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THE BIGGER PICTURE Lincosamide antibiotics, such as clindamycin, are rapidly degraded in animals and
humans by hepatic sulfoxidation of their sulfur atom. Despite this known metabolic liability, all approved lin-
cosamide antibiotics invariably conserve this sulfur atom; sulfur atom replacement analogs of extant linco-
samides have been prepared in prior work but lacked the potent antibacterial activities of their sulfur-contain-
ing counterparts. This work confirms and explains the important role of the sulfur atom in the binding of
lincosamide antibiotics to their target, the bacterial ribosome. Understanding the essential nature of the sul-
fur atom within the lincosamides will help direct future optimization efforts in this important class of antibi-
otics and potentially other therapeutics.
SUMMARY
We recently reported the conception and synthesis of cresomycin (CRM), a fully synthetic lincosamide anti-
biotic effective in vitro and in vivo against multidrug-resistant Gram-positive and Gram-negative bacteria. In
this work, we describe the chemical synthesis and characterization of CRM sulfur atom replacement analogs
C-CRM (S/ CH2), O-CRM (S/ O), and Se-CRM (S/ Se). Comparison of high-resolution co-crystal struc-
tures showed that all four analogs adopted identical conformations when bound to the bacterial ribosome,
but due to variations of %1 Å in the bond lengths between the anomeric carbon and the varied atoms,
only the S and Se heteroatoms of CRM and Se-CRM, respectively, were positioned to interact with the
p-face of nucleobase G2505. C-CRM and O-CRM did not benefit from such stabilizations, with correspond-
ingly negative consequences in both target engagement and antibacterial activities. We therefore conclude
that the sulfur atom of the lincosamides is important in ribosomal binding.
INTRODUCTION

The bacterial ribosome translates bacterial nucleic acid informa-

tion molecules (RNA) into protein readouts and is the primary

target for multiple evolutionarily independent, structurally

distinct classes of natural products with antibiotic activity.1,2

The lincosamides form one such class of antibiotics and inhibit

protein synthesis by binding to the peptidyl transferase center

(PTC) within the large (50S) ribosomal subunit.3 However, both

of the two US Food and Drug Administration (FDA)-approved lin-

cosamide antibiotics, lincomycin4 (1964), and clindamycin5 (CLI,

1970, Figure 1A), are rapidly cleared in animals and humans by

hepatic sulfoxidation.6,7 Recognizing the anomeric thioether

group as a metabolic liability, researchers at Vicuron Pharma-

ceuticals8 and, subsequently, our own laboratory,9 employed
All rights are reserved, including those
chemical synthesis to prepare lincosamide sulfur atom replace-

ment analogs, but invariably these analogs proved to be inferior

antibiotic candidates in minimum inhibitory concentration (MIC)

analyses, with no clear explanation as to why. With the recent

discovery of the fully synthetic macrobicyclic oxepanoprolina-

mide antibiotic cresomycin (CRM, Figure 1A), which exhibits

potent activity in both Gram-positive and Gram-negative bacte-

rial strains, including those expressing one or more genes

conferring antimicrobial resistance (AMR) to CLI and other anti-

biotics, we saw an opportunity to investigate in a new context

atomic replacement of the anomeric sulfur atom of CRM, which

like CLI undergoes hepatic sulfoxidation, albeit at a significantly

slower rate.10 In this work, we describe the chemical syntheses,

MIC analyses, biochemical profiling, ribosome-bound X-ray

crystal structures, and computational studies of CRM sulfur
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Figure 1. Representative lincosamide antibiotics and synthesis of

sulfur atom replacement intermediates C-1, O-1, and Se-1
(A) Chemical structures of clindamycin (CLI) and cresomycin (CRM).

(B) Synthesis of perbenzoylated intermediates C-1, O-1, and Se-1.

Reagents and conditions: (1) allyltrimethylsilane, BF3$OEt2; (2) 9-BBN; (3) vinyl

bromide, Cs2CO3, Pd(dppf)Cl2; (4) TMSI, then 3-buten-1-ol, TBAI; (4) MeOH;

(6) BzCl, pyridine; (7) 4-bromo-1-butene, piperazine, Cs2CO3; (8) NaOMe,

MeOH; (9) BzCl, pyridine.
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atom replacement analogs C-CRM (S/ CH2), O-CRM (S/O),

and Se-CRM (S / Se), making side-by-side comparisons with

CRM. The high-resolution crystal structures alongside antibac-

terial susceptibility measurements and computational analyses

reveal why sulfur is important in targeting the bacterial ribosome.
RESULTS AND DISCUSSION

Synthesis of CRM sulfur atom replacement analogs
The three CRM sulfur atom replacement analogs C-CRM,

O-CRM, and Se-CRMwere synthesized by routes that paralleled

the discovery synthetic route to CRM, each featuring a tactical

two-step sequence of low-temperature (�108�C) crotylation of
2 Chem 11, 102480, July 10, 2025
Ellman sulfinimine intermediates followed by a (Z)-selective

ring-closing metathesis reaction using the Grubbs II catalyst.10

The C-, O-, and Se-glycosidic precursors C-1, O-1, and Se-1,

respectively, were prepared in three steps each from known

a-D-galactose derived precursors, as depicted in Figure 1B.

Thus, per-O-benzoylated a-D-galactopyranose11 underwent

a-selective C-allylation upon exposure to allyltrimethylsilane

and boron trifluoride etherate12; the product was then treated

with 9-borabicyclo[3.3.1]nonane (9-BBN) and the resultant trial-

kylborane intermediate was subjected toB-alkyl Suzuki coupling

with bromoethylene to furnish C-1 in 21% yield for the three-

step sequence. Per-O-trimethylsilylated a-D-galactopyranose13

underwent a-selective O-glycoside formation with trimethylsilyl

iodide (TMSI) and 3-buten-1-ol in the presence of tetrabutylam-

monium iodide14 (TBAI); the product was then subjected to

global silyl deprotection and benzoyl reprotection to furnish

O-1 in 57% yield for the three-step sequence. Per-O-acetylated

p-toluoyl a-D-selenogalactopyranoside15 underwent Se-alkyl-

ation with 4-bromo-1-butene in the presence of piperazine and

cesium carbonate15; the product was then subjected to global

acetate deprotection and benzoyl reprotection to furnish Se-1

in 70% yield for the three-step sequence.

Intermediates C-1, O-1, and Se-1 were transformed via

identical reaction sequences to afford C-CRM, O-CRM, and

Se-CRM, respectively; as a representative example, the full

synthetic sequence for the specific instance of C-CRM is

illustrated in Figure 2A. In brief, selective deprotection of the

primary benzoyl group within C-1, followed by oxidation of the

resulting primary alcohol with the Dess-Martin periodinane

(DMP) and condensation of the resultant aldehyde with (R)-

tert-butylsulfinamide afforded the Ellman sulfinimine C-2 in

38% yield over three steps. Zinc-mediated crotylation of C-2

and subsequent Grubbs ring-closing metathesis afforded the

(Z)-macrobicycle C-3 in 44% yield over two steps. Global

benzoyl and sulfinamide deprotection gave the macrobicyclic

amine C-4 in 36% yield over the two steps. Last, amide

coupling of C-4 with the oxepanoproline southern fragment

(1)16,17 followed by N-Boc deprotection afforded C-CRM in

44% yield over the two steps. The sulfur atom replacement ana-

logs O-CRM (Figure 2B) and Se-CRM (Figure 2C) were prepared

in analogous fashion; all three analogswere prepared in amounts

sufficient for antimicrobial and biochemical profiling (>5 mg).

Their proton nuclear magnetic resonance (1H NMR) spectra

were remarkably similar to those of CRM (see supplemental in-

formation), which suggested that the conformations of the

atomic replacement analogs were similar to CRM, a proposal

that was borne out in X-ray crystallographic studies (vide infra).

Antimicrobial and biochemical profiling of CRM, C-CRM,
O-CRM, and Se-CRM
CRM,C-CRM,O-CRM, andSe-CRMwere evaluated in brothmi-

crodilution antimicrobial analyses using a panel of Gram-positive

and Gram-negative bacteria (Figure 3). The single-atom substi-

tution of sulfur in CRM for CH2 (C-CRM) or oxygen (O-CRM)

led to precipitous declines in antibacterial activity against all bac-

terial strains assessed. In contrast, the single-atom substitution

of sulfur in CRM for selenium (Se-CRM) produced virtually no

change in antibacterial activity against the same panel of
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Figure 2. Synthesis of sulfur atom replacement analogs of CRM (C-CRM, O-CRM, and Se-CRM)

(A) Synthesis of C-CRM from intermediate C-1.

(B) Synthesis of O-CRM from intermediate O-1.

(C) Synthesis of Se-CRM from intermediate Se-1.

Reagents and conditions: (1) [t-Bu2Sn(OH)Cl]2, MeOH-THF; (2) DMP; (3) (R)-(+)-t-butylsulfinamide, CuSO4; (4) crotyl chloride, Zn, LiCl, �108�C; (5) Grubbs II

catalyst, 110�C; (6) NaOMe, MeOH; (7) HCl, dioxane; (8) oxepanoproline southern fragment (1), HATU, DIPEA; (9) HCl, dioxane-MeOH. Abbreviations: HATU, 1-

[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide hexafluorophosphate; DIPEA, N,N-diisopropylethylamine.
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isolates. When assessed in a human liver microsomal stability

assay (Figures 3 and S1; Table S1), the half-life of O-CRM

(119.9 min) was more than double the half-life of CRM

(55.6 min) and more than quadruple the half-life of Se-CRM

(27.2 min), highlighting a trend of decreased metabolic stability

upon descension of the periodic table (from O to S to Se). The

half-life of C-CRM in the presence of human liver microsomes

(61.8 min) was only slightly longer than that of CRM (55.6 min).

Interestingly, the only sulfur atom replacement analog that ex-

hibited a marked improvement in metabolic stability (O-CRM)

also showed the steepest decline in observed antibacterial

activity.

To confirm that all four antibiotics (CRM, C-CRM, O-CRM, and

Se-CRM) functioned by inhibiting the initiation of bacterial trans-

lation, we conducted primer extension inhibition (‘‘toeprinting’’)

analysis18 upon all four molecules, the results of which strongly

supported that conjecture (Figure S2). The antibacterial activity

of an antibiotic targeting the bacterial ribosome can be viewed

as a function of its membrane permeability, susceptibility to

efflux, and target engagement.19 To elucidate the mechanistic

underpinnings behind the improved antibacterial activities of

CRM and Se-CRM compared with C-CRM and O-CRM, we first
evaluated the effect of efflux on Gram-negative antibacterial ac-

tivity using the efflux ratio, determined by dividing each antibi-

otic’s MIC against the wild-type E. coli strain (MP-4) by its MIC

against an isogenicE. coli strain (MP-9) with loss-of-functionmu-

tations in the major efflux transporter gene (tolC). CRM, C-CRM,

O-CRM, and Se-CRMdisplayed similar efflux ratios ranging from

8 to 16 (Figure 3), suggesting that the driver of antibacterial activ-

ity for CRM was not efflux avoidance. Next, we evaluated the ef-

fect of outer-membrane permeability on Gram-negative antibac-

terial activity using the permeability ratio, determined by dividing

each antibiotic’s MIC against theDtolC E. coli strain (MP-9) by its

MIC against a hyperpermeable E. coli strain (MP-74) with a loss-

of-function mutation in the outer-membrane assembly gene

(lptD). CRM, C-CRM, O-CRM, and Se-CRM displayed similar

permeability ratios ranging from 0.25 to 0.5 (Figure 3), suggesting

that the driver of antibacterial activity for CRM was not mem-

brane permeability. Last, the impact of target engagement was

assessed, albeit indirectly, by measuring the concentrations

necessary for each molecule to displace 50% of bound [14C]-ra-

diolabeled erythromycin from purified E. coli 70S ribosomes

(IC50) following literature precedent,20 with results rank-ordered

from lowest to highest required concentrations as follows
Chem 11, 102480, July 10, 2025 3



Species Strain Description CRM C-CRM O-CRM Se-CRM

S. aureus ATCC 29213 0.06 0.125 0.25 0.06
S. aureus c-ermA 0.5 2 16 0.5
S. aureus cfr 0.5 8 16 0.5
E. faecalis ATCC 29212, lsaA 0.06 0.125 0.25 0.06
E. faecium vanA 0.125 1 8 0.125
E. coli MP-4, ATCC 25922 1 8 32 1
E. coli MP-74, lptD 0.25 2 8 0.5
E. coli MP-9, tolC 0.125 0.5 2 0.125
A. baumannii ATCC 19606 1 16 32 1
K. pneumoniae FQ-R 4 32 64 4

55.6 61.8 119.9 27.2

8 16 16 8

0.5 0.25 0.25 0.25

8.5* 40 175 18

G
ra

m
 +

G
ra

m
 –

Human Hepatic Microsomal Stability (T1/2, min)

[14C]-ERY Displacement Assay (IC50, nM)

Efflux Ratio (MP-4 MIC / MP-9 MIC) 

Permeability Ratio (MP-9 MIC / MP-74 MIC) 

Figure 3. In vitro efficacies, metabolic profiling, and ribosomal displacement assays of CRM, C-CRM, O-CRM, and Se-CRM
Minimum inhibitory concentrations (mg$mL�1) against a panel of Gram-positive and Gram-negative pathogens, human liver microsomal stabilities (reported as

half-lives in min, T1/2), and competitive displacement assays with [14C]-labeled erythromycin (reported as IC50s in nM) for CRM, C-CRM, O-CRM, and Se-CRM.

Abbreviations; c-ermA, constitutively expressed erythromycin rRNA methyltransferase A; cfr, chloramphenicol-florfenicol resistance methyltransferase; lsaA,

ATP-binding cassette F (ABC-F) resistance protein; vanA, vancomycin-resistance gene; tolC, major efflux transporter gene; lptD, outer-membrane assembly

gene; FQ-R, fluoroquinolone-resistant. *IC50 at assay limit of detection.
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(Figures 3 and S3): CRM (8.5 nM, the lower limit of detection of

the assay), Se-CRM (18 nM), C-CRM (40 nM), and O-CRM

(175 nM). These findings correlate qualitatively with the

measured MIC values of the antibiotics in both Gram-positive

and Gram-negative bacterial strains, suggesting that the primary

driver of antimicrobial activity in this series is target engagement.

Structural basis for differential target engagement by
CRM sulfur atom replacement analogs
To gain further insights into the details of target engagements,

we determined X-ray crystal structures of C-CRM, O-CRM,

and Se-CRM in complex with Thermus thermophilus (Tth) 70S ri-

bosomes at 2.50-Å, 2.50-Å, and 2.45-Å resolution, respectively

(Figures 4 and S4; Table S2). As in the reported crystal structure

of CRM bound to the Tth 70S ribosome,10 all three crystal struc-

tures of the sulfur atom replacement analogs comprised identi-

cally bound mRNA, deacylated tRNAPhe in the A and E sites,

and aminoacylated fMet-tRNAi
Met in the P site (Figure 4A). The

Fourier difference maps that were obtained for C-CRM, O-

CRM, and Se-CRM crystal structures revealed strong positive

electron density, allowing us to determine unambiguously each

of their structures (Figure S4). The binding sites of C-CRM, O-

CRM, and Se-CRM are nearly indistinguishable from that of

CRMand reside at the PTC of the Tth 70S ribosome (Figure S5A).

In the southern hemisphere of all four antibiotics, theC40-isobutyl
group firmly engages the PTC by extending deep into the A-site

cleft, occupying a hydrophobic pocket formed by the nucleo-

bases A2451, C2452, and U2506 of the 23S rRNA (Figure S5B).
4 Chem 11, 102480, July 10, 2025
This pocket normally accommodates the a-side chains of

incoming aminoacyl tRNAs and plays a key role in positioning

the aminoacylated 30 end of A-site tRNA within the PTC during

transpeptidation.21,22 In the northern hemisphere, the macrobi-

cyclic fragment of each atomic replacement analog is anchored

identically in the PTC by an extensive network of hydrogen

bonds with nucleotides A2058, A2059, and A2503 of the 23S

rRNA (Figures S5C and S5D).

An overlay of the structures of CRM, C-CRM, O-CRM, and Se-

CRM showed that the four macrobicyclic rings were essentially

identical conformationally, but revealed subtle differences in

the positions of the S, C, O, and Se atoms, respectively, relative

to the p-face of nucleobase G2505 (Figure 4). The positions of

these atoms are largely determined by the different lengths of

their bonds to the anomeric carbon (C1, Figure 4B). For example,

for O-CRM, the C1–O bond length was 1.44 Å and the oxygen

atom was 3.90 Å away from the closest atom (C4) of G2505.

For C-CRM, the C1–C bond length was 1.56 Å and the carbon

atom was 3.76 Å from C4 of G2505. For CRM, the C1–S bond

length was 1.81 Å and the sulfur atom was 3.43 Å from C4 of

G2505. For Se-CRM, the C1–Se bond length was 2.00 Å and

the selenium atom was 3.34 Å from C4 of G2505. These obser-

vations support the hypothesis that CRM ribosomal binding ben-

efits from an S-p interaction with nucleobase G2505 and explain

the different ribosomal binding affinities of each atomic replace-

ment analog. Thus, the sulfur and selenium atoms of CRM and

Se-CRM, respectively, are sufficiently diffuse and well-posi-

tioned (by virtue of their longer C1–S and C1–Se bond lengths)



Figure 4. Structures of CRM, C-CRM, O-CRM, and Se-CRM in complex with the bacterial ribosome

(A) Overview of the binding site for CRM (yellow, PDB: 8UD6) in the PTC of the 70S ribosome showing the 30S subunit (light yellow), the 50S subunit (light blue),

A-site tRNA (teal), P-site tRNA (navy), E-site tRNA (orange), and mRNA (blue).

(B) Superposition of the structures of CRM and its sulfur atomic replacement analogs bound to the T. thermophilus 70S ribosome. All structures were aligned

based on domain V of the 23S rRNA.

(C–F) Close-up views of the ribosome-bound antibiotics comparing the VDWcontacts of the sulfur atom (CRM, C), oxygen atom (O-CRM, D), CH2 group (C-CRM,

E), and selenium atom (Se-CRM, F) with thep-face of nucleobase G2505 of the 23S rRNA. Note that only the sulfur and selenium atoms are sufficiently diffuse and

close to nucleobase G2505 to engage in productive VDW interactions.
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Figure 5. Computational study of the interaction energy between the nucleobase G2505 and CRM and its sulfur atom replacement analogs

(A) Representative fragment model of nucleobase G2505 (green outline) and CRM (orange outline).

(B) Energy decomposition analyses of the interaction energies of CRM, C-CRM, O-CRM, and Se-CRM. Note that in all cases, the dispersion force is the largest

stabilizing interaction.
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to engage with the p-face of G2505. In contrast, the more

compact van der Waals (VDW) atomic radius and the shorter

C1–O bond length of O-CRM place the oxygen atom too far

away from G2505 to engage in an O-p interaction. Last, unlike

the chalcogen-containing analogs, the anomeric methylene

group of C-CRM has no lone-pair electrons to interact with

G2505.

Theoretical support for an S-p interaction in CRM
ribosomal binding
To better understand the role of the sulfur atom of CRM relative

to its atomic replacement analogs in ribosomal binding, we

applied density functional theory (DFT) to assess the interaction

energies of CRM and each sulfur atom replacement analog with

the nucleobase G2505 using the minimal fragment model de-

picted in Figure 5A.23 The DFT analyses were performed using

the reported continuum dielectric constant of DNA (ε = 8.00) to

approximate the rRNA microenvironment24 and were validated

using the auxiliary-field quantum Monte Carlo25,26 (AFQMC)

method (Figure S6). The DFT calculations (Figure 5B) showed

that O-CRM had the weakest interaction energy with G2505

(�4.88 kcal/mol), followed by C-CRM (�5.68 kcal/mol), CRM

(�6.08 kcal/mol), then Se-CRM (�6.27 kcal/mol). Energy

decomposition analysis was performed using the absolutely

localized molecular orbitals (ALMO-EDA) technique,23 which re-

vealed that dispersion forces provided the primary attractive

interaction for CRM and each sulfur atom replacement analog,

and were weakest for O-CRM (�8.67 kcal/mol), followed by C-

CRM (�8.86 kcal/mol), CRM (�10.40 kcal/mol), then Se-CRM

(�11.54 kcal/mol), in accord with the structural and microbiolog-

ical data presented above.

Conclusions
The structurally distinct lincosamide natural products lincomycin

and celesticetin27 (Figure S7), produced by different strains of

Streptomyces using evolutionarily distinct biosynthetic path-

ways, are notably variant in both the northern and southern hemi-

spheres, yet both retain a common anomeric sulfur atom as part

of different thioether linkages. All semisynthetic lincosamide an-
6 Chem 11, 102480, July 10, 2025
tibiotics approved for human (CLI, Figure 1A) or veterinary (pirli-

mycin,28 Figure S7) medicine similarly retain an anomeric thio-

ether substituent, in spite of efforts to replace this group, as

discussed above. The high-resolution ribosomal crystal struc-

tures reported herein, supported by state-of-the-art calcula-

tional studies, make evident the importance of VDW stabilization

between the sulfur atom of CRM and the p-face of nucleobase

G2505.3 The selenium atom of Se-CRM benefits from a similar

stabilization upon ribosomal binding and displays MIC values

in antibacterial screening that are nearly indistinguishable from

those of CRM, but Se-CRM also displayed the shortest half-life

(27.2 min) in the presence of human liver microsomes, which

was perhaps to be expected. Apart from a remarkable atomic-

level analysis of ribosomal binding by a series of PTC-targeting

antibiotics, a daunting conclusion from inspection of the MIC ta-

ble of Figure 3 is the extraordinary sensitivity of antibacterial ac-

tivities to structural perturbations arising from atomic variations

that produce changes in bond lengths of less than an angstrom.

Though we now view the sulfur atom of lincosamide antibiotics

as essential, the anomeric thioether remains a metabolic liability

in vivo; we have therefore employed strategies other than atomic

replacement to attenuate hepatic oxidation. These include steric

occlusion of the sulfur atom, as in CRM, and judicious placement

of electron-withdrawing fluorine atoms near the sulfur atom, as in

the antibiotic candidate BT-33.29

METHODS

Antibacterial susceptibility testing
In vitro antibiotic susceptibility testing was performed using the

broth microdilution method in accordance with the Clinical and

Laboratory Standards Institute (CLSI) guidelines.30 The chemical

syntheses of C-CRM, O-CRM, and Se-CRM, alongside their

associated NMR spectra, are outlined in the supplemental infor-

mation. CRM was synthesized according to literature prece-

dent.10 All test compounds were stored as dry powders

at �20�C prior to use. Working solutions of test compounds

were made at a concentration of 3.2 mg,mL�1 in dimethyl

sulfoxide (DMSO) immediately before use. Final antibiotic
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concentrations ranged from 32 to 0.06 mg,mL�1, in steps of

2-fold dilutions, and maintained a final DMSO concentration

of 2%.

Bacterial isolates were obtained from the American Type Cul-

ture Collection (ATCC; Manassas, VA, USA), JMI Laboratories

(North Liberty, IA, USA), Micromyx repository (MMX; Kalamazoo,

MI, USA), or Massachusetts Eye and Ear (Boston, MA, USA). All

isolates were cryopreserved at �80�C in glycerol stocks (20%

glycerol in species-specific media). All isolates were revived

from cryopreservation and sub-cultured on brain heart infusion

agar (BD Diagnostics; Sparks, MD, USA) at 37�C in 5% CO2

for 24 h prior to experimentation.

For all organisms, 3–5 uniform colonies were picked from sub-

cultures and suspended in 10 mL of cation-adjusted Mueller Hin-

ton broth (ca-MHB) and incubated for 2–3 h at 37�C while being

shaken at 250 rpm. The bacterial suspensions were then adjusted

to a 0.5MacFarland standard and further diluted 1:200 in ca-MHB

to obtain a final test inoculumof 53 105 CFUmL�1. 96-well plates

were seeded with DMSO solutions of the test compounds in a

2-fold serial dilution series. The final test inoculum of each organ-

ism in ca-MHBwas then added and the plates were incubated for

18–24 h at 37�C.MIC values were represented as themodal value

of biological triplicate experiments.

Hepatic microsomal stability
Hepatic microsomal stability was evaluated by incubating 1 mM

of CRM, C-CRM, O-CRM, or Se-CRM with 1 mg/mL human he-

patic microsomes in 100 mM potassium phosphate buffer at pH

7.4. The reaction was initiated by adding nicotinamide adenine

dinucleotide phosphate (NADPH) to achieve a final concentra-

tion of 1 mM. Aliquots were removed at 0, 5, 10, 20, 40, and

60min and added to acetonitrile (53 v:v, contains 10 ng/mL pro-

pranolol as internal standard) to stop the reaction and precipitate

the protein. NADPH dependence of the reaction was evaluated

with –NADPH samples. At the end of the assay, the samples

were centrifuged through a Millipore Multiscreen Solvinert

0.45 mm low binding polytetrafluoroethylene (PTFE) hydrophilic

filter plate and analyzed by liquid chromatography-tandem

mass spectrometry (LC-MS/MS). Data were log-transformed

and represented as half-lives.

Competitive ribosomal binding assay with [14C]-
erythromycin
A stock solution of E. coli ribosomes (20 nM, purified from

MRE600 following literature precedent31 and stored in a buffer

solution containing 20 mM HEPES-KOH [pH 7.6], 6 mM

Mg(OAc)2, 50 mM NH4OAc, and 4 mM b-mercaptoethanol) and

[14C]-erythromycin (20 nM, American Radiolabeled Chemicals)

was prepared in binding buffer (1.5 mL per reaction, 20 mM

Tris-HCl [pH 7.6], 10 mM MgCl2, 150 mM NH4Cl, and 6 mM

b-mercaptoethanol) and incubated at 37�C for 30 min. 1.5 mL al-

iquots of this stock solution were dispensed into Eppendorf

tubes, and CRM, C-CRM, O-CRM, or Se-CRM were added

separately as solutions in DMSO (3 nM to 3,000 nM, 0.1%

DMSO final concentration). The reactions were incubated for

1 h at 37�C. 20 mL of a manufacturer-supplied suspension

(�50 mg/mL) of diethylaminoethyl (DEAE) magnetic beads (Bio-

clone #FM101), pre-washed with H2O (1 3 1 mL) and binding
buffer (23 1mL), was added to each reaction. The resultant sus-

pensions were incubated for an additional 15 min at 23�C. For
each reaction, the beads were captured on amagnetic stand (In-

vitrogen), the supernatant was removed, and the beads were

washed with ice-cold binding buffer (13 1mL). 10 mM ethylene-

diaminetetraacetic acid (EDTA) solution (100 mL) was added to

the beads and the resultant suspension was incubated for

10 min at 23�C to release bound [14C]-erythromycin from the

70S ribosomes. The beads were re-captured on a magnetic

stand and the eluent was transferred to scintillation vials contain-

ing 5 mL of liquid scintillation cocktail (PerkinElmer Ultima Gold).

The radioactivity of each eluent solution was quantified by scin-

tillation counting and the concentration of CRM, C-CRM, O-

CRM, or Se-CRM at which half the bound radiolabeled erythro-

mycin was displaced (IC50) was determined using GraphPad

Prism 10.0.2 software.

Primer extension inhibition (toeprinting) analysis
The primer extension inhibition (toeprinting) analysis of drug-

dependent ribosome stalling was carried out using synthetic

ermDLDNA template as previously described32 with minor mod-

ifications. In brief, toeprinting reactions were carried out in 5-mL

aliquots containing PURExpress transcription-translation

coupled system (New England Biolabs, USA), to which the DNA

template was added. The reactions were incubated at 37�C for

20–25 min. Reverse transcription on the templates was carried

out using radioactively labeled primer NV1 (50-GGTTATAAT-

GAATTTTGCTTATTAAC-30). Primer extension products were

resolved on 6%denaturing sequencing gels. The final concentra-

tion of ERY, RET, CRM,O-CRM,C-CRM, or Se-CRMwas 50 mM.

In all reactions, we used 50 mM mupirocin (inhibitor of isoleucyl-

tRNA synthetase) to arrest ribosomes at the Ile codon down-

stream of the macrolide arrest site (Figure S2).

X-ray crystallographic structure determination
Wild-type 70S ribosomes from T. thermophilus (strain HB8)

were prepared as described previously.21,22,33 Synthetic

mRNA with the sequence 50-GGC-AAG-GAG-GUA-AAA-AUG-

UUC-UAA-30 containing the Shine-Dalgarno sequence followed

by the P-site methionine (AUG) and A-site phenylalanine (UUC)

codons was obtained from Integrated DNA Technologies (Cor-

alville, IA, USA). Ribosome complexes with mRNA and tRNAs

were formed by incubating 5 mM T. thermophilus 70S

ribosomes with 10 mM mRNA at 55�C for 10 min, followed by

the addition of 20 mM fMet-tRNAi
Met and 20 mM deacylated

tRNAPhe substrates.10,22,34 For the ribosome complexes con-

taining O-CRM, C-CRM, or Se-CRM, each compound was

added to a final concentration of 100 mM, and the complexes

were left at room temperature for an additional 15 min prior

to crystallization. Ribosome complexes were prepared in the

buffer containing 5 mM HEPES-KOH (pH 7.6), 50 mM KCl,

10 mM NH4Cl, and 10 mM Mg(OAc)2, and then crystallized in

the buffer containing 100 mM Tris-HCl (pH 7.6), 2.9% (w/v)

PEG-20,000, 9% (v/v)–10% (v/v) 2-methyl-2,4-pentanediol

(MPD), 175 mM arginine, 0.5 mM b-mercaptoethanol. Crystals

were grown by the vapor diffusion method in sitting drops at

19�C, then stabilized and cryo-protected stepwise using a se-

ries of buffers with increasing MPD concentrations (25%,
Chem 11, 102480, July 10, 2025 7
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30%, and 35%) until reaching the final concentration of 40%

(v/v) MPD as described previously.10,22,34 The final 40% MPD

stabilization buffer contained 100 mM of the corresponding

compound. After stabilization, crystals were flash-frozen using

a nitrogen cryo-stream at 80 K (Oxford Cryosystems, UK).

Collection and processing of the X-ray diffraction data, model

building, and structure refinement were performed as previously

described.10,21,22,33,34 Diffraction data were collected at beam-

lines 24ID-C and 24ID-E at the Advanced Photon Source (Ar-

gonne National Laboratory). A complete dataset was collected

using 0.979 Å X-ray irradiation at 100 K from multiple regions

of the same crystal, using 0.3-degree oscillations. Raw data

were integrated and scaled using the XDS software package

(version from January 10, 2022).35 Molecular replacement was

performed using PHASER from the CCP4 program suite (version

7.0).36 The search model was generated from the previously

published structures of the T. thermophilus 70S ribosome with

bound mRNA and aminoacylated tRNAs (PDB: 6XHW).37 Initial

molecular replacement solutions were refined by rigid-body

refinement with the ribosome split into multiple domains, fol-

lowed by positional and individual B-factor refinement using

the PHENIX software (v.1.17).38 Non-crystallographic symmetry

restraints were applied to four parts of the 30S ribosomal subunit

(head, body, spur, and helix 44) and four parts of the 50S subunit

(body, L1-stalk, L10-stalk, and C terminus of the L9 protein).

Initial PDB models and CIF restraints for O-CRM, C-CRM, or

Se-CRM were generated using the PRODRG online software.39

The final PDB model was built in Coot (v.0.8.2).40 The statistics

of data collection and refinement are compiled in Table S2. All

figures showing atomic models were rendered using PyMOL

Molecular Graphics System software (v.1.8.6, Schrödinger,

www.pymol.org).

Computational methods
All EDA + DFT, and RI-MP2 calculations were run with Q-Chem

6.0.23 The structures and locations of the ligand and binding

pocket residues were extracted from the crystal structures via

PyMOL.41 Because our simulations only aim to describe the dif-

ferences in interactions between CRM, C-CRM, O-CRM, and

Se-CRM, we truncate the analogs by replacing their amide

groups with hydrogen atoms. We truncate the G2505 residue

by replacing the ribose sugar with a methyl group.

The truncated residues and CRM analogs were indepen-

dently geometry-optimized at the uB97X-V/def2-TZVPD level

of theory and then repositioned to maximally align with the

original structure using PyMol. For the interacting complex,

only the positions of the hydrogen atoms were optimized,

also at the uB97X-V/def2-TZVPD level of theory. The orienta-

tions of the hydroxyl groups on the CRM analogs were selected

based on geometry optimizations of a larger system containing

the additional nearby nucleobase A2058 at the uB97X-V/def2-
ðERI�MP2ÞCBS = ðEHFÞQZH

�ðEcorr R
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SVPD level of theory. This demonstrated that the hydroxyl

groups participate in intermolecular hydrogen bonds rather

than intramolecular ones.

We evaluated the exchange-correlation potential and non-

local correlation with the SG-2 and SG-1 quadrature

grids respectively.42,43 Following the literature,44 we checked

for grid dependence with the very dense (99, 590) and (50,194)

grids for the exchange-correlation potential and non-local corre-

lation, respectively. In the worst case (Se-CRM), the magnitude

of the error introduced by a smaller grid is only 0.02, 0.07,

0.005, and 0.06 kcal/mol, respectively, for the interaction, frozen,

polarization, and charge transfer energies. This provides confi-

dence that the smaller grid is accurate.

While the DFT calculations conform with current best

practices,44,45 we additionally compared against RI-MP2, a

computationally efficient ab initio approach,46–48 and

AFQMC, a quantum Monte Carlo method which has been

demonstrated to provide gold-standard level accuracy in

many classes of chemical systems while scaling to larger sys-

tems than CCSD(T) (Figure S6A).26,49–51 The calculations

performed here provide a potential template for future drug

discovery applications for molecules with stronger electronic

correlation.52,53

The DFT results are in excellent agreement with the AFQMC

results while MP2 overshoots the interaction energy, which is ex-

pected.54,55 AFQMC distinguishes O-CRM and Se-CRM as the

weakest and strongest interactions, respectively, but does not

resolve the ordering between CRM and C-CRM. These results

do confirm, however, that DFT is an appropriate choice of meth-

odology for further analysis.

EDA and polarizable continuum model (PCM) calculations

were carried out following literature precedent44 and at the

uB97X-V/def2-TZVPD level of theory. All interaction energies

are corrected for basis set superposition error via a counterpoise

correction. The solvent accessible surface for PCM was gener-

ated with a 1.4 Å solvent probe radius and the results were basis

set superposition error (BSSE) corrected by using the BSSE

correction from the gas phase calculation. We considered the ef-

fect of solvents with varying dielectric constants (Figure S6B);

increasing the continuum dielectric constant lowers the interac-

tion energy for CRM, O-CRM, and Se-CRM, while the interaction

energy for C-CRM remains nearly constant. This suggests that in

the full rRNA environment, C-CRMwill have a weaker binding af-

finity than CRM, consistent with the experiments; however,

direct calculations of binding free energies differences would

be required for a more quantitative statement.56,57

The RI-MP2 calculations were performed on each system us-

ing the cc-pVTZ and cc-pVQZ basis sets and corresponding

auxiliary basis sets.58–60 The complete basis set (CBS) result

was extracted via a two-point extrapolation of the RI-MP2 corre-

lation energy from the following formula:
I�MP2ÞQZ 43 � ðEcorr RI�MP2ÞTZ 33
�

43 � 33
(Equation 1)

http://www.pymol.org
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The AFQMC calculations were performed with ipie26,61 using

restricted Hartree-Fock (RHF) trials generated by PySCF.62 The

Cholesky decomposition of the two electron integrals was found

to introduce aminimal amount of error with a cutoff of 10�4 for C-

CRM and O-CRM and 10�5 for CRM and Se-CRM. Because

AFQMC calculations are computationally demanding, we

approximate the CBS correction for AFQMCat the cc-pVTZ level

with the RI-MP2 CBS extrapolation energy using the following

formula:

ðEAFQMCÞCBS = ðEAFQMCÞTZH
�ðERI�MP2ÞCBS � ðERI�MP2ÞTZ

�

(Equation 2)
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