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Bacillus stearothermophilus mutations which confer resistance to or dependence on a variety of ribosome-
targeted antibiotics have been isolated. Many of these mutations produce ribosomal proteins with altered
mobilities in a two-dimensional gel electrophoresis system. This collection of altered thermophilic ribosomal
proteins will be useful in examining ribosomal structure and function.

Ribosomes and ribosomal subunits from Bacillus stearo-
thermophilus form high-quality crystals suitable for analysis
by X-ray and electron diffraction methods (1, 10, 20, 28, 30;
Z. Berkovitch-Yellin, W. Bennet, H. Hansen, K. von
Bohlen, N. Volkmann, H. G. Wittmann, and A. Yonath, J.
Cryst. Growth, in press). Diffraction analysis of B. stearo-
thermophilus crystallized ribosomes has revealed important
details of ribosomal structure, including a previously unrec-
ognized tunnel structure that may serve as a path for
elaboration of nascent polypeptide chains through the body
of the particle (1, 28, 31). Ribosomal particles that contain
altered forms of or lack individual ribosomal proteins would
be useful in extending the high-resolution crystallographic
analysis of ribosome structure. We describe here the isola-
tion of B. stearothermophilus mutants resistant to or depen-
dent on the presence of antibiotics that affect protein syn-
thesis.
A variety of antibiotic-resistant mutants were derived

from B. stearothermophilus 799 (Table 1). The standard
growth medium (SGM) consisted of 1% Bacto Tryptone
(Difco), 0.5% yeast extract (Difco), 0.5% NaCl, and 8.5 p.M
MnCl2. For solid medium, 1% agar was added. Cultures
were incubated at 60°C, and liquid cultures were shaken at
350 rpm. Spontaneous antibiotic-resistant mutants were iso-
lated by growing 10-ml cultures of strain AL1 to stationary
phase (109 cells per ml), concentrating the cells by centrifu-
gation (10,000 x g for 10 min), resuspending the cells in 1 ml
of SGM liquid medium, and spreading 0.1-ml portions of this
cell suspension onto SGM plates containing an appropriate
antibiotic. The following antibiotics were provided at the
indicated final concentrations: thiostrepton, 1.0 to 2.5 ,ug/ml;
erythromycin, 1 jig/ml; tylosin, 0.1 ,ug/ml; oleandomycin, 4
,ug/ml; chalcomycin, 4 jg/ml; niddamycin, 0.4 ,ug/ml;
spiramycin, 20 ,ug/ml; and streptomycin, 50 to 100 pug/ml.
Following incubation for 36 to 48 h, resistant colonies were
streak purified to yield single-cell clones.

Streptomycin-dependent mutants were also isolated from
strain ALl (19), either spontaneously or following nitroso-
guanidine mutagenesis. After growth of the cells on SGM
plates lacking antibiotic for intervals of 2, 4, and 6 h, the agar
medium was lifted away from the bottom of the culture dish
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and 0.2 ml of streptomycin solution (10 mg/ml) was added to
the dish. The plates were stored for 24 h at 40C to allow for
antibiotic diffusion prior to their incubation at 60'C for 36 to
48 h. Strains dependent on streptomycin for growth were
identified by replicating colonies obtained from the strepto-
mycin selection plates onto SGM plates with and without
streptomycin. Spontaneous streptomycin-independent re-
vertants were derived from streptomycin-dependent strains
by incubating 109 cells of a dependent strain on SGM plates
without streptomycin.
Ribosomes were isolated from the antibiotic-resistant mu-

tants as previously described (2, 23), and the ribosomal
proteins were analyzed by two-dimensional polyacrylamide
gel electrophoresis (2D PAGE) as described by Geyl et al.
(9). B. stearothermophilus 30S ribosomal proteins are num-
bered with reference to their position in 2D PAGE (14). B.
stearothermophilus 50S ribosomal proteins are numbered
with reference to their immunological and amino acid se-
quence homology to Escherichia coli 50S proteins (7, 15). L
and S designate large and small subunit proteins, respec-
tively. Ribosomal proteins from B. stearothermophilus are
designated B to differentiate them from Bacillus subtilis
proteins, which are designated Bs, and from E. coli proteins,
which are designated E.

Five independent spontaneous thiostrepton-resistant
(Tsr') B. stearothermophilus mutants lacked protein BL1l
when analyzed by 2D PAGE (70S ribosomes in Fig. 1A and
50S subunits in Fig. 2A). Thiostrepton resistance in Bacillus
megaterium and B. subtilis also results in the loss of a
homologous protein (3, 25). To exclude the possibility that
the ribosomal binding site for BL11 might be altered, pre-
venting the protein from being associated with 50S particles,
reconstitution experiments were performed with purified
wild-type BL11 (8, 11, 17) (Fig. 1C) and with 50S subunits
from strain TST-1. Purified wild-type BL1l protein was
incorporated into TST-1 50S subunits by using the second
step of the reconstitution procedure described by Nierhaus
and Dohme (21) (Fig. 2B). The purified BL1l protein was
bound to mutant 50S particles in, stoichiometric amounts as
judged by densitometric analysis of the electropherograms
(data not shown).
The activities of ribosomes from TST-1 and wild-type

strain 799 and of BLil-reconstituted TST-1 ribosomes were
compared in a poly(U)-programmed in vitro polyphenylala-
nine synthesis system, as described by Nierhaus and Dohme
(21). Ribosomes from TST-1 showed a significantly reduced

7306



NOTES 7307

TABLE 1. B. stearothermophilus strains

Phenotype

Strain Genotypea Antibiotic Altered
selection ~ ribosomal

protein

AL1 (799) Wild type
TST-1 tsr-i Thiostrepton resistant L11 (missing)
TST-2 tsr-2 Thiostrepton resistant L11 (missing)
AL100 ery-i Erythromycin resistant L4
AL110 nid-8 Niddamycin resistant L4
AL120 ole-i Oleandomycin resistant L4
AL130 spi-i Spiramycin resistant L4
AL140 cal-i Chalcomycin resistant
AL150 tyl-i Tylosin resistant
AL201 str"-2 str-2 Streptomycin independent S5
AL211 strd-3 str-3 Streptomycin independent S4
SB12 strd6 str1-6 Streptomycin independent L14
SB44 strd-7 sti'-7 Streptomycin independent L19
SB85 str'-8 str-8 Streptomycin independent S4
SB111 strd-9 sti-9 Streptomycin independent S4

a d and i, Dependent and independent, respectively.

protein synthesis capacity when compared with wild-type
ribosomes (Table 2). However, the activity of the mutant
ribosomes was restored to wild-type levels following recon-
stitution with wild-type protein BL11. These results indicate
that added wild-type BL11 protein is incorporated at its
normal site in the TST-1 50S ribosomal subunit and that
reconstitution with BL11 restores normal synthetic function.
Twenty spontaneous erythromycin-resistant (Ery) mu-

tants were isolated. Ribosomes from these strains contained
an altered BL4 protein with an increased negative net charge
(Fig. 3A). B. subtilis erythromycin-resistant mutations affect
a nonhomologous ribosomal protein, BsL17 (22, 23). The
BL4 and BsL17 proteins are homologous to the E. coli
ribosomal proteins EL4 and EL22, respectively (7, 12, 13).
Erythromycin resistance mutations in E. coli that affect both
EL4 and EL22 have been isolated (26). Similar protein
alterations in BL4 were found in ribosomes of mutants
resistant to the related macrolide antibiotics oleandomycin
and niddamycin (Fig. 3B and C). B. stearothermophilus
strains resistant to spiramycin, another macrolide antibiotic,
showed a small but reproducible alteration in the mobility of
protein BL4, indicative of an increased positive net charge
(Fig. 3D). However, mutants resistant to the macrolides
tylosin and chalcomycin did not give rise to ribosomes with
detectable protein alterations (Fig. 3E and F). B. subtilis
strains resistant to these antibiotics contain altered forms of
BsL17 (22).
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FIG. 2. 2D PAGE of the 50 ribosomal subunit proteins. (A)
Thiostrepton-resistant strain TST-i; (B) TST-i 50S subunits recon-
stituted with wild-type BLii protein.

Streptomycin-independent revertants isolated from strep-
tomycin-dependent strains of E. coli and B. subtilis contain
alterations in a variety of ribosomal proteins (for example,
see references 4, 5, and 12). Although streptomycin specif-
ically binds to the 30S subunit, streptomycin-independent
revertants of E. coli may contain alterations in either 30S or
0SSsubunit proteins (4). To investigate the effects of strep-
tomycin-independent mutations in B. stearothermophilus,
spontaneous streptomycin-dependent (Strd) strains were iso-
lated, and from these strains, drug-independent revertants
were derived. The independent revertants showed alter-
ations only in 30S ribosomal proteins BS4 and BS5, corre-
sponding to S4 and 55 of E. coli (Fig. 4A and B).

Streptomycin-dependent B. stearothermophilus mutants
were also isolated from nitrosoguanidine-mutagenized strain
ALL Spontaneous streptomycin-independent revertants
were selected from these streptomycin-dependent strains,
and ribosomal proteins from the revertants were analyzed by
2D PAGE. Selected altered protein patterns are shown in
Fig. 4C to F. Several streptomycin-independent revertants
contained alterations in ribosomal proteinsBe4 (Fig. 4C and
D) or BL19 (Fig. 4F). Another streptomycin-independent
revertant (strainSBa2) was missing 505 ribosomal protein
BL14 (Fig. 4F). However, BL14 must be present in a highly
altered form, since antibodies raised against wild-type pro-
tein BL14 strongly reacted with 505 subunits from mutant
SB12 (data not shown). Several independent revertants did
not have any apparent protein alterations, as determined by
2D PAGE. These results demonstrate that the classes of
streptomycin-dependent mutations obtained by spontaneous
and chemical mutagenesis are not identical. Further, the
classes of drug-independent revertants derived from these
backgrounds are also distinct.

FIG. 1. 2D PAGE of B. stearothermophilus 70S ribosomal proteins. (A) Thiostrepton-resistant strain TST-1; (B) wild-type strain ALI; (C)
BL11 protein purified from the wild-type strain. The position of protein B11, absent in TST-1, is indicated in panel B.
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TABLE 2. Poly(U)-directed polyphenylalanine in vitro protein
synthesis with BL11-deficient and BLl1-reconstituted

50S ribosomal subunits
Expt no. and 50S component(s) Incorporation
varied during reconstitution' (cpm)

1
Wild type ............. .......................... 32,810
TST-1 ....................................... 16,100
TST-1 + BL1l (wild type) .................................. 32,400

2
Wild type ............. .......................... 35,000
TST-2 ....................................... 19,300
TST-2 + BL1l (wild type) .................................. 33,550
a Procedures for the isolation of ribosomal subunits, protein B,11, and in

vitro reconstitution are described in the text. In vitro protein synthesis
reactions employing isolated wild-type or Tsrr 50S subunits were carried out
as described by Nierhaus and Dohme (21). All reaction mixtures contained
E. coli 30S subunits (A260, 0.7). A260 for all components was 0.5.

We have established that B. stearothermophilus is sensi-
tive to a variety of antibiotics which interfere with protein-
synthesizing reactions involving either 30S or SOS ribosomal
subunits. B. stearothermophilus is thus the first thermophilic
eubacterium demonstrated to have an antibiotic sensitivity
and a ribosomal protein target pattern similar to those of
mesophilic gram-positive and gram-negative bacteria (3-6,
16, 22, 23). Taken together, the results of these genetic
studies suggest that the organization of B. stearothermophi-
lus ribosomes is generally similar to that of ribosomes of
mesophilic eubacteria, with subtle differences that may be
related to the extreme thermal stress that is routinely exerted
on these structures.
The mutants described here have already been of value in

ribosomal-structure investigations. The thiostrepton mu-
tants lacking protein BL1l have been used for in vitro
reconstitution and crystallization experiments (20, 29). Lll-
deficient ribosomes have been used as a core for reconstitu-
tion with heavy-atom-derivatized (gold cluster or tetrairid-
ium derivatives) L11 protein molecules. These particles have
diffraction intensities that differ significantly from those of
native crystals (24).
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FIG. 3. 2D PAGE of 70S ribosomal proteins from B. stearother-
mophilus mutants resistant to various macrolide antibiotics. (A)
Erythromycin-resistant strain AL100; (B) oleandomycin-resistant
strain AL120; (C) niddamycin-resistant strain AL110; (D) spiramy-
cin-resistant strain AL130; (E) chalcomycin-resistant strain AL140;
(F) tylosin-resistant strain AL150. Protein BL4 is indicated by an
arrow on each gel.

A

4k--w . L _

S5. I -

.... S4j,

-
W

' ~. JI

._k _

_lb

*lb~

-L14**

_.,
lb lb4S4
4.

.1w
:w.

a" o

..gm.ll

I _

"Ilv L19
-l

FIG. 4. 2D PAGE of 70S ribosomal proteins from streptomycin-
independent B. stearothermophilus mutants. (A) AL201, a strepto-
mycin-independent revertant derived from a spontaneous strepto-
mycin-dependent strain and containing an altered BS5 protein; (B)
AL211, a strain similar to AL201 except that it contains an altered
BS4 protein; (C and D) SB85 and SB111, respectively, two examples
of nitrosoguanidine-induced streptomycin-dependent strains from
which spontaneous antibiotic independence was selected and which
contain altered ribosomal protein BS4; (E) SB12, selected identi-
cally to SB85 and SB111 but lacking ribosomal protein BL14; (F)
SB44, selected identically to SB85 and SB111 but containing an
altered BL19 protein. The positions of the altered proteins are
indicated. In the case of SB12, the position of the wild-type BL14
protein is indicated.

Other procaryotes from which high-quality three-dimen-
sional ribosomal subunit crystals have been obtained are
Halobacterium marismortui, a halophilic archaebacterium
(18), and Thermus thermophilus, a gram-negative heterotro-
phic thermophile (27; Berkovitch-Yellin et al., in press). It is
possible that the high-salt conditions or the elevated temper-
atures to which these organisms are exposed have selected
for a highly ordered and stable ribosomal structure that
readily forms single three-dimensional crystalline arrays in
vitro (20). However, among these organisms, B. stearother-
mophilus appears to be particularly suitable for genetic
manipulation of ribosomal structure and function. The fur-
ther study of crystallized B. stearothermophilus ribosomes
lacking specific proteins will be of substantial value in finding
the solution to and the biological interpretation of ribosomal
higher-order structure.
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