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ABSTRACT

HflX is a ubiquitous bacterial GTPase that splits and
recycles stressed ribosomes. In addition to HfIX, Lis-
teria monocytogenes contains a second HflIX ho-
molog, HfIXr. Unlike HfIX, HfIXr confers resistance
to macrolide and lincosamide antibiotics by an ex-
perimentally unexplored mechanism. Here, we have
determined cryo-EM structures of L. monocytogenes
HfIXr-50S and HfIX-50S complexes as well as L.
monocytogenes 70S ribosomes in the presence and
absence of the lincosamide lincomycin. While the
overall geometry of HfIXr on the 50S subunit is sim-
ilar to that of HfIX, a loop within the N-terminal do-
main of HfIXr, which is two amino acids longer than
in HfIX, reaches deeper into the peptidyltransferase
center. Moreover, unlike HflX, the binding of HfIXr in-
duces conformational changes within adjacent rRNA
nucleotides that would be incompatible with drug
binding. These findings suggest that HfIXr confers
resistance using an allosteric ribosome protection
mechanism, rather than by simply splitting and recy-
cling antibiotic-stalled ribosomes.

INTRODUCTION

Bacteria have evolved diverse mechanisms by which they
can obtain resistance to antibiotics (1,2), which is mak-

ing our current arsenal of antimicrobial agents obsolete
(3). One such mechanism is target protection, where a re-
sistance protein physically interacts with an antibiotic tar-
get to rescue it from the antibiotic-mediated inhibition (4).
The best characterized target protection mechanisms oper-
ate against ribosome-targeting antibiotics and are mediated
by so-called ribosome protection proteins (RPPs). Type I
RPPs confer resistance by binding to the target at an over-
lapping site as the drug and thereby inducing its dissocia-
tion, as exemplified by the tetracycline RPPs, such as TetO
and TetM (4-7). Type II RPPs confer resistance by binding
to the target at a distinct site from the drug and promote
drug dissociation by inducing allosteric changes within the
drug binding site. This latter mechanism is thought to be
employed by the large family of antibiotic-resistance (ARE)
ATP-binding cassette type F (ABCF) proteins that confer
resistance to a range of antibiotics that bind at or near the
peptidyl-transferase center (PTC) of the large ribosomal
subunit (4,8-13). By contrast, type III RPPs induce con-
formational changes within the target that restore function-
ality despite the presence of the bound antibiotic, as illus-
trated by the fusidic acid resistance proteins such as FusB
or FusC (4,14,15).

Recently, a novel resistance protein, HIXr (encoded
by the gene I/mo0762), has been identified in Listeria
monocytogenes and shown to confer resistance to lin-
cosamides, such as lincomycin, as well as macrolides, such
as erythromycin—but not to other ribosome-targeting an-
tibiotics, such as chloramphenicol or tetracycline (16).
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HfIXr shares 37% amino acid identity with L. monocy-
togenes housekeeping HfIX protein (encoded by the gene
Imo1296) that does not confer antibiotic resistance (16). The
effect of HfIXr loss on L. monocytogenes antibiotic suscep-
tibility was only observable when the ARE-ABCF VgaL
(encoded by the gene /mo0919)—which has a partially-
overlapping spectrum of action—was also inactivated (16),
implying some redundancy between these two proteins. Un-
related to the ATPase VgaL (11), HXr is a homolog of
the widely-distributed bacterial GTPase HflX, encoded by
Imol1296 in L. monocytogenes (16), which is proposed to
split and recycle 70S ribosomes that have become stalled
under stress conditions (17-20). In Staphylococcus aureus,
HfIX has also been shown to disassemble hibernating 100S
ribosomes (21). Deletion of the gene encoding HfIXr also
leads to accumulation of 70S ribosomes, suggesting that
HfIXr may confer resistance by splitting and recycling of
antibiotic-stalled ribosomes (16). While structures of Es-
cherichia coli HAIX on the 50S subunit have been reported
(17,19), as well as more recently for the human mitochon-
drial HIX homolog GTPBP6 bound to large subunit bio-
genesis intermediates (22), direct interaction of HfiXr with
ribosomal particles has not been demonstrated. Since the
second HfIX homologue in L. monocytogenes—the house-
keeping HIX (Lmo1296)—does not appear to confer any
notable antibiotic resistance, just like the single E. coli HfIX
(16), it remains unclear whether splitting and recycling of
antibiotic-stalled ribosomes is necessary and sufficient to
confer antibiotic resistance, or whether HflXr has an addi-
tional target protection role to facilitate drug release from
the large 50S subunit. In the structure of the E. coli HiIX-
GDPNP-50S complex, the loop connecting two helices of
subdomain II within the N-terminal domain of HfiIX is po-
sitioned at the PTC in close proximity to the lincomycin
binding site (17). Since the L. monocytogenes HfIXr loop
is two residues longer than E. coli and L. monocytogenes
HfIX and differs in sequence (Figure 1A), this offers the
possibility that a distinct conformation adopted by HflXr
could reach deeper into the PTC and overlap with the drug-
binding sites (4). Collectively, these observations raise the
question as to whether the HIX and HfIXr proteins with
longer loops confer antibiotic resistance using type I or type
II target protection mechanisms (4).

Here we systematically characterize the resistance spec-
trum of L. monocytogenes HiIXr, demonstrating in agree-
ment with previous reports, that HflXr confers resistance to
lincomycin and erythromycin, but not chloramphenicol and
tetracycline (16). Further defining the antibiotic classes af-
fected by HflXr, we also observe resistance to the pleuromu-
tilins tiamulin and retapamulin, and the streptogramins vir-
giniamycin M1 and S1, but not the oxazolidinone linezolid.
We report a cryo-electron microscopy (cryo-EM) structure
of L. monocytogenes HfiXr-50S-GDPNP complex ranging
in resolution from 2.3 A for the ribosomal part and 3.0-5.0
A for HfIXr. The structure reveals that while HiXr binds
to the 50S subunit analogously to HfIX, the N-terminal do-
main IT loop of HfIXr penetrates deeper into the peptidyl-
transferase center (PTC) than that of HfIX, and thereby
comes into close proximity of the binding sites of the rel-
evant antibiotics. Additionally, we have determined cryo-
EM structure of the L. monocytogenes HX-50S complex,

as well as 70S ribosome in the presence and absence of lin-
comycin at 2.1-3.1 A, revealing that binding of HfIX, or
lincomycin, to the 50S subunit or 70S ribosome, respec-
tively, do not induce any conformational changes within the
PTC. Comparison of these structures with the L. monocyto-
genes HXr-50S-GDPNP complex reveals that in contrast
to HAX, HAXr induces conformational changes within the
PTC that would be incompatible with drug binding. Our
findings lead us to hypothesize that HiIXr may confer an-
tibiotic resistance using a type II ribosome protection pro-
tein mechanism, analogous to the ARE-ABCF proteins,
such as L. monocytogenes Vgal..

MATERIALS AND METHODS
Strains and plasmids

All bacterial strains and plasmids used in the study are listed
in Supplementary Table S1.

Gene [mo0762 encoding HfIXr was amplified from
EGDe genomic DNA using primers VHKT40 (5-GGG
GCCATGGAGAAAAAAGTATTAATCGTTGG) and
VHKT41 (5-GGGGCTGCAGTTACTCAGCTACTTG
ATATTCTGCT), and cloned into pIMK3 using Ncol and
Pst] restriction sites, resulting in plasmid VHp838. Variants
of Imo0762 were constructed via two step overlap PCR (23).
Mutation R149A was introduced to AflXr using primer
pairs VHKT236 (5-GGCGGCCTTAGCAACGCTGGT
TCAGGTGAAAA), VHKT41 and VHKT40, VHKT237
(5-TTTTCACCTGAACCAGCGTTGCTAAGGCCGC
C). These overlapping PCR products were then zipped
together in a third PCR using primers VHKT41 and
VHKT40. The resulting PCR product was cloned into
pIMK3 using Ncol and Pstl sites resulting in VHp840. The
loop deletion AS147-E148 were synthesised using primer
pairs VHKT238 (5-GGAAAAGGCGGCCTT_CGTG
GTTCAGGTGAA), VHKT41 and VHKT40, VHKT239
(5-TTCACCTGAACCACG_AAGGCCGCCTTTTCC).
These overlapping PCR products were then zipped together
in a third PCR using primers VHKT41 and VHKT40. The
resulting PCR product was cloned into pIMK3 using Ncol
and Pstl sites resulting in VHp841.

To construct a vector for the overexpression of
HfXr-HTF to enable purification of 50S-HfIXr com-
plexes via immunoprecipitation, the [mo0762 locus
and HTF tag (HTF stands for Hisg-TEV-FLAG3;)
were amplified with primer pairs VHKT40, VHKT165
(5-ATGATGATGGCCGCCCTCAGCTACTTGAT
ATTCTG) and VHKTI66 (5-TATCAAGTAGC
TGAGGGCGGCCATCATCATCATC), VHKTI13
(5-GGGGCTGCAGTTAGCCTTTGTCATCGTC)  us-
ing EGDe genomic DNA and VHpl00 (pCIE::/sa-HTF)
plasmid for expression of HTF-tagged LsaA ARE-ABCF
(11) as template DNA, respectively, producing fragments
with overlapping ends. VHKT40 and VHKT13 were then
used to fuse the fragments and the resulting PCR product
was cloned into pIMK3 using Ncol and Pstl sites resulting
in VHp839.

For the overexpression of HIX-HTF to enable purifica-
tion of 50S-HfIX complexes via immunoprecipitation, the
pIMK3::/4fIX-HTF plasmid (VHp1068) was constructed by



A HfIXr WP_056947102.1 Amylolactobacillus amylophilus
WP_012199117.1 Lachnoclostridium phytofermentans
WP_005936530.1 Faecalibacterium duncaniae
YP_004888852.1 Lactobacillus plantarum WCFS1

YP 536324.1 Lactobacillus salivarius UCC118
WP_011373832.1 Latilactobacillus sakei
YP_001088723.1 Clostridioides difficile 630
WP_024028511.1 Bacillus vireti

NP_831536.1 Bacillus cereus ATCC 14579
WP_015075769.1 Carnobacterium maltaromaticum
WP_010990592.1 Listeria innocua

NP_464289.1 Listeria monocytogenes EGD-e
NP_464821.1 Listeria monocytogenes EGD-e
WP_010990932.1 Listeria innocua
WP_015076650.1 Carnobacterium maltaromaticum
NP_833435.1 Bacillus cereus ATCC 14579
WP_024028348.1 Bacillus vireti

YP_001087265.1 Clostridioides difficile 630

HfIX

NP_418594.1 HfiX Escherichia coli str. K-12 substr. MG1655

NP_389625.2 Bacillus subtilis str. 168
NP_815823.1 Enterococcus faecalis V583
YP_499815.1 Staphylococcus aureus NCTC 8325
YP_143832.1 Thermus thermophilus HB8
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Figure 1. Sequence alignments of HIX and HflXr proteins and MIC data. (A) Sequence alignment of the resistance-associated loop region within the
N-terminal domain of selected HfIX (blue) and HfIXr (pink) representatives, showing independently evolved insertions in HfIXr and HfIX. Taxa in bold
are those with both HfIX and HfIXr. Conserved R/Q residue (R149 in L. monocytogenes HfIXr) is marked with a red asterisk. The full alignment is found in
Supplementary Data S1. (B) Minimum inhibitory concentrations (MICs) of ribosome-targeting antibiotics against L. monocytogenes EGDe strains lacking
or expressing HIXr or/and VgaL/Lmo0919 ARE-ABCEF. The color code is made with respect to the first column that contains the AvgaL/pIMK3 MICs.
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the Protein Expertise Platform (PEP) facility at Umea Uni-
versity. Using the same cloning strategy as for AflXr, the
Imo1296 locus and HTF tag were amplified from EGDe ge-
nomic DNA and VHp100 (pCIE::lsa-HTF) plasmid for ex-
pression of HTF-tagged LsaA ARE-ABCF (11) as template
DNA, respectively. The resulting PCR product was cloned
into pIMK3 using Ncol and BamHI sites.

To construct the Almo0762 strain VHB680 lacking
HfIXr, flanking regions of /mo0762 gene were amplified us-
ing primers DImo0257-Af_BamHI (5-AATTGGATCCgcc
aaattgaaatggtggacg) and DImo0257-Br_Kpnl (5-AATTG
GTACCtgttagcatttctattectcattttetg), as well as Dlmo0257-
Cf Kpnl (5-AATTGGTACCgcgtgatcaaaaagaagegg) and
DImo0257-Dr_Ncol (5-AATTCCATGGcgtagceecttcatctaa
gaacc). The PCR products were cloned into BamHI and
Ncol sites of pMAD vector and deletion strain (KVA1496)
in L. monocytogenes EGDe was obtained as described by
Arnaud et al. (23). To construct the double deletion strain
VHB685 lacking both VgalL and HfIXr (VHB685; EGDe
Almo0762 Almo0919), Imo0919 was deleted from the L.
monocytogenes strain VHB680 (EGDe Almo0762) lack-
ing HfiXr. Vector VHp689 (pMAD::Almo0919) (11) was
used as per Arnaud et. al (23) for gene deletion. Re-
sulting colonies were then verified via colony PCR using
primers VHKT42 (5-TTCCCACAATGTAAGCCGTGT
ATTTCAAAC) and VHKT43 (5-AGCGAGCCAACAA
TGACTGC). To construct HXr complementation strains
used for MIC antibiotic susceptibility testing, the pIMK3
integrative plasmid and its derivatives harboring IPTG in-
ducible AfiXr or hfiXr mutants were transformed into L.
monocytogenes via conjugation with E. coli S17.1 as de-
scribed previously (11). Upon transformation pIMK3 and
its derivatives integrate into the tRNA”® Jocus of the L.
monocytogenes genome.

Antibiotic susceptibility testing

Minimum inhibitory concentrations (MIC) of antibi-
otics were determined by microbroth dilution in 96-
well plate format, based on guidelines provided by
the European Committee on Antimicrobial Susceptibility
Testing (EUCAST) (http://www.eucast.org/ast_of _bacteria/
mic_determination). L. monocytogenes cells harboring chro-
mosomally integrated pIMK3:/f/Xr variants, or the con-
trol empty vector, were grown in BHI media supplemented
with 100 wg/ml kanamycin for plasmid maintenance and
0.5mM IPTG to induce expression of if/Xr and its variants,
as well as increasing concentrations of tested antibiotics.
The media was inoculated with 5 x 10° CFU/ml (ODgg
of approximately 0.0005) of L. monocytogenes strains indi-
cated. After 16-20 h at 37°C without shaking, the presence
or absence of bacterial growth was scored by eye.

Preparation of bacterial biomass

For the preparation of immunoprecipitated HfiXr-50S and
HfIX-50S samples: L. monocytogenes strains (i) EGDe
AWfiXr, hfiXr-HTF (HTF stands for Hise-TEV-FLAG;),
harbouring the chromosomal pIMK3 expression construct
(either empty vector or expressing wild-type HfiIXr-HTF) or
(i1)) EGDe, hfIX-HTF harbouring the chromosomal pIMK3

expression construct expressing HAX-HTF, were grown
overnight from a single colony in BHI media supplemented
with 100 pg/ml kanamycin. Overnight cultures were then
used to inoculate 200 ml of BHI media supplemented with
10 pg/ml kanamycin to an initial ODggo of 0.05. Cultures
were grown at 37°C shaking at 160 rpm until reaching
ODyggo 0.6 and then induced by 0.5 mM IPTG for an ad-
ditional 1 h. Cells were harvested by centrifugation (5,000
x g, 15 min, 4°C) and flash frozen in liquid nitrogen.

For the purification of L. monocytogenes 70S ribosomes
and 50S subunits: wild-type L. monocytogenes strain EGDe
was grown overnight in BHI from a single colony and then
used to inoculate 2.5 1 of fresh BHI. Cells were grown at
37°C shaking at 160 rpm until ODgy 0.5 and harvested by
centrifugation (5,000 x g, 15 min, 4°C), yielding a 5 g pellet,
which was subsequently flash-frozen in liquid nitrogen.

Preparation of clarified lysates

For the preparation of immunoprecipitated HfIXr-50S or
HfIX-50S samples: Cell pellets were thawed on ice and re-
suspended in 0.8 ml of 1x HEPES:Polymix buffer (20 mM
HEPES:KOH pH 7.5, 5 mM Mg(OAc),, 95 mM KCl, 15
mM NH4CI, 0.5 mM CaCl,, 8 mM putrescine, 1| mM sper-
midine, 0.5 mM EDTA) (24) supplemented with 1 mM
DTT, 0.5 mM GTP or GDPNP where indicated as well
as 1 tablet of EDTA-free protease inhibitor (cOmplete™ by
Roche) per 30 ml of buffer. Cells were lysed by shaking with
200 mg of 0.1 mm zirconium beads using FastPrep cell dis-
rupter (MP Biomedicals) (4 x 20s; 4.5 M/S; cooled on ice
for 2 min in between cycles). Cell debris was removed by
centrifugation (18,000 x g for 20 min).

For the purification of L. monocytogenes 70S ribosomes:
Cell pellets were thawed on ice and resuspended in 50 ml of
lysis buffer (20 mM Tris—=HCI pH 7.5, 100 mM NH4Cl, 15
mM Mg(OAc),,0.5mM EDTA, 3 mM B-mercaptoethanol)
and lysed using Stansted Fluid Power SFPH-10 Stansted
Pressure Cell/Homogenizer. Cell debris was removed by
centrifugation (18,000 x g for 20 min).

Affinity purification on anti-FLAG M2 affinity gel

50 pl of well-mixed anti-FLAG M2 Affinity Gel aliquots
(Sigma) were loaded onto gravity flow columns (Micro Bio-
Spin Columns, Bio-Rad) and washed twice with 1 ml of cell
opening buffer by gravity flow. All subsequent incubations,
wash and elution was performed at 4°C. Cleared lysates
were incubated with the pre-washed anti-FLAG resin for
2 h at 4°C with end-over-end mixing. Resin was washed
6 times, with 0.5 ml of 1x HEPES:Polymix cell opening
buffer supplemented with the non-ionic detergent Nikkol
(0.05%). To elute, resin was incubated with 100 pl of 0.2
mg/ml FLAG peptide solution prepared in cell opening
buffer (+0.05% Nikkol) on the column with end over end
mixing for 20 min at 4°C. Flow through was collected by
centrifugation at 2,000 x g for two min. The resulting pull-
down samples were used to prepare cryo-EM grids. 10 .l of
both the final wash and elution were retained for resolution
on a 12% SDS-PAGE gel, before staining with ‘Blue-Silver’
Coomassie Staining analysis before imaging with LAS4000
(GE Healthcare). L. monocytogenes EGDe 50S ribosomal
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subunits, purified in small scale, as described previously
(25), were used as a loading control and to visually assess
sample concentration.

Purification of L. monocytogenes 70S ribosomes

Purification of ribosomes was carried out as previously de-
scribed (25) with minor modifications. Briefly, cleared lysate
was applied to a 37.6% sucrose cushion equilibrated in ly-
sis buffer and ribosomes were pelleted via centrifugation.
This was followed by separation on 5-25% sucrose gradi-
ents, equilibrated in HEPES:Polymix buffer (24) supple-
mented with 5 mM Mg(OAc), and fractionated on the Gra-
dient Station ip instrument (BioComp Instruments) to iso-
late 70S. Fractions containing 70S were pooled and ap-
plied to a 25% sucrose cushion, and pellets were resus-
pended in HEPES:Polymix buffer supplemented with 5 mM
Mg(OAc),. The 50S fractions were kept for future use as
loading control on SDS-PAGE gels. Resulting samples were
flash-frozen and stored at —-80°C in single-use aliquots.

Preparation of cryo-EM grids

Elutions from HfIX and HfiXr pull-downs were kept on ice
and applied to grids within 2 h of preparation. 3.5 pl of
sample was loaded onto glow discharged cryo-grids (Quan-
tifoil 2/2 Cu300 coated with 2 nm continuous carbon) us-
ing the Vitrobot (FEI) under conditions of 100% humid-
ity at 4°C, blotted for 5 s and vitrified by plunge-freezing
in liquid ethane. HfIXr samples were imaged on a Titan
Krios (FEI) operated at 300 kV at a nominal magnification
of x165,000 (0.86 A /pixel) with a Gatan K2 Summit cam-
era. HAXr-50S samples were imaged at an exposure rate of
5.85 electrons/pixel/s with a 4 s of exposure and 20 frames
using the EPU software. HAIX-50S samples were imaged at
the exposure rate of 6.899 electrons/pixel/s with a 3.2 s of
exposure.

Purified 70S L. monocytogenes ribosomes at a concentra-
tion of 0.4 wM were incubated with 100 wM lincomycin on
ice before 4 pl of sample was loaded onto glow discharged
cryo-grids (Quantifoil 2/2 Cu300 coated with 2 nm contin-
uous carbon) using the Vitrobot (FEI) as described above.
Data was collected on a Titan Krios (FEI) operated at 300
kV at a nominal magnification of x270,000 (0.502 A/pixel)
with a Gatan K2 Summit camera at an exposure rate of 3.38
electrons/pixel/s with a 3 s of exposure and 20 frames using
the EPU software.

Single-particle reconstruction of LmoHfIXr-50S complex

Processing was performed in RELION 3.1 unless otherwise
specified (26). RELION’s implementation of MotionCor2
with 5 x 5 patches and CTFFIND4 (using power spec-
tra) were used for motion correction and initial CTF es-
timation (27,28). 402,944 particles were picked from 4255
micrographs with crYOLO using the general model (29).
After 2D classification, all ribosome-like classes were se-
lected, particles extracted with a 3 x reduced pixel size (2.46
A/pixel), and an initial model at 15 A created ab initio. Af-
ter 3D refinement using the ab initio model as a reference
(30), 3D classification with six classes and without angular
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sampling was performed. Two classes with 99% of the parti-
cles (204,545 particles), both containing unassigned density
in the A-site, with and without E-tRNA density, were com-
bined. Particles were re-extracted at the original pixel size,
3D refined, CTF refined (4th order aberrations, beam-tilt,
anisotropic magnification and per-particle defocus value es-
timation) and Bayesian polished (31). The resulting com-
bined 50S volume was post-processed resulting in a final re-
construction at an average resolution of 2.32 A. The map
was low-pass filtered at 3 A for modelling. Bsoft was used to
estimate local resolution (32) based on the half maps from
the final 3D refine (blocres -maxres -box 20 -cutoff 0.143
-verbose 1 -origin 0,0,0 -Mask half_map1 half_map2).

Single-particle reconstruction of Lmo70S ribosome

For the 70S-only volume, which was processed from a
previously described Vgal-immunoprecipitation sample
(EMPIAR-10684) (11), processing was performed with RE-
LION 4.0 beta (33). CTFFIND4 was used to estimate CTFs
for dose-weighted micrographs which had been motion-
corrected with MotionCor2 (27,28). Micrographs with a
CtfMaxResolution <5 A, 1,385 in total, were selected for
further processing. Particles were picked with the RELION
LoG picker, resulting in 110,725 particles which were ex-
tracted with a pixel size of 2.46 A/pixel and subjected to
2D classification. 54,430 particles were selected and used to
create a starting model with the 3D initial model job type.
The resulting volume was used as a reference for 3D refine-
ment. 3D classification with four classes and without angu-
lar sampling was then performed. Two classes, with 26,143
particles and that contained resolved 70S but no VgaL, were
selected for further processing. After another 3D refinement
with a generous mask around the E site (generated with
the volume eraser tool in UCSF ChimeraX) was used for
partial signal subtraction followed again by 3D classifica-
tion with four classes and without angular sampling. Three
classes that did not contain VgaL-like density in the E site,
totaling 14,097 particles, were combined and re-extracted
with the original pixel size. 3D refinement, followed by re-
finements for anisotropic magnification, per-particle defo-
cus and per-micrograph astigmatism, fourth order aberra-
tions, and beam-tilt and trefoil (31), and another 3D refine-
ment were performed, prior to the final post-processing.

Single-particle reconstruction of Lmo50S-Lnc and Lmo70S-
Lnc complexes

Processing was performed in RELION 3.1 unless other-
wise specified (26). RELION’s implementation of Motion-
Cor2 with 5 x 5 patches and CTFFIND4 (with power spec-
tra) were used for motion correction and initial CTF esti-
mation (27,28). 561,654 particles were picked from 14,982
micrographs with crYOLO using the general model (29).
After 2D classification, all ribosome-like classes were se-
lected, particles extracted with a 3x reduced pixel size
(2.46 A/pixel). After 3D refinement using the Lmo70S-
VgalL map (EMDB-12334) (11) as a reference, 3D classifi-
cation with six classes and without angular sampling was
performed. Two classes were further processed, one with
56.4% of particles (285,330 particles) with E-site tRNA
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and one with 34% (172,106 particles) with P-tRNA. Par-
ticles were re-extracted at the original pixel size, 3D re-
fined, CTF refined (fourth order aberrations, beam-tilt,
anisotropic magnification and per-particle defocus value es-
timation) and Bayesian polished (31). The resulting 70S
sub-stoichiometric P-site tRNA volume was post-processed
resulting in a masked final reconstruction at an average res-
olution of 2.25 A. For the E-site tRNA volume the 50S was
masked, to exclude the sub-stoichiometric 30S subunit, re-
sulting in a masked final reconstruction at an average res-
olution of 2.08 A. Masks were generated based on the 3D
refined volumes with 6 px soft-edge and 15 A low pass fil-
ter applied. Bsoft was used to estimate local resolution (32)
based on the half maps from the final 3D refine for both vol-
umes. (blocres -sampling 0.82 -maxres -box 20 -cutoff 0.143
-verbose 1 -origin 0,0,0 -Mask half_map1 half_map?2).

Single-particle reconstruction of LmoHfIX-50S complex

Processing was performed in RELION 3.1 unless otherwise
specified (26). RELION’s implementation of MotionCor2
with 5 x 5 patches and CTFFIND4 (using power spectra)
were used for motion correction and initial CTF estima-
tion (27,28). 268,147 particles were picked from 4,480 mi-
crographs with crYOLO using the general model (Wagner et
al., 2019). After 2D classification, all ribosome like classes
were selected, particles extracted with a 3x reduced pixel
size (2.46 A /pixel). After 3D refinement using the Lmo50S-
Lnc volume as a reference, 3D classification with six classes
and without angular sampling was performed. Three classes
with 83.9% of the particles (203,878 particles), all contain-
ing density in the A-site that could be assigned to HfIX,
were combined. Particles were re-extracted at the original
pixel size, 3D refined, CTF refined (fourth order aberra-
tions, beam-tilt, anisotropic magnification and per-particle
defocus value estimation) and Bayesian polished (31). The
resulting combined 50S volume was post processed result-
ing in a final reconstruction at an average resolution of 2.54
A.The resulting volume was further subsorted with masked
(generated from a molmap of HflXr aligned with 6 px ex-
tension) particle subtraction and 31.5% of the particles con-
taining high resolution HfIX density were re-extracted at the
original pixel size and 3D refined. The resulting 50S volume
was post processed resulting in a masked final reconstruc-
tion at an average resolution of 2.76 A, however, the maps
exhibited strong orientation bias, presumably due to pre-
ferred orientations on the cryo-EM grid. All maps were low-
pass filtered at 3 A for structural analysis. Bsoft was used to
estimate local resolution (32) based on the half maps from
the final 3D refine (blocres -maxres -box 20 -cutoft 0.143
-verbose 1 -origin 0,0,0 -Mask half_map1 half_map?2).

Molecular modelling of the Lmo ribosome complexes

The molecular models for the L. monocytogenes 50S sub-
unit and 70S ribosome were based on the L. monocytogenes
Vgal. structure (PDB ID 7NHN) (11). An initial molec-
ular model for L. monocytogenes HfIXr was prepared us-
ing alphafold (34,35). Lincomycin and other molecular re-
straints were prepared using aceDRG (36). Starting models
were rigid body fitted and modelled using Coot 0.9.8.1 (37)

from the CCP4 software suite v.8.0 (38). Initial refinement
was done in Phenix 1.20-4487 (39) and final refinement in
Refmac5 within Servalcat (40) and validated with Phenix
comprehensive Cryo-EM validation (41,42).

Sequence analysis

HfIX and HfIXr sequences were identified via a BlastP v
2.11 (43) search against a diverse set of bacterial NCBI
proteomes (E value cut-off 1e-60, L. monocytogenes NCBI
RefSeq protein NP_464289.1 as the query). Additional rep-
resentative HfIX/HfIXr homologous sequences were iden-
tified from Duval et al. (16) supplementary datasets, and
clustered with MMseqs2 version 13-45111 using ‘mmseqs
cluster’ with a minimum sequence identity value of 0.5
(44). ABCF subfamilies were identified using HMM mod-
els made previously (45), scanned with HMMER version
3.1b2 HMMSCAN with an E value cut-off of 1e=7. Se-
quences were aligned with MAFFT L-INS-i version 7.453
(46). HfiXr sequences are classified based on phylogenetic
analysis (below, and Supplementary Figure S1). All NCBI
accessions are recorded in Supplementary Data S1, along
with the full alignment. After removing alignment positions
with >50% gaps with TrimAl v1.2 (47), phylogenetic anal-
ysis was carried out using IQ-TREE v1.6.12 (http://iqtree.
cibiv.univie.ac.at/, (48)) with default parameters and 1000
ultrafast bootstrap replicates (49). Within the analysis, the
program determined and used ‘LG + I + G’ as the best-
fit substitution model. JalView v.2.11.2.0 (50) and FigTree
v.1.4.4 (https://github.com/rambaut/figtree/) were used re-
spectively for alignment and phylogenetic tree visualization.

Figures

UCSF ChimeraX 1.3 (51) was used to isolate density and vi-
sualize density images and structural superpositions. Mod-
els were aligned using PyMol v2.4 (Schrodinger, LLC). Fig-
ures were assembled with Adobe Illustrator (Adobe Inc.)
and Inkscape (latest development release, regularly up-
dated).

RESULTS

Phyla that contain ARE-ABCFs often have HAX /HfIXr ho-
mologs with extended loop regions

HfIXr is extended in the loop region relative to E. coli
and L. monocytogenes HIX by typically two amino acids
(Figure 1A, Supplementary Figure S1, and Data S1). In
addition to L. monocytogenes, we observe that for bacte-
ria containing two HfIX homologs, usually one homolog
is part of the paraphyletic HfIX group in the phylogeny
and has a shorter loop, and the other is within the HfIXr
clade and has a longer loop, as seen for example in Lis-
teria innocua, Clostridioides difficile, Carnobacterium mal-
taromaticum and some Bacillus species, such as B. cereus
and B. vireti, but not B. subtilis, the latter having only the
HfIX homolog (Figure 1A). Streptomyces ambofaciens is
unusual in having two relatively closely related HIX ho-
mologs with insertions of the same length (Figure 1A). With
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HfIXr-508

Figure 2. Cryo-EM structure of the L. monocytogenes HAXr-50S complex. (A) Cryo-EM density (3 A low-pass filtered) of the 50S ribosomal subunit
(grey) with HfiXr (orange). Inset shows relative orientation of (A) to crown view. (B) Isolated cryo-EM map density (grey mesh; 3 A lowpass filtered) with
a molecular model for HfIXr colored according to domains: N-terminal subdomain I (NTDI, blue), N-terminal subdomain II (NTD2, red), G-domain
(GD, green) and C-terminal domain (CTD, orange). (C) Interactions of HfIXr (orange) NTD1 with H69 (blue), H70 (cyan), H71 (dark green), the a-helices
of NTD2 with H89 (purple) and H91 (light purple), NTD2-loop with the PTC (lime) and the CTD with uL11 (light blue). (D) GDPNP (grey) in extracted
density (grey mesh) within the binding pocket of the GD (orange) with a putative coordinated magnesium ion (green). (E) Binding of HfiXr (orange)
causes a shift in H69 (grey) compared to the vacant L. monocytogenes ribosome (light blue, aligned on 23S rRNA). (F) H69 (grey) movement caused by
HfIXr would sterically clash with h44 of L. monocytogenes 30S subunit (yellow, PDBID: 7NHN; (11)) on the 70S ribosome, when aligned on the basis of

23S rRNA.

only 50% bootstrap support for the Faecalibacterium dun-
caniae homolog branching with the HfIXr clade, the classifi-
cation of this divergent protein—and therefore the bound-
ary of the HIXr clade—is ambiguous. However, this pro-
tein has one of the longest insertions in the family, and we
tentatively classify it as HfIXr. Interestingly, Lactobacillus
sakei appears to have HfIXr and no corresponding HflX
homolog (Figure 1A). In some bacteria containing only a
single HfIX homolog, we observe independent insertions of
distinct sequence and length, for example, Mycobacterium
species (M. abscessus, M. smegmatis, M. tuberculosis), Bac-
teroides fragilis, Amycolatopsis mediterranei and Deinococ-
cus radiodurans have eight amino acid insertions (relative
to the E. coli HIX sequence), Cornebacterium glutamacium
and Gardnerella vaginalis have seven, Streptomyces fradiae
has five and Chlamydia trachomatis has four (Figure 1A
and Supplementary Figure S1). Interestingly, the S. fra-
diae hflX gene resides within the biosynthetic gene cluster
for the macrolide spiramycin (52), supporting a possible
role for loop-extended HfIX homologues as antibiotic re-
sistance determinants. The single HfIX homologs present
in Mycobacterium abscessus and M. smegmatis have been
shown to confer resistance to macrolides and lincosamides,
but not to linezolid, chloramphenicol or tetracycline (53).
Despite the longer loop with 8aa insertion, M. smegmatis
HfIX was reported to have no influence on the binding of
radiolabelled erythromycin to the ribosome, leading to the

suggestion that M. smegmatis HIX does not use target pro-
tection mechanism, but that the mechanism involves ribo-
some recycling (53). The phyla with long loop homologues
(regardless of whether they are HIX or HfIXr), Bacillota
and Actinomycetota, are also those that tend to carry one
or more ARE versions of ABCFs (Supplementary Data
S1). However, this is not a strict association. For example,
Chlamydia trachomatis carries an extended HfIX loop while
only harboring a single, likely housekeeping ABCF (YbiT),
while some isolated Bacillota and Actinomycetota species
carry ARE-ABCFs but no extended HIX/HfIXr (Supple-
mentary Data S1).

HfIXr confers resistance to macrolides and lincosamides, but
also pleuromutilins and streptogramins

HflXr-mediated resistance is naturally masked in L. mono-
cytogenes by resistance mediated by VgaL (16), an ARE-
ABCEF that confers resistance to lincosamides, pleuromu-
tilins and streptogramin A antibiotics (11,16,54-56). Thus,
in order to specifically characterize the antibiotic resis-
tance profile of HAAXr we used a set of hfiXr+ and hfiXr—
Avgal L. monocytogenes strains for our antibiotic sensi-
tivity assays. We have constructed a markerless double-
deletion L. monocytogenes Avgal. AhfiXr strain that lacks
both VgalL and HflXr, and transformed it either with the
empty pIMK3 plasmid or the pIMK3 plasmid expressing
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Figure 3. Interaction of the NTD subdomain IT of HfiXr at the PTC. (A) Argl49 of NTD2-loop of HiiXr (orange) in extracted cryo-EM density. (B) HAXr
loop (orange) superimposed with A- (blue) and P-site tRNAs (green)(73). (C) The loop of HfIXr (orange) extends deeper into the PTC than E. coli HAIX
(17). Alignment in (B) and (C) are based on 23S rRNA. D-F, Binding position of HfIXr NTD2-loop (orange) with Argl49 shown as sphere, superimposed
with the binding site of (D) Lincomycin (Lnc, purple, PDB ID SHKV)(57), (E) erythromycin (Ery, yellow, PDB ID 4V7U) (59) and (F) virginiamycin S1
(VgS1, blue, PDB ID 1YIT)(60). Predicted steric clashes are indicated by red lines at the overlap of spheres.

HflXr. As a reference strain we used our previously reported
L. monocytogenes Avgal strain (11) transformed with an
empty pIMK3 plasmid. For the three strains described
above we determined minimum inhibitory concentration
(MIC) for the macrolides erythromycin and azithromycin,
the lincosamides lincomycin and clindamycin, the pleuro-
mutilins tiamulin and retapamulin, the streptogramins vir-
giniamycin M1 and S1, as well as chloramphenicol, line-
zolid and tetracycline (Figure 1B). In comparison to the
Avgal L. monocytogenes, we observed that the Avgal
AhflXr strain exhibited a slight increase in sensitivity to ery-
thromycin (2-fold) and lincomycin (4-fold), but remained
unchanged for chloramphenicol and tetracycline, as re-
ported previously (16). We also observed similar increases
in sensitivity to azithromycin, clindamycin as well as vir-
giniamycin M1 (streptogramin A), suggesting that in addi-
tion to macrolides and lincosamides, HXr may also con-
fer some resistance to streptogramin A compounds. By
contrast, the MIC remained unchanged for tiamulin, re-
tapamulin, linezolid and virginiamycin S (streptogramin
B). As expected we were able to rescue the antibiotic sen-
sitivities by overexpression of HflXr; for example, com-
pared to the pIMK3 control, overexpression of HfIXr in
the Avgal AhflXr strain led to a 4-fold increase in MIC for
the macrolides erythromycin and azithromycin and the lin-
cosamides lincomycin and clindamycin, as well as a 2-fold
increase in resistance to virginiamycin M (Figure 1B). Ad-
ditionally, we observed a 2-fold increase in MIC for virgini-
amycin S and more strikingly, 4- and 8-fold MIC increases
for the pleuromutilins tiamulin and retapamulin, respec-
tively. No change in MIC was observed for chlorampheni-

col, linezolid or tetracycline, suggesting that the observed
MIC increases are specific for distinct classes of ribosome-
targeting antibiotics. In summary, our findings expand the
spectrum of antibiotic classes that HIXr can confer resis-
tance to from macrolides and lincosamides to include pleu-
romutilins and streptogramins.

Cryo-EM structure of a L. monocytogenes HiXr-50S com-
plex

Our attempts to reconstitute HfIXr-50S complexes in vitro
were unsuccessful due to difficulties obtaining active sol-
uble L. monocytogenes HiIXr protein. Therefore, to gen-
erate homogenous L. monocytogenes HiIXr-50S complexes
for structural analysis, we employed an in vivo pull-down
approach using the L. monocytogenes AhfiXr strain over-
expressing a C-terminally FLAG;-tagged HfIXr protein,
as used recently to generate ARE-ABCF-ribosome com-
plexes (11,12). As a specificity control, we also performed
the in vivo pull-down experiment using the L. monocyto-
genes AhflXr strain transformed with the empty pIMK3
plasmid. Affinity purification via the FLAGs-tag was per-
formed in the presence of 0.5 mM GTP, or the non-
hydrolysable analog GDPNP, from clarified lysates and
the analysis of the elution fractions from the purifications
indicated that HfIXr was bound stably to the 50S sub-
unit in the presence of both GTP and GDPNP (Supple-
mentary Figure S2). Since the yield was slightly higher in
the presence of GDPNP, the HIXr-GDPNP-50S complex
was subjected to structural analysis using single-particle
cryo-EM.



Using a Titan Krios transmission electron microscope
with a K2 direct electron detector, we collected 4,255 mi-
crographs which, after 2D classification, yielded 206,159 ri-
bosomal 50S particles (Supplementary Figure S3). In sil-
ico sorting revealed that the vast majority (99%) of these
particles contained an additional density for HilXr, with or
without the presence of E-site tRNA. All HiXr-containing
classes were combined and after 3D refinement resulted in
a cryo-EM map of L. monocytogenes HfIXr-50S complex
with an average resolution of 2.3 A (Supplementary Figure
S4 and Table S2). While this number reflected well the res-
olution at the core of the 50S subunit, the HfIXr factor was
significantly less well-resolved and visualized better in low-
pass filtered maps at 3.0 A. With the exception of the loop
connecting the two a-helices of the N-terminal subdomain
11, which exhibited flexibility, the density for HfIXr was suf-
ficiently resolved to build a molecular model for the two
NTD subdomains, the central GTPase domain (GD) and
CTD (Figure 2A, B). As expected based on high sequence
conservation, the overall conformation of HflXr is very sim-
ilar to that reported previously for E. coli HfIX in complex
with the 50S subunit (17), as well as more recently for the
human mitochondrial HfIX homolog GTPBP6 bound to
a large subunit biogenesis intermediate (22) (Supplemen-
tary Figure S5). Briefly, the NTD subdomain I interacts
with H69-H71, the a-helices of subdomain II run paral-
lel to H89 and H91 and extend into the PTC, and the
CTD interacts with uL11 located at the stalk base (Figure
2C). Like HfIX, the GTPase domain of HfIXr is positioned
differently than other translational GTPases, such that its
nucleotide-binding pocket is oriented away from the sarcin-
ricin loop (Figure 2C). Careful inspection of the G-domain
reveals density within the nucleotide-binding pocket consis-
tent with the presence of a nucleotide triphosphate (Figure
2D), which we presume is the GDPNP that was added to the
lysate during sample preparation. Binding of HfIXr causes
a shift in H69 that would be incompatible with binding of
the 30S subunit to form a 70S ribosome, analogous to that
observed with HIX (17) (Figure 2E, F). Thus, the similar-
ity between the binding position of HflXr and that observed
for HAX (17), suggests that HfIXr is likely to induce split-
ting of the L. monocytogenes 70S ribosome with an analo-
gous mechanism as that reported for splitting of E. coli 70S
ribosomes by HIX (17).

Interaction of the NTD subdomain II of HfIXr at the PTC

Because the loop connecting the two a-helices of the N-
terminal subdomain IT (NTD2-Loop) was poorly resolved,
we were only able to trace a backbone model for this re-
gion (Figure 3A). Nevertheless, the overall position of the
NTD2-loop at the PTC overlaps significantly with that
of the CCA-ends of both A- and P-site tRNAs (Figure
3B), thus illustrating that binding of HflXr is incompati-
ble with actively translating ribosomes, analogous to HAX
(17). However, in the case of HIXr, the NTD2-loop reaches
deeper into the PTC than observed previously for HfIX
(17) (Figure 3C), which is likely due to the NTD2-loop
in HAXr being longer by two residues than that of E. coli
HfIX (4) (Figure 1A). As mentioned, the NTD2-loop of L.
monocytogenes HIX is also shorter by two residues com-
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pared to L. monocytogenes HfIXr (4). Although we can-
not be certain of the register of specific amino acids within
the NTD2-loop, there is strong density located at the tip
of the NTD2-loop of HfIXr that would be consistent with
the sidechain of Argl49 (Figure 3A). We note that struc-
tural alignment of the E. coli HIX from the E. coli HAX-50S
structure (17) placed the equivalent Argl53 in a similar lo-
cation (Figure 3C), although the Argl149 of HflXr is placed
somewhat deeper in the PTC (Figure 3A,B), presumably
due to the additional two preceding amino acids that are
absent in E. coli HIX (Figure 1). To understand the spatial
relationship between HfIXr and PTC binding antibiotics,
we first aligned the Staphylococcus aureus 50S-lincomycin
structure (57) to our HAXr-50S complex, revealing signif-
icant overlap between the drug and the tip of the NTD2-
loop where we predict Argl49 to be located (Figure 3D).
To ascertain whether Argl49 of HflXr contributes to an-
tibiotic resistance, we generated an Argl49 to Ala mutation
(R149A) in HfiXr and monitored antibiotic sensitivities
when overexpressed in the AvgaL AhfiXr strain (Figure 1B).
Compared with the overexpression of the wild-type HfIXr
that led to increased MICs against macrolides, pleuromu-
tilins, lincosamides and streptogramins, overexpression of
the HAXr-R 149A mutant did not increase the MIC for any
of the antibiotics tested (Figure 1B), indicating that Argl49
of HfIXr plays a critical role for conferring antibiotic resis-
tance. Despite the overlap between HfIXr and PTC antibi-
otics, such as lincomycin (Figure 3D), structural alignments
suggest that HfIXr does not overlap with macrolides, such as
erythromycin (Figure 3E), nor streptogramin B antibiotics,
such as virginiamycin S1 (Figure 3F). This raises the ques-
tion as to whether HfIXr confers resistance to macrolides
and streptogramin B antibiotics using an allosteric, rather
than steric overlap mechanism, as proposed for many ARE-
ABCEF proteins (11-13,58).

Cryo-EM structures of L. monocytogenes 70S complexes

To investigate whether HfiIXr induces conformational
changes within the PTC upon binding, we determined struc-
tures of L. monocytogenes 708 ribosomes in the absence of
HfIXr. First, we determined a structure of the L. monocy-
togenes 70S ribosome with a P-site tRNA at 3.1 A (Sup-
plementary Figure S6 and Table S2) by refining a mi-
nor subpopulation of L. monocytogenes ribosomal particles
from our previous study where the L. monocytogenes ARE-
ABCF Vgal was absent (11). In addition, we prepared a
new sample where L. monocytogenes 70S ribosomes were
incubated with lincomycin and subjected to single particle
cryo-EM analysis. Two major populations were identified
and refined, enabling structures of a L. monocytogenes 70S-
lincomycin complex, with and without P-site tRNA at 2.3
A and 2.1 A, respectively, to be determined (Supplemen-
tary Figures S7, S§ and Table S2). In both structures, lin-
comycin was bound within the A-site crevice at the PTC
(Figure 4A-D), as observed previously for lincomycin (57)
and its closely-related semi-synthetic derivative clindamycin
(59,60). While the conformations of PTC nucleotides form-
ing the lincomycin binding site were also identical with that
observed previously for lincomycin in complex with the S.
aureus 50S subunit (57), small differences were observed
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Figure 4. Cryo-EM structure of the L. monocytogenes lincomycin-70S complex. (A) Chemical structure of lincomycin, with galactopyranosyl (orange),
methylsulfanyl (yellow), hydroxypropyl (green), carboxamide (blue) and propylpyrrolidine (cyan) moieties highlighted. (B) Cryo-EM density (mesh) with
molecular model of lincomycin (Lnc, blue). (C) Molecular model of Lnc (blue) with cryo-EM density (mesh) and model for waters W1-W4 (red). (D)
Cryo-EM density of L. monocytogenes Lnc-70S complex with Lnc bound at the PTC, adjacent to the ribosomal NPET in the 50S (grey) subunit. (E) Lnc
(blue) with surrounding waters W1-W4 (red) and 23S rRNA nucleotides (grey). (F) Water-mediated interaction of the hydroxypropyl-group of Lnc (blue)
with N2 of G2094 (EcoG2061, grey) through W1 (red) and N7 of A2536 (EcoA2503, grey) through W2 (red). (G) Water-mediated interaction of Lnc (blue)
with N1 of A2091 (EcoA2058, grey) and W3 and N4 of C2644 (EcoC2611, grey) with W4 (red).

for conformation of lincomycin antibiotic itself, namely, a
slight rotation of methyl-sulfanyl group on the galactopy-
ranosyl ring and a different orientation of the pyrrolidinyl
ring (Supplementary Figure S9A, B). Surprisingly, the dif-
ferences for lincomycin on the S. aureus 50S subunit at 3.66
A (57) were not evident when comparing with the available
clindamycin-ribosome structures on the E. coli 70S at 3.3
A (59) and H. marismortui 50S at 3.0 A (60) (Supplemen-
tary Figure SOA-F), however, this may simply arise from
limitations in the resolution. An additional exception is the
structure of clindamycin bound to the Deinococcus radio-
durans 50S at 3.1 A, where the propyl pyrrolidinyl tail was
reported to be rotated by 180° degrees compared to other
clindamycin-ribosome structures (61) (Supplementary Fig-
ure S9G,H). Another major difference with all available lin-
comycin and clindamycin structures is that with the higher
resolution of the L. monocytogenes 70S-lincomycin complex
reported here, we observe densities for four putative wa-
ter molecules (W1-W4) that can facilitate interactions be-
tween the drug and nucleotides of the 23S rRNA (Figure
4E). Specifically, we observe two water-mediated interac-
tions (W1-W2) between the C7-hydroxyl of lincomycin with
the N7 A2536 (EcA2503) and N2 of G2094 (EcG2061) of
the 23S rRNA (Figure 4F). In addition, two water-mediated

(W3-W4) interactions are possible from the galactopyra-
nosyl moiety, namely, between the sulphur atom and the
N4 of C2644 (EcC2611) as well as the non-bridging oxy-
gen and the N1 of A2091 (EcA2058) (Figure 4G). While the
importance of these water-mediated interactions is unclear,
we note that displacement of a single water via dimethyla-
tion of 23S rRNA nucleotide A2058 prevents erythromycin
binding and leads to macrolide resistance (62).

HflXr-induced conformation at the PTC is incompatible with
drug binding

Comparison of the L. monocytogenes HiXr-50S complex
(Figure 5A) with the vacant L. monocytogenes 70S ribosome
(Figure 5B) reveals very localized conformational changes
within the PTC upon HfIXr binding. In particular, the
nucleobase of U2539 (EcU2506) appears to shift and ro-
tate, which is necessary to avoid clashing with the NTD2-
Loop of HfiXr (Figure 5B). The shifted position of U2539
(EcU2506) would in turn clash with the position of G2538
(EcG2505), presumably causing the dramatic shift (up to 10
A) in G2538 (EcG2505) that is observed upon HfIXr bind-
ing (Figure 5B). We also observe a change in the position
of A2095 (EcA2062), similar to that observed previously
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Figure 5. HfIXr-induced conformational changes at the PTC are incompatible with lincomycin binding. (A) NTD2-loop Argl49 of HfIXr (orange) with
selected L. monocytogenes 23S rRNA nucleotides (grey). (B) as (A), but superimposed with L. monocytogenes 23S rRNA nucleotides (dark blue) from
vacant 70S ribosome. Nucleotide rearrangements induced by HfIXr are indicated with black arrows. (C) Comparison of L. monocytogenes 23S rRNA
nucleotides in presence (green) and absence (dark blue) of lincomycin (Lnc, light blue). (D) as (A), but superimposed with Lnc (light blue) bound to the
L. monocytogenes 23S rRNA nucleotides (cyan) with nucleotide rearrangements induced by Hfl Xr indicated with black arrows and shown as spheres with
red lines indicating steric clashes. (E, F) as (A), but superimposed with (E) E. coli HfIX-50S complex (PDB ID 5ADY) (17), and (F) 23S rRNA nucleotides
(purple) from the L. monocytogenes 70S refined into the L. monocytogenes HX-50S complex. (G, H) Comparison of 23S rRNA nucleotides from L.
monocytogenes HAIX-50S complex with (G) E. coli HAX-50S complex (PDB ID 5ADY) (17), and (H) L. monocytogenes 70S ribosome.

in ribosomes bearing peptidyl-tRNA mimics (63) (Supple-
mentary Figure S10). This rotated conformation of A2095
(EcA2062) is likely to be stabilized by direct contact with the
NTD2-Loop of HflXr, however, the interactions are not re-
solved sufficiently to enable a molecular description. Within
the limits of resolution, the conformation of the PTC is
identical when comparing the structure of L. monocytogenes
70S ribosome in the presence and absence of lincomycin
(Figure 5C), indicating that binding of lincomycin to the
ribosome does not cause any conformational changes in
the rRNA. Superimposition of other antibiotic-ribosome
structures suggests that the position of G2538 (EcG2505)
observed in HXr would also clash with the macrolides ery-
thromycin and azithromycin, the pleuromutilins tiamulin
and retapamulin, and the streptogramin A antibiotic vir-
giniamycin M1 (Supplementary Figure S11), consistent
with our MIC data indicating that HflXr confers some
level of resistance to these drugs (Figure 1B). The strep-
togramin B antibiotic virginiamycin S1 does not directly
clash with the HflXr-bound G2538 (EcG2505), although
our data indicate that overexpression of HflXr can con-
fer a 2-fold increase in MIC against this drug (Figure 1B).
We note here that A2095 (EcA2062) contributes to virgini-
amycin S1 binding by forming stacking interactions with

the aromatic C18 moiety (60,64), which would not be possi-
ble with the rotated conformation of A2095 (EcA2062) sta-
bilized by HflXr (Supplementary Figure S10). Conversely,
we note that the shifted position of G2538 (EcG2505) that is
observed upon Hfl Xr binding significantly overlaps with the
binding sites of both linezolid and chloramphenicol (Sup-
plementary Figure S11), yet we observe no effect of HAXr
on these classes of antibiotics (Figure 1B). Superimposing
the L. monocytogenes HiIXr-50S and lincomycin-70S struc-
tures reveals that the position of G2538 (EcG2505) ob-
served upon HfIXr binding is incompatible with the pres-
ence of lincomycin (Figure 5D), suggesting that HfIXr may
confer resistance to lincomycin by altering the conforma-
tion of the PTC to perturb drug binding. Indeed, these con-
formational changes at the PTC induced by HfIXr are not
observed when E. coli HIX interacts with the ribosome
(Figure SE) (17), indicating that they are likely to be spe-
cific for antibiotic-resistance HfIXr proteins in contrast to
the non-resistance HfIX proteins.

To ensure that the lack of conformational changes upon
HfIX binding are not specific for E. coli, we also deter-
mined a cryo-EM structure of L. monocytogenes HAX-50S
complex using the same approach as used for L. monocy-
togenes HiIXr (Supplementary Figure S2B). As for HfIXr,
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GTP hydrolysis allows HIXr-GDP release and the resulting free 50S subunit (F) is available for reinitiation (A).

the majority of 50S particles contained additional density
for HfIX bound within the A- and P-sites as expected. All
HflX-containing classes were combined and after 3D re-
finement resulted in a cryo-EM map of L. monocytogenes
HfIX-50S complex with an average resolution of 2.6 A (Sup-
plementary Figure S12 and Table S2). However, unlike the
HfiXr-50S maps, the HfIX-50S map exhibited strong bias
resulting from preferred orientation of particles on the cryo-
EM grids. Further subsorting identified more stable classes
where the HIX was better resolved (Supplementary Fig-
ure S12), however, the bias remained. For this reason, we
did not generate and refine a molecular model for HAX-
50S complex, but rather fitted and adjusted the molecular
model of the L. monocytogenes 50S subunit from 70S ribo-
some structure to ascertain the conformation of the PTC.
A comparison of the position of the 23S rRNA nucleotides
located at the PTC revealed that there were no conforma-
tional changes induced upon HfIX binding as observed for
HfiXr (Figure 5F and with density images shown in Sup-
plementary Figure S13), but rather the conformation of the
PTC was similar, if not identical, to that observed in the E.
coli HAX-50S determined previously (17) (Figure 5G) and
lincomycin-70S complexes (Figure SH) determined in this
study.

DISCUSSION

HflXr has been shown to confer resistance to lincomycin
and erythromycin by splitting ribosomes and recycling them
for subsequent rounds of translation (16), however, direct
interaction with ribosomal particles has not been conclu-
sively demonstrated. Here, we demonstrate using affinity

tagging and in vivo pull-downs that HflXr can stably inter-
act with the 50S subunit in the presence of GTP or GDPNP
(Supplementary Figure S2). A cryo-EM structure of the
HfIXr-GDPNP-50S complex reveals that HAIXr occupies an
analogous binding site on the large subunit, as observed
previously for E. coli HIX (17) (Figure 2). However, we
observe that the NTD2-Loop of HflXr penetrates deeper
into the PTC than that of HIX and, unlike HflX, binding
of HfIXr induces conformational changes within the PTC
that would be incompatible with antibiotic binding. Collec-
tively, these observations lead us to expand on the model
for the mechanism of action of HflXr (16) by proposing
HflXr as a type II ribosome protection protein (Figure 6):
Antibiotic-bound 70S ribosomes are recognized and split
into their component 30S and 50S subunits by HiiXr (Fig-
ure 6A), with HiIXr remaining stably bound to the 50S sub-
unit (Figure 6B). Interaction of the NTD2-Loop of HAXr
with the PTC causes conformational rearrangements of 23S
rRNA nucleotides that are incompatible with drug binding,
thereby causing dissociation of the drugs (Figure 6C). Hy-
drolysis of GTP to GDP facilitates subsequent dissociation
of HfIXr, and enables the free 50S subunit to be recycled for
the next round of translation (Figure 6D).

Despite these initial insights into the action of HfiXr,
many questions remain to be answered during each step
of the process. What is the initial substrate for HfiXr ac-
tion? It is hard to imagine that HiXr can directly recog-
nize and split antibiotic-stalled ribosomes since the bind-
ing site of HAXr overlaps with both A- and P-site tRNAs.
Indeed, HfIX was shown to have low splitting activity on
polysomes or ribosomes bearing peptidyl-tRNAs, but was
more efficient at splitting vacant 70S ribosomes, or post-



release ribosomes where the deacylated P-site tRNA can
adopt a hybrid P/E conformation and thereby free-up the
HfIX binding (17). Zhang et al. 2015 (17) have also raised
the question whether another factor, such as ArfA or ArfB,
could be involved prior to HfIX splitting — which might also
be the case for HfIXr too. Notably, the classes of antibi-
otics to which HfIXr confers resistance can trigger peptidyl-
tRNA ‘drop-off’, the result of which could be a substrate
for HfiXr (65,66). Alternatively, HfIXr might also act di-
rectly on antibiotic-bound 50S subunits. In our model, we
indicated that GTP hydrolysis is not required for splitting,
but for dissociation of HXr from the 50S subunit, which
was based on the analogous mode of action of E. coli HfIX
(17) and Mycobacterium HfIX (53), however, this hypothe-
sis also needs to be validated for HflXr. Although we have
demonstrated here that binding of HfiXr to the 50S induces
conformational changes at the PTC that would be incom-
patible with drug binding, it remains to be directly shown
whether HfIXr binding to antibiotic-50S complexes leads
to drug release, and whether drug release requires GTP hy-
drolysis. While this has been performed previously for other
RPPs, such as TetO/TetM (67-69) and the ARE-ABCFs
LsaA (70) and MsrE (58), such in vitro assays require sol-
uble active protein, which has so far proven a stumbling
block for HfiXr. Additionally, it remains unclear as to what
prevents rebinding of the drugs once HfIXr has dissociated.
One possibility is that the conformational changes induced
in the PTC by HfIXr persist after dissociation of the factor,
as proposed for TetM /TetO (69,71,72). However, this would
require the conformational changes to remain following ini-
tiation, and, for some of the antibiotic classes, through-
out multiple rounds of elongation. A more likely (but not
mutually exclusive) scenario is that HiXr works in con-
junction with efflux pumps. We propose that, unlike short
loop HIX (which can also split ribosomes), extended loop
HfIX/HfAXr variants—such as L. monocytogenes HiIXr and
mycobacterial HAX—confer resistance because in addition
to splitting ribosomes they also stimulate the antibiotic dis-
association from the 50S. This, in turn, facilitates subse-
quent drug efflux from the cell.

Generally, the allosteric mechanism proposed here for
HflXr is reminiscent of that proposed for some ARE-ABCF
proteins, in particular, proteins like L. monocytogenes VgalL
that confer resistance to PTC inhibitors, such as pleuromu-
tilins, lincosamides and streptogramin A antibiotics (4,11).
Although VgaLl has a distinct binding site compared to
HfIXr, being located predominantly within the ribosomal
E-site, VgaL, like HflXr, also has a loop that encroaches
into both the A- and P-sites at the PTC (Supplementary
Figure S14) (11). However, while VgaL also induces confor-
mational changes within the PTC that are proposed to pro-
mote drug release (11), the mechanisms appear to be unre-
lated i.e. there is no similarity in the types of movements in-
duced by HfiXr and ARE-ABCFs. Indeed, the movements
induced by Vgal do not affect macrolide or streptogramin
B binding, as we observe for HflXr. Instead, resistance to
macrolides and streptogramin B is specifically associated
with Msr-type ARE-ABCF proteins, such as Pseudomonas
aeruginosa MsrE, which has a longer loop that penetrates
deeper into the exit tunnel to locally perturb macrolide
binding (10,58). Interestingly, VgaL, like HfIXr, does not
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confer resistance to oxazolidinones or phenicols, despite
these antibiotics occupying overlapping binding sites with
other PTC inhibitors to which they do confer resistance,
such as lincomycin and tiamulin (11). In the case of HflXr,
one possible explanation is that the chloramphenicol and
linezolid-stalled ribosomes are refractory to peptidyl-tRNA
release and therefore do not become a substrate for HflXr-
mediated splitting, while lincosamides and macrolides can
stimulate peptidyl-tRNA drop-off (65,66). However, fur-
ther investigations will be required to elucidate this.

Lastly, it needs to be re-iterated that the level of resis-
tance conferred by HfIXr is relatively modest and no in-
crease in antibiotic sensitivity is observed upon HflXr loss
in the presence of VgaL (16). For example, while VgaL con-
fers 4-8-fold increases in MIC for lincomycin and 128-fold
increase in MIC for tiamulin (11), HXr confers MIC in-
creases of 2-fold for macrolides and streptogramins, 4-fold
for lincomycin, and increased resistance (4-fold) to pleuro-
mutilins is only observable upon overexpression of HAXr
(Figure 1B). One possible explanation for this might be that
following antibiotic release and dissociation of VgaL,, ribo-
somes that continue translating could enter into the elon-
gation phase and thereby become immune to the effects of
translation initiation inhibitors such as pleuromutilins, lin-
cosamides and streptogramin A antibiotics (4,11). By con-
trast, following antibiotic release and dissociation of HflXr,
the 50S subunit needs to re-enter into translation via the ini-
tiation phase, thereby providing more time for rebinding of
the antibiotic to the ribosome. The low level of resistance of
HflXr compared to ARE-ABCFs does raise the question as
to why some bacteria have retained the HAXr protein. One
possible explanation is that in addition to its function in an-
tibiotic resistance, HIXr may retain a stress factor function
analogous to that of HfIX, but, perhaps, acting on another
set of stalled ribosomal substrates.
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