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The RimM protein has been implicated in the maturation of the 30S ribosomal subunit. It binds to ribosomal
protein S19, located in the head domain of the 30S subunit. Multiple sequence alignments predicted that
RimM possesses two domains in its N- and C-terminal regions. In the present study, we have produced Thermus
thermophilus RimM in both the full-length form (162 residues) and its N-terminal fragment, spanning residues
1 to 85, as soluble proteins in Escherichia coli and have performed structural analyses by nuclear magnetic
resonance spectroscopy. Residues 1 to 80 of the RimM protein fold into a single structural domain adopting
a six-stranded �-barrel fold. On the other hand, the C-terminal region of RimM (residues 81 to 162) is partly
folded in solution. Analyses of 1H-15N heteronuclear single quantum correlation spectra revealed that a wide
range of residues in the C-terminal region, as well as the residues in the vicinity of a hydrophobic patch in the
N-terminal domain, were dramatically affected upon complex formation with ribosomal protein S19.

Ribosomes are large ribonucleoprotein particles consisting
of two individual subunits: small (30S) and large (50S) subunits
in prokaryotes. The 30S subunit is composed of 16S rRNA and
more than 20 ribosomal proteins (r-proteins) and plays a cru-
cial role in both decoding of mRNA and translation fidelity.
Recent crystallographic studies revealed the complicated ar-
chitectures of ribonucleoprotein complexes (32). However, the
assembly process of these particles remains to be elucidated.
For example, in vitro reconstitution experiments showed that
the self-assembly of rRNA and proteins requires a high tem-
perature, high ionic strength, and a long incubation time com-
pared to the physiological conditions (30, 37). This implies that
ribosome maturation in vivo is mediated by additional nonri-
bosomal factors. Actually, several nonribosomal factors which
are responsible for the assembly of ribosomal particles have
been characterized for bacteria (1, 8). Their specific and tran-
sient interactions with nascent pre-rRNA and ribosomal pro-
teins are necessary for the assembly of the ribosomal particles.
Therefore, these ribosome assembly factors in bacteria could
be novel antibacterial drug targets (8).

The RimM protein was first identified as one of the compo-
nents of the trmD operon of Escherichia coli (6). It is widely
conserved among bacteria, and RimM-related proteins have
also been found in at least four eukaryotic species: the malaria
parasites Plasmodium falciparum and Plasmodium yoelii, the
malaria mosquito Anopheles gambiae, and the chloroplast of
the plant Arabidopsis thaliana (26). The RimM protein report-
edly associated only with the free 30S subunit and not with the
30S subunit incorporated in the 70S ribosome (4). An unpro-
cessed precursor of 16S rRNA, 17S rRNA, was accumulated in
an E. coli rimM disruptant (5). These results suggest that the

RimM protein plays an important role in the maturation of the
30S ribosomal particle.

Previous genetic approaches suggested that the RimM pro-
tein is involved in the maturation of a specific region, com-
posed of helices 31 and 33b of 16S rRNA, as well as r-proteins
S13 and S19, in the head domain of the 30S subunit (26). The
results of a glutathione S-transferase pull-down assay also re-
vealed that the RimM protein binds to r-protein S19 (26).
Furthermore, on the basis of the “assembly order map” and
“kinetics order map” for the maturation of the 30S particles
(13, 17, 28, 33), in which r-proteins are classified as early,
middle, middle-late, and late binders, r-proteins S2, S13, and
S19 are included among the late binders for the assembly of
the head of the 30S subunit (16). The binding of r-protein S19
with helix 33b of 16S rRNA causes conformational changes in
the 3� major domain of 16S rRNA (20). Therefore, the RimM
protein seems to be involved in the binding of r-protein S19 to
16S rRNA and to play an important role in the maturation of
the head domain of the 30S subunit (26).

Recently the RimM protein was predicted to possess two
domains, based on multiple sequence alignments (Fig. 1A): the
RimM N-terminal domain (Pfam accession number PF01782)
and the PRC-barrel domain in the C-terminal region (3). In
many cases, the PRC-barrel domain, which is named for the H
subunit of the photosynthetic reaction center, has been sug-
gested to mediate specific interactions through multiple sur-
faces in the assembly of complexes (3). Meanwhile, the RimM
N-terminal domain is unique among the PRC-barrel-contain-
ing proteins, and the N-terminal domain of RimM was pre-
dicted to include a �-strand-rich structure (3). Recently the
crystal structure of P. aeruginosa RimM was deposited in the
Protein Data Bank (PDB) (identifier, 2F1L), which confirmed
that the N-terminal domain is composed of �-strands. How-
ever, it is still not clear which domain is responsible for the
binding to r-protein S19. Thus, more structural information
has to be accumulated for the RimM protein.

Here we report the structural features of the RimM N-
terminal domain (residues 1 to 80) from Thermus thermophilus
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and full-length RimM in solution. The tertiary structures
within the N-terminal domain of T. thermophilus RimM were
similar to those of P. aeruginosa RimM. We also analyzed the
interactions between the RimM protein and r-protein S19,
based on a structural characterization of the RimM protein by
1H-15N heteronuclear single quantum correlation (HSQC)
spectra.

MATERIALS AND METHODS

Expression and purification. The cDNA fragments encoding full-length
RimM (TTHA1033) and truncated RimM.1-85 (residues 1 to 85; hereafter
referred to as RimM.1-85) were amplified by PCR from the Thermus thermophi-
lus HB8 genome and were ligated into the expression vector pET11b (Novagen).
E. coli strain BL21(DE3) cells harboring the expression vector were grown at
37°C in M9 minimal medium containing 15NH4Cl and/or uniformly 13C-labeled
glucose. The expression of RimM.1-85 and full-length RimM was induced by the
addition of 0.5 mM isopropyl-�-D-thiogalactopyranoside when the culture at-
tained an A600 value of about 0.7, and the cells were cultivated at 18°C for 23 h
for RimM.1-85 and 20 h for full-length RimM. To purify the overexpressed
RimM.1-85 and full-length RimM, the cells were lysed via sonication in 20 mM
Tris-HCl buffer (pH 8.0) containing 1 M NaCl and 1 mM EDTA and were
centrifuged at 15,000 � g for 15 min. The supernatants were heated at 70°C for
10 min to denature the E. coli proteins and were centrifuged at 15,000 � g for 15
min. After dialysis against 20 mM sodium phosphate buffer (pH 6.5), each
solution was loaded onto a HiTrap Q HP column (GE Healthcare), which was
washed with the same buffer. The proteins were eluted with a linear gradient of

1 M NaCl (0 to 100%). The fractions containing each protein were collected and
subsequently purified by a series of column chromatography steps, including
RESOURCE S and RESOURCE Q columns (GE Healthcare), using the same
elution conditions as those with the HiTrap Q HP column. Finally, the fractions
containing RimM.1-85 and full-length RimM were subjected to gel filtration
column chromatography, using Superdex 75 HR10/30 (GE Healthcare), and the
molecular weights of the purified proteins were estimated with a Low Molecular
Weight Gel Filtration Calibration kit (GE Healthcare). The molecular weights
were also confirmed by comparison to molecular weight standards (TEFCO) in
sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis. The fractions
containing purified 13C/15N-labeled RimM.1-85 and 13C/15N-labeled full-length
RimM were pooled, and the buffers were exchanged to 20 mM sodium phosphate
buffer (pH 6.5).

The T. thermophilus HB8 rpsS gene (TTHA1688) was cloned into the expres-
sion vector pET11a by the RIKEN Structural Genomics/Proteomics Initiative
(39), and the recombinant r-protein S19 (hereafter termed S19) was expressed in
E. coli strain BL21(DE3). The cells were cultivated at 37°C. When the culture
attained an A600 of 0.6, protein expression was induced with isopropyl-�-D-
thiogalactopyranoside (0.5 mM). After 4 h of induction, the cells were harvested
by centrifugation. The purification procedure for S19 was basically the same as
that for full-length RimM, using HiTrap Q HP, RESOURCE S, and Superdex 75
HR10/30 columns (GE Healthcare).

For the nuclear magnetic resonance (NMR) studies of the interaction between
13C/15N-labeled full-length RimM and unlabeled S19, we copurified the two
proteins. The cells producing each protein were mixed so that the amount of S19
would be greater than that of full-length RimM, and then they were lysed via
sonication in 20 mM HEPES buffer (pH 7.0) containing 300 mM NaCl. The
purification procedure of the complex was performed using HiTrap SP HP and

FIG. 1. (A) Predicted domain structure of the bacterial RimM proteins (top) and the RimM fragment used for our structural and biochemical studies
(bottom). Residue numbers are for the RimM protein from T. thermophilus. The two conserved tyrosine residues are indicated by the one-letter amino
acid code. (B) Amino acid sequence alignment of residues 1 to 85 in T. thermophilus RimM from different bacterial species. The positions of secondary
structure elements, as observed in RimM.1-85 from T. thermophilus, are shown above the sequence. The side chains of the conserved hydrophobic
residues involved in the core and on the side surfaces of the �-barrel are marked below with magenta or orange triangles, respectively. Conserved but
solvent-exposed hydrophobic residues are marked with asterisks. Conserved glycine, hydrophobic, and aromatic residues are shown in red, green, or
orange, respectively. Positively and negatively charged conserved residues are highlighted in blue or pink, respectively. The multiple sequence alignment
was performed using ClustalX (7) and was adjusted manually to align the structurally significant residues. The histogram below the sequence indicates
degrees of similarity. Species abbreviations: THET8, Thermus thermophilus HB8; SYMTH, Symbiobacterium thermophilum; AQUAE, Aquifex aeolicus;
THEMA, Thermotoga maritima; GEOKA, Geobacillus kaustophilus; BACSU, Bacillus subtilis; ECOLI, Escherichia coli; PSEAE, Pseudomonas
aeruginosa.
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RESOURCE S columns. Finally, the buffers of the complex (�60 �M in total)
and full-length RimM in the free state (�0.2 mM) were exchanged into 20 mM
HEPES buffer (pH 7.0) containing 300 mM NaCl and 90% H2O–10% 2H2O,
respectively.

NMR spectroscopy and resonance assignments. The RimM.1-85 protein was
prepared in 20 mM sodium phosphate buffer (pH 6.5) in 90% H2O–10% 2H2O, and
NMR data were collected for the resonance assignments at 25°C, using a Bruker
AVANCE 600-MHz NMR spectrometer equipped with a cryogenic triple-reso-
nance probe. Backbone and side chain resonance assignments were achieved by
two-dimensional (2D) 1H-15N and 1H-13C HSQC and standard triple-resonance
experiments, including HNCACB, CBCA(CO)NH, HNCO, H(CACO)CANH,
HNCA, HN(CO)CA, C(CO)NH, HBHA(CO)NH, H(CCO)NH, HCCH correla-
tion spectroscopy (COSY), and HCCH and CCH total correlation spectroscopy
(TOCSY) experiments. Distance restraints were derived from three-dimensional
(3D) 15N-separated and 13C-separated nuclear Overhauser effect spectroscopy
(NOESY)-HSQC spectra on a Bruker AVANCE 800-MHz spectrometer, with a
mixing time of 80 ms. All NMR data were processed using the NMRPipe software
system (10) and were analyzed using the Olivia software (M. Yokochi, S. Sekiguchi,
and F. Inagaki, Hokkaido University, Sapporo, Japan) and KUJIRA, a program
suite for interactive NMR analysis (N. Kobayashi et al., unpublished program),
working with NMRView (21).

In order to perform the structural analyses of full-length RimM, uniformly
13C/15N-labeled full-length RimM proteins were purified and subjected to NMR
structure analyses at pH 6.5. The standard double- and triple-resonance NMR
experiments for the resonance assignments and the NOESY experiments were
performed at 45°C. The chemical shifts of 1H, 15N, and 13C were assigned. A 2D
1H-15N HSQC experiment was performed at 25°C for comparison with that of
RimM.1-85.

For the NMR studies of full-length RimM with and without S19, NMR data
were collected for 13C/15N-labeled full-length RimM, using Bruker AVANCE
600- and 800-MHz NMR spectrometers equipped with cryogenic triple-reso-
nance probes at 45°C. Backbone resonance assignments of free full-length RimM
were achieved by 2D 1H-15N HSQC, 3D HNCACB, CBCA(CO)NH, HNCO,
HN(CA)CO, HNCA, HN(CO)CA, and C(CO)NH experiments. For the com-
plex of full-length RimM and S19, backbone resonance assignments were per-
formed using 2D 1H-15N HSQC, 3D HNCA, HN(CO)CA, and 15N-separated
NOESY-HSQC experiments.

In the case of the NMR studies of RimM.1-85 with and without S19, 0.2 mM
13C/15N-labeled RimM.1-85 and 1:1 and 1:2 molar mixtures with unlabeled S19
were exchanged into 100 mM phosphate buffer (pH 7.1) containing 90% H2O–
10% 2H2O. For each sample, a 2D 1H-15N HSQC spectrum was acquired at a
probe temperature of 45°C.

Structure calculations. Structure calculations of RimM.1-85 were performed
using the program CYANA 2.0.17 (14, 15, 18), by means of 40,000 torsion angle
dynamics steps. In each structure calculation cycle, 100 randomized starting
structures were generated, and the best 20 conformers were selected. Dihedral
angles derived from the program TALOS (9) were also used for the � and �
torsion angle restraints. Stereospecific assignments of methylene protons, as well
as 	1 and 	2 torsion angle restraints (classified as 60° 
 20°, 180° 
 20°, and
�60° 
 20°) were obtained from the analyses based on the NOESY spectra and
the HNHB and HN(CO)HB experiments. Hydrogen bond restraints within sec-
ondary structures were established from the nuclear Overhauser effect (NOE)
patterns and the proximities of the donor and acceptor groups in the initial
structures, calculated primarily with the NOE-derived restraints. Four distance
restraints between HOO (1.7 Å to 2.2 Å), HOC (2.6 Å to 3.5 Å), NOO (2.6 Å
to 3.3 Å), and NOC (3.6 Å to 4.6 Å) of the amide and carbonyl groups were used
for the final calculation of the RimM.1-85 structure. The quality of each obtained
structure was analyzed by using the MOLMOL program (23) and was assessed
using the PROCHECK-NMR (25) software. Detailed experimental data and
structural statistics are summarized in Table 1. Molecular images and ribbon
diagrams were drawn with MOLSCRIPT and Raster3D (24, 27). The structural
similarity search was performed using the DALI server (www.ebi.ac.uk/dali/index
.html). The sequence alignments were generated with ClustalX (7).

NMR dynamics. For the NMR dynamics studies, 15N R1, 15N R2, and steady-
state 1H-15N NOE measurements were recorded on a 600-MHz NMR spectrom-
eter, using the standard method (11). The 15N R1 values were derived from eight
1H-15N spectra with different delays: 5, 65, 145, 246, 366, 527, 757, and 1,148 ms.
Similarly, the 15N R2 values were derived from 1H-15N spectra with eight differ-
ent delays: 32, 48, 64, 80, 96, 112, 128, and 144 ms. The 1H-15N NOE measure-
ment was performed with and without 1H saturation during relaxation delays (1
s for RimM.1-85 and 3 s for full-length RimM) for the NOE and reference
experiments, respectively. The R1 and R2 values were extracted by a curve-fitting
subroutine included in the program SPARKY (T. D. Goddard and D. G.

Kneeler, University of California, San Francisco). The 1H-15N NOE values were
obtained by recording spectra with and without 1H saturation and by calculating
the ratios of the peak intensities. The NOE errors were estimated using the
root-mean-square value of the background noise (11).

Size exclusion chromatography. Size exclusion chromatography was per-
formed on a Superdex 75 10/30 column (GE Healthcare) at 0.3 ml/min/fraction
with 100 mM sodium phosphate buffer (pH 7.1). The elution profiles were
recorded by determining the A280 values. The molecular weights of fractions 2
and 4 were estimated by comparison with the 25-kDa (chymotrypsinogen A) and
13.7-kDa (RNase A) markers in the Low Molecular Weight Gel Filtration
Calibration kit (GE Healthcare).

Protein structure accession numbers. The final coordinates of the 20 lowest-
energy structures of RimM.1-85 have been deposited in the PDB under the
accession number 2DOG. The chemical shift assignments of RimM.1-85 and
full-length RimM in the free and S19-bound states have been deposited in the
BioMagResBank (BMRB) under the accession numbers 10138, 10139, and
10140, respectively.

RESULTS AND DISCUSSION

The construct of the N-terminal domain of RimM. The
full-length RimM protein from T. thermophilus is composed of
162 amino acid residues and includes the PRC-barrel struc-
ture, predicted from our sequence comparison, in the C-ter-
minal region (residues 98 to 162) (Fig. 1A) (3). Simulta-
neously, based on our sequence alignment of the N-terminal
regions of the bacterial RimM proteins with the Pfam se-
quence PF01782, the region spanning residues 1 to 80 of T.
thermophilus RimM is predicted to be the RimM N-terminal
domain (Fig. 1).

For the structural study, we designed two constructs of T. ther-
mophilus RimM: residues 1 to 83 and 1 to 85. As for the protein
spanning residues 1 to 83, the sample was unstable and aggre-
gated during the final step of sampling for NMR measurement. In

TABLE 1. Structural statistics for the 20 structures of RimM.1-85

Parameter Value

No. of NOE distance constraints
Total exptl restraints............................................................ 1,550
Intraresidue........................................................................... 404
Sequential (�i � j� � 1) ....................................................... 385
Medium range (1  �i � j�  5) ........................................ 189
Long range (�i � j� � 5)...................................................... 572

No. of dihedral angle restraintsa

� angles ................................................................................. 48
� angles ................................................................................. 52
	 angles ................................................................................. 49

No. of hydrogen bond restraints ............................................ 22
RMSDs for residues 3–77, Å

Backbone RMSD to mean .................................................0.18 
 0.04
Heavy atom RMSD to mean..............................................0.60 
 0.04

Avg of CYANA target function value (Å2) ......................... 0.02
No. of restraint violations

Distance restraint (�0.10 Å).............................................. 0
van der Waals (�0.20 Å).................................................... 0
Dihedral angle restraint (�5.0°) ........................................ 0

Ramachandran plotb

Residues in most-favored regions (%).............................. 73.4
Residues in additional allowed regions (%) .................... 26.6
Residues in generously allowed regions (%) ................... 0.0
Residues in disallowed regions (%) .................................. 0.0

a � and � angles are derived from the program TALOS, based on the 13C�,
13C�, 13CO, 1H�, and 15N chemical shifts. The 	 angles contain 34 	1 and 15 	2
angle restraints.

b From PROCHECK-NMR for 20 models. All residues in RimM.1-85 were
used.
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contrast, the protein spanning residues 1 to 85 was produced as a
soluble monomer, as confirmed by size exclusion chromatography
(see Materials and Methods). Therefore, the construct compris-
ing residues 1 to 85 (referred to as RimM.1-85) was selected for
the NMR analysis.

Resonance assignments and structure determination of
RimM.1-85. To elucidate the tertiary structure of RimM.1-85,
standard 2 and 3D NMR experiments were performed, using
approximately 1.2 mM of uniformly 13C/15N-labeled RimM.1-
85. As indicated in Fig. 2, the 1H-15N HSQC spectrum showed
sharp, well-dispersed NH signals for 98% of all nonproline
residues. The chemical shifts of 1H, 15N, and 13C were assigned
using standard heteronuclear NMR methods (35). The reso-
nance assignments for the backbone amide 1H and 15N nuclei
were completed, except for those of the two N-terminal resi-
dues (M1 and R2). For the side chains, more than 95% of the
expected 1H and 13C chemical shifts were assigned.

The structure calculation of RimM.1-85 was performed by
using the program CYANA (14, 15, 18) based on NOE-derived
distance restraints, dihedral angle constraints, and hydrogen
bond information (Table 1). The backbone dihedral angle con-
straints were generated by the TALOS program (9) based on
the 13C�, 13C�, 13CO, 1H�, and 15N chemical shifts. The 	
angle constraints were obtained by analyzing the intensities of
NOEs derived from NOESY spectra and by the HNHB,
HN(CO)HB experiments. The strong d�N(i, i � 1) and weak
dNN(i, i � 1) NOE connectivities were confirmed in �-strand
conformations (�1, L3-P12; �2, L19-G23; �3, R32-V35; �4,
G39-V49; �5, E52-L57; �6, R73-E77). The medium dNN(i, i �
1), d�N(i, i � 3), d��(i, i � 3), and/or d�N(i, i � 2) NOE
connectivities were observed for most of the residues in helical
conformations (310A, P25-H29; �B, R63-A68; 310C, V78-D80).
Table 1 presents an overview of the statistics of the RimM.1-85
structure with the root-mean-square deviations (RMSD), indi-
cating that the RimM.1-85 structure is well defined throughout
the sequence.

Overall structure of the RimM N-terminal domain. The
overall structure of the predicted N-terminal domain (residues

1 to 80) within RimM.1-85 adopted a closed �-barrel fold,
composed of six antiparallel �-strands in the order �1-�2-�5-
�4-�3-�6-�1, with three short helices (Fig. 3). Residues 81 to
85 did not contain any secondary structure elements. The short
310A helix between �2-�3 and the short �B helix between
�5-�6 were located on the top and the bottom of the �-barrel
fold, respectively. As shown in Fig. 1B, the bacterial RimM
proteins possess highly conserved, hydrophobic residues. In the
tertiary structure of RimM.1-85, the side chains of most of the
conserved, hydrophobic residues were buried in the molecule
and participated in forming the hydrophobic core (Fig. 1B and
Fig. 3A). Simultaneously, some conserved, hydrophobic resi-
dues were located on the side surfaces of the �-barrel, and they
were intimately packed together (Fig. 1B and Fig. 3A). These
interior and exterior hydrophobic residues stabilize the com-
pact �-barrel structure of RimM.1-85. Other conserved, hydro-
phobic residues (e.g., V4, I6, L81, P82, and L84) resided on the
surface of RimM.1-85, as shown in Fig. 3B. The side chains of
these five residues were exposed to the solvent and formed a
hydrophobic patch (Fig. 1B and 3B). Furthermore, we found
another hydrophobic pocket in the space between the C ter-
minus of �4 (D45-V49) and the 310A helix (P25-H29).

Characteristic amino acid residues in RimM.1-85. Sequence
alignments of the regions corresponding to RimM.1-85 among
various bacterial species revealed other conserved residues in
its N-terminal portion in addition to the hydrophobic ones
(Fig. 1B). Three basic residues (R8, K16, and R20 in T. ther-
mophilus) and the highly conserved sequence from Y13 to G17
are shown in Fig. 3C. The side chains of the three basic resi-
dues were exposed to the solvent and were linearly arranged on
the surface of RimM.1-85. It is tempting to speculate that these
basic residues could contribute to interactions with targets,
such as nucleotides. However, a previous mutational analysis
of E. coli RimM indicated that alanine substitutions of two of
these residues (corresponding to R8 and K16 in T. thermophi-
lus) had no effect on the growth rate of the cells (26). The
sequence from Y13 to G17 (�1-�2 loop) contains the highly
conserved GXXG segment (corresponding to A14XXG17 in T.

FIG. 2. 1H-15N HSQC spectrum of RimM.1-85, recorded at 25°C on a 600-MHz spectrometer. Signals are labeled with the residue number and
the one-letter amino acid code.
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thermophilus), as shown in Fig. 1B. This conserved segment in
the RimM proteins is suggested to be the “GXXG motif” (4),
which is generally found in a well-known RNA binding motif,
the KH domain. The GXXG segment in the �1-�2 loop
adopted a � hairpin structure in RimM.1-85 (Fig. 3C), al-
though the GXXG motif forms the turn structure connecting
two �-helices in both the type I and type II KH domains (12).
In the case of E. coli RimM, the substitution of the second
glycine in the GXXG segment (G27R of E. coli corresponds to
G17 in T. thermophilus) with a bulky amino acid severely im-
paired the stability and affected the function of the RimM
protein (26). The present structure shows that G17 in the
�1-�2 loop is very close to the residues T61 and D62, with a
distance of approximately 3.8 Å between the �-carbon atom of
G17 and the nitrogen atom of D62 (Fig. 3C). Therefore, the
mutation would disrupt the tertiary structure of the RimM
N-terminal domain because of its bulky side chain, abolishing
the function of the RimM protein.

Structural comparison of RimM.1-85 with other proteins.
Searches for structurally related proteins in the PDB, using the
program DALI (19), revealed that the structure of RimM.1-85
belongs to the reductase/isomerase/elongation factor fold
(hereafter abbreviated as the RIEF fold) superfamily. As
shown in Fig. 4, the RIEF fold contains six �-strands arranged
to form a �-barrel and is involved in the recognition of its own
target molecule (e.g., protein, RNA, or compound). There are
two main interaction modes with the target molecules in their
complex structures: one is via the side surface of their �-barrels
(domain II of EF-Tu [31] and Gar1, which is one of the acces-
sory proteins of Cbf5 [34]) and the other is via the bottom of
the �-barrels (domain II of archaeal aIF2� [38] and the fMet-
tRNAfMet-binding domain of IF2 [2]) (Fig. 4). In the
RimM.1-85 structure, however, the corresponding side chains
on the side surface were packed too closely together to interact
with another molecule (Fig. 3A), while the corresponding res-
idues of domain II of EF-Tu (Fig. 4) and Gar1 are accessible

FIG. 3. Tertiary structure of RimM.1-85. (A) Stereo view illustrating a trace of the backbone atoms for the ensemble of the 20 structures with
the lowest CYANA target function of RimM.1-85. Interior and exterior side chains that stabilize the RimM.1-85 structure are shown in magenta
and orange, respectively. The colors of these side chains correspond to those of the triangles in Fig. 1B. (B) Mapping of hydrophobic residues on
the molecular surface of RimM.1-85, generated by the MOLMOL (23) program. This structure is rotated by 60° around the y axis, as in panel A.
Conserved hydrophobic residues among bacterial RimM proteins are colored green, and conserved but exposed hydrophobic residues are dark
green. A large number of conserved hydrophobic residues are invisible, suggesting that they are deeply buried in the core. (C) Ribbon
representation of the RimM.1-85 structure (left) in the same orientation as in panel A. The strands in the �-sheet are indicated by arrows, and
the secondary structure elements are labeled. The side chains of the three conserved basic residues (blue) are linearly arranged on the surface of
RimM.1-85. Right, enlarged view of the framed area of the left panel. The highly conserved segment in the �1-�2 loop, which has been regarded
as the GXXG motif, is represented as an orange ball-and-stick model. Some of the residues relevant to the discussion are labeled. The broken line
represents the distance between the �-carbon atom of G17 and the nitrogen atom of D62.
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for molecular interactions with tRNA and protein, respectively
(31, 34).

Considering the interaction modes via the top and the bot-
tom of the �-barrel, the characteristic structural features were
found in RimM.1-85 compared to other translation proteins.
In the other translation proteins, the bottom of the �-barrel is
open for the molecular interaction, but the top is completely
covered by characteristic structural elements (three �-strands
or extended loops), as shown in Fig. 4 (2, 38). On the other
hand, in the case of RimM.1-85, the areas at the top and the
bottom of the �-barrel were not completely open due to the
presence of helices (310A and �B), and only narrow spaces
were found along these helices. A small but distinct hydropho-
bic patch existed at the top of the �-barrel of the RimM.1-85
structure (Fig. 3B). Thus, RimM.1-85 has the potential to
interact with small molecules, such as peptides, at the top
and/or the bottom of the �-barrel.

Structural features of the full-length RimM protein. For the
N-terminal domain of full-length RimM, the resonance assign-

ments for the backbone and the side chains were completed, as
for the RimM.1-85 construct (see Materials and Methods). In the
1H-15N HSQC spectra of full-length RimM and RimM.1-85, re-
corded at 25°C, most of the resonances originating from the
N-terminal domain were observed at the same positions, whereas
some resonances from the N-terminal domain of full-length
RimM were slightly shifted compared to those for RimM.1-85
itself (Fig. 5A). Considering the spatial disposition of these resi-
dues in the calculated 20 conformers of full-length RimM (Fig.
5B), these chemical shift differences could be interpreted as re-
sulting from the existence of a following flexible region (residues
81 to 162). Notably, the tertiary structure composed of residues 1
to 80 was maintained, even in full-length RimM (Fig. 5B). Thus,
we conclude that the N-terminal domain of full-length RimM,
spanning residues 1 to 80, is structurally independent of the rest
of the protein, and it corresponds exactly to the RimM N-terminal
domain predicted by multiple alignments.

Most of the resonances for the backbone and the side chains
of the C-terminal region in full-length RimM (residues 81 to

FIG. 4. Comparison of interfaces in RIEF fold proteins. The �-sheets in the RIEF folds are shown in cyan and are depicted in the same
orientation as the RimM.1-85 structure shown in Fig. 3C. The target nucleotides and proteins are partially displayed and are colored yellow and
green, respectively. The characteristic structural elements in translation proteins are colored navy. (A) RimM.1-85. (B) Domain II of T. aquaticus
EF-Tu with Phe-tRNAPhe (PDB identifier 1TTT) (31). (C) Domain II of archaeal aIF2� with domain 3 of aIF2� (PDB identifier 2AHO) (37).
(D) Topology diagrams of RimM.1-85 (left) and translation proteins (right). The six common strands are cyan, and the dissimilar secondary
structures, namely helices and strands, are red and navy, respectively.

FIG. 5. Superposition of full-length RimM and RimM.1-85. (A) Left, 1H-15N HSQC spectra of full-length RimM (red) and RimM.1-85 (blue),
recorded at 25°C on a 600-MHz spectrometer. Most of the resonances originating from the N-terminal domain were overlapped with each other.
Only the shifted resonances for residues 1 to 85 of full-length RimM, compared to those for RimM.1-85 itself, are labeled with the residue number
and the one-letter amino acid code: V4, E5, I6, G7, A14, R22, E24, V26, V27, H29, L30, E31, R32, G71, D80, L81, and E85. Right, mapping of
these residues (yellow) on the RimM.1-85 structure. (B) Superposition of the backbones of the 10 best structures of full-length RimM (black) and
the best structure of RimM.1-85 (green). The 10 structures of full-length RimM were calculated with CYANA 1.0.8. The structure of the
C-terminal region (residues 96 to 162) is not displayed, because it does not adopt a rigid tertiary structure.
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162) were assigned, except for some 1H-15N resonances at pH
7.0 (Y90, Y91, F92, L113, G116, A117, Q118, D119, V120,
E128, L140, Q141, and G150). Among the identified residues
in the C-terminal region, several residues from two parts (96 to
124 and 144 to 155) exhibited some obvious long-range NOEs.
Furthermore, the prediction of the secondary structure ele-
ments by TALOS (9) suggested that approximately two-thirds
of these residues adopt �-strand conformations (data not
shown). Actually, in the structure of full-length RimM in so-
lution, the C-terminal region seemed to possess �-sheet struc-
tures within two parts (residues 96 to 124 and 144 to 155). On
the other hand, the central part (residues 125 to 143) of the
C-terminal region exhibited very few long- or medium-range
NOEs and adopted an unfolded structure despite the fact that
residues 136 to 138 were also predicted to form a short
�-strand. These findings indicate that the 3D structure of the
C-terminal region was partly folded in solution, in contrast to
the compact and stable structure of the N-terminal domain.

To confirm the result mentioned above, the measurements
of the 15N R1, 15N R2, and steady-state 1H-15N NOE for
full-length RimM and RimM.1-85 were performed at 45°C and
25°C, respectively (Fig. 6). Overlapped resonances and those
with a very poor signal-to-noise ratio were excluded from re-
laxation analyses. The average NOE values observed for the
N-terminal domain were �0.87 and �0.79 for RimM.1-85 and
full-length RimM, respectively. These values indicate that the
N-terminal domain is tightly packed in solution, independent
of the C-terminal region (residues 81 to 162). By contrast, the
NOE values observed for residues 84 to 89, 125 to 142, and 157
to 162 of full-length RimM were significantly lower than the
average value of �0.75 for residues 1 to 162, indicating high
mobility of the peptide backbone. Especially, the R1 value of
L130 was higher than the average, but its R2 value was lower

than the average (Fig. 6), which is characteristic of internal
dynamics on the pico-to-nanosecond timescale (22). There-
fore, residues 125 to 142 are involved in the central unfolded
part in solution, as indicated above. The residues 84 to 89 and
157 to 162 seem to be involved in the linker between N- and
C-terminal domains and the C-terminal tail, respectively. As a
consequence, in the C-terminal region of full-length RimM,
there are some �-strands in two parts (residues 96 to 124 and
144 to 155), and the other parts are unfolded in solution.

Before the completion of this work, the crystal structure of
Pseudomonas aeruginosa RimM was deposited in the PDB
(identifier 2F1L) by the Joint Center for Structural Genomics.
A structure comparison using the DALI server revealed that
the N-terminal domain of P. aeruginosa RimM possesses the
same fold as that of T. thermophilus RimM (Z-score of 13.0
and an RMSD of 2.0 Å over 85 residues). The only notable
difference was observed in the length and axial direction of
the 310A helix, which apparently arose from the gap between
the amino acid sequences of the two species (Fig. 1B). As
for the C-terminal structure of P. aeruginosa RimM, it
folded into a PRC-barrel structure. The residues in the
central unfolded part (residues 125 to 142) of the C-terminal
region in solution were composed of two loops and one short
�-strand in the crystal structure (residues 138 to 154 in P.
aeruginosa). In the crystal structure, several conserved hydro-
phobic residues are clustered around L149 on one surface of

FIG. 6. NMR dynamic studies for full-length RimM and RimM.1-
85. 15N R1 (top) and 15N R2 (middle) relaxation rates and steady-state
1H-15N NOE data (bottom) are shown for full-length RimM (black)
and RimM.1-85 (orange), respectively. �-Strands, helices, and loops
are indicated schematically.

FIG. 7. Complex formation between full-length RimM and S19.
(A) Size exclusion chromatography, performed using a Superdex 75
10/30 column. The mixture of full-length RimM and S19 in the molar
ratio of 1:2 is shown by the black line. Each chromatography step with
full-length RimM (20 nmol; red) and S19 (40 nmol; cyan) was per-
formed under the same conditions. Fraction numbers are indicated in
the panel with the corresponding colors. (B) SDS-polyacrylamide gel
electrophoresis of fractions collected from size exclusion chromatog-
raphy in panel A. Fraction numbers are indicated at the top: fractions
3 (red number), 4 (cyan), and 1 to 6 (black) correspond to full-length
RimM, S19, and their mixture, respectively. Molecular weight stan-
dards are displayed as “M.”
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the PRC-barrel structure, and the cluster contacts the N-ter-
minal domain of the symmetry-related molecule. By contrast,
the corresponding residue, L137 in T. thermophilus, is located
in the central unfolded part of the C-terminal region in solu-
tion, as indicated above. Therefore, this hydrophobic contact
due to crystal packing may have stabilized the folding of the
PRC-barrel in the crystal structure.

Interactions of ribosomal protein S19 with full-length
RimM and RimM.1-85. A previous glutathione S-transferase
pull-down experiment indicated that the RimM protein asso-
ciates with r-protein S19 (referred to as S19), as described
above (26). Based on this report, we examined the ability of

our purified full-length RimM to bind to S19 by size exclusion
chromatography (Fig. 7). Prior to the chromatography, an ex-
cess of S19 was added to full-length RimM, to achieve a molar
ratio of 2:1. This mixture was then loaded on a gel filtration
column (Superdex 75 HR10/30). The retention times of full-
length RimM (18.1 kDa), S19 (10.6 kDa), and the complex
(28.7 kDa) were different from each other (Fig. 7), indicating
that the RimM protein used in this study had S19 binding
activity. When equimolar amounts of the proteins were mixed,
the peak of the complex was broad but was observed at the
same retention time (data not shown). Subsequently we at-
tempted to investigate the association modes of full-length

FIG. 8. NMR studies of full-length RimM and RimM.1-85 with S19. (A) 1H-15N HSQC spectra of free full-length RimM (black) and the
complex with S19 (red) obtained at 45°C (left) and spectra of free RimM.1-85 (black) and its 1:1 molar mixture with S19 (red) monitored at 45°C
(right). (B) Chemical shift changes of full-length RimM (black bars) and RimM.1-85 (red bars) observed by the addition of S19. The chemical shift
change, ��, was determined as follows: �� � [(��HN)2 � (��N/6.5)2]1/2 (29), where ��HN and ��N are the chemical shift differences for HN and
15N, respectively. The mean value is shown by a continuous line; the mean value plus 1 standard deviation is shown by a dashed line. Asterisks
indicate residues with 1H-15N resonances that were not assigned in the S19-free or S19-bound form of full-length RimM. (C) Mapping of perturbed
residues on the homology-modeled structure of full-length RimM (left) and the surface of RimM.1-85, which is presented in the same orientation
as in Fig. 3B (right). The 3D model of full-length RimM from T. thermophilus was obtained using the homology modeling approach with the
SWISS-MODEL Protein Modeling Server (http://swissmodel.expasy.org/) (36) on the basis of the crystal structure of P. aeruginosa RimM.
Disordered regions in the crystal structure are depicted by a dashed line. Residues with chemical shift changes above average are cyan, and residues
with chemical shift changes above the mean value plus 1 standard deviation are navy.
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RimM with S19, using NMR analyses. Unfortunately, the grad-
ual or equimolar addition of S19 to full-length RimM resulted
in turbidity within a few days, and the analysis by SDS-poly-
acrylamide gel electrophoresis revealed that S19 and full-length
RimM had precipitated. Therefore, we tried copurification of
S19 and full-length RimM and succeeded in obtaining a com-
plex suitable for NMR studies, as described in Materials and
Methods. Due to its low solubility (�60 �M in total), the
complex could not be adequately concentrated for NMR data
collection to solve the complex structure. However, this com-
plex provided homogeneous 1H-15N HSQC spectra and was
stable at 45°C for 1 month. The 1H-15N HSQC spectra of
full-length RimM in the presence or absence of S19 are shown
in the left panel of Fig. 8A. The resonance assignments of
full-length RimM complexed with S19 were performed for the
backbone atoms. Although some 1H-15N resonances were not
assigned at pH 7.0 (M1, R2, I6, G37, G50, E51, D114, L121,
L130, V138, E149, and I157), more residues in the C-terminal
region could be assigned than was the case for those in the free
state.

A comparison of the spectra revealed dramatic chemical
shift changes (��) for the resonances originating from residues
4 to 9, 23 to 27, and 78 to 162 (Fig. 8B). There are well-
conserved, consecutive aromatic residues, corresponding to
Y89Y90 in T. thermophilus (3, 4). Alanine substitutions (YY to
AA) revealed that these residues are crucial for binding to S19
in the 30S subunit (26). Actually, the 1H-15N resonance of Y89
was dramatically shifted upon S19 binding (Fig. 8B), although
we could not assign that of Y90. We then mapped the chemical
shift changes of full-length RimM with and without S19 (Fig.
8C, left panel) on a homology-modeled structure generated
from SWISS-MODEL (36). In the C-terminal region, the af-
fected residues upon complex formation were spatially dis-
persed. Conceivably, the chemical shift differences for the res-
idues in the C-terminal region (residues 81 to 162) reflected
not only the direct association with S19 but also the internal
conformational change upon S19 binding. In the N-terminal
domain, however, some resonances originating from residues 4
to 9 and 23 to 27 within full-length RimM were clearly affected
by the addition of S19 (Fig. 8B). Mapping of these residues on
the surface of RimM.1-85 revealed that they were localized
within the N-terminal domain (Fig. 8C, right panel). Thus, for
the N-terminal domain, the shifts of the resonances indicate
the interaction between these residues and S19. Interestingly,
these residues are located in the vicinity of the hydrophobic
patch described above (Fig. 3B).

To confirm whether the RimM N-terminal domain alone
associates with S19, 1H-15N HSQC spectra for RimM.1-85
were obtained in the absence and presence of S19 with 1:1
(Fig. 8A, right panel) and with 1:2 molar mixtures. The calcu-
lated �� values represented negligible chemical shift changes
(Fig. 8B): the average �� value of the 1:1 molar mixture was
0.005 (between 0.0007 and 0.04 of A79), and that of the 1:2
molar mixture was 0.007 (between 0.0001 and 0.05 of A79).
This indicates that the RimM N-terminal domain alone could
not tightly interact with S19.

Thus, we concluded that the residues in the vicinity of the
N-terminal hydrophobic patch are involved in the interaction
with S19 in the presence of the following C-terminal region.
Considering that the RimM protein would participate in mul-

tiple interactions during the maturation of 30S ribosomal par-
ticles, it could be a target for new antibiotics. Therefore, it is
important to clarify the functional role of the RimM protein in
ribosome maturation more precisely. The present structural
information will assist in promoting further investigations of
the RimM protein.
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