; the incorporation of each labeled

amino acid was rapidly brought to a virtual halt (Table III).

If there were no secondary repercussions, it might then have
been anticipated that incorporation of "4C into free amino acids
would continue at the same ratz as in control cells but accumu-

late there rather than in protein. This was not the case. For

three of the amino acids, arginine, lysine and isoleucine, the

net incorporation of "4C after thz pulse was reduced by over

90% by cycloheximide treatment and that into threonine, va-

line, and proline was strongly curtailed (Table V). Most of

the "4C that was incorporated into these amino acids in the

presence of cycloheximide was recovered in the free amino

acids. We believe that the increase in "4C in these free amino

acids observed in the first 20 min of exposure to cycloheximide

reflects an increase in the size of their protein precursor pools

due to inhibition of their incorporation into protein. Thus,

we ascribe the drastic and rapid curtailment of total "4C in-

corporation into these amino acids to the regulation, by end

product inhibition, of their respective syntheses.
Direct proof of these contentions would, of course, require

information about the concentrations of amino acids in the

protein precursor pools and the demonstration that, when

protein synthesis was stopped, increases occurred which were
sufficient to inhibit the appropriate enzymes. Such increases
would not necessarily be reflected in significant over-all in-
creases of concentrations of total free amino acids, since the
protein precursor pools are believed to represent only small
fractions of the total cellular contents and are segregated in
special compartments (1, 14, 17). Measurements of concen-
trations of amino acids in the protein precursor pools would
also be required to sustain the possibility that, rather than sim-
ple end product inhibition, more subtle controls over amino
acids synthesis were being exerted.
The possibility that cycloheximide was acting as a general

metabolic inhibitor is discounted for the following reasons.
Firstly, in the concentrations used in the labeling experiments,
cycloheximide had no effect on the basal respiratory rate, as
shown by measurements of 02 consumption of cells suspended
in dilute phosphate buffer (unpublished). Secondly, the effect
of cycloheximide was selective; incorporation of '4C into some
components, e.g., serine and asparagine, was actually stimu-
lated, and that into leucine was essentially unaffected (Table
V). Finally, utilization of labeled amino acids, e.g., glutamate,
by reactions not leading to incorporation into protein was not
affected by the cycloheximide treatment.
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