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STRUCTURAL BIOLOGY

Mechanistic insights into 50S precursor recognition and
targeting by erythromycin resistance methyltransferase

Sombuddha Sengupta11', Rajat Mukherjee11', Michael PilsI?, Siddharam Bagale1,
Arijit Das Adhikary1, Aditi N. Borkar®*?, Pushpangadan Indira Pradeepkumar’, Christoph Engelz,
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Erythromycin resistance methyltransferases (Erms) confer resistance to macrolide, lincosamide, and streptogramin
B antibiotics by methylating an internal base (A2058, E. coli numbering) in an elusive precursor ribosomal state.
Here, we capture the 50S ribosomal precursor-Erm complex by cryo-EM and show that a transient pocket formed
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in the early steps of ribosome biogenesis, situated 35 angstrom from the methylation site, serves as an anchor for
the auxiliary C-terminal domain of Erm, thereby playing a crucial role in achieving specificity in this short-lived
substrate with evolving structural features. Cryo-EM reveals that the catalytic Rossman fold of Erm undergoes a
swaying motion to facilitate substrate scouting. Corroboratory smFRET studies show that for effective catalysis,
Erm transitions between multiple conformations, an effective strategy adopted to orient the dynamic helix where
methylation occurs. Unraveling this unique mechanism of targeting adopted by Erm paves the way for selective
design of allosteric inhibitors directed toward reversing MLSg resistance.

INTRODUCTION
Antibiotic resistance is a silent pandemic spreading rapidly at an
alarming pace and is projected to cause more than 10 million deaths
annually by the year 2050 if effective therapies to combat it are not
pursued (I, 2). Drug resistance partly originates from bacteria such as
Streptomyces, which produce numerous antibiotics while harboring
sophisticated resistance mechanisms to protect themselves against
these molecules (3). Because of rampant antibiotic misuse, several
pathogenic organisms have borrowed resistance cassettes via hori-
zontal gene transfer from these progenitors, with target modification
being a notably effective route to neutralize the effect of drugs (4). The
ribosome is a primary target for several antibiotics, which act by
binding to functionally critical sites halting protein synthesis (5). Re-
sistance to ribosome targeting antibiotics manifests in several ways,
with posttranscriptional modification of the ribosomal RNA (rRNA)
being one of the leading mechanisms (6). For instance, resistance to
macrolide, lincosamide, and streptogramin B (MLSg) class of antibi-
otics, which bind near the nascent peptide exit tunnel (NPET) of the
508 ribosomal subunit, occurs via methylation of the N6 position of
the unique adenine base, A2058 (Escherichia coli nomenclature), in
the 23S rRNA (7). These drug molecules interact with the nucleo-
tides that line the NPET, thereby obstructing the growing peptide
chain in bacterial ribosomes (8). Consequently, the MLSg family of
antibiotics has proven to be greatly effective in treating a wide range
of bacterial infections.

The macrolide family of antibiotics composes a 12- to 16-member
macrolactone ring containing compounds functionalized with rare
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sugars such as cladinose and desosamine (9). Resistance toward this
class of antibiotics, as mentioned earlier, arises primarily via posttran-
scriptional modifications that compromise the interactions of these
drugs, especially the rare sugar moieties with ribosomal bases. This is
primarily due to the action of select enzymes that are present exclu-
sively in drug-resistant pathogenic strains. Erythromycin resistance
methyltransferase (Erm) is an S-adenosine L-methionine (SAM)-
dependent Rossmann fold harboring class of enzyme that mono- or
dimethylates A2058 present in the NPET and thereby plays a key role
in drug resistance (10). While monomethylation leads to moderate
resistance, dimethylation has been reported to be associated with
more aggressive resistant phenotypes (11). A recent high-resolution
crystal structure of the Erm-methylated Thermus thermophilus 508
ribosomal subunit has shed light on the molecular mechanism of re-
sistance via this route (12). The observations reveal that the methyla-
tion of the N6 atom of A2058 disrupts an existing water-mediated
bridge between A2058 and the dimethyl-amino group of the deso-
samine sugar of the macrolide, which reduces drug affinity and dis-
lodges it from the NPET of the ribosome.

Beyond its role as a resistance marker, rRNA methylation plays a
crucial role in ribosomal biogenesis. The enzymes involved in ribo-
somal biogenesis are evolutionarily prehistoric, and it is possible
that both resistance-conferring rRNA methyltransferases (MTases)
as well as those involved in ribosomal biogenesis stem from a com-
mon evolutionary predecessor (13). Recent studies exploring the ba-
sis of substrate specificity and targeting in pathogenic Erms revealed
a close paralogous connection to KsgA, an MTase that serves as a 30S
biogenesis factor (14). Chimeric versions of KsgA that had unique
loop elements swapped from Erm into the KsgA scaffold imparted
KsgA the ability to modify RNA templates recognized by Erm. Bac-
terial cell lines harboring the chimeric KsgA variants also exhibited
a gain of resistance when exposed to increasing concentrations of
erythromycin. The ease with which pathogenic Erm and KsgA can
switch substrate specificity is primarily due to the highly conserved
catalytic core present in almost all N6 MTases (15). Previous studies
have shown that this specific mechanism of methyl transfer is opera-
tional not only for RNA MTases such as TFBIM and DimlI (homologs
of KsgA) (16, 17) but is also recurrent in DNA MTases such as
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MaeTagl and Dam, a crystal structure of which has been solved with
its cognate DNA substrate (18, 19). These Rossmann fold-contain-
ing MTases operate via a ubiquitous mechanism with the active site
comprising an aromatic residue that enables n-7 interaction-medi-
ated stabilization of the target nucleobase that in most cases has
been shown to undergo an almost 180° flip positioning itself into the
catalytic cavity. The cofactor SAM binds inside the extended active
site pocket with its nucleobase stabilized by a p-turn created via a
“XGXG” motif, and its ribose sugar is anchored via interaction with
conserved acidic residues (E/D). The methyl transfer is mediated via
a loop harboring a [D/N/S][I/L]P[Y/F] motif that both orients and
mediates the transfer of the methyl group of SAM. This Sx2 mecha-
nism (20) of methyl transfer (Fig. 1A) is facilitated via the formation
of two hydrogen bonds between the nitrogen atom of the target base
with D/N/S and the proline residues present in this region. Thus, a
common catalytic motif governs methylation in the N6 targeting
enzyme superfamily, however with select loop elements, unique to
each MTase, which control its selectivity and targeting. The similarity in
the mode of catalysis in this enzyme family reasserts the strong evo-
lutionary link between ribosomal biogenesis factors and resistance-
conferring MTases.

Despite having a universally conserved mechanism of methyl
transfer and similar structural folds, the key question remains as to
how an individual MTase identifies its target substrate with high
precision. This question is particularly intriguing in the case of Erm,
which functions during the early stages of ribosomal biogenesis and
likely acts on transient assembly intermediates (21). The complexity
of Erm targeting is even more convoluted as this enzyme has to
identify its target site in a highly heterogeneous environment during
the course of ribosomal assembly which itself proceeds via multiple

parallel pathways with several ephemeral metastable states (22). Never-
theless, during the finely orchestrated process of ribosomal biogen-
esis, Erm successfully identifies a window and efficiently imparts the
resistance mark. However, the exact stage during ribosomal assem-
bly where Erm successfully docks and can access the N6 position of
A2058 remains hitherto unknown (Fig. 1B). Through this work, we
provide insights into the mechanism of Erm recognition and targeting
by determining the cryo-electron microscopy (cryo-EM) structure
of the functional complex of Erm with its cognate 508 ribosomal
precursor state. Further, we use single-molecule fluorescence reso-
nance energy transfer (smFRET) to underscore the intrinsic dynamic
nature of the interaction of these enzymes with their ribosomal precur-
sor. Delineating the detailed molecular mechanism of Erm-mediated
resistance at the structural level has broader implications as it not
only provides key insights into understanding substrate recognition
of rRNA MTases acting on transitory ribosomal states but also serves
as a step forward in the design of inhibitors that can impede the ac-
tion of these resistance-conferring MTases.

RESULTS

Identifying the ribosomal substrate of Erm

Previous reports claimed that Erm shows no discernible methyla-
tion toward the mature 50S subunit (21), mostly because A2058 that
lines the wall of the NPET is buried deep within the ribosome’s ma-
ture state, rendering the base inaccessible. Thus, a precursor state
of the ribosome, where domain V (in the 23S rRNA) is still unas-
sembled, could be a likely substrate of Erm. This would ensure that
A2058 is exposed, allowing Erm to methylate it. Thus, to capture 50S
precursor states, we undertook a strategy proposed by Suzuki and
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Fig. 1. Reaction mechanism and substrate specificity of Erms. (A) SN2 mechanism of methyl transfer by N6 MTases where the target base flips into the catalytic site
(shown as dashed arrow). The orange-colored zone denotes the catalytic site, while the blue zone denotes the cofactor, SAM binding site. The methyl group to be trans-
ferred has been shown in green. (B) Schematic depicting Erms targeting precursor states of the 50S ribosomal subunit. However, the actual ribosomal assembly state that

serves as a substrate for Erms remains uncharacterized.
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co-workers (23) that slows down ribosome biogenesis in vivo but
does not halt the formation of the mature 508 particle. Here, the muta-
tion U2552C (E. coli nomenclature) in helix 92 (H92; all helices in
the 23S rRNA have been referred to as HXX from here on, where “XX”
refers to the helix number; for helices in the 16S rRNA, hXX has been
used) of domain V in the 23S rRNA prevents the 2’-O-methylation
of the base by the biogenesis factor RImE, effectively leading to the
accumulation of ribosomal precursors (fig. S1). The ribosomal pro-
file obtained from the U2552C strain revealed a distinct precursor
peak that sedimented differentially from both the 30S and 508 sub-
units in the sucrose gradient (Fig. 2A). Fractions containing the pre-
cursor peak were isolated and subjected to in vitro methylation
assay using tritium-labeled SAM with one of the extensively studied
Erms, ErmC’. A strong incorporation of tritiated methyl group demon-
strated that the isolated fraction contains a considerable population
of particles responsive toward Erm-mediated methylation (Fig. 2B).
The control reaction of Erms failed to methylate purified mature 508
and 308 subunits, confirming the fact that these enzymes act on ri-
bosomal precursor states and accept only select substrates.

To further confirm the site specificity of the methylation and in-
corporation of the methylation mark onto the rRNA, we analyzed
the Erm-modified ribosomal precursors using cryogenic OrbiSIMS
(cryo-OrbiSIMS) (Fig. 2C and fig. S2) (24, 25). Here, to establish

that Erm catalyzed methylation, precursor fractions not incubated
with Erm were used as a control for the study. Cryo-OrbiSIMS is a
native solid-state mass spectrometry technique capable of ultrahigh
mass resolution under an accuracy of 2 parts per million (ppm). Us-
ing this method, we were able to confirm that a fragment derived
from 23S rRNA, bases 2046 to 2062 (E. coli nomenclature), in a na-
tive precursor ribosomal state, is being mono- as well as dimethyl-
ated [mass/charge ratio (m/z) changes of 14.0156 and 28.0312 Da,
respectively] when incubated with Erm in the presence of SAM. To
confirm that the methyl mark is effectively placed by Erm, we incu-
bated the ribosomal precursor fraction with N6-mustard (26, 27), a
labile version of SAM that harbors an unstable aziridinium ring
(fig. S3) (26). This reaction also yielded a covalent adduct (m/z change
0f395.1917 Da) in the same rRNA fragment, thereby confirming the
preferential modification of this site by Erm. Hence, results obtained
from both scintillation studies and mass spectrometry strongly con-
firm that the precursors isolated using the U2552C point mutation
serve as a substrate for Erm.

Structural characterization of the U2552C precursor fraction
To structurally probe the isolated precursor fraction, single-particle
cryo-EM analysis was carried out where initial rounds of classifi-
cation yielded three distinct precursor forms, termed states I, II,
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Fig. 2. Sequestering ribosomal precursors which serve as substrate for Erm. (A) Sucrose density gradient profile shows the presence of a distinct precursor peak due
to the U2552C mutation. WT, wild type. (B) In vitro methylation assay depicts that the precursor fractions isolated from the U2552C cells are responsive to Erm-mediated
methylation however remain unresponsive to a mature 30S or 50S subunit (data from n = 3 independent experiments are shown where the mean has been plotted with + SD).
(C) Tabulated values obtained from cryo-OrbiSIMS for unmodified sample, SAM-modified samples, and N6-mustard-modified sample. The difference column shows that
the additional mass (dalton) appended on to the fragment which corresponds to the modification it has undergone. (D) Cryo-EM reconstruction of the U2552C fraction
yields three discreet precursor states referred to as states |, Il, and Ill. Particle distribution has been provided beside each ribosomal assembly state. The 2D map of the
23S rRNA shown next to each precursor state demonstrates differential domain assembly in each of the states (I to VI in blue denote the domains of the 235 rRNA).
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and IIT with an overall resolution of 4.5, 3.2, and 4 A respectively
(Fig. 2D). Analysis reveals that these precursor states have a diverse
population distribution with state II being the most abundant. Fur-
ther, the assembly intermediates showed hierarchical structuring of
rRNA helices and incorporation of ribosomal proteins.

State I which resembled an early biogenesis precursor was simi-
lar to recently reported structures by Sheng et al. (28) and Qin et al.
(29). Overall, this state shows the structuring of domain I and parts
of domain IT in the 23S rRNA and completely lacks the density of the
three protuberances characteristic of the mature 508 subunit. Fur-
ther, density for uL4, uL13, bL20, uL22, and ul24, the five early
essential r-proteins necessary to initiate assembly, was observed
along with densities of additional proteins such as bL21, uL29, and
bL34 (fig. S4A).

State II was the most abundant in population and comprised
150,080 particles. This state was similar to the structure of the precursor
particle obtained from YsxC-depleted strains of Bacillus subtilis, 41S
in vitro reconstituted E. coli 508 ribosomal subunit intermediate (re-
ferred to as state I by authors), and an assembly intermediate ob-
tained from RImE knockout strain (referred to as state A-1 by authors)
(30-32). Our 508 precursor also showed a strong resemblance to the
recently reported LiCl, core particle obtained from the E. coli 508
subunit (33). State II shows a structured core with domains I, II, and
VI, and parts of domain IIT assembled, whereas domain V that har-
bors A2058 was largely unassembled. As reported earlier, the struc-
tural organization of the core showed very little difference when
compared to the core of the mature 50S subunit, restating the fact
that the rRNA core of the larger subunit folds early on in the biogen-
esis process and remains largely unaltered in the mature state (31).
The three protuberances are still absent, although it is clear that the
initial structuring of rRNA has been initiated for their formation
in the subsequent stages. Along with the eight ribosomal proteins
reported in state I, we observed the density of an additional eight
proteins (total of 16) consistent with reports for similar precursor
structures (fig. S4B).

State III is the last of the three distinct states sequestered under
physiological conditions as a result of the U2552C point mutation
and accounts for the smallest particle distribution (N = 6081). State
III is a late precursor particle and is characterized by the formation
of the central protuberance and partial formation of the L7/L12 stalk
base, whereas the density for the L1 stalk is absent. Most of the do-
mains of the 23S rRNA are observed to be folded, and the incorpo-
ration of 58 rRNA is also seen as made evident by the formation of
the central protuberance and incorporation of uL5, uL15, and uL18,
the proteins essential for the integration of the 55 rRNA (fig. S4C)
(34). Overall, the three states reported here show a clear stepwise
organization of the rRNA and incorporation of ribosomal proteins.
The assembly process of ribosomes, in vivo, occurs via parallel path-
ways, and the states captured here are a few discreet states among
many, present in the cytosolic milieu of the cell.

Capturing the Erm-50S precursor complex

To delineate the precursor populations that serve as substrates for
Erm, the precursor fraction was incubated with a stoichiometric ex-
cess of Erm. When the U2552C precursor fraction was mixed with
Erm in the presence of the covalent adduct forming N6-mustard, only
state II contained the density of Erm, indicating a preferential binding
of the enzyme to this state (Fig. 3A). In state II, domain V is mostly
unassembled with density observed only for regions containing H72

Senguptaetal., Sci. Adv. 11, eaea1545 (2025) 26 November 2025

and H73. Density for the entire Erm protein which comprises the
central Rossman N-terminal catalytic domain and the C-terminal
noncatalytic domain was visible in the map with an average local
resolution of 6 A.

However, the C-terminal domain (CTD), referred to as the head
of the enzyme, was relatively more ordered and displayed an average
local resolution of ~4 A. Examination of the structure revealed that
it is the CTD that anchors the Erm enzyme in close proximity to the
region that would have been occupied by domain V in a fully as-
sembled 508 subunit. To enable this strategic docking, the CTD fits
into a cleft formed by the noncanonical conformation of three rRNA
helices; H95 (from domain VI), H97 (from domain VI), and par-
tially formed H42 (from domain II) (Fig. 3, B and C). The three ri-
bosomal helices that form a cleft accommodating Erm’s CTD appear
to create a complementary surface. A closer inspection of the other
ribosomal precursor states captured in this study reveals that this
cleft is transitory in nature and is nonexistent in state I as the three
helices are yet to be assembled in early ribosomal precursors. In
state IT, however, the cleft has an optimal size and shape where it can
accommodate Erm’s CTD. As the ribosome attains maturation dur-
ing the course of biogenesis, the three-helix cleft starts getting oc-
cluded by the ordering of H89 and H91, and this region becomes
more compact rendering the site inaccessible to Erm. The slightly
opened and flexible conformation of the three helices in state II,
without the occluding effects of H89 and H91, provides a conducive
environment for Erm to dock and facilitates targeting (Fig. 3D).
Therefore, a dynamic ribosomal assembly intermediate where most
of the domain V is still unassembled is a prerequisite for Erm to
dock. This implies that Erms have a specific structurally conducive
window during ribosomal biogenesis where it can methylate A2058
and induce resistance.

Since Erm is anchored to the ribosomal precursor by its CTD, we
analyzed the interface for plausible motifs and potential interac-
tions that may underlie recognition (figs. S5 and S6A). The interface
between Erm’s CTD and the rRNA appears enriched in positively
charged and polar residues, suggestive of electrostatic and hydrogen
bonding contacts. A possible point of interaction could involve helix
all of Erm’s CTD (fig. S6B); here, the stretch containing amino acids
N210, N214, and H218 come in proximity of ribosomal helix 97. We
speculate that N210 and N214 are positioned such that they likely form
hydrogen bonds with the phosphate backbone of nucleotides A2765,
A2766, and C2767, thereby stabilizing the protein-ribosome interface.

The catalytic N-terminal domain (NTD) was found to have a
relatively weaker density compared to the CTD. The difference in
map quality between the two domains of Erm indicated that the
complex is dynamic, and the application of focused classification
with signal subtraction (FCwSS) was essential for the reconstruction
of Erm’s density. Rigorous three-dimensional (3D) classification re-
vealed two major classes (conformations I and II) corresponding to
discrete conformations of the Erm-precursor complex (Fig. 4, A to
C). In both these classes, the CTD anchor was inserted in the target-
ing cleft; however, the NTD showed differential conformation. It
was observed that in conformation I (C-I), the anchoring of Erm
brings the enzyme nearer to its cognate substrate H73 (density of
H?73 for C-1 shown in Fig. 4D). In this conformation, we observe the
presence of an additional strong density at the N-terminal end of the
catalytic domain [marked by * in Fig. 4 (A and C)]. We speculate
that this corresponds to a previously disordered RNA stretch that
helps further anchor Erm to stabilize that NTD and aid in catalysis.
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Fig. 3. Cryo-EM structure of the Erm-50S precursor complex. (A) State Il (green) is the only state which shows density of ErmC’ (blue). Zoomed inset shows the com-
plete density of Erm bound to the precursor state. The two domains of Erm, i.e., the N-terminal domain (NTD; dark blue) and the C-terminal domain (CTD; light blue), have
been marked. (B) 2D map of the 23S rRNA where helices that make contact with Erm have been highlighted. Position of the target base, A2058, which gets methylated
has been marked with a“s . (C) Erms anchor to the ribosomal precursor using their C-terminal (head) domain. The noncanonical conformation of three ribosomal helices,
H42, H95, and H97, forms a complementary binding site for Erms to dock. (D) Comparison of the three states reveals rRNA structural determinants pertinent for Erm dock-
ing. State I lacks the folding of the three helices (absence of helices shown as dotted lines), whereas state Il shows these helices (in yellow) ordered; however, additional
helices such as H89 and H91 occlude the binding site of Erms, thereby preventing their docking. Only state Il shows these helices freely accessible for the binding of Erms.

Binding site of Erm has been shown in orange in the zoomed inset.

Further, this ordered region is in the vicinity of a positively charged
patch in Erm comprising of a5 helix [shown in Fig. 4 (A and B)] and
peripheral loop elements such as those connecting a3 and a4 of
Erm’s NTD (fig. S7). Analysis reveals that this terminal interface of
Erm is found to be positively charged in various Erms isolated from
different bacteria making this an apt region to dock RNA. It appears
that the identified rRNA stretch likely stabilizes the Erm conforma-
tion conducive for catalysis (fig. S8). This leads us to believe that
while the CTD serves as a global anchor, the terminal region of the

Senguptaetal., Sci. Adv. 11, eaea1545 (2025) 26 November 2025

catalytic domain containing positively charged patches serves as an
rRNA-interacting stretch that guides H73 closer to the M Tase. Thus,
the base to be methylated, A2058 (H73), comes in proximity of the
active site so that catalysis can be facilitated.

In a structurally dynamic environment such as that of a ribo-
somal precursor, both the CTD and NTD play a pivotal role in teth-
ering the ends Erm and thereby impart specificity. Here, we would
like to stress that tailored surface-exposed charged islands on the
enzyme are an essential prerequisite for Erm-mediated methylation.
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Fig. 4. Erm shows conformational flexibility when interacting with its ribosomal substrate. (A and B) Model of the two conformations of the Erm-precursor complex.
(A) Erm in proximity of H73, (B) which is the state where Erm is further away from H73.The CTD of Erm has been shown in blue in surface representation, whereas the NTD
is in yellow in cartoon representation. The active site of Erm in both conformations has been marked along with A2058. Helix a5 has been shown in both the conforma-
tions in maroon to mark the N-terminal positive region of Erm. (C) Extra density at the terminal region of the catalytic domain of Erm has been shown as a mesh (marked
with *) along with the model of the C-I (the threshold for visualization is 0.0167). (D) Density of H73 from C-I and C-Il along with the fitted model. (E) Density of A2058
modified with N6-mustard (N6M). (F) Zoomed in view of C-I showing Y104 and N6-mustard adduct. Coordinates of SAM from PDB ID: TQAN has been superimposed to
show the putative SAM binding site. (G and H) Comparison of the Erm structure in C-l and C-Il with Apo form (PDB: 1QAM) showing interdomain reconfiguration. (I) Super-
imposition of the Erm model in both conformations shows a hinged motion of approximately 9°.

Moreover, a rigorous analysis of the cryo-EM complex reinstates
that we have captured an active form of the Erm-precursor complex,
as A2058 was found to contain extra density corresponding to the
mustard group attached to the N6 position as an adduct (Fig. 4E).
Here, as the incorporation of a methyl group via SAM is too small a
mark to be identified at our resolution, strategic utilization of the
SAM analog was instrumental in visualizing Erm-based modifica-
tion, asserting the functional relevance of the complex. Further, we
find the adenine of N6-mustard after adduct formation to be an-
chored via Y104, a conserved aromatic amino acid in the catalytic
site of the enzyme (Fig. 4F). Y104 represents one of the key residues
in N6 MTases and plays a crucial role in directing the target base
into the active site by assisting in a near 180° flip allowing methyla-
tion to occur (17). Y104 is prone to conformational flexibility, where
it guides the target adenine into the active site during the course of
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the reaction and thereafter flips out as the base exits the catalytic
pocket (35). Thus, the captured cryo-EM class, C-I, represents a
complex where the rRNA along with N6-mustard is trapped while
exiting the active site after complexation. The second captured class,
C-II, has the NTD retracted further away from H73 (density of H73
for C-II shown in Fig. 4D). Even the previously observed RNA stretch
at the N-terminal end of the enzyme appears to be substantially dis-
ordered in the map density. However, the CTD in C-II remains docked
in its three-helix cleft. We also observe that Y104 appears to have an
alternate conformation compared to C-I (fig. S9, A to C). This is in
line with the proposed mechanistic role of this conserved aromatic
residue in N6 MTases (fig. SOC) where it undergoes differential ori-
entations based on its proximity to the target base. Furthermore,
comparison of H73 in C-I, C-II, and the mature 508 (fig. S10) showed
considerable conformational flexibility especially near the region
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which harbors A2058. Here, A2058 appears to have shifted by ~11 A
in C-I when compared to its position in C-IT and by ~17 A in op-
posite direction with respect to C-II in the mature 508 form (fig. S10).
These observations point toward the dynamic nature of the NTD-H73
interaction where Erm induces a transient reorganization of the
target helix.

Further, a comparison of the crystal structure of ErmC’ [apo
form, Protein Data Bank (PDB) ID: 1QAM] with the substrate-
bound state indicates a conformational rearrangement of the two
domains, where the CTD and NTD move farther from each other
(Fig. 4, G and H) (36). This interdomain movement likely allows
Erm to take on a favorable configuration conducive to orient itself
appropriately when interacting with its dynamic precursor sub-
strate. For both C-I and C-II conformations of the Erm-ribosomal
precursor complex, one where Erm’s NTD is distant from H73 while
docked at its CTD, and the other where Erm’s NTD is in proximity
to H73 and sandwiched at both the NTD and CTD, a hinge motion
is observed. A comparison of the two states revealed a molecular
hinged motion of the NTD by ~9° relative to the rigidly docked
CTD (Fig. 4I). These observations highlight that the domains of
Erm independently play a role in substrate recognition and con-
forms in response to the surrounding environment. Thus, the en-
zyme appears to have evolved to develop a locator domain (CTD)
that anchors Erm near the vicinity of the substrate helix (H73),
whereas the catalytic domain (NTD) scans for H73, thereafter posi-
tioning it appropriately for methylation.

smFRET reveals dynamic interactions of the Erm-50S
precursor complex
To establish the dynamic nature of the Erm-508 precursor complex,
we performed smFRET measurements which enabled us to probe
the subtle motion of Erm at the molecular level. First, we engineered
a system with modified 508 precursors by site-specific alternation of
H39 in domain IT of the 23S rRNA (fig. S11A). On the basis of struc-
tural insights from the cryo-EM maps of the precursor state II, H39,
an ordered part of the precursor and ~5 nm from the methylation
site (H73), was labeled with the donor probe Cy3 (37, 38). To enable
fluorophore tagging, H39 was modified to include a hairpin of known
sequence, and a complimentary oligonucleotide strand containing
Cy3 was later annealed to produce a fluorescently tagged precursor
variant that can be probed via smFRET. To incorporate the acceptor
probe (Cy5) at specific sites within Erm, cysteine residues in the NTD
and CTD were used to conjugate the dye individually to the domains
using maleimide chemistry [see Materials and Methods and fig. S11
(B and C)] (39). Using these donor- and acceptor-tagged systems
(Fig. 5A), we performed smFRET measurements on surface-tethered
Erm-precursor complexes via a total internal fluorescence (TIRF)
microscope (see Materials and Methods and fig. S12). The acquisition
of FRET time trajectories on individual complexes allowed us to evalu-
ate FRET efficiency (Eprgr) distributions and thereby probe the dy-
namic conformational landscape of Erm-bound precursor ribosomes.
Conjugation of Cy5 onto the CTD yielded FRET trajectories that
consistently showed a transition between a no-FRET to a single,
high-efficiency state (Fig. 5B and fig. S13A). Analyses of 1203 such
trajectories reveal a unimodal Epggr distribution centered at 0.68 +
0.05 (Fig. 5C), which corresponds to an interfluorophore separation
of 4.8 + 0.2 nm. This estimate of distance is consistent with the CTD
of Erm being docked at the ribosomal precursor’s three-helix cleft as
observed from cryo-EM reconstructions (Figs. 3C and 4, A and B).
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In contrast, smFRET traces of NTD-tagged Erm-precursor complex
reveal transitions between multiple states (Fig. 5D and fig. S13B) in-
dicative of the underlying dynamics of this domain when bound to
the ribosome. (Fig. 4, A and B). Egggr distribution for Cy5-labeled
NTD exhibits three discernible populations, centered at 0.38 + 0.09
(F-1), 0.54 + 0.04 (F-II), and 0.77 + 0.08 (F-III) (Fig. 5E, a). We note
that the estimated interfluorophore distance for F-II (5.3 + 0.1 nm)
aligns closely with the spatial separation between H39 and NTD of
Erm in the C-I cryo-EM structure (~5 nm) (Fig. 4A), where NTD is
near to the methylation site. In contrast, F-I (6.2 + 0.4 nm) corre-
sponds to a conformation where NTD moves away from H39 and is
consistent with the distance (~6 nm) between H39 and NTD likely
representing cryo-EM state C-1I (Fig. 4B). No state representing F-III
(4.3 + 0.2 nm) could be mapped to any of the cryo-EM reconstruc-
tion. However, after analyzing the possibilities using the cryo-EM
precursor complex, as a guide, we believe that it may represent a
state where NTD sways toward H39 closer to the ribosomal core. It
was noticed that F-II harbors relatively higher population indicative
of a stable conformation compared to the other states. This can per-
haps be associated with favorable electrostatic interactions between
the positively charged terminal patch of NTD (fig. S7) and the RNA
stretch which becomes relatively ordered in C-I (F-II corresponding
state) when Erm is in proximity of its target.

Most trajectories display transitions only between two of these
three states, and transitions involving all three states are rare (~4%
of traces) (fig. S13B, top). We therefore analyzed subpopulations of
the trajectories based on transitions between any pair of the three
conformations represented by Eprgr states (F-I, F-II, and F-III). The
resultant Epggr distributions (Fig. 5E, b to d) reveal that most transi-
tions occur between the states F-II and F-I or between F-1I and F-1III,
highlighting the central role of F-II in the conformational landscape.
This inference is further substantiated by both the transition density
plot (TDP) (Fig. 5F) and dwell time analyses (fig. S14), which point
to F-II being the major hub while having the lowest exit rate. The
above observations indicate prevalence of a swaying motion of NTD—
oscillating between distal and proximal positions relative to H39
(Fig. 5G). Here, F-II, representing a catalytically poised intermedi-
ate, stabilized by transient ribosome contacts, whereas the other two
conformations represent noncatalytic states. Overall, the CTD holds
the entire protein in position to prevent it from dislodging and al-
lows for fine-tuning of the spatial orientation of the catalytic domain
to seek out the target base in a dynamic environment presented by
the precursor. These observations suggest that the NTD samples
distinct conformations, an important aspect enabling the enzyme’s
flexibility in a constantly evolving ribosomal environment, thereby
ensuring effective methylation. Thus, our integrated approach, com-
bined smFRET and cryo-EM analysis, elucidates a comprehensive
picture of the overall targeting and catalytic recognition mechanism
of Erm within the ribosomal precursor.

DISCUSSION

Nucleoside methylation is ubiquitous and plays a crucial role in reg-
ulating key biological processes, such as transcriptional regulation
via epigenetic modification of CpG islands in DNA (40). MTases
also actively participate in RNA methylation, where they are essen-
tial for processes such as splicing, nuclear export, tRNA functionality,
and ribosome biogenesis (13, 41, 42). Owing to it being a relatively
stable mark, pathogenic organisms have also adopted methylation
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Fig. 5. Single-molecule FRET analysis of Erm dynamics with ribosome precursor state Il. (A) Schematic of Cy3/Cy5 labeling sites within ribosome precursor-Erm
complex. (B) Representative single-molecule fluorescence traces of Cy3-labeled ribosome precursor paired with Cy5-labeled Erm (CTD), showing distinct donor/acceptor
signals alongside smFRET trace [F.l. - Fluorescence Intensity (counts/ 0.1s)]. (C) FRET efficiency histogram for CTD-labeled Erm, fit with a unimodal Gaussian distribution,
indicating a single stable state (Egrer = 0.68 + 0.05). (D) Representative traces for Cy5-labeled Erm (NTD), revealing dynamic multistate behavior. (E) (a) FRET efficiency

histogram for NTD-labeled Erm, fitted with multimodal Gaussian distribution revealin
deconvolution depending on transitions between specific states (F-| <> F-II, F-| <> F-

g three states (F-I, F-1l, and F-IlI). (b to d) FRET efficiency histogram of traces after trace
I, and F-1l <> F-IlI). (F) Transition density plot (TDP) for NTD-labeled Erm, illustrating

preferred transitions between the Egper states. (G) Model of the Erm-ribosome precursor interaction dynamics from smFRET, visualized from the NTD, the CTD is not visible

[number of traces analyzed (n) indicated on the panels].

as a means to induce antibiotic resistance. However, for optimal ac-
tivity, the ability to appropriately target its substrate is a prerequisite
as even if the enzyme has a catalytically competent domain, it needs
to recognize and access the correct substrate. Structural analysis of
several MTases reveals that many of them have evolved appendages
that are located either on the C- or N-terminal end of the catalytic
Rossman fold domain. These unique auxiliary domains are tailored
to recognize the substrate classes they catalyze and ensure effective
targeting (Fig. 6). Truncation of these targeting domains or muta-
tion of critical residues situated in them often results in a dimin-
ished or abolished methylation activity. An instance of this is seen in
the case of TlyA (O-MTase) and RmtC (N-MTase) which confer
resistance against capreomycin and aminoglycosides such as kana-
mycin and gentamicin, respectively, where mutations introduced in
the NTD of TlyA of RmtC greatly impair their methylating ability
(43, 44). A similar requirement of peripheral targeting domains has
also been observed in the 28S biogenesis factor ZCCHC4, where

Senguptaetal., Sci. Adv. 11, eaea1545 (2025) 26 November 2025

mutations or truncations in its CCHC, C2H2, and GRF domains led
to a marked reduction in enzyme catalysis (45). Similarly, tRNAe
methylating TrmN contains an evolutionarily conserved THUMP
(thiouridine synthase, MTase, and pseudouridine synthase) domain
required for methylation (46). Apart from these, there remain sev-
eral other examples that highlight the critical role of noncatalytic
structural elements in governing the efficiency and specificity of
methylation across diverse classes of MTases.

In the case of Erms, we demonstrate that substrate targeting is
integral to methylation. Here, the CTD (also referred to as head do-
main) is crucial for recognition. Erm is a unique example where,
unlike several other MTases, it accesses a dynamic precursor state of
the 508 ribosome. This makes the role of targeting even more im-
portant because it acts on a transient substrate state that has fleeting
structural features. Here, both the timing of methylation and preci-
sion of the targeting are paramount factors for catalysis. Structural
characterization of such MTase in action has been difficult as isolation
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Fig. 6. Comparison of MTases with Rossman fold. In each protein, the Rossman fold containing catalytic domain has been aligned and colored gray, while other addi-
tional domains have been colored differently. GRF domain of ZCCH4 has not been labeled for the sake of clarity. NSD, N-terminal subdomain. PDB IDs used: 1QAM, 1PQB,

750S, 3TMA, and 6UCA.

of the target substrate itself is particularly challenging. Thus, several
MTases that typically access precursor states, such as those partaking
in ribosomal biogenesis or in conferring resistance, remain poorly
characterized. The cryo-EM structure presented in this work ad-
dresses a longstanding question regarding the physiological sub-
strate of Erm and how the enzyme engages with it. We show that
Erm acts in a specific, structurally permissive window during ribo-
some assembly, wherein sequestration of a 508 precursor state—
referred to as state II—allows stable trapping of the Erm-precursor
complex. While prior cryo-EM and crystallographic studies have
captured ribosomal MTases (r-MTases) bound to mature or near-
mature bacterial ribosomal subunits (43, 44, 47, 48), our structure
represents a resistance-associated MTase bound to a relatively early
prokaryotic ribosomal assembly intermediate.

Further, structural comparison of Erm in its apo and ribosome-
bound forms reveals a key role for the connector loop, which medi-
ates conformational changes between the NTD and CTD, enabling
effective docking onto the ribosome. This suggests that while the
NTD is capable of independently engaging and methylating its RNA
substrate, it depends on conformational cues provided by the CTD
to trigger catalysis. In this case, the CTD clasps a tertiary RNA ar-
chitecture located at a distal position of the ribosome (formed by
parts of domains IT and VI). The transient three-helix-CTD complex
initiates breathing helping NTD to scout for its cognate substrate, in
the mostly unassembled domain V. Consequently, as reasserted by
single-molecule studies, CTD is relatively less dynamic, corroborat-
ing the role of this domain in anchoring Erm to the targeting site.
Whereas the NTD, as pointed out by both cryo-EM reconstructions
and smFRET analysis, exhibits conformational dynamics. The par-
tially unstructured nature of the ribosomal precursor, particularly
domain V, where H73 and the target base A2058 reside, undergoes
active assembly. Thus, the Erm connector loop allows NTD to ad-
just, allowing the domain to sway and effectively scout for its sub-
strate during the catalytic window. The NTD appears to “search” for
its target through a combination of electrostatic interactions via its
N-terminal positively charged surface patch (this work) and is likely
aided by directing loop elements, as shown in previous reports. To-
gether, our data suggest a division of function between the two
domains of Erm: The CTD governs global positioning and stable
association with the ribosome, while the NTD carries out local tar-
get search and catalysis. Notably, the swaying motion of the NTD,
rather than complete enzyme dissociation, may facilitate successive
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methylation events at the target base, allowing for efficient exchange
of SAM and release of the hydrolyzed cofactor. This mechanism may
represent a strategy among dimethyltransferases to achieve consec-
utive methylation while bound to their substrates.

The importance of Erm’s CTD in substrate targeting is further un-
derscored by biochemical experiments, where a CTD-deleted version
of KsgA (paralog of Erm) exhibited a ~50% reduction in methylation
efficiency when incubated with the 30S subunit (47). Early studies on
ErmC’ similarly demonstrated that cells transformed with Erm con-
structs lacking the CTD failed to confer resistance to macrolides (49).
Maravi¢ and colleagues (49) hypothesized that the CTD’s role was
restricted to promoting proper folding of the catalytic domain, with
no direct involvement in substrate targeting, However, as evident
through our work, the domain is paramount toward providing speci-
ficity. The importance of the CTD is again highlighted in Erm37, a
headless variant found in Mycobacterium tuberculosis, which is un-
able to demonstrate effective targeting and is promiscuous nature
(50). On the basis of these observations, we propose a model for Erm-
mediated resistance (Fig. 7), integrating both targeting specificity and
dynamic conformational changes.

It appears that apart from shape complementarity, surface elec-
trostatic potential of r-MTases also plays into its function. When
compared with KsgA, the closest evolutionary counterpart of Erm, we
observe that, unlike Erm, KsgA has a dedicated positively charged
surface for extended recognition (Fig. 8). One face of KsgA is en-
riched in positively charged residues, while the opposite side is en-
riched in acidic residues. Thus, the sequestered surface charge of
KsgA allows it to preferentially interact with one of its faces with the
308 subunit as opposed to the other. Since KsgA methylates a nearly
mature form of 30S (47, 51, 52), a more defined substrate, it exploits
the entire surface to correctly position itself and orient such that it
interacts with multiple helices enabling the methylation of the target
helix, h45. On the contrary, Erm enters at a relatively early stage of
ribosomal biogenesis where several structural features of the ribo-
some are transitory. Thus, Erm primarily uses the CTD to dock and
the NTD’s surface positive patches help direct H73 toward the meth-
ylation pocket. Once A2058 is in proximity, loops 1 and 12 likely
help in identifying local structures that allow the rRNA segment to
fit for effective catalysis (14). These observations highlight how MTases
tailor their surface charge distribution to create complementary
electrostatic landscapes for substrate RNA and the surrounding
targeting elements.
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Fig. 7. Schematic of proposed model of Erm-mediated 50S precursor methylation. Erms are able to bind to a specific state of the ribosomal precursor where the target helix,
H73, is exposed. Erm’s CTD, responsible for global recognition, docks into a transient cleft formed by H42, H95, and H97. At this stage, the NTD or the catalytic domain is further
away from H73 (C-ll). Subsequently, conformational swaying-like motion in Erm allows its NTD to locally scan for the target base and come in proximity of H73 to facilitate meth-
ylation (C-I). Followed by which, Erm retracts and dissociates from the precursor, and the immature ribosome follows its course of biogenesis.

In conclusion, this study provides an avenue for drug development
toward specific inhibitors for the Erm family of enzymes. Previous at-
tempts have been made to target Erms by the development of small-
molecule inhibitors with several of them directed toward the catalytic
domain or the connected SAM binding domain (53-56). However, the
conservation of the active site and SAM binding sites between Erms
and other housekeeping Rossman fold-containing MTases leads to
high chances of cross-reactivity. This work emphasizes the importance
of noncatalytic structural elements—particularly those governing sub-
strate recognition—as promising targets for selective inhibition. The
Erm family of enzymes demonstrates very similar 3D architecture
(fig. S15) with relatively low sequence similarity in the head domain
(36, 57-59). We, therefore, propose that targeting this region repre-
sents a viable strategy for designing specific inhibitors, opening ave-
nues toward strategies that resist resistance.

MATERIALS AND METHODS

Construction and purification of U2552C 23S rRNA mutant
The U2552C mutation in the 23S ribosomal DNA containing p278MS2
plasmid (gift from R. Green, John Hopkins University, USA) (60)
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was introduced using an EZchange Site-directed Mutagenesis kit
following the manufacturer’s protocol. The mutation was confirmed
by sequencing, and the mutant plasmid was transformed into E. coli
DH5a cells to overexpress and purify it. To express the ribosomes con-
taining the U2552C mutation, the mutated plasmid was transformed
into MC338 strain (a gift from G. Culver, University of Rochester,
Rochester, New York, USA) (61).

The U2552C_MC338 strain was grown in LB media at 30°C until
optical density at 600 nm (ODgp) reached 0.4 to 0.5. The cells were har-
vested and resuspended in ribosome buffer [20 mM tris-Cl (pH 7.5),
100 mM NH,Cl, 10 mM Mg(OAc),, and 6 mM 2-mercaptoethanol]
and disrupted by sonication. After incubating the lysate with deoxy-
ribonuclease I (10 pg/ml) for 10 min, cell debris were removed by cen-
trifugation at 15,500¢ for 30 min at 4°C. Ribosomal particles were
pelleted down by layering the supernatant on top of 1.1 M sucrose
cushions made in a buffer containing 20 mM tris-Cl (pH 7.5), 500 mM
NH,C], 10 mM Mg(OAc),, and 6 mM 2-mercaptoethanol and centri-
fuged in a 70Ti (Beckman and Coulter) rotor at 140,900g for 16 hours
at 4°C. The resulting glassy pellet was rinsed with the above-mentioned
ribosome buffer and resuspended in the same. 70S ribosomal parti-
cles were dialyzed in a dissociation buffer [20 mM tris-Cl (pH 7.5),
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KsgA

ErmC'

Fig. 8. Comparison of the mode of binding of Erm with KsgA. (A) Model of KsgA bound to the platform region of the 30S ribosomal subunit. KsgA has been shown in
surface representation, and the 165 rRNA helices have been shown in cartoon representation. Surface potential representation of KsgA shows the protein to have a dedi-
cated positive patch on the side which interacts with RNA. (B) Model of Erm bound to the 50S precursor state. Erm has been shown in surface representation, while the
23S rRNA helices have been shown in cartoon representation. Unlike KsgA, Erm does not have a dedicated positive surface patch rather a diffused one.

150 mM NH4Cl, 1 mM Mg(OAc),, and 6 mM 2-mercaptoethanol]
to separate ribosome into its corresponding subunits. The dialyzed
crude extract was separated by zonal sedimentation in 10 to 40% su-
crose gradients (SW32-Ti rotor at 59,700¢ for 16 hours at 4°C). The
gradients were fractionated using a Gilson fractionator in a BioComp
station, and fractions corresponding to mature 30S, mature 508, and
508 precursors were collected and dialyzed against a storage buffer
[20 mM tris-Cl (pH 7.5), 150 mM NH,4Cl, 1 mM Mg(OAc),, and
6 mM 2-mercaptoethanol]. Dialyzed 508 precursor fractions were
concentrated up to 2 pM. The concentrated precursor was checked
on a 2% agarose gel for rRNA integrity and stored in aliquots at
—80°C until further use.

Purification of Erm enzymes

ErmC’ gene was previously cloned from B. subtilis BD1167 (a gift from
D. Dubnau, Rutgers University, Newark, DE, USA), and Erm42 was
cloned from Pasteurella multocida (a gift from S. Douthwaite, Univer-
sity of Southern Denmark, Denmark) both of whose expression and
purification were performed as described previously (49, 62).

Scintillation assay

Scintillation assay or in vitro methylation assay was done according
to previous reports (47). Briefly, the assay was performed in a meth-
ylation buffer [20 mM tris-HCI (pH 7.5), 80 mM NH,CIl, 1 mM
Mg(OAc),, and 6 mM 2-mercaptoethanol] containing 0.3 pM ma-
ture 30S, mature 508, or ribosomal precursor, 0.3 pM MTase, 0.1 pM
(3H)-SAM (100 Ci/mmol, American Radiolabeled Chemicals), and
1 U of ribonuclease inhibitor (Thermo Fisher Scientific) in a total
reaction volume of 30 pl. Reactants were mixed and incubated at
37°C for 50 min in the buffer described above. After 50 min, 10 pl of
ice-cold 5% trichloroacetic acid (TCA) was added, to quench the
reaction. The quenched reaction was deposited on a precharged
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membrane (Nylon 66 filter membrane), washed extensively with
chilled methylation buffer supplemented with 5% TCA, and rinsed
briefly with 100% ice-cold ethanol. The filter paper was air dried for
30 min and then placed into 2 ml of scintillation liquid (Ultima Gold,
PerkinElmer). Radioactivity was counted using our in-house scin-
tillation counter (Tri-Carb B2810TR; PerkinElmer, USA).

Cryo-OrbiSIMS sample preparation, data collection,
and analysis
Cryo-OrbiSIMS experiments were performed as previously described
(24, 25). Samples were adsorbed as a hydrated monolayer on a gold
substrate, washed with phosphate-buffered saline, and immediately
flash frozen by plunge freezing in liquid nitrogen. OrbiSIMS data
were collected under cryogenic conditions at —150°C. For each sam-
ple, data were collected in negative polarity mode in three replicates.
Two replicates were also collected for the gold substrate and were
used as reference spectra for data processing. Single beam 20-keV
Arg00" with an Orbitrap Q Exactive analyzer was used for all mea-
surements, and the current of the primary beam was 230 pA, total
ion dose of 3.65 x 10" ions/cm? and probed surface area of 200 pm
by 200 pm. Mass calibration of the Q Exactive instrument was per-
formed once a day using silver cluster ions. Electron flood gun and
argon gas flooding were used for charge compensation, and the tar-
get potential was set to —57 V. For all Orbitrap data, mass spectral
information was collected in a range m/z 150 to 2250. The mass re-
solving power of the Orbitrap analyzer was set to 240,000 at m/z 200.
IonToF SurfaceLab 7 was utilized to extract peak lists from the
raw spectra. Subsequent analysis of the peak lists was carried out
using MATLAB 2021a using custom codes as previously described
(10.5281/zen0do0.10960750). Peak assignments were performed by
comparing the experimental m/z values to a database of theoretical
calculations for all the possible fragments generated from the 23S
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rRNA sequence with a 2-ppm error. To compensate for the computa-
tional cost of generating the theoretical database, a targeted assign-
ment strategy was used to prioritize assignment of unique fragments
of increasing lengths centered on A2058 in the 23S rRNA sequence.

Preparation of N6-mustard SAM

N6-mustard SAM was prepared using a reported literature procedure.
We initiated the preparation of N6-mustard SAM (fig. S16) with the
protection of hydroxyl groups of adenosine 1 using acetone and
p-toluenesulfonic acid to afford compound 2 in 92% yield. The hy-
droxyl group of the 5’ positions was converted to phthalimido derivative
to get compound 3 in 60% yield. The acetonide group in compound 3 was
selectively deprotected using trifluoroacetic acid:H,O:tetrahydrofuran
(3:1:1, v/v/v) to afford compound 4 in 55% yield. The 3’,2"-hydroxyl
groups of compound 4 were protected using N-tris(hydroxymethyl)
methyl-2-aminoethanesulfonic acid-Cl and imidazole in N,N’-
dimethylformamide to furnish compound 5 with a 62% yield. The
phthalimido group of compound 5 was reduced to amine to obtain
compound 6 in 70% yield. Compound 6 was subjected for the re-
ductive amination using aldehyde 7 and NaCNBHj3, in methanol to
afford compound 8 in 52% yield. Then, N-alkylation of compound 8
was carried out using bromoethanol and N,N-Diisopropylethylamine
(DIPEA) in toluene to furnish compound 9 in 50% yield. Last, com-
pound 9 was subjected to iodination using PPhs and I, in dichloro-
methane (DCM) to afford compound 10, which was further subjected
to deprotection of acid labile protecting groups using 4 N HCI in
dioxane (1:1, v/v) in DCM to get the desired compound N6-mustard
SAM 11. All the compounds were characterized using nuclear mag-
netic resonance, and high resolution mass spectrometry (HRMS)
and the data was matched with those reported in the literature
(26,27, 63).

Grid preparation of Erm-50S precursor complex

The purified U2552C fraction and Erm were mixed in a stoichiometric
ratio of 1:10 along with the addition of N6-mustard (26, 27, 43, 44)
(fivefold excess of protein concentration) and incubated at 30°C. Three
microliters of the mixture was applied to a glow discharged Quanti-
foil holey carbon grid (R 1.2/1.3, Cu 300 mesh) at a precursor con-
centration of 1 UM on a Vitrobot Mark IV (Thermo Fisher Scientific)
set at 4°C and 100% humidity with no wait time, blot force of 6, and
3.5-s blot time. The grids were screened for good quality ice, particle
distribution, and density in a Talos L120C transmission electron mi-
croscopy (TEM) operated in cryo-mode, and images were collected
at a magnification of X22,000 with a defocus value of —3 pm. Data
used for image reconstruction were collected on a Krios G4 cryo-TEM
having a Gatan K3 direct detector equipped with a BioContinuum
energy filter. Movies were collected in super-resolution counted mode
at a magnification of X64,000 having a calibrated pixel size of 0.69 A,
exposure of 2 s with a total dose of 41.25 ¢7/A” over 40 frames (1.03 ¢/
A” per frame). A defocus range of —0.75 to —2.5 pm was used, and
3700 movies were collected.

Erm-50S precursor complex data processing

Image processing was done using RELION 4.0.1. Three thousand seven
hundred movies were split into two sets, one containing 2000 mov-
ies and the other having 1700 movies. Each of the sets was individu-
ally corrected for beam-induced motion using the RELION’s inbuilt
algorithm using a 5 by 5 patch configuration. The contrast transfer
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function (CTF) for the aligned micrograph sets was estimated using
CTFFIND4.1.14. A total of 909,607 and 792,947 particles were
picked from sets 1 and 2, respectively, using templates defined from
a subset of the micrographs. The particles were extracted using a box
size of 480 pixels (~330 A) and were binned twice to speed up pro-
cessing. The binned extracted particles were subjected to several
rounds of 2D classification (T = 2) with a mask diameter of 280 A,
and classes resembling 50S precursors were selected which composed
of 115,780 and 104,927 particles from sets 1 and 2, respectively. The
particle star file from each set was joined and subjected to 3D clas-
sification (class = 10, T = 4). After inspecting the classes in Chime-
raX (64), classes which resembled a 508 precursor structure were
selected. A total of four classes were combined and further subjected
to 3D refinement and postprocessing. The particles from 3D refined
classes were used for estimation of per-particle defocus, beam-tilt,
aberration, and anisotropic magnification estimation followed by
refinement and Bayesian polishing. The B-factor weighted particles
were further 3D refined and were subjected to 3D classification with-
out alignment (class = 5, T = 20).

On inspection in ChimeraX, classes 1 and 4 contained precursor
particles with the density of Erm, while classes 3 and 5 were two
other states of ribosomal precursors comprising 11,035 and 6081 par-
ticles, respectively. Classes 3 and 5 were subjected to 3D refinement
followed by CTF refinement and Bayesian polishing and sharped to
yield maps of 3.4 and 3.2 A, respectively (lowpass filters of 4.5 and
4 A were applied for visualization purposes). Classes 1 and 4 were
merged (total of 150,080 particles), extracted with 2X binning, and
refined to yield a map of 3.2-A resolution. Although we were able to
capture a strong density for the CTD of ErmC’, the NTD was of
considerably lower resolution. Therefore, a focused 3D classification
was performed with signal subtraction without alignment (FCwSS)
with T = 200. A partial signal subtraction of the cryo-EM density
corresponding to the ErmC’ from the refined particles was carried
out, and FCwSS was performed by classifying into four classes. Classes
1 and 3 with 64,804 (43%) particles showed fragmented cryo-EM
density. Class 2, with 29,668 (20%) particles, contained Erm’s NTD
in close proximity to the target rRNA strand. Class 4, with 55,608
(37%) particles, contained Erm in a slightly different conformation
where its catalytic domain was slightly away from the substrate rRNA
strand. Classes 2 and 4 were subjected separately for 3D refinement
followed by CTF refinement, polishing, and postprocessing. Final
maps were interpreted by applying a lowpass filter of 4 and 4.7 A,
respectively, as Erm still showed less defined density than the ribo-
some core. The local resolution for the final maps was calculated
using RELION’s own algorithm (figs. S17 to S19).

Model building and structure analysis

The atomic coordinates of E. coli 50S precursor (PDB ID: 6GC7) and
Erm (PDB ID: 1QAM) was docked in the final cryo-EM maps of state
IT having two different conformations of ErmC’ using ChimeraX,
and N6-mustard-modified A2058 was de novo modeled. The refine-
ment was performed using phenix.real_space_refinement (65). The
model building was carried out using COOT v.0.9.8.93 (66).
The model for state III was built in the same manner using the
mature 50S atomic coordinates (PDB ID: 6GC8). The final model
quality was checked using the comprehensive validation module in
Phenix (Molprobity). Figures were prepared in ChimeraX, PyMOL
(The PyMOL Molecular Graphics System, version 2.4.1), and Adobe
Mlustrator 2021.
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Site-specific labeling of ribosomal precursors

The cryo-EM map of the Erm-ribosomal precursor complex showed
that H39 is in proximity of the binding site of Erm. To tag ribosomes at
H39, a slight modified protocol of the one reported by Marshall et al.
(37) and Dorywalska et al. (38) was implemented (fig. S11A). Briefly,
H39 was replaced by an artificial hairpin by mutation in 23S rRNA
introduced by polymerase chain reaction-based overlap—extension
protocol in the U2552C containing p278MS2 plasmid. The mutated
plasmids were then transformed into DH5a cells containing pCI**’
plasmids (a gift from R. Green, John Hopkins University, USA) and
grown at 42°C until ODgg reached ~0.5. The culture was chilled for
40 min to obtain runout ribosomes before cells were harvested at
5180g for 15 min (JLA-9.1000 rotor, Beckman and Coulter). Total
crude ribosome was purified from the lysate and dialyzed as previ-
ously discussed. The dialyzed product was subjected to sucrose gra-
dient ultracentrifugation, and precursor fractions were isolated as
previously described.

A total of 100 nM (final concentration) of this concentrated prod-
uct was mixed with 10X excess of Cy3-tagged oligos having a se-
quence complementary to the modified H39 sequence in a reaction
buffer similar to the methylation buffer composition as mentioned
above. The reaction mixture was heated to 42°C for 10 min and grad-
ually cooled to 37°C over the course of 2 hours. The reaction mix-
ture was then added into an Amicon Ultra-4 Centrifugal Filter Unit
(100-kDa cutoff), and excess oligos was washed away by passing
10X volumes of reaction buffer. The volume was reduced to 100 pl,
and the emission spectra were obtained by exciting at 520 nm to
check for the Cy3’s characteristic spectrum. Control reactions were
also put which contained precursor fractions without H39 mutations
and processed in a similar manner. Emission spectra of the control
reaction were taken to confirm that the oligos did not attach nonspe-
cifically to ribosomes which do not contain H39-modified hairpins.

The NTD and CTD of Erm42 were labeled individually to probe
the differential dynamics of each domain when bound to the ribo-
some precursor. The NTD contains a single intrinsic cysteine resi-
due (C60) which was used to tag Cy5 maleimide (Amersham Cy5
dye mono-reactive maleimide; code: PA15131) following the manu-
facturer’s protocol. The CTD was tagged by generating C60A/S263C
Erm mutant. CD spectroscopy (fig. S11B) (67) and scintillation as-
say (fig. S11C) (47) confirmed that the mutant exhibited similar
functional and structural characteristics as compared to the native
enzyme (wild type).

smFRET data collection and analysis

The interaction between ribosome precursors and Erm was investi-
gated using smFRET. Cy3-labeled ribosome precursors were immo-
bilized on a passivated quartz surface, and Cy5-labeled Erm protein
was introduced in the chamber. smFRET imaging was performed
using a homebuilt objective type TIRF setup, equipped with dual
laser lines (532 and 635 nm) and a scientific Complementary Metal-
Oxide-Semiconductor (sSCMOS) camera. Emission from donor and
acceptor fluorophores was collected through spectral filters, and the
Epger was calculated after correcting for bleed-through and direct
excitation of the acceptor. Data analysis, including trace selection,
filtering, and Epggr calculations, were performed using Image]J (68),
Python 3.11.9 (69), and OriginLab 2021 (70). The experiments were
conducted with Cy5 conjugated to either the CTD or NTD of Erm,
and the resulting Eprgr histograms along with TDPs were analyzed.
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Detailed information about surface preparation, data acquisition, and
analysis parameters can be found in the Supplementary Materials.

Supplementary Materials
This PDF file includes:
Supplementary Text

Figs.S1to S19

Tables S1 and S2
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