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Abstract
Macrolide antibacterial agents inhibit parasite proliferation by targeting the apicoplast ribosome.
Motivated by the long-term goal of identifying antiparasitic macrolides that lack antibacterial
activity, we have systematically analyzed the structure-activity relationships among erythromycin
analogues and have also investigated the mechanism of action of selected compounds. Two lead
compounds, N-benzyl-azithromycin (11) and N-phenylpropyl-azithromycin (30), were identified
with significantly higher antiparasitic activity and lower antibacterial activity than erythromycin or
azithromycin. Molecular modeling based on the co-crystal structure of azithromycin bound to the
bacterial ribosome suggested that a substituent at the N-9 position of desmethyl-azithromycin
could improve selectivity due to species-specific interactions with the ribosomal L22 protein. Like
other macrolides, these lead compounds display a strong “delayed death phenotype”; however,
their early effects on T. gondii replication are more pronounced.

INTRODUCTION
Apicomplexan parasites such as Plasmodium falciparum and Toxoplasma gondii are
ubiquitous human pathogens. Malaria, caused by Plasmodium spp., is responsible for more
than one million deaths per year, primarily in children, whereas T. gondii, the etiologic agent
of toxoplasmosis, causes serious morbidity and mortality in pregnant women and
immunocompromised individuals undergoing chemotherapy or with AIDS 1–3. There is
considerable interest in developing safer drugs against these protozoan infections, ones that
are appropriate for therapy or prophylaxis in infants and pregnant women. At the same time,
emerging resistance towards existing chemotherapeutic agents is also prompting the search
for new antiparasitic drugs.

Apicomplexan parasites harbor a plastid (bacterial-like) organelle called the apicoplast that
is recognized as a particularly attractive drug target 4. Small molecules that prevent protein
biosynthesis on the plastid ribosome show antiparasitic activity. For example, tetracyclines
such as doxycycline, which bind to the 30S subunit in bacterial ribosome, are commonly
used as antimalarial prophylactic agents 5–7 (even though doxycycline is contraindicated
during pregnancy and in children less than 8 years of age). Similarly, antibiotics that target
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the 50S subunit such as lincosamides, chloramphenicol and macrolides also display
moderate antiparasitic activities 8. All of these compounds show a characteristic “delayed
death phenotype”, presumably due to their ability to induce a time-dependent reduction in
the copy number of the apicoplast genome 4.

Macrolide antibiotics such as erythromycin are widely used to treat respiratory tract
infections caused by Gram-positive bacteria. Although laboratory and clinical studies have
demonstrated that azithromycin, a semi-synthetic erythromycin analogue, has some efficacy
against Toxoplasma 9 as well as Plasmodium 10–12, macrolides have not yet found extensive
use as antiparasitic agents, presumably due to sub-optimal efficacy and concerns regarding
the potential emergence of resistance against this frontline antibacterial agent. Identification
of a parasite-specific macrolide with higher potency than erythromycin or azithromycin
would therefore represent a significant advance in the field of parasitology. Due to the
stability of azithromycin in the acidic gastric environment, its high serum half-life and tissue
penetration, and its well-documented safety profile in children and pregnant women 13–15,
this semi-synthetic macrolide was identified as a particularly attractive starting point for our
investigations. Our studies were significantly aided by the recently solved high-resolution
crystal structures of prototypical bacterial 50S ribosomes in complex with a number of
macrolide antibiotics 16– 24.

The structures of azithromycin bound to the 50S ribosomal subunit from the eubacterium
Deinococcus radiodurans (D50S) 22 and to that of the archaeon Haloarcula marismortui
(H50S) 23 have been solved. In D50S, two azithromycin molecules bind cooperatively to the
tunnel. The macrolactone ring (through hydrophobic interactions) and the desosamine sugar
(through hydrogen bonding) of the first azithromycin (AZ-1) interact with the minor groove
edges of nucleotides A2058Ec and A2059Ec of domain V of the 23S RNA subunit (Ec = E.
coli numbering). The binding mode of AZ-1 is in accordance with that of the entire
macrolide antibiotic family. The second molecule (AZ-2) reaches to domain II of the 23S
RNA, and also engages ribosomal proteins L4 and L22 through hydrophobic interactions.
Together, the two molecules effectively block the exit tunnel of the ribosome. In H50S,
G2058Ec (instead of A) hinders the binding of one azithromycin molecule, and displaces the
remaining macrolactone ring towards the tunnel wall. This residue is representative of
eukaryotic ribosomal RNA sequences. As a result of this displacement, azithromycin
partially blocks the exit tunnel of the archeon ribosome, consistent with its lower binding
affinity to this target. Thus, in principle, azithromycin can achieve species selectivity as a
result of subtle differences between the structures of prokaryotic and eukaryotic
ribosomes 25. We sought to exploit these differences in our design of an antiparasitic
macrolide. Specifically, multiple sequence alignment revealed high sequence identity in
domain V residues of the T. gondii and B. subtilis 23S RNA that are likely to interact with
azithromycin (Table S1). However, domain II and the ribosomal proteins L4 and L22 are
less conserved in regions that are presumably relevant to macrolide binding. We therefore
prepared and evaluated a set of erythromycin analogues that (a) have the potential of
interacting with domain II, L4, and/or L22; and (b) are unlikely to be prohibitively
expensive to synthesize on a large scale.

RESULTS
Synthesis of erythromycin and azithromycin analogues

Modifications at the C-9 ketone of erythromycin or the N-9 amine of azithromycin are
relatively easy to introduce, and are likely to point toward L4 and L22. Alkylation at the C-6
position also has precedence (as in the case of clarithromycin), and is known to introduce
beneficial conformational changes to the macrolide ring as well as to afford interactions with
domain II 22, 26, 27.
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To modify the C-9 position of erythromycin, we synthesized a series of erythromycin
oxime-ether analogues, modeled after the antibacterial agent roxithromycin 28, 29. The N-9
position of azithromycin was modified by varying alkyl or arylalkyl substituents on the
nitrogen atom. Both classes of compounds included analogues with unmodified or alkylated
6-OH groups.

The synthesis of erythromycin oxime ethers and azithromycin analogues followed earlier
synthetic precedents (Figure 1B) 29–34. Briefly, 9(E)-erythromycin A-oxime (1a) was
quantitatively obtained from erythromycin A by treatment with hydroxylamine in presence
of acetic acid. The synthesis of erythromycin A 9-oxime ethers (4 – 7) accomplished in a
single step by treating oxime 1a with corresponding alkyl halides and potassium tert-
butoxide.

For the synthesis of azithromycin analogues, 9(E)-erythromycin A-oxime (1a) was activated
with sulfonyl chlorides for the Beckmann rearrangement, thus converting a ring-expanded
imino-ether compound. Subsequent reduction afforded a 15-membered aza-macrolide, often
referred to as an azalide. Azithromycin (3) was obtained by methylating this secondary
amine at the 9a position, whereas other azalides were obtained via reductive amination with
aldehydes and cyano-borohydride 35.

Biological activities of erythromycin analogues
As an initial test of the biological activities of our erythromycin analogues, we measured
their antiparasitic, antibacterial, and cytotoxic activities (Table 1). Half-maximal inhibitory
concentrations (IC50) were measured in a parasite growth assay using an engineered strain
of Toxoplasma gondii 2F-1 YFP2 36. Parasite growth was monitored over the course of 4
days. Separately, the minimum inhibitory concentrations (MIC) of each compound against a
representative Gram-positive bacterium Bacillus subtilis were measured in standard two-fold
dilution assays. Last, the half-maximal cytotoxic concentration (CC50) of each compound
was measured using uninfected human fibroblast cultures as the test system. Based on these
results, two of the most promising compounds (11 and 18) were azithromycin analogues in
which the ring nitrogen was alkylated with a benzyl substituent. Compared to azithromycin,
they had markedly improved antiparasitic activity as well as reduced antibacterial activity.
Oxime ethers, including compounds 5 and 7 also had good antiparasitic activity, although
they retained strong antibacterial activity. The antibacterial activity of azalides drops when
either the ring nitrogen harbors a substituent other than a methyl group 37–39, or the 6-OH
group is alkylated, or both.

Differential effects of alternative azalides on T. gondii
Macrolides are known to exhibit peculiar kinetics with respect to their antiparasitic activity,
a phenomenon that is sometimes referred to as the “delayed death phenotype” 4, 40, 41. For
example, azithromycin is a weak inhibitor of parasite replication during the first cycle of
fibroblast infection (IC50 = 29 μM; Table 2). However, the resulting parasites are severely
compromised in their ability to replicate in a second fibroblast infection cycle, even when
the second infection cycle is performed in the absence of any antibiotic. Indeed, exposure of
T. gondii to less than 1 μM azithromycin in the first cycle results in a >2-fold reduction in
parasite titers by the end of the second infection cycle (Table 2). Using azithromycin as a
control, we therefore quantified the effects of compounds 11, 18 and 25 on parasite
proliferation in each of two successive infection cycles (Table 2). By using two slightly
different protocols in these experiments, we were also able to investigate the effect of each
compound on the biology of extracellular versus intracellular T. gondii. In one protocol,
fibroblasts were infected with T. gondii YFP cells in the presence of individual macrolides.
The infected cultures were then incubated for 48 h (1st cycle). Thereafter, the parasites
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released by lysed fibroblasts were harvested and inoculated into fresh fibroblast cultures (2nd

cycle). No macrolide antibiotic was added to the 2nd cycle cultures. In an alternative
protocol, T. gondii YFP cells were first allowed to infect the host fibroblast cells for 6 h.
Thereafter the fibroblasts were washed to remove parasites that had not invaded the host
cells, and replenished with fresh media containing macrolides. After 42 h (i.e., at the end of
the 1st cycle), the released parasites were harvested as before, and used to inoculate fresh
fibroblast cultures for a 2nd cycle, again without supplementary macrolide. In both
protocols, the IC50 values of compound 11 were markedly higher after the 1st cycle than the
2nd cycle, whereas neither compound 18 nor 25 showed this delayed death phenotype. These
observations suggested that, whereas compound 11 is genuinely a more potent analogue of
azithromycin, the observed antiparasitic activities of compounds 18 and 25 may result from
a different mode of action. We therefore focused our attention on the preparation and
evaluation of additional analogues of 11.

Structure-activity relationship (SAR) analysis of compound 11
Based on the above data, we designed a focused set of N-9 substituted aryl azalides. Our
primary goal was to explore whether subtle steric or electronic changes in the N-9
substituent could affect antiparasitic activity. Representative analogues with electron
donation into (28) or withdrawal from (29) the benzyl ring were targeted. We also sought to
examine whether improved activity could result from increasing the flexibility of the linker
to the aromatic ring (30). In addition, the need for an aromatic group at this position was
tested by preparing and assaying cyclohexyl analogue 31.

To prepare these analogues, intermediate 8 was reacted with the corresponding aldehydes,
and the resulting Schiff’s bases were reduced as before. The macrolides were assayed as
above, using azithromycin and 11 as controls. In addition, their MIC values against B.
subtilis and cytotoxicity towards uninfected human foreskin fibroblasts (calculated as CC50)
were also measured. The overall in vitro pharmacological profiles of these compounds are
summarized in Table 2. Compound 31 has slightly higher IC50 values compared to other
benzylated compounds 28 – 30 at the 1st infectious cycles. Whereas the 2nd cycle
antiparasitic activities of compounds 11 and 28 – 31 are similar to azithromycin, the new
analogues have substantially better growth inhibitory activity than azithromycin in the 1st

infection cycle. The bulkier substituent at the N9 position in the macrocyclic ring also
conferred a modest increase in mammalian cell cytotoxicity, although the therapeutic index
(CC50/IC50) remained unchanged owing to improved growth inhibition in the 1st cycle. One
of the new analogues (30) showed a further reduction in antibacterial activity, which may
mitigate potentially deleterious effects on commensal microflora in animal studies involving
chronic dosing. The lowest dose of azithromycin that significantly protects mice against
death due to acute toxoplasmosis is 200 mg/kg/day 9. Thus, compounds 11 and 28 – 31
could potentially be administered at lower doses due to increased antiparasitic activities. In
all cases the therapeutic index appears to be adequately high for experimental animal use
compared to azithromycin and clarithromycin.

Further investigations into the mode of action of selected azalides
Several additional experiments were performed to understand better the mechanism of
delayed death of apicomplexan parasites that are treated with macrolide antibiotics. First, we
monitored parasite replication non-invasively over the course of the 1st and 2nd infectious
cycles using T. gondii RHΔhwgprt GFP. This strain expresses the green fluorescent protein,
and can therefore be visualized and counted in individual parasitophorous vacuoles of
infected fibroblasts. In the 1st infection cycle, fibroblasts infected with T. gondii were
exposed to azithromycin (5 or 50 μM) or analogue 11 (5 μM). Both infection protocols
described earlier (i.e., drug addition at 0 h and 6 h) were used. In these infection protocols, a
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small but measurable inhibitory effect was observed in the 1st cycle, whereas much stronger
inhibition of T. gondii replication was observed in the 2nd cycle (Figure 2). Consistent with
the population-averaged IC50 values reported in Table 2, compound 11 was more active than
azithromycin in the 1st infection cycle, whereas both macrolides had comparable activities in
the 2nd cycle. Intracellular T. gondii parasites divided approximately every 8 hours (or
shorter, given that parasites that had already lysed out of the host cell were not counted), In
contrast, when parasites were treated with azithromycin (50 μM) or 5 μM compound 11, the
doubling time increased to ~ 9.5 h in the first infection cycle. At all concentrations tested in
the 2nd infection cycle, parasite doubling times had increased to > 16 h. Thus, it appears that
the antiparasitic activity of macrolides is, at least in part, due to their ability to inhibit the
replication rates of protozoan parasites inside mammalian cells.

We also sought to test whether macrolides reduced the frequency of successful infections in
the 1st infection cycle or not. The density of parasitophorous vacuoles was estimated at 24 h
post-infection, using both the “0 h” and “6 h” infection protocols described above.
Azithromycin as well as compounds 11 and 28–31 were tested in parallel experiments. As
seen in Figure 3, at 10 μM concentrations, azalides 11 and 28–31 (but not azithromycin)
show a marked decrease in the density of parasitophorous vacuoles, but only when added
concurrently with the parasite inoculum (i.e., at 0 h). Vacuole density remains unaffected by
all macrolides in pre-infected fibroblasts (i.e., when the antibiotic is added at 6 h). Together,
these findings demonstrate that the new macrolides reported here are able to attenuate the
infectivity of extracellular T. gondii even in the 1st infection cycle. Thus, their overall
antiparasitic effects are presumably the cumulative result of two modes of actions.

Macrolides induce a comparable loss of apicoplast DNA in clindamycin-sensitive and
clindamycin-resistant T. gondii

We sought to verify that the new macrolides described in this report were indeed inhibitors
of apicoplast replication. In these experiments, we also chose to evaluate other clinically
relevant ribosome inhibitors, such as the 16-membered macrolide spiramycin as well as
chloramphenicol and the lincosamide clindamycin 8, 40, 41. All these antibiotics show the
delayed death phenotype. Pyrimethamine, an antiparasitic antibiotic that inhibits nuclear
DNA replication 42, was used as a negative control.

Intracellular parasites (“6 h” infection protocol) were treated with varying concentrations
(0.1 μM, 1 μM and 10 μM) of azithromycin (3), 11, 25 or 30, as well as 1 μM clindamycin
and 5 μM spiramycin throughout the 1st infection cycle. After 42h, extracellular parasites
released from the first cycle were reinoculated into fresh HFF cell monolayers in the
absence of additional antibiotics. Real-time polymerase chain reaction (RT-PCR) was used
to quantify the copy number ratio of the apicoplast genome versus nuclear genome; a single-
copy nuclear gene (UPRT) and a single-copy plastid genome (ycf24) were targeted for
amplification 43.

As seen in Table 3, pyrimethamine did not affect the ratio of plastid to nuclear DNA in
either infection cycle. Also, as predicted from the data in Table 2, the apicoplast copy
number was only marginally affected upon addition of compound 25, confirming that its
antiparasitic activity was likely due to a distinct mode of action. In contrast, apicoplast
replication in T. gondii RHΔhxgprt was significantly impaired in even the 1st infection cycle
in the presence of azithromycin, compounds 11 and 30, clindamycin, and spiramycin. In
each case, further decrease in apicoplast copy number was observed in the 2nd infection
cycle. Dose dependence was also observed in each case.

We also sought to determine whether the clindamycin-resistant T. gondii ClinR-4 strain 44

was resistant to azithromycin or compound 11. Both growth inhibition assays and
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quantitative RT-PCR assays were performed using the “0h” and “6h” infection protocols
described above. Because T. gondii ClinR-4 lacked the YFP transgene, parasite cells were
counted with a hemocytometer under the microscope. At both 1 μM and 10 μM
concentrations, neither azithromycin nor compound 11 showed a noticeable difference
between the wild-type and mutant T. gondii strains (data not shown). A similar conclusion
was also obtained when the apicoplast/nuclear DNA ratio was quantified in the presence of
macrolides 3 (azithromycin), 11 and spiramycin (Table 3). Thus, it appears that drug
resistance of the T. gondii ClinR-4 strain is specific for the lincosamides. This mutant
possesses a 1857(Ec) G→U point mutation in the apicoplast 50S rRNA, a site that is known
to influence peptide translation 44. In contrast, macrolides block the exit tunnel of the 50S
subunits of both wild-type and mutant ribosomes.

Homology modeling of the apicoplast and bacterial ribosomes with bound macrolides
Because the crystal structures of ribosomes from T. gondii and B. subtilis were unavailable,
a molecular modeling approach was used to analyze potential binding interactions between
these ribosomes and the N-9 amine substituent of azithromycin. Multiple sequence
alignments of the 50S ribosomal RNA and the L4 and L22 proteins were performed, and
homology models of the target ribosomal RNAs were generated based on the published
structure of D. radiodurans ribosomal RNA 22, 50 using the MOE program (Molecular
Operating Environment, Chemical Computing Group Inc., Montreal, Canada). These
homology models included two molecules of 11, parts of the rRNA near the azithromycin
binding site, and the complete L4 and L22 proteins. Models were minimized using the
Amber99 force field to remove any steric clashes. In the T. gondii rRNA model (Figure 4B),
the phenyl ring of Phe98 was positioned ca. 6 Å from the phenyl ring of 11-2. The model
also suggested that the adenine ring of A1441Tg was close to the phenyl ring of 11-2. In
contrast, in the B. subtilis model, the equivalent amino acid was Pro87, located ca. 9 Å from
the N-phenyl moiety of 11-2 (Figure 4C).

DISCUSSION
Although its function is still unclear, the apicoplast has received much attention as an
attractive target for new drugs against apicomplexan parasites such as Plasmodium spp. and
Toxoplasma gondii 4. Macrolide antibacterial agents bind to the large (50S) ribosomal
subunit of the protozoan apicoplast, and thereby also exhibit antiparasitic activity. Through
the systematic design, synthesis and biological characterization of a series of erythromycin
analogues, we have not only established prototypical structure-activity relationships but
have also identified two promising azithromycin analogues with markedly higher
antiparasitic activity and lower antibacterial activity than clinically available macrolides. In
addition to providing potentially valuable new probes for investigating apicoplast biology in
vivo, these compounds demonstrate the feasibility of engineering ribosome-binding
antibiotics that are capable of discriminating between prokaryotic and selected eukaryotic
pathogens.

Among the clinically available macrolides tested, azithromycin proved to be the best starting
point for new antiparasitic agent discovery. The other macrolides (erythromycin,
clarithromycin and roxithromycin) predominantly rely upon hydrogen bonds and
hydrophobic contacts with the 23S rRNA in the peptidyl transferase cavity to achieve their
antibiotic activities 21. Although contacts between these macrolides and ribosomal proteins
have not been structurally observed 21, there is certainly scope for such interactions due to
conformational changes in the flexible L22 hairpin at the exit tunnel 27, 45. Indeed, mutations
in ribosomal proteins L4 and L22 that result in resistance towards erythromycin or other
macrolides have been identified in several bacterial strains 46–49. In contrast, azithromycin
appears to inhibit protein translation by a markedly different mechanism. In the crystal
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structure of Deinococcus radiodurans (D50S) 22, two molecules of azithromycin bind in a
perpendicular orientation to block the protein exit tunnel. The molecule that binds in the
non-conserved mode interacts with ribosomal proteins L4 and L22. We speculate that the
maintenance of this 2:1 macrolide:ribosome stoichiometric ratio contributes significantly to
the improved antiparasitic activity of azalides such as 11 and 30. Preservation of the
hydrogen bond between the 6-OH of these azalides and C2565 in domain V of the 23S
rRNA is critical for this atypical stoichiometry. At the same time, we hypothesize that the
presence of an aromatic substituent at N-9 improves species selectivity because of potential
interactions with ribosomal proteins L4 and/or L22 in T. gondii, which may differ in degree
with those in B. subtilis (Table S1). The increased bulkiness of the N-9 substituent in
compound 30 relative to 11 may enhance selectivity by reducing its affinity for the bacterial
ribosome. Together, these results provide a starting point for a more intensive SAR
investigation with the goal of maximizing antiparasitic activity in a macrolide that
concomitantly lacks physiologically significant antibacterial activity.

Homology models of the T. gondii and B. subtilis ribosomal RNAs were generated based on
the structure of the D. radiodurans ribosomal RNA (Figure 4A) 22, 50. These homology
models included two molecules of 11, parts of the rRNA near the azithromycin binding site,
and the complete L4 and L22 proteins. These models suggested that, whereas the N-phenyl
moiety of 11-2 could not favorably interact with B. subtilis L22, favorable edge-to-face
interactions with Phe98 in the T. gondii L22 were possible. It should be noted that the
estimated distance between the two phenyl rings is larger than the optimal distance for an
edge-to-face aromatic interaction (ca. 3.7 Å).51 Energy minimization alone is presumably
insufficient to define the optimal arrangement of these aromatic functional groups.52

Favorable interactions may require the L22 loop region (Phe97 to Arg108) to be dynamic.53

Perhaps most importantly, three interesting conclusions can be drawn from our biological
studies on azithromycin and its analogues. First, notwithstanding the well-documented
delayed death phenotype of apicoplast inhibitors, compounds such as 11 and 30 induce rapid
changes in T. gondii parasites. At low micromolar concentrations, they attenuate both
apicoplast copy number (Table 3) and parasite growth rates (Table 2) within the 1st infection
cycle. Thus, it appears that, even though defective apicoplasts exert their most overt effects
in secondary cycles of infection, the biology of the protozoan cell starts to be altered on a
much shorter timescale. Second, azalides affect both the infectivity of apicomplexan
parasites in mammalian cells (Figure 3) as well as the kinetics of cell division in the
resulting parasitophorous vacuoles (Figure 2). It is tempting to assume that both these
features result from inhibition of the apicoplast ribosome, although this remains to be
established. If not, then in vivo studies in animals will be required to establish which of
these mechanisms is more critical to the observed antiparasitic activity of azalides. This in
turn would guide the judicious selection of a primary assay for more intensive SAR efforts.
Last but not least, the reason for the low but measurable cytotoxic activity of azalides
against human fibroblasts (Table 2) needs to be better understood. Several investigators have
demonstrated toxicity of azithromycin against cultured mammalian cells at concentrations in
the 100 μM range 54–56. The precise mechanism for these cytotoxic effects is unknown.
However, a closely related macrolide antibiotic megalomicin is known to inhibit intra-Golgi
trafficking 57 and lysosomal function 58 at comparable concentrations. Deconvolution of the
structural features of azalides that contribute to mammalian cell toxicity from those that
enhance binding to the apicoplast ribosome could greatly enhance the chance of discovery of
a new antiparasitic macrolide with a suitable safety profile for eventual clinical use.
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EXPERIMENTAL PROCEDURES
Materials

Antibiotics used were purchased from TCI America (Boston, MA) or Sigma-Aldrich
(Milwaukee, WI). Solvents and chemical reagents were from Fisher Scientific, Inc.
(Springfield, NJ) or Sigma-Aldrich. Reactions were carried out under an N2 atmosphere in
oven-dried glassware unless otherwise specified. Moisture- and oxygen-sensitive reagents
were handled in an N2-filled dry box. The synthesis of erythromycin oxime ethers and
azithromycin analogues followed earlier synthetic precedents.

General Methods
Analytical thin layer chromatography (TLC) was performed on precoated silica gel plates
(60F254) and flash chromatography on silica gel (230–400 mesh). TLC spots were detected
by UV and/or by staining with a water-based cerium molybdate stain. Inova400, Inova500,
and Inova600 MHz NMR spectrometers were used to perform 1H and 13C NMR analysis,
and spectra were recorded in CDCl3. 1H and 13C NMR spectra are reported as chemical shift
in parts per million (multiplicity, coupling constant in Hz, integration). All final compounds
were further introduced to liquid chromatography-mass spectrometry (LC-MS, Waters 2795
HPLC system) on a reverse phase C8 column (2.1 × 40 mm). Linear gradient elution was
performed at 0.2 mL/min with CH3CN and H2O (both containing formic acid, 0.1%). The
purity of each compound was calculated from the LC chromatogram at a wavelength of 210
nm. By this method, the purity of each compound was greater than or equal to 95.0%.

The procedures detailed below for compound 4, 9, 10 and 12 are representative of the
procedure followed for synthesis of all of the erythromycin A 9-oxime ethers and
azithromycin analogues. Erythromycin A 9-oxime (1a) and intermediate 8, 14 and 21 was
prepared as described. Scale, yield and spectra are presented for each of the individual
antibiotics assayed.

Erythromycin A 9-oxime, 1a
Erythromycin A (0.68 mmol, 0.5 g) was dissolved in iso-propanol (1.2 mL). 50%
Hydroxylamine (aq.) (620 μL) and acetic acid (190 μL) were added to the reaction mixture,
and the reaction was stirred for 15 h at 50 °C. After the reaction mixture was allowed to cool
down to room temperature (rt), the reaction was quenched by saturated NaHCO3 (aq.). The
iso-propanol was removed under rotovap, and chloroform was added to extract the product.
The chloroform extract was washed with brine, and the product was vacuum-dried and used
for the following reactions without further purification.

Erythromycin A 9-oxime methyl ether, 4
Erythromycin A 9-oxime, 1a (0.27 μmol, 200 mg) was dissolved in 1:1 mixture of THF and
DMF (2 mL). 1-Iodomethane (0.32 μmol, 46 mg) and 1 M potassium tert-butoxide in THF
(0.30 μmol, 300 μL) were added to the reaction mixture at 0 °C under N2. The reaction was
stirred for 30 min at 0 °C, and further stirred for 2.5 h at rt under N2. The crude mixture was
diluted into CH2Cl2 and was washed three times with saturated NaHCO3 (aq.), and was
dried over Na2SO4. After evaporation of the solvent, the resulting product was purified by
flash chromatography eluting with a step gradient ranging from 3% to 10% MeOH/CH2Cl2
containing 0.1% NH4OH (aq.) to yield 4 (23.4 mg, 12%) as a white powder. 1H NMR (500
MHz, CDCl3) δ 5.10 (dd, J = 11.1, 2.2 Hz, 1H), 4.91 (d, J = 4.7 Hz, 1H), 4.47 – 4.37 (m,
2H), 4.04 (dd, J = 9.6, 1.3 Hz, 1H), 4.03 – 3.99 (m, 1H), 3.81 (s, 3H), 3.70 – 3.63 (m, 2H),
3.57 (d, J = 7.5 Hz, 1H), 3.48 (tdd, J = 11.4, 6.6, 4.7 Hz, 1H), 3.31 (s, 3H), 3.21 (dd, J =
10.3, 7.3 Hz, 1H), 3.11 (s, 1H), 3.02 (s, 1H), 2.90 (dq, J = 14.3, 7.0 Hz, 1H), 2.65 (q, J = 7.0
Hz, 1H), 2.42 (ddd, J = 12.3, 10.4, 3.9 Hz, 1H), 2.36 (d, J = 15.1 Hz, 1H), 2.28 (s, 6H), 2.25
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– 2.19 (m, 1H), 2.18 – 2.15 (m, 1H), 2.02 – 1.95 (m, 1H), 1.91 (tdd, J = 15.2, 8.7, 6.4 Hz,
2H), 1.79 (s, 1H), 1.64 (ddd, J = 24.0, 8.2, 5.6 Hz, 2H), 1.59 – 1.52 (m, 2H), 1.50 – 1.43 (m,
1H), 1.46 (s, 3H), 1.30 (d, J = 6.2 Hz, 3H), 1.23 (s, 3H), 1.22 (d, J = 6.1 Hz, 3H), 1.18 (d, J
= 5.4 Hz, 3H), 1.16 (d, J = 5.4 Hz, 3H), 1.12 (s, 3H), 1.10 (d, J = 7.5 Hz, 3H), 1.02 (d, J =
7.0 Hz, 3H), 0.83 (t, J = 7.4 Hz, 3H). 13C NMR (500 MHz, CDCl3) δ 175.41, 171.71,
103.08, 96.40, 83.19, 79.99, 78.13, 77.75, 77.09, 75.48, 74.37, 72.82, 71.08, 70.64, 68.96,
65.65, 61.91, 49.62, 44.81, 40.41, 39.17, 37.90, 35.16, 32.97, 28.75, 27.17, 26.49, 21.63,
21.56, 21.21, 18.78, 18.74, 16.35, 16.27, 14.61, 10.83, 9.30. ESI mass spectrum; Calcd
(MH+) 763.5; found 763.5.

9-Deoxo-9a-aza-9a-homoerythromycin A, 8
Erythromycin A 9-oxime (0.67 mmol, 0.5 g) dissolved in methanol (2.5 mL) was cooled to 5
°C, and toluene-ρ-sulphonyl chloride (0.80 mmol, 153 mg) was added to the reaction
mixture followed by water. While the reaction was stirred for 5h at 5 °C, pH of the reaction
was maintained at 6 ~ 7 by adding 20% NaOH (aq.). The crude mixture was diluted into
water, adjusted pH at 6 with 1N HCl, and extracted with methylene chloride twice. After
adjust pH at 8 with 20% NaOH (aq.), extraction with methylene chloride was performed to
yield erythromycin A imino ether. Erythromycin A imino ether (0.27 mmol, 0.2 g) dissolved
in methanol (5 mL) was cooled to 4 °C, and sodium borohydride (5.4 mmol, 204 mg) was
added in portions. The reaction was stirred for 36 h at rt. Dry ice was added to the reaction
mixture until precipitation was completed, and the precipitate was filtered off. The filtrate
was concentrated, and redissolved in chloroform. To the mixture, water and 1N-HCl were
added to acidify the reaction at pH 2.5, and allowed to stir for 15 min. After adjusting pH 6
with 20% NaOH (aq.), chloroform was used for extraction. The extraction was repeated at
pH 6.5 and 8.3. The extract at pH 8.3 was concentrated, and dry ether was added. After
stirring for 2h in the ice bath, the precipitant was vacuum-dried to yield 8 (300 mg, 61%) as
a white powder. 1H NMR (500 MHz, CDCl3) δ 5.09 (d, J = 4.6 Hz, 1H), 4.71 (dd, J = 10.3,
2.2 Hz, 1H), 4.42 (d, J = 7.3 Hz, 1H), 4.32 (dd, J = 4.3, 1.9 Hz, 1H), 4.07 (dq, J = 12.3, 6.2
Hz, 1H), 3.64 (d, J = 7.4 Hz, 1H), 3.49 (tdd, J = 11.2, 6.4, 4.6 Hz, 1H), 3.44 (d, J = 1.7 Hz,
1H), 3.38 (s, 1H), 3.33 (s, 3H), 3.22 (dd, J = 10.2, 7.4 Hz, 1H), 3.08 – 2.99 (m, 3H), 2.92 (s,
1H), 2.76 (qd, J = 7.4, 4.8 Hz, 1H), 2.59 – 2.53 (m, 1H), 2.43 (ddd, J = 12.3, 10.4, 3.8 Hz,
1H), 2.34 (d, J = 15.2 Hz, 1H), 2.27 (s, 6H), 2.26 – 2.23 (m, 1H), 2.17 (d, J = 10.5 Hz, 1H),
1.96 – 1.89 (m, 1H), 1.88 (ddd, J = 14.2, 7.6, 2.3 Hz, 1H), 1.82 (t, J = 11.3 Hz, 1H), 1.73 (d,
J = 14.3 Hz, 2H), 1.68 – 1.62 (m, 1H), 1.57 (dd, J = 15.2, 5.0 Hz, 1H), 1.52 – 1.42 (m, 1H),
1.36 (dd, J = 14.9, 7.7 Hz, 1H), 1.31 (d, J = 6.2 Hz, 3H), 1.28 (s, 3H), 1.23 (s, 3H), 1.21 (d,
J = 6.1 Hz, 4H), 1.19 (d, J = 7.5 Hz, 4H), 1.13 (d, J = 6.5 Hz, 3H), 1.07 (s, 3H), 1.04 (d, J =
7.5 Hz, 3H), 0.92 (d, J = 6.9 Hz, 3H), 0.88 (t, J = 7.4 Hz, 4H). 13C NMR (500 MHz, CDCl3)
δ 178.95, 103.10, 94.93, 83.43, 78.28, 78.04, 78.01, 73.93, 73.88, 73.16, 73.08, 70.97,
68.87, 65.92, 65.63, 57.47, 56.93, 49.58, 45.50, 42.33, 40.49, 34.87, 30.00, 28.83, 27.58,
22.04, 21.73, 21.51, 21.12, 18.40, 16.24, 15.04, 14.09, 11.28, 9.24. ESI mass spectrum;
Calcd (MH+) 735.5; found 735.6.

N9-propyl azithromycin, 9
9-Deoxo-9a-aza-homoerythromycin A, 8 (204 μmol, 150 mg) and propionaldehyde (1021
μmol, 59 mg) was dissolved in DMF (1.5 mL). Acetic acid (2041 μmol, 123 mg) and
sodium cyanoborohydride (306 μmol, 19 mg) were added to the reaction mixture. The
reaction was stirred for 7 h at 70 °C. The crude mixture was diluted into CH2Cl2 and was
washed three times with saturated NaHCO3 (aq.), and was dried over Na2SO4. After
evaporation of the solvent, the resulting product was purified by flash chromatography
eluting with a step gradient ranging from 3% to 10% MeOH/CH2Cl2 containing 0.1%
NH4OH (aq.) to yield 9 (38 mg, 24%) as a white powder. 1H NMR (500 MHz, CDCl3) δ
5.05 (d, J = 4.5 Hz, 1H), 4.70 (dd, J = 9.7, 2.1 Hz, 1H), 4.43 (d, J = 7.3 Hz, 1H), 4.20 (dd, J
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= 5.3, 2.3 Hz, 1H), 4.12 (s, 1H), 4.07 (dt, J = 15.3, 6.1 Hz, 1H), 3.76 (s, 1H), 3.64 (d, J = 6.9
Hz, 1H), 3.54 – 3.45 (m, 1H), 3.38 (s, 1H), 3.32 (s, 3H), 3.23 (dd, J = 10.1, 7.3 Hz, 1H),
3.02 (t, J = 8.7 Hz, 1H), 2.86 (td, J = 12.9, 4.5 Hz, 1H), 2.81 – 2.71 (m, 3H), 2.63 (s, 1H),
2.53 (td, J = 13.0, 4.3 Hz, 1H), 2.45 (td, J = 12.2, 3.8 Hz, 1H), 2.34 (d, J = 15.2 Hz, 1H),
2.28 (s, 6H), 2.20 (d, J = 9.8 Hz, 1H), 2.09 – 1.96 (m, 3H), 1.87 (dtd, J = 22.0, 7.6, 2.6 Hz,
1H), 1.73 (d, J = 14.2 Hz, 1H), 1.65 (dd, J = 11.0, 1.8 Hz, 1H), 1.57 (dd, J = 15.2, 4.9 Hz,
2H), 1.51 – 1.38 (m, 3H), 1.37 – 1.33 (m, 1H), 1.32 (s, 1H), 1.31 (s, 4H), 1.23 (t, J = 5.1 Hz,
5H), 1.21 (t, J = 6.7 Hz, 7H), 1.13 (d, J = 6.8 Hz, 3H), 1.06 (d, J = 9.1 Hz, 6H), 0.91 (d, J =
7.3 Hz, 3H), 0.88 (d, J = 7.4 Hz, 2H), 0.82 (t, J = 7.3 Hz, 3H). 13C NMR (500 MHz, CDCl3)
δ 178.23, 133.57, 103.24, 95.67, 95.27, 83.85, 78.61, 78.19, 77.86, 75.04, 74.26, 73.90,
72.98, 71.01, 68.97, 65.77, 65.73, 65.14, 61.83, 52.16, 49.57, 45.04, 42.07, 41.32, 40.50,
35.03, 29.82, 28.91, 28.48, 27.32, 22.54, 21.72, 21.67, 21.49, 20.46, 18.38, 16.57, 15.06,
12.25, 11.45, 9.61. ESI mass spectrum; Calcd (MH+) 777.5; found 777.5.

N9-allyl azithromycin, 10
9-Deoxo-9a-aza-homoerythromycin A, 8 (204 μmol, 150 mg) was mixed with allyl acetate
(10204 μmol, 1021 mg). TEA (539 μmol, 55 mg) and
tetrakis(triphenylphosphine)palladium(0) (20 μmol, 24 mg) was added to the reaction
mixture at rt under N2. The reaction was stirred for 7 h at 80 °C, and further stirred for 15 h
at rt under N2. The crude mixture was diluted into CH2Cl2 and was washed three times with
saturated NaHCO3 (aq.), and was dried over Na2SO4. After evaporation of the solvent, the
resulting product was purified by flash chromatography eluting with a step gradient ranging
from 3% to 10% MeOH/CH2Cl2 containing 0.1% NH4OH (aq.) to yield 4 (41 mg, 26%) as a
white powder. 1H NMR (500 MHz, CDCl3) δ 6.00 (dq, J = 10.0, 6.8 Hz, 1H), 5.15 – 5.02
(m, 3H), 4.70 (dd, J = 10.0, 2.0 Hz, 1H), 4.43 (d, J = 7.3 Hz, 1H), 4.38 (s, 1H), 4.24 – 4.20
(m, 1H), 4.07 (dq, J = 12.4, 6.1 Hz, 1H), 3.75 (s, 1H), 3.64 (d, J = 6.9 Hz, 1H), 3.64 – 3.57
(m, 1H), 3.50 (dd, J = 9.8, 5.4 Hz, 1H), 3.41 – 3.34 (m, 1H), 3.32 (s, 3H), 3.23 (dd, J = 10.1,
7.4 Hz, 1H), 3.02 (t, J = 9.2 Hz, 2H), 2.79 (dt, J = 10.8, 7.1 Hz, 3H), 2.70 (s, 1H), 2.48 –
2.41 (m, 1H), 2.35 (d, J = 15.1 Hz, 1H), 2.27 (s, 6H), 2.18 (d, J = 10.2 Hz, 1H), 2.04 – 1.97
(m, 3H), 1.87 (dqd, J = 15.2, 7.5, 2.5 Hz, 1H), 1.71 (d, J = 14.3 Hz, 1H), 1.67 – 1.62 (m,
1H), 1.57 (dd, J = 15.2, 5.0 Hz, 1H), 1.52 – 1.42 (m, 1H), 1.31 – 1.32 (m, 6H), 1.23 (s, 3H),
1.19 – 1.22 (m, 6H), 1.14 (d, J = 6.8 Hz, 3H), 1.07 (s, 3H), 1.06 (d, J = 7.5 Hz, 3H), 0.88 (t,
J = 7.5 Hz, 3H), 0.86 (d, J = 5.9 Hz, 3H). 13C NMR (500 MHz, CDCl3) δ 178.38, 136.45,
117.66, 103.18, 95.21, 83.77, 78.46, 78.20, 77.80, 74.88, 74.36, 74.10, 73.00, 70.99, 68.95,
65.80, 65.75, 61.83, 53.57, 49.58, 45.12, 41.96, 41.52, 40.50, 34.98, 28.87, 27.80, 27.15,
22.19, 21.72, 21.60, 21.50, 18.39, 16.49, 15.01, 11.42, 9.85, 9.54. ESI mass spectrum; Calcd
(MH+) 775.5; found 775.4.

N9-ethyl amide azithromycin, 12
9-Deoxo-9a-aza-homoerythromycin A, 8 (88 μmol, 65 mg) was dissolved in toluene (1.8
mL). Ethyl isocyanate (91 μmol, 6 mg) was added to the reaction mixture, and the reaction
was stirred for 1 h at rt. After evaporation of the solvent, the crude mixture was diluted into
CH2Cl2 and was washed three times with saturated NaHCO3 (aq.), and was dried over
Na2SO4. The resulting product was purified by flash chromatography eluting with a step
gradient ranging from 3% to 10% MeOH/CH2Cl2 containing 0.1% NH4OH (aq.) to yield 12
(33 mg, 47%) as a white powder. 1H NMR (500 MHz, CDCl3) δ 4.99 (dd, J = 9.3, 2.7 Hz,
1H), 4.83 (d, J = 4.2 Hz, 1H), 4.66 (s, 1H), 4.45 (d, J = 7.2 Hz, 1H), 4.05 (td, J = 12.7, 6.3
Hz, 1H), 4.01 – 3.98 (m, 1H), 3.75 (s, 1H), 3.59 (dd, J = 9.9, 4.8 Hz, 1H), 3.49 (d, J = 4.4
Hz, 1H), 3.44 (d, J = 14.3 Hz, 1H), 3.32 (dd, J = 10.5, 6.8 Hz, 1H), 3.27 (s, 3H), 3.24 – 3.16
(m, 3H), 3.02 (d, J = 7.3 Hz, 1H), 2.66 (dt, J = 12.4, 6.2 Hz, 1H), 2.59 – 2.49 (m, 2H), 2.29
(s, 6H), 2.34 – 2.25 (m, 9H), 2.14 (s, 2H), 1.91 (ddd, J = 14.1, 7. 5, 3.0 Hz, 2H), 1.70 – 1.61
(m, 2H), 1.55 (dd, J = 15.1, 4.9 Hz, 1H), 1.46 (ddd, J = 14.4, 9.2, 7.3 Hz, 1H), 1.30 (d, J =
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6.9 Hz, 3H), 1.26 (d, J = 6.1 Hz, 6H), 1.24 – 1.20 (m, 9H), 1.13 (s, 2H), 1.11 (t, J = 7.2 Hz,
3H), 1.04 (t, J = 7.0 Hz, 6H), 0.89 (t, J = 7.4 Hz, 3H). 13C NMR (500 MHz, CDCl3) δ
159.86, 104.64, 96.84, 79.23, 78.23, 77.60, 74.68, 74.59, 74.17, 72.95, 70.84, 69.52, 66.36,
64.77, 49.46, 46.28, 41.36, 40.56, 35.91, 35.15, 29.41, 28.25, 22.46, 21.63, 21.33, 21.23,
17.91, 17.45, 15.46, 15.08, 12.57, 11.57, 10.40. ESI mass spectrum; Calcd (MH+) 806.5;
found 806.6.

C6-methoxl 9-Deoxo-9a-aza-9a-homoerythromycin A, 14
Clarithromycin (5.4 mmol, 4 g), 50% hydroxylamine (7 mL), and acetic acid (5 mL) in iso-
propanol was stirred for 5 days at 40 °C to yield 6-methoxy erythromycin A 9-oxime as a
white solid (2.6 g, 64 %). C6-methoxyl erythromycin A 9-oxime (3.4 mmol, 2.6 g), toluene-
ρ-sulphonyl chloride (6.81 mmol, 1.3 g), and pyridine (6.81 mmol, 0.5 g) in THF was stirred
for 20 h at 40 °C to yield C6-methoxy erythromycin A 9,11-imino ether (2 g, 80%). C6-
methoxyl erythromycin A 9,11-imino ether (2.7 mmol, 2 g) in MeOH was reduced by
adding acetic acid and sodium borohydride (18.8 mmol, 0.7 g) to yield 14 as a white powder
(460 mg, 23 %). 1H NMR (500 MHz, CDCl3) δ 4.95 (d, J = 4.0 Hz, 1H), 4.86 (dd, J = 10.8,
2.0 Hz, 1H), 4.47 (d, J = 7.3 Hz, 1H), 4.08 – 3.98 (m, 2H), 4.00 (dd, J = 7.2, 1.6 Hz, 1H),
3.82 (d, J = 6.4 Hz, 1H), 3.69 – 3.58 (m, 1H), 3.51 (dd, J = 9.8, 5.4 Hz, 2H), 3.35 (s, 3H),
3.32 (s, 3H), 3.18 (dd, J = 10.3, 7.3 Hz, 2H), 3.07 – 2.98 (m, 2H), 2.86 (dt, J = 14.8, 7.5 Hz,
1H), 2.76 (dd, J = 13.1, 6.5 Hz, 1H), 2.45 – 2.38 (m, 1H), 2.34 (d, J = 15.1 Hz, 1H), 2.27 (s,
6H), 2.22 (d, J = 10.7 Hz, 1H), 2.11 (t, J = 10.5 Hz, 1H), 1.92 – 1.82 (m, 3H), 1.70 – 1.61
(m, 3H), 1.58 (dd, J = 9.0, 5.6 Hz, 1H), 1.50 (ddd, J = 14.2, 10.9, 7.2 Hz, 1H), 1.38 – 1.34
(m, 3H), 1.33 – 1.28 (m, 1H), 1.30 (d, J = 6.2 Hz, 3H), 1.25 (s, 3H), 1.24 – 1.19 (m, 9H),
1.12 (t, J = 8.5 Hz, 1H), 1.07 (s, 3H), 1.06 (d, J = 7.6 Hz, 2H), 1.04 – 1.01 (m, 1H), 0.99 (d,
J = 7.0 Hz, 2H), 0.88 (t, J = 7.3 Hz, 3H). 13C NMR (500 MHz, CDCl3) δ 177.62, 102.61,
96.05, 79.91, 79.16, 77.99, 73.77, 72.96, 72.74, 71.04, 68.85, 66.14, 65.71, 58.21, 57.23,
51.82, 49.55, 45.30, 40.46, 35.08, 29.83, 28.70, 28.05, 22.01, 21.65, 21.60, 20.90, 20.40,
18.75, 16.27, 16.03, 12.85, 11.06, 9.35. ESI mass spectrum; Calcd (MH+) 749.5; found
749.5.

C6-alloxyl 9-deoxo-9a-aza-9a-homoerythromycin A, 21
Erythromycin A 9-oxime, 1a (6.7 mmol, 5 g), pyridine hydrochloride (10 mmol, 1.2 g), and
cyclohexane, diethyl ketal (16.7 mmol, 2.9 g) in acetonitrile were stirred for 16 h under N2
to yield erythromycin A 9-(O-ethoxy-cyclohexyl) oxime. The oxime (6.2 mmol, 5.4 g),
pyridine hydrochloride (9.3 mmol, 1.1 g), and hexamethyl disilazane (25 mmol, 5.2 g) in
acetonitrile were stirred for 2 h to yield 2′, 4″-O-bis(TMS) erythromycin A-9-(1-(1-
ethoxy)cyclohexyl) oxime (5.8 g, 92%). The protected oxime (2 mmol, 2 g), allyl tert-butyl
carbonate (2.4 mmol, 0.4 g), Pd2(dba)3 (29.6 μmol, 37 mg) and dppb (39.2 μmol, 17 mg) in
THF was refluxed for 3 h under N2. After reflux, the protection groups were removed by
acetic acid (5.6 mL) in acetonitrile (20 mL) and H2O (4 mL) to yield C6-alloxyl
erythromycin A 9-oxime (1.2 g, 80%). C6-alloxyl erythromycin A 9-oxime (1.14 mmol, 900
mg), toluene ρ-sulphonyl chloride (1.71 mmol, 326 mg), and pyridine (2.28 mmol, 180 mg)
in THF were stirred for 21 h at 45 °C to yield imino ether product (590 mg, 67 %). C6-
alloxyl erythromycin A 9, 11-imino ether (713 μmol, 550 mg) in MeOH was reduced by
adding acetic acid and sodium cyanoborohydride (3.6 mmol, 223 mg) to yield 21 as a white
powder (240 mg, 44 %). 1H NMR (500 MHz, CDCl3) δ 6.03 (ddd, J = 22.6, 10.6, 5.4 Hz,
1H), 5.25 (dd, J = 17.3, 1.8 Hz, 1H), 5.10 (dd, J = 10.5, 1.7 Hz, 1H), 5.04 (dd, J = 11.0, 2.1
Hz, 1H), 4.86 (d, J = 4.5 Hz, 1H), 4.32 (d, J = 7.2 Hz, 1H), 4.15 (dd, J = 9.4, 1.7 Hz, 1H),
4.05 – 3.95 (m, 2H), 3.90 (dd, J = 12.2, 5.4 Hz, 2H), 3.72 (d, J = 8.3 Hz, 1H), 3.47 (ddd, J =
10.9, 6.2, 1.9 Hz, 1H), 3.40 (d, J = 2.6 Hz, 1H), 3.35 – 3.27 (m, 3H), 3.16 (dt, J = 11.8, 5.8
Hz, 2H), 3.00 (t, J = 9.7 Hz, 1H), 2.90 (s, 1H), 2.86 – 2.81 (m, 2H), 2.44 (ddd, J = 12.4,
10.3, 3.8 Hz, 1H), 2.35 (d, J = 15.0 Hz, 1H), 2.32 – 2.23 (m, 2H), 2.27 (s, 6H), 2.21 – 2.17
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(m, 1H), 2.09 – 1.98 (m, 3H), 1.92 (dtd, J = 12.7, 7.4, 5.2 Hz, 2H), 1.67 – 1.63 (m, 1H), 1.59
– 1.52 (m, 2H), 1.52 – 1.45 (m, 2H), 1.39 (s, 3H), 1.29 (d, J = 6.2 Hz, 3H), 1.26 – 1.21 (m,
12H), 1.15 (d, J = 7.4 Hz, 3H), 1.09 (s, 3H), 1.03 (d, J = 6.4 Hz, 3H), 0.87 – 0.83 (m,
6H). 13C NMR (500 MHz, CDCl3) δ 174.74, 136.79, 115.08, 103.96, 103.34, 97.91, 92.09,
83.17, 82.65, 81.03, 78.27, 77.64, 73.60, 72.68, 71.25, 69.03, 67.93, 65.77, 65.70, 63.32,
51.23, 49.79, 49.54, 45.85, 40.83, 40.48, 39.58, 35.88, 29.84, 28.75, 26.78, 25.32, 21.65,
21.51, 21.25, 19.79, 18.61, 17.27, 16.27, 15.25, 10.86, 9.74. ESI mass spectrum; Calcd
(MH+) 775.5; found 775.7.

Minimum Inhibitory Concentration (MIC) analysis of Bacillus subtilis
LB medium was used to grow B. subtilis cultures. A standard two-fold serial dilution
method in a 96-well plate was used to determine the MIC of each antibiotic compound
against B. subtilis. B. subtilis cultures were incubated in presence of antibiotics at 30 °C for
16h ~ 18h, and the optical density was monitored at 490 nm.

Toxoplasma gondii replication assay
Tachyzoites of T. gondii strains RHΔhxgprt YFP, GFP or clinR-4 were harvested from
cultured human foreskin fibroblast (HFF) monolayers grown in 25 cm2 T-flasks, and
inoculated onto confluent HFF cells in multi-well culture plates (6-well, 2×105 tachyzoites/
9.6 cm2 well; 12-well, 2×104 parasite tachyzoites/3.8 cm2 well; and 96-well, 8×103 parasite
tachyzoites/0.32 cm2 well). For the “0h” protocol, the test compound was added to the
appropriate wells simultaneously with parasites, and the cultures were incubated for 48h
before analysis or use in the 2nd infection cycle. In the “6h” protocol, parasites were pre-
incubated with HFF cells for 6h. Thereafter, the supernatant containing uninfected parasites
was replaced with fresh medium containing the appropriate antibiotic dose, and cultures
were incubated for 42h before analysis or use in the 2nd infection cycle. In experiments
involving a 2nd infection cycle, purified extracellular tachyzoites harvested at the end of the
1st cycle were inoculated into fresh cultures without antibiotic compounds. Infected cultures
were incubated at 37 °C, 5% CO2 in DMEM (Dulbecco’s modified eagle medium) buffer
supplemented with 1% PS (penicillin-streptomycin) and 10 % fetal bovine serum. In all
experiments, the reported data are from experiments performed at least in triplicate.

Monitoring parasite growth by fluorescence
Tachyzoites from the RHΔhxgprt of T. gondii with the YFP gene were inoculated and
cultured in 96-well plates in the same manner as above. However, parasite growth was
monitored in a SpectraMax Gemini EM fluorescent plate reader (Sunnyvale, CA). Both
excitation (510 nm) and emission (540 nm) were read from the bottom.

Cytotoxicity assay
HFF cell cytotoxicity was determined by a standard MTS (3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxylmethoxylphenyl)-2H-tetrazolium) assay (CellTiter 96 Aqueous One Solution
Assay; Promega). Low passage HFF cells (2 × 103 cells/well) were seeded into the 96-well
culture plates, and incubated for 24h at 37 °C. Then, the HFF cells were exposed to the
varying concentrations of macrolides for 2 days. After incubation, the macrolide treated
medium was aspirated, and 100 μL DMEM was added followed by 20 μL MTS. The plates
were incubated for 4h at 37 °C, and the optical density was measured at 490nm. CC50 was
calculated as dose of each macrolide that reduced cell viability by 50%.

Parasite cell division assay
HFF cells were placed on glass cover-slips in 12-well plates, and tachyzoites of the
RHΔhxgprt of T. gondii harboring a GFP gene were inoculated and cultured as above. The
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cover-slips were mounted onto glass microscope slides, and the number of parasites in
individual parasitophorous vacuole was counted by fluorescence microscopy (Olympus
BX60 microscope, 100×, N.A. 1.4/0.9 objective).

RT-PCR assay
Tachyzoites of the T. gondii strain RHΔhxgprt GFP and clinR-4 were cultured in 6-well
plates as above, and then collected by centrifugation at 2,000 rpm for 10 min. The total
DNA was extracted using the DNeasy kit (Qiagen, Hilden, Germany), and stored at -20 °C
until use. PCR primers 5′-CCAATATGTAACATTTTAGTTCCAGTATCA-3′ (forward)
and 5′-GGTCAGTAATAACTTGGAAATATCCTTCTAC-3′ (reverse) yielded a 130-bp
nucleotide product from the apicoplast genome (ycf24), and primers 5′-
AACAACTGCGGAGCCTAAGG-3′ (forward) and 5′-
TGCACTCGAAGACACCTGATG-3′ (reverse) yielded an 89-bp fragment of the nuclear
uracil phosphoribosyl transferase gene (UPRT). RT-PCR was performed using the 7900HT
Fast Real-Time PCR System (Applied Biosystems) with the following amplification
conditions: 1 cycle at 94 °C for 20 s, 40 cycles of 94 °C for 3 s, and 60 °C for 30 s.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) Structures of erythromycin, clarithromycin and azithromycin; (B) Synthesis of
erythromycin A oxime ethers (4 – 7) and 15-membered azithromycin analogues (8 – 31). (a)
50% NH2OH (aq.), AcOH in iso-propanol; (b) i - toluene-ρ-sulphonyl chloride in MeOH, ii
– NaBH4 in MeOH; (c) corresponding aldehyde, AcOH, NaBH3CN in DMF; (d) i -
pyridine·HCl, cyclohexane diethyl ketal in CH3CN, ii – pyridine·HCl, hexamethyldisilazane
in CH3CN, iii – allyl tert-butyl carbonate, Pd2(dba)3, dppb in THF, iv – AcOH in CH3CN
and H2O; (e) corresponding alkyl halides, 1M potassium tert-butoxide in THF;

Lee et al. Page 17

J Med Chem. Author manuscript; available in PMC 2012 April 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Effect of azithromycin (3) and 11 on cell division of T. gondii. The number of GFP parasites
per parasitophorous vacuoles was scored at 12-h intervals, assuming that each vacuole starts
with a single T. gondii cell. Each data point is an average of three independent experiments.
Average parasite counts were obtained by counting at least 50 randomly selected vacuoles in
each well. Only the data for cultures exposed to antibiotics at 0 h is shown; the data for
cultures in which drug was added at 6 h was similar, and is therefore not shown.
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Figure 3.
Effect of macrolides on T. gondii infectivity. The number of vacuoles per microscope field
was scored 24 h into the 1st infection cycle. At least 20 randomly selected microscope fields
from each of three experiments were scored to obtain each data point. For the treatment of
compound 11 and 28 – 31 at 0 h procedure, differences between 1 and 10 μM were highly
significant (* p<0.001).
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Figure 4. Homology models of the macrolide binding region of D. radiodurans (A), T. gondii (B),
and B. subtilis (C) ribosomes, each with two copies of compound 11 (designated 11-1 and 11-2)
Because two azithromycin molecules are bound to the co-crystal structure of the D.
radiodurans ribosome, two molecules of 11 (11-1 and 11-2) were used in the generation of
our homology models. Structures 11-1 and 11-2 are light blue and dark blue, respectively.
RNA fragments are shown as orange tubes or gray surfaces, and L4 and L22 proteins are in
green and yellow, respectively. Pymol1.0 was used to generate the figures. For details, see
text.

Lee et al. Page 20

J Med Chem. Author manuscript; available in PMC 2012 April 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Lee et al. Page 21

Ta
bl

e 
1

A
nt

ip
ar

as
iti

c,
 a

nt
ib

ac
te

ria
l a

nd
 c

yt
ot

ox
ic

 a
ct

iv
iti

es
 o

f s
em

is
yn

th
et

ic
 e

ry
th

ro
m

yc
in

 a
na

lo
gu

es
.

Cm
pd

. #
IC

50
 (μ

M
) T

. g
on

di
i

M
IC

 (μ
M

) B
. s

ub
til

is
C

C
50

 (μ
M

)

1
E

ry
th

ro
m

yc
in

93
 ±

 1
0

0.
04

47
5

2
C

la
ri

th
ro

m
yc

in
31

 ±
 5

0.
04

26
0

3
A

zi
th

ro
m

yc
in

20
 ±

 2
0.

15
17

4

R
1

4
14

 ±
 2

0.
04

22

5
1.

6 
± 

0.
2

0.
04

7

6
2.

7 
± 

1
0.

04
16

7
1.

4 
± 

0.
1

0.
04

3

R
2

8
65

 ±
 7

1.
2

38
6

9
16

 ±
 3

0.
6

13
9

J Med Chem. Author manuscript; available in PMC 2012 April 28.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Lee et al. Page 22

Cm
pd

. #
IC

50
 (μ

M
) T

. g
on

di
i

M
IC

 (μ
M

) B
. s

ub
til

is
C

C
50

 (μ
M

)

10
13

 ±
 2

0.
3

10
3

11
2 

± 
0.

2
0.

3
32

12
85

 ±
 3

10
48

0

13
12

 ±
 0

.3
1.

2
22

2

R
3

14
10

6 
± 

11
2.

5
46

0

15
89

 ±
 7

5
45

4

16
20

 ±
 2

1.
2

10
6

17
13

 ±
 1

0.
8

84

18
2 

± 
0.

1
0.

3
13

19
59

 ±
 4

10
40

9

J Med Chem. Author manuscript; available in PMC 2012 April 28.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Lee et al. Page 23

Cm
pd

. #
IC

50
 (μ

M
) T

. g
on

di
i

M
IC

 (μ
M

) B
. s

ub
til

is
C

C
50

 (μ
M

)

20
16

 ±
 0

.4
1.

5
62

R
4

21
40

 ±
 1

2.
5

74

22
25

 ±
 0

.7
10

96

23
15

 ±
 0

.6
10

42

24
12

 ±
 0

.4
5

38

J Med Chem. Author manuscript; available in PMC 2012 April 28.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Lee et al. Page 24

Cm
pd

. #
IC

50
 (μ

M
) T

. g
on

di
i

M
IC

 (μ
M

) B
. s

ub
til

is
C

C
50

 (μ
M

)

25
5 

± 
0.

3
6

14

26
33

 ±
 2

5
90

27
6 

± 
0.

4
1.

5
28

To
 q

ua
nt

ify
 th

e 
an

tip
ar

as
iti

c 
ac

tiv
ity

 o
f e

ac
h 

co
m

po
un

d,
 c

ul
tu

re
s o

f h
um

an
 fo

re
sk

in
 fi

br
ob

la
st

 (H
FF

) c
el

ls
 g

ro
w

n 
in

 9
6-

w
el

l p
la

te
s w

er
e 

in
fe

ct
ed

 w
ith

 T
. g

on
di

i c
el

ls
 2

F-
1 

Y
FP

2 
(T

. g
on

di
i Y

FP
) 3

6

ex
pr

es
si

ng
 th

e 
ye

llo
w

 fl
uo

re
sc

en
t p

ro
te

in
 u

nd
er

 c
on

tro
l o

f a
 c

on
st

itu
tiv

e 
pr

om
ot

er
. E

ac
h 

co
m

po
un

d 
w

as
 ti

tra
te

d 
in

to
 in

fe
ct

ed
 c

ul
tu

re
s a

t v
ar

yi
ng

 d
ilu

tio
ns

. I
nf

ec
te

d 
cu

ltu
re

s w
er

e 
in

cu
ba

te
d 

fo
r 4

 d
ay

s (
2

in
fe

ct
io

n 
cy

cl
es

) i
n 

th
e 

co
nt

in
uo

us
 p

re
se

nc
e 

of
 c

om
po

un
ds

. A
nt

ib
ac

te
ria

l a
ct

iv
ity

 w
as

 m
ea

su
re

d 
as

 th
e 

m
in

im
um

 in
hi

bi
to

ry
 c

on
ce

nt
ra

tio
n 

(M
IC

) a
ga

in
st

 th
e 

re
pr

es
en

ta
tiv

e 
G

ra
m

-p
os

iti
ve

 b
ac

te
riu

m
 B

.
su

bt
ili

s. 
Tw

o-
fo

ld
 in

cr
em

en
ta

l d
ilu

tio
ns

 o
f e

ac
h 

co
m

po
un

d 
w

er
e 

ad
de

d 
to

 fr
es

hl
y 

in
oc

ul
at

ed
 c

ul
tu

re
s o

f B
. s

ub
til

is
. T

he
 lo

w
es

t c
on

ce
nt

ra
tio

n 
at

 w
hi

ch
 n

o 
gr

ow
th

 w
as

 o
bs

er
ve

d 
w

as
 re

co
rd

ed
 a

s t
he

 M
IC

va
lu

e.
 C

yt
ot

ox
ic

ity
 w

as
 d

et
er

m
in

ed
 in

 p
ar

al
le

l w
ith

 a
nt

ib
ac

te
ria

l a
nd

 a
nt

ip
ar

as
iti

c 
ac

tiv
ity

 w
ith

 M
TS

 (3
-(

4,
5-

di
m

et
hy

lth
ia

zo
l-2

-y
l)-

5-
(3

-c
ar

bo
xy

lm
et

ho
xy

lp
he

ny
l)-

2H
-te

tra
zo

liu
m

) a
ss

ay
. L

ow
 p

as
sa

ge
 H

FF

ce
lls

 (2
 ×

 1
03

 c
el

ls
/w

el
l) 

w
er

e 
se

ed
ed

 in
to

 th
e 

96
-w

el
l c

ul
tu

re
 p

la
te

s, 
an

d 
in

cu
ba

te
d 

fo
r 2

4h
 a

t 3
7 

°C
. T

he
n,

 th
e 

H
FF

 c
el

ls
 w

er
e 

ex
po

se
d 

to
 th

e 
va

rio
us

 c
on

ce
nt

ra
tio

ns
 o

f m
ac

ro
lid

es
 fo

r 2
 d

ay
s. 

A
fte

r
in

cu
ba

tio
n,

 th
e 

m
ac

ro
lid

e 
tre

at
ed

 m
ed

iu
m

 w
as

 a
sp

ira
te

d,
 a

nd
 fr

es
h 

m
ed

iu
m

 a
nd

 M
TS

 w
er

e 
ad

de
d 

in
 o

rd
er

. T
he

 p
la

te
s w

er
e 

in
cu

ba
te

d 
fo

r 4
h 

at
 3

7 
°C

, a
nd

 th
e 

op
tim

al
 d

en
si

ty
 w

as
 m

ea
su

re
d 

at
 4

90
nm

. C
C 5

0
w

as
 d

et
er

m
in

ed
 b

y 
cy

to
to

xi
c 

do
se

 o
f m

ac
ro

lid
es

 re
du

ci
ng

 c
el

l v
ia

bi
lit

y 
by

 5
0%

.

J Med Chem. Author manuscript; available in PMC 2012 April 28.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Lee et al. Page 25

Ta
bl

e 
2

A
nt

ip
ar

as
iti

c,
 a

nt
ib

ac
te

ria
l a

nd
 c

yt
ot

ox
ic

 a
ct

iv
iti

es
 o

f s
el

ec
te

d 
az

al
id

es
.

IC
50

 (μ
M

)

M
IC

a  
(μ

M
)

C
C

50
b  

(μ
M

)
0h

6h

1st  
cy

cl
e

2nd
 c

yc
le

1st  
cy

cl
e

2nd
 c

yc
le

3
29

 ±
 2

0.
6 

± 
0.

07
44

 ±
 5

0.
6 

± 
0.

03
0.

15
17

4

11
5 

± 
1

0.
5 

± 
0.

10
9 

± 
1

0.
5 

± 
0.

05
0.

3
32

18
7 

± 
0.

3
5 

± 
0.

2
10

 ±
 1

4 
± 

0.
5

0.
3

13

25
7 

± 
1

10
 ±

 1
> 

10
> 

10
6.

0
14

28
5 

± 
1

0.
6 

± 
0.

04
9 

± 
1

0.
7 

± 
0.

05
0.

3
38

29
6 

± 
1

0.
5 

± 
0.

07
9 

± 
1

0.
7 

± 
0.

01
0.

3
31

30
4 

± 
1

0.
6 

± 
0.

06
8 

± 
1

0.
6 

± 
0.

01
0.

6
33

31
7 

± 
1

0.
6 

± 
0.

10
12

 ±
 2

0.
6 

± 
0.

07
0.

3
36

“0
 h

” 
da

ta
 re

fe
rs

 to
 re

su
lts

 fr
om

 e
xp

er
im

en
ts

 in
 w

hi
ch

 m
ac

ro
lid

e 
an

d 
pa

ra
si

te
 w

er
e 

si
m

ul
ta

ne
ou

sl
y 

ad
de

d 
to

 fi
br

ob
la

st
 c

ul
tu

re
s, 

w
he

re
as

 “
6 

h”
 d

at
a 

w
as

 o
bt

ai
ne

d 
fr

om
 e

xp
er

im
en

ts
 in

 w
hi

ch
 p

ar
as

ite
s w

er
e

fir
st

 a
llo

w
ed

 to
 in

fe
ct

 b
ef

or
e 

ad
di

tio
n 

of
 th

e 
m

ac
ro

lid
e.

a M
IC

: m
in

im
um

 in
hi

bi
to

ry
 c

on
ce

nt
ra

tio
n 

ag
ai

ns
t B

. s
ub

til
is

.

b C
C

50
: c

yt
ot

ox
ic

 c
on

ce
nt

ra
tio

n 
at

 w
hi

ch
 h

um
an

 fo
re

sk
in

 fi
br

ob
la

st
 v

ia
bi

lit
y 

dr
op

s b
y 

50
%

J Med Chem. Author manuscript; available in PMC 2012 April 28.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Lee et al. Page 26

Ta
bl

e 
3

C
op

y 
nu

m
be

r r
at

io
s o

f a
pi

co
pl

as
t/n

uc
le

ar
 g

en
om

e 
in

 re
sp

on
se

 to
 a

nt
ib

io
tic

 tr
ea

tm
en

t.

1st
 c

yc
le

 (4
8 

h)
2nd

 c
yc

le
 (4

8 
h)

T.
 g

on
di

i R
H
Δ

T.
 g

on
di

i C
lin

R
-4

T.
 g

on
di

i R
H
Δ

T.
 g

on
di

i C
lin

R
-4

C
on

tro
l

-
20

 ±
 3

26
 ±

 4
21

 ±
 3

21
 ±

 5

3

10
 μ

M
10

 ±
 2

10
 ±

 3
3 

± 
1

4 
± 

1

1 
μM

7 
± 

1
8 

± 
3

3 
± 

1
3 

± 
1

0.
1 
μM

7 
± 

4
18

 ±
 2

15
 ±

 5
13

 ±
 4

11

10
 μ

M
13

 ±
 3

11
 ±

 2
6 

± 
2

5 
± 

1

1 
μM

7 
± 

2
8 

± 
1

5 
± 

1
3 

± 
0.

3

0.
1 
μM

13
 ±

 5
23

 ±
 2

17
 ±

 7
15

 ±
 4

C
lin

da
m

yc
in

1 
μM

6 
± 

1[
a]

12
 ±

 2
[a

]
3 

± 
1[

b]
9 

± 
1[

b]

Sp
ira

m
yc

in
5 
μM

8 
± 

3
8 

± 
1

5 
± 

0.
4

3 
± 

0.
2

Py
rim

et
ha

m
in

e
1 
μM

29
 ±

 8
27

 ±
 2

22
 ±

 2
23

 ±
 4

C
on

tro
l, 

az
ith

ro
m

yc
in

 (3
), 

co
m

po
un

d 
11

, a
nd

 re
fe

re
nc

e 
co

m
po

un
ds

 (c
lin

da
m

yc
in

, s
pi

ra
m

yc
in

 a
nd

 p
yr

im
et

ha
m

in
e)

 w
er

e 
ev

al
ua

te
d 

vi
a 

re
al

-ti
m

e 
qu

an
tit

at
iv

e 
PC

R
 a

ss
ay

 (R
T-

PC
R

). 
Th

e 
co

py
 n

um
be

rs
 w

er
e

de
te

rm
in

ed
 b

as
ed

 o
n 

ra
tio

 o
f t

w
o 

ge
ne

s s
yn

th
es

iz
ed

 fr
om

 p
rim

er
 se

ts
 o

f a
 p

la
st

id
 g

en
e 

(y
cf

24
, G

en
ba

nk
 a

cc
es

si
on

 U
87

14
5)

 a
nd

 a
 n

uc
le

ar
 g

en
e 

(U
PR

T,
 U

10
24

6)
. T

. g
on

di
i R

H
Δh

xg
pr

t a
nd

 T
. g

on
di

i

C
lin

R
-4

 4
4  

w
er

e 
al

lo
w

ed
 to

 in
fe

ct
 a

 m
on

ol
ay

er
 o

f H
FF

 c
el

ls
. A

fte
r 6

h,
 th

e 
m

ed
iu

m
 w

as
 c

ha
ng

ed
, a

nd
 th

e 
pa

ra
si

te
s w

er
e 

in
cu

ba
te

d 
fo

r 4
2 

h 
in

 th
e 

pr
es

en
ce

 o
f d

iff
er

en
t c

on
ce

nt
ra

tio
ns

 o
f c

om
po

un
ds

. A
t 4

8 
h

po
st

-in
fe

ct
io

n,
 p

ar
as

ite
s (

T.
 g

on
di

i R
H
Δh

xg
pr

t a
nd

 T
. g

on
di

i C
lin

R
-4

 4
4 )

 w
er

e 
is

ol
at

ed
 a

nd
 re

in
oc

ul
at

ed
 in

to
 th

e 
fr

es
h 

H
FF

 m
on

ol
ay

er
, a

nd
 in

cu
ba

te
d 

fo
r 4

8 
h 

in
 th

e 
ab

se
nc

e 
of

 c
om

po
un

ds
.

[a
], 

[b
] St

at
is

tic
al

 a
na

ly
si

s (
by

 th
e 

t t
es

t) 
in

di
ca

te
s t

ha
t t

he
 g

en
om

e 
ra

tio
s i

n 
cl

in
da

m
yc

in
-tr

ea
te

d 
T.

 g
on

di
i R

H
Δh

w
gp

rt
 a

re
 d

is
tin

ct
 fr

om
 th

os
e 

of
 c

lin
da

m
yc

in
-tr

ea
te

d 
T.

 g
on

di
i C

lin
R

-4
 in

 b
ot

h 
cy

cl
e 

(p
 <

0.
00

1)
.

J Med Chem. Author manuscript; available in PMC 2012 April 28.


