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Summary
Mutations in ribosomal proteins L4 and L22 confer resistance to erythromycin and other macrolide
antibiotics in a variety of bacteria. L4 and L22 have elongated loops whose tips converge in the
peptide exit tunnel near the macrolide binding site, and resistance mutations typically affect residues
within these loops. Here, we use bacteriophage λ Red-mediated recombination, or “recombineering”,
to uncover new L4 and L22 alleles that confer macrolide resistance in Escherichia coli. We
randomized residues at the tips of the L4 and L22 loops using recombineered oligonucleotide
libraries, and selected the mutagenized cells for erythromycin-resistant mutants. These experiments
led to the identification of 341 different resistance mutations encoding 278 unique L4 and L22
proteins – the overwhelming majority of which are novel. Many resistance mutations were complex,
involving multiple missense mutations, in-frame deletions, and insertions. Transfer of L4 and L22
mutations into wild-type cells by phage P1-mediated transduction demonstrated that each allele was
sufficient to confer macrolide resistance. Although L4 and L22 mutants are typically resistant to most
macrolides, selections carried out on different antibiotics revealed macrolide-specific resistance
mutations. L22 Lys90Trp is one such allele, which confers resistance to erythromycin, but not tylosin
or spiramycin. Purified L22 Lys90Trp ribosomes show reduced erythromycin binding, but have the
same affinity for tylosin as wild-type ribosomes. Moreover, DMS methylation protection assays
demonstrated that L22 Lys90Trp ribosomes bind tylosin more readily than erythromycin in vivo.
This work underscores the exceptional functional plasticity of the L4 and L22 proteins, and highlights
the utility of Red-mediated recombination in targeted genetic selections.
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Introduction
Macrolide antibiotics – which include erythromycin and tylosin – are commonly used
antibacterial agents that interfere with protein synthesis. These drugs bind to the large
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ribosomal subunit at the entrance of the nascent peptide exit tunnel, near the peptidyl transferase
center, where they inhibit peptide bond formation and facilitate peptidyl-tRNA dissociation
from the ribosome 1; 2; 3; 4. In addition, macrolides have been shown to interfere with ribosome
assembly in several bacterial species 5; 6; 7. Resistance to macrolides is mediated by three
general mechanisms: i) enzymatic inactivation of macrolides, ii) increased macrolide efflux,
and iii) alteration of the macrolide-binding site 8; 9; 10. Modification of the macrolide-binding
site is the most widespread resistance mechanism and is usually associated with the acquisition
of Erm methyltransferases, which catalyze N6,N6-dimethylation of A2058 in 23S rRNA
(Escherichia coli numbering is used throughout) 8; 11; 12. A2058 is critical for the binding of
macrolides, lincosamides, and streptogramin B-type antibiotics (Fig. 1b), and its methylation
confers resistance to all three classes of antibiotics 8; 9. Mutation of A2058, A2059, and other
23S rRNA residues within the macrolide-binding site can confer a similar resistance phenotype,
but these mutations are typically limited to bacteria containing only one or two rRNA operons
10. Finally, the macrolide-binding site can be modified by mutations in rplD and rplV, which
encode ribosomal proteins L4 and L22, respectively. L4 and L22 each have extended loops,
which converge to form a narrowing in the exit tunnel adjacent to the macrolide-binding site
(Fig. 1a and 1b) 1; 2; 3. Although less common than Erm-mediated resistance, L4 and L22
mutations are increasingly being identified in clinically relevant species such as Streptococcus
pneumoniae, Haemophilus influenzae, and Staphylococcus aureus 13; 14; 15.

Macrolide-resistance mutations in L4 and L22 are diverse, and include missense mutations,
insertions and deletions 13; 15; 16; 17. Insertion and deletion mutations have been found at
many positions along the L4 and L22 loops, but missense mutations tend to be localized to L4
Gln62 – Gly66 and L22 Arg88 – Ala93 13; 16; 18; 19; 20. These residues are closest to the
macrolide-binding site (Fig. 1b), and are among the most highly conserved in eubacterial L4
and L22 proteins. Although L4 and L22 mutations have been identified in several bacterial
species, only a handful of mutant ribosomes from E. coli have been characterized to date 21;
22; 23; 24. The L4 Lys63Glu mutation alters the structure of domain V within 23S rRNA and
significantly decreases ribosome affinity for erythromycin 21; 22; 23; 25. Zengel and
colleagues have recently characterized ten additional L4 and L22 macrolide-resistance alleles
in E. coli, most of which also appear to reduce ribosome affinity for macrolides 24. In contrast,
L22 containing a deletion of Met82-Lys83-Arg84 (L22 ΔMet82-Lys83-Arg84) confers
macrolide resistance in E. coli and H. influenzae 17; 26, yet ribosomes from this mutant bind
erythromycin with wild-type affinity 21; 23. Although macrolide resistance in the L22 ΔMet82-
Lys83-Arg84 mutant is not yet fully understood, the mechanism is presumably distinct from
that of L4 Lys63Glu and other mutations that prevent macrolide binding 23; 25; 27. Most other
L4 and L22 mutations have been identified in clinical isolates, or in strains that have been
selected in vitro by long-term culture in macrolide-containing media 13; 16; 28; 29; 30.
Analysis of resistance alleles from these bacteria can be challenging because they often contain
multiple L4 and L22 mutations and/or additional macrolide-resistance mutations in 23S rRNA
13; 16; 18; 19; 20. The ability to recapitulate these novel L4 and L22 alleles in a non-pathogenic
model bacterium such as E. coli would facilitate the biochemical characterization of macrolide-
resistant ribosomes.

In this report, we use bacteriophage λ Red-mediated recombination, or “recombineering”, to
isolate new L4 and L22 mutations that confer macrolide resistance. The λ Red system is
comprised of three proteins – gam, beta, and exo – which greatly enhance homologous
recombination in E. coli 31. The beta protein facilitates the hybridization of single-stranded
DNA at replication forks, allowing efficient recombination of synthetic oligonucleotides 32;
33. Court and colleagues have exploited oligonucleotide-based recombineering to introduce
point mutations directly onto the E. coli chromosome 32. We reasoned that this methodology
could be used to perform targeted mutagenesis of rplD and rplV for genetic selections. Using
oligonucleotide libraries, we randomized individual codons corresponding to residues at the
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L4 and L22 loop tips and selected for macrolide-resistant mutants. These selections resulted
in the isolation of several hundred rplD and rplV macrolide-resistance mutations, encoding
278 unique L4 and L22 proteins. Although L4 and L22 mutations typically confer resistance
to multiple macrolides 9, we identified L22 Lys90 mutants that were resistant to erythromycin,
but not tylosin or spiramycin. This resistance phenotype resulted from a specific decrease in
ribosome affinity for erythromycin. These results demonstrate that an extraordinary number
of L4 and L22 mutations confer macrolide resistance, and highlight the power of
recombineering to generate novel proteins for structure-function analysis.

Results
Selection and screening of erythromycin-resistant mutants

To systematically identify L4 and L22 mutations that confer macrolide resistance, we
performed a series of targeted mutagenesis experiments using bacteriophage λ Red-mediated
recombination in E. coli 32; 34. We focused on L4 residues 62 – 67 and L22 residues 88 – 93
(Fig. 1b & 1c), because resistance mutations affect these residues most frequently 15. Twelve
oligonucleotide libraries were designed for recombineering, each containing a randomized
codon corresponding to one of the target residues in the L4 or L22 loops. Each oligonucleotide
library was introduced into cells expressing the phage λ Red proteins, followed by selection
for erythromycin-resistant mutants. A total of 1,731 erythromycin-resistant colonies were
isolated from the twelve libraries, of which 1,398 survived secondary selection on fresh
erythromycin plates (Table 1). Mutants that survived secondary erythromycin selection were
subjected to 3′-mismatch PCR screening to detect isolates containing wild-type L4 and L22
(Table 1) 35. The rplD and rplV genes were sequenced from 903 of the screened mutants,
resulting in the identification of 305 distinct mutations, several of which were independently
isolated multiple times (for comprehensive analysis of identified mutations, see Supplementary
Tables II & III). Wild-type rplD and rplV genes were found in 224 of the erythromycin-resistant
isolates, corresponding to a false-positive rate of ~25% for the PCR screen (Table 1).
Presumably, cells with wild-type L4 and L22 carry other unidentified mutations responsible
for macrolide resistance.

Although each oligonucleotide library was designed to introduce single missense mutations,
a large proportion (~44%) of the L4 and L22 mutants contained mutations in multiple codons
(Sup. Tables II & III). Generally, these complex mutations were comprised of target codon
missense mutations, plus secondary point mutations or in-frame deletions affecting one or more
neighboring codons (Sup. Tables II & III). We classified mutants according to the presence
and type of secondary mutation, which revealed that each library had a tendency to produce
mutations of a particular subclass (Table 2). For example, the L22 Ala89 library produced
mostly missense mutations in the target codon coupled to neighboring in-frame deletions,
whereas most L4 Thr65 mutants contained secondary point mutations (Table 2 and Sup. Tables
II & III). Complex mutations were isolated exclusively from five libraries – L22 Ala89, L22
Gly91, L22 Arg92, L22 Ala93 and L4 Arg67 (Table 2). In contrast, target codon missense
mutations were isolated primarily from the L4 Gln62, L4 Lys63, L4 Gly66 and L22 Lys90
library selections (Table 2). The mutations isolated from the twelve libraries are predicted to
encode 248 unique L4 and L22 proteins (Tables 3 & 4). Each L4 and L22 allele was transferred
into wild-type E. coli by phage P1-mediated transduction using a linked kanamycin resistance
marker. All kanamycin-resistant transductants were also resistant to erythromycin (data not
shown), strongly suggesting that the L4 and L22 alleles are sufficient to confer macrolide
resistance.
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Simple missense alleles
Because single missense mutations were identified primarily from the L4 Gln62, L4 Lys63,
L4 Gly66 and L22 Lys90 libraries, allele isolation frequencies could be determined in a
straightforward manner for these positions. Allele isolation frequency was expressed as the
percent of total mutants identified for each position, and the resulting frequency distributions
were plotted as histograms (Fig. 2). In general, each library produced a distinct allele
distribution. Mutations isolated from the L4 Gln62 library resulted in changes to residues with
hydrophobic and charged side chains (Fig. 2). Strikingly, L4 Gln62Phe mutations were
identified in almost 50% of the L4 Gln62 mutants isolated by erythromycin selection (Fig. 2).
Remarkable allele diversity was obtained from the L4 Lys63 library, in which 11 different
amino acid changes were identified (Fig. 2). L4 Gly66 resistance alleles were more limited,
with mutations to Ala, Cys and Ser residues identified most frequently (Fig. 2). Finally, the
L22 Lys90 selection was dominated by the L22 Lys90Trp allele, which was identified in 70
of the 96 characterized mutants (Fig. 2).

The erythromycin selection protocol ensured that each mutant arose from an individual
recombination event. Therefore, L4 and L22 alleles conferring the greatest erythromycin
resistance were expected to be isolated at higher frequencies. We examined the erythromycin
resistance properties of several L4 Gln62 mutants to determine whether a correlation exists
between allele isolation frequency and antibiotic resistance. Because growth in the presence
of erythromycin can select for other mutations that contribute to macrolide resistance, we used
a linked kanamycin resistance marker to transfer L4 Gln62 mutations into wild-type cells by
phage P1-mediated transduction prior to analysis. All of the analyzed L4 Gln62 mutants had
similar macrolide resistance properties, although the L4 Gln62Glu mutant appeared to have a
slight growth advantage in the presence of erythromycin (Table 5). In contrast, L4 Gln62Phe
cells grew at a slower rate comparable to other L4 Gln62 mutants (Table 5). Because L4
Gln62Glu was isolated only once from the L4 Gln62 library selection compared to 34
independent isolates of L4 Gln62Phe (Fig. 2 and Sup. Table II), these data suggest that factors
other than antibiotic resistance contribute to allele isolation frequency.

Several factors could potentially influence allele isolation frequency, including: i) codon bias
in libraries; ii) recombination efficiency; iii) colony selection bias; and iv) 3′-mismatch PCR
screening, in which multiple nucleotide changes are presumably more likely to pass the screen
than point mutations. To evaluate these factors, we conducted two recombination experiments
using oligonucleotides encoding L4 Gln62Phe (coded as TTT) and L4 Gln62Lys (coded as
AAA). The L4 Gln62Phe and L4 Gln62Lys mutants grew at essentially the same rate in media
containing erythromycin (Table 5), yet these alleles were isolated at very different frequencies
from the L4 Gln62 library (Fig. 2 and Sup. Table II). An equal number of erythromycin-
resistant clones were randomly isolated from each transformation and subjected to secondary
erythromycin selection (Table 1). Almost all of the L4 Gln62Phe transformants survived
secondary erythromycin selection, compared to ~ 67% of the L4 Gln62Lys transformants
(Table 1). Because L4 Gln62Lys mutants may be less likely to pass 3′-mismatch PCR screening
due to the similarity between Gln and Lys codons, rplD was sequenced from all erythromycin-
resistant transformants (Table 1). Most L4 Gln62Phe transformants contained the
oligonucleotide-encoded mutation, whereas all of the L4 Gln62Lys transformants had wild-
type L4 (Table 1). Thus, the L4 Gln62Phe oligonucleotide was significantly more effective in
mutagenesis than the L4 Gln62Lys oligonucleotide. These results are consistent with previous
work showing Red-mediated recombination frequencies can vary dramatically depending on
the identity of the oligonucleotide-encoded mutation 32; 36.

Although a variety of alleles were isolated from the L4 Lys63 library, we were surprised that
L4 Lys63Gln mutants were not isolated, because this mutation confers macrolide-resistance
in Streptococcus pneumoniae and Haemophilus influenzae 13; 37. Additionally, the lack of L4
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Lys63Ile mutants seemed unusual given that L4 Lys63Leu and L4 Lys63Val mutants were
isolated readily (Fig. 2 and Sup. Table II). To determine whether L4 Lys63Gln and L4 Lys63Ile
mutations confer erythromycin resistance to E. coli, we introduced oligonucleotides encoding
these mutations into cells and selected for erythromycin-resistant mutants. L4 Lys63Gln and
L4 Lys63Ile mutants were readily isolated from these transformations, and these mutants
exhibited erythromycin resistance comparable to other L4 Lys63 mutants (Table 5). Moreover,
the L4 Lys63Gln and L4 Lys63Ile mutants passed the 3′-mismatch PCR screen, indicating that
they were probably not systematically discarded during the original L4 Lys63 library screen.
Because a number of alleles were isolated only once or twice from the L4 Lys63 library (Fig.
2 and Sup. Table II), L4 Lys63Gln and L4 Lys63Ile mutants may have been identified if more
mutants had been characterized from the library.

Complex mutations
Several libraries produced primarily complex mutations, suggesting that simple missense
changes at these codons are not sufficient to confer erythromycin resistance. We examined the
role of secondary mutations in erythromycin resistance using L4 Thr65 as a model position.
Most L4 Thr65 mutants contained secondary point mutations in neighboring codons (Table 2
and Sup. Table II), and in some instances, the secondary mutations appeared to be sufficient
for resistance. For example, L4 Gly66Ser was commonly identified as a secondary mutation
when L4 Thr65 was changed to hydrophobic residues (Sup. Table II). L4 Gly66Ser was also
frequently isolated from the L4 Gly66 library and this single mutation confers erythromycin
resistance (Table 5 and Sup. Table II). In contrast, the L4 Gly64Cys and L4 Gly64Val
secondary mutations associated with L4 Thr65Pro were not isolated from the L4 Gly64 library
(Sup. Table II), suggesting they do not confer resistance as single mutations. To examine
whether secondary mutations are required for resistance in the context of the L4 Thr65Pro
mutation, we introduced an oligonucleotide encoding L4 Thr65Pro (coded as CCC) into cells
and selected for erythromycin-resistant mutants. Twenty-four of the resulting mutants were
sequenced, and none contained the simple L4 Thr65Pro missense mutation (Table 2 and Sup.
Table II). Instead, nearly all L4 Thr65Pro mutants contained additional L4 Gly64Cys (71%)
or L4 Gly64Val (21%) point mutations (Table 2 and Sup. Table II).

Because an L4 Thr65Pro mutant was not isolated by recombineering, we constructed this
mutation within a plasmid-borne copy of the E. coli S10 operon, which encodes L4, L22 and
several other ribosomal proteins. The chromosomal S10 locus was then deleted so that the
mutated S10 plasmid was the only source of L4 protein 38. Cells expressing L4 Thr65Pro were
viable and grew at the same rate as cells carrying a wild-type version of the S10 plasmid (Table
6). Additionally, L4 Thr65Pro cells were almost as sensitive to erythromycin as wild-type cells,
consistent with our inability to isolate these mutants by erythromycin selection. We next
generated L4 Gly64Cys and L4 Gly64Val mutants using the S10 plasmid, and compared their
resistance properties to those of mutants carrying S10 plasmid versions of the originally
isolated L4 Gly64Cys-Thr65Pro and L4 Gly64Val-Thr65Pro mutations. The L4 Gly64Cys
mutant was as sensitive to erythromycin as wild-type cells (Table 6). The L4 Gly64Val mutant
was significantly more resistant than wild-type cells, yet it grew relatively slowly in the
presence of erythromycin (Table 6). In both instances, the complex L4 Gly64Cys-Thr65Pro
and L4 Gly64Val-Thr65Pro mutations provided a higher level of erythromycin resistance than
the corresponding single L4 Gly64Cys and L4 Gly64Val mutations (Table 6). These results
demonstrate that secondary mutations significantly enhance the erythromycin resistance of L4
Thr65Pro mutants.

Strikingly, most of the L4 Thr65Pro-associated secondary mutations were either L4 Gly64Cys
or Gly64Val point mutations (Sup. Table II), implying that these particular L4 Gly64 secondary
mutations are best able to confer resistance in combination with L4 Thr65Pro. However, the

Diner and Hayes Page 5

J Mol Biol. Author manuscript; available in PMC 2010 February 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



combination of L4 Gly64Ala and L4 Thr65Pro mutations confers high-level macrolide
resistance in Staphylococcus aureus 14. Using the S10 plasmid system, we tested whether the
other four possible L4 Gly64 point mutations (L4 Gly64Ala, L4 Gly64Asp, L4 Gly64Arg and
L4 Gly64Ser) also confer erythromycin resistance in combination with L4 Thr65Pro. All of
the resulting mutants were as resistant as cells carrying plasmid-borne L4 Gly64Cys-Thr65Pro
or L4 Gly64Val-Thr65Pro mutations (Table 6). In fact, the L4 Gly64Ala-Thr65Pro, L4
Gly64Asp-Thr65Pro and L4 Gly64Ser-Thr65Pro mutants were more resistant to erythromycin
than any other L4 or L22 mutant examined in this study (Tables 5, 6 and 7). We also constructed
the L4 Gly64Ser single mutation on the S10 plasmid and the resulting mutant was
indistinguishable from wild-type with respect to erythromycin resistance (Table 6). Taken
together, these results suggest that secondary mutagenesis is a non-random process favoring
specific base changes. The L4 Gly64Cys and L4 Gly64Val secondary mutations are both G-
toT transversions, suggesting this change occurs at a higher frequency than other point
mutations. However, the most common secondary mutation from the L4 Thr65 library was a
G-to-A transition producing L4 Gly66Ser, which was associated with other L4 Thr65 mutations
(Sup. Table II). Because secondary mutations were typically found adjacent to target codons,
perhaps the sequence context of the primary mutation influences secondary mutagenesis.

Library recombineering effectively produced a diverse set of missense mutations for genetic
selection. However, comprehensive identification of these mutations was difficult, in part,
because of the complexity added by secondary mutations. This was readily apparent in the L22
libraries, in which most alleles were isolated only once (Sup. Table III). In contrast, although
L4 Thr65 mutants were dominated by complex mutations, several alleles were isolated
independently at least twice (Sup. Table II). Therefore, we decided to examine the coverage
of complex mutations using L4 Thr65 as a model position. The original library selection
showed that L4 Thr65 could be mutated to 15 different amino acid residues, almost always in
combination with secondary mutations (Table 2 and Sup. Table II). Complex mutations
containing L4 Thr65Ser were not identified from the L4 Thr65 library, even though the
structurally related L4 Thr65Cys mutation was identified as a component of five different
complex mutations (Table 3 and Sup. Table II). However, L4 Thr65Ser mutations were
identified as secondary point mutations from the L4 Gly64 library (Table 3 and Sup. Table II).
To examine whether L4 Thr65Ser mutants were missed during the L4 Thr65 library selection,
we introduced an oligonucleotide encoding this mutation (as AGC) into cells and selected for
erythromycin-resistant mutants. We sequenced rplD from 24 of the resulting transformants
and identified nine different mutations, seven of which had not previously been identified in
any of the previous selections (Sup. Table II). Most of these mutants contained L4 Thr65Ser
missense mutations coupled to other neighboring mutations, but there were also a significant
number of complex deletion mutations (Table 2 and Sup. Table II). Thus, there are clearly
more erythromycin-resistance alleles that were not identified during the original library
selections. Indeed, there may be several hundred additional L4 and L22 macrolide-resistance
alleles, whose comprehensive identification would probably require the isolation and
characterization of several thousand mutants.

Selection on spiramycin and tylosin
The macrolactone rings of all macrolide antibiotics have similar, overlapping binding sites on
the large ribosomal subunit 1; 27. However, the appended sugar residues of some macrolides
make unique contacts to the ribosome. Spiramycin contains a forosamine residue that appears
to contact L4, whereas tylosin has a mycanose sugar that tilts in the opposite direction and
makes contact with L22 1. To determine whether these unique interactions could be exploited
to identify macrolide-specific resistance alleles, we repeated selections using the libraries that
produced predominately missense mutations. The L4 Gln62, L4 Lys63, and L4 Gly66 libraries
were selected for spiramycin-resistant mutants, and the L22 Lys90 library was selected for
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tylosin-resistant mutants. In general, the distributions of L4 alleles isolated on spiramycin were
similar, but not identical to those isolated on erythromycin (Fig. 2). In some instances, changes
in allele isolation frequency could be explained by the resistance properties of a given mutant.
For example, L4 Gly66Ala, which was isolated several times on erythromycin but never on
spiramycin, had a growth rate similar to other L4 Gly66 mutants on erythromycin, but grew
significantly more slowly in spiramycin (Fig. 2 and Table 5). Additionally, the L4 Lys63Glu,
L4 Lys63Leu, and L4 Lys63His mutants grew more rapidly in spiramycin than other L4 Lys63
mutants (Table 5), consistent with their higher isolation frequency in spiramycin versus
erythromycin (Fig. 2). However, other differences in allele isolation frequency could not be
explained in terms of macrolide resistance. It is possible that some differences in allele
frequency observed between the selections were due to the relatively small number of
characterized mutants. We note that Zengel and colleagues have reported significantly slower
growth rates for some of the same mutants characterized here, particularly L4 Gly66Cys and
L4 Gly66Arg 24. These discrepancies may reflect differences in genetic background.
Additionally, we transduced all L4 and L22 alleles into wild-type cells prior to analysis,
whereas the selected mutants were characterized directly in Zaman et al. 24.

In contrast to the spiramycin selections, L22 Lys90 alleles isolated on tylosin were largely
distinct from those obtained on erythromycin (Table 7 and Sup. Table III). L22 Lys90Trp was
the dominant mutation isolated on erythromycin (70 out of 96 mutants), but it was not identified
in any of the mutants isolated on tylosin (Table 7 and Sup. Table III). Instead, tylosin-selected
mutants commonly had L22 Ala89Glu secondary point mutations in addition to changes in
L22 Lys90 (Table 7 and Sup. Table III). The most common tylosin-selected mutation was L22
Ala89Glu-Lys90Pro, which was identified in 27 of the 47 tylosin-selected mutants (Table 7
and Sup. Table III). We examined the macrolide resistance properties of all the tylosin-selected
mutants and compared them with L22 Lys90Trp, L22 Lys90Phe, L22 Lys90Leu, and L22
Lys90Pro cells, which together accounted for 93% of the erythromycin-selected L22 Lys90
mutants. All of the alleles isolated by tylosin selection were able to confer resistance to both
erythromycin and tylosin (Table 7). In contrast, the L22 Lys90Trp, L22 Lys90Phe and L22
Lys90Leu alleles isolated on erythromycin did not confer resistance to tylosin or spiramycin
(Table 7 and data not shown). In fact, the L22 Lys90Trp and L22 Lys90Leu mutants were more
sensitive to tylosin than wild-type cells (Table 7).

Characterization of L22 Lys90Trp and L22 Ala89Glu-Lys90Pro ribosomes
We next sought to characterize the basis of erythromycin-specific resistance observed with the
L22 Lys90Trp mutant. Binding constants for erythromycin were determined using purified
ribosomes from wild-type, L22 Lys90Trp and L22 Ala89Glu-Lys90Pro cells. The dissociation
constant (KD) for erythromycin binding to wild-type ribosomes was ~10 nM (Table 8),
consistent with previously reported values 39; 40; 41. L22 Ala89Glu-Lys90Pro ribosomes had
essentially the same erythromycin affinity as wild-type ribosomes, but L22 Lys90Trp
ribosomes showed significantly lower affinity for erythromycin (Table 8). Tylosin binding
affinity was determined by a competitive IC50 analysis, in which tylosin was titrated to displace
ribosome-bound, radiolabeled erythromycin 40. This analysis determined that wild-type
ribosomes bind tylosin and erythromycin with similar affinity (Table 8). In contrast to the
erythromycin binding studies, L22 Lys90Trp ribosomes bound tylosin with wild-type affinity,
whereas L22 Ala89Glu-Lys90Pro ribosomes exhibited lower affinity for tylosin (Table 8).

Although L22 Lys90Trp ribosomes have reduced affinity for erythromycin, the in vitro binding
constant indicates that ribosomes would still be saturated at low micromolar concentrations of
antibiotic. In addition, L22 Ala89Glu-Lys90Pro cells are highly resistant to erythromycin, yet
their ribosomes bind the antibiotic with wild-type affinity in vitro. To further explore the basis
of resistance in these mutants, we monitored macrolide binding in vivo using dimethyl sulfate
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(DMS) methylation protection assays. Ribosome-bound macrolides protect 23S rRNA residue
A2058 from DMS-mediated methylation 42; 43. Cells were treated with DMS in the absence
and presence of macrolides, and A2058 methylation was assessed by primer extension analysis.
At concentrations slightly below the cell-doubling inhibitory concentration, both macrolides
protected A2058 against methylation in wild-type ribosomes (Fig. 3). Significantly less A2058
protection was observed in the L22 Lys90Trp mutant treated with erythromycin, although
tylosin protection was indistinguishable from that observed in wild-type cells (Fig. 3). These
results indicate that erythromycin has a reduced residence time on L22 Lys90Trp ribosomes,
whereas tylosin binding is apparently unaffected by this mutation. In contrast, methylation
protection assays conducted with L22 Ala89Glu-Lys90Pro cells showed a reduction in the
binding of both erythromycin and tylosin (Fig. 3). Thus, macrolide resistance in these L22
mutants appears to be the consequence of impaired antibiotic-ribosome binding in vivo.

Discussion
The results presented here show that an extraordinary number of ribosomal protein L4 and L22
variants confer resistance to macrolide antibiotics. Although several L4 and L22 mutants have
been identified from a variety of bacterial species, to our knowledge, only 11 of the alleles
isolated here have been previously reported 13; 14; 17; 21; 24; 37; 44. The remaining 267 L4
and L22 proteins described here appear to be novel. Much of this diversity can be attributed
to unanticipated secondary mutations that accompanied many target codon mutations. It seems
likely that these secondary mutations play an important role in macrolide resistance. This was
confirmed for mutants containing the L4 Thr65Pro mutation, which was always associated
with secondary point mutations or deletions. The L4 Thr65Pro mutation is unable to confer
macrolide resistance by itself, but the combination of L4 Thr65Pro with any of the six L4 Gly64
point mutations confers high-level resistance to erythromycin. In this regard, secondary
mutagenesis was beneficial because it produced many more macrolide resistance alleles for
identification and characterization. However, secondary mutagenesis appears to be a non-
random process that is context dependent. For example, G-to-T mutations affecting L4 Gly64
were isolated almost exclusively from the L4 Thr65Pro oligonucleotide selection, even though
other secondary point mutations, such as the G-to-A mutation generating L4 Gly64Ser, result
in even greater erythromycin resistance. The lack of L4 Gly64Ser secondary mutations in the
L4 Thr65Pro selection experiment is not due to an intrinsically slow G-to-A mutation rate,
because this transition was commonly identified as L4 Gly66Ser secondary mutations when
L4 Thr65 was mutated to hydrophobic residues (Sup. Table II). Although the mechanism is
unclear, these observations suggest that secondary mutagenesis depends not only upon
recombineering, but also on the identity of the primary mutation encoded by the recombined
oligonucleotide. We suspect that each library produced secondary mutations at very low
frequencies, but these complex mutations were only isolated when the more abundant simple
missense mutations were insufficient for macrolide resistance.

The remarkable number of macrolide resistance mutations suggests that almost any
perturbation of the L4 or L22 loops is sufficient to modulate, or interfere with antibiotic binding.
This appears to be the case for L4 Lys63, whose side-chain amino group coordinates the 2′-
hydroxyl of A2060 and the phosphate of G2061 in 23S rRNA 45. Mutation of L4 Lys63 to
almost any other residue is predicted to disrupt this coordination and could conceivably change
the conformation of residues A2058 and A2059, whose unstacked bases form a hydrophobic
crevice into which all macrolides bind (Fig. 1b) 1. Indeed, ribosomes containing L4 Lys63Glu
have significantly lower affinity for erythromycin 21; 23. In addition, we find that substituting
L4 Lys63 with Leu, Ile, Val, Met, Pro, Ala, Ser, Cys, Gly, Gln, Asp, Arg or His also confers
macrolide resistance in E. coli. In fact, it appears that all residues, except those with large
aromatic side chains, are able to functionally replace L4 Lys63 (E.J. Diner and C.S. Hayes,
unpublished results). Several different L4 Gln62 and L4 Gly66 macrolide resistance alleles
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were also isolated. However, there are simple missense perturbations of the L4 loop (and
presumably the L22 loop), which do not confer macrolide resistance (e.g. L4 Thr65Pro).
Moreover, specific types of complex mutations were isolated from many of the libraries,
implying that only a subset of L4 and L22 loop geometries are able to confer macrolide
resistance.

Although the number of macrolide-resistance alleles is extraordinary, it is perhaps more
remarkable that many of the mutants described appear to be quite healthy under the growth
conditions studied here. L4 and L22 bind to 23S rRNA early during ribosome biogenesis and
both are required for proper ribosome assembly and peptidyl transferase activity 46. In fact,
some insertion mutations within the L4 and L22 loops have been shown to adversely affect
ribosome assembly 24; 47. L4 also functions as a transcriptional and translational repressor of
the S10 operon, ensuring that the encoded ribosomal proteins are synthesized in an equimolar
ratio with rRNA 48; 49. Additionally, the L4 and L22 loops play a role in gene regulation by
helping to mediate regulated ribosome pausing in E. coli 50; 51. Programmed ribosome pausing
regulates the synthesis of the SecA general secretion ATPase in E. coli, and L22 mutations are
known to modulate this essential regulation 51; 52. Therefore, there is ample opportunity for
L4 and L22 mutations to adversely affect E. coli physiology. However, most of the mutants
we characterized grew at rates very close to wild-type in the absence of macrolides, suggesting
that ribosome assembly and function are near normal. Because L4 Gln62, L4 Lys63, L4 Gly66
and L22 Gly91 are completely conserved across all major divisions of eubacteria, we had
anticipated that many macrolide-resistance mutations would significantly impair protein
synthesis and lead to slow growth phenotypes. Thus, the highly conserved sequences of the
L4 and L22 loops belie a striking structural and functional plasticity.

This work highlights a powerful application for Red-mediated recombination in genetic screens
and selections. This methodology is particularly well suited for the mutagenesis of ribosomal
proteins involved in antibiotic resistance. Using oligonucleotide library recombineering, we
have mutagenized the rpsL and rpsE genes to obtain novel ribosomal S12 and S5 proteins that
confer streptomycin and spectinomycin resistance, respectively (E.J. Diner, L.E. Holberger
and C.S. Hayes, unpublished results). One obvious advantage of this approach is that
mutagenesis is targeted to specific codons. This allows mutations of interest to be obtained at
a much higher frequency than with spontaneous or chemical induced mutagenesis. Moreover,
the oligonucleotide library approach permits routine isolation of atypical missense mutations
such as Lys (AAA) to Phe (TTT). Because all three nucleotides must be mutated for this
particular amino acid change, this missense mutation is virtually impossible to isolate though
spontaneous mutagenesis. However, we find that not all mutations are recombineered with
equal efficiency, and therefore some alleles are probably significantly underrepresented in the
mutant population. Court and colleagues have previously reported this same phenomenon, and
have convincingly demonstrated that methyl-directed mismatch DNA repair is responsible for
the differences in recombination efficiency 32; 36. In an attempt to eliminate this bias from
our library selections, we conducted several experiments using a mutS strain, which is deficient
for mismatch DNA repair. However, macrolide-resistant mutants arose spontaneously at a high
frequency in the mutS background. Moreover, many of the mutants isolated from these
selections expressed wild-type L4 and L22 proteins from genes that contained dozens of silent
mutations (B. D. Janssen and C. S. Hayes, unpublished results). Given that recombineering
uncovered over 250 novel macrolide-resistance alleles, we feel that differential recombination
efficiency is a minor barrier to allele diversity.

Genetic recombineering uncovered some unusual macrolide-specific resistance alleles.
Typically, ribosomal mutations that confer resistance to one macrolide confer resistance not
only to other macrolides, but also to lincosamides and streptogramins, which have overlapping
binding-sites on the ribosome 9; 10. However, the L22 Lys90Trp, L22 Lys90Phe and L22
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Lys90Leu mutations confer resistance to erythromycin, but not tylosin or spiramycin. Although
the C2611U mutation in 23S rRNA exhibits a similar phenotype 53, we are unaware of other
L22 or L4 mutations that confer resistance to erythromycin specifically. The basis of this
phenotype appears to be an erythromycin-binding defect, which was observed both in vitro
and in vivo. Modeling of the L22 Lys90Trp mutation predicts a dramatic van der Waals clash
with A751 in domain II of 23S rRNA, suggesting that significant structural rearrangements
accompany this amino acid change. Intriguingly, these structural perturbations appear more
likely to interfere with the binding of tylosin, which makes contacts with L22 and 23S rRNA
residue G748 1. In fact, methylation of G748 is sufficient to confer resistance to tylosin, but
not erythromycin 54. How these L22 Lys90 mutations perturb ribosome binding of
erythromycin, but not tylosin, is unclear at present. Additionally, it was somewhat surprising
that we observed reduced erythromycin binding to L22 Ala89Glu-Lys90Pro ribosomes in
vivo, given that these ribosomes bind erythromycin with wild-type affinity in vitro. Of course,
binding studies conducted with non-translating ribosomes do not recapitulate in vivo
conditions. Nascent peptides in the lumen of the exit tunnel inhibit macrolide binding 55; 56,
and perhaps the L22 mutation significantly reduces the affinity of actively translating
ribosomes for erythromycin. A similar discrepancy between erythromycin binding in vitro and
in vivo has been reported for L22 ΔMet82-Lys83-Arg84 ribosomes 21; 57. Moore & Sauer
have recently shown that L22 ΔMet82-Lys83-Arg84 ribosomes are as sensitive to
erythromycin as wild-type ribosomes using in vitro translation reactions 57. They propose that
the L22 ΔMet82-Lys83-Arg84 mutation confers resistance by reducing intracellular macrolide
concentrations, perhaps by modulating the activity of TolC-dependent efflux pumps 57.
Although the mechanism is unclear, these results challenge the prevailing models of macrolide
resistance for this mutant. Clearly, further experimentation will be required to elucidate the
basis of resistance in these intriguing L22 mutants.

Materials and Methods
Selection of macrolide-resistant mutants

All E. coli strains were derivatives of strain X90 58. Strain X90 ΔpioO::kan was constructed
by P1 mediated transduction from strain JW3284 59. Plasmid pSIM5 60 was generously
provided by Don Court (NCI-Frederick, MD). Genetic recombineering was performed
essentially as described 34. Briefly, 50 – 100 μL of competent cells were transformed with 5
pmol of single-stranded oligonucleotide by electroporation (complete recombineering
oligonucleotide sequences are presented in Supplementary Table I). Transformed cells were
immediately suspended in 1.0 mL of Luria broth (LB) medium and 100 μL aliquots plated onto
sterile nitrocellulose filters on LB agar plates containing no antibiotic. Antibiotic-free plates
were incubated at 30 °C for 3 h, then the nitrocellulose filters were transferred onto LB agar
plates containing one of the following macrolide antibiotics: erythromycin (100 μg/mL),
spiramycin (550 μg/mL) or tylosin (1.25 mg/mL). Macrolide plates were further incubated at
37 °C for up to 36 h to select resistant colonies. Selections for each randomized position were
performed independently at least three times. Isolated colonies were streaked onto fresh LB
agar plates containing the appropriate macrolide antibiotic. Clones that survived the second
macrolide selection were screened by mismatch mutation PCR 35, using primers listed in
Supplemental Table I. Clones that produced little or no PCR product (i.e. likely to contain
mutations) were selected for sequencing of rplD or rplV. The rplD gene was PCR amplified
using primers rplD-for, (5′ - TGC TGC TGG TTA AAG GTG CTG TCC C) and rplD-rev,
(5′ - CGT GCG GTG CAC GCA GCA CCT TCA GCA GAC G); and the resulting products
sequenced using primer rplD-seq, (5′ - GCG ACC TGA TCG TTA AAC CAG CTG TGA
AGG). The rplV gene was PCR amplified using primers rplV-for, (5′ - GGT GAA TTC GCA
CCG ACT CGT ACT TAT CG) and rplV-rev, (5′ - GAG TTC CAT GGT TTT ACA ATA
CCC AGG); and the resulting products sequenced using primer rplV-seq, (5′ - TAG GAG
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GAA CAT ATG GAA ACT ATC GCT AAA C). Each L4 and L22 allele conferred
erythromycin resistance to wild-type cells after transfer by phage P1-mediated generalized
transduction using the linked pioO::kan kanamycin resistance marker. To confirm allele
transfer, both rplD and rplV genes were sequenced from each transductant.

Plasmid constructions
Plasmid pS10 (generously provided by S. Moore, University of Central Florida) is a ColA
plasmid derivative carrying the entire S10 operon 38. QuickChange PCR (Stratagene) was used
to remove the NcoI restriction site in rpsC, then rplD Pro59 was synonymously recoded to
introduce an NcoI site, generating plasmid pS10-2. All plasmid-borne rplD mutations were
made by PCR using reverse primer rplD-ApaLI, (5′- CGT GCG GTG CAC GCA GCA CCT
TCA GCA GAC G), in combination with the following mutagenic forward primers: rplD
(T65P)-NcoI, (5′- AAA CCA TGG CGC CAG AAA GGC CCC GGC CGT GCG CG); rplD
(G64C)-NcoI (5′ - AAA CCA TGG CGC CAG AAA TGC ACC GGC CG); rplD(G64S)-
NcoI, (5′ - AAA CCA TGG CGC CAG AAA AGC ACC GGC CG); rplD(G64V)-NcoI, (5′
- AAA CCA TGG CGC CAG AAA GTC ACC GGC CG); rplD(G64C-T65P)-NcoI, (5′ -
AAA CCA TGG CGC CAG AAA TGC CCC GGC CG); rplD(G64V-T65P)-NcoI,(5′ - AAA
CCA TGG CGC CAG AAA GTC CCC GGC CG); rplD(G64A-T65P)-NcoI, (5′- AAA CCA
TGG CGC CAG AAA GCC CCC GGC CGT GCG CG); rplD(G64D-T65P)-NcoI, (5′- AAA
CCA TGG CGC CAG AAA GAC CCC GGC CGT GCG CG); rplD(G64R-T65P)-NcoI, (5′-
AAA CCA TGG CGC CAG AAA CGC CCC GGC CGT GCG CG); and rplD(G64S-T65P)-
NcoI, (5′ - AAA CCA TGG CGC CAG AAA AGC CCC GGC CGT GCG CG); followed by
ligation into plasmid pS10-2 using NcoI and ApaLI restriction sites (restriction sites are
underlined). After constructs were confirmed by DNA sequencing, the chromosomal S10
operon was deleted as described 38, leaving the mutant pS10 plasmids as the sole source of
L4 protein. The ermC gene from plasmid pHB201 61 was amplified using primers: ermC-
Eco, (5′ - TTT GAA TTC ACC ATG AAC GAG AAA AAT ATA AAA CAC AG), and ermC-
Pst, (5′ - TTT CTG CAG CCC TTA ACTY TAC TTA TTA AAT AAT TTA TAG C); digested
with EcoRI and PstI, and ligated to plasmid pBAD24 to create an arabinose-inducible ErmC
expression plasmid.

Macrolide sensitivity and growth rate determinations
Wild-type E. coli is intrinsically resistant to macrolide antibiotics. The minimum inhibitory
concentration (MIC) of erythromycin is 625 μg/mL for our wild-type E. coli strain. Because
erythromycin MICs for the selected mutants are even higher (L22 Lys90Trp MIC = 1.75 mg/
mL; and L22 Ala89Glu-Lys90Pro MIC = 2.25 mg/mL), we assessed macrolide sensitivity
using a modified MIC procedure to avoid very high concentrations of antibiotics. Mid-log
phase cells were diluted to OD600 = 0.05 into a series of LB cultures containing increasing
concentrations of macrolide, and grown at 37 °C with aeration until cultures without antibiotic
had attained OD600 ~ 1.0. The macrolide concentration that prevented one OD600 doubling
was taken as the cell-doubling inhibitory concentration (CDIC) for the antibiotic. Growth rates
were determined by diluting mid-log phase to OD600 = 0.05 in fresh, pre-warmed LB media,
with or without macrolide antibiotics (200 μg/mL erythromycin, 750 μg/mL spiramycin, or
1.25 mg/mL tylosin) followed by incubation at 37 °C with aeration. Cell growth was monitored
by OD600 as a function of time and the doubling times calculated from log2 plots of growth
curves.

Ribosome purification
E. coli cultures (1 L) were grown to early log phase, harvested onto crushed ice, followed by
centrifugation to collect cells. Cells were resuspended and washed once in ice-cold HT-1 buffer
[20 mM potassium HEPES (pH 7.5) – 100 mM potassium glutamate – 0.1 mM EDTA – 1 mM
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magnesium acetate] and collected by centrifugation. Cell pellets were then resuspended in ice-
cold HT-1 buffer supplemented with 14 mM β-mercaptoethanol and 0.01% Tween-20, and
cells broken by French press at 20,000 psi. Lysates were clarified by centrifugation at 30,000
× g for 10 min at 4 °C, and the supernatants layered onto 1.1 M sucrose cushions prepared in
HT-1 buffer supplemented with 14 mM β-mercaptoethanol and 0.01% Tween-20. Sucrose
cushions were centrifuged at 45,000 rpm (160,000 × g) in a Beckman MLS-50 rotor for 1 hr
at 4 °C. The crude ribosome pellet was gently dissolved into HT-6 buffer (supplemented to 6
mM magnesium acetate) containing 14 mM β-mercaptoethanol and 0.01% Tween-20, followed
by centrifugation at 20,000 × g to remove insoluble material. Magnesium acetate and
ammonium sulfate were added to final concentrations of 10 mM and 1.5 M, respectively,
followed by incubation on ice for 20 min to facilitate precipitation. Precipitate was removed
by centrifugation at 20,000 × g, and the supernatant applied to a HiTrap™ butyl sepharose
hydrophobic interaction column (GE Healthcare) pre-equilibrated in column wash buffer [20
mM potassium HEPES (pH 7.5) – 10 mM magnesium acetate – 1.5 M ammonium sulfate].
The column was washed with 5.0 mL of ice-cold column wash buffer, followed by a 5.0 mL
wash of wash buffer containing 1.2 M ammonium sulfate. Ribosomes were eluted with 15.0
mL of 20 mM potassium HEPES (pH 7.5) – 10 mM magnesium acetate – 0.6 M ammonium
sulfate. Purified ribosomes were concentrated and buffer exchanged into with HT-6 buffer
using Amicon Ultra 30K centrifugal concentrators (Millipore). Purified ribosomes were
quantified by absorption at 260 nm using an extinction coefficient of 3.91 × 107 M−1 cm−1.

Macrolide-ribosome binding analysis
Erythromycin binding constants for wild-type and L22 Ala89Glu-Lys90Pro ribosomes were
determined by titrations of 6 nM purified ribosomes with [3H]-erythromycin (80 Ci/mmol,
American Radiolabeled Chemicals). L22 Lys90Trp ribosome binding studies were performed
with 100 nM purified ribosomes and [14C]-erythromycin (51.3 mCi/mmol, Perkin Elmer-New
England Nuclear). All macrolide binding titrations were performed in HT-6 buffer
supplemented with 14 mM β-mercaptoethanol and 0.01% Tween-20. Binding reactions were
incubated at ambient temperature for 2 hr and then passed through a spin column containing
Sephadex superfine G-25 (GE Healthcare) pre-equilibrated in binding buffer. The void volume
was collected, subjected to scintillation counting, and specific binding calculated by subtracting
background cpm obtained from reactions lacking purified ribosomes. A quadratic binding
equation was fit to the experimental data by iterative non-linear regression as described 40,
using the DeltaGraph 5.6 software package (Red Rock Software). Tylosin binding was assessed
by competitive binding and quantified as IC50, the concentration of tylosin required to displace
50% of ribosome-bound radiolabeled erythromycin. IC50 values were determined by three-
parameter iterative fits as described 40. All binding experiments were conducted at least three
times and the average and standard deviations are reported.

Dimethyl sulfate (DMS) modification mapping
E. coli strains were grown in 25 mL of LB medium at 37 °C with aeration to an OD600 of 0.3,
then macrolide antibiotics (150 μg/mL erythromycin or 1 mg/mL tylosin) were added, followed
by further culture for 2 hr. Cells were harvested by centrifugation, and resuspended in 1.5 mL
of pre-warmed LB medium containing the appropriate antibiotic and incubated at 37 °C with
shaking for 10 min. Dimethyl sulfate (DMS) was added to a final concentration of 42 mM for
15 min, then reactions quenched by addition to 15 mL of stop solution [100 mM Tris-HCl (pH
7.5) – 50 mM sodium chloride – 2 mM magnesium acetate – 1 M β-mercaptoethanol].
Quenched cell suspensions were extracted with 15 mL of isoamyl alcohol, cells collected and
resuspended in 15 mL of stop solution, followed by addition of 15 mL ice-cold methanol.
Control reactions, in which stop solution was added to cells prior to DMS, demonstrated that
quenching prevented modification during RNA isolation (data not shown). Total cellular RNA
was extracted as described 62.
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Primer extension analysis was performed to detect methylated adenosine residues. The 5′-
radiolabeled oligonucleotide mac-DMS, (5′- CAG TGT CAA GCT ATA GTA AAG GTT
CAC) was incubated with 3 μg of total RNA at 94 °C for 2 min, followed by annealing at 50
°C. Reverse transcriptase (Superscript® III, Invitrogen) and deoxynucleotides were added and
incubated for 30 min at 50 °C. Reactions were quenched by addition of an equal volume of
denaturing gel loading buffer, samples were heated to 95° C and run on 1 TBE – 8 M urea –
10% polyacrylamide gels. Gels were exposed and developed by phosphorimaging using
BioRad Quantity One software.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
L4 and L22 loops and the ribosomal macrolide-binding site. (a) The E. coli large ribosome
subunit viewed from the cytoplasmic opening of the exit tunnel. All ribosomal proteins except
L4 and L22 have been omitted from the rendering. (b) View of the macrolide-binding site.
Residues A2058 and A2059 of 23S rRNA form a hydrophobic crevice into which macrolide
antibiotics bind. Residue A2062 has been shown to form a reversible covalent bond with the
aldehyde moiety of tylosin and spiramycin 1. The tips of the L4 and L22 loops are shown in
orange and yellow, respectively. Structures were derived from PDB file 2AW4 45 and rendered
using PyMol. (c) L4 and L22 nucleotide and protein sequences. L4 residues Gln62 to Arg67
(in orange) and L22 residues Arg88 to Ala93 (in yellow) were mutagenized by oligonucleotide
library recombineering as described in the text.
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Figure 2.
Isolation frequencies of L4 Gln62, L4 Lys63, L4 Gly66, and L22 Lys90 missense alleles.
Frequencies are expressed as the percent of total mutants isolated from each selection. The
total number of mutants identified for each position is indicated. L4 Gln62, L4 Lys63, and L4
Gly66 mutants isolated by spiramycin selection are shown in grey. Complex mutations isolated
from these libraries are not shown in the histograms, but were included in the calculation of
allele frequencies. See Supplemental Tables II & III for a complete enumeration of all isolated
mutations.
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Figure 3.
In vivo methylation protection assays. Wild-type and mutant cells were treated with dimethyl
sulfate (DMS) in the presence and absence of macrolide antibiotics (150 μg/mL erythromycin
and 1 mg/mL tylosin). Binding of macrolides to the ribosome inhibits DMS-mediated
methylation of 23S rRNA residue A2058. Methylation was monitored by primer extension
analysis as described in Materials and Methods. Primer extension products corresponding to
DMS-mediated N1-methylation of A2058 and A2062 are indicated. Erythromycin had a greater
inhibitory effect on DMS-mediated A2058 methylation in wild-type cells compared with the
two L22 mutants. Tylosin significantly inhibited DMS-mediated A2058 methylation in wild-
type and L22 Lys90Trp cells, but had less of an effect in L22 Ala89Glu-Lys90Pro mutant. A
control reaction from cells overproducing the ErmC methyltransferase was included to serve
as a marker for A2058 methylation.
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Table 6
Plasmid-borne L4 mutant growth rates and erythromycin sensitivitya

L4 allele Doubling time (min) ERY doubling time
(min)

ERY CDIC (μg/mL)

pS10(wild-type) 33 127 200

pS10(Thr65Pro) 32 95 250

pS10(Gly64Cys) 34 115 200

pS10(Gly64Val) 36 83 750

pS10(Gly64Ser) 34 128 200

pS10(Gly64Cys-Thr65Pro) 35 43 1500

pS10(Gly64Val-Thr65Pro) 39 62 1000

pS10(Gly64Ala-Thr65Pro) 33 43 2000

pS10(Gly64Ser-Thr65Pro) 34 45 2000

pS10(Gly64Arg-Thr65Pro) 39 56 1500

pS10(Gly64Asp-Thr65Pro) 37 48 2000

a
Strains were grown in LB media at 37 °C with aeration. Growth rates were determined in the absence and presence of erythromycin (200 μg/mL), and

expressed as the time required for cell mass to double during logarithmic growth. Erythromycin cell-doubling inhibitory concentrations (CDIC) were
determined as described in Materials and Methods.

J Mol Biol. Author manuscript; available in PMC 2010 February 20.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Diner and Hayes Page 30
Ta

bl
e 

7
L2

2 
m

ut
an

t g
ro

w
th

 ra
te

s a
nd

 m
ac

ro
lid

e 
se

ns
iti

vi
ty

a

L
22

 a
lle

le
D

ou
bl

in
g 

tim
e 

(m
in

)
E

R
Y

 se
le

ct
 (%

)
E

R
Y

do
ub

lin
g

tim
e

(m
in

)

E
R

Y
 C

D
IC

 (μ
g/

m
L

)
T

Y
L

 se
le

ct
 (%

)
T

Y
L

do
ub

lin
g

tim
e

(m
in

)

T
Y

L
 C

D
IC

 (μ
g/

m
L

)

w
ild

-ty
pe

31
0

15
1

20
0

0
93

12
50

Ly
s9

0T
rp

33
73

48
75

0
0

14
5

11
25

Ly
s9

0P
he

34
11

96
75

0
0

21
7

12
50

Ly
s9

0L
eu

33
6

79
37

5
0

16
7

10
00

Ly
s9

0P
ro

35
3

71
50

0
0

68
21

25

A
la

89
G

lu
-L

ys
90

V
al

36
2

47
11

25
19

43
31

25

A
la

89
G

lu
-L

ys
90

Pr
o

37
0

44
12

50
57

44
32

50

A
la

89
G

lu
-L

ys
90

A
sp

36
0

44
12

50
13

43
37

50

A
la

89
G

lu
-L

ys
90

Tr
p

38
1

44
12

50
2

43
33

75

Ly
s9

0P
ro

-Δ
A

rg
92

40
0

51
10

00
2

50
32

50

Ly
s9

0P
ro

-G
ly

91
V

al
40

0
50

87
5

2
47

32
50

Ly
s9

0P
ro

-G
ly

91
Se

r
39

0
54

75
0

4
44

30
00

a St
ra

in
s w

er
e 

gr
ow

n 
in

 L
B

 m
ed

ia
 a

t 3
7 

°C
 w

ith
 a

er
at

io
n.

 G
ro

w
th

 ra
te

s w
er

e 
de

te
rm

in
ed

 in
 th

e 
pr

es
en

ce
 o

f e
ry

th
ro

m
yc

in
 (E

R
Y

) a
t 2

00
 μ

g/
m

L 
an

d 
ty

lo
si

n 
(T

Y
L)

 a
t 1

.2
5 

m
g/

m
L,

 a
nd

 e
xp

re
ss

ed
 a

s t
he

tim
e 

re
qu

ire
d 

fo
r c

el
l m

as
s t

o 
do

ub
le

 d
ur

in
g 

lo
ga

rit
hm

ic
 g

ro
w

th
. M

ac
ro

lid
e 

ce
ll-

do
ub

lin
g 

in
hi

bi
to

ry
 c

on
ce

nt
ra

tio
ns

 (C
D

IC
) w

er
e 

de
te

rm
in

ed
 a

s d
es

cr
ib

ed
 in

 M
at

er
ia

ls
 a

nd
 M

et
ho

ds
. A

lle
le

 is
ol

at
io

n
fr

eq
ue

nc
ie

s f
ro

m
 e

ry
th

ro
m

yc
in

 (n
 =

 9
6)

 a
nd

 ty
lo

si
n 

(n
 =

 4
7)

 se
le

ct
io

ns
 a

re
 e

xp
re

ss
ed

 a
s p

er
ce

nt
s.

J Mol Biol. Author manuscript; available in PMC 2010 February 20.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Diner and Hayes Page 31

Table 8
Macrolide binding constantsa

Ribosomes Erythromycin KD (nM) Tylosin IC50 (nM)

Wild-type 11 (± 2.2) 11 (± 4.2)

L22 Lys90Trp 170 (± 48) 12 (± 9.4)

L22 Ala89Glu-Lys90Pro 12 (± 2.2) 85 (± 13)

a
Binding experiments were conducted with hydrophobic interaction chromatography-purified ribosomes and [3H]- or [14C]-labeled erythromycin as

described 40. The IC50 value is the concentration of tylosin required to displace 50% of the radiolabeled erythromycin from the ribosome. Reported
values are the average ± standard deviation from three independent binding titrations.
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