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Mutation from guanine to adenine in 25S rRNA at the

position equivalent to E. coli A2058 does not confer
erythromycin sensitivity in Sacchromyces cerevisae
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ABSTRACT

The macrolide erythromycin binds to the large subunit of the prokaryotic ribosome near the peptidyltransferase center (PTC)
and inhibits elongation of new peptide chains beyond a few amino acids. Nucleotides A2058 and A2059 (E. coli numbering) in
23S rRNA play a crucial role in the binding of erythromycin, and mutation of nucleotide A2058 confers erythromycin resistance
in both Gram-positive and Gram-negative bacteria. There are high levels of sequence and structural similarity in the PTC of
prokaryotic and eukaryotic ribosomes. However, eukaryotic ribosomes are resistant to erythromycin and the presence of a G at
the position equivalent to E. coli nucleotide A2058 is believed to be the reason. To test this hypothesis, we introduced a G to
A mutation at this position of the yeast Saccharomyces cerevisiae 25S rRNA and analyzed sensitivity toward erythromycin.
Neither growth studies nor erythromycin binding assays on mutated yeast ribosomes indicated any erythromycin sensitivity in
mutated yeast strains. These results suggest that the identity of nucleotide 2058 is not the only determinant responsible for the
difference in erythromycin sensitivity between yeast and prokaryotes.
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INTRODUCTION

Macrolides are 14–16 membered lactone ring compounds
that bind near the peptidyltransferase center (PTC) of the
eubacterial large ribosomal subunit (Schlunzen et al. 2001;
Hansen et al. 2002; Tu et al. 2005). Once bound, they inhibit
protein synthesis by blocking elongation of the nascent
peptide beyond a few amino acids (Tenson et al. 2003).
Nucleotides A2058 and A2059 (Escherichia coli numbering)
of 23S rRNA are key determinants for erythromycin
binding (Vester and Douthwaite 2001; Poehlsgaard and
Douthwaite 2005). A2058 is conserved in 99.4% of
sequenced eubacteria (Pfister et al. 2005). Those rare
bacteria with a G instead are resistant to macrolides such
as erythromycin. Furthermore, mutation of A2058 (Sig-
mund et al. 1984; Vester and Douthwaite 2001) or its
modification by a mono- or dimethylase (Weisblum 1995;
Pernodet et al. 1996) confers high level macrolide resistance

in sensitive species, presumably by sterically disrupting
erythromycin binding (Schlunzen et al. 2001). Recent
crystal structures of eubacterial and archaeal ribosomes
bound by macrolides have provided detailed information
about the site of binding (Schlunzen et al. 2001; Auerbach
et al. 2002; Hansen et al. 2002; Tu et al. 2005). Nucleotides
A2058 and A2059 form a hydrophobic crevice near the
PTC-proximal end of the tunnel that is involved in
macrolide binding; the desosamine moiety of erythromycin
and related macrolides forms a hydrogen bond with A2058.

The structure of the PTC and its associated regions are
similar in eubacteria, archaea, and eukaryotes. Even though
the rRNA sequences in this region are not completely
identical, key nucleotides that are proposed to play a role in
peptide bond formation are conserved (Poehlsgaard and
Douthwaite 2005; Polacek and Mankin 2005). One differ-
ence in both archaea and eukaryotes compared with
eubacteria is the presence of a G at the position equivalent
to E. coli A2058. These organisms are also resistant to
macrolide inhibition of protein synthesis. Crystal studies
showed that ribosomes from the archaeon Haloarcula
marismortui bind macrolides better when the G is mutated
to an A (Tu et al. 2005). Thus, it has been proposed that
the G accounts for erythromycin resistance of eukaryotic
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ribosomes (Bottger et al. 2001; Tu et al. 2005). However,
this assumption has not been investigated experimentally.
To test whether G2058 is sufficient to explain macrolide
resistance in eukaryotes, we introduced an A at this posi-
tion in the 25S rRNA of the yeast Saccharomyces cerevisiae
(Fig. 1). We found that this base transition does not confer
resistance to erythromycin, suggesting that factors in ad-
dition to the base at residue 2058 must contribute to the
macrolide resistance of S. cerevisiae.

RESULTS AND DISCUSSION

To test if an A at G2400 of cytoplasmic large S. cerevisiae
rRNA (the residue equivalent to E. coli 2058) confers
erythromycin sensitivity, we needed to introduce this muta-
tion into the rRNA genes. The presence of 150–200 copies of
rRNA genes in the S. cerevisiae genome makes it impossible
to construct such a mutation in wild-type yeast. However,
all copies have been deleted from the chromosome in mu-
tant strain NOY770 (Wai et al. 2000), which harbors rRNA
genes only on a plasmid (pRDN-hyg1). We introduced the
G2400 / A mutation into the yeast rRNA gene carried on
another plasmid (pNOY288), transformed the resulting
plasmid (p288G2A) into strain NOY770, and eliminated the
pRDN-hyg1 plasmid with the wild-type rRNA gene by plat-
ing on 5-fluororotic acid (FOA) medium (Boeke et al. 1987).

The resulting strain should contain the desired G2400 /
A mutation, but it remained a possibility that the mutation
in the rRNA gene on plasmid p288G2A had reverted during
the plasmid shuffle process by gene conversion or recom-
bination using the resident pRDN-hyg1 plasmid as source
for the wild-type sequence. To ensure that the ribosomes
in the mutant strain have the G2400A change, we isolated
total RNA from the mutant and the wild-type strains and
used it as template for reverse transcriptase-mediated
cDNA synthesis followed by PCR. As expected, the PCR
products from the G2400G mutant and wild-type cells

comigrated in an agarose gel. No product was visible when
the reverse transcriptase step was omitted, confirming that
the PCR products were copied from the rRNA. The
sequence of the PCR products indicated that the G /
A-containing 25S rRNA was present in the mutant strain,
while rRNA from the wild-type strain carried a G in the
same position (data not shown). No other mutations were
identified. These results confirm that the ribosomes in the
mutant strain contain a G / A mutation at position 2400.

To detect if the G / A mutation affects ribosome
assembly, we isolated ribosomes from mutant and wild-
type cells and analyzed the distribution between subunits,
80S, and polysomes by sucrose gradient sedimentation.
No differences between the polysome profile of the mutant
and wild-type strains could be observed (Fig. 2).

To test if the G / A mutation makes S. cerevisiae more
sensitive to erythromycin, we streaked the mutated strain
and the wild-type strain on both SD-Trp (Fig. 3A) and YPD
(data not shown) supplemented with erythromycin at
concentrations up to 3 mg/mL. Irrespective of the media,
neither the mutant strain nor the wild-type strain was
inhibited by the presence of the antibiotic. Furthermore,
growth curves in YPD supplemented with 2 mg/mL of
erythromycin showed no difference between the wild-type
and mutant strains (Fig. 3B). Thus, the G2400A ribosomes
are no more sensitive to erythromycin than are wild-type
ribosomes. The resistance to erythromycin cannot be due
to failure of the antibiotic to enter the cell, since mito-
chondrial protein synthesis can be inhibited by erythromy-
cin (Lamb et al. 1968; Linnane et al. 1968).

To further characterize the G / A mutant, we com-
pared binding of erythromycin to yeast ribosomes from the
G2400 wild-type and the A2400 mutant strains. For
comparison, we also measured binding to E. coli ribosomes
from strains that are sensitive (EryS) or resistant (EryR) to
the antibiotic. Ribosomes isolated from exponentially
growing cells were incubated with various concentrations
of 14C-labeled erythromycin. Bound radioactivity was
measured after passing the incubated mixture through
0.45-mm nitrocellulose filters (Teraoka 1970). Figure 4A
shows titration curves of increasing amounts of ribosomes
(up to 160 pmol, 1.6 3 10�6 M) added to a fixed amount
of erythromycin (9 pmol, 9 3 10�8 M). As expected,
essentially all erythromycin bound to wild-type E. coli
ribosomes at the highest ribosome concentration, while
ribosomes from the E. coli L4 K63E erythromycin-resistant
mutant ribosomes bound only about 10% of the erythro-
mycin at the highest ribosome concentration (z18-fold
molar excess of ribosomes). Under the same conditions,
both wild-type and G / A yeast ribosomes bound the
drug even less than the E. coli EryR ribosomes. We also
measured the binding under conditions of erythromycin
excess (Fig. 4B). Forty nanomoles of erythromycin (4 3

10�5 M) was mixed with 5.7 3 10�7 M E. coli ribosomes
or 4 3 10�7 M yeast ribosomes, i.e., z100-fold excess

FIGURE 1. Two-dimensional structures of the rRNA in the pepti-
dyltransferase center of E. coli and S. cerevisiae (http://www.rna.ccbb.
utexas.edu/). Circled bases in the S. cerevisiae structure indicate
nucleotides also present in E. coli.
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of erythromycin over ribosomes. Consistent with the
experiment done under conditions of ribosome excess, we
found that ribosomes from wild-type E. coli bound at least
eightfold more erythromycin than did ribosomes from the
other sources. Again, both wild-type and G / A ribosomes
from S. cerevisiae bound even less than did the ribosomes
from the erythromycin-resistant E. coli strain (Fig. 4B).
Even with the marginal difference between yeast wild-type
and G / A ribosomes in Figure 4B, these binding assays
show that the G-to-A mutation at 2400 (2058 in E. coli)
does not increase the binding of erythromycin to S.
cerevisiae ribosomes (Fig. 4A,B) to a degree that is mean-
ingful to the biological ribosome function.

Together, the experiments reported here show that a G at
the position equivalent to A2058 in E. coli neither renders
S. cerevisiae sensitive to erythromycin nor measurably in-
creases the affinity of the ribosomes for the antibiotic. Thus
yeast, and presumably other eukaryotes, differs from the
archaeon H. marismortui in that G2058 is not the only key
determinant of macrolide resistance. It is likely that, in
spite of the sequence and structural similarity among pro-
karyotic and eukaryotic PTCs, slight nuances have a pro-
found influence on antibiotic binding. For example, the
presence of nonconserved bases near the PTC (Fig. 1) and
additional rRNA sequences elsewhere may influence the
structural dimensions of the hydrophobic pocket formed
by A2058/A2059. The influence of ribosomal proteins L4
and L22 also cannot be ruled out, since mutations in these
proteins affect erythromycin sensitivity and binding in
bacteria (Chittum and Champney 1994; Gabashvili et al.
2001; Zaman et al. 2007).

MATERIALS AND METHODS

S. cerevisiae strain NOY770 (MATa ade2-1 ura3-1 trp1-1 his3-11
leu2-3 can100 rdnDD::HIS3) carries plasmid pRDN-hyg1. This
plasmid contains the entire rRNA transcription unit, including the
RNA polymerase I (Pol I) promoter, with the wild-type (G2400)
25S rRNA and the URA3 selectable marker (Wai et al. 2000).
Plasmid pRDN-wt (alias pNOY288) also carries the entire

transcription unit with a Pol I promoter and a wild-type 25S,
and selectable markers TRP 1 and leu2-d (Chernoff et al. 1994).
Plasmid p288G2A is a derivative of pNOY288 carrying a G2400A
mutation in 25S generated by QuikChange XL Kit (Stratagene).
Strains YLL979 and the isogenic YLLG2A mutant were con-
structed by transforming NOY770 with plasmids pNOY288 or
p288G2A, respectively, and eliminating the resident plasmid
pRDN-hyg1 by growth on FOA medium (Boeke et al. 1987).
E. coli strains were AB301 (A19 Hfr met-) and the N282 mutant of
this strain carrying a K63E mutation in the L4 gene (Wittmann
et al. 1973; Chittum and Champney 1994).

To test for erythromycin sensitivity, YLL979 and YLLG2A were
streaked on YPD or SD-Trp plates supplemented with erythro-
mycin at concentrations ranging from 0–3 mg/mL and incubated
for 3–4 d at 30°C. To measure the effect of erythromycin on
growth rates, YPD or SD-Trp cultures with or without 2 mg/mL
erythromycin were inoculated with 2 mL of saturated overnight
culture and incubated with shaking at 30°C. The OD600 was
followed for up to 36 h. Growth curves were determined in YPD
cultures with or without erythromycin (2 mg/mL).

Yeast ribosomes were prepared essentially as described by
Warner and Gorenstein (1978). Cultures were grown at 30°C
in YPD to mid-log phase (OD600 z 1.0; z2 3 107 cells/mL),
harvested on ice, centrifuged, and resuspended in Lysis buffer
(50 mM Tris-HCl at pH 7.5, 30 mM MgCl2, 100 mM NaCl, 1 mM
PMSF, 1 mg/mL pepstatin A, 1 mg/mL leupeptin; Sigma). Cells
were lysed by three passages through a French press (18,000 psi),
and the cell debris was removed by centrifugation (30,000g, 4°C).
The clarified supernatant was then layered onto an equal volume
of 20 mM Tris-HCl (pH 7.5), 500 mM potassium chloride, 5 mM

FIGURE 3. Growth of S. cerevisiae containing a G (YLL979) or an A
(YLLG2A) at position 2400 of 25S rRNA. (A) Colonies on SD-Trp
plates with or without 3 mg/mL erythromycin. (B) Growth curves in
YPD with or without 2 mg/mL erythromycin.

FIGURE 2. Sucrose gradients of lysates from S. cerevisiae containing
a G (YLL979) or an A (YLLG2A) at position 2400 of 25S rRNA.
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magnesium chloride, and 10% sucrose and centrifuged at
200,000g in a Beckman SW40Ti rotor for 4 h at 4°C. The
ribosome pellets were resuspended in Lysis buffer and stored at
�80°C. E. coli ribosomes were isolated from cultures grown at
37°C in LB to midlog phase (OD450 = 1.5 � 2.0; z3 3 108 cells/
mL). Cells were harvested on ice, pelleted, and lysed by two
passages through a French press (18,000 psi). Cell debris was
removed by centrifugation at 22 K for 30 min, and the clarified
supernatant was processed as described for yeast ribosomes.

Erythromycin binding assays were done by the method of
Teraoka (1970). Briefly, ribosomes isolated from yeast or E. coli
strains were incubated with the indicated concentrations of [N-
methyl-14C] erythromycin (New England Nuclear, 55 mCi/mmol,
but for the experiment in Fig. 4B diluted with nonradioactive
erythromycin to a final specific activity of 11 mCi/mmol) in
100 mL erythromycin binding buffer (50 mM Tris-HCl at pH 7.8,
16 mM Mg acetate, 60 mM KCl). After incubation at 30°C for
15 min, the assay mix was poured through a 0.45 mm nitrocellulose
filter (Millipore). Filters were washed three times each with 2 mL
wash buffer (25 mM Tris-HCl at pH 7.8, 20 mM Mg-acetate,
60 mM KCl, containing 30% ethanol). The amount of radioactive
erythromycin bound to the ribosomes was measured by liquid
scintillation counting of the filters (Beckman-Coulter LS 6500).
Assays were always done in duplicate.

Total RNA from cells was prepared by a hot phenol procedure
(Lindahl et al. 1992). Integrity of the RNA was determined by
agarose gel electrophoresis and ethidium bromide staining. Two

micrograms of total RNA was treated with RNase-free DNase
(Fermentas) and used for cDNA synthesis using BIORAD iScript
cDNA Synthesis Kit (170–8890) with random primers. The
relevant region of the rRNA sequence was then amplified by
PCR using gene specific primers (59-GGATTAACGAGATTCC
CACTGT and 59-GGTTAGTCGATCCTAAGAGATG). The PCR
product was analyzed by cycle sequencing.

Sucrose gradient analysis was performed essentially as described
(Deshmukh et al. 1993).
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