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ABSTRACT: The prevalent mechanism of bacterial resistance to erythromycin and other antibiotics of the
macrolide-lincosamide-streptogramin B group (MLS) is methylation of the 23S rRNA component of
the 50S subunit in bacterial ribosomes. This sequence-specific methylation is catalyzed by the Erm group
of methyltransferases (MTases). They are found in several strains of pathogenic bacteria, and ErmC is
the most studied member of this class. The crystal structure of ErmC′ (a naturally occurring variant of
ErmC) fromBacillus subtilishas been determined at 3.0 Å resolution by multiple anomalous diffraction
phasing methods. The structure consists of a conservedR/â amino-terminal domain which binds the
cofactorS-adenosyl-L-methionine (SAM), followed by a smaller,R-helical RNA-recognition domain. The
â-sheet structure of the SAM-binding domain is well-conserved between the DNA, RNA, and small-
molecule MTases. However, the C-terminal nucleic acid binding domain differs from the DNA-binding
domains of other MTases and is unlike any previously reported RNA-recognition fold. A large, positively
charged, concave surface is found at the interface of the N- and C-terminal domains and is proposed to
form part of the protein-RNA interaction surface. ErmC′ exhibits the conserved structural motifs
previously found in the SAM-binding domain of other methyltransferases. A model of SAM bound to
ErmC′ is presented which is consistent with the motif conservation among MTases.

Erythromycin, a member of the macrolide-lincosamide-
streptogramin B group (MLS1), is one of the most common
antibiotics used against Gram-positive bacteria. These
antibiotics inhibit bacterial protein synthesis by altering
ribosome function (1). The organism that produces this
antibiotic (Streptomyces erythreus) possesses an erythromy-

cin resistance methylase gene (designatederm) which is
involved in the protection of the bacterial ribosome by
methylating the 23S rRNA of the 50S ribosomal subunit.
To date, more than 30erm-related genes have been identified
from bacterial sources and either theermC or ermA genes
have been shown to be present in up to 98% of the
erythromycin-resistant strains ofStaphylococcous aureusthat
were isolated clinically (2). Other members of theerm
family includeermE, ermK, and ermAM with amino acid
sequence identities of 20, 27, and 49%, respectively, when
they are compared withermC.
ermC is the best characterized member of theerm gene

family. It was originally identified inS. aureusbut has been
subsequently transferred naturally toBacillus subtilis(3).
This gene encodes the 244-residue ErmC methyltransferase
(MTase) within plasmid pE194 (4). ErmC′ is a variant
encoded by plasmid pIM13 (5) from B. subtilisand differs
from ErmC in only five amino acids (6). ErmC′ is more
biochemically stable than ErmC and can be readily cloned
and expressed inEscherichia coli(7). All members of the
Erm group of MTases mono- and dimethylate the exocyclic
N6 position of a highly conserved adenine nucleotide
(A2058, E. coli numbering, Figure 1) (8, 9) within the
peptidyltransferase loop of the 23S rRNA (10).
MTases are enzymes which methylate a wide variety of

substrates usingS-adenosyl-L-methionine (SAM) as the
universal methyl donor and releasingS-adenosyl-L-homocys-
teine (SAH) as a reaction product. The crystal structures of
a number of MTases have been determined. Two DNA
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MTases which methylate C5 of the cytosine ring (C5-
MTases) have been structurally characterized: M.HhaI from
Haemophilus haemolyticus(11-14) and M.HaeIII from
Haemophilus aegypticus(15). These MTases methylate a
cytosine base within two different specific recognition
sequences (5′-GCGG-3′ for M.HhaI and 5′-GGCC-3′ for
MHaeIII) in double-stranded DNA. In addition, the structure
of a DNA MTase which methylates the exocyclic N6 amino
group of adenine (N6-MTase) fromThermus aquaticus
(M.TaqI) has been described when it is complexed with the
methyl donor SAM, with the reaction product SAH, and also
with the antibiotic inhibitor sinefungin (adenosylornithine)
(16). Finally, the structure of M.PVuII, a DNA MTase which
modifies the exocyclic N4 of cytosine (N4-MTase), has
revealed strong structural similarities among the active sites
of the three DNA Mtases (17).
As part of the restriction-modification system in organ-

isms, DNA MTases recognize and methylate a specific
nucleotide within a particular DNA sequence (18). Structur-
ally, all DNA MTases consist of two separate domains: a
common catalytic domain and a variable DNA-recognition
domain, which is responsible for the interaction with the
various DNA sequences. In contrast, the three-dimensional
structure ofVaccinia virus protein VP39 (19) is a single-

domain structure, and the substrate-recognition module is
closely associated with the cofactor domain. VP39 is an
mRNA methyltransferase that methylates both ends of
Vacciniavirus messenger RNA at the O2′ positions.
The structures of two MTases capable of methylating small

molecules have also been reported: catecholO-methyltrans-
ferase (COMT), a Mg2+-dependent enzyme which attaches
a methyl group to the exocyclic oxygen of catechol (20),
and the tetrameric glycineN-methyltransferase (GNMT) from
rat liver (21), which catalyzes the methylation of glycine to
sarcosine. Protein MTases have also been characterized
structurally by the crystal structure of CheR (22), a protein
MTase involved in the chemotactic response inSalmonella
typhimurium.
Although substrate recognition is accomplished by a

variety of structural motifs in the different MTases, all of
them share a structurally homologousR/â catalytic domain
which contains the SAM-binding site. This module consists
of a centralâ-sheet of mixed strand polarity. It contains
five parallelâ-strands with a topology analogous to that of
a dinucleotide-binding fold (5-4-1-2-3) and is extended
after â5 by two additional antiparallel strands (6-7) (23).
In this work, we present the crystal structure of ErmC′, a

variant of ErmC, refined to 3.0 Å resolution. Recently, the
solution structure of another member of the Erm family
(ErmAM) has been determined by NMR methods (24). The
amino acid sequences of ErmAM and ErmC′ are 49%
identical, and the folds of both proteins are similar. The
structures of ErmC′ and ErmAM provide a three-dimensional
fingerprint for other Erm-like proteins, relate this class of
enzymes to other MTases, and provide a framework for a
better understanding of the mechanisms of rRNA recognition
by bacterial proteins. In addition, the three-dimensional
structure of ErmC′ is a valuable aid in the design of potent
ErmC inhibitors. Given the importance of the Erm family
of MTases in bacterial resistance to the MLS group of
antibiotics, it is likely that inhibition of this group of enzymes
will prolong the effective life span of current antibiotics.

MATERIALS AND METHODS

Protein Expression and Purification. The expression
vector pTERM31 was constructed by PCR amplification of
the ermC′ gene and the upstream kdsB cistron from pERM-1
(7). Subcloning the PCR product into pET24+ (Novagen,
Madison, WI) was performed using theBamHI andHindIII
sites included in the “tailed” PCR primers. This new
construct allowed the expression of ErmC′ by translational
coupling to kdsB, under the control of the T7lac promoter.
The pTERM31 plasmid was transformed intoE. coli strain
BL219(DE3)/pLysS (Novagen), and the resulting strain was
used for production of ErmC′. Transformed cells were
grown at 27.5°C in a New Brunswick Scientific (Edison,
NJ) Micros fermentor containing 10 L of Superbroth (BIO
101, La Jolla, CA), supplemented with kanamycin, chloram-
phenicol, and glucose. When the culture optical density
reached 1.10, ErmC′ expression was induced by the addition
of 1 mM isopropylâ-D-thiogalactopyranoside (IPTG). Cells
were harvested 400 min postinduction.
Se-Met-labeled ErmC′ was produced by introducing the

expression vector pTERM31 into theE. colimet-auxotrophic
strain B834(DE3). Fermentations were performed with this

FIGURE 1: Reaction catalyzed by the Erm methyltransferases. (A)
Schematic of the dimethylation of the N6 exocyclic nitrogen of
the target adenine. The cofactorS-adenosyl-L-methionine (SAM)
is the methyl donor, andS-adenosyl-L-homocysteine (SAH) is the
demethylated product. (B) The proposed secondary structure for
the conserved peptidyl transferase loop within domain V of the
23S rRNA inB. subtilis(52) is shown with each helical stem labeled
(A-E). Arrows point to nucleotide markers along the sequence
(upper,E. coli numbering; and lower,B. subtilisnumbering). The
target adenine is circled (adapted from ref7).
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strain as described elsewhere (25). Briefly, cells were grown
at 37°C until the culture reached an optical density of 0.85.
At this point, IPTG was added to induce expression of ErmC′
and the culture temperature was shifted to 29°C. Cells were
harvested 13.5 h postinduction. Incorporation of Se-Met into
the protein preparations was assessed by mass spectrometry.
The data indicated the presence of three or four Se-Met
amino acid residues per molecule.
Frozen cell paste (200-250 g) was thawed at room

temperature and resuspended in 5-10 volumes of cold lysis
buffer [50 mM Tris, 5 mM DTT, 1 mM PMSF, 2 mM
EDTA, and 0.2% Triton X-100 (pH 7.8)]. The cells were
lysed with a French press, and cell debris was removed by
centrifugation. The supernatant was dialyzed overnight
against 20 L of Tris/DTT/glycerol/magnesium (TDGM)
buffer at pH 7.8 (50 mM Tris, 5 mM DTT, 10% glycerol,
and 10 mM MgCl2). The dialysate was then applied to a
Sepharose Fast Flow column (Pharmacia) that had been pre-
equilibrated in TDGM buffer. Fractions were assayed for
methyltransferase activity, and those containing ErmC′ were
pooled, applied to a TSK SP-5PW column (TosoHaas,
Montgomeryville, PA), and eluted with an NaCl gradient.
The purified protein was then concentrated on a YM-10
(Amicon) membrane.
Crystallographic Methods. Crystals of ErmC′ were ob-

tained by the hanging-drop vapor diffusion method. Protein
solutions at concentrations in the range of 8-10 mg/mL
contained 0.1 M Tris-HCl buffered at pH 7.5, 2 mM MgCl2,
10% (v/v) glycerol, 5 mM DTT, and an approximately 40-
fold molar excess of SAH. Equilibrating solutions in the
reservoir contained 3.2 M NH4(SO4)2 in 0.1 M citrate
buffered at pH 4.0. Crystallization conditions for both the
native and Se-Met forms of the protein are similar, although
additional DTT (up to 20 mM) was present in the Se-Met
protein solutions. Native crystals grew as hexagonal plates
with the dimensions 0.250× 0.250× 0.005 mm3. Se-Met
crystals were thicker with a maximum of 0.050 mm in the

third dimension. Crystals were prepared for low-temperature
data collection (-170 °C) by transfer to a cryoprotective
solution containing 25% (v/v) glycerol, 0.1 M citrate (pH
4.0), and 3.2 M NH4(SO4)2. Crystals diffracted to ap-
proximately 3.6 Å on a Rigaku RU200 rotating anode
equipped with Yale focusing mirrors using an RAXIS-IIC
image plate. The space group was determined asP622, with
one ErmC′ molecule per asymmetric unit, with the following
cell dimensions:a ) b ) 147.4 andc ) 58.1 Å. Multiple
anomalous diffraction (MAD) (26) data to 3.5 Å resolution
were collected from a single frozen crystal at the National
Synchrotron Light Source (Beamline X8C, Brookhaven
National Laboratory, Upton, NY). The data were recorded
using a CCD-based detector (27) using 0.2° oscillations per
frame and a 30 s exposure. Data sets for each wavelength
consisted of two separate 90° sweeps separated by 180° in
ω. The data were integrated using the MADNESS (28) data
reduction package and were scaled and merged with pro-
grams from the XDS suite (29) (Table 1). An additional
data set was collected at the Cornell High Energy Synchro-
tron Source (Cornell University, Ithaca, NY) (Beamline F1,
2.9 Å data,λ ) 0.921 78 Å). The higher-resolution data
set was also recorded on a CCD detector (30) in oscillation
frames of 0.2° each. Data reduction was carried out with
the HKL suite of programs (31) (Table 1). Data from the
MAD phasing sets were imported into both the CCP4 (32)
and PHASES (33) crystallographic program suites. The
positions of three of the five expected selenium atoms were
derived by interpretation of both anomalous difference and
dispersive difference Patterson maps. Once these positions
were determined, heavy atom positional refinement and phase
calculations were undertaken in the SHARP (34) maximum-
likelihood phasing program. A log-likelihood gradient map
(E. d. La Fortelle, unpublished results) suggested the presence
of a fourth Se atom, and examination of residual difference
Fourier maps confirmed its position. This site was then
incorporated into the phase calculations (Table 1). Phase

Table 1: Summary of the Data Reduction and Structure Determination Statistics of ErmC′ (Space GroupP622)

Data Reduction Statistics
wavelength (Å) no. of reflections resolution (Å) Rmergea f′(e) f′′(e)

Beamline X8C (NSLS Brookhaven National Laboratory)
λ1 ) 0.907 79 4643 (85.4%) 3.41 6.1 (12.8) -1.642 3.329
λ2 ) 0.979 35 3617 (83.4%) 3.69 5.5 (4.2) -12.576 3.803
λ3 ) 0.979 19 3283 (74.7%) 3.67 6.6 (7.3) -12.944 6.555

Beamline F1 (CHESS, Cornell University)
0.92178 8016 (93.1%) 2.9 7.5 (39.8)

MAD Phasing Statistics Using Maximum Likelihoodb

resolution (Å)

42.9-9.4 9.4-6.8 6.8-5.3 5.5-4.8 4.8-4.3 3.9-3.6

figure of meritc 0.92 (0.88) 0.91 (0.79) 0.87 (0.74) 0.85 (0.75) 0.82 (0.65) 0.65 (0.48)
phasing powerd

λ1 4.19 5.01 4.02 3.40 2.77 1.50
λ2 8.03 8.24 5.14 4.11 3.05 1.76
λ3 9.73 9.25 6.07 4.83 4.27 2.49

a Rmerge ) ∑h∑i|Ihi - 〈Ih〉|/∑h∑iIhi, where〈Ih〉 is the mean intensity of theIhi measurements for reflectionh with indiceshkl. The first figure
corresponds to the overall value; in parentheses is the one for the last shell.bReference34. cOverall, the last shell in parentheses. The figure of
merit for each reflectionh of indiceshkl is calculated as FOM) x(〈Ah〉2 + 〈Bh〉2)/(〈Ah2〉 + 〈Bh2〉), whereAh andBh denote the unknown real and
imaginary parts of the complex native structure factor for reflectionh, respectively. The averages〈Ah〉, 〈Bh〉, 〈Ah2〉, and〈Bh2〉 are taken with respect
to its two-dimensional probability distribution (eq 23 in ref34). The overall FOM in each resolution shell is calculated as the unweigthed average
of the individual FOMs of all the unique reflections in that shell.d Phasing power) (1/Nrefl)∑h[|∆obs

ANO(h,i)|/∫02π[|∆obs
ΑΝÃ(h,i) -

∆calc
ANO(h,i)|]p(æh)d(æh)] for wavelengthi and reflectionh of indiceshkl in the corresponding resolution shell.|∆obs

ANO(h,i)| and |∆calc
ANO(h,i)| represent

the observed and calculated values for thei wavelength, respectively;p(æh) is the probability of a phase value ofæ for reflectionh.
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improvement via iterative density modification was under-
taken using a modified solvent-flattening protocol (E. d. La
Fortelle, unpublished results) with the SOLOMON program
(35). A sample of the density-modified electron density map
is presented in Figure 2A. Examination of electron density
maps calculated using data from wavelength 1 (λ ) 0.90779
Å) revealed readily interpretable features. Atomic models
were built using the graphics programs O (36) and QUANTA
(37). Refinement of the initial model was accomplished with
iterative cycles of model building and refinement against a
3.5 Å data set using simulated annealing protocols in the
XPLOR (38) software package to a crystallographicR-factor,
whereRcryst ) 26.3% andRfree ) 43.5% (10% of the data)
(39). Detailed analysis of the second and higher-resolution
data set for the resolution range from 3.6 to 2.9 Å revealed
significant deviations for symmetry-related reflections in
P622. Therefore, the space group was reassigned asP6 with
two molecules in the asymmetric unit, and the stronger data
were reprocessed to a 3.0 Å cutoff for subsequent refinement
(Table 2). Models derived from the initial phasing experi-
ments and refinement were used to calculate both 2Fo - Fc
andFo - Fc electron density maps in the new space group.
Noncrystallographic symmetry (NCS) restraints were applied
to both monomers at a level of 175 and 250 kcal/mol, for
both side and main chain atoms, respectively. The NCS term
was kept in all refinements.
After the first round of refinement inP6, Rcryst reached

approximately 34%, and more importantly, theRfreehad fallen
to 37%. Subsequent refinement cycles were repeated using
the standard residual target function and simulated anneal-
ing-torsion angle dynamic refinement followed by 100
cycles of Powell minimization; an isotropic temperature
factor correction and bulk solvent correction were also
applied. Five cycles of this protocol improved the model/
data agreement to anRcryst of 24.1% and anRfree of 31.8%.

Finally, to improve the quality of this medium-resolution
structure, the atomic model was subjected to 100 rounds of
Powell minimization which included a conformation database
potential (D. E. Bussiere, J. Kuszewski, A. M. Gronenborg,
and G. M. Clore, unpublished results). After the use of this
conformational potential, the finalRcryst andRfree values were
23.2 and 31.3%, respectively (Table 2). A portion of the
refined 2Fo - Fc electron density map is illustrated in Figure
2B. Brookhaven Protein Data Bank (PDB) (40) searches
for similarity of folds were conducted using the program
SARF (41). Three-dimensional structure superpositions were
performed using the least-squares superposition routines of
the package O (36) using a cutoff of 3.8 Å for improvement
and a consecutive stretch of three amino acid residues for
the smallest aligned fragment size.

RESULTS AND DISCUSSION

ErmC′ Structure. The refined model of the ErmC′ MTase
contains residues Gln10-Lys244 of the entire ErmC′ mol-
ecule (residues 1-244). The density for residues Met1-
Ser9 was not interpretable; therefore, this portion was
considered to be disordered and was not included in the final
model. The Ramachandran plot (not shown) and model
evaluation statistics are reasonable for 3.0 Å resolution (42)
(Table 2). No solvent molecules have been included.
The three-dimensional appearance of the ErmC′ molecule

can be described as bilobed with two domains of uneven
size (Figure 3). The polypeptide fold of the larger catalytic
domain is similar to the one described for other MTases (19-
23) and consists of anR/â topology formed around a central
â-sheet containing six parallelâ-strands (labeledâ1-â6)
and an antiparallel strand (â7) inserted betweenâ5 andâ6
(topology 6-7-5-4-1-2-3) (23) (Figure 3A,B). This
conserved module binds the SAM cofactor. The loop
connecting strandsâ6 andâ7 (Pro159-Val169) exhibits poor
electron density and also shows the largest deviations
between the two molecules in the asymmetric unit. After
â7, the polypeptide continues into the smaller RNA-binding
domain (Figures 3 and 4). The connection betweenâ5 and
â6 is made up of two helices (RE andRF) which form an

FIGURE 2: Illustrative electron density maps. (A) Portion of the
original MAD phased electron density map using the maximum-
likelihood phasing algorithm supplemented with the solvent-
flattening protocol. The portion corresponds to the centralâ-sheet
(â5) of the SAM-binding domain. (B) Corresponding section of
the final 2Fo - Fc map. The contour level is 1σ.

Table 2: Data Reduction and Refinement Statistics for ErmC′
(Space GroupP6)a

number of observations 138 382
number of unique reflections 14 568
% of data>1σ 94.0 (84.3)b

% of data>3σ 86.6 (62.9)b

Rmerge(%) 6.8 (27.1)b

number of protein atoms 3934
number of reflections used (8-3 Å) 11 972
Rfree (%) (8-3 Å) 31.3
Rcryst (%) (8-3 Å) 23.2
rmsdc on bonds (Å) 0.014
rmsdc on angles (deg) 2.12
rmsdc on improper angles (deg) 1.0
rmsdc on dihedral angles (deg) 21.8
G-factord -0.12

a Rcryst ) ∑h||Fo| - |Fc||/∑h|Fobs|, whereFo andFc are the observed
and calculated structure factor amplitudes for reflectionhwith indices
hkl, respectively.Rfree was calculated against 8.8% of the reflections
randomly removed from the 3.0 Å data set (1052 reflections).Rmer
definition as in Table 1.bOverall; last shell in parentheses at the
correspondingσ cutoff. cRoot-mean square deviations from ideality.
dReference42.
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L-like protrusion from the catalytic domain that extends
toward the smaller helical domain. HelicesRD, RF, and
RG form a concave interface in the interdomain region, with
RF forming the back of the surface (Figure 3).
The RNA binding domain is completelyR-helical, consist-

ing of three helices (RG-RI). The first and longest of them
has four turns and is arranged perpendicular to the remaining
two (Figures 3A and 4). Searches through the PDB failed
to detect any structural homology between theR-helical
domain of ErmC′ and other protein folds. This domain is
topologically different from the three commonly found RNA-
binding domains previously described (43, 44). The RNA-
binding domain of the ribosomal protein L11 has also been

found to contain threeR-helices, forming anR-helical bundle
with a topology strikingly similar to the homeodomain class
of eukaryotic DNA binding proteins (45). Attempts to
sumperimpose the helical RNA-binding domains of L11 and
ErmC′ have failed to reveal a common motif.
Comparison with ErmAM. The fold of the recently

reported solution structure of ErmAM (24) is the same as
the one observed for ErmC′. Coordinate errors for ErmAM
and ErmC′ can be estimated as 1.4 and 0.5 Å, respectively
(24, 46). Overall superposition between all the CR atoms
of ErmAM and ErmC′ results in 165 equivalent CR pairs
with an rms deviation of 2.1 Å. About two-thirds of the
equivalent CR atoms from the overall superposition cor-

FIGURE 3: Ribbon representation of the structure of ErmC′. (A) The backbone structure with its two separate domains is presented. This
figure was prepared with the RIBBONS (53) software package. (B) Schematic representation of the topology of the structure of ErmC′. The
strands are labeledâ1-â7 and the helicesRA-RI to relate to the nomenclature of other MTases (23).
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respond to residues within the catalytic domain (105 pairs)
which upon separate optimization gives 123 pairs and an
rms of 1.9 Å. Independent superposition of the RNA-
recognition domain yields 50 CR pairs with an rms deviation
of 1.9 Å (Table 3). A rigid body motion (∼10° rotation
and∼2 Å translation) is required to optimize the superposi-
tion of the smaller domains after the overall aligment. This
systematic shift could be the result of the large structural
differences currently observed between the two structures
at the end ofâ7, at the interdomain linking residues
(Arg178-Arg182 in ErmC′ and Arg177-Asp181 in Er-
mAM) (Figure 5). However, the possibility that this domain
displacement reflects a significant difference between the
structures cannot be ruled out.
Maximum flexibility is observed in ErmC′ at the amino

terminus and in the loop betweenâ6 andâ7 (vide supra).
Considerable flexibility is also observed in ErmAM at the
amino terminus and at the conection betweenâ6 andâ7. In

addition, the NMR structure is poorly defined at the loop
linking â1 andRB and on both sides ofRC (â2, R2, and
R3, respectively) (24). The uncertainty in these regions is
most likely due to missing NOE resonances (24). The
increased rigidity of the residues of ErmC′ in the proximity
of RC is probably due to the effect of intermolecular contacts.
In solution, it has been shown by light scattering (E.
Matayoshi and J. Huffaker, unpublished results) that ErmC′
forms oligomeric aggregates. Moreover, intermolecular
contacts in the crystal nearRC facilitate the formation of a
ring-like dodecamer of ErmC′ molecules displaying ap-
proximate 622 symmetry. Both structures have aâ-bulge
at the conserved residue Leu155 even though the following
residues are different (Leu155-Ser-Met and Leu154-Leu-Lys
for ErmC′ and ErmAM, respectively). The final refined
electron density map could not confirm the presence of a
cis Pro at position 165 in ErmC′ corresponding to the
observed cis Pro (Pro164) in ErmAM (24). Within the

FIGURE 4: Stereodiagram of the polypeptide backbone fold of M.TaqI MTase (red) superimposed on the refined structure of ErmC′ (blue).
The view is chosen to illustrate the similarity of the SAM-binding domains and the differences in the fold and disposition of the recognition
domains for DNA (M.TaqI) and RNA (ErmC′). For reference, the position of SAM as found in M.TaqI (PDB set 2ADM) is shown as a
ball-and-stick model (16). Blue, yellow, and red denote the nitrogen, sulfur, and oxygen atoms, respectively, in the SAM. Sequence numbers
label the path of the SAM-binding domain of M.TaqI (red). The entire polypeptide chain of ErmC′ (blue) is labeled with markers approximately
every 10 residues. The two structures were superimposed using the program suite O (36) to the rms deviation listed in Table 3. This figure
was prepared with MOLSCRIPT (54).
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respective limitations of the experimental techniques em-
ployed (46), the structural comparison between ErmC′ and
ErmAM suggests that the structural differences between these
two rRNA MTases are probably not significant at this level
of resolution.
Relation to Other MTases. Overall superposition of

several MTases onto ErmC′ reveals that M.TaqI is the closest
structural homologue with an rms deviation of 1.9 Å for 115
CR pairs and 21% sequence identity within the SAM-binding
domain (Table 3). This is consistent with the observation
that both enzymes are N6-MTases, catalyzing the methylation
of the N6 exocyclic nitrogen of adenine. In addition, both
M.TaqI and ErmC′ belong to theγ group of MTases (18)
because of the similar arrangement of two highly conserved
sequence motifs (I and IV) first characterized in DNA amino
methyltransferases (47). These motifs are part of the 10
sequence motifs initially identified in cytosine methyltrans-
ferases (motifs I-X) (48). A structure-based sequence
comparison of more than 40 amino MTases (N6-adenine and
N4-cytosine) has validated nine (I-VIII and X) of the
original motifs found in C5-cytosine MTases (49). In ErmC′
as in M.TaqI, motif X precedes the remaining eight motifs
which occur later in strict sequence (X and I-VIII), prior
to the nucleic acid-recognition domain (49). Figure 4 shows
the structural superposition of the catalytic domains between
M.TaqI and ErmC′, and Figure 5 depicts the amino acid
sequence alignment of ErmC′ with M.TaqI based on the
three-dimensional superposition of the two structures. The
structures of ErmC′ and M.TaqI superimpose well within
the SAM-binding domain and at the regions of the conserved
sequence motifs, which include those residues that are
thought to bind the target adenine (50). At the C terminus
of â1, motif I is centered around residues Gly-X-Gly and is
typically preceded by Asp or Glu four residues toward the
N terminus. Motif I forms the turn connectingâ1 to RB
and creates part of the binding pocket for the methionine
and ribose regions of SAM (23). The MTase consensus
sequence at motif II contains a negatively charged residue
at the end ofâ2 (Glu59 in ErmC′; Figure 5) which hydrogen
bonds to the ribose hydroxyls of SAM and is followed by a
hydrophobic residue (Ile60) which is within van der Waals
contact of the adenine ring of SAM (49). Within motif III,
Asp84 in ErmC′ corresponds to Asp89 in M.TaqI which

forms a hydrogen bond with the exocyclic amino group of
the adenine moiety in SAM. The sequence GNIPY (motif
IV; Figures 4 and 5) corresponds to the catalytic sequence
GNPPY in M.TaqI (49). The departure from the PP
sequence conserved among nearly all DNA amino MTases
is worth noting (49). The consensus sequence (N/S)IP(Y/
F) has been observed in the analysis of 12 rRNA N6-MTases
sequences by Cheng (49). Whether the composite sequence
(G/N/S)IP(Y/F) can be considered a fingerprint for rRNA
MTases or even di-MTases requires further investigation.
The residues comprising motif V formRD in ErmC′ and

do not superimpose well with the correspondingRD in
M.TaqI due to a rigid body shift. This is caused by the
deletion of 34 residues (Gly109-Leu142) in M.TaqI im-
mediately after the catalytic sequence G104NPPY108 (motif
IV), which results in a displacement of the two helices
relative to each other (Figures 4 and 5). Motif V begins
with Asn105 (N105ISTDIIRKIV), and although the amino
acid sequence in this conserved helix is similar to the one
found in M.TaqI (N141LYGAFLEKAV), the negatively
charged glutamate (Glu148 in M.TaqI) has been replaced
by an arginine (Arg112 in ErmC′). Residue Phe146 in motif
V of M.TaqI is within van der Waals distance of the adenine
fragment of SAM; Phe is replaced by Ile110 in ErmC′. Motif
VI consists of a cluster of three hydrophobic residues at the
C terminus ofâ5 (FVV and LIV in M.TaqI and ErmC′,
respectively) which have been suggested to be involved in
placing the target (substrate) adenine ring on the side opposite
motif IV (49, 51). Motif VII is weakly conserved even
among the class of DNA C5-MTases and corresponds in
M.HhaI to residues in the loop connectingRE andâ6 (49).
The corresponding region in the two N6-MTases superim-
poses residues Glu149-Val150 in ErmC′ (betweenRF and
â6) with Glu184-Gly185 in M.TaqI (Figures 4 and 5).
The loop betweenâ6 andâ7 on ErmC′ is topologically

equivalent to motif VIII in other MTases (Figure 5) and
contains a phenylalanine residue (Phe196 M.TaqI) that has
been proposed to interact with the target adenine in DNA
(51) and to play a role in catalysis via cation-π interactions
(50). This loop forms a prominent arched feature over the
catalytic domain comprising residues immediately following
Val158 (Pro159-Val169). It hangs over the active site and
will be referred to as the “adenine-binding loop”. It contains
Phe163 which corresponds to the conserved Phe or Tyr found
in other MTases within the sequence F163PXPXVXS171
which appears to be a consensus sequence among theerm
gene family (K. Stewart, private communication). A search
of the SWISSPROT database against the sequence FXPX-
PXVXS found that, of the 50 top-ranked protein sequences
containing this motif, over 90% of them were involved in
the binding of adenine or adenine analogues. The identified
proteins ranged from DNA-binding proteins to several viral
coat proteins and included over 25 methyltransferases.
Therefore, it is likely that this sequence functions in the
recognition of adenine in the single-stranded portion of the
target RNA. Presumably, the conformation of this region
of the chain could be altered by the binding of the 23S rRNA
or appropriate substrates or inhibitors.
Cofactor Binding. Although SAH was added to the

crystallization solutions, no satisfactory electron density
corresponding to this reaction product was found either
during the refinement or in the final maps. However, the

Table 3: Comparison of ErmC′ with Other Methyltransferasesa

HhaI
327

TaqI
421

COMT
221

GNMT
292

ErmAMd

243
VP39
348

CheR
288

rmsb (Å) 2.1 1.9 1.8 2.0 1.9 (2.1) 1.9 1.9
no. of pairs 110 115 113 118 123 (165) 92 89
% identityc 15 21 11 12 40 (45) 8 11

a HhaI, H. haemolyticusmethyltransferase I (11), PDB entry 3MHT.
TaqI,T. aquaticusmethyltransferase I (16), PDB entry 2ADM. COMT,
cathecolO-methyltransferase (20), PDB entry 1VID. GNMT, glycine
N-methyltransferase (21), PDB entry 1XVA. ErmAM, rRNA methyl-
transferase (24) solution structure determined by NMR, PDB entry
1YUB. VP39,Vacciniaprotein, mRNA methyltransferase (19), PDB
entry 1VPT. CheR, chemotactic receptor protein methyltransferase (22),
PDB entry 1AF7.bRoot-mean-square deviation in angstro¨ms between
the corresponding number of equivalent amino acid residues after the
overall least-squares superposition as described in Materials and
Methods.c Percent identity of the equivalent amino acid residues after
superposition.dCatalytic domain (Asn11-Lys180) superposition; in
parentheses are the corresponding values for the overall least-squares
superposition.
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approximate location and orientation of the adenosine moiety
of the cofactor can be modeled with confidence due to the
conservation of the SAM-binding motifs in the structure of
ErmC′ (vide supra) and the structural superposition of the
cofactor binding domains of ErmC′ and M.TaqI (rms
deviation of 1.9 Å for 115 CR pairs, Table 3) (16). The
adenine ring is most likely contained within a hydrophobic
cavity lined by Ile37 (Pro45 in M.TaqI, motif I) at the floor
and with Ile60 (Ile72, motif II), Ile85-Leu86 (Phe90-Ile91,
motif III), and Ile110 (Phe146, motif V) forming the walls
(Figure 6A). The side chain of Glu59 (Glu71, motif II)
would provide the dominant interactions for the ribose
hydroxyls, and Asp84 (Asp89, motif III) would interact with
the exocyclic nitrogen of the adenine group of the cofactor.
This suggested mode of cofactor binding is consistent with
the amide proton shifts observed in the NMR structure of
ErmAM upon the addition of SAH (24).
rRNA Recognition. Figure 6B depicts views of the

electrostatic potential on the surface of the ErmC′ structure.
Of note is an extensive concave interdomain surface with a
large area of positive electrostatic potential. This region is
approximately 20× 25 Å2 and could readily bind a helical
section of rRNA such as helix B (Figure 1), which is distal
to the target adenine located at the peptidyl transferase loop
of domain V of the 23S rRNA (Figures 1 and 6B). Exposed,
but deep within this surface of ErmC′, are hydrophobic
residues such as Phe116, Phe145, and Met196, which could
interact with several of the RNA bases. At the top of this
positively charged surface, there is a ridge of basic residues

(Lys133, Arg134, Lys139, Arg140, and Lys201, Figure 6B)
which extends from Tyr104 within the NIPY active site
sequence. All these basic residues are solvent-exposed and
form a line of positive charges that extends from Arg160,
within the active site loop, to Lys201 at the C terminus of
RG in the RNA-binding domain (Figures 3 and 6B). The
single-stranded rRNA region containing the target adenine
of domain V (A2085, Figure 1) would be able to interact
with some of these charged residues. A similar mode of
rRNA binding is also suggested by the structure of ErmAM
(24). Cocrystallization of the ErmC′ in the presence of SAH
and selected rRNA fragments from domain V will be
necessary to establish the binding mode between ErmC′ and
rRNA.
ErmC′ is another example of the modular architecture of

MTases whereby the catalytic domain combines with various
substrate-recognition modules to methylate a large variety
of substrates in the cellular milieu. In view of the universal
nature of SAM as a methyl donor, further structural studies
of ErmC′ in complex with cofactor analogues, with rRNA
fragments, and with specifically designed inhibitors will be
necessary to design potent drugs which will aid in overcom-
ing bacterial resistance to the MLS group of antibiotics.
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FIGURE 6: Surface views of the ErmC′ structure. (A, top) View of the proposed mode of binding of SAM to ErmC′. Residues making van
der Waals contact with SAM (<3.7 Å) have been labeled. The side chain of Glu59 is not well defined in the refined structure and is
positioned pointing away from the ribose hydroxyls. (B, bottom) View of the electrostatic potential on the surface of the structure of ErmC′
with two areas highlighted. The negatively charged region on the amino-terminal domain (red, potential< -10kbT), showing the position
and orientation of the SAM model based on binding to other MTases. An extensive area of positive charge (blue, potential> 10kbT) in the
concave interdomain surface proposed to be the surface of interaction for the helical regions of RNA. Some of the residues proposed to be
involved in RNA binding are shown. The chemical structure of the modeled reaction product is represented as a ball-and-stick model. This
figure was prepared with the program GRASP (55).
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