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The reported puromycin resistance of the in vivo biosynthesis of a specific
outer-membrane lipoprotein of Escherichia coli was further investigated. The
biosynthetic machinery making the lipoprotein was made more accessible to
puromycin by disruption ofthe cell structure using ethylenediaminetetraacetate
or toluene, and finally in an in vitro protein biosynthesis system using polyribo-
somes. Puromycin sensitivity of overall protein sythesis increased by about 10-
fold for each method of disruption of the cell structure; 50% inhibitions were
obtained at 330, 35, 2.7, and 0.22 ,tg of puromycin per ml for intact cells,
ethylenediaminetetraacetate-treated cells, toluene-treated cells, and the polyri-
bosome system, respectively. However, the lipoprotein biosynthesis remained
more resistant to puromycin than the biosynthesis of other proteins in all
systems tested. These results strongly suggest that puromycin resistance of the
lipoprotein biosynthesis is due to an intrinsic property of the lipoprotein biosyn-
thetic machinery.

Although the mechanism of biosynthesis and
assembly of membrane proteins is still obscure,
we have shown that in vivo, membrane pro-
teins ofEscherichia coli are biosynthesized in a
somewhat different manner than are cytoplas-
mic proteins (6). In the course of these studies
we found that the biosynthesis of one of the
membrane proteins was unusually resistant to
puromycin (6). This is a specific lipoprotein that
has been investigated most extensively thus far
among the E. coli membrane proteins; the en-
tire chemical structure of this lipoprotein has
been determined (2, 5), the mechanism of bio-
synthesis and assembly of the lipoprotein has
been extensively investigated (7, 8, 10, 16), and
it has been shown to exist in the outer mem-
brane (1, 18); a three-dimensional molecular
model has been proposed (13). Recently, we
have also demonstrated cell-free biosynthesis of
the lipoprotein directed by the purified messen-
ger ribonucleic acid (mRNA) (9).
As previously discussed (6), resistance of the

biosynthesis of the lipoprotein to puromycin
may be explained by two different mechanisms.
First, the lipoprotein biosynthetic machinery
may in some way be compartmentalized within
the cell, for instance by way of the cell mem-
brane, making the lipoprotein biosynthetic ma-
chinery inaccessible to puromycin. Alterna-
tively, the lipoprotein biosynthetic machinery
itself may somehow differ from the usual puro-
mycin-sensitive one. In the present paper, bio-
synthesis of the lipoprotein was examined in

three different systems in which the cell's
permeability to puromycin was increased by
ethylenediaminetetraacetate (EDTA) or tolu-
ene treatment and in an in vitro system of
protein synthesis using isolated polyribosomes.
In every case, lipoprotein biosynthesis re-
mained relatively resistant to puromycin,
showing that puromycin resistance is an intrin-
sic property of the lipoprotein biosynthetic ma-
chinery.

MATERIALS AND METHODS
Bacterial strains. E. coli K-12 strains MX74T2

(11) and CP78 (9) were used.
Media and growth conditions. M9 medium sup-

plemented with glucose (4 mg/ml), thiamine (2 ,ug/
ml), and thymidine (4 ,ug/ml) was used in all experi-
ments (11) with additional supplements of arginine,
histidine, threonine, and leucine (20 ,ug/ml each) for
strain CP78. All cultures were grown at 37 C.
EDTA treatment. E. coli strain MX74T2 was

treated with EDTA according to the method of Lieve
et al. (19) with slight modifications. Cell cultures
were grown to a cell concentration of about 2 x 108
cells/ml. The cells were harvested by centrifugation
at 4 C and concentrated to one-tenth the original
volume in tris(hydroxymethyl)aminomethane
(Tris)-hydrochloride buffer (10 mM), pH 8.0, con-
taining 1 mM EDTA. This suspension was allowed
to stand at room temperature for 5 min. The cells
were then used immediately for protein synthesis as
described below.

Toluene treatment. E. coli strain MX74T2 was
treated with toluene according to the method of
Levin et al. (20) with modification. Cell cultures
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were grown to a cell concentration of about 2 x 108
cells/ml. The cells were then harvested at 4 C and
concentrated to about 3.5 x 109 cells/ml in a buffer
containing 10 mM Tris-hydrochloride, pH 7.8, 50
mM NH4CL, 10 mM Mg(CH3COO)2, and 7 mM ,3-
mercaptoethanol. Toluene was added to 1%, and the
suspension was briefly mixed and shaken for 10 min
in an ice-water bath. The toluene-treated cells were
then used for protein synthesis immediately after
toluene treatment, as described below.

Label experiments. Intact cells were labeled with
L-[3H]arginine with or without puromycin as previ-
ously described (6). After EDTA treatment, the cell
suspension described above was diluted 10-fold with
M9 growth medium described above lacking Mg2+
and supplemented with L-arginine (5 ,ug/ml). The
culture was then incubated at 37 C with 0.2 mM
MgSO4 with or without puromycin, as described in
Fig. 2. After 5 min the cells were labeled with 25 uCi
of L-[3H]arginine for 2 min, at which time cold argi-
nine (500 u.g/ml) and formaldehyde (1%) were added
to stop label incorporation. Toluene-treated cells
were used in in vitro-type reaction mixtures for
protein synthesis. A typical reaction mixture con-
sisted of 14.5 mM adenosine triphosphate, 0.2 mM
guanosine triphosphate, 17.4 mM Mg(CH3COO)2, 60
mM NH4Cl, 75 mM Tris-hydrochloride, pH 7.4, a
mixture of 19 amino acids (all 20 amino acids minus
arginine, 0.2 mM each), L-[3H]arginine (10 ,uCi/ml,
66 Ci/mmol; Schwarz/Mann), and toluene-treated
cells (109 cells/ml). Varying amounts of puromycin
as specified in Fig. 3 were also added to the reaction
mixtures. Reaction mixtures were incubated at 37 C
for 30 min. In all cases (intact, EDTA-treated and
tolune-treated cells), total protein synthesis was
measured by incorporation of the label into hot tri-
chloroacetic acid-insoluble material. Envelope frac-
tions were prepared by differential centrifugation
and solubilized in 1% sodium dodecyl sulfate (SDS)
as previously described (14). One-half of the solubi-
lized envelope was subjected to polyacrylamide gel
electrophoresis, and the other half was subjected to
immunoprecipitation.

In vitro protein synthesis. In vitro protein syn-
thesis using polyribosomes isolated from E. coli cells
was carried out as described previously (8), using
480 ,Ag of E. coli soluble enzyme fraction (S-150) per
ml, 8 j,Ci of [35S]methionine (397 Ci/mmol; New
England Nuclear Corp.) per ml, and polyribosome
fraction. Amounts of polyribosomes used are de-
scribed in Fig. 4.

Immunological assay. Solubilized envelope frac-
tion or solubilized in vitro products were subjected to
immunoprecipitation, using antiserum against
highly purified E. coli lipoprotein serum as previ-
ously described (4, 9).

Gel electrophoresis. SDS-polyacrylamide gel
electrophoresis in 0.5% SDS was carried out on 7.5%
acrylamide gels as previously described (15). After
gel electrophoresis, the gels were sliced with a razor
blade slicer and the radioactivity of each slice was
counted as previously described (15). All gel electro-
phoreses were run by using internal molecular
weight standards made of fluorescent proteins (12).
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RESULTS

Sensitivity of total protein synthesis to pur-
omycin. To study puromycin sensitivity of the
lipoprotein biosynthesis in the various protein-
synthesizing systems, we first examined puro-
mycin sensitivity of total protein synthesis in
these systems. In intact cells, 50% inhibition of
total protein synthesis required 330 ,g of puro-
mycin per ml (Fig. 1). In cells treated with
EDTA which is known to increhse cellular
permeability (19), total protein synthesis be-
came about 10 times more sensitive to puromy-
cin than with intact cells; 35 ,tg of puromycin
per ml was enough to effect 50% inhibition of
total protein synthesis (Fig. 1). Further disrup-
tion of the cell structure by toluene caused an-
other 10-fold increase of puromycin sensitivity,
requiring 2.7 ,ug of puromycin per ml for 50%
inhibition of total protein synthesis (Fig. 1).
Finally, the cell-free protein-synthesizing sys-
tem consisting of polyribosomes was about 10
times more sensitive to puromycin than the
toluene-treated cells, requiring 0.22 ,Ag of puro-
mycin per ml for 50% inhibition of total protein
synthesis (Fig. 1).

Lipoprotein synthesis in EDTA-treated
cells. In the previous study (6), we showed that
the biosynthesis of the lipoprotein in intact
cells was not inhibited at all at the puromycin
concentration (300 ,tg/ml) that inhibited 50% of
total protein synthesis. We examined whether
the lipoprotein biosynthesis in EDTA-treated
cells remains resistant to puromycin in spite of
the disruption caused by the chemical. Figure 2
shows SDS-gel electrophoresis of total envelope
proteins synthesized in EDTA-treated cells in
the absence and presence of puromycin. The
puromycin concentration tested was chosed to
be 80 ,lg/ml, which inhibited 80% of total pro-
tein synthesis in this system (see Fig. 1). EDTA
treatment did not cause significant effects on
envelope protein biosynthesis (solid line in Fig.
2); the pattern was identical to that of intact
cells. When 80 ,g of puromycin per ml was
added, the biosynthesis of all membrane pro-
teins, whose molecular weights were larger
than internal standard c, was severely in-
hibited; the biosynthesis of peak 4, 5, and 7
proteins was inhibited by about 80, 60, and
70%, respectively. However, as in intact cells
(6), the biosynthesis ofthe lipoprotein, the peak
between internal standards e and f, was not
inhibited at all. This result indicates that the
lipoprotein biosynthesis is still resistant to pur-
omycin in the EDTA-treated cells.

Lipoprotein synthesis in toluene-treated
cells. If the lipoprotein biosynthetic machinery
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FIG. 1. Increased cell permeability to puromycin

after disruption of the cell structure. Sensitivity of
protein synthesis to puromycin was tested in the four

is compartmentalized in the cell so that puro-
mycin has no access to the machinery, the
above result can be interpreted as showing that
EDTA treatment is not sufficient for disrupting
the compartment. Thus, by using toluene
rather than EDTA treatment, we applied a
more severe method to disrupt the cellular
structure. Toluene treatment of cells is known
to disrupt the cell structure, making cells
permeable not only to phosphate compounds
such as adenosine triphosphate (21) but also to
macromolecules (3, 17). Toluene-treated cells
have been reported to be unable to synthesize
proteins (17, 22). However, we have developed a
system in which cells are treated with toluene
and maintain the ability to synthesize protein
(Halegoua, Hirashima, and Inouye, manu-
script in preparation). The present system was
completely dependent upon the addition of an
energy source.

Total protein synthesis in the toluene-treated
cells became about 100-fold more sensitive to
puromycin than the intact cells (Fig. 1). Cell
viability after the toluene treatment was about
10-6 as measured by ability to form colonies on
nutrient broth agar plates.
Membrane proteins produced in the toluene-

treated cells in the absence and presence of 2.73
Ag ofpuromycin per ml were examined by SDS-
polyacrylamide gel electrophoresis (Fig. 3A).
Although the gel pattern ofmembrane proteins
produced in the toluene-treated cells was some-
what different from that of intact or EDTA-
treated cells (Fig. 2), the biosynthesis of the
lipoprotein (the peak between internal stand-
ards e and f) was again hardly affected by 2.73
,ug of puromycin per ml, which was enough to
cause 50% inhibition of total protein synthesis
(see Fig. 1). One striking feature of the mem-
brane proteins in the toluene-treated cells was
the appearance of a large peak between inter-
nal standards d and e (Fig. 3A). Furthermore,
the biosynthesis of this new protein was not
inhibited by puromycin at all. The molecular
weight of this new protein was about twice that
of the lipoprotein, and the protein could cross-

systems indicated: intact cells, EDTA-treated cells,
toluene-treated cells, and in an in vitro system using
polyribosomes as described in the text. The cells or
polyribosome mixture were labeled with L-
[3H]arginine or [35S]methionine, respectively, in the
presence of varying amounts of puromycin as indi-
cated in the figure. After labeling, the protein was
precipitated by hot trichloroacetic acid and the radio-
activity was counted in a scintillation counter. The
data are expressed as percentage of inhibition ofpro-
tein synthesis at various puromycin concentrations.
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FIG. 2. Effect ofpuromycin on the biosynthesis of the envelope proteins ofEDTA-treated E. coli MX74T2

labeled with L-13H]arginine. The cells were treated with EDTA and labeled with L-[3H]arginine in the pres-
ence and absence of80 jg ofpuromycin per ml, and the envelope fraction was prepared as described previously
(14). The envelope fraction was solubilized and subjected to polyacrylamide gel electrophoresis in 0.5% SDS
as described previously (14). After gel electrophoresis, the gel was sliced with a razor blade slicer and the
radioactivity ofeach slice was counted in a scintillation counter (15). The gel pattern of the envelope proteins
synthesized in the presence of puromycin was superimposed on the gel pattern of the envelope proteins
produced in the absence ofpuromycin with the aid of the positions of internal molecular weight standards.
Symbols: , No puromycin; - - -, 80 pg ofpuromycin per ml added. Small arrows with letters indicates
the positions of the internal molecular weight standards (12); (a) dimer; (b) monomer of dansylated bovine
serum albumin; (c) dimer; (d) monomer of dansylated hen egg white lysozyme; (e) cytochrome c; (t),
dansylated insulin. The number on specific peaks corresponds to those in a previous paper (16).

react with antiserum against the lipoprotein to
form the immunoprecipitate (Fig. 3B). Al-
though the new protein shares a common struc-
ture with the lipoprotein, it is not simply a
dimer of the newly synthesized lipoprotein
(Halegoua, Sekizawa, and Inouye, unpublished
data). It is possibly a precursor or a byproduct
of the lipoprotein that was accumulated in the
membrane after toluene treatment. Regard-
less, it is evident that the biosynthesis of both
these proteins is puromycin resistant in the
toluene-treated cells. Gel patterns of the immu-
noprecipitates from envelopes of toluene-
treated cells labeled in the presence and ab-
sence of puromycin verified the puromycin re-
sistance of both proteins (data not shown).

Lipoprotein synthesis in the polyribosome
system. Using a system developed in our labo-
ratory for in vitro biosynthesis of lipoprotein by
isolated polyribosomes (8), sensitivity of lipo-
protein biosynthesis to puromycin was further

investigated. Total protein synthesis in this
system was found to become extremely sensi-
tive to puromycin, about 1,000 times more sen-
sitive than intact cells (see Fig. 1). Proteins
synthesized in this system labeled with L-
[3Hlarginine were analyzed by SDS-polyacryl-
amide gel electrophoresis (Fig. 4A). With in-
creasing concentrations of puromycin in the re-
action mixtures, the biosynthesis of the pro-
teins were inhibited to greater extents. How-
ever, the biosynthesis of the protein appearing
in the area of lipoprotein molecular weight (be-
tween internal standards e and f) was again
relatively resistant to puromycin inhibition.
For example, in the presence of 1 jig of puro-

mycin per ml, synthesis of proteins with molec-
ular weights larger than internal standard e
was inhibited by about 90%, whereas the syn-
thesis of the proteins appearing between inter-
nal standards e and f was still 40% that of the
control (in the absence of puromycin; Fig. 4A).

J. BACTERIOL.
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FIG. 3. Effect ofpuromycin on the biosynthesis of the envelope proteins of toluene-treated E. coli MX74T2
and gel electrophoresis ofthe immunoprecipitate with antiserum against E. coli lipoprotein. Cells were treated
with toluene and labeled with L-[3H]arginine in the presence and absence of2.73 pg ofpuromycin per ml. (A)
Gel patterns of the envelope proteins obtained individually were superimposed as described in Fig. 2.
Symbols: , No puromycin; - - -, 2.73 pg ofpuromycin per ml added (B) Part of the envelope proteins
synthesized in the absence of puromycin was treated with antiserum against the lipoprotein, and the
immunoprecipitate thus formed was subjected to gel electrophoresis. The preparation ofthe envelope proteins
and gel electrophoresis were carried out as described in Fig. 2. The assignments of the internal molecular
weight standards are as described in Fig. 2.
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FIG. 4. Effect ofpuromycin on the biosynthesis ofproteins in vitro using isolated polyribosomes. Proteins
were labeled with [35S]methionine in the presence of varying amounts ofpuromycin as described in the text.
(A) Products formed from a reaction mixture containing 8.2 absorbancy units at 260 nm per ml ofpolyribo-
somes were subjected to polyacrylamide gel electrophoresis, and the gel patterns for individual puromycin
concentrations were superimposed with the aid of the positions of the internal molecular weight standards.
Symbols: , No puromycin; - - -, 0.06 pg ofpuromycin per ml added; --, 0.2 ug ofpuromycin per ml
added; 1, p,g ofpuromycin per ml added. (B) Products from a reaction mixture containing 5.4 absorbancy
units at 260 nm per ml of polyribosomes in the absence and presence of 0.2 pg ofpuromycin per ml were
treated with antiserum against the lipoprotein, and the immunoprecipitates were subjected to gel electrophore-
sis. The gel patterns were superimposed as described above. Symbols: , No puromycin; - - -, 0.2 pg of
puromycin per ml added. The assignments of the internal standards are as described in Fig. 2.

To examine whether the puromycin-resistant
proteins in the polyribosome system are related
to the lipoprotein, in vitro products in the ab-
sence and presence of 0.2 ,ug of puromycin per
ml were reacted with antiserum against the
lipoprotein. This puromycin concentration was
enough to effect 67% inhibition of total protein
synthesis, since the&polyribosome concentration
here was less than in the experiment shown in

Fig. 4. Figure 4B shows the gel patterns of the
immunoprecipitates. The gel patterns very
closely resembled that of the immunoprecipi-
tate obtained for toluene-treated cells (Fig. 3B);
two peaks were present, corresponding to the
lipoprotein and the new form ofthe lipoprotein,
whose molecular weight is about twice that of
the lipoprotein. In this polyribosome system,
however, the relative amounts of the new lipo-

J. BACTERIOL.
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protein peak and lipoprotein produced varied
with different polyribosome preparations. Lipo-
protein synthesis was clearly resistant to puro-
mycin, whereas synthesis of the new form of
the lipoprotein was found to be very sensitive to
puromycin, in contrast to toluene-treated cells.

DISCUSSION
The present results indicate that the resist-

ance of the lipoprotein biosynthesis to puromy-
cin is not due to compartmentalization of the
lipoprotein biosynthetic machinery in the cell,
since the lipoprotein biosynthesis remained
puromycin resistant regardless of the extent of
disruption of the cellular structure. Thus the
puromycin resistance appears to be an intrinsic
property of the lipoprotein synthetic machin-
ery. Since the lipoprotein biosynthetic machin-
ery consists of mRNA, ribosomes, tRNA's, and
many necessary protein factors such as initia-
tion and elongation factors, one of these com-
ponents (possibly ribosome or protein factor)
may be differentiated to be specific for the

lipoprotein biosynthesis as discussed previously
(6). Such a specific factor may contribute to the
puromycin resistance of the machinery. How-
ever, since protein synthesis using polyri-
bosomes requires addition of a soluble enzyme
fraction (S-150), specificity of soluble enzymes
such as elongation factors for lipoprotein bio-
synthesis is unlikely, leaving mRNA and ribo-
some-bound proteins as candidates for effecting
the puromycin resistance. In addition, it has
been reported that there is no significant differ-
ence between proteins of ribosomes involved in
outer-membrane and cytoplasmic protein syn-
thesis (23).
mRNA for the lipoprotein could be responsi-

ble for the puromycin resistance because of its
primary or secondary structures. In a prelimi-
nary experiment, we found a difference in
puromycin sensitivity in a cell-free protein-syn-
thesizing system using different synthetic poly-
nucleotides. Phenylalanine incorporation di-
rected by poly(U) was about twice as sensitive
as proline incorporation directed by poly(C)

VOL. 126, 1976
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(Hirashima and Inouye, unpublished data). Al-
though further investigation is needed, the
above results can be interpreted as showing
that the higher guanine plus cytosine con-
tent in mRNAs results in stronger affinity of
transfer RNAs to the mRNA's, which results in
puromycin resistance. It should also be noted
that lipoprotein and/or membrane fractions
may be possible candidates for incurring puro-
mycin resistance. Either the growing peptide
chain or perhaps an aggregation of lipoprotein
and/or membrane with the growing peptide
chain may in some way block puromycin acces-
sibility to the ribosome. Although the mRNA
for the lipoprotein is abundant in the cell and
the size of the mRNA is relatively smaller than
that of other mRNA's (9), these facts are proba-
bly not the reason for the puromycin resistance
of the lipoprotein biosynthesis for the following
reasons: (i) the lipoprotein synthesis is as sensi-
tive to other ribosome-directed antibiotics, such
as tetracycline, kasugamycin, and sparsomy-
cin, as the biosynthesis of many other mem-
brane proteins (6); and (ii) the lipoprotein bio-
synthesis is more sensitive to chloramphenicol
than the synthesis of other membrane proteins
(6).
The appearance of a new form of lipoprotein

in both toluene-treated cells and the cell-free
system using polyribos&mes is quite interest-
ing. We have found that this protein shares
many properties with the lipoprotein in addi-
tion to the cross-reactivity ofthe new form with
antiserum against the lipoprotein (Halegoua,
Sekizawa, and Inouye, unpublished data), al-
though the molecular weight of the new form is
about twice that of the lipoprotein. It is not yet
certain whether the new form biosynthesized in
the polyribosome system is the same as the new
form in toluene-treated cells. However, it
should be noticed that the biosynthesis of the
new form in the polyribosome system appears
to be sensitive to puromycin in contrast to the
biosynthesis of the new form in toluene-treated
cells. The reason for this is unknown at pres-
ent, but further investigation of this new form
of lipoprotein in both toluene-treated cells and
the polyribosome system may provide an im-
portant clue in elucidating not only the reason
for puromycin resistance but also the mecha-
nism of the biosynthesis and assembly of the
lipoprotein.
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