Three critical regions of the erythromycin resistance
methyltransferase, ErmE, are required for function
supporting a model for the interaction of Erm family
enzymes with substrate rRNA

RORY E. SHARKEY," JOHNNY B. HERBERT," DANIELLE A. MCGAHA," VY NGUYEN,?
ALLYN J. SCHOEFFLER,? and JACK A. DUNKLE"

1Depar‘cment of Chemistry and Biochemistry, University of Alabama, Tuscaloosa, Alabama 35487, USA
“Department of Chemistry and Biochemistry, Loyola University New Orleans, New Orleans, Louisiana 70118, USA

ABSTRACT

6-Methyladenosine modification of DNA and RNA is widespread throughout the three domains of life and often accom-
plished by a Rossmann-fold methyltransferase domain which contains conserved sequence elements directing S-adenosyl-
methionine cofactor binding and placement of the target adenosine residue into the active site. Elaborations to the
conserved Rossman-fold and appended domains direct methylation to diverse DNA and RNA sequences and structures.
Recently, the first atomic-resolution structure of a ribosomal RNA adenine dimethylase (RRAD) family member bound to
rRNA was solved, TFB1M bound to helix 45 of 12S rRNA. Since erythromycin resistance methyltransferases are also mem-
bers of the RRAD family, and understanding how these enzymes recognize rRNA could be used to combat their role in an-
tibiotic resistance, we constructed a model of ErmE bound to a 23S rRNA fragment based on the TFB1M-rRNA structure.
We designed site-directed mutants of ErmE based on this model and assayed the mutants by in vivo phenotypic assays and
in vitro assays with purified protein. Our results and additional bioinformatic analyses suggest our structural model cap-
tures key ErmE-rRNA interactions and indicate three regions of Erm proteins play a critical role in methylation: the target
adenosine binding pocket, the basic ridge, and the a4-cleft.
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INTRODUCTION by five parallel beta strands with the topology 12-11-14-13-
15 and a carboxy-terminal o-helix that threads between a
loop linking B-strands three and four to form a trefoil
knot (Elkins et al. 2003). The RFM fold consists of seven
B-strands with the topology 13-12-11-14-15-17-16. Key
functional elements of this fold include a GxGxG maotif fol-
lowing B-strand one that forms a binding surface for the
S-adenosyl methionine cofactor, an acidic residue follow-
ing B-strand two whose sidechain forms two hydrogen
bonds, one with each of the hydroxyls of the S-adenosyl
methionine ribose (Schubert et al. 2003). In enzymes that
catalyze m®A formation in DNA or RNA, an additional mo-
tif follows B-strand four, originally denoted as [D/N/S]PP[Y/
F1, which is associated with positioning the substrate nucle-
otide (Schubert et al. 2003). Recent studies of eukaryotic,

Methylation of adenosine residues in RNA occurs in all
three domains of life (Grosjean 2009). The 6-methyladeno-
sine (m®A) modification appears in eukaryotic mRNAs,
playing a prominent role in gene regulation (Meyer et al.
2012; Schwartz et al. 2013; Pendleton et al. 2017; Frye
etal. 2018). A related dimethylated adenosine, m®,A, is in-
stalled in the 23S rRNA of some bacteria by an erythromy-
cin resistance methyltransferase (Erm) and provides
resistance to multiple antibiotics targeting the large ribo-
somal subunit (Fyfe et al. 2016).

Two protein folds account for the majority of RNA and
DNA methyltransferases with the Rossmann-fold methyl-
transferase (RFM) fold being the most abundant and the
SPOUT (SpoU-TrmD) fold the second most abundant

(Czerwoniec et al. 2009). The SPOUT fold is distinguished S )

© 2022 Sharkey et al. This article is distributed exclusively by the RNA
Society for the first 12 months after the full-issue publication date (see
http:/majournal.cshlp.org/site/misc/terms.xhtml). After 12 months, itis

Corresponding authors: ajschoef@loyno.edu, jadunkle@ua.edu
Article is online at http://www.majournal.org/cgi/doi/10.1261/rna
.078946.121.

available under a Creative Commons License (Attribution-NonCom-
mercial 4.0 International), as described at http:/creativecommons.
org/licenses/by-nc/4.0/.

210 RNA (2022) 28:210-226; Published by Cold Spring Harbor Laboratory Press for the RNA Society


mailto:ajschoef@loyno.edu
mailto:jadunkle@ua.edu
http://www.rnajournal.org/cgi/doi/10.1261/rna.078946.121
http://www.rnajournal.org/cgi/doi/10.1261/rna.078946.121
http://www.rnajournal.org/cgi/doi/10.1261/rna.078946.121
http://www.rnajournal.org/site/misc/terms.xhtml
http://rnajournal.cshlp.org/site/misc/terms.xhtml
http://rnajournal.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://www.rnajournal.org/site/misc/terms.xhtml

Three regions of ErmE are required for function

mRNA m®A methyltransferases, which consist of the RFM
fold, confirmed the importance of this motif (Sledz and
Jinek 2016; Wang et al. 2016; Doxtader et al. 2018). Erm
proteins utilize the RFM fold and contain a slightly altered
sequence following B-strand four, for example, AIPY in
ErmE, that adopts the same sharply kinked structure,
poised to interact with substrate adenosine, seen in other
RFM fold adenosine methyltransferases (Stsiapanava and
Selmer 2019).

Sequence conservation analysis indicates that Erm be-
longs to a protein family named the ribosomal RNA ade-
nine dimethylase (RRAD) family (Fig. 1A; Mistry et al.
2021). In addition to Erm, this family consists of the pro-
teins that dimethylate two conserved adenosine residues
that appear in the conserved helix 45 of the small ribosom-
al subunit RNA of nearly all organisms (Fig. 1A,B; Cannone
etal. 2002; Xu et al. 2008). Dimethylation of the two aden-
osine residues in helix 45 is strongly conserved across the
three domains of life, due to the critical role these methyl-
ations (m®,A1518 and m®,A1519 in E. coli numbering) play
in the maturation of the small ribosomal subunit (O'Farrell
etal. 2006). Interestingly, the substrates for Erm, helix 73 of
23S rRNA, and the substrate for the other RRAD family
members, helix 45 of small ribosomal subunit RNA,
diverge in sequence and secondary structure (Fig. 1B).
Erm proteins dimethylate an adenosine (underlined) that
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FIGURE 1. The TFB1M-rRNA crystal structure suggests how other members of the rRNA ad-
enine dimethylase family of proteins may bind substrate RNA. (A) A phylogram of rRNA ade-
nine dimethylase (RRAD) family proteins from model organisms. (B) A schematic for the
methylation reaction performed by two RRAD family members, ErmE, and TFB1M, is shown.
Both proteins dimethylate an adenosine residue adjacent to a base-paired stem region. (C)
The crystal structure of TFB1M bound to substrate was recently solved, revealing details of

its interactions with rRNA.

lies in an unpaired region between two rRNA helices within
the sequence context 5 CGGAAA 3’ (Villsen et al. 1999).
The 5’ C residue is unpaired while the following two G res-
idues participate in Watson-Crick pairs. Other RRAD fam-
ily members dimethylate two adenosines located in the
sequence context 5’NGAA 3’ (Xu et al. 2008). This nucleo-
tide sequence is part of a tetraloop in helix 45 and is bor-
dered by three Watson-Crick pairs. Understanding how
Erm and other RRAD family members possess substantial
structural similarity yet methylate RNA substrates differing
in secondary structure and sequence will help to address
the outstanding question of how the conserved RFM fold
adapts to different RNA targets and whether discrete,
identifiable elements of sequence or structure underlie tar-
get selectivity.

Erythromycin resistance methyltransferases, as indicated
by their name, provide bacterial cells resistance to the
macrolide antibiotic erythromycin and many other macro-
lides. These compounds consist of a 14-16 membered
macrolactone ring, were among the first antibiotics to enter
widespread use with the introduction of erythromycin in
1952, and include azithromycin, one of the most prescribed
antibiotics in the United States (Schroeder and Stephens
2016). Macrolides inhibit bacterial growth by binding to
23S rRNA adjacent to the peptidyl transferase center of
the ribosome disrupting protein synthesis (Bulkley et al.

2010; Dunkle et al. 2010; Vazquez-

Laslop and Mankin 2018). Bacteria

can become resistant to macrolides

by expressing the mef efflux pump,

by dislodging the drug from its bind-

ing site via the ABC-F protein MsrE,

by modifying the drug with enzymes

such as macrolide phosphotransfer-

10 ases (Mph), by incurring a mutation
at or near the drug binding site or by
dimethylation of A2058 at the drug
binding site as Erm does (Fyfe et
al. 2016; Wilson et al. 2020; Svetlov
et al. 2021). A survey of greater than
4500 macrolide-resistant S. pneumo-
Q niae clinical isolates found that 48%
&\,) contained the ermB gene alone or in
' conjunction with mef, underscoring

12S rRNA
H45

moA936 \ﬂ £ A'} S .

2 /T q:()‘ the clinical importance of Erm-mediat-
M%7 &U‘j TFBIM ed resistance (Hawkins et al. 2015).
125 1NA 6aax Global surveys of the prevalence of

macrolide resistance genes have also
indicated a prominent role in Erm-
mediated resistance (Schroeder and
Stephens 2016). Additionally, Erm
provides resistance to lincosamide
(clindamycin), streptogramin B, and
ketolide antibiotics, a phenotype
known as MLSgK (McCusker and
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Fujimori 2012). This multidrug resistance phenotype
emerges because each of these classes of antibiotics also
binds 23S rRNA adjacent to the peptidyl transferase center
of the ribosome in semi-overlapping sites (Bulkley et al.
2010; Dunkle et al. 2010; Noeske et al. 2014). Understand-
ing the detailed mechanism of RNA recognition by Erm
could aid in the development of selective Erm inhibitors
with the potential to restore antibiotic efficacy when co-ad-
ministered with relevant antibiotics, a strategy used for de-
cades to evade B-lactamase resistance to penicillin-family
antibiotics (Neu 1985).

In order to better understand how Erm enzymes interact
with their RNA substrate, we generated a structural model
of ErmE bound to a fragment of 23S rRNA guided by the
recent RNA-bound structure of TFB1M, an rRNA methyl-
transferase with homology to Erm (Liu et al. 2019). We per-
formed site-directed mutagenesis of ermE guided by the
model and characterized the erythromycin resistance
phenotype of cells transformed with the ermE variants.
For selected ermE variants, the protein was purified and
subjected to methylation kinetics assays and RNA affinity
binding assays. Our data suggest that three regions of
Erm proteins are crucial for recognition and methylation
of RNA substrate: the adenosine pocket, the basic ridge,
and the ad-cleft. Sequence analysis of a large database
of pathogen-derived Erm sequences from clinical samples
was used to determine to what degree our findings utiliz-
ing the ErmE model protein generalize to Erm enzymes
in antibiotic-resistant pathogens.

RESULTS

A theoretical model of ErmE bound
to substrate rRNA

Since no structure of an Erm protein
bound to RNA exists, we searched
the Protein Data Bank for structures

of RRAD family members bound to i
substrate RNA that could provide '
clues to how ErmE interacts with
RNA. Two structures are available
that reveal an RRAD family member
bound to its substrate RNA on the
pathway for methylation: the recent
cryo-EM structure of KsgA bound to
the 30S ribosome and an X-ray crystal
structure of TFB1M bound to a frag-
ment of helix 45 of 125 rRNA (num-
bering of 12S rRNA is from Homo
sapiens while numbering of 23S
rRNA is from E. coli) (Liu et al. 2019;
Stephan et al. 2021). The X-ray struc-
ture of TFB1M reveals the helix 45 tet-
raloop, nucleotides G934-A937, has
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abandoned the stacked structure, typical of a GNRA tetra-
loop, in which it is normally observed and instead formed
intimate interactions with TFB1M (Fig. 1C). Additionally,
the X-ray structure reveals that A937 has undergone
base-flipping—it is dramatically rotated from its normal
position stacking with adjacent tetraloop nucleotides so
that it is positioned in the active site adjacent to the labile
methyl group of the S-adenosylmethionine (SAM) cofactor
(Fig. 1C). The KsgA-30S structure possesses an extremely
similar orientation of KsgA and helix 45 of rRNA
(Supplemental Fig. S1). This analysis, along with the strong
sequence and structural conservation throughout the
RRAD family, led us to hypothesize that all members of
the RRAD family, including Erm enzymes, interact with
their substrate rRNA in a similar manner.

To test the hypothesis that Erm enzymes interact with
rRNA similarly to TFB1M, we superpositioned the structure
of ErmE, given by pdb code 6nvm, onto the coordinates
for TFB1M bound to rRNA given by éaax. The superposi-
tion reveals a strong overlap of secondary structure ele-
ments in the Rossmann-fold catalytic domain along with
conserved positioning of some elements in the non-
catalytic carboxy-terminal domain (Fig. 2A). The coordi-
nates for a 6 nt region of the TFB1M substrate RNA
(5 CUGGAA 3') were altered in silico to the sequence of
the corresponding ErmE substrate RNA (5 GACGGA 3').
The nts that are dimethylated are underlined—TFB1M
dimethylates A936 and A937 while ErmE dimethylates
only A2058. Inspection of the interaction of ErmE with
the in silico modeled RNA substrate revealed several clash-
es which was expected since induced fit structural changes
are expected upon interaction of the two macromolecules.
However, these clashes could be relieved with modest al-
terations of the ErmE coordinates. Specifically, P133 and

" RNA bound TFB1M (6aax)
i) Unbound ErmE (6nvm)

ab

a4

SAM

FIGURE 2. ErmE superpositioned onto TFB1M bound to rRNA suggests ErmE regions in con-
tact with rRNA. (A) A superposition of ErmE (pdb code 6nvm) onto the structure of TFB1M
bound to its RNA substrate is shown. A high degree of structural similarity is observed between
ErmE and TFB1M, particularly in the Rossman-fold (RF) catalytic domain. The carboxy-terminal
domain (CTD) varies between the two structures. Helices a4, 0.5, and a6 are poised to play a
central role in RNA binding. (B) A detailed view of the ErmE-TFB1M superposition reveals that
a key aromatic residue (TFB1M F144, ErmE Y134) and a basic residue (TFB1M R183, ErmE
K164) are positioned in the same vicinity between the two structures but must undergo a con-
formational change for ErmE to bind RNA as in the TFB1M-RNA crystal structure.
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Y134 were remodeled to conform with the position of the
homologous residues (P143 and F144) in TFB1M and the
rotamers of K164 (R183 in TFB1M) and R171 were altered
(Fig. 2B). The active site Pro-Tyr/Phe motif is conserved
across Rossmann-fold 6-methyladenosine methyltransfer-
ases and it has been previously demonstrated that the
Y134A mutant of ErmE lacks activity lending support to
the choice to remodel these two residues (Schubert et al.
2003; Rowe et al. 2020). K164 resides at the same position
in a5 as R183 in TFB1M and the rotamer change allows
K164 to form an electrostatic interaction with the RNA
backbone as R183 does (Fig. 2B). The fact that only mini-
mal changes to the ErmE coordinates were required to
model its interaction with the fragment 5’ GACGGA 3’ lends
credence to the hypothesis that the RRAD family members
ErmE and TFB1M interact with RNA in a similar manner.
To refine our theoretical model, we performed energy
minimization on ErmE bound to rRNA using Rosetta Relax
generating 1000 candidate structures (Tyka et al. 2011). A
plot of the Rosetta score versus root mean squared devia-
tion versus the best scoring structure, Model 0425, re-
vealed that a handful of structures had only marginally
different scores (Fig. 3A,B). Therefore, we inspected
multiple structures focusing on differences in the residues
predicted to interact with rRNA. Model 0515 possessed hy-
drogen-bonding interactions between E160 and G2057, a
nucleotide whose identity was previously shown to be crit-

A

Model 0355

ical for rRNA methylation by ErmE (Fig. 3A; Villsen et al.
1999). Model 0515 possessed an electrostatic interaction
between R171 and the rRNA backbone, but the distance
between K164 and rRNA (4.5 A) was too long to accommo-
date an electrostatic interaction. The K164A and R171A
mutants of ErmE were previously shown to be associated
with an erythromycin-sensitive phenotype so we expected
to see interactions between both residues and rRNA in our
models (Rowe et al. 2020). We nevertheless decided to use
Model 0515 while designing site-directed mutants of ErmE
because it sits in the nadir of a cluster of well-scoring mod-
els, a feature expected for near-native models (Tyka et al.
2011). Inspection of the interactions between ErmE and
rRNA in the well-scoring models, along with sequence con-
servation among Erm proteins, led us to hypothesize that
three regions of Erm proteins mediate the primary interac-
tions driving RNA binding and positioning (Fig. 3C).

Erythromycin resistance phenotypes associated with
site-directed mutants from three ErmE regions

We tested the hypothesis that the adenosine pocket, 04
cleft, and basic ridge drive the ErmE-rRNA interaction, by
constructing several site-directed mutants belonging to
each site and assaying the erythromycin resistance pheno-
type of cells transformed with the ermE variants. Within the
Ade pocket, the structural model suggests n-stacking
of Y134 with A2058 and Van der Waals
interactions between F196 and A2058
with P198 introducing a sharp turn in
the peptide backbone important for

Model 0425 -710
3 720 . . positioning of F196 (Fig. 4A). Se-
3 . > o quence conservation analysis reveals
< 730 P position 134 to be Tyr or Phe in nearly
g 7 0425"‘ %355 all Erm proteins with F196 and P198
7504 . . . also nearly invariant (Fig. 4B). We as-
00 05 10 15 sayed the erythromycin resistance
RMS (A) phenotype of E. coli cells harboring

FIGURE 3. A computational model of ErmE bound to its 23S rRNA substrate suggests three
regions are critical for RNA recognition. (A) A superposition of three models derived from
the Rosetta Relax calculation is shown with the residues E160, K164, and R171 shown as sticks.
The Rossmann-fold (RF) catalytic domain and the carboxy-terminal domain (CTD) are indicat-
ed. (B) A plot is shown of the Rosetta score versus root mean squared (RMS) deviation of Co.
atoms for all models obtained versus model 0425. (C) Rosetta model 0515 is shown highlight-
ing interactions of three regions of the protein with rRNA: the adenosine pocket, the basic

patch, and the o4 cleft.

site-directed mutants of each of these
residues in two assays. An agar dilu-
tion minimal inhibitory concentration
(MIC) assay was used for continuity
with previous research and a microdi-
lution MIC assay was performed in
which phenotypes emerge over a
much larger dynamic range (Fig. 4C;
Maravic et al. 2003a; Pawlowski et al.
2018; Rowe et al. 2020). Planktonic E.
coli cells are semi-resistant to erythro-
mycin due to the efflux pump AcrAB-
TolC but this phenotype can be al-
tered by the addition of the antibiotic
adjuvant phenylalanine-arginine p-
naphthylamide (PABN) that sensitizes
Gram-negative bacteria to many
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indicating protein stability was not
drastically altered in the mutants. Col-
lectively, these data are consistent
with the Ade pocket playing an impor-
tant role in ErmE function. The com-
parison between the phenotype of
cells harboring F196A versus F196Y
is consistent with a van der Waals in-
teraction between F196 and A2058,
and the phenotype of P198A harbor-
ing cells indicates a role for P198 in
structuring the Ade pocket. The MIC
results for Y134A harboring cells are
consistent with a previous report that
Y134 is essential for ErmE function

A
B
" o4 cleft
v P Hl Basic patch
820 NIST \
10 H 2
A FECT s v
c Erythromyin MIC (ug/mL)
Agar dilution  Microdilution
PABN - +
wt > 1024 >512
- 128 0.125
Y134A 128 0.125
F196A 256 0.125
F196Y 512 128
P198A 128 0.125
a4 cleft
S138A 1024 32
S138V 128 0.125
R165A 128 0.125
R165E 128 0.125
S173A >1024 256
S173V 128 0.125
Basic patch
R163A 256 16
R163E 128 0.125
R163K 256 512
K164A 128 0.125
K164M 128 0.125
K164S 256 0.125
R171A 128 0.500

and our structural model that Y134 n-
stacks with A2058 (Rowe et al. 2020).
The theoretical ErmE-rRNA model
places the C2055 nt of rRNA in the vi-
cinity of the a4 cleft. The rRNA is posi-
tioned too far from the first layer of a4
cleft residues, including S138, R165,
and S173, for hydrogen bonds or
electrostatic interactions to form;
however, we hypothesized that addi-
tional induced fit rearrangements of
the rRNA and protein, not captured
by the model, may occur. We assayed
the erythromycin resistance pheno-

FIGURE 4. Erythromycin resistance phenotypes of site-directed mutants of the adenosine
pocket, the o4 cleft, and the basic ridge. (A) A detailed view of the theoretical model of
ErmE bound to Helix 73 of rRNA is shown. The model predicts residues involved in noncova-
lent interactions driving RNA recognition. 23S rRNA is shown in gold and selected amino acids
are colored based on which region of ErmE they reside in: the adenosine pocket (pink), the a4-
cleft (blue), and the basic patch (green). (B) One representative from each class of Erm proteins
was used to model the sequence conservation at the three sites of interest. (C) Minimal inhib-
itory concentrations (MIC) for erythromycin were measured for E. coli cells expressing site-di-
rected mutants of ErmE. Experiments were conducted as agar dilution without the antibiotic
adjuvant phenyl-arginyl-beta-napthylamide (PABN) or as liquid culture microdilution experi-
ments in the presence of PABN. (D) When cells displayed an erythromycin-sensitive phenotype,
western blotting was used to verify that ErmE site-directed mutants were expressed and stable.

type of cells harboring various muta-
tions at S138, R165, or S173 and
found that S138A and S173A were as-
sociated with only modest defects in
erythromycin resistance (Fig. 4C).
The S138V or S173V mutants, howev-
er, were associated with a complete
sensitivity to erythromycin (Fig. 4C).
The phenotypes associated with the
alanine substitutions suggest that res-
idues $S138 and S173 do not mediate

xenobiotics through inhibition of AcrAB-TolC and poten-
tially membrane permeabilization (Yu et al. 2005; Lamers
et al. 2013; Gomes et al. 2019). Cells carrying the Y134A,
F196A, and P198A mutations possessed similar pheno-
types showing no erythromycin resistance in the microdilu-
tion assay and no or modest resistance (F196A) in the agar
dilution assay. Cells harboring F196Y had MIC values of
512 pg/mL and 128 pg/mL in the agar dilution and micro-
dilution assay, respectively, a phenotype of slightly less
erythromycin resistance than that provided by wt ermE
(Fig. 4C). Since the site-directed mutations may alter pro-
tein stability, we qualitatively assayed the levels of each var-
iant by western blotting and observed a signal similar to wt
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interactions critical for RNA binding

and positioning. However, the pheno-
types of the valine mutants, a substitution that may alter
the position of nearby residues, are consistent with the
a4 cleft as a whole, playing an important role in ErmE-
RNA binding and positioning. Both R165A and R165E
are associated with a complete loss of erythromycin resis-
tance suggesting R165 forms interactions critical for ErmE
function (Fig. 4C). The o4 cleft mutants were also subject-
ed to western blotting and again the signal suggested
each mutant was stable and easily detectable in E. coli ly-
sates (Fig. 4D). In sum, these data suggest the o4 cleft is
essential for ErmE function in some manner but are ambig-
uous as to whether this involves essential contacts to the
rRNA substrate.
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Previous research on rRNA methyltransferases has iden-
tified electrostatic interactions with or adjacent to the
methylated nucleotide that are critical for enzyme function
(Dunkle etal. 2014). Inmodel 0515, K164 and C2055 of 23S
rRNA are oriented toward each other but slightly too far
apart (4.5 A) for an electrostatic interaction (Figs. 3A, 4A).
However, in other models, K164 does form an electrostatic
interaction with C2055. K164 is adjacent to two additional
basicresidues, R163 and R171, which we refer to collective-
ly as the basic ridge. R171 forms an electrostatic interaction
with the phosphate of G2053, while R163 forms an electro-
static interaction with neighboring E168, in our model,
which may be important for stabilizing or positioning a5.
We assayed site-directed mutants of each residue in the ba-
sic ridge. To get a detailed picture of how K164 may con-
tribute to ErmE function, site-saturation mutagenesis was
performed at this position (Supplemental Fig. S2). This
technique identified that K164R is associated with an eryth-
romycin-resistant phenotype and also identified several
K164 mutations with an erythromycin-sensitive phenotype
in the erythromycin selection step of our saturation muta-
genesis assay (Supplemental Fig. S2). We performed de-
tailed MIC assays for two of these mutants, K164M and
K164S. These mutants were chosen because Met is steri-
cally similar to Lys and Ser could model the effect of a polar
residue at position 164. K164A, K164M, and K164S are
each associated with an erythromycin-sensitive phenotype
in MIC assays but western blotting indicates the protein is
expressed and soluble (Fig. 4C,D). These data together
with the phenotypic data indicate an Arg or Lys residue at
position 164 is crucial for ErmE function. We assayed three
variants of R163: R163A, R163E, and R163K. The Ala substi-
tution was associated with a mild erythromycin resistance
defect while the Lys substitution was associated with a re-
sistance defect in the agar dilution assay but an erythromy-
cin-resistant phenotype in the microdilution assay. The
source of the discrepancy between the two MIC assays
for R163K is unclear. The R163E mutant was associated
with an erythromycin-sensitive phenotype in both MIC as-
says. In sum, the phenotypic and sequence conservation
data for R163 support the Rosetta model in two ways.
Firstly, the model does not include an R163 interaction
with rRNA consistent with the substantial level of erythro-
mycin resistance in cells harboring R163A. Secondly, the
R163E associated phenotypes are consistent with the basic
residues adjacent to R163, the basic ridge, being a crucial
functional region of the protein. Presumably R163E, due
to the charge alteration of the sidechain, interferes with
the normal positioning of the adjacent residues. We previ-
ously determined the functional effect of variants of R171
(Rowe et al. 2020). Here we validated that R171A harboring
cells are erythromycin sensitive in both the agar dilution
and microdilution MIC assays. In sum, our phenotypic anal-
yses of basic ridge mutants confirm this is a crucial region of
ErmE and are consistent with arole for an electrostatic inter-

action between K164 and rRNA. The Rosetta models are
ambiguous conceming an electrostatic interaction of
R171 with rRNA, but previously published data and the
phenotypes reported above indicate the interaction likely
occurs (Rowe et al. 2020).

In vitro analyses of the role of the three ErmE
regions in rRNA methylation

Next we sought to use in vitro assays with purified ErmE
site-directed mutants to investigate, mechanistically, how
each of the three regions contributes to rRNA methylation.
Selected ErmE mutants were purified by two column chro-
matography steps and subjected to circular dichroism
spectroscopy to verify normal folding of the proteins (Fig.
5A,B). 6-Methyladenosine formation by Erm requires bind-
ing of RNA and the SAM cofactor and the correct position-
ing of these two molecules for nucleophilic attack of the
labile methyl group by the amine group of Ade. In
Rossmann-fold methyltransferases, SAM is bound rigidly,
in a deep cleft in the active site (Schubert et al. 2003).
Substrate RNA, however, normally undergoes substantial
conformational changes to achieve the conformation re-
quired for methylation (Dunkle et al. 2014; Schwalm et al.
2016). Because each of the three ErmE regions underinves-
tigation is hypothesized to contact RNA, functional defects
in the site-directed mutants could arise, due to a loss of af-
finity for RNA or due to a loss in the ability to correctly po-
sition RNA for methylation.

Our approach utilized methylation assays containing a
48-nt RNA that models 23S rRNA helix 73 as substrate
and the assays were performed in two ways (Vester et al.
1998). Single-turnover kinetics were performed with either
SAM limiting or with RNA limiting (Fig. 5C,D). This is
because a kinetic defect due to a lowered affinity for
RNA, for example, would be expected to appear in the lim-
iting RNA assay but be alleviated in the limiting SAM assay
where RNA is now in excess. As a direct test of RNA affinity
binding, the same 48-nt substrate was 5'-labeled with fluo-
rescein, and fluorescence polarization upon binding of the
RNA to the ErmE mutants was measured (Fig. 6A). We se-
lected site-directed mutants from each of the three ErmE
regions that were associated with an erythromycin-sensi-
tive phenotype to report on the overall contribution of
that region to ErmE function. Our goal was to use the in vi-
tro assays to assign defects in the ErmE mutants to either a
loss of RNA affinity or an inability to correctly position RNA.

Methylation assays with basic ridge mutants, R163E,
K164M, and K164S, each displayed substantial defects in
methylation (Fig. 5C). Methylation by K164M and K164S
was too slow for curve fitting and extraction of a kgps in
our assay under both limiting SAM and limiting RNA condi-
tions. However, the R163E defect could be quantitated and
was found to have a k., ~10-fold slower than wild
type. Similar kops values for R163E (1.1 x 10~2 min~" versus
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FIGURE 5. ErmE site-directed mutants associated with an erythromycin-sensitive phenotype
display RNA methylation defects in vitro. (A) SDS-PAGE analysis of wild-type ErmE and variants
indicates that the proteins are reasonably pure and display the expected molecular weight. (B)
Wild-type ErmE and variants produce similar circular dichroism spectra indicating there is no
major change in protein structure in the variants. (C) Single-turnover kinetics assays were
used to characterize RNA methylation by selected site-directed mutants from the basic patch
region. *H-S-adenosylmethionine (SAM) was used as the methyl donor to follow product for-
mation, resulting in the transfer of a radio-isotopically labeled methyl group (red circle) from
SAM to RNA. (D) Single-turnover kinetics assays were performed on site-directed mutants
from the adenosine pocket and o4-cleft. A scatter plot of three replicates is shown along

with a best-fit line derived by nonlinear regression.

1.0 x 1072 min~") were obtained under limiting SAM and
limiting RNA conditions (Table 1). Since increasing RNA
(limiting SAM conditions) did not increase kg, the R163E
kinetics results are consistent with a defect in RNA position-
ing as the primary explanation for the altered kinetics of
R163E.

Methylation assays with P198A of the Ade pocket and
R165A or the o4-cleft were performed and substantial de-
fects were observed (Table 1; Fig. 5D). The R165A defects
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P198A was found to produce a kops =
6.2x107° min~" but kops=4x 1073
min~" under limiting RNA conditions.
These data, showing that the rate of
reaction increased slightly when RNA
was not the limiting reagent, are con-
sistent with an RNA binding defect for
P198A.

Each of the mutants characterized in
methylation assays was also subjected
to RNA affinity binding assays to aid in
dissecting the mechanistic basis of
methylation defects. Basic ridge
mutants K164M and K164S bound
RNA tightly, while R163E displayed a
3.7-fold increase in Ky for RNA (Table
1; Fig. 6B). The fact that K164M and
K164S display no defect in RNA bind-
ing suggests thatan electrostaticinter-
action between K164 and rRNA is
crucial for positioning RNA for methyl-
ation, and a defect in positioning ex-
plains the lack of methyltransferase
activity by these mutants. The altered
Ky for RNA binding by R163E may
contribute to the methylation defect
but is unlikely to be the main cause.
This is because in the limiting SAM
methylation experiments, RNAwas in-
cluded at 20 pM so ErmE would re-
main saturated with RNA despite the
3.7 uM Ky value. The od-cleft variant,
R165A bound RNA tightly (Ky=0.49
+0.05 uM for R165A vs. K4=0.98 +
0.07 uM for wt) strongly suggesting
that R165 plays a role in RNA position-
ing, explaining the methylation de-
fects for this mutant (Table 1; Fig.
5D). The Ade pocket variant, P198A,
in contrast, displayed barely detect-
able levels of RNA binding and we
were not able to perform curve fitting
on this data (Table 1; Fig. 5D). The methylation data provid-
ed a hint that RNA binding might be compromised in
P198A (discussed above) and this is strongly confirmed
by the affinity binding assay. The theoretical structural
model suggested that P198 played a role in facilitating
the Van der Waals interactions between F196 and the
A2058. The in vitro data arising from the P198A mutant
suggest the interaction of F196 with A2058, or this interac-
tion and other interactions nearby that are similarly affected
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FIGURE 6. RNA affinity binding was measured for selected site-directed ErmE mutants. (A)
Affinity binding of ErmE variants to an RNA oligonucleotide mimicking 23S rRNA helix 73
was measured by fluorescence polarization utilizing a 5 fluorescein label on the RNA. (B) A
scatter plot of three replicates of each ErmE variant under analysis is shown along with nonlin-
ear regression fits. A single replicate of a titration of pepsin is shown as a negative control

(Neg.) for RNA binding.

by the P198A mutation, are important for tight binding be-
tween ErmE and rRNA. The in vitro assays taken together
suggest that the basic ridge and at least the R165 residue
of the ad-cleft are required to position RNA for productive
methylation, while P198 promotes an Ade pocket structure
that drives RNA affinity binding.

Assaying the contribution of E160 to rRNA
methylation

Our structural model of ErmE bound to rRNA predicts that
when A2058 is positioned in the active site, a hydrogen-
bonding interaction between E160 of ErmE and G2057
of 23S rRNA occurs (Fig. 7A). This interaction is not ob-
served in the TFBTM-rRNA crystal structure despite the
enzyme also possessing a Glu at the corresponding posi-
tion in a5 (Liu et al. 2019). This may be explained by the
fact that when A937 occupies the active site of TFB1M,
the 5’ residue is A936 which is unable to form two hydro-
gen bonds with Glu. An important hydrogen-bonding in-
teraction between ErmE E160 and G2057 is plausible
because, across all Erm proteins, Glu is a common residue
at the 160 position in a5 and the identity of G2057 has
been shown to be crucial for rRNA methylation by ErmE
(Fig. 4B; Villsen et al. 1999).

We used erythromycin resistance
phenotypic assays to investigate the
importance of the E160 interaction
with rRNA using a two-pronged ap-
proach. First, we constructed E160A
to investigate what effect the loss of
the hydrogen bonds would have.
Secondly, we constructed E160Y and
E160W because the structural model
predicts that these mutants would
not only abrogate hydrogen bonding
but also sterically clash with rRNA.
The E160W and E160Y test whether
rRNA, in fact, makes a close approach
to ErmE at the E160 position of 0.5. We
performed the erythromycin resis-
tance assays reported earlier, this time with E160A,
E160Y, and E160W (Fig. 7B). We found that cells trans-
formed with E160A displayed a mild reduction in resis-
tance: MIC levels fell to 256 pg/mL in the agar dilution
assay and 128 pg/mL in the microdilution assay (Fig. 7B).
In the case of E160Y and E160W transformed cells, the
MIC values were the same as in cells lacking ermE; a
completely sensitive phenotype was observed. Western
blotting of lysates from each E160 variant revealed ErmE
was stable and soluble (Fig. 7C). A range of erythromycin
resistance phenotypes was observed in cells transformed
with E160 variants likely indicating an alteration in the inter-
action of the protein with rRNA.

To understand mechanistically how the E160 variants
might alter activity, we again assayed single-turnover
methylation kinetics and RNA binding, this time on ErmE
E160A and ErmE E160W (Fig. 8). Under limiting SAM con-
ditions, E160A showed an 11-fold lower K s than wt, and a
similar result under limiting RNA conditions (Fig. 8A).
Under both limiting SAM or limiting RNA conditions,
E160W did not produce measurable methylated RNA.
When RNA affinity binding was investigated, E160W dis-
played a fourfold increase in Kyrna Versus wt, while
E160A bound RNA somewhat tighter than wt. Taken to-
gether with the phenotypic results from erythromycin

Log ErmE (uM)

TABLE 1. RNA affinity binding and ko5 values for wild-type ErmE and variants

K4, rna (M) Kops (min~") Limiting SAM Limiting RNA
Wit 0.98+0.07 0.105 = 0.006 0.09 +0.01
R163E 3.7+03 1.1x1072+0.8 1.0x1072+0.2
K164M 0.7 +0.1 ~0 ~0
K164S 0.48 £0.05 ~0 ~0
R165A 0.49 +0.05 ~0 ~0
P198A n.d. 6.2x107°+0.6 4x1073£1
E160A 0.42+0.03 9x107°+1 7x107° %1
E160W 40+0.3 ~0 ~0
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FIGURE 7. Erythromycin resistance phenotypes of E160 site-directed
mutants. (4) The ErmE-RNA structural model suggests hydrogen
bonding between E160 and G2057 of rRNA. The basic ridge is col-
ored green, the o4 cleft blue, and the Ade pocket pink. (B) Minimal
inhibitory concentrations (MIC) for erythromycin were measured for
E. coli cells expressing E160 site-directed mutants. Experiments
were conducted as agar dilution without the antibiotic adjuvant phe-
nyl-arginyl-beta-napthylamide (PABN) or as liquid culture microdilu-
tion experiments in the presence of PABN. (C) When cells displayed
an erythromycin-sensitive phenotype, western blotting was used to
verify that ErmE site-directed mutants were expressed and stable.

resistance assays, the data indicate that E160 is positioned
close to substrate rRNA and likely engages G2057 in hy-
drogen bonding. The hydrogen bonds are not a significant
driver of ErmE’s binding affinity for RNA but contribute to
positioning RNA for efficient methylation.

Sequence conservation of the three Erm regions
in pathogenic bacteria

Next, we performed a bioinformatic analysis to understand
how our model of the ErmE-rRNA interaction may general-
ize to ErmE orthologs from pathogenic bacteria. Recently,
next-generation DNA sequencing of pathogenic bacteria
from clinical samples and foodborne disease outbreaks
has been deployed to identify the antibiotic susceptibility
of the specimens and trace the origins of disease out-
breaks. The NCBI database, MicroBIGG-E, catalogs antibi-
otic resistance gene sequences from these samples
including greater than 50,000 erm gene sequences. We
used this data to investigate the conservation of the three
regions we believe are critical for the interaction of Erm pro-
teins with rRNA. We focused our analysis on the erm genes
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closely associated with Gram-positive pathogens for which
erythromycin is used as an antimicrobial, ermA, ermB, and
ermC. There are over 7600, 25000, and 2400 discoverable
sequences in the Micro-BIGG-E database for these erm
genes, respectively, at the time of our analysis. Sequence
logos show that the key residues of the Ade pocket,
Y134, F196, and P198 are nearly invariant across the Erm
sequences in the database (Fig. 9). Additionally, nearly all
sequences appear to contain a basic residue at the basic
ridge positions 163 and 164, but R171 is specific to ErmE
and its most closely related homologs (Fig. 9).
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FIGURE 8. Methylation kinetics and RNA affinity binding measure-
ments are consistent with the position of E160 in the ErmE-RNA mod-
el. (A) Single-turnover kinetics assays of RNA methylation by ErmE
variants were performed using *H-S-adenosylmethionine (SAM) as
the methyl donor. Assays were performed under conditions of limiting
SAM or limiting RNA. An oligonucleotide mimicking 23S rRNA helix
73 was used as the substrate. A scatter plot of three replicates is shown
along with a bestfit line determined by nonlinear regression.
(B) Measurements of binding affinity of E160 variants for the helix
73 analogs were performed by fluorescence polarization using a fluo-
rescein-labeled RNA oligonucleotide. A scatter plot of three repli-
cates is shown for wt, E160A, and E160W. A single replicate of a
titration of pepsin is shown as a negative control (Neg.) for RNA bind-
ing. E160W possesses reduced affinity for RNA, consistent with a
steric clash with the RNA, but E160A does not.
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FIGURE 9. Sequence conservation analysis of Erm from clinical samples. Sequence logos
were generated from pathogen-derived Erm sequences to analyze sequence variation across
the adenosine pocket, 04 cleft, and basic ridge. Sequences were obtained from the NCBI
MicroBIGG-E, a database of antimicrobial resistance genes derived from next-generation se-
quencing data of clinical samples and samples associated with foodborne disease outbreaks.
Subtypes are indicated at left; MBE refers to all MicroBIGG-E sequences.

The structural convergence of the Ade pocket and basic
ridge contrasts with what is seen at E160 and in the o4-
cleft. E160 is observed in many Erm proteins, but Erm pro-
teins from key pathogens contain a Gly at this position
(Figs. 4A, 9). Superposition of the structure of ErmC, given
by the pdb code 1gao, with our model of ErmE bound to
rRNA suggests the Glu at positions 158 and 159 is unable
to interact with the G2057 nucleobase despite its proxim-
ity in the primary sequence. The o4-cleft residue S138 is
conserved as Thr in Erm proteins from pathogens which
may form the same interactions with rRNA as Ser, but po-
sitions 165 and 173 diverge between ErmE and the Erm
proteins under analysis (Fig. 9). Taken together the conser-
vation data suggest the overall pose of rRNA on an Erm
family protein is likely the same as indicated by the se-
quence convergence of the Ade pocket and the crucial ba-
sic residue at position 164. However, the details in how
various Erm proteins interact with rRNA at E160 and the
ad-cleft differ between Erm proteins from antibiotic pro-
ducers, such as ErmE and Erm proteins from pathogens.

DISCUSSION

We used the crystal structure of the RRAD family member
TFB1M bound to rRNA as a starting point to devise a theo-
retical model of ErmE bound to rRNA (Figs. 1, 2). We then
used phenotypic assays and in vitro assays to characterize
site-directed mutants of ErmE designed to test the model
of ErmE bound to rRNA. We utilized sequence conserva-
tion data, chosen to model the sequence diversity in all
Erm proteins, to inform our interpretation of the phenotyp-

ﬁZﬁP GITSA TQLEFARKRTG  RNSRLTVMTI LFKPVPK

ic and in vitro assays of the mutants
and we used a sequence conservation
analysis of Erm proteins from patho-
gens to gauge how well our structural
model reveals the details of the inter-
action of ErmA, ErmB, and ErmC with
rRNA. Many previous studies have
been performed that attempted to ex-
plain how features of rRNA or features
of the Erm protein give rise to specific
methylation of A2058. Below we dis-
cuss how these data provide addition-
al support to our structural model.
Additionally, we consider how our re-
sults may guide efforts to discover
specific inhibitors of Erm which, if
co-administered with a macrolide anti-
biotic, could thwart the resistance
mechanism restoring efficacy of the
antibiotic in resistant bacteria.

While our studies focused on assay-
ing site-directed mutants of ErmE,
previous studies have utilized site-di-
rected mutants of rRNA to understand how rRNA se-
quence and structure contribute to specific methylation
of A2058 by ErmE. Studies showing that ErmE methylates
A2058 of 23S rRNA in vivo and in vitro, as ErmC does, es-
tablished ErmE as a useful model system, allowing for com-
parison of results among Erm proteins to better
understand structure and function relationships in the en-
zyme family (Skinner et al. 1983; Vester and Douthwaite
1994; Zhong et al. 1995). Studies designed to identify
the minimal RNA unit that supports efficient methylation
by ErmE identified helix 73 of 23S rRNA and the single-
stranded adjacent region encompassing A2058 as the
minimal substrate (Vester et al. 1998). A variety of comple-
mentary techniques were then deployed to understand
the role of helix 73's sequence and secondary structure
in directing methylation reaching similar results (Hansen
etal. 1999, 2011; Villsen et al. 1999). These studies found
that the bulge formed by C2055 and the identity of G2057
are critical for RNA methylation by ErmE but that the 3’ re-
gion of helix 73, nt 2611 to 2625, was amenable to substi-
tution and modification indicating this region is not critical
for directing methylation.

Villsen et al. (1999) quantitated the methylated product
from reactions of ErmE with rRNA oligonucleotides encod-
ing specific changes in helix 73. They found that substitu-
tions at G2053 and A2054 led to an approximately two- to
fourfold reduction in methylation consistent with the lack
of sequence-specific contacts of ErmE to these nucleo-
tides in our structural model (Fig. 4A). The C2055A substi-
tution led to an approximately twofold reduction in
methylation while removal of this nucleotide led to a five-
fold reduction in methylation (Villsen et al. 1999). Our

Hl a4 cleft
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structural model does not possess any interactions be-
tween C2055 and ErmE but we speculate that if induced-
fit changes in rRNA were better modeled the ribose may
hydrogen bond to $138, cation-n interactions could occur
between either R165 or R174 and C2055, and Van der
Waals interactions could occur between various residues
of the a4 cleft and C2055 (Fig 4A). Critically none of these
interactions is sequence dependent. This scenario ex-
plains how the existence of a bulge formed by unpaired
C2055 could be important for methylation without the
identity of the nucleotide being critical. Substitution of
G2057 by a pyrimidine led to a 10-fold reduction in meth-
ylation while the G2057A substitution led to a fivefold re-
duction (Villsen et al. 1999). This is consistent with the
placement of G2057 in our model wherein G2057 is en-
gaged in base stacking with G2053 and A2054 and E160
hydrogen bonds to the Watson-Crick face of G2057 (Fig.
7A). Presumably, the fivefold reduction in methylation ob-
served by Villsen for G2057A, the modest changes in the
erythromycin resistance levels for E160A, and the modest
decreases of in vitro methylation for E160A that we ob-
served all reflect a loss of the hydrogen bonding (Figs.
7B, 8A). The profound defects in erythromycin resistance,
in vitro methylation, and the fourfold weaker binding to
rRNA exhibited by E160W presumably reflect the com-
bined loss of hydrogen bonding and the interruption of
the base stacking interaction caused by the steric bulk of
the Trp substitution displacing G2057 from its normal po-
sition (Figs. 7B, 8A). Therefore, our E160W ErmE mutant
may produce the same rearrangements as the G2057C
or G2057U rRNA substitutions. Additional investigations
on the role of the 3’ side of helix 73 (nts C2611 to
G2625) in rRNA methylation by ErmE found that this re-
gion of rRNA accommodated substantial modification of
the nucleotides to deoxy species or locked nucleic acids
without a substantial effect on methylation (Hansen et al.
2011). This is compatible with our model since we do not
posit any critical interactions between the 3’ region of helix
73 and ErmE. One finding by Villsen et al. (1999) not easily
explained by our model is an 11-fold reduction of methyl-
ation by the G2056C substitution. Our model does not ra-
tionalize this observation since G2056 is pointing away
from ErmE toward solvent, but the majority of the findings
on the effect of rRNA substitutions on ErmE methylation
are rationalized by our structural model.

An important question is whether existing data support
a common mode of interaction of Erm proteins with rRNA.
Two types of experiments address this question: studies of
the effect of rRNA substitutions on the activity of various
Erm family members and studies of the effect of site-direct-
ed mutants of the Erm proteins themselves on activity.
Helix 73 of 23S rRNA followed by a short single-stranded
region containing A2058 has been demonstrated to be a
suitable substrate for methylation by ErmC and ErmS, as
well as ErmE (Kovalic et al. 1995; Schluckebier et al.
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1999). The features of rRNA that contribute to methylation
have not been thoroughly investigated for Erm proteins
other than ErmE, however, it has been shown that for
both ErmC and ErmS that the bulge created by C2055 is
important (Fig. 1B; Kovalic et al. 1995; Schluckebier et al.
1999). ErmS possesses a Glu residue at the position corre-
sponding to E160 in ErmE; however, inverting the orienta-
tion of the G2057-C2611 base pair slightly increased the
activity of ErmS on this substrate suggesting the hydrogen
bonding to the face of G2057 is not important for ErmS
recognition of rRNA (Figs. 1B, 7A). The available data on
rRNA mutants are consistent with our structural model in
which a flipped C2055 is prominent and E160 hydrogen
bonding to the Watson-Crick face of G2057 can occur
but is not required for rRNA recognition.

Extensive site-directed mutagenesis of ErmC has been
performed including mutations that belong to the three re-
gions of interest in our structural model. In the Ade pocket,
mutation of ErmC Y104 showed profound phenotypic de-
fects in erythromycin resistance assays and in vitro methyl-
ation assays similar to results previously reported for ErmE
Y134 mutants (Fig. 4A; Supplemental Fig. S3; Maravic
et al. 2003b; Rowe et al. 2020). Mutations of ErmC F163
and P165 had modest phenotypic defects in erythromycin
resistance assays but P165 had a substantial in vitro defect;
ket for methylation was reduced by 25-fold, consistent
with our observations (Table 1; Fig. 4A; Maravic et al.
2003b). Studies of ErmC show that mutation of basic patch
residues K133 and R134 (R163 and K164 in ErmE) is asso-
ciated with defects similar to when these residues are al-
tered in ErmE (Fig. 4A; Supplemental Fig. S3). K133 is
associated with a modest defect in erythromycin resistance
as we observed in the ErmE R163A mutant (Fig. 4C). The
R134A ErmC mutant is associated with a lack of resistance
to erythromycin and a 30-fold reduction in ke, similar to
the assays reported herein for ErmE K164 mutants, al-
though the defects in ErmE K164 variants rendered the
proteins too defective to quantitate activity (Table 1; Fig.
4C; Maravic et al. 2003a). The R171 residue is specific to
the ErmE clade so there is no corresponding basic residue
in ErmC. The low sequence conservation between ErmC
and ErmE in the a4 cleft is consistent with the type of inter-
actions we believe form between protein and rRNA here:
hydrogen bonds to the ribose, Van der Waals interactions
with the ribose and nucleobase, and cation-r interactions.
One residue that demonstrates similarity is T108 in ErmC
which corresponds to S138 in ErmE (Supplemental Fig.
S3). The ErmC T108A mutant is associated with a two- to
fourfold reduction in erythromycin resistance and a 58-
fold k.: defect (Maravic et al. 2003a). We observed no
phenotypic defect for ErmE S138A in agar dilution assays
and a modest defect in the microdilution assay (Fig. 4C).
ErmE S138V, however, was associated with a complete
loss of erythromycin resistance in phenotypic assays, and
our phenotypic and in vitro assays with ErmE o4 cleft
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variant R165A suggest this region plays an important role
in rRNA recognition by ErmE. Taken together, a compari-
son of assays with site-directed mutants of EEmC and ErmE
suggests that the Ade pocket functions in a similar manner
across Erm proteins as does the basic ridge residues corre-
sponding to R163 and K164 in ErmE. Our structural model
posits that the Ade pocket is structured to position A2058
for methylation by n-stacking and Van der Waals interac-
tions and that these interactions, made possible by
P198’s contribution to structuring the Ade pocket, also
contribute to the Ky for rRNA (Fig. 6B). The basic ridge res-
idue R163 does not directly contact rRNA but may pro-
mote correct protein structure in some manner. Our
model posits that K164 forms an electrostatic interaction
important for correctly positioning the rRNA substrate for
methylation but this interaction does not contribute to Ky
for rRNA (Table 1; Fig. 4A). Assays of site-directed mutants
of rRNA, ErmC, and ErmE are consistent with the a4 cleft
interaction with the C2055 bulged nucleotide of rRNA, al-
though the exact details of this interaction are not con-
served across Erm proteins.

In this study, we sought to determine which structural sites
were critical for Erm function and rationalize the contribution
of the sites to function. If specific inhibitors of Erm proteins
were known, therapies that combined macrolide antibiotics
with an Erm inhibitor could potentially be developed to
block the resistance mechanism. Coadministration of B-lac-
tam antibiotics with B-lactamase inhibitors is a strategy that
has extended the efficacy of this class of antibiotics success-
fully for decades (Leemans et al. 2014). Structure-based
drug design will benefit from our data demonstrating that
the Ade pocket, basic ridge, and a4-cleft are each essential
for Erm function. In silico screening against each of these
sites can be performed. We hypothesize that molecules
which bind to one ormore of these sites will interfere with en-
zyme function. Inhibitors of human protein arginine methyl-
transferases (PRMTs) and protein lysine methyltransferases
(PKMTs) have been developed as therapeutics (Schapira
2016a). Small molecule inhibitors of these proteins target
the SAM binding site but also target the substrate-binding
site (Schapira 2016a). Recently, a therapeutic inhibitor of
an RNA methyltransferase was reported confirming the sus-
picion that RNA methyltransferases could be targeted as
well as protein methyltransferases (Schapira 2016b; Yankova
et al. 2021).

One challenge in Erm inhibitor development is the po-
tential for off-target interactions with the human m®A
methyltransferases and RRAD family members DIM1T
and TFB1M. METTLS3 also possesses some active site ho-
mology to Erm proteins (Sledz and Jinek 2016; Wang
et al. 2016). Sequence and structural conservation in the
Ade pocket and a basic ridge is high among all RRAD fam-
ily members, which is expected since this site must recog-
nize an Ade residue in all cases (Liu et al. 2019; Shen et al.
2020). A structural superposition of TFB1M or DIMT1 with

ErmE reveals the o4-cleft does deviate among these pro-
teins (Fig. 10). The a5-06 linker, which is known to affect
substrate rRNA specificity, exhibits substantial structural
variation which appears to impact the position of a6 (Fig.
10; Bhujbalrao and Anand 2019). Future work should use
structure-guided discovery techniques to identify inhibi-
tors of Erm proteins focusing on both the SAM binding
site and the three regions we have identified as crucial
for rRNA recognition. We hypothesize that molecules en-
gineered to include o4-cleft binding may demonstrate
better specificity than molecules that do not.

MATERIALS AND METHODS

Construction of a computational model of ErmE
bound to 23S rRNA

Coordinates for ErmE (pdb code 6nvm) were superpositioned
onto TFB1M bound to RNA (pdb code 6aax) using the align com-
mand in Pymol. The Rossmann-fold methyltransferase domain of
each protein (ErmE residues 46-211 and TFB1M residues 35-232)
was exclusively used in the alignment because the proteins
diverge substantially in the carboxy-terminal domain. A 6-nt mim-
ic of the ErmE 23S rRNA substrate, ending in the methylation tar-
get A2058, was generated in the following manner. The éaax
coordinates for the five RNA residues preceding the methylation
target, 932-936, and the methylation target residue, 937, were al-
tered in Coot to the sequence of the 23S rRNA residues 2053-
2058 (5 GACGGA 3). The methylation target of ErmE, A2058
is underlined in the sequence. Inspection of the interaction of
these RNA coordinates with 6nvm revealed several steric clashes.
Since current protein—-RNA docking software is not capable of
modeling large allosteric changes (Kappel 2019), the steric clash-
es were resolved manually in Coot (Emsley et al. 2010). The coor-
dinates given by énvm for P133 and Y134 were altered to match
the corresponding residues of éaax, P143, and F144. This re-
quired a rotamer change in Y134 and a movement of the peptide
backbone for both P133 and Y134. Additionally, clashes between
K164 and R171 in énvm and RNA were resolved by rotamer
changes at each residue. The theoretical model of ErmE-RNA de-
rived from éaax was refined by the Relax application in Rosetta
3.12. 1000 decoys were generated using the flags:

-s 6nvm_rRNA.pdb -nstruct=1000 -in:file:movemap move-
map -out:file:silent énvm_rRNA.out

-out:file:silent_struct_type binary -out:file:fullatom -out:file:
scorefile scorefile.s

and the movemap file:
RESIDUE * BBCHI

RESIDUE 245 250 NO #rRNA
JUMP * YES

The resulting scores were plotted versus root mean squared
deviation, calculated using Co: atoms, with the lowest scoring mod-
el, 0425 as the reference. Three representative models are shown
in Figure 3A and model 0515, which was used to generate all other
figures, is available at https:/dunklelab.ua.edu/structures.
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FIGURE 10. Superpositions of human rRNA adenine dimethylase family members and ErmC onto ErmE highlighting structural variation in the 04
cleft. (A) A superposition of human TFB1M given by pdb code 6aax, onto our ErmE-rRNA model. The view emphasizes the a4 cleft region. (B) A
superposition of human DIMT1, given by pdb code éwéc, onto our ErmE-rRNA model. (C) A superposition of bacterial ErmC, given by pdb code
1qao, onto our ErmE-rRNA model. In all cases only the catalytic domains of the enzymes are shown for simplicity.

Construction of ErmE site-directed mutants

Site-directed mutagenesis of ermE was previously described
(Rowe et al. 2020). Briefly, ermE codon-optimized for E. coli was
inserted into pBAD/Myc His A (Invitrogen) resulting in an open
reading frame encoding the sequence given by Uniprot ID
P07287 except that the 82 carboxy-terminal residues, which en-
code a low complexity Gly-rich segment, are removed and the
MYC and hexahistidine tags are added to the carboxyl terminus.
Site-directed mutants were generated in one of three ways as in-
dicated in Supplemental Table S1 along with the oligonucleotide
sequences used.

Erythromycin MIC assays

Agar dilution minimum inhibitory concentration assays were per-
formed similarly to a previous protocol with minor modifications
(Rowe et al. 2020). LB-ampicillin plates were coated with 250 uL
0f 0.02% w/v arabinose and dried. Cells from frozen stock cultures
(E. coli TOP10 carrying a site-directed mutant of ermE on pBAD)
were streaked onto the LB-Amp plates and incubated overnight at
37°C. Cells from these plates were streaked onto several 0.02%
w/v arabinose coated LB plates containing a serial dilution of
erythromycin ranging from 0 ug/mL up to 1024 pg/mL. The plates
were incubated overnight at 37°C and the lowest concentration of
erythromycin that was able to prevent confluent cell growth was
recorded.

Microdilution MIC assays were also performed on the ErmE mu-
tants. LB-ampicillin plates were coated with 250 pL of 0.02% w/v
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arabinose and allowed to dry. Cells from frozen permanent cul-
tures were streaked onto the plates and incubated overnight at
37°C. Several colonies were harvested and resuspended in a ster-
ile 300 MM NaCl solution, and the Aggg was measured. Cell sus-
pensions were diluted with the NaCl solution until the Aggo
measured was 0.1. Media for the microplate dilution were then
prepared and consisted of media including erythromycin
(Mueller-Hinton broth, 2% w/v L-arabinose, 20 pg/mL PABN,
512 mg/mL erythromycin) and media lacking erythromycin
(Mueller-Hinton broth, 2% w/v L-arabinose, 20 pg/mL PABN).
The media were added to a sterile, 96-well assay block, and a se-
rial dilution of erythromycin was created ranging from 0 mg/mL
up to 512 mg/mL with 150 pL final volume. A volume of 1.5 pL
of the cell suspension was transferred to the assay block at each
of the concentrations, and the block was incubated for 16 h at
37°C covered with a Breath-easy membrane. A plate reader was
used to assess growth, with an Agqo value of 0.01 greater than
the background signal indicating a positive test for growth. The
lowest concentration of erythromycin able to prevent cell growth
was recorded.

Western blotting

Western blots were performed as described previously with slight
modifications (Rowe et al. 2020). In an assay block, 10 pL of cells
from overnight cultures were added to 500 pL of LB-Amp media,
and the cells were grown for 2 h at 37°C while shaking. Protein ex-
pression was then induced with 2% w/v arabinose, and cells were
grown for 2 more hours. The cells were harvested by
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centrifugation, resuspended in Buffer E (Tris HCl pH 7.5 50 mM,
NaCl 250 mM, DTT 1 mM, glycerol 2% v/v) with lysozyme (0.1
mg/mL), and incubated on ice for 30 min. Cells were lysed with
two freeze/thaw cycles in liquid nitrogen, and cell debris was pel-
leted by centrifugation. The supernatant was analyzed using SDS-
PAGE on a 4%-20% gel, with wild type and pBAD as controls, and
transferred to a nitrocellulose membrane. The membrane was
blocked for 1 h in 3% w/v BSA in TBST, washed with TBST three
times, and incubated for 1 h in 1:1250 anti-myc antibody at
room temperature. The membrane was washed again with
TBST and incubated in 1:2500 anti-mouse HRP conjugated anti-
body for 1 h. The membrane blots were developed with 1-
Solution TMB and imaged using a gel imager.

Protein purification

ErmE variants used for in vitro assays were purified as follows. E.
coli TOP10 cells harboring pBAD-ermE WT or site-directed mu-
tants were grown in LB media at 37°C to ~0.6 Aggg at which point
recombinant expression was induced with 0.02% w/v L-arabi-
nose. Cell growth was continued at 37°C for 4 h, at which point
the cells were harvested by centrifugation. Cells were resuspend-
ed in Buffer E (Tris HCI pH 7.5 50 mM, NaCl 250 mM, DTT 1 mM,
glycerol 2% v/v) supplemented with 15 mM imidazole and 0.1% v/
v Triton X-100 and subjected to sonication. The cell lysate was
clarified by centrifugation for 30 min at 4800g and applied to
HisPur immobilized Ni?* resin. The resin slurry was applied to a
column that was washed with 15 column volumes of Buffer E sup-
plemented with 15 mM imidazole. Protein was eluted from the
resin with a stepwise gradient of increasing imidazole (125, 250,
and 500 mM) over 15 column volumes. Fractions were analyzed
by SDS-PAGE for purity.

ErmE variants were further purified by size-exclusion chroma-
tography with an S75 (sephadex) column. Fractions consistent
with monomeric ErmE were pooled and concentrated on a Pall
centrifugal device with a 10,000 MWCO membrane. Glycerol
was added to a final concentration of 10% v/v and aliquots
were flash-frozen until needed.

Methylation assays

Methylation assays under single-turnover conditions to extract
kows Were performed as described previously with minor modifi-
cations (Rowe et al. 2020). An oligonucleotide mimicking the
structure of helix 73 of 23S rRNA (V48) synthesized by
Horizon was used as a substrate (Vester et al. 1998; Rowe
et al. 2020). Briefly, for reactions with limiting SAM, *H-SAM
was present at 0.05 uM and RNA was present at 20 pM. In re-
actions with limiting RNA, 3H-SAM was present at 5 uM and
RNA was present at 0.2 pM. Reactions were performed in
Buffer E diluted 1:1 with ultrapure water. At the indicated time-
points, 2.5-5.0 pL of reaction volume were removed and
quenched by dilution into 45.0-47.5 L of 0.1 mg/mL salmon
sperm DNA and the addition of 200 pL of 10% TCA.
Precipitated RNA was collected by vacuum filtration on a
Millipore Multiscreen GF 96-well plate, washed with 10% TCA
and ethanol, and dried. PerkinElmer Betaplate scintillation fluid
was applied and scintillation counting was performed on a

MicroBeta 2 instrument. Counts per minute (product) versus
time curves were fit to the expression:

y= (Ymax - YO)*“ - eikt) + YO,
using GraphPad Prism.

RNA affinity binding

RNA binding was measured by fluorescence polarization. A syn-
thetic, PAGE purified, and 5’ fluorescein-labeled 48-nt strand of
RNA mimicking the structure of helix 73 of 23S rRNA was used
(Horizon Discovery) (Vester et al. 1998). A serial dilution of protein
was created in a clear bottom plate using Buffer E, with concentra-
tions ranging from 20 uM to 10 nM. The fluorescent RNA was di-
luted in water and mixed with the serially diluted protein,
resulting in final protein concentrations ranging from 10 pM to
5nM in 0.5x Buffer E. The plate was centrifuged and incubated
for 1 h at room temperature, then polarization was measured
with a plate reader. Pepsin was used as a negative control due
to its lack of ability to bind to RNA, and several background mea-
surements were taken of the fluorescent RNA in 0.5x Buffer E with
no protein. A further measurement was taken after a 2-h incuba-
tion to ensure full binding equilibrium was reached. Data from
three replicates were fit to the equation:

y= Bmax*x/(Kd + X) + Yo:
in GraphPad Prism.

Sequence conservation analyses using the
MicroBIGG-E database

Alignments of Erm amino acid sequences were conducted as
follows. First, the structure-guided alignment function in
MODELLER was used to align all Erm subtypes in the NIH
Reference Gene Database (as of Jan. 23, 2021) using ErmE
(PDB ID 6NVM) and ErmC (PDB ID 1QAQ) structures as guides
(Sali and Blundell 1993). Erm32 was excluded because it
targets a different rRNA site (O'Farrell et al. 2008). Erm37, a
Mycobacterium-specific  methyltransferase, was excluded
because it demonstrates target site slippage as well as significant
sequence divergence (Madsen et al. 2005). Groups of Erm sub-
type sequences downloaded from the NIH MicroBIGG-E data-
base (as of Feb. 13, 2021) were added to this reference gene
profile using CLUSTAL Omega (Sievers and Higgins 2018,
2020; Sievers et al. 2011). Erm47 was excluded because it in-
cludes only two hits in the MicroBIGG-E database. Any Erm genes
without subtype classifications (of which there were 98) were also
excluded. Sequence logos were created using the command-line
version of WeblLogo (Schneider and Stephens 1990; Crooks et al.
2004).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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sue have the opportunity to introduce themselves and their
work to readers of RNA and the RNA research community.
Rory Sharkey is the first author of this paper, “Three critical re-
gions of the erythromycin resistance methyltransferase, ErmE,
are required for function supporting a model for the interaction
of Erm family enzymes with substrate rRNA.” Rory recently
began graduate studies at Rice University in the Biochemistry
and Cell Biology graduate program.

What are the major results described in your paper
and how do they impact this branch of the field?

The major result described in the paper is the identification of
three regions of the ErmE protein that are required for its function.
ErmE confers resistance to macrolide and lincosamide class
antibiotics by recognizing and methylating 23S rRNA. We've
termed the three critical regions: the target adenosine binding
pocket, the basic ridge, and the od-cleft. Comparison to
another Erm protein, ErmC, showed that previous studies of sever-
al corresponding site-directed mutants yielded similar results.
Therefore, the three critical protein regions we identified may be
important for the function of all Erm proteins. We believe this mod-
el may impact the design of drugs to inhibit Erm proteins.
Inhibition of these antibiotic resistance enzymes could rescue
the effect of antibiotics, such as erythromycin, and allow for its con-
tinued use as an effective treatment for bacterial infections. The
binding of an inhibitor to one or two of the critical regions (they
are structurally adjacent) would likely cause a potent inhibitory
effect.

What led you to study RNA or this aspect of RNA science?

We were led to study this methylation of ribosomal RNA because it
is responsible for conferring multidrug resistance to bacteria. The
problem of antibiotic-resistant bacteria has become much more
relevant as the use of antibiotics has increased and a better under-
standing of the mechanisms of such enzymes will help to better
combat the issue. We were also curious as to what elements of
Erm proteins cause them to target helix 73 of 23S rRNA in the large
ribosomal subunit, while other RRAD family members with struc-
tural similarity target helix 45 of 16S rRNA in the small ribosomal
subunit. Previous work has assayed several mutations in the RNA
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sequence of the protein—RNA interaction, and we aimed to better
understand the contributions of the enzyme in both recognizing
and methylating the rRNA substrate.

If you were able to give one piece of advice to your
younger self, what would that be?

If | could give advice to my younger self, it would be to seek
diverse perspectives on how to deal with issues. The importance
of input and advice from those of different backgrounds or disci-
plines is invaluable in science. These different perspectives can
lead to a breakthrough on an issue that has left one puzzled or
may open one's eyes to new opportunities for investigations in
the future. This can also lead to interdisciplinary collaboration,
which often leads to more impactful research because of its
use of multiple fields to better understand the phenomena. |
would also encourage my younger self to embrace curiosity in
all aspects of science. Not asking questions and pursuing rigor-
ous explanations can lead to gaps in knowledge. Such gaps in
fundamental knowledge can lead to an unstable basis for build-
ing future knowledge and will likely be a recurring problem.
Embracing curiosity helps to remedy such issues and will build
toward a more competent and confident scientist when conduct-
ing new research.

Are there specific individuals or groups who have influenced
your philosophy or approach to science?

My philosophy and approach to science were greatly impacted
during my undergraduate research with Dr. Jack Dunkle and his
research laboratory group. | learned a great deal about the
scientific process and how one critically evaluates a hypothesis.
There was a significant focus on being detailed and thorough
in all laboratory practices and experimental design. | learned the
importance of appropriate positive and negative controls in every
experiment as well as being able to replicate results with con-
sistent technique. | also learned an emphasis on being critical of
a hypothesis and how to continue to refine it as new information
is learned from research. It is also important to be objective
about a hypothesis and adapt or abandon it when results contra-
dict the original hypothesis. Although many aspects of science
can be slow and difficult, perseverance can lead to impactful
research.

What are your subsequent near- or long-term
career plans?

| recently began graduate school at Rice University in the
Biochemistry and Cell Biology program. My short-term goal is to
complete my studies here and conduct impactful research on as-
pects of biochemistry and structural biology related to the disease.
Soon, | will be joining a thesis laboratory and hope to combine el-
ements of what | learned from my undergraduate research with the
knowledge | have gained from courses and research experiences
that | have had at Rice. In the long term, | am not sure whether |
would like to pursue a career in academia or industry, but | would
like to continue to perform impactful science and foster habits of
continual learning.



