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Pleuromutilin antimicrobials have given rise to the most recently FDA approved class of antibiotics for systemic
human use. In this work, we describe a synthesis, assay, modeling approach to pleuromutilin development for the
highly complex bacterial ribosome. Libraries of substituted 1,2,3-triazole derivatives were synthesized at the
pleuromutilin C20 position by applying a recent anti-Markovnikov hydroazidation protocol to directly install an
azido group, and at the C22 position through established methods. To learn about the interactions of these libraries with the ribosome and assess the potential for subsequent derivatization, an unbiased computational
modeling method was used to biochemically rationalize binding modes of the C20 and C22 pleuromutilin derivatives. A pattern emerged where the triazole and its pendant chain, be it off the C20 or C22 position, moved to
occupy the space vacated by the C22 sulﬁde group of clinical pleuromutilin compounds. Subsequent activity
testing and comparative ranking of the computationally docked derivatives to the in vitro activity results showed a
high predictability rating for the C22 substituted compounds. These combined investigations reveal potential
restrictions and sites for expansion, paving the way for the development of future pleuromutilin derivates and
other ribosome targeting antibiotics.

1. Introduction
Antimicrobial resistance (AMR) is a global health crisis, directly
responsible for killing 1.27 million people in 2019 [1], with the number
of people succumbing to antibiotic-resistant pathogens projected to increase to 10 million yearly by 2050 [2]. The number of antibiotics
approved by the Food & Drug Administration (FDA) has declined in
recent decades [3], making effective new treatments more urgently
needed. Natural products are an incredibly rich source of pharmaceuticals, especially antibiotics [4], and a strong focus on cultivating those
that exhibit low rates of resistance is particularly relevant for the
development of effective antimicrobials that help suppress AMR.
Pleuromutilin (2, Fig. 1), a tricyclic diterpenoid antibiotic, was ﬁrst
isolated from Pleurotus mutilus (now Clitopilus scyphoides) in 1951 [5].
Comprised of a mutilin core (1) with a glycolic ester side chain at the C14

position, pleuromutilin was shown to have activity against Gram-positive
bacteria and mycoplasmas [6]. Mutilin drugs exert their effect by interfering with peptide bond formation in the peptidyl transfer center (PTC).
The mutilin core binds in a hydrophobic pocket in the A-site of the 50S
subunit of the ribosome [7] while the C14 sidechain interacts with nucleotides from the P-site [7,8]. Early investigations showed that a wide
range of functionality could be installed on the ester side chain [6]. Thus,
semi-synthetic derivatization of pleuromutilin focused mainly on modiﬁcation of the C22 position of the glycolic ester [9,10].
Despite initial concerns about potentially unfavorable ADMET (absorption, distribution, metabolism, excretion, and toxicity) properties,
empirical results demonstrated that the mutilin class could be optimized
to avoid these issues [11,12]. The ﬁrst approved drug was the veterinary
compound tiamulin (3) [13] with subsequent approvals including the
veterinary drug valnemulin (6) [14] and the topical agent retapamulin
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Fig. 1. Pleuromutilin and its commercial derivatives.

(5) [15]. Recent work by Nabriva Therapeutics generated lefamulin (4),
which was approved by the FDA for systemic use in humans in 2019 [16].
The mutilins are an attractive class for further improvement because of
slow resistance development due to their unique binding site within the
PTC, slow rates of spontaneous mutation [2,17–19], and a lack of shared
resistance mechanisms from other antibiotic classes [18].
Building on the success of ﬁrst-generation pleuromutilin derivatives
(Fig. 1), several groups are undertaking a variety of improvement strategies focused on taking advantage of pi-stacking–type interactions with
the ribosomal RNA nucleotides. One variation of this approach is the use
of click-conjugates, especially triazoles via copper-catalyzed alkyne-azide
cycloadditions (CuAAC), which is attractive because of its ease and the
increased acceptance of 1,2,3-triazole–containing leads in medicinal
chemistry [20–22]. Initial investigations in this area by Nielsen and coworkers [23–26] produced compounds that rivaled the activity of tiamulin (3) with additional, conformationally restricted analogs (such as 7,
Fig. 2) surpassing it [24,26]. Other groups have likewise derivatized
various spacers, such as 2-aminothiophenol (8) [27] or piperazine (9)
[28], with CuAAC chemistry to generate novel triazole derivatives. Not
only were these compounds more effective than tiamulin at reducing
bacterial load and increasing survival in murine MRSA models, but they
also showed only moderate inhibition of CYP3A4 [29], a metabolic
enzyme responsible for the breakdown of common drugs.
In contrast to C22 substitutions, derivatization of the C19–C20 vinyl
group is just starting to be explored. Nabriva Therapeutics has functionalized the vinyl group through hydroboration-oxidation (not shown)
or ozonolysis followed by reductive amination resulting in diamines
(such as 10, Fig. 3), including C12 epimers (11) [30]. Other work by
Xianfeng and coworkers using C22-benzoxaboroles (inset) demonstrated
that a pendant phenyl group (12), alkyl amines (13), and 5-membered
heterocycles (14 and 15) were well tolerated in place of the vinyl
group, increasing activity over the parent by an order of magnitude [31].
Computational docking methods that can be applied to aid in the
development of pleuromutilin derivatives, and for ribosome-targeting
antibiotics generally, are lacking. The difﬁculty is in assessing the
extraordinarily large ribosome (2.5 MDa) while also maintaining a sufﬁciently sensitive approach that enables analysis of the interaction of
antibiotic ligands with the underlying nucleotide and protein structure of
the ribosome. Beyond assisting in the speciﬁc development of new
pleuromutilin or other antibiotic derivatives, the application of

Fig. 2. Triazole containing pleuromutilin derivatives.

Fig. 3. C20 modiﬁcations of pleuromutilin.

computational methods could also eventually be used to answer questions about the activity (or lack thereof) of previously reported
compounds.
Thus, the opportunity to apply computational methodologies to the
ribosome coupled with these synthetic ﬁndings spurred us to explore
triazole derivatives of the glycolic ester and of the vinyl group. Established substitution conditions for the C22 alcohol would enable facile
installation of an azide and subsequent CuAAC chemistry would enable
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access to a variety of ﬂexible functionality capable of being further
elaborated beyond the rotationally restricted aromatic and saturated
rings that have been used previously. Activation of the C20 position,
however, would require optimization of recent methodological breakthroughs. Accordingly, we sought to incorporate azide functionality at
the C20 and C22 positions and subsequently derivatize them into a library of substituted triazoles. These compounds could then be tested for
activity and used as a training set to assess computational approaches for
analyzing ribosome-binding antibiotics.
2. Results and discussion

Fig. 5. 22-Deoxy-22-chloropleuromutilin and its X-ray crystal structure.

2.1. C22 derivative synthesis by tosylation and direct displacement

formed during tosylation. The displacement of sulfonates by chloride
during sulfonylation is known, especially with benzylic substrates
[34–36]. As 16 is an intermediate in nearly all synthetic schemes that
involve pleuromutilin modiﬁcations at C22, suppression of 29 or
designing synthetic strategies that take advantage of its co-generation is
an important consideration in the semisynthesis of pleuromutilin
derivatives.

In the ﬁrst set of derivatives, the C22-triazoles (Fig. 4) were synthesized via the well-known intermediate 22-O-tosylpleuromutilin (16)
[31]. This electrophile underwent conversion to the α-azidoester (17) via
SN2 displacement with sodium azide as previously described [23]. The
triazoles (18–28) were produced using Sharpless's technique [32] with
heating of 17 and the appropriate alkyne to approximately 70  C. Most
compounds were obtained in high yields but increased steric bulk near
the alkyne reduced transformation efﬁcacy (24–26).
During our preparation of 22-O-tosylpleuromutilin (16), we isolated
and identiﬁed 22-deoxy-22-chloro-pleuromutilin (29, Fig. 5), a material
that has been intentionally generated [33], but never to our knowledge
reported as a byproduct of the tosylation reaction. In a procedure using
4-dimethylaminopyridine as a catalyst, we observed that the mother liquor from the recrystallization of 16 showed a non-trivial amount of
mutilin-containing material. Chromatographic separation and characterization, including X-ray crystallography, conﬁrmed this material to be
29, which we isolated in a 20% yield. This material must arise from the
nucleophilic displacement of the tosylate in 16 by the chloride anion

2.2. C20 derivative synthesis using a modiﬁed anti-Markovnikov
hydroazidation protocol
Toward installation of a C20 azido component, we sought to modify
the vinyl group into an azide directly instead of using a multi-step protocol. Previous studies describing the stoichiometric [37] or catalytic
[38] hydroazidation of vinyl compounds suggested that this approach
was achievable on pleuromutilin (2, Fig. 6). The resulting novel intermediate (30) could then be decorated with diverse functionality through
CuAAC chemistry.
Our initial trials focused on the catalytic hydroazidation of 2 using 2iodosobenzoic acid (IBA), TMSN3, triﬂuoroacetic acid (TFA), and water
[38]. This approach created small amounts of 30, but the acid and water

Fig. 4. Synthesis of C22 triazoles.

Fig. 6. Synthesis of C20 triazoles.
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present in the reaction mixture also hydrolyzed 2 to 1. Removal of the
acid from the reaction mixture eliminated hydrolysis, but yields were low
and silylation of the primary and secondary alcohols was observed.
Intentional silylation prior to hydroazidation signiﬁcantly reduced the
yield of 30, likely due to steric hindrance around the vinyl group. Further
complicating a catalytic approach, the active catalyst species degraded
over time, restricting conversion.
After experimenting with ratios of reagents, we determined that
appreciable conversion of 2 to 30 could be achieved using a superstoichiometric amount of IBA and TMSN3 along with omission of the
acid co-catalyst and inclusion of excess water. This combination afforded
the highest yield of 30 without the production of silylated byproducts.
Even under these optimized conditions, full conversion of the starting
material was not observed without degradation of the catalyst. While the
overall yield of 30 was modest (32%), this one-step protocol avoided a
longer sequence of protection, hydroboration, activation, displacement,
and deprotection.
Concerningly, the polarity of the desired hydroazide (30) prevented
its separation from pleuromutilin (2) under standard chromatographic
conditions (normal phase, SiO2). However, the triazole achieved after
CuAAC was easily separable from 2, preserving this atom economic
approach. Thus, a library of C20-triazoles were synthesized by reacting
the resulting 80%/20% mixture of 30/2 with a variety of alkynes, giving
31–41 in 26–83% yield. As with the C22 derivatives, steric bulk near the
alkyne generally decreased yields.
Azides are an increasingly popular functional group due to their ease
of derivatization into triazoles [32] and the acceptance of triazoles in
drugs [39]. However, azide chemistry can be hazardous because the
presence of metals or halogenated solvents can cause an explosion and
hydrazoic acid is both potentially explosive and toxic [40]. Of these
potential dangers, the use of halogenated solvents and generation of
hydrazoic acid are concerns for the current work. During the hydroazidation reaction (which is performed behind a blast shield), hydrazoic
acid is generated transiently from TMS-azide and rapidly used up in the
catalytic cycle. Excess hydrazoic acid contributes to the breakdown of
IBA, which liberates the acid as nitrogen gas [38]. Although the reaction
is performed in dichloromethane, the neutral or acidic reaction conditions exclude the formation of azide anions needed to displace the
chlorides and generate diazidomethane. The workup basiﬁes any
remaining hydrazoic acid, converting it to sodium azide that could
potentially react with dichloromethane to form an explosive substance.
However, the generated azide anions are only brieﬂy exposed to a solution of dichloromethane during extraction. Formation of diazidomethane is slow, taking weeks at room temperature, even under
concentrated conditions [41]. Thus, the risk of generating dangerously
unstable or toxic azide species in this reaction is minimal, but care should
be taken as outlined by the cautionary statements in the experimental.

Table 1
C22 Triazole derivatives. MICs are reported in μg/mL. Broth dilution assay
performed in duplicate. NorA and TolC strains are efﬂux pump knockouts of their
respective organisms. All tested compounds were inactive against A. baumanii at
64 μg/mL.

Compound
18
19
20
21
22
23
24
25
26
27
28
2
17

R
CH2OH
(CH2)2OH
(CH2)3OH
CH2NH2
(CH2)2NH2
CH(CH3)OH
C(CH3)2OH
CH(OH)(CH2)2CH3
CH(OH)(CH2)4CH3
(CH2)5CH3
CH2OCH2C6H5
–
–

S. aureus
MRSA
8
8
8
16
16
32
16
64
16
8
8
4
2

S. aureus
NorA
8
8
8
8
8
8
32
8
16
4
8
4
1

VRE
32
16
16
64
32
32
64
64
64
64
32
16
8

E. coli
TolC
32
16
64
16
16
16
32
64
32
>64
32
4
4

Table 2
C20 Triazole derivatives. MICs are reported in μg/mL. Broth dilution assay
performed in duplicate. All tested compounds were inactive against A. baumanii
at 64 μg/mL.

Compound
31
32
33
34
35
36
37
39
40
41
38
2
30

2.3. Derivatization location impacts antibacterial activity
The minimum inhibitory concentration (MIC) of our libraries of C22
and C20 derivatives was measured against a series of Gram-positive and
Gram-negative bacteria (Tables 1 and 2). Pleuromutilin was used as a
positive control.
2.3.1. C22 pleuromutilin derivatives
A portion of the C22-triazole derivatives (Table 1), namely the homologated alcohol series (18–20), the hexyl chain (27), and the benzyl
ether (28), showed comparable activity to pleuromutilin in Staphylococcus aureus, both methicillin-resistant S. aureus (MRSA) and S. aureus
with the NorA efﬂux pump removed (NorA) [42]. The homologated alcohols were also comparable to pleuromutilin in vancomycin-resistant
Enterococcus (VRE) growth inhibition. In addition, azido derivative 17
was comparable or slightly outperformed pleuromutilin against all species, showing broad spectrum activity corresponding to that reported by
Reidl [33]. The homologated amines (21 and 22) showed diminished

R
CH2OH
(CH2)2OH
(CH2)3OH
CH2NH2
(CH2)2NH2
CH(CH3)OH
C(CH3)2OH
CH(OH)(CH2)2CH3
CH(OH)(CH2)4CH3
(CH2)5CH3
CH2OCH2C6H5
–
–

S. aureus
MRSA
>64
>64
>64
32
>64
>64
>64
>64
>64
>64
>64
4
32

S. aureus
NorA
>64
>64
>64
64
64
>64
>64
>64
64
>64
64
4
32

VRE

E. coli
TolC

>64
>64
>64
>64
>64
>64
>64
>64
>64
>64
>64
16
>64

>64
>64
>64
64
64
>64
>64
>64
>64
16
>64
4
16

activity with all species, although their positive charge under physiological conditions likely resulted in their relative retention of activity
against Escherichia coli. The other moderate-to-weakly active compounds
against E. coli were methyl and ethyl alcohols 18 and 19, branched alcohols 23 and 24, and methyl benzyl ether 28, suggesting that a polar
atom close to the triazole makes critical contacts in the binding pocket.
However, the mixed results with alcohols with longer alkyl chains (25
versus 26) indicate the binding in this region is complicated. The activity
of the other C22-triazole compounds was moderate to weak against E. coli
TolC (the efﬂux pump knockout strain of E. coli [43]) and no compound
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had activity at 64 μg/mL against Acinetobacter baumannii, which may be
an issue of permeability in this Gram negative pathogen or differences in
its ribosome binding site [44]. However, there was no general correlation
with the chemical property data (Tables S11 and S12) suggesting that all
derivatives acted on the strains in the same basic way. While only 19 was
active against E. coli, the entire series of short, homologated alcohols
(18–20) were equally efﬁcacious against the two S. aureus species and
showed a slight increase in potency with increasing chain length against
VRE, suggesting that the C22 triazole was accommodated by the binding
site in all these species but subtler binding pocket difference beyond the
triazole changed the activity due to differences in hydrogen bonding
contacts. Despite having the same length as 18, secondary and tertiary
alcohols 23 and 24 were less active against MRSA and variable against
the NorA knockout, indicating that a combination of binding site differences and efﬂux are responsible for the change in activity. Likewise,
secondary alcohols attached to a longer alkyl chain (25 and 26) showed
variable activity. With the butyl chain (25), efﬂux may be responsible for
the differences in inhibition as activity was maintained against the NorA
knockout but lost against MRSA. With the hexyl chain (26), activity between MRSA and the NorA knockout strain were identical suggesting that
it is not prone to efﬂux. The alkyl derivative (27) showed similar potency
to pleuromutilin against S. aureus, but lost efﬁcacy against VRE and was
inactive against E. coli. As the E. coli strain is efﬂux deﬁcient, the change
in activity is likely due to subtle differences between the S. aureus and
E. coli binding sites. Lastly, the benzyl ether derivative (28) showed a
marginal reduction in activity for the Gram-positive strains compared to
pleuromutilin and matched previously reported activity against E. coli
[24].

[48] in predictive ability [49]. Accurate binding pose prediction was
considered one of the most important criteria when selecting a molecular
docking program for our exploration into prokaryotic ribosomal small
molecule inhibitors. Accurate pose prediction gives invaluable insight on
drug positioning within the ribosomal binding cavity, and therefore
insight into drug repositioning through modiﬁcation, which then can be
applied to future drug design. Thus, we worked to create a molecular
docking protocol that could reliably dock antibiotics and novel derivatives into small or large ribosomal subunits while accurately ranking
them as compared to experimental MIC values.
Although inherently limited by their focus on the binding target
(other important factors such as cellular penetration and efﬂux of drugs
cannot be taken into account by docking), previous studies established
that clipping the ribosomal binding cavity to a subset of relevant binding
nucleotides and residues minimizes the effects of structural inaccuracies
[50]. Within the 2.5 MDa ribosome complex, ribonucleoprotein elements
within 3.5 Å of the co-crystalized ligand have the strongest interatomic
contacts and are responsible for most direct binding interactions. Thus,
all ribonucleoprotein elements that contained nucleotides or residues
within 15 Å of the crystal structure ligand were considered relevant for
antibiotic binding.
2.4.1. Computational method design
In order to establish a robust protocol to apply computational design
to ribosomal drug discovery, ribosome structures with antibiotics that
target various regions were collected from the RCSB PDB (PDB IDs: 1FJG
[51], 4V56 [52], 5HL7 [53], 4V9Q [54], 6CZR [55], 4U56 [56], 6B4V
[57], 1KC8 [58], and 1XBP [7]) and overlayed. From these overlayed
structures, we selected a receptor grid box that was large enough (30 
30  30 Å) to accommodate all of the parent antibiotic binding sites in
order to remove the variable of constantly changing box sizes, center
coordinates, and relevant ribonucleoprotein elements. We then removed
the various co-crystallized antibiotics from their crystal structures and
redocked them using standard methods (Tables S1–S9, Figures S1-S9, SI
Computation Methods pages S3–S4). Further, interactions between
redocked antibiotics and nearby nucleotides were used as an additional
metric to determine the ability to replicate co-crystal antibiotic positioning, in addition to root-mean-square deviation (RMSD) calculations
comparing atom coordinate overlap.
For these redocked antibiotics, AutoDock Vina [47] showed better
consistency and accuracy than Schr€
odinger Glide [48] using an analogous protocol based on the same center and docking coordinate space in
terms of scoring interactions between the small molecule and nucleotides
and by conformational ensemble quality. For example, redocking of
tiamulin from 1XBP (Fig. 7A) using Schr€
odinger Glide [48] did not
generate a minimum of nine ligand poses, while AutoDock Vina did so
reliably (Fig. 7B). Further, those poses predicted by Schr€
odinger Glide
were highly clustered into one area (Fig. 7C), missing key ribosome interactions, while AutoDock Vina sampled more diversity throughout the
antibiotic binding cavity space. Quantitatively, Schr€
odinger Glide resulted in RMSD values ranging between 5.17 Å to 5.52 Å (Fig. 7D), a lack of
sampling that indicated this docking program was not suitable for these
systems. On the other hand, AutoDock Vina [47] consistently generated
nine redocked poses with more diversity throughout the antibiotic
binding cavity space as measured by RMSD values (Tables S1–S9). A
portion of these poses were lower than 2 Å for most of PDB structures
tested during protocol development. Thus, the increased number of
redocked poses produced by the AutoDock Vina [47] protocol allowed
for more sampling of the binding cavity, conferring a conformational
ensemble with a wider range of RMSD values including some sub-2 Å
results that were sufﬁcient for use in our study.
Among the various antibiotic/ribosome complexes studied, the
average RMSD values (obtained by averaging all nine poses produced by
AutoDock Vina) ranged from 4.3 Å to 12.7 Å (Tables S1-S9, SI Computational Methods, pages S3–S4). These values are larger than traditionally observed for small molecule protein modeling [50], but are critical to

2.3.2. C20 pleuromutilin derivatives
Unexpectedly, and in contrast to previous results where heterocycles
attached to the C20 position showed activity [31], few of the C20-triazole
derivatives demonstrated inhibition of the test organisms (Table 2).
However, our results do align with the Nabriva ﬁndings, where C20
derivatives (such as 10, Fig. 3) lost activity compared to the parent
compound in vitro [30]. One possible explanation is that without a C22
sidechain or an intact double bond at the C19–C20 position [31], our C20
functionalized compounds did not bind or bound in an ineffective
conﬁguration. Of the compounds tested, only two showed an appreciable
level of activity, the hexyl derivative (41) against E. coli and the azide
precursor (30) against everything except VRE. Compound 41 being
active in contrast to its C22 partner 27, which was inactive, indicates that
uptake of alkyl-substituted pleuromutilins is probably not a critical issue;
instead, this result suggests that changes in the binding pocket among the
different ribosomes inﬂuences binding and hence activity. This insight
into binding site differences strongly supports the continued application
and development of computational methods to help us learn about
binding site differences in the ribosome and guide the development of
future derivatives. Although these compounds were generally inactive in
our assays, their synthesis demonstrates the synthetic utility of hydroazidating vinyl-containing natural products.
2.4. In-silico exploration of triazole derivative binding modes and efﬁcacy
predication
Predicting antibiotic derivative efﬁcacy via computational methods is
a growing area of research in rational antibiotic redesign [45]; however,
determining protocols and acquiring training datasets are critical advancements for a large, complex cellular target, such as the bacterial
ribosome. Historically, molecular docking programs have been optimized for small-molecule–protein interactions. With the continued
emergence of nucleic acid polymers as therapeutic targets, these programs are ﬁnding new, more demanding applications. Evaluations of
currently used docking programs to predict small molecule binding
modes (poses) in structures partially or fully comprised of nucleic acids
[46] suggests that AutoDock Vina [47] outperforms Schr€
odinger Glide
5
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Fig. 7. (A) Tiamulin in PDB ID: 1XBP (grey, colored by element) with individual nucleotides of the binding pocket that contact (<3.5 Å) the redocked tiamulin and
derivatives. Adenosines are shown in red, cytidines shown in blue, guanosines shown in yellow, and uridines shown in green. Low interactive nucleotides are greyed
out. (B) The nine poses of redocked tiamulin (purple lines) using AutoDock Vina overlayed with the native tiamulin ligand (grey sticks). (C) The eight poses of
redocked tiamulin (gold lines) using Schr€
odinger Glide overlayed with the native tiamulin ligand (grey sticks). (D) RMSD values for the Autodock Vina and
Schr€
odinger Glide poses shown in (B) and (C), respectively. Vina reliably furnished nine poses while Glide could only return a maximum of eight. While the average
RMSD was approximately the same, the thorough sampling of the receptor grid box and broader range of RMSD values provided by Autodock Vina instilled conﬁdence
that it would provide better correlations. (E) Parameters for the two programs excerpted from the docking protocol (SI Computation Methods pages S3–S4). (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web version of this article.)

providing a baseline for establishing a widely applicable protocol to
successfully model these highly complex systems.

Table 3
Docking results of the C22 triazoles.

2.4.2. Method validation for pleuromutilin-containing co-crystal structures
Among the co-crystal structures used to establish our docking
method, the Deinococcus radiodurans (PDB ID: 1XBP [7]) and Staphylococcus aureus (PDB ID: 5HL7 [53]) 50S ribosomal subunit structures
co-crystallized with pleuromutilin derivatives tiamulin and lefamulin,
respectively, offered the best potential platforms for the triazole derivatives under study. Redocking using the S. aureus and D. radiodurans
50S ribosomal subunits centered on the same coordinates and using the
established 30  30  30 Å box size (Fig. 7E) reliably produced binding
poses with RMSDs of less than 2 Å (Tables S3 and S9). Lefamulin
(Table S3, Fig. S3) was successfully redocked into the S. aureus 50S ribosomal subunit with an RMSD of 1.5 Å for the lowest energy pose, but
there were three major sub-pocket areas sampled during the redocking,
resulting in an average RMSD for all poses of 12.7 Å. The afﬁnity of
lefamulin for these sub-pockets dramatically lowered the frequency of
shared base pair interactions that the redocked poses shared with the
co-crystalized ligand, conserving only ﬁve of the crystal structure/lefamulin interactions at 70% frequency. Tiamulin (Table S9, Fig. S9)
was successfully redocked into the D. radiodurans 50S ribosomal subunit
with an RMSD of 1.8 Å for the lowest energy pose and an average RMSD
of 5.7 Å for all poses. Redocking of tiamulin in the D. radiodurans PTC and
lefamulin in the S. aureus PTC sampled the same volume of space, but the
redocking of tiamulin produced a higher frequency of shared base pair
interactions between redocked poses and the co-crystalized ligand in the
crystal structure, conserving all nine base pair interactions vital for coordination of the co-crystalized ligand at 70% frequency. Thus,
redocking procedures based on D. radiodurans using tiamulin were
selected over S. aureus with lefamulin because of their lower average
RMSD and the observed high degree of alignment with the authentic

ID

LFE

AFE

18
19
20
21
22
23R
23S
24
25R
25S
26R
26S
27
28

9.8
10.6
9.4
9.6
9.8
10.0
10.0
10.2
9.5
9.6
9.5
9.1
9.4
10.7

9.1
9.7
8.8
8.9
9.1
9.6
9.4
9.4
9.1
9.0
9.3
8.7
9.1
10.0

HAC
33
34
35
33
34
34
35
36
38
37
40

LE-LP

LE-AP

0.297
0.312
0.269
0.291
0.288
0.294
0.294
0.291
0.264
0.267
0.250
0.239
0.254
0.268

0.28
0.29
0.25
0.27
0.27
0.28
0.28
0.27
0.25
0.25
0.24
0.23
0.25
0.25

ID – Compound Number; LFE – Vina Lowest Free Energy Pose (kcal⋅mol-1); AFE –
Vina Free Energy, Average of All Poses (kcal⋅mol-1); HAC – Heavy Atom Count;
LE-LP – Ligand Efﬁciency for Lowest Energy Pose; LE-AP – Ligand Efﬁciency
from All Poses.

tiamulin ligand from the co-crystal structure. Further, compounds 1–15,
which bear a variety of C20 and C22 substituents, could also be reliably
docked to 1XBP (Fig. S10 and Table S10). These successes gave us conﬁdence that docking triazole derivatives to the PTC would be feasible.
2.4.3. Application of computational methods to triazole pleuromutilin
derivatives
C22-Functionalized triazole-pleuromutilin derivatives 18–28
(Figs. S12–S39) and C20-functionalized derivatives 31–41
(Figs. S40–S67) were docked using the tiamulin docking protocol (SI
Computation Methods pages S3–S4) and parameters (Fig. 7E). Each
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ascending order (most negative to least negative). Ranks from the ligand
efﬁciency of all poses (LE-AP) gave a similar order. Top ranked derivatives showed the most consistent pose clustering and a high frequency of interaction with the nucleotides that contact tiamulin
(Figs. S12–S39) while lower ranks displayed poor clustering and a lower
frequency of interaction with the proximal nucleotides, results that
support the modeling approach. The docked poses for all derivatives
displayed a similar range of predicted free energies of binding (10.7
kcal/mol to 9.1 kcal/mol). Overall, the C22 derivatives ranked better in
predicted efﬁcacy based on computational methods than the C20
derivatives.
Considering the computational analysis of the C22 and C20 groups
separately, substitutions of short carbon chains terminated by an electronegative group, such as 18, 21, 31, and 34 (Tables 3 and 4,
Figures S12-S13, S18-S19, S40-S41, and S46-47), gave the most favorable predicted free energy of binding results. A main contributor to the
more favorable binding modes of these compounds was their ability to
interact favorably with G2044 (Figs. S12–S67), the nucleotide that engages the ester on the thioether chain of tiamulin. Interaction with the
G2044 nucleotide is essential for targeting derivatives to bind within the
ribosomal PTC, showing interactions with over 70% of all docked derivative poses from both the C22 and C20 groups (Figs. S12–S67). As the
carbon chain-length off the triazole rings increased beyond an ethyl
group, less favorable predicted free energies of binding and binding
modes with poorer relative ﬁtness to the cavity (e.g., less similar position
to tiamulin) were generally observed. This connection between longer
chain length and worse predicted binding rank is illustrated by the difference between 19 and 20. Compound 20, with one additional carbon
atom, did not perform as well as 19 with respect to predicted free energy
of binding (Table 3, LFE and AFE), ligand efﬁciency measurements (LELP and LE-AP), and nucleotide interactions (Figs. S15 and S17). This

Table 4
Docking results of the C20 triazoles.
ID

LFE

AFE

HAC

31
32
33
34
35
36R
36S
37
39R
39S
40R
40S
41
38

9.3
9.1
9.4
9.2
9.1
9.5
9.5
9.6
9.4
9.3
9.4
9.1
9.1
10.6

8.7
8.2
8.6
8.7
8.0
8.9
8.8
8.9
8.7
8.7
8.7
8.4
8.4
9.8

34
35
36
34
35
35
36
37
39
38
41

LE-LP

LE-AP

0.274
0.260
0.261
0.271
0.260
0.271
0.271
0.267
0.254
0.251
0.241
0.233
0.239
0.259

0.26
0.23
0.24
0.25
0.23
0.25
0.25
0.25
0.24
0.24
0.22
0.21
0.22
0.24

ID – Compound Number; LFE – Vina Lowest Free Energy Pose (kcal⋅mol-1); AFE –
Vina Free Energy, Average of All Poses (kcal⋅mol-1); HAC – Heavy Atom Count;
LE-LP – Ligand Efﬁciency for Lowest Energy Pose; LE-AP – Ligand Efﬁciency
from All Poses.

derivative's predicted lowest free energy pose (LFE, Tables 3 and 4) and
average free energy of all poses (AFE) were calculated using AutoDock
Vina [47]. Qikprop [59] was used to calculate ligand physicochemical
properties including total heavy atoms, molecular weight, volume, logP
of octanol/water, solvent accessible surface area, and human oral absorption (Tables S11–S12). The predicted ranking of the
triazole-pleuromutilin derivatives were based on each compounds' ligand
efﬁciency, deﬁned as the free energy of binding divided by the number of
non-hydrogen atoms in the ligand (heavy atom count, HAC). Ranks were
assigned using the ligand efﬁciency for the lowest energy pose (LE-LP) in

Fig. 8. Comparison of docking poses and rank orders for the C20 and C22 pleuromutilin triazole derivatives. (A) The best poses of the highest (brown) and lowest
(yellow) ranked C22 derivatives docked to the ribosome. Tiamulin (grey) is shown for reference. The triazoles make the same contacts as the tiamulin sulﬁde when not
perturbing core mutilin contacts. (B) The best poses of the highest (light blue) and lowest (yellow) ranked C20 derivatives docked to the ribosome. Tiamulin (grey) is
shown for reference. The triazole still makes contact with the same residues as the tiamulin sulﬁde, but must push the glycolic acid residue out of the way and perturb
the mutilin binding position to do so. (C) Scatterplot comparing average MIC values (Tables 1 and 2) to ligand efﬁciency (LE-LP, Tables 3 and 4) for C22 derivatives
(blue circles) and C20 derivatives (red diamonds). The activity of the C22 derivatives tracks well with the docking results while the lack of activity among the C20
derivatives prevents assessment of the docking ﬁdelity. (D) Comparison overlay of C22 derivative 19 (brown) and C20 derivative 32 (light blue) highlighting the
perturbation of the mutilin core (left) and overlay of the triazoles (right) with the site usually occupied by the tiamulin thioether. (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the Web version of this article.)
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effect was accentuated in longer chain derivatives, such as 25, 26, 39,
and 40. Compared to other long-chain derivatives, compounds 28 and 38
performed better, likely because of favorable pi-stacking interactions
between the aromatic group and A2045 (Figs. S39 and S67). Polar
functional groups (alcohols and ethers) positioned closer to the triazole
mitigated some of the negative effects of length by mimicking the
interaction of the hydroxyl groups of the best-performing derivatives, 18
and 19. Indeed, high (>70%) interaction levels between nucleotides
A2430, C2431, U2483, and G2484 and the alcohols of derivatives 18 and
19 (as well as polar groups from other derivatives, Figs. S12–S17) support the conclusion that polarity at the α- and β-carbon of the triazole
chain plays a crucial role in coordinating triazole-derived pleuromutilins
to the ribosome.
Comparing the predicted poses of C22 (Table 3) and C20 (Table 4)
triazole derivatives with the same substituent from the other series
showed that while they bound with similar energies, the C22 variants
universally had lower predicted free energies of binding for the lowest
energy pose and for the average energy of all poses. Energy minimizations of the C20 derivatives with Schr€
odinger Maestro [59] independent
of docking showed no intramolecular interactions that would preclude
successful docking. Pattern analysis of the binding modes for the two
series were correlated to each other and to the tiamulin ligand by using
ﬁngerprint graphing (Figs. S12–S67) of the docking simulations to
quantify ligand-nucleotide interactions. The differences in interactions
were visualized using PyMOL 2.5.0 [60] (Figs. S12–S67). Nucleotide
interactions placed the triazole ring of all derivatives in the same area,
that which is normally occupied by the sulﬁde-containing chain of
tiamulin.

comparing one series to the other by computational modeling and MIC
assays were in accord: The C22 triazole series were more active than the
C20 triazole series. The triazole group was tolerated as a viable substitution off the C22 position with shorter chains and polar functionality
being more active. The C20 triazoles series lost activity compared to
pleuromutilin likely due to the inability to maintain sufﬁcient contacts of
the mutilin core and the side chain simultaneously (Fig. 8D).
3. Conclusions
We synthesized libraries of pleuromutilin derivatives containing triazoles at the C20 and C22 positions. To activate the vinyl as an azide,
recently published hydroazidation techniques were used [37,38]
showing that a direct anti-Markovnikov hydroazidation can be performed on an unprotected, complex natural product. Subsequent CuAAC
reactions on this C20 azido (30) and a traditionally prepared C22 azido
intermediate (17) resulted in libraries of pleuromutilin-triazole derivatives that were tested against both Gram-positive and -negative
strains, demonstrating that triazoles are well tolerated as a C22 sidechain
modiﬁcation and a viable pathway to rapidly create antibiotic derivative
libraries. The underexplored C20 triazole derivatives did not show activity against the tested organisms, but contribute additional data to an
ongoing debate about whether this site is suitable for functionalization.
Some reports suggest that pairing C20 heterocycles with more complex
C22 sidechains produces active compounds [31] while others indicate
that chain extension in place of the C20 vinyl position is deleterious to
activity [30].
To gain further insight to the binding patterns responsible for the
observed activity and to establish protocols for docking and developing
antibiotic derivatives generally, we completed an unbiased computational docking study with of our libraries of compounds based on the
tiamulin/D. radiodurans co-crystal ribosome structure (PDB ID: 1XBP
[7]). The redocked ligand had a low RMSD and all derivatives were
tightly clustered, indicating a high model validity. The computational
ranks predicting derivative effectiveness based on in silico ligand efﬁciency measurements largely agreed with the ranks based on average
minimum inhibitory concentration for the C22 derivatives. The poor
activity of the C20 derivatives in the MIC assays prevented their differentiation, thus precluding a meaningful correlation to the computational
results for this series. However, computational comparison between the
C20 series and C22 series indicated that the latter should be more active,
a result which was conﬁrmed by the activity assay. Discrepancies in ranks
could also be due to issues beyond the computationally assessed interactions, such as cellular penetration, an issue that will be addressed for
future derivatives by using a cell-free transcription/translation assay to
independently assess binding alongside the current MIC assay that determines actual efﬁcacy. Overall, the C22 triazole-pleuromutilin derivates performed better in the activity assays and scored better
computationally than the C20 derivatives, a result which we rationalize
is caused by the inability of the latter to successfully bind to the underlying nucleotides with their substituted chain and mutilin core
simultaneously.
This combined synthetic/assay/modeling approach serves as a basis
for the continued development of pleuromutilin triazole derivatives and
the guided evolution of ribosome-targeting antibiotics generally. The
computational work establishes a critical starting point for the application of computational methods for analysis of antibiotic-ribosome binding, work that will help in unraveling the activity of functionalized C20
vinyl pleuromutilin derivatives, both with and without C12 epimerization. Further exploration of these derivatives is needed to understand the
possibilities of substitution at the vinyl substituent, with or without C22
substitution. Future work will continue to use a combined computational/medicinal chemistry approach to guide development of additional
potent pleuromutilin derivatives and for the development of other classes
of antibiotics.

2.5. Unifying computational analysis and in vitro activity
To rationalize these energetic and orientational differences revealed
by the docking studies, close inspection of the two series was undertaken
using PyMOL 2.5.0 and revealed that each grouped with separate orientations of the triazole ring. As the C22 triazole derivatives are
substituted directly onto the C22 position, they and their pendant chains
maximize contacts normally made by the thioether chain while the
mutilin core is easily accommodated within its binding pocket (Fig. 8A,
Figs. S12–S39). In contrast, when the triazole ring derivatives are
attached to the C20 position, they must rotate and bend inward to
effectively contact the nucleotides that usually interact with the thioether
substituent of tiamulin (Fig. 8B, Figs. S40–S67). Adding to the binding
inadequacies the C20 triazole series, these derivatives still contain a C22
hydroxyl group; electron repulsion between it and the C20 triazole prevent either from assuming as favorable of a contact position. The
resulting shift in orientation of the triazole in the C20 series also diminishes the contacts of the mutilin core to its binding pocket relative to
those of the C22 series. Thus, we hypothesize that the C20 series cannot
reach as far into the PTC while retaining the vital mutilin core interactions needed for effective inhibitory activity, while the C22-triazole
derivatives can maintain these important contacts.
To compare the computational analysis to the MIC assay results, the
averages of the MIC values for each triazole derivative were compared to
the independently derived computational ranks of the C20 and C22
subgroups. A limitation of this computational/MIC comparison is that we
are assuming there is no difference in permeability or efﬂux of the derivatives, which range in cLogP from 0.8 to 2.5 and solvent exposed
surface area from 695 to 942 Å2 (Tables S11 and S12). By averaging the
MIC values among the various species tested, we sought to minimize
organism-speciﬁc effects that would interfere with MIC/computational
comparisons. Overall, high agreement between the MIC values and
computational results was achieved by considering ligand efﬁciency for
the active C22-substituted derivatives (Fig. 8C, blue circles). For the
inactive C20 subgroup, distinguishing the ranking agreement was
hampered by low variance in the MIC assay results (Fig. 8C, red diamonds). However, alignment for the general activity predictions
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