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Incubation ofEscherichia coli with spectinomycin caused the disappearance of
a major protein from the cytoplasmic membrane. This protein, called "I-19," was
not a ribosomal protein. Its disappearance was not a result of the direct action of
spectinomycin on the cytoplasmic membrane, but a result of its action on
ribosomes. The disappearance was specifically induced by spectinomycin, and
other antibiotics such as neomycin, erythromycin, and chloramphenicol had no
effect. Although growth was not required for spectinomycin-induced disappear-
ance of protein I-19 from the cytoplasmic membrane, the disappearance was not
observed under conditions where protein synthesis was inhibited completely
either by the addition ofchloramphenicol or by cooling in ice. It is suggested that
at least some ribosomes interact with the cytoplasmic membrane and that a

modification of the mode of interaction through the action of spectinomycin on

ribosomes caused the deletion of membrane protein I-19.

In a previous paper (10), we showed the fol-
lowing; (i) ribosomes from sucrose-dependent,
spectinomycin-resistant (Sucd Spcr) mutants (8)
are resistant to spectinomycin; (ii) a major cyto-
plasmic membrane protein, I-19, was missing
from the membrane in all these mutants; and
(iii) such alterations in ribosomes and mem-
brane were coordinated. Since the mutation re-
sponsible for the Suc" Spcr phenotype has been
mapped between the aroE and strA loci, where
a gene cluster for ribosomal proteins has been
reported (7, 14), we postulate that the deletion
of protein 1-19 from the cytoplasmic membrane
is mediated by an alteration in the ribosome. If
the assumption is correct, one can imagine that
an alteration of ribosomal structure induced by
spectinomycin in a spectinomycin-sensitive
bacterium would also result in the loss of pro-
tein I-19 from the cytoplasmic membrane, since
spectinomycin is known to interact with ribo-
somes and to inhibit protein synthesis (1-3, 6,
17).

In this paper, we present evidence supporting
the idea that protein 1-19 is released from the
cytoplasmic membrane as a result of a confor-
mational changes in the ribosomes induced by
spectinomycin. The result is discussed in con-
nection with the interaction between ribosomes
and cytoplasmic membrane.

MATERIALS AND METHODS
Bacteria and growth conditions. Escherichia coli

W4626Phe- (purE trp phe lac-85 gal-2 mtl xyl-2 mal

str [XI), a spectinomycin-sensitive strain (19), and
W4626Phe-SpcrlO-2 (20) and W4626Phe-Spcr2 (10),
spectinomycin-resistant mutants derived from
W4626Phe-, were used. Bacteria were grown in
M3su medium supplemented with 20% (wt/vol) su-
crose as described previously (10).

Preparation of membranes and analysis of mem-
brane proteins. Cytoplasmic membranes were pre-
pared according to the method described previously
(11) with one modification (10). Briefly, cells from 1
liter of culture were suspended in 18 ml of 20%
sucrose instead of water and treated with lyso-
zyme (226 ,ug/ml) and ethylenediaminetetraacetate
(EDTA) (1.2 mM) for preparing spheroplasts. Spher-
oplast membranes were obtained by suspending the
spheroplasts in 5 mM MgCl2, and the preparation
was dialyzed overnight against 1% EDTA (pH 7.0).
The cytoplasmic membrane was separated from the
outer membrane by isopycnic sucrose gradient cen-
trifugation.

Polyacrylamide gel electrophoresis of membrane
proteins was carried out in 8 M urea-0.5% sodium
dodecyl sulfate as described previously (11). All
samples were heated at 100°C for 5 min in 1% sodium
dodecyl sulfate-1% 2-mercaptoethanol before elec-
trophoresis.

Preparation of ribosomes and assay of in vitro
protein synthesis. Ribosomes, S-100 extracts, R17
phage ribonucleic acid, and a mixture of initiation
factors were prepared as described previously (9,
10). In vitro polypeptide synthesis with salt-washed
ribosomes was carried out according to the method
of Wallace et al. (17) with some modifications (10).
Radioactivity measurements were carried out in 10
ml of toluene-based scintillation fluid with a Pack-
ard 3320 Tri-Carb scintillation spectrometer. Ribo-
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inits for gel electrophoretic analysis were 2A-C. It is immediately clear that one major
rom the spheroplast lysate as described band, I-19, was greatly reduced in the cytoplas-
(10). mic membrane from spectinomycin-treatedlts. Spectinomycin sulfate (specific activ- cells. Significant disappearance of protein I-19Ig) was a generous gift of The Upjohn Co.
(specific activity, 225 mCi/mmol) was from the cytoplasmic membrane was seen after
om Daiichi Pure Chemicals Co. Chloram- a 30-mi incubation, and the disappearance
nd neomycin sulfate were from Sigma was almost complete after 2 h. On the other
to., and erythromycin was from Dainihon hand, the profile of other cytoplasmic mem-
Co. brane proteins was essentially not altered even

after the 2-h incubation with spectinomycin.
RESULTS Although differences were sometimes observed

Df spectinomycin on protein compo- in protein bands other than I-19, they were not
;he cytoplasmic membrane. Spectino- reproducible. From our previous work (10), pro-
a specific inhibitor of protein synthe- tein I-19 does not correspond to any ribosomal
e mid-log phase of growth, spectino- protein by urea-sodium dodecyl sulfate-gel elec-
is added to the culture of E. coli trophoresis (Fig. 3). Furthermore, the protein
F to a final concentration of 100 ,ug/ could not be extracted from the cytoplasmic
,rial growth measured turbidimetri- membrane by treatment with either 8 M urea
;inued at a reduced rate during the or 1 M KCI or by overnight dialysis against 27
.ollowed by an almost complete cessa- mM disodium EDTA (pH 7.0). These results
twth; the cell mass doubled during the strongly suggest that protein I-19 is a mem-
h period (Fig. 1). Cells obtained by brane protein.
1 spectinomycin-containing medium A possible explanation for the disappearance
rested at intervals, and purified cyto- is that the phenomenon is not a result of a
nembrane fractions were prepared. specific effect of spectinomycin, but a result of
osition of the cytoplasmic membrane the cessation of bacterial growth. To test this
these preparations is shown in Fig. possibility, we examined the protein composi-

tion of cytoplasmic membrane prepared from
cells grown in the absence of spectinomycin and

D harvested in the stationary phase of growth
(Fig. 1D). As shown in Fig. 2D, the amount of
protein I-19 in the cytoplasmic membrane was

4+ S PC essentially the same as that from the exponen-
+/C ufi1I tially growing cells (Fig. 2A). Furthermore, the

A cessation of cell growth caused by the addition
III111 of chloramphenicol or by cooling in ice did not

result in the disappearance of protein I-19 from
_sB the cytoplasmic membrane (see Fig. 7A and

8A). Alternatively, the reduction of protein I-19
content in the membrane could be due to spe-
cific inhibition of protein I-19 biosynthesis,

4SPC since 100 ,ug of spectinomycin per ml was not
sufficient to inhibit completely the net increase
in bacterial cell mass, as shown in Fig. 1. How-
ever, this possibility was also excluded, because
treatment with 200 ,ug of spectinomycin per ml
for 30 min resulted in a significant decrease in
the amount of protein I-19 without any signifi-

, , *, | cant increase in the cell mass (Fig. 1E and 2E).
2 3 4 5 Thus, we conclude that spectinomycin induced

the release of protein I-19 from the cytoplasmic
Time (h r) membrane.

Inhibition ofgrowth ofE. coli W4626Phe- The disappearance was specific in that it was
omycin. Spectinomycin was added to cul- induced by spectinomycin but not by neomycin,
time indicated by arrows. The concentra- erythromycin, or chloramphenicol. None of
ctinomycin in curves I, II, and III were o, these latter antibiotics induced the disappear-
?00 ig/ml, respectively. Cells were har- ence of protein I-19 at concentrations that al-
.e indicated points (A-E) and used for the most completely inhibited cell growth (data not
t of cytoplasmic membrane. shown).
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FIG. 3. Urea-sodium dodecyl sulfate-gel electro-
phoretic patterns ofcytoplasmic membrane and ribo-
somal subunits. (A) Cytoplasmic membrane; (B) 30S
ribosomal subunit; (C) 50S ribosomal subunit. Ar-
row indicates band position ofprotein I-19.

FIG. 2. Scans of polyacrylamide gels of cytc
mic membrane proteins prepared spectinom
treated cells. Cells were harvested at the poir
through E indicated in Fig. 1, and cytoplasmic i

branes were prepared from the cells. (A) Cells
log-phase growth; (B and C) cells grown in the
ence ofl 00 pg ofspectinomycin per ml for 30 ano
min, respectively; (D) cells from stationary-]
growth; (E) cells grown in the presence of200
spectinomycin per ml for 30 min. Arrows inc

Effect of spectinomycin on protein compo-
sition of the cytoplasmic membrane fraction

D from spectinomycin-resistant (Spcr) mutants.
-L Although the only known target of spectinomy-

cin action is the ribosomes, it has not yet been
excluded that spectinomycin may also act di-
rectly on the cytoplasmic membrane. To test
this possibility, the effect of spectinomycin on
the protein composition of the cytoplasmic
membrane of Spcr mutants was analyzed. Ribo-
somes from the Spcr mutant (W4626Phe-SpcrjO0
2) were resistant to spectinomycin, indicating
that the ribosomes were free from spectinomy-
cin action (Fig. 4). Then the effect of spectino-

-L mycin on protein 1-19 in the cytoplasmic mem-
plas- brane of the Spcr mutant was examined. We
ycin- showed in a previous paper (10) that a Spcr
zts A mutant has protein I-19 in the cytoplasmic
mem- membrane. Figure 5 shows that protein I-19 in
from the cytoplasmic membrane from a Spcr mutant
pres- was not affected by the 2-h incubation witha1 9GV
phase
mg of
licate

band position of protein I-19. Gel origin is to the
right.
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FIG. 4. Sensitivity to spectinomycin of salt-
washed ribosomes prepared from a SpCr mutant. In
vitro polypeptide synthetic activity was assayed with
salt-washed ribosomes prepared from W4626Phe-
(@) (4,572 cpm) and W4626Phe-Spcr1O-2 (U) (3,151
cpm). S-100 fraction and a mixture of initiation fac-
tors were prepared from the wild-type strain
(W4626Phe-). Numbers in parentheses show radio-
activity incorporated in the absence ofspectinomycin.
Radioactivity incorporated without ribosomes has
been subtracted.
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FIG. 5. Effect of spectinomycin on composition of
cytoplasmic membrane protein of a Spc mu-

tant. Cytoplasmic membrane prepared from
W4626Phe-Spcr10-2, which had been cultured in the
presence (B) or absence (A) of100 pg ofspectinomy-
cin per ml, was analyzed by polyacrylamide gel elec-
trophoresis. Arrows indicate the band position of
protein I-19. Gel origin is to the right.
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FIG. 6. Effect of chloramphenicol or cold treat-
ment on bacterial growth in the presence of spectino-
mycin. 100 pg (curve II) or 300 pg (curve III) of
chloramphenicol per ml was added to cultures at the
time indicated by an arrow. After 10 min of cultiva-
tion, 100 pg of spectinomycin per ml was added and
the cultivation was continued. The growth curves
with 100 and 300 pg ofchloramphenicol per ml alone
(without spectinomycin) were essentially the same as
curves II and III, respectively. Another culture was
cooled to 5°C within 10 min in ice water at the mid-
log phase ofgrowth followed by treatment with 200
pg ofspectinomycin per ml, and the culture was kept
in ice for 60 min (curve IV). The growth curve in the
cold in the absence ofspectinomycin was the same as
curve IV. Curve I shows a control experiment without
spectinomycin. Points A through G indicate the posi-
tion where cells were harvested for the preparation of
cytoplasmic membrane.

spectinomycin. The same result was obtained
with another independently isolated sponta-
neous Spcr mutant (W4626Phe-Spcr2) (10).
These results strongly suggest that the deletion
of protein 1-19 from the cytoplasmic membrane
is a result of the action of spectinomycin on
ribosomes.

Effect of inhibition of protein synthesis on
spectinomycin-induced disappearance of pro-
tein I-19 from the cytoplasmic membrane. To
examine the relationship between the disap-
pearance of protein 1-19 and ribosome function,
the effect of chloramphenicol or cold treatment
of cells on spectinomycin-induced disappear-
ance of protein 1-19 was studied. In one experi-
ment, chloramphenicol was added to the cul-
ture 10 min before the addition of spectinomy-
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FIG. 7. Effect of chloramphenicol on the sp
mycin-induced disappearance of protein I-19
plasmic membranes were prepared from cell
vested at positions A through E indicated in J
(A) Cells grown in the presence of100 ug ofch
phenicol per ml for 120 min; (B to D) cells gr(
the presence ofboth 100 pAg ofchloramphenicol
and 100 pug of spectinomycin per ml for 30, 9
120 min, respectively; (E) cells grown in the pr
of both 300 pg of chloramphenicol and 100
spectinomycin per ml for 120 min. Membrane
rations were analyzed by polyacrylamide gel e

FIG. 8. Effect of cold treatment on spectinomycin-
induced disappearance of protein I-19. Cells were
cooled to 56C, treated with (B) and without (A) spec-
tinomycin, and harvested at positions G and F, re-
spectively, indicated in Fig. 6. Cytoplasmic mem-
brane were prepared and analyzed bypolyacrylamide
gel electrophoresis. Arrows indicated band position
ofprotein I-19. Gel origin is to the right.

' cin, and cultivation was continued. Although
100 gg of chloramphenicol per ml strongly in-
hibited the growth of cells, the inhibition was
incomplete, suggesting that the ribosomes were
still functioning slowly under these conditions
(Fig. 6, curve II). Treatment with chloram-
phenicol resulted in a delay of the disappear-
ance of protein I-19 from the cytoplasmic mem-
brane (Fig. 7A-D). When the concentration of

D chloramphenicol was increased to 300 ,g/ml,
bacterial growth stopped almost completely and
the spectinomycin-induced disappearance of
protein 1-19 was not observed (Fig. 6, curve III;
Fig. 7E). In another experiment, 100 ug of spec-
tinomycin per ml was added first, and chloram-
phenicol was added after 1.5 min. Irrespective
of the order of addition of antibiotic, chloram-
phenicol showed the same effect on the disap-
pearance of protein 1-19; i.e., the disappearance
of protein I-19 was inhibited partially with 100

ectino- ug of chloramphenicol and completely with 300
* Cyto- 4g of chloramphenicol per ml. Essentially the
ls har- same result was obtained when the culture was
Figr.ai cooled to 5oC at the mid-log phase of growth to
own in stop cell growth completely (Fig. 6, curve IV)
per ml and treated with 200 ,ug of spectinomycin per
0, and ml at 5°C for 60 min (Fig. 8).
resence
pg of

prepa-
?lectro-

phoresis. Arrows indicate band position ofprotein I-
19. Gel origin is to the right.
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DISCUSSION
In the present paper, we show that spectino-

mycin caused the deletion of a protein, I-19,
from the cytoplasmic membrane. The protein
does not correspond to any of the ribosomal
proteins characterized by gel electrophoresis.
Furthermore, the effect of spectinomycin on the
cytoplasmic membrane protein was not a result
of the direct action of spectinomycin on the
cytoplasmic membrane, but a result of its ac-

tion on ribosomes, since the disappearance of
protein I-19 was not observed in the Spcr mu-

tants, in which the ribosome was shown to be
resistant to antibiotic action. Moreover, the
spectinomycin-induced disappearance of pro-

tein I-19 from the cytoplasmic membrane was

not a result of the specific inhibition of protein
I-19 synthesis by the antibiotic.
We have examined the action of spectinomy-

cin, neomycin, erythromycin, and chloram-
phenicol, which are known to act on ribosomes.
Each antibiotic has a specific target on ribo-
somes. Chloramphenicol and erythromycin in-
teract with 50S subunits (18); spectinomycin
and neomycin also interact with 30S subunits,
but their modes of action differ, indicating that
they probably interact with different sites on

the 30S subunit. The disappearance of protein
I-19 occurred only when bacteria were treated
with spectinomycin. These results suggest that
the disappearance of protein I-19 could not be
ascribed to inhibition of protein synthesis, but
that a specific structural change of ribosomes
induced by spectinomycin was involved. The
action of streptomycin could not be examined,
since the strain was resistant to the antibiotic.
Binding of spectinomycin to ribosomes is insuf-
ficient to cause the disappearance of protein I-
19, since the complete inhibition of ribosomal
function by chloramphenicol or by cold treat-
ment whether preceding or following spectino-
mycin treatment suppressed the spectinomycin
effect. Although spectinomycin itself strongly
inhibits ribosomal function as well as bacterial
growth, even 300 ,ug of spectinomycin per ml
was insufficient to inhibit these processes com-

pletely.
In a previous paper (10) we showed that the

alteration in ribosomes and the lack of protein
I-19 in the cytoplasmic membrane of Suc" Spcr
mutants are coordinated; i.e., a single mutation
is responsible for these alterations. We also
suggested that the Sucd Spcr mutation primar-
ily caused a structural alteration in a ribosomal
constituent, which, in turn, resulted in the lack
of protein 1-19 in the cytoplasmic membrane.
The altered ribosomal constituent is now tenta-
tively identified with two Sucd Spcr mutants.

They are S-5 in strain YM93 and S-4 in strain
YM50 (M. Dombou, T. Mizuno, and S. Mizush-
ima, manuscript in preparation). It should be
emphasized that the alteration in the ribosomes
caused by the Suc" Spcr mutation and that
caused by treatment of the wild-type strain
with spectinomycin produced the same effect in
the composition of cytoplasmic membrane pro-
tein. It is highly probable, therefore, that the
Sucd Spcr mutation and spectinomycin cause
some alteration in a certain part of ribosomes
that is important for interaction with the cyto-
plasmic membrane. Although several workers
have studied the role of ribosomes in the mem-
brane fraction of bacteria (4, 5, 13, 15, 16),
structural and functional relationships be-
tween ribosomes and the cytoplasmic mem-
brane have not been well established. Two in-
dependent results discussed here (10; this pa-
per) can be best interpreted by the existence of
structural interaction between ribosomes and
the cytoplasmic membrane. Cytoplasmic mem-
brane protein I-19 may play an important role
in the interaction.
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