
Plant Physiol. (1978) 61, 54-58

Amino Acid Recycling in Relation to Protein Turnover1
Received for publication July 12, 1977 and in revised form August 30, 1977

DAVID D. DAVIES AND THOMAS J. HUMPHREY2
School of Biological Sciences, University ofEast Anglia, Norwich NR4 7TJ, United Kingdom

ABSTRACT

Methods of measuring amino add recycling in Lemna minor are
described. The extent to which the recycling of individual amino acids
may underestimate protein turnover has been mesured for a number
of amino acids. The methods have been used to study the relationship
between protein turnover and amino add recycling during nitrogen
starvation. It is concluded that following the removal of nitrate from
the environment, protein turnover is enhanced, the partitioning of
amino acids between protein synthesis and amino add metabolism is
relatively constant, but the total amount of amino acids recycfing is
increased.

When growth is reduced by depriving the plant of an essential
nutrient, it is reasonable to suppose that the life span of the
protein might be increased with a corresponding decrease in the
rate of synthesis of new protein. Bidwell et al. (1) have inter-
preted their experiments to mean that protein turnover is slow
in slow growing cultures of carrot phloem explants. We have
argued elsewhere (4) that the kinetic data of these experiments
have been misinterpreted, because the kinetic treatment appro-
priate for a "label" experiment was applied to a "chase"
experiment, so that the analysis not only gives the wrong rate,
but the inverse of the true rate.
Measurements of protein degradation based on tritium label-

ing of protein have shown that when Lemna minor is deprived
of nitrogen its growth rate is greatly reduced and protein
degradation is increased (10). This suggests an alternative
strategy which the plant might employ to adapt to the depriva-
tion of nitrate. The plant could change its enzyme complement
by rapidly synthesizing new proteins from amino acids formed
by degradation of old proteins.
The reutilization of amino acids - amino acid recycling - is

one of the main contributing factors to underestimating the rate
of degradation of proteins. Protein half-lives are most frequently
measured by labeling cells with radioactive amino acids and
then following the decrease in trichloroacetic acid-precipitable
radioactivity. The error in this method, which is produced by
amino acid recycling, is well documented (13) and attempts
have been made to evaluate the extent of amino acid recycling
in animal tissues (3, 16). Koch (14) concluded that "no matter
how an isotope experiment is conducted the true half-life cannot
be calculated without information additional to the time course
of activity in the component under study."
We have adapted the technique of density labeling pioneered

by Varner (18) to measure amino acid recycling. This method
produces visually attractive results, but lacks precision. We
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have therefore concentrated on measuring the true half-life of
protein by a tritium-labeling technique (11) and have applied
the method to study the effect of nitrogen starvation on amino
acid recycling in L. minor and Schizosaccharomyces pombe.

MATERIALS AND METHODS

Plant Materials. L. minor was isolated from the River Yare
by A. Trewavas (School of Botany, University of Edinburgh)
and maintained in a sterile culture as described by Trewavas
(17) except that wide necked (76-mm) conical flasks replaced
Roux bottles. S. pombe 972h- was provided by A. Coddington
(School of Biological Sciences, University of East Anglia) and
was cultured in complete minimal medium (6) at 30 C.

Chemicals. Deuterium oxide (99.8%) was obtained from
Prochem, Ltd., Croydon, Surrey, U.K. The following radioac-
tive compounds were obtained from The Radiochemical Centre,
Ltd., Amersham, Bucks., U.K.: 3H20 (90 mCi/,Amol), L-[U-
14C]arginine monohydrochloride (0.3 mCi/,umol), L-[U-
"4C]glutamic acid (0.3 mCi/,umol), L-[U-_4C]isoleucine (0.27
mCi/Amol), L-[U-14C]leucine (0.32 mCi/Imol), DL-[4,5-
3H]leucine (27 mCi/,.mol), and L-[U-14C]lysine monohydrochlo-
ride (0.33 mCi/,umol). PPO (2,5-diphenyloxazole) and acetic
anhydride were obtained from B.D.H., Poole, Dorset, U.K.
All other chemicals were obtained from local sources and were
of the best grade available.

Density Labeling with 2H20. The radioactive and density
labeling of L. minor protein and the subsequent extraction and
isopycnic centrifugation on KBr gradients were as previously
described (2).

Labeling with 3H2O and 14C-Amino-Acids. Lemna fronds
were grown on a complete medium containing 3H20 (1 mCi/mI)
and 1 ,u1Ci/ml of either L-[U-14C]leucine, L-[U-_4C]arginine, L-
[U-14C]lysine, L-[U-14C]glutamic acid, L-[U-14C]isoleucine, or L-
[U-14C]lysine for 48 hr. The fronds were then transferred to a
complete growth medium lacking 3H and 14C-cultured for up to
9 days. Samples were taken at intervals and the 2-3H and 14C
content of soluble protein measured.

S. pombe was grown from a small inoculum in medium
containing 3H20 (1 mCi/ml) and L-[U-'4C]leucine (1 mCi/ml)
for 2 hr. The cells were then harvested by centrifugation,
washed with 14C and 3H-free medium, and transferred to either
complete minimal medium or K-phosphate buffer (0.1 M, pH
7). Samples were taken at hourly intervals for 12 hr and the 2-
3H and 14C content of the extracted protein measured.

Counting of Radioactive Labeled Protein. Protein labeled
with 3H20 and 14C was isolated and hydrolyzed as described
previously (10). In double-label experiments, the amino acid
hydrolysates were oxidized to "4CO2 and 3H20 in a biological
material oxidizer (R. J. Harvey Instrument Corp., Hillsdale,
N.J.). 14CO2 was counted for radioactivity in 15 ml of toluene-
methanol-2-phenylethylamine/PPO scintillant (900:400:200:7,
v/v/v/w). The 2-3H content was determined in duplicate samples
by using the method of racemization with acetic anhydride as
described by Humphrey and Davies (11). Protein labeled with
2H20 and 14C was counted for 14C as described previously (2).
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RESULTS

Measurement of Amino Acid Recycling and Protein Degra-
dation Using Density Labeling. Lemna fronds (1 g fresh wt)
were floated on 100 ml of culture medium containing deuterium
oxide (50%). After 7 days L-[U-14C]leucine (2.5 gCi) was
added and after 8 hr the plants were filtered, washed with 50
ml of growth medium containing 50% 2H20. The fronds were
transferred back to 100 ml of the deuterium-containing medium
for a further 40 hr. The plants were removed by filtration and
washed with 500 ml of sterile medium before being transferred
(about 400 fronds/flask) to flasks containing 1 liter of deute-
rium-free growth medium with or without nitrate. At various
time intervals, samples were removed, protein was extracted,
and the distribution of 14C in "heavy" and "light" protein
determined after isopycnic centrifugation (Fig. 1).
The heavier-half area of the peak of heavy protein was

measured for every sample and corrected for the amount of
protein introduced onto the gradient and for the amount of
growth as measured by frond number. The logarithm of the
normalized half-peak areas gave a linear relationship with
respect to time from which the true half-life of the total soluble
protein can be obtained (Fig. 2). The plot of the logarithm of
the normalized total peak area against time gives an apparent
half-life of the total soluble protein which is slower than the
true rate, due to the recycling of amino acids which is to be
seen (Fig. 1) in the transfer of radioactivity from the heavy
fraction to the light fraction.
The results of a similar experiment in which after labeling

with deuterium and [14C]leucine the fronds were transferred to
a growth medium from which nitrate had been omitted, are
shown in Figure 3.
Measurement of Amino Add Recycing and Protein Degra-

dation Using Tritiated Water and 14C-labeled Amino Acids.
The method of determining the rate constants of protein degra-
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dation by measuring the loss of 3H from C-2 of protein amino
acids (11) minimizes the effect of amino acid recycling due to
the speed of the transaminase reaction. Assuming that the 3H
method gives the "true" half-life of protein degradation, feeding
14C-labeled amino acids will give the "apparent" half-life of
protein degradation in which the longer half-life is due to
recycling of the individual amino acids.
Lemna fronds (1 g fresh wt) were floated on 100 ml of

growth medium containing 3H20 (1 mCi/ml) and a 14C-labeled
amino acid (1 ,uCi/ml) and cultured for 48 hr. The fronds were
washed with 2 liters of unlabeled growth medium and then
transferred to unlabeled growth medium for periods up to 9
days. At various intervals, samples were removed and the
amount of 2-3H and 14C present in the protein determined. The
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FIG. 2. Measurement of protein degradation in Lemna grown on
complete medium. Data obtained in Figure 1 are plotted as the
logarithm of the normalized peak areas against time. A-\A: total
peak area, which gives an apparent rate of degradation; 0-O: heavy
peak area, which gives the true rate of degradation.
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FIG. 1. Measurement of protein turnover by density labeling coupled to exposure to ['4C]leucine to label protein. Lemna fronds were
maintained in a culture medium containing NO throughout the experiment. Proteins were isolated and fractionated as described in the text.
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results presented in Figure 4 show that the apparent half-life of
protein varies with the amino acid used.
The effect of nitrate deprivation on the rate of protein

degradation and on the apparent rate of protein degradation
was determined by labeling with 3H20 and L-[U-14C]leucine
then transferring one sample to an unlabeled growth medium
lacking nitrate, the other to a complete medium. The results
are shown in Figure 5.

Protein Turnover and Amino Acid Recycling in S. pombe.
The true and apparent rate of protein degradation in S. pombe
was determined by labeling cells with 3H20 and L-[U-
4C]ileucine, then transferring them to unlabeled complete
growth medium or to phosphate buffer (pH 7, 0.1 M). The
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FIG. 3. Measurement of protein degradation in Lemna grown on a
medium lacking nitrogen. Data were obtained as in Figure 1 except that
when the fronds were transferred from the deuterium-containing me-
dium they were cultured in a nitrogen-free growth medium. A A:
total peak area; * - : heavy peak area.
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FIG. 4. Comparison of apparent rates of protein degradation in L.
minor obtained with various 14C-amino-acids and the rate determined
by the 2-3H method of Humphrey and Davies (10).
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FIG. 5. Comparison of rates of protein degradation in L. minor
cultured on a complete medium and on a nitrogen-deficient medium.
A- A: [14C]leucine-complete growth medium; * -*: 3H20-com-
plete growth medium; A A: [14CJleucine-NO3; O-0: 3H20-NO3.
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FIG. 6. Comparison of rates of protein degradation in S. pombe
cultured on a complete growth medium and on K-phosphate buffer (0.1
M, pH 7.4). O-O: [14C]leucine-complete medium; 0-O: 3H20-
complete medium; *-*: [14C]leucine-K-phosphate; *-*: 3H20-
K-phosphate.

effect of starvation on protein turnover and amino acid recycling
is shown in Figure 6.

DISCUSSION

The methods of measuring the "true" rate of protein degra-
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dation used in this paper depend on the rapid transaminase-
catalyzed incorporation of 3H or 2H at C-2 of free amino acids
(15) and assume stabilization of this attachment when the
amino acids enter protein. The rationalization for this assump-
tion is that the protein-bound amino acids do not undergo
transamination. However, the assumption can be questioned on
the grounds that since H on the amide N of the peptide link
rapidly exchanges with water (5), there must be some exchange
of the H on the 2-C atom. The question is, at what rate does
this exchange take place? In unpublished experiments we have
attempted to measure the rate of exchange of hydrogen at the
2-C atom of protein-bound arginine and were unable to measure
any significant exchange. Fortunately work with fossils shows
that the half-life of racemization is very long (e.g. for aspartate,
15,000 years [7]) and we can therefore neglect exchange reac-
tions at the 2-C position of protein-bound amino acids.
A simple model ofprotein turnover and amino acid recycling

is given by

Carbohydrates + NH4+
l k4

Protein - Amino acids -. CO2 + NH4+

in which the rate constants are the summation of many individual
rate constants. The kinetic analysis of even this simple model
leads to complex rate equations. However, we can obtain a
simple expression for the fraction of amino acid recycling if we
assume that the protein precursor pool of amino acids is small.
This assumption has been previously employed by Kemp and
Sutton (12) in their method for measuring protein turnover in
tobacco leaves and evidence that the protein precursor pools of
leucine and valine are small in soybean hypocotyls has been
obtained by Holleman and Key (8).
The true rate of protein degradation equals

Ple-k't

where P' represents 14C in the heavy protein fraction (Fig. 1) or
3H in protein labeled by the 3H20 method and k' is a first order
rate constant.
The apparent rate of protein degradation equals

PIe k'

where P' represents the 14C in total protein and kn is a first
order rate constant.
The proportion of amino acid not recycled equals

k3 =K
k2 + k3 k '

The proportion of amino acid recycled equals

I"1 true half-life of proteinI --= I -
kI' apparent half-life of protein

Amino acid recycling is visually apparent in the density
labeling experiment (Fig. 1) in which the rate of protein
degradation is seen as the decrease in counts in the "heavy"
peak and recycling of leucine is seen as the rise in counts in the
"light" peak. Thus if the percentage amino acid recycling was
100% then the increase in the light peak would equal the
decrease in the heavy peak, so there would be no decrease in
the total peak area and the apparent rate of protein degradation
would be zero.

( - half life from "heavy" proteinX 100
half life from total protein

In the double labeling experiments employing 3H20 and a
14C-amino-acid, the determination of the apparent half-life of
protein by the C4C method requires that the first 24 hr be

Table I. Recycling of amino acids in Lemna minor

growing in a complete medium

Method Amino acid Recycling

Density labeling Leucine 43
3H + 14C labeling Leucine 50
3H + 14C labeling Glutamate 29
3H + 14C labeling Arginine 48
3H + 14C labeling Lysine 45
3H + 14C labeling Isoleucine 50

Table II. Effect of environmental changes on protein turnover
and amino acid recycling

Organism Growth conditions Protein half life Leucine
recycled

hr x

Lemna minor Full growth medium 143 50
- N031 73 42
Full growth medium + 2H20 80 43
- N03 + 2H20 28 36

Schizosaccharo- Full medium 24 30
syces pombe K phosphate buffer 6.2 20

ignored, due to the continued incorporation of 14C-amino-acids
into protein in the early part of the "chase" period. Subse-
quently, the plot of log percentage counts remaining in protein
against time is linear, giving an apparent half-life for protein.
Hence,

% amino acid recycling = 1 _ half-life by 3H20 method) x 100
half-life by ' C-amino-aci

Data on amino acid recycling implicit in Figures 2, 4, and 5
are collected in Table I. This table provides quantitative confir-
mation of the amount of recycling which would be anticipated
for individual amino acids based on their involvement in general
metabolism. Thus glutamate would be expected to be more
involved in amino acid metabolism than leucine so that the
percentage of glutamate recycled would be less than that of
leucine. Hence the choice of glutamate by Holmsen and Koch
(9) to minimize amino acid recycling is justified by the data in
Table I, whereas the choice of leucine for use in protein
degradation studies by Kemp and Sutton (12) clearly leads to
an underestimation of the rate of protein degradation. The
table also provides a correction factor to enable the apparent
half-life of protein determined by the usual method employing
4C-amino-acids to be converted into a true half-life.
The relationship between protein turnover and amino acid

recycling during starvation has been examined from L. minor
deprived of nitrogen and S. pombe deprived of nutrients. The
results are collected in Table II.

Within the limitations of the simplified model of amino acid
recycling and the assumption of a small pool of protein precursor
amino acids, it is clear that the percentage of amino acid
recycling is not increased by starvation. On the other hand the
amount of amino acid recycled is greatly increased during
starvation, for example the ratio:

amount of leucine recycled in absence of NO3
amount of leucine recycled in full medium

is from the data of Table II seen to be 1.7 for Lemna and 2.6
for Schizosaccharomyces. This increase in amino acid recycling
is consistent with a strategy to exchange one set of enzymes for
another set, to meet a change in the environment.
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