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Kinetics of drug-ribosome interactions defines the
cidality of macrolide antibiotics
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Antibiotics can cause dormancy (bacteriostasis) or induce death
(cidality) of the targeted bacteria. The bactericidal capacity is one
of the most important properties of antibacterial agents. How-
ever, the understanding of the fundamental differences in the
mode of action of bacteriostatic or bactericidal antibiotics, espe-
cially those belonging to the same chemical class, is very rudimen-
tary. Here, by examining the activity and binding properties of
chemically distinct macrolide inhibitors of translation, we have
identified a key difference in their interaction with the ribosome,
which correlates with their ability to cause cell death. While
bacteriostatic and bactericidal macrolides bind in the nascent
peptide exit tunnel of the large ribosomal subunit with compara-
ble affinities, the bactericidal antibiotics dissociate from the
ribosome with significantly slower rates. The sluggish dissociation
of bactericidal macrolides correlates with the presence in their
structure of an extended alkyl-aryl side chain, which establishes
idiosyncratic interactions with the ribosomal RNA. Mutations or
chemical alterations of the rRNA nucleotides in the drug binding
site can protect cells from macrolide-induced killing, even with
inhibitor concentrations that significantly exceed those required
for cell growth arrest. We propose that the increased translation
downtime due to slow dissociation of the antibiotic may damage
cells beyond the point where growth can be reinitiated upon the
removal of the drug due to depletion of critical components of the
gene-expression pathway.
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Antibiotics interrupt bacterial growth by interfering with vital
cellular functions. Exposure to most antibiotics usually re-
sults in rapid cessation of cell growth. However, the fate of the
bacterial cells after the removal of the inhibitor can differ dra-
matically, depending on the nature of the drug. Bacteriostatic
antibiotics effectively prevent cell growth but, upon their re-
moval, a significant fraction of the population can resume di-
vision. In contrast, only a few cells in the culture, if any, are able
to restart growth and proliferation after being exposed to bac-
tericidal drugs. Thus, medically useful antibiotics are opera-
tionally classified as bacteriostatic if, following exposure to a
fourfold minimally inhibiting concentration (MIC) for 18-24 h,
more than 0.1% of bacterial cells can resume growth, or bacte-
ricidal, if more than 99.9% of the treated cells never divide again
(1). The distinction between bacteriostatic and bactericidal
modes of antibiotic action is critically important for the outcome
of antimicrobial therapies, especially in immunocompromised
patients. However, the molecular mechanisms that differentiate
bactericidal inhibitors from structurally related compounds,
which act as bacteriostatic inhibitors, are unclear.

The ribosome-targeting macrolide antibiotics represent a
vivid example of this conundrum, because this family of struc-
turally similar drugs includes bacteriostatic as well as bacteri-
cidal inhibitors (2-4). Macrolides stop bacterial growth by
targeting the ribosome and interfering with protein synthesis
(reviewed in refs. 5 and 6). These antibiotics are composed of a
macrolactone ring decorated with various substituents (Fig. 14)
and their properties critically depend on the presence and the
nature of the side chains. Macrolides bind in the nascent
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peptide exit tunnel of the large ribosomal subunit and establish
specific interactions with several 23S rRNA residues of the
tunnel wall (7-11) (Fig. 1B). Erythromycin (ERY), a natural
prototype compound of this class composed of a 14-atom
macrolactone appended with two sugars (Fig. 14), is a classic
bacteriostatic antibiotic (12). In the newer generation of mac-
rolides known as ketolides, the bulky C3-cladinose of ERY is
replaced with a keto group and in addition, an extended alkyl-
aryl side chain is attached at the 11,12 carbamate cycle (13, 14)
(Fig. 14). Remarkably, in contrast to bacteriostatic ERY, such
ketolides as telithromycin (TEL) or solithromycin (SOL) ex-
hibit moderate to strong cidality against several bacterial spe-
cies (3, 15-18). The reasons why TEL and SOL, which are
structurally related to bacteriostatic macrolides, bind to the
same site in the ribosome and exhibit a similar mode of action,
are able to Kkill bacteria, remains unclear.

In this paper, we show that cidality strongly correlates with
the kinetics of dissociation of the drug from the ribosome.
Slowly dissociating macrolides exhibit bactericidal activity,
whereas the drugs possessing comparable affinity but faster
dissociation rate are bacteriostatic. We present evidence that
the slow dissociation of macrolides from the ribosome depends
on the presence of the extended alkyl-aryl side chain in the
antibiotic molecule. On the basis of our findings, we propose a
model where the prolonged inhibition of protein synthesis
imposed by slowly dissociating antibiotics depletes one or sev-
eral proteins essential for gene expression; this brings the cell
to a point of no return in which, even upon removal of the
inhibitor, restoration of translation and cell growth become no
longer possible.

Significance

Ribosome-targeting macrolide antibiotics can be bacteriostatic
or bactericidal. What distinguishes the action of bactericidal
macrolides from that of bacteriostatic compounds is unclear. We
found that neither the residual translation in the macrolide-
treated cells nor the affinity of the inhibitors explain the static/
cidal distinction. Instead, bactericidal compounds show a mark-
edly decreased rate of dissociation from the ribosome because of
the presence of an extended side chain in their structure. The
prolonged translation downtime caused by the slow rate of an-
tibiotic clearance could bring the cell to a point of no return due
to depletion of the factors critical for resumption of gene ex-
pression. Optimizing the kinetics of binding/dissociation rather
than only the affinity could facilitate the development of bacte-
ricidal inhibitors of translation.
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Fig. 1. Bacteriostatic and bactericidal macrolide and ketolide antibiotics
bind to the same site in the bacterial ribosome. (A) Chemical structures of
bacteriostatic macrolide ERY and bactericidal ketolides TEL and SOL. The C3-
cladinose sugar of ERY and the alkyl-aryl side chains in TEL and SOL are
boxed. (B) Binding site of macrolides and ketolides in the ribosome. A cross
section of the bacterial (Thermus thermophilus) 70S ribosome with ERY
(purple) and TEL (blue) bound in the nascent peptide exit tunnel (PDB ID
codes: 4V7X and 4V7Z, respectively, from ref. 11). Small subunit is yellow,
large subunit is light blue, A-site tRNA is light green, and P-site tRNA is dark
green. The zoomed-in image shows interactions of the C5 desosamine of
both antibiotics with A2058 and of the alkyl-aryl side chain of TEL with the
A752-U2609 base pair in the nascent peptide exit tunnel. The peptidyl-
transferase center (PTC) is indicated.

Results

Bactericidal Macrolide Antibiotics Retain Killing Efficiency in the
Absence of Residual Translation. Macrolides are known to be
highly active against Gram-positive Streptococcus pneumoniae
(3, 15) and MIC testing confirmed that the growth of the
S. pneumoniae strain Cp2000 (Table S1) (19) is readily inhibited
by a variety of macrolides (Table S2). However, despite showing

comparably low MICs, different macrolides varied significantly
in their ability to kill bacteria. A large number of S. pneumoniae
cells survived after being incubated for 9 h with a fourfold MIC
of ERY (Fig. 24). Even after an 18-h exposure to a 100-fold
MIC of ERY, a sizable fraction of the cells were able to form
colonies on antibiotic-free agar plates (Fig. 2B). In contrast, SOL
exhibited a much more pronounced bactericidal effect at four-
fold MIC (Fig. 24) and essentially no cells survived the 18-h
exposure to a 10-fold MIC of SOL (Fig. 2B).

In contrast to antibiotics that indiscriminately inhibit trans-
lation, macrolides interfere with the production of specific sub-
sets of cellular proteins (20). Cells exposed to 100-fold MIC of
TEL or SOL continue to make a significant number of proteins
(Fig. S1 B, D, and E), whereas only a small number of poly-
peptides are synthesized in S. pneumoniae treated with an
equivalently high concentration of ERY (Fig. S1C). We had
previously proposed that cidality of TEL or SOL could be related
to the continued unbalanced translation of selected proteins
(20). Here we noted, however, that the spectra of polypeptides
synthesized in cells treated with bactericidal CEM103 or
RUG69874 (Fig. S1 F and G) resemble more closely those syn-
thesized in the presence of the bacteriostatic ERY than those
produced in cells exposed to bactericidal TEL or SOL (Fig. S1 4
and C-G). This observation revealed the lack of correlation
between cidality and persistent translation of certain proteins.

To test directly whether macrolide cidality requires residual
translation, we employed the classic bacteriostatic antibiotic tetra-
cycline (Tet), which interacts with the small ribosomal subunit and,
by preventing binding of aminoacyl-tRNA, virtually stops protein
synthesis in S. pneumoniae cells at fourfold MIC (Fig. S2) (21).
Strikingly, the cidal ability of SOL remained essentially unaffected
irrespective of the absence of Tet (when several proteins continued
to be synthesized) or its presence (when practically no proteins
were produced) (Fig. 2C). This result conclusively demonstrates
that continuous synthesis of specific proteins in macrolide-treated
cells is irrelevant to the cidality of these antibiotics.

Bactericidal and Bacteriostatic Macrolides Bind to the Ribosome with
Comparable Affinities. Having eliminated residual translation as
an underlying factor determining ketolide cidality, we explored
other options. One plausible scenario was that cidality could be
defined by a higher affinity of bactericidal macrolides for the
ribosome. We tested this possibility by comparing the apparent
dissociation constants of bacteriostatic ERY or bactericidal SOL
(Fig. 3 A and B). The equilibrium binding data showed that
bacteriostatic ERY and bactericidal SOL have comparable af-
finities [Kygry) = 4.9 + 0.6 nM and Kysor) = 5.1 + 1.1 nM]. The
determined K, values were comparable with those previously
reported for binding of ERY or SOL to ribosomes from other
bacterial species (22-25). From these results we concluded that
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Fig. 2. Macrolide antibiotics differ significantly in their bactericidal activity. (A) Killing effect of fourfold MIC concentrations of ERY (magenta), TEL (dark
blue), or SOL (light blue) against S. pneumoniae cells. The viable cells counts are indicated as colony forming units (CFU). (B) Survival of S. pneumoniae cells
exposed for 18 h to various concentrations of ERY (magenta) or SOL (light blue). The experimental points determined at the fourfold MIC concentration of
ERY or SOL are indicated by arrows. The dotted line marks the three-orders reduction in CFU, representing the operational definition of the bactericidal
activity (1). (C) Survival of cells exposed for the indicated time periods to fourfold MIC of SOL (light blue), 40-fold MIC of Tet (orange), or fourfold MIC of SOL
and 40-fold MIC of Tet (light blue/orange). In the latter case, cells were preincubated with Tet for 30 min before the addition of SOL. The error bars in A and C
show SD in three independent experiments.
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Fig. 3. Thermodynamic and kinetic parameters of interaction of bacterio-
static and bactericidal macrolides with the bacterial ribosome. (A and B)
Equilibrium binding of ['*C]-ERY (A) or ['*C]-SOL (B) to S. pneumoniae ri-
bosomes. Ribosomes were mixed with varying concentrations of the radio-
labeled drugs and incubated for 2 h at 37 °C before determining the amount
of bound antibiotic (see Materials and Methods for details). Insets show the
Scatchard plots for ERY and SOL equilibrium binding. (C and D) Kinetics of
dissociation of ['*CJ-ERY (C) or [**C]-SOL (D) from the ribosome. The Inset in
D shows the complete curve. Ribosomes were preequilibrated with the
[**C]-labeled antibiotics and after addition of an excess of the respective
nonlabeled drug the amount of ribosome-associated radioactivity was
monitored over time. The data were fitted to a one-phase (ERY) or two-
phase (SOL) exponential functions that yielded dissociation rate constants of
(10 + 1.4) x 1072 min™" for ERY, (0.72 + 0.25) x 1072 min~" for the faster
(f) phase of SOL, and (0.034 + 0.02) x 1072 min~" for the slower (s) phase of
SOL. The values of dissociation rate constants were used for calculating the
half-life (t;,,) of the complexes (shown in the figure). All experiments were
performed in triplicates. Error bars represent standard deviation (SD).

the drug-induced lethality could not be explained by a higher
affinity of bactericidal macrolides for the ribosome.

Slow Dissociation from the Ribosome Distinguishes Bactericidal SOL
from Bacteriostatic ERY. Because the equilibrium dissociation con-
stant reflects the ratio of the on- and off- rates of the ligand
binding, inhibitors with comparable affinities can display signifi-
cantly different kinetics of association and dissociation from the
target. Therefore, we asked whether instead of the drug affinity, it
is the difference in the rates of dissociation of ERY and SOL from
the ribosome that underlies the difference in their killing potential.
To measure the drug dissociation rates, ribosomes immobilized
on DEAE magnetic beads were preequilibrated with ['*CJ-ERY or
[“C]-SOL and, after addition of an excess of unlabeled drug, the
displacement of the bound radiolabeled antibiotic was monitored
(Fig. 3 C and D). In agreement with published data (22, 23), the
dissociation of ERY from the ribosome occurred relatively fast
(half-life 6.9 min) and could be described by a single exponential
function. In contrast, ["*C]-SOL dissociated from the ribosome
with biphasic kinetics. Even the faster component of SOL disso-
ciation exhibited a half-life of 1.6 h, which was much slower
compared with that of ERY, whereas the half-life of the second
component (34 h) was nearly 300 times longer in comparison with
ERY. Hence, the dramatically slower dissociation rates distin-
guished the bactericidal SOL from the bacteriostatic ERY.

We tested whether the correlation between slow dissociation
rate and cidality observed for SOL holds true for a broader range

Svetlov et al.

of macrolide compounds. Therefore, we compared the dissoci-
ation kinetics of a range of macrolide compounds from the ri-
bosome and in parallel analyzed the extent of their bactericidal
activity. Two key structural features distinguish bactericidal SOL
and TEL from bacteriostatic ERY: the lack of C3-cladinose and
the presence of an extended alkyl-aryl side chain (Fig. 14).
Therefore, we selected a number of macrolide compounds that
vary in these two structural elements (Fig. 44) and determined
how rapidly they dissociate from the ribosome. Ribosomes were
preequilibrated with the selected antibiotics and then, upon re-
moval of the free inhibitor and addition of an excess of ['*C]-
ERY, the extent of replacement of prebound compound with
ERY after 30-min incubation was measured. Strikingly, all tested
antibiotics that lacked the 11,12 side chain dissociated rapidly
and were efficiently replaced with ['*C]-ERY (Fig. 4B). In con-
trast, almost no ['*C]-ERY bound to the ribosomes that were
preincubated with the 11,12 side chain-containing antibiotics
(TEL, SOL, HMR3004, RU69874, CEM103, and CEM112)
(Fig. 4B), indicating that a large fraction of these antibiotics
remained associated to their ribosomal binding site.

o o 3L
KRS R R " L
Ny
| Iy
I
= Lo b D o
nf".i’ SO g n n n
| T T T L e B
: 5 ¢ 3' 4 4 3 3 §
w P 3 z @ [ x & g b
B = =2 o = o
g
< 100
&
w g0
-
s
S 60
s ]
o
E4
@ 20
2
=0 o g Tz T "o
: § ® E® 3 4 8 T 8 I
w 2 x £ @ E x s g uEJ
E % [ x o
®
C 3 10°
8 1
‘?107
>
2 10°?
]
2
[ S AR R o
Sy
5 10°
o
w40
10 o~ 2 © = o
> § ¢ =z 2 @2 8§ T 8§ &
w 4 .2 £ ] H x & g E
E % o T o
L STATIC L CIDAL !

Fig. 4. Cidality of macrolides correlates with slow dissociation and the
presence of an extended alkyl-aryl side chain. (A) Chemical structures of the
C3 or C11, C12 side chains (boxed in the depicted ERY structure) of
the macrolide and ketolide antibiotics. Note that ERY, AZI, and PKM carry a
C6 hydroxyl instead of the shown metoxy group present in the rest of the
compounds. (B) Displacement of nonlabeled macrolides bound to S. pneu-
moniae ribosomes by ['*CJ-ERY. After pre-equilibration with the corre-
sponding antibiotic, ribosomes were incubated for 30 min at 37 °C with a
20-fold molar excess of [*CJ-ERY and the amount of labeled ERY replacing
the prebound inhibitor was measured. Binding of ["“C]-ERY to the vacant
drug-free ribosomes was taken as 100%. The blue bars represent slow-dis-
sociating antibiotics that after 30-min incubation remain bound to more
than 90% of the ribosomes; the fast-dissociating inhibitors that vacate more
than 90% of the ribosomes over a 30-min incubation time are indicated by
the magenta bars. (C) Surviving of S. pneumoniae cells after 18-h exposure
to the corresponding fourfold MIC concentration of the indicated antibi-
otics. The dotted line indicates the three-orders reduction in the viable cell
count representing the operational definition of the bactericidal activity.
Error bars indicate SD in three independent experiments. The graph bars
representing bactericidal antibiotics are blue and those corresponding to
bacteriostatic inhibitors are magenta.
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We then tested the cidality of the selected compounds by ex-
posing cells for 18 h to fourfold MIC concentrations of these
drugs. Replacement of the C3 keto group of SOL or TEL with
cladinose (CEM103 and HMRG69874, respectively) did not
eliminate the bactericidal activity (Fig. 4C), suggesting that the
nature of a chemical group at the C3 atom of the macrolactone
ring is inconsequential for cidality. In contrast, all of the tested
antibiotics that carried an alkyl-aryl side chain exhibited bacte-
ricidal activity. Appending such side chains to an erythromycin-
like scaffold (CEM103, RU69874, or HMRO004) or even to the
minimalist ketolide PKM (thereby, essentially converting it into
TEL), transformed the largely bacteriostatic drugs into strongly
bactericidal compounds (Fig. 4C).

These results revealed two critical pieces of information: (i)
the rate of antibiotic clearance from the ribosome likely deter-
mines the ability of the inhibitor to irreversibly abolish cell
proliferation; and (if) cidality of macrolides correlates with the
presence in their structure of the extended alkyl-aryl side chain,
which slows their dissociation, presumably due to the additional
idiosyncratic interactions that this structure establishes with the
ribosome (10, 26, 27).

Alterations in the Drug Binding Site Alleviates Cidality of the
Macrolide Inhibitors. To extend our understanding of the mecha-
nism of macrolide cidality, we selected S. pneumoniae mutants
that, while retaining the general sensitivity toward an originally
bactericidal macrolide, gained the ability to restore their growth
upon the removal of the antibiotic. For that, cells were exposed for
6 h to a 100-fold MIC of TEL and then surviving cells were allowed
to proliferate on an antibiotic-free agar plate. After repeating the
selection cycle six times, eight of the randomly picked colonies
were characterized. In all of the selected clones, two of the four
rRNA operons acquired the same mutation in the 23S rRNA gene:
nucleotide A2058 located in the macrolide binding site (Fig. 1B)
was replaced with U. Consistently, approximately half of the ri-
bosomes in the mutant cells carried the A2058U mutation (Fig.
S3A4). These mutants remained highly susceptible to SOL and TEL
even though the MIC increased ~10-fold compared with WT cells
(Table S2). Remarkably, the cidality of SOL and TEL toward the
mutant cells was dramatically reduced: while only a negligible
fraction of the WT cells were able to resume growth after exposure
to 100-fold MIC of SOL (Fig. 2 A and B), a significant fraction of
the mutant cells survived the exposure to the adequately adjusted
100-fold MIC of this drug (Fig. 54). The most straightforward
explanation of these results is that the alterations in the macrolide
binding site, which changed the interactions of the antibiotic with
the mutant ribosomes in the cells, alleviated the cidal effect of the
antibiotic. Interestingly, the overall level of residual translation in
the WT and mutant cells at the respective 100-fold MIC of SOL
remained essentially the same (Fig. S4). Therefore, the most likely
explanation of why the otherwise bactericidal antibiotic lost the
ability to kill the mutant cells is that the mutation of the rRNA
residue that forms the key contacts with the antibiotic accelerated
the kinetics of drug dissociation.

We further tested the correlation between cidality and the pa-
rameters of the drug binding by using S. pneumoniae cells
expressing ErmA rRNA methyltransferase that modifies residue
A2058. In the S. pneumoniae Cp1290 strain carrying the ermA gene
(Table S1) (28), A2058 is modified in ~94% of the ribosomes; of
these, 77% of ribosomes carry dimethylated A2058 and in the
remaining 17% the same nucleotide is monomethylated (Fig.
S3B). Despite the A2058 modifications, the ermA(+) Cp1290 cells
remained sensitive to SOL, even though the MIC was ~100-fold
higher compared with the parental strain lacking the methylase
gene (Table S2). However, when the ermA(+) Cp1290 cells were
exposed to 40 pg/mL of SOL (100-fold MIC), the drug showed
dramatically reduced cidality compared with its effect upon ermA™
cells at the respective MIC-fold value (Fig. 5B). Because of the
overall reduced affinity of SOL to the ErmA-modified ribosome, it
was not feasible to directly measure the kinetics of its binding or
dissociation. However, we noted that, similar to the effect observed
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Fig. 5. Alterations of the ribosomal drug-binding site protect bacteria from
killing by bactericidal antibiotics. (A) Survival of the WT S. pneumoniae strain
Cp2000 and the killing-resistant mutant upon exposure for 18 h to varying
concentrations of SOL. All four 23S rRNA gene alleles in the WT cells carry
A2058, whereas in the mutant cells the same 23S rRNA position in two of
the alleles has been mutated to U. (B) Survival of the parental (ermA~)
S. pneumoniae strain CPM1 and its ermA™ variant (Cp1290) upon exposure
for 18 h to varying concentrations of SOL. In both panels the dotted line
indicates the three-orders reduction in the viable cell count. The concen-
trations of SOL for the treatment of WT and altered strains were adjusted

according to the respective MIC values (Table S2).

for the selected A2058U mutant, translation in the ErmA™* cells
was efficiently inhibited at 100-fold MIC concentration of SOL
(Fig. S4). These results suggest that the main reason for the im-
proved survival of the ErmA-expressing cells is not the continued
protein synthesis, but the altered kinetics of the drug binding.

Discussion

In this study we identified a major difference in the mode of
action of bactericidal and bacteriostatic macrolide antibiotics
targeting the ribosome. We show that pretreatment of cells with
Tet, which completely stops cellular protein synthesis, does not
affect the rate with which bactericidal macrolides reduce the
number of viable cells; therefore, neither the residual translation
of specific proteins (20), nor the reported miscoding activity of
some macrolides (29, 30) could account for cidality. We further
show that there is no major distinction in the general affinity of
bacteriostatic and bactericidal macrolide compounds for the ri-
bosome. Instead, our findings provide strong evidence that the
bactericidal action of certain macrolide drugs could be explained
by the slow rate of their dissociation from the ribosome.

We propose a simple model that satisfactorily accounts for our
experimental observations (Fig. 6). With fast-dissociating anti-
biotics, the extent of translation downtime is defined essentially
by the duration of the antibiotic treatment (Fig. 64). Soon after
omission of the fast-dissociating inhibitor from the medium,
translation resumes and the cell can recover from the antibiotic-
induced dormancy. In contrast, slowly dissociating drugs con-
tinue to block protein synthesis long after antibiotic withdrawal
(Fig. 6B). When the inhibitor eventually vacates a sufficient
fraction of ribosomes, translation could be potentially resumed
but only if enough ribosomes, translation factors, aminoacyl-
tRNA synthetases, and all other direct or accessory partici-
pants of the gene-expression pathway remain available and
functional. However, if the cellular content of at least one of the
essential components falls below a critical level, protein synthesis
cannot be restarted even when ribosomes become drug-free.

The steady-state level of functional biomolecules in the cell is
determined by the rates of their production and degradation
(31). Once translation is interrupted, the decay will prevail and
eventually the concentration of a protein, RNA or other com-
ponents will fall below a critical threshold, making resumption of
protein synthesis impossible. Our findings are also compatible
with the possibility that interrupted translation depletes cells of
proteins involved in detoxification of harmful chemicals, expo-
sure to which could cause irreparable damage (32). Currently, we
do not know which key component gets depleted first when cells
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Fig. 6. Prolonged inhibition of protein synthesis leads to cell death.
(A) With fast-dissociating inhibitors (magenta stars), the duration of protein
synthesis shut-down is determined primarily by the timing of exposure to the
antibiotic. Translation readily resumes upon the removal of the drug and
cells can restart their growth. (B) With slowly dissociating antibiotics (blue
stars), the translation downtime is prolonged due to the slow off-rate of the
drug. During the extended translation down time depletion of critical cel-
lular components prevents the resumption of translation and of cell growth.

are deprived of active translation. It is conceivable that over-
production of a limiting factor could prolong cell survival in the
absence of protein synthesis, while its depletion before antibiotic
treatment could increase the antibiotic cidality. Identification of
the factors determining cell persistence in the absence of active
translation could be the subject of future studies.

One of the predictions that follows from the proposed model of
macrolide cidality is that resumption of cell growth should not be
possible if exposure to a normally bacteriostatic inhibitor is pro-
longed for an excessive period of time. Indeed, we observed a
steady drop over time in the number of viable cells upon exposure
of S. pneumoniae to either the macrolide (ERY) or the unrelated
Tet (Fig. S5), both classic bacteriostatic protein synthesis inhibi-
tors. Our model of macrolide cidality was corroborated further by
the finding that changing the structure, and thus the properties, of
the macrolide binding site in the ribosome dramatically improves
cell survival upon treatment with an excess of bactericidal mac-
rolides. Because such alterations do not increase residual trans-
lation in the presence of the excess of antibiotic, we believe that
the alterations of the binding site result in an accelerated disso-
ciation of the drug from the modified ribosome leading to a faster
restoration of translation upon antibiotic removal.

Although we originally hypothesized that the cidality of ketolides
is defined by the lack of C3 cladinose (20), here we showed that it is
rather the presence of an alkyl-aryl side chain that converts a bac-
teriostatic inhibitor into a bactericidal one by slowing down the rate
of its dissociation from the ribosome (Fig. 4B). In agreement with
this conclusion, the clinical macrolide candidates carrying extended
alkyl-aryl side chains, exhibit a prolonged postantibiotic effect: that
is, delayed regrowth of bacteria following exposure to antibiotic (3,
33-35). Previous binding studies have suggested that TEL, an ex-
ample of a drug with an extended side chain (Fig. 14), binds to the
Escherichia coli ribosome in a two-step process, with the slower step
gated by formation of a strong stacking interaction between the
alkyl-aryl side chain of the drug and the base pair U2609:
AT52 of 23S rRNA (Fig. 1B) (27). While the exact position of the
alky-aryl side chain in the S. preumoniae ribosome is unknown, it is
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conceivable that the slow off-rate of bactericidal macrolides could be
delimited by breaking the interactions of the alkyl-aryl moiety of the
drug with the target. Different placements of the side chain in the
ribosome or the presence of structurally distinct populations of ri-
bosomes in our preparation could account for the biphasic nature of
dissociation of bactericidal antibiotics.

Strikingly sluggish dissociation of the alkyl-aryl-equipped mac-
rolides from the vacant ribosomes observed in in vitro experiments
could be exacerbated even further in the living cell. While some
short-growing peptide chains can dislodge the macrolide inhibitor
from its binding site (36, 37), many nascent chains bypass the
antibiotic molecule in the exit tunnel without displacing it (20, 30).
The growing protein is elongated at a fast rate of ~20 residues per
second (38); therefore, if the drug fails to dissociate rapidly at the
early stages of translation, it would be trapped in its binding site
by the elongated nascent polypeptide. Subsequent arrest of the
translation at the sequence problematic for the macrolide-bound
ribosome (20, 39-41) could then make dissociation of the drug
particularly slow.

Noteworthy, the placement of the macrolide’s alkyl-aryl chain
may vary when the drug binds to ribosomes from different spe-
cies (9-11, 42-45). The idiosyncratic interactions of the side
chain with the target could explain varying bactericidal activity of
the macrolides against different bacteria (46, 47). Our results
suggest that optimizing such interactions with the purpose of
reducing the off-rate of the inhibitor rather than its general af-
finity could be a way to improve the bactericidal activity and
possibly species-specificity of macrolide antibiotics.

Materials and Methods

Antibiotics and bacterial strains used in the study are listed in S/ Materials
and Methods.

Determination of the MIC. All S. pneumoniae strains were cultivated in the
casein-tryptone (CAT) medium, as described in ref. 48. Exponentially growing
S. pneumoniae cells were diluted to the final culture density of Agy = 0.001,
and cultivated in 96-well plates (100 pL per well) in the presence of increasing
concentrations of antibiotics. After overnight incubation at 37 °C, the pres-
ence of live cells was detected by positive staining with AlamarBlue dye.

Kinetics and Concentration Dependence of Macrolide-Induced Cell Killing. The
cidality assay was carried out according to National Committee for Clinical
Laboratory Standards guidelines (1). Specifically, exponential culture of
S. pneumoniae was diluted to 10° CFU/mL in 5 mL of CAT media supplemented
with fourfold MIC of an antibiotic and the mixture was incubated at 37 °C
without shaking. Aliquots of the culture (0.1 mL) were withdrawn at different
times of incubation, diluted 50- and 2,500-times in antibiotic-free CAT media,
and embedded in agar plates (5 mL of CAT media mixed with 5 mL of 1.5%
CAT agar) (48). Colonies were counted after 36- to 48-h incubation at 37 °C.

The concentration dependence of antibiotic cidality was examined by
incubating S. pneumoniae cells (10° CFU/mL) in 5 mL of CAT media with 2-,
4-, 10-, 20-, 40-, and 100-fold MIC of antibiotics at 37 °C without shaking.
After 18 h of incubation, 0.5-mL aliquots of the cultures were passed by
centrifugation (4,000 x g for 1 min) through the Spin-X filters (Costar) to
remove antibiotic. Cells retained on the filter were resuspended in 0.1 mL
CAT, and the dilutions were plated on CAT agar plates as described above.
Colonies were counted after 36-48 h incubation at 37 °C.

Equilibrium Binding of Antibiotics to the Ribosome. S. pneumoniae ribosomes,
purified according to ref. 49, were diluted to 3 nM and combined with
varying concentrations of ['*C]-ERY or ['*C]-SOL in 1.5 mL of binding buffer
(20 mM Tris-HCl, pH 7.6, 10 mM MgCl,, 150 NH4Cl, and 6 mM B-mercap-
toethanol). After a 2-h incubation at 37 °C, 10 pL of a 50 mg/mL suspension
of DEAE magnetic beads (BioClone) was added to the reactions and in-
cubation continued for 15 min at room temperature. The beads with
immobilized ribosomes were captured using a magnetic stand (Invitrogen),
the supernatant was aspirated and beads were rapidly washed twice with
0.7 mL of ice-cold binding buffer. Ribosomes was released by resuspending
the magnetic beads in 100 pL of 10 mM EDTA and incubating for 10 min at
room temperature. Beads were recaptured and ribosome-containing su-
pernatant was transferred to scintillation vials. After quantifying the
ribosome-bound radioactivity, the Ky values were calculated using Prism
software (GraphPad).
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The Kinetics of Dissociation of Antibiotics from the Ribosome. Ribosomes
(225 pmol), preimmobilized on 7.5 mg of DEAE magnetic beads, were incubated
for 1 h at 37 °C with 225 pmol of ["*CJ-ERY or ["*C]-SOL in 15 mL of binding
buffer. After addition of a 50-fold molar excess of the respective nonradioactive
antibiotic solution, incubation continued at 37 °C and 1.5-mL aliquots of the
reaction suspension were transferred to an Eppendorf tube at the specified time
points. Magnetic beads were captured, the supernatant was removed, and the
ribosomes were eluted using 10 mM EDTA solution, as described above. The
amount of the ribosome-associated radioactivity was quantified in a scintillation
counter. The experimental data points were fitted to one-phase (ERY) or two-
phase (SOL) exponential functions using Prism software (GraphPad).

Displacement of Ribosome-Bound Macrolides by ['C]- ERY. Ribosomes (15 pmol)
immobilized on 0.5 mg of DEAE magnetic beads were preincubated with 15 pmol of
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