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The incorporation of uniformly labeled "C-amino acids into total protein of
human polymorphonuclear leukocytes is inhibited when the cells are challenged
with heat-killed Escherichia coli or latex particles. Parallel studies of amino acid
incorporation and glucose oxidation indicate that the inhibition is dependent upon
ingestion of the particles. It is suggested that the process of phagocytosis might
inhibit the transport of amino acids into the cell either by competing for available
energy or by internalizing specific transport sites.

During the process of phagocytosis by a
polymorphonuclear leukocyte, there are pro-
found alterations in membrane structure, re-
sulting in the formation of a phagocytic vesicle
with the intemalization of as much as 35% of
the plasma membrane (9). There is a concomi-
tant increase in lipid tumover, particularly of
phospholipids (3, 5, 8), which is presumably
needed for the alterations in the membrane.

Since the cell membrane in phagocytes con-
tains nearly equal amounts of protein and lipid
(6), an increased tumover of protein during
phagocytosis might be expected. This is not the
case. The present communication demonstrates
that there is a net decrease in the incorporation
of radioactive amino acids into total cellular
protein during phagocytosis.

MATERIALS AND METHODS
Isolation of cells. Leukocytes were isolated from

the blood of apparently healthy volunteer subjects by
a method described previously (1). The isolated cells
were suspended in Dulbecco phosphate-buffered sa-
line (PBS; containing both magnesium and calcium
ions) and adjusted to a final concentration of 5 x 101
phagocytes per ml by the addition of PBS. Phagocytes
are defined here as segmented neutrophils, band
neutrophils, eosinophils, and monocytes. Lympho-
cytes accounted for less than 10% of the isolated cell
suspension.

Glucose oxidation. The oxidation of glucose-1-_4C
to "CO, was determined by modification of a previ-
ously described method (4). Each flask contained 0.20
iCi of glucose-l-'4C (New England Nuclear Corp.,

Boston, Mass.; specific activity 54.2 mCi/mmol) and
1.66 Mmol of unlabeled glucose. Phagocytosis was
initiated in appropriate flasks by the addition of 0.15
ml of latex particles prepared as previously described
(2), or by the addition of 1.0 ml of a standard

suspension of heat-killed bacteria. The particle: cell
ratio was approximately 10,000: 1 in both cases. The
bacteria were incubated overnight in soy broth to the
stationary phase of growth and heat-killed by immer-
sion in a boiling-water bath for 20 min. The bacteria
were collected by centrifugation, washed three times
with 0.9% sodium chloride, and suspended in PBS to a
standard absorbance of 1.00 at 525 nm on a Beckman
DU spectrophotometer. Dialyzed human serum
(pooled, type 0, 0.10 ml) was added to flasks where
indicated. A 10-ml amount of human serum was
dialyzed overnight against 1 liter of PBS, pH 7.4, at
0 C. The final volume of all flasks was adjusted with
PBS to give 3.0 ml after the addition of cells. Reaction
was initiated by the addition of 1.0 ml of isolated
phagocytes (5 x 106 cells).
The reaction was allowed to proceed for 1 h at 37 C

and was terminated by the addition of 1.0 ml of 5%
trichloroacetic acid. The "4CO, released during the
course of the incubation was collected in 0.50 ml of
hyamine hydroxide and counted in a liquid scintilla-
tion spectrometer as described previously (4).
Amino acid incorporation. A 100-PCi amount of

uniformly labeled "C-amino acids (New England
Nuclear Corp., Boston, Mass.; 100 MCi/ml) was evap-
orated to dryness under a stream of nitrogen gas. The
residue was dissolved in 10.0 ml ofPBS to give a stock
solution of 10 ,Ci/ml, which was stored frozen. A 1:10
dilution of this stock solution was prepared fresh for
each experiment to give a working solution of 1.0
isCi/ml. A typical experiment involved incubating
0.40 ACi of labeled amino acids with 5 x 106
phagocytes in a total volume of 3.0 ml (the volumes
were adjusted by the addition of appropriate quan-
tities of PBS). Phagocytosis was initiated by the
addition of the same particles described above; 0.10
ml of dialyzed human serum was added to some
flasks. Dialysis of the serum was required to remove
endogenous amino acids which lowered the specific
activity of the isotope and, thus, the degree of
incorporation observed. Incubation was generally per-
formed for 1 h at 37 C.
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The reaction was usually stopped by the addition of
3.0 ml of 5% trichloroacetic acid. The precipitate
obtained was washed two times with 5 ml of trichloro-
acetic acid and once with acetone. Excess acetone was
removed by heating in a 60 C water bath for 20 min.
The dried pellet was digested in 0.50 ml of 0.2 N
NaOH for 2 h at 60 C: the solution was neutralized
with 0.20 ml of 3% acetic acid, and 0.50 ml of water
was added. A 1.0-ml sample was added to 10 ml of
Aquasol (New England Nuclear Corp., Boston,
Mass.), and the radioactivity was determined in a
liquid scintillation spectrometer.

Alternatively, the reaction was stopped in some
cases by the addition of 5.0 ml of ice-cold PBS,
followed by immediate centrifugation at 0 C. The cell
pellet was washed three times with 5 ml of cold PBS
by repeated suspension and centrifugation. Excess
PBS was removed by overnight drying in a 60 C water
bath. The resulting pellets were digested, neutralized,
and counted as previously described.

RESULTS

Some of the characteristics of the incorpora-
tion of labeled amino acids into total leukocytic
protein are illustrated in Fig. 1. Under the assay
conditions employed, the incorporation pro-
gresses in a linear fashion for at least 120 min
and is dependent upon the isotope concentra-
tion up to at least 1.0 ,uCi of radioactive amino
acids. The effect of phagocytosis of polystyrene
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FIG. 1. Incorporation of labelled amino acids into

phagocytic protein. Each point represents the mean of
three determinations. A, Effect of incubation time
(minutes); B, effect of isotope concentration (mi-
crocuries).

spherules upon the incorporation of amino acids
into protein is described in Table 1. Very little
incorporation is observed when the reaction is
terminated at zero time or when it is allowed to
incubate for 60 min at 0 C. On the other hand, a
significant amount of isotope is incorporated
into trichloroacetic acid-precipitable material
by resting cells; this incorporation is only
slightly enhanced by the inclusion of glucose in
the medium. A significant and reproducible
inhibition of this incorporation is observed
when latex particles are included in the incuba-
tion mixture. This inhibition was evident at two
concentrations of isotope, and was not apprecia-
bly altered by the inclusion of exogenous glu-
cose in the medium. Control experiments dem-
onstrated that this inhibition by latex could not
be explained by either adsorption of isotope
onto the latex or a quench effect of latex in the
scintillation counter. Five times the concentra-
tion of latex used in the present experiment
failed to adsorb a measurable amount of isotope
and to decrease the counting rate when added to
a standard amount of labeled amino acids in a
scintillation vial (data not shown). Thus, the
inhibition was presumed to be dependent upon
the phagocytosis of the particles by the cells.
The correlation between inhibition of amino

acid incorporation and phagocytosis was inves-
tigated in several experiments employing more
than one type of particle. The degree of inges-
tion of a particle was estimated indirectly by
the increase in glucose-l-"4C oxidation when the
cell was challenged with a specific particle
(Table 2). In the absence of serum, latex is
ingested adequately, as seen by the fivefold

TABLE 1. Incorporation of '4C-amino acids into
leukocyte proteina

Amino acid incor-
Expt conditions poration (counts/min)

Expt 1 Expt 2

Zero time incubation .......... 68 206
Incubation at 0 C ............. 144 327
Complete system .............. 6,968 13,463
Complete system + glucose .... 7,831
Complete system + latex ...... 2,927 5,926
Complete system + glucose
+ latex ..................... 3,172

a The complete system consisted of 5 x 106 poly-
morphonuclear leukocytes plus isotope in a volume of
3.0 ml of PBS. A 0.40-MCi amount of labeled amino
acid was used in experiment 1; 1.00 ACi was used in
experiment 2. Glucose was added, where indicated, to
give a final concentration of 0.10 mg/ml. Each value
represents the mean of closely agreeing triplicate
determinations.

Q.
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TABLE 2. Parallel study of amino acid incorporation and glucose-l- '4C oxidation'

Amino acid incorporation Glucose-i- 14C oxidation

Description (counts/min) (counts/min)

- Serum + Serum - Serum + Serum

Experiment 1
Zero time incubation 293 193 77 104
- Particles 6,562 6,454 2,099 860
+ Latex 3,485 4,517 10,286 14,934
+ E. coli 5,765 3,947 3,089 22,163

Experiment 2
Zero time incubation 693 686 121 103
- Particles 16,090 17,146 2,321 866
+ Latex 7,808 12,056 16,178 17,980
+ E. coli 12,609 8,186 4,417 28,444

a Each value represents the mean of closely agreeing triplicaste determinations. Experiment 1 was stopped by
the addition of trichloroacetic acid; experiment 2 was stopped by the addition of cold buffer and centrifugation.

increase in glucose oxidation. Under the same
conditions, there is a 50% inhibition of amino
acid incorporation into the cell. Escherichia
coli, on the other hand, is very poorly ingested
in the absence of serum, as indicated by the
small stimulaton (1.5-fold) in glucose oxidation.
There is, at best, a marginal inhibition of amino
acid incorporation into protein. However, when
serum is present, the E. coli is ingested very
well, as indicated by a marked stimulation of
glucose oxidation. There is now a marked inhi-
bition of amino acid incorporation into protein.
The presence of serum seems to reduce the
latex-induced inhibition of amino acid incorpo-
ration (there is 47% inhibition of incorporation
in the absence of serum and 30% inhibition
when serum was added). The reason for this
effect is unknown, but it is quite reproducible
and suggests that the inhibition observed with
E. coli in the presence of serum represents a
minimal value. Similar results were observed
regardless of whether the reaction was ter-
minated with trichloroacetic acid or cold PBS.
The amount of protein released to the medium
was the same for resting or phagocytizing cells,
so there was a decrease in the specific radioac-
tivity of the cells during phagocytosis.
The inhibition of amino acid incorporation by

latex is seen at all time periods examined and
can be observed as early as 10 min after the
initiation of the reaction (Fig. 2).

DISCUSSION
Sbarra and Karnovsky (8) reported previ-

ously that the ingestion of starch particles by
guinea pig peritoneal polymorphonuclear leuko-
cytes depressed the incorporation of leucine-14C
into total cellular protein by 15%, but they
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FIG. 2. Effect of latex on the incorporation of
labelled amino acids into phagocytic protein. Open
bars, resting cells; hatched bars, latex present. Each
point represents the mean of three determinations.

observed no effect when latex was used as the
challenging particle. The discrepancy between
their observations and the present communica-
tion might reflect methodological differences or
the differences in cell type employed. Certainly
the data in Tables 1 and 2 strongly suggest that
there is decreased net incorporation of amino
acid into protein during phagocytosis. Further,
this decrease is observed with at least two types
of particles.
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The data in Table 2 suggest that this phe-
nomenon is closely related to the actual inges-
tion of particles. Under conditions in which
particles are not ingested (e.g., E. coli in the
absence of serum), there is no significant inhibi-
tion of incorporation. If serum is present, the
particles are ingested as determined by the
increase in glucose-1-14C oxidation, and there is
a concomitant inhibition of the incorporation of
amino acid into protein. On the other hand,
latex is ingested well in the absence of serum
and, likewise, inhibits the incorporation of
amino acids under these conditions. The addi-
tion of serum with latex does not greatly in-
crease ingestion and does not cause further
inhibition of amino acid incorporation. In fact,
serum itself seems to alleviate the inhibition to
some extent. The mechanism of this serum
effect is not known. The use of glucose oxidation
as a measure of degree of ingestion is valid,
provided that normal cells are employed and no
inhibitors of leukocyte metabolism are present.

Since the incorporation experiments were
routinely performed using a 60-min incubation
period, it might be argued that the inhibition of
incorporation by latex is due simply to cell
damage which accompanies phagocytosis. The
data in Fig. 2 do not support such a conclusion;
inhibition of incorporation was observed at the
earliest time periods examined when relatively
little cell damage could be expected. Further-
more, greater than 90% of both resting and
phagocytizing cells were observed to exclude
trypan blue dye after incubation periods of as
great as 1 h, indicating no differences in viabil-
ity between the resting and phagocytizing cells.
The incorporation of amino acids into protein

by intact cells is a complex process which is
dependent upon both uptake of the amino acids
and the subsequent metabolic events involved
in protein synthesis. Rosenberg and Downing
(7) have demonstrated that amino acids are
transported actively into phagocytes by a sys-
tem requiring the expenditure of energy. Win-
kler has demonstrated that the incorporation of
a single amino acid into phagocytic protein
proceeds in a linear fashion for 3 to 4 h (11), in
accord with the data presented in Fig. 1 for a
mixture of amino acids. He has demonstrated
further that extracellular amino acids are used
preferentially to internal pool amino acids in
protein synthesis, and concluded that the veloc-
ity of amino acid transport through the cell
membrane is rate limiting in terms of the
incorporation rate into protein. The present
results are compatible with such an explana-
tion. Figure 1 demonstrates that the rate of
incorporation is directly dependent upon the

extracellular concentration of isotope, suggest-
ing that availability of the labeled amino acids
is rate limiting. The data in Table 2 further
substantiate this hypothesis. The inhibition of
amino acid incorporation by phagocytosis was
observed equally when the reaction was ter-
minated by the addition of trichloroacetic acid
or by the addition of cold PBS and centrifuga-
tion. If the inhibition by phagocytosis were on
protein synthesis per se and the uptake of amino
acids were not rate limiting, then there should
be no inhibition when the reaction was stopped
with PBS, since that procedure measures the
total intracellular concentration of label regard-
less of whether it is actually incorporated into
protein. The fact that inhibition is seen under
these conditions suggests that uptake of the
amino acids is rate limiting.

Phagocytosis could inhibit amino acid uptake
in several ways. Since both phenomena are
active processes requiring the expenditure of
energy, the available energy might be shunted
away from amino acid transport and used
preferentially for phagocytosis. Alternatively,
the phagocytic process might internalize a por-
tion of the membrane containing transport sites
for the amino acids. Tsan and Berlin (9) have
shown that several transport mechanisms for
nucleosides in rabbit phagocytes are unaffected
even after 35% of the membrane has been
internalized. However, it is likely that multiple
transport sites are involved for the different
amino acids, and the present system might be
expected to be much more sensitive to internali-
zation of the membrane. Different transport
systems for some of the amino acids have been
demonstrated in both alveolar macrophages
(10) and polymorphonuclear leukocytes (7).
The blockage of entry of a single amino acid

into the cell could reduce the incorporation of
all amino acids into protein.
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