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C14 Amino Acid Incorporation by Spinach Chloroplast Preparations l 2,3
Alva A. App4 and A. T. Jagendorf
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The chloroplast fraction fronm higher plants has
been reported to incorporate amino acids in vitro
(1, 2, 4, 7, 8, 9). We have investigated incorporation
by spinach (Spinacia oleracea) chloroplast fractions
and as yet have been unable to demonstrate clearly
that the chloroplasts themselves are responsible for
the observed incorporation. A severe and major
problem appears to be the prevalence of contamination
by bacteria.

A typical time course for incorporation of C14-L-
leucine, C14-L-phenylalanine or a mixture of C14-L-
amino acids by a chloroplast preparation usually con-
tinues for at least 8 hours. Frequently the rate
increases after the first 3 or 4 hours. Addition of
the other 19 amino acids and amidles (loes not enhance
but actually inhibits incorporation of any single aimiino
acid. Evidence that the incorporated amino acid is
probably in a peptide linkage includes transfer of the
originally labeled amino acid from a trichloracetic
acid insoluble to soluble form by either acid hydrolysis
or papain or trypsin digestion of the isolated labeled
protein. Incorporation is inhibited 75 % or more by
10-3 I of either chloramphenicol, streptonmycin, puro-
mycin, or arsenate. It is not inhibited by Zephiran
chloride (1: 5000), penicillin (500 units/ml), ribo-
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nuclease (1 mg/mIl), deoxyribonuclease (1 mg/ml)
or fluoride (10-3 Il). Incorporation over this long
time period is not dependent upon or increased by
adding ATP, an ATP generating system, or various
substrates such as glucose, malate, ascorbate, or gly-
colate.

The reaction appears to require 02 since incuba-
tion under N2 gives a very large inhibition (table I).
The enhancement by light (1, 9) can only be coIn-
sistently reproduced under conditions of low 03
tension. Photophosphorylation does not seem to be
the basis of the light effect because uncouplers (pro-
pylamine) had no effect on the light stimulation. On
the other hand substrate amounts of TPN do enhance
the effectiveness of light (table I) and in other
experiments this effect was not shared by TPNH
or by catalytic amounts of TPN. The inhibitor of
0° evolution, p-chlorophenyl-1, 1-dimethylurea
(CMU), eliminates the light effect, as does the addi-
tion of an 02 trapping system (glucose and glucose
oxidase). It seems certain that stimulation by light
under these conditions is likely to be simply another
manifestation of the 02 requirement. The pH opti-
mum for incorporation is very broad, running from
pH 4.5 to 8.0. Finally, in agreement with previous
work (9) a concentration greater than 40 ,umoles
leucine per milliliter is necessary to achieve the maxi-
mum rate of leucine incorporation.

Since many of the unusual characteristics of the
chloroplast fraction incorporation system could be
explained if microbial contamination were a serious
problem, chloroplast preparations were plated out on
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Table I. Effect of Light on Incorporation by Chloroplast Fraction untder Aerobic and Anaerobic Conditions
In experiment I, each flask contained 2.5 Atg of each of the following L-amino acids (Nutritional Biochemical Corp.),

glutamic, lysine, valine, alanine, arginine, phenylalanine, aspartic, isoleucine, proline, threonine, tyrosine, serine, trypto-
phan, histidine, methionine, cysteine, asparagine, leucine, glutamine, and glycine, as well as 0.5 M sucrose, 0.02 M Tris
pH 7.6, 0.01 M MgCl2, 1.6 mg chlorophyll, and 325,000 Cpm C14 algal protein hydrolysate (New England Nuclear) in a
total volume of 2.0 ml. The reaction was run for 60 minutes at 200. Incorporation was determined by the method of
Mans and Novelli (6). In experiment II, each flask contained 2.5 ,ug of each of the 20 amino acids listed above, and
0.02 M Tris pH 7.6, 0.01 M MgCl2, 162,000 cpm C14 algal protein hydrolysate, 750 ,g chlorophyll in a total volume of 1
ml. The reaction was run for 75 minutes at 200. The glucose oxidase system included 100 ,Ag glucose oxidase (Sigma)
and 6 X 10-2 M gluCose.

Treatment Gas phase Air N2100%7022
(cpm/mg chlorophyll)

Expt. I
... Dark 5700 6700 520
... Light 6150 5950 1220

4 X 1O-5 MCMU ... 6750 680
10-3 as Propylamine ... ... 1160

Expt. II
... .......Light ... ... 900

4 X 10-' MCMU + ... ... 720
2 X 10-3 MTPN

2 x 10-3MTPN ... ... 2220
2 X 10-3MTPN + ... ... 1090

glucose oxidase

Table II. Relation between Bacterial Contamination and Incorporation by Spinach Chloroplast Fraction
In experiment I, each flask contained 320 ,Ag chlorophyll, 0.02 M Tris pH 7.6, 0.01 M MgC12, 33 jtg L-leucine, 40,000

Cpm C14 L-leucine (Volk Chemical Co.) in a total volume of 1.0 ml. The reaction was run under 100 % 02 at 200. In
experiment II, each flask contained the same components as in experiment I except 66 /Ag L-leucine rather than 33 gg leu-
cine was employed. All samples were plated on nutrient agar after the incorporation incubation was completed. Col-
ony counts were made after 72 hours at 250. Incorporation was measured by the method of Mans and Novelli (6).
In all experiments, both cultured bacteria and chloroplasts were prepared from the same batch of spinach.

Incorporation Plate Approx amount
(m,u moles Leucine) colony bacteria
0 hr 3 hr counts added

Expt. I
1. -Control 1.0 16.4 5.5 X 107
2. Chloroplasts heated

10min, 550 0.67 0.7 1.7 X 104
3. " " 1.2- 29.8 5.3 X108 3 X 108
4. " "3.3- 49.0 5 X 109 3 X 109
5. " " 0.58 1.25 ... 3 X 109 (heated

10 min, 550
6. Leaves treated with

hypochlorite 0.83 1.35 3.1 X 105 ...

7. "I 0.84 22.5 5 x 108 3 X 108
8. " " 1.44 43.0 9.3 X 109 3 X 109

Expt. II
1. Chloroplasts heated

10 min, 550 0.83 1.25 8 X 105 ...
2. " 0.92 9.3 4.4 x 108 3 X 108
3. 0.85 7.8 4.7 x 108 3 X 108

(+ 1: 10,000 Zephiran
chloride + 500 units
penicillin)

4. 0.80 2.1 ... 3x108
(run under N2)
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nutrient agar and colony counts obtained. Bacteria
were also plated out on agar containing heat dena-
tured chloroplasts but no increase in the number of
colonies resulted so Difco nutrient agar was used
routinely. Plates were incubated at 250. In addi-
tion, suspensions of the microbes, obtained by sus-
pending the surface bacteria from the nutrient agar
plates, were added back to the system. Table II
shows that both the chloroplast preparation and the
microbial suspension are inactivated by heating at
550 for 10 minutes. Pretreating the leaves by im-
mersing them in a 2 % filtered solution of calcium
hypochlorite for 5 minutes and then washing thor-
oughly in sterile water inactivates the incorporating
system. Adding back microbial contamination to
either chloroplasts prepared from hypochlorite treated
leaves or to heat treated chloroplasts resulted in good
rates of incorporation. However, there is not a
linear relationship between the amount of contamina-
tion as measured by colony counts on nutrient agar
and incorporation of C14 leucine. Thus, adding 3
X 10) cells to heated chloroplasts did not result in
a 10-fold increase in incorporation of C14-leucine over
adding 3 X 108 cells, and adding 3 X 108 cells to the
treated preparation did not give a 10-fold increase in
incorporation over the control rate. Also shown in
table I is the fact that neither Zephiran chloride
(1: 10,000) or penicillin (10-3 M) had much effect
on either colony counts or rate of incorporation by
the added bacteria. Although not shown here, neither
chemical had any effect on incorporation by chloro-
plast preparations. Finally, anaerobiosis clearly in-
hibits incorporation by the added bacteria.

In criticism of the above experiments, it is clear
the quality of the microbial population grown on
nutrient agar is not necessarily identical with that
found on the leaf, and for the same reason colony
counts on nutrient agar do not necessarily reflect the
maximum amount of contamination actually present
in the chloroplast preparation. However, as shown
beow, after removal of the chloroplast RNA with
deoxycholate, the remaining amount of pellet RNA
agrees reasonably well with the expected pellet RNA
content as calculated from plate colony counts and
RNA per bacterial cell.

Although microbial contamination appears respon-
si-ble for much of the incorporation by our chloroplast
preparations, the possibility remains that a small
rate of incorporation by the chloroplasts was present
but masked by the much larger bacterial incorpora-
tion. It should be pointed out that the hypochlorite
washing of the leaves eliminated about 97 % of the
observed amino acid incorporation; any activity by
the chloroplasts would thus be at most a very minor
phenomenon amounting to incorporation of 0.1
m,Lmole of leucine per milligram of protein. To
investigate this possibility, a chloroplast preparation
-was labeled, washed, and placed on a 0.7 M to 2.0 M
linear sucrose gradient (3). Figure 1 shows most
of the incorporated C14 leucine is found at the bottom
of the tube and a smaller peak of radioactivity is
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FIG. 1. Sucrose gradient analysis of labeled chloro-
plast preparation. A spinach chloroplast preparation was
labeled for 2.5 hours at 20° with C'4-leucine using essen-
tially the same reaction mixture without cold leucine as
described under table II. Chloroplasts were washed 2
times with 0.5 M sucrose, 0.02 Tris pH 7.6, 0.01 MgCl2,
and 1000 ,ug/ml leucine, then 0.93 mg chlorophyll in 2.0
ml of sucrose-Tris-Mg was layered on top of 24 ml 0.7
M to 2.0 M sucrose linear gradient (3). Tubes were spun
for 40 minutes at 5000 rpm in a Servall HB-4 swinging
bucket rotor. Fractions were collected by puncturing
the bottom of the tube with a #22 gauge needle. Chloro-
phyll was estimated by optical density measurement at
663 mu. Radioactivity was determined by plating 0.1 ml
aliquots on filter paper disks and counting on a Nuclear
Chicago Model 186. Approximately 100 % of the counts
layered on the gradient were recovered in the various
fractions.

found in the chlorophyll region. The exact location
of this radioactive peak varied in different experi-
ments from directly under the chlorophyll peak to
a little ahead of the chlorophyll. In a companion
experiment, bacterial cells were labeled by allowing
them to incorporate radioactive amino acids, and
then mixed with an unlabeled chloroplast prepara-
tion. Figure 2 shows that density gradient centrifu-
gation of this mixture gives about the same profile
of radioactivity as in the previous experiment-a
large fraction of the cells sediment to the bottom of
the tube, but a considerable amount of the radio-
activity is still associated with the chlorophyll peak.
Thus it is obviously unwarranted to assume that
radioactivity in the chlorophyll region in centrifuga-
tion experiments of this nature necessarily indicates
amino acid incorporation by the chloroplasts.

We have previously reported that deoxycholate
extraction removes ribosomes from isolated chloro-
plasts (1). To see whether this observation also is
due to bacterial contamination, a mixture of bacteria
from the nutrient agar plates were extracted with
deoxycholate, then centrifuged at 20,200 X g. No
RNA was found in the supernatant fraction in these
experiments; thus it seems that the observation of
the existence of chloroplast ribosomes is not due to
bacterial contamination. Also Lyttleton (5) could
extract ribosomes simply by osmotically shocking
spinach chloroplasts in water; an observation that
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FIG. 2. Sucrose gradient analysis of a mixture of
labeled bacteria and unlabeled chloroplasts. Microbial
contamination from spinach chloroplast inoculum was
cultured on nutrient agar, harvested, and washed 2 times
with sucrose-Tris-MgCl2, labeled with C14 leucine at 200
for 3 hours, washed 2 times with sucrose-Tris-Mg and
1000 ,ug/ml cold leucine, then mixed wuith unlabeled
chloroplasts in sucrose-Tris-MgCl2. Two milliliters of
this mixture containing 1.16 mg chlorophyll and labeled
bacteria were layered on a 0.7 M to 2.0 M sucrose gradient
and treated as described under figure 1. Approximately
85 % of the original counts layered were recovered in
the various fractions.

we have recently been able to repeat. Finally, add-
ing bacteria with a known and significant RNA con-
tent to the chloroplast preparations did not result in
any increase in the yield of RNA extractable from
the chloroplast fraction with deoxycholate.

Discussion

The results presented here clearly show that most
if not all of the amino acid incorporation so easily
observable with isolated chloroplasts can be due to
contaminating bacteria. In view of this, brief re-

ports of the incorporation of amino acids by chloro-
plasts without extensive accompanying data showing
that bacteria are absent or inactive cannot be accepted
without question (1, 2,4, 7, 8). Previous work on

the activity of ribosomes isolated from chloroplasts
are on a much sounder basis because conditions used
to extract ribosomes from chloroplasts do not solu-
bilize the bacterial ribosomes (1, 7, 8).

The most important and earliest paper concerning
protein synthesis by isolated chloroplasts is that of
Stephenson, Thimann, and Zamecnik (9). Their
chloroplast fraction from tobacco leaf homogenates
apparently contained only on the order of 105 bacteria,
or very much less than we have been afflicted with,
and the rates of amino acid incorporation observed
by them (about 0.8 m,mole leucine/mg protein hour)
were about one third as high as those seen here. A
further important control of Stephenson et al. was

the complete inhibition of bacterial colony formation
from reaction mixtures previously treated with Zephi-
ran, even though Zephiran had no effect on the
protein formation.

In our present experiments the results with Zephi-
ran were different in that it neither inhibited the
subsequent growth of bacterial colonies nor inter-
ferred with protein synthesis. On the other hand
the agents which did inhibit protein synthesis for us
(chloramphenicol, brief heating, streptomycin, arsen-
ate, puromycin, hypochlorite treatment of the leaves)
are just the same ones that inhibit bacterial colony
formation.
A most important difference between the results

of Stephenson et al. and ours is in the nature of the
light effect. In our case light stimulates amino acid
incorporation only under relatively anaerobic condi-
tions, and we have been able to show rather clearly
that the action of light is simply to produce a bit of
02 which in turn is needed for oxidative metabolism
by the bacteria. In contrast, Stephenson et al. found
the light stimulation to occur if anything more clearly
under 95 % 02 than anaerobically. Furthermore
their reaction mixtures often contained 0.01 M ascor-
bate, in which case illumination should have led to
oxygen uptake rather than 02 production. However,
the nature of the light stimulation in their case was
not explored.

A final point arguing against bacterial activity
in the experiments of Stephenson et al. was the shape
of the time course for incorporation. The chloro-
plast fraction activity always sloped off after either
30 or 60 minutes, something which would not be
expected from active bacteria. Their observations
were terminated at the end of 1 hour, and in no case
did it appear that the chloroplasts had completely lost
all activity. In our experience the time course curve
has been rather variable. In a fair number of experi-
ments we saw a rapid rate for the first hour approxi-
mately, then a sloping off for another 1 to 3 hours,
and finally a resumption of activity at a much faster
pace. We are not able to explain the plateau period
but think it might relate to aspects of the physiology
of the bacteria or cross-feeding between the chloro-
plasts and the bacteria. Incorporation of amino acids
during the first hour of our experiments showed
basically the same characteristics as those seen
during the longer time courses with the exception of
lesser inhibition by respiratory poisons such as cya-
nide, azide, or arsenate.

The discrepancies between the experiments of
Stephenson et al. and our own are sufficiently great so
that it seems quite possible that bacterial contamina-
tion was not involved in the results that they ob-
served. However, their system and ours share a
number of characteristics which are much easier to
explain as being due to bacteria than as the result of
chloroplast enzymes: A) 02 is clearly required for
amino acid incorporation, even though chloroplasts
have been shown not to be capable of simple oxida-
tive phosphorylation; B) very high concentrations of
leucine (0.04 M) are needed for optimal activity; C)
no requirement can be shown for added ATP or an
ATP generating system: D) ribonuclease does not
cause any inhibition at all; E) it is not necessary to
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add amino acids other than the one labeled component
in order to obtain maximal rates of incorporation.

Further support for the pessimistic point of view
may be found in recent experiments of S. G. Wildman
and D. Spencer (personal communication). Using
a much more sophisticated procedure for isolating
tobacco chloroplasts, they have apparently been able
to demonstrate an ATP requiring, 02 independent,
ribonuclease sensitive amino acid incorporation by
the chloroplast fraction. If this is truly the nature
of the chloroplast protein forming system, then results
such as those above are more certainly questionable
ones.

There are probably 2 reasons for the severity of
the bacterial contamination in spinach chloroplast
preparations. In the first place the leaves were pur-
chased from local markets. They undoubtedly had
spent a number of days in storage during which time
bacterial growth would be favored by the presence of
any damaged tissues. When working with leaves of
spinach, bean, or pea grown in the greenhouse and
used immediately after harvesting, lower initial rates
of incorporation were always seen. In the second
place the conditions used in centrifuging chloroplasts
(2000 X g for 7 minutes) are sufficient to sediment
a very large fraction of the accompanying bacteria.
If by any chance the buffer solutions themselves are
contaminated with bacteria every time a chloroplast
preparation is washed in fresh buffer more bacteria
will be added to the preparation.

It should be noted that the preparative conditions
shown here to result in chloroplasts highly con-
taminated with bacteria are essentially identical to
those usually employed in studies of chloroplast bio-
chemistry, photosynthetic or otherwise.

Summary

Apparent incorporation of amino acids into pro-
tein by isolated spinach (Spinacia oleracea) chloro-
plasts was found to be due to contaminating bacteria
which are sedimented together with the chloroplasts
during their initial isolation. At least 75 % of the
labeled protein is separable from chloroplasts of a
labeled preparation in a subsequent density gradient
centrifugation, and the conditions which inhibit in-
corporation (brief heating at 50°, hypochlorite treat-
ment of the leaf surface before homogenizing, or
addition of streptomycin, chloramphenicol, or puro-
mycin) are those which inhibit growth of the con-
taminating bacteria.

Previous reports of stimulation of incorporation
by light are confirmed, but in our case the enhance-
ment appears to be due to evolution of a small amount

of 02 by the chloroplasts. This 02 in turn stimulates
the metabolism of the highly aerobic contaminating
bacteria under conditions of low 02 tension. Re-
agents previously reported not to inhibit protein syn-
thesis by chloroplasts (penicillin, Zephiran) are
shown not to inhibit growth of contaminating bacteria
in the present instance. It is concluded that certainly
not in the present experiments, and possibly not in
others reported to date has it been demonstrated uIn-
equivocally that isolated chloroplasts are capable of
amino acid incorporation. On the other hand the
present results dlo not cast doubt on experiments wvitlh
isolated chloroplast ribosomes, because bacterial ribo-
somes are not extracted by the proce(lure use(d to
isolate those fromn chloroplasts.
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