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Abstract Small protein B (SmpB) is required for trans-trans-
lation, binding specifically to tmRNA. We show here the solu-
tion structure of SmpB from an extremely thermophilic bacte-
rium, Thermus thermophilus HB8, determined by heteronuclear
nuclear magnetic resonance methods. The core of the protein
consists of an antiparallel B-barrel twisted up from eight
B-strands, each end of which is capped with the second or third
helix, and the first helix is located beside the barrel. Its
C-terminal sequence (20 residues), which is rich in basic resi-
dues, shows a poorly structured form, as often seen in isolated
ribosomal proteins. The results are discussed in relation to the
oligonucleotide binding fold.

© 2002 Federation of European Biochemical Societies. Pub-
lished by Elsevier Science B.V. All rights reserved.
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1. Introduction

In bacteria, there is a universal quality control step in pro-
tein synthesis mediated by tmRNA possessing both tRNA
and mRNA properties (reviewed in [1-3]). The unique trans-
lational process is called frans-translation, in which a prob-
lematic mRNA staying on a ribosome is replaced by the in-
ternal coding region of tmRNA including a stop codon, and
the normal terminal process occurs so that the stalled ribo-
some can be rescued.
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During the trans-translation process when tmRNA acts as
tRNA and then as mRNA, various protein factors collaborate
with the RNA. After tmRNA is aminoacylated with alanine
by alanyl-tRNA synthetase, the aminoacyl-tmRNA can form
a ternary complex with elongation factor Tu (EF-Tu) and
GTP [4,5]. A unique basic protein, small protein B (SmpB),
was identified as an essential component of the trans-trans-
lation system in Escherichia coli [6]. Deletion of the smpB gene
results in phenotypes similar to those observed in tmRNA-
defective cells, including a variety of phage development de-
fects and the absence of tagged proteins translated from de-
fective mRNAs. Purified SmpB binds to tmRNA specifically
and with high affinity, and is required for stable association of
tmRNA with ribosomes in vivo. Several roles of the binding
of SmpB to tmRNA have been revealed by biochemical in
vitro experiments [7,8]. The SmpB binding enhances the ami-
noacylation of tmRNA, and promotes the binding of tmRNA
to ribosomes, preventing tmRNA from degradation in the
cell. The nuclear magnetic resonance (NMR) structure of
SmpB from a hyperthermophilic marine bacterium, Aquifex
aeolicus, has been reported, which lacks the last 23 residues
(1-133 residues of the full-length 156 residues) [9]. Because the
A. aeolicus SmpB forms an essentially new fold including an
antiparallel B-barrel with three helices packed outside, it is
important to elucidate the solution structure of SmpB from
a different bacterium to clarify the generality and importance
of the structural motif.

In the present study, we determined the solution structure
of SmpB from an extremely thermophilic bacterium, Thermus
thermophilus (HBS strain), by heteronuclear NMR methods.
This RNA-binding protein is composed of 144 residues, of
which basic residues, Arg and Lys, account for 22%. To ob-
tain the isotopic labeled sample, we used a refined efficient
labeling method in which higher expression yields can be
achieved at lower isotope costs [10]. Although the two solu-
tion structures from A. aeolicus and T. thermophilus were
similar to each other, several differences were found in sec-
ondary structure elements. Comparison of the two structures
will show more detailed characteristic features of the isolated
SmpB protein.
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2. Materials and methods

2.1. Overexpression and purification of SmpB from T. thermophilus

The coding sequence of SmpB from 7. thermophilus HB8 was am-
plified by PCR to add a Ndel site at the 5’ end and a BamHI site at
the 3’ end. This DNA fragment was cloned into the Ndel-BamHI-
digested pET-11b expression vector (Novagen, USA).

Expression of ’N- and '*C/'"N-labeled proteins was preformed as
described by Marley et al. [10]. E. coli BL21-CodonPlus® (DE3)-RP
cells (Stratagene, USA) that carry extra copies of the argU and proL
tRNA genes were transformed with the recombinant plasmid, and the
transformant was grown at 37°C in 300 ml of LB medium containing
30 pg/ml ampicillin and 34 pg/ml chloramphenicol. When optical cell
densities at 600 nm reached 0.7, the cells were harvested by centrifu-
gation at 4000 X g at 4°C for 20 min. The cells were then washed and
precipitated using an M9 salt solution, excluding all nitrogen and
carbon sources. The cells were resuspended in 1000 ml of isotopically
labeled M9 medium including 1 mg/ml “NH4Cl and 2 mg/ml
[*C]Glucose (Nippon Sanso, Japan), and incubated at 37°C for 1 h
to allow the recovery of growth and clearance of unlabeled metabo-
lites. Protein expression was then induced for 4 h in the presence of
1 mM IPTG. The cells were harvested by centrifugation at 4000 X g at
4°C for 20 min. Wet cells were dissolved in sonication buffer (50 mM
HEPES pH 7.5, 300 mM NacCl, 2 mM dithiothreitol, 2 mM EDTA),
and broken on ice by sonication, and centrifuged at 4000 X g at 4°C
for 30 min. To remove most of the proteins from E. coli, supernatant
fluid was incubated at 65°C for 20 min, and centrifuged at 14000X g
at 4°C for 20 min. The supernatant was dialyzed with 50 mM phos-
phate buffer (pH 7.4), and the dialysate was purified on a cation
exchange column (Hitrap™ SP Sepharose™ HP, Amersham Pharma-
cia Biotech, Sweden) and eluted with a linear gradient of NaCl from
0 to 700 mM in 120 ml of 50 mM phosphate buffer (pH 6.4). The
elution pattern was monitored by 17% SDS-PAGE. The SmpB-con-
taining fractions were collected and concentrated by ultrafiltration
with a Centricon-10 (Millipore, USA), and the sample was loaded
onto Superdex 75 column (26 mm i.d. X 600 mm; Pharmacia Biotech,
Sweden) and eluted with 50 mM phosphate buffer (pH 6.5) containing
100 mM NaCl. The SmpB-containing fractions were pooled and con-
centrated to 2 ml by a Centricon-10.

2.2. NMR spectroscopy

Buffer exchange was done with a solution containing 1| mM HCI
and 100 mM NaCl using a Centricon-10, and the [°"N]SmpB and
[3C/'N]SmpB samples were concentrated to 2 mM and 0.6 mM in
250 ul, respectively. The final pH of the sample was 3.6 after addition
of D,0 to 5%. All NMR experiments were preformed at 318 K. NMR
experiments for [PN]SmpB were recorded on a Bruker DRX-600
NMR spectrometer. NMR experiments for ['*C/">N]SmpB were re-
corded on Varian Unity /nova 600 MHz and 800 MHz spectrometers.
Main chain assignments were obtained with three-dimensional (3D)
I5N-edited NOESY-HSQC (mixing times: 75 and 200 ms), 3D N-
edited HOHAHA-HSQC (mixing time: 50 ms), 3D HNCA, 3D
HN(CO)CA, 3D HNCACB, 3D CBCA(CO)NH, 3D HNCO and
3D (HCA)CO(CA)NNH. Assignments of side chains were obtained
with 3D HC(C)H-TOCSY (mixing time: 15.6 ms), 3D C(CO)NH, 3D
H(CCO)NH and two-dimensional (2D) TOCSY (mixing time: 75 ms).
NOE:s for distance constraints were derived from 3D "N-edited NO-
ESY-HSQC (mixing time: 75 ms) and 3D '*C-edited NOESY (mixing
time: 75 ms).

2.3. Structure calculation

NOESY peak assignments were obtained using a laboratory-made
program for semi-automated NOESY cycles, but for the initial stage
we referred to the homology models made from the NMR structures
of SmpB from A. aeolicus. The upper limits of distance constraints
were calculated as kI~'/®, where I is the peak intensity and k is a
constant adjusted in each NOESY spectrum, and relaxed by 0.5 A
considering mobility. Lower limits of distance constraints were all
1.8 A. Dihedral angle restraints were produced by the program TA-
LOS [11].

The structures were calculated with the program X-PLOR ver. 3.1
[12]. We did not include the C-terminal 21 residues in the structure
calculations because they lacked any chemical shift assignments. Ini-
tial coordinates were generated using random ¢ and y angles, whereas
peptide bonds and side chains took an extended conformation. The
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macroprogram sa.inp in X-PLOR ver. 2.1 was used to carry out sim-
ulated annealing calculation. The target function minimized during
simulated annealing comprised only potential terms for covalent ge-
ometry, experimental (distance/dihedral) restraints and van der Waals
non-bonded repulsion. No hydrogen bonding, electrostatic or 6-12
Lennard-Jones potential terms were present in the target function.

2.4. Protein Data Bank (PDB) accession number

The atomic coordinates of the 10 converged conformers and a
minimized average conformer have been deposited at the RCSB
PDB under the PDB accession code 1J1H.

3. Results

The SmpB protein from 7. thermophilus failed to be effi-
ciently overexpressed in conventional E. coli host, probably
due to the codon usage bias of the gene [13]. In the case of
GC-rich genomes including 7. thermophilus genomes [14], rare
arginine codons (AGG/AGA) and proline codon (CCC)
would most frequently affect bacterial expression of genes.
In fact, among 144 codons of the smpB gene, the numbers
of AGG/AGA and CCC codons are 0/5 and 3, respectively.
Thus, an E. coli strain that carries extra copies of the argU
and proL tRNA genes was used to rescue expression of genes
restricted by either AGG/AGA or CCC codons. Conse-
quently, we succeeded in overexpression of the full-length
SmpB protein using this strain with LB medium. To obtain
SmpB labeled with stable isotopes, we then tried to use the
expression system with M9 minimal medium including 1 mg/
ml PNH4CI and 1.4 mg/ml [*C]glucose, but the labeled pro-
tein was hardly overexpressed. This failure would be due not
only to the low concentrations of the carbon/nitrogen sources,
but also to relatively low efficiencies of overexpression of
SmpB even with rich medium. Thus, we adopted a refined
isotopic labeling method, which permits high yields of labeled
protein while significantly reducing the cost in both isotopes
and production time [10]. The production method generates
cell mass using unlabeled rich medium followed by exchange
into a small volume of labeled media at high cell density.
After a short period for growth recovery and unlabeled me-
tabolite clearance, protein expression is induced by addition
of IPTG. Accordingly, we obtained enough amounts of SmpB
samples for NMR measurements using low concentrations of
isotope sources (see Section 2).

To verify whether this protein could bind to tmRNA, the
interaction was analyzed by the optical biosensor assay using
an TAsys® instrument based on the resonant mirror device
(Affinity Sensors, Cambridge, UK) [15]. The results using a
tmRNA transcript from 7. thermophilus show that the labeled
SmpB binds to the tmRNA as efficiently as the non-labeled
SmpB with a K3 of 20 nM (data not shown), which agrees
with the Ky value estimated by RNA gel mobility shift assay
in the E. coli system [6]. These results confirm that the SmpB
overexpressed in E. coli is functional.

2D NMR data indicate that many of the resonances are
well dispersed, and chemical shift assignments of the main
chain were performed from residue 4 to 123 (out of 144). In
contrast, a fraction of resonances focuses within a narrow
region, suggesting a random coil (Fig. 1), and these highly
overlapped resonances made it difficult to complete chemical
shift assignments. Similar resonance overlap was observed in
full-length SmpB from A. aeolicus [9]. In the case of A. aeo-
licus, comparison of resonances between full-length and trun-
cated SmpB proteins shows that such overlapped resonances
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Fig. 1. "H-'>N HSQC spectrum of SmpB from T. thermophilus. Resonance assignments from residue 4 to 123 are labeled according to the resi-
due position in the protein sequence, and the side chain NH, signals are connected and labeled by residue type and number. Unassigned signals

are indicated by solid circles.

Table 1
Statistics of the 10 best structures of SmpB from 7. thermophilus

Total NOE restraints
Intraresidue NOEs
Sequential NOEs (residue i to i+1)
Medium-range NOEs (residue 7 to i+2,3,4,5)
Long-range NOEs
Dihedral angle restraints (¢ and v)
Hydrogen bond restraints
Rmsd for backbone atoms, residues 8-62, 79-122
Rmsd for all heavy atoms, residues 8-62, 79-122

Average number of NOE violations
>0.2 A (per structure)
>0.5 A (per structure)

Ramachandran plot regions
in most favored (%)
in additional allowed (%)
in generously allowed (%)
in disallowed (%) .

Rmsd for covalent bonds (A)

Rmsd for covalent angles (°)

Rmsd for improper angles (°)

650
287
171
58
134
156
O o
0.54+0.08 A
1214£0.13 A
<SA> (SA)r
50.9 56
0.3 1
85.0 81
15.5 18
4.1 4
1.4 1
0.006 + 0.000 0.006
0.933 +0.020 0.876
0.879 £0.030 0.787

< SA > refers to the final set of stimulated annealing structures, and (SA)r is the mean structure.
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Fig. 2. Solution structures of SmpB from 7. thermophilus. a: Stereo view of the final ensemble 10 structures superimposed on ordered regions
(residues 8-62 and 79-122). Residues 124-144 are not depicted. b: Ribbon diagrams of the average structure of SmpB. The two views differ by
a 90° rotation. The diagrams were created using the MOLMOL program [22].

are attributed to the C-terminal residues, and the correspond-
ing region appears structurally independent of the core of
SmpB. This would be the case with SmpB from 7. thermophi-
lus, because the core structure of the full-length protein from
T. thermophilus is quite similar to the structure of truncated
SmpB from A. aeolicus as described below.

The distance and torsion angle constraints as well as some
characteristics of the obtained SmpB structure are summa-
rized in Table 1. Totally, 287 intraresidual, 171 sequential,
58 medium-range, and 134 long-range interproton distance
constraints were used in calculation. A final set of 10 con-
verged structures was selected from 30 calculations on the
basis of agreement with the experimental data and van der
Waals energy. A mean structure was obtained by averaging
the coordinates of the structures that were superimposed in
advance to the best converged structure and then minimized

under the constraints. The root mean square deviations (rmsd)
from this mean structure were 0.54+0.08 A for backbone (N,
C*, C) atoms and 1.21 £0.13 A for all heavy atoms at the well
ordered region (residues 8-62 and 79-122).

The results show that the core of SmpB consists of an
antiparallel B-barrel containing eight B-strands, and three heli-
ces (Fig. 2). The barrel is thus composed of three-stranded
antiparallel sheet of B2, f6 and B7 (residues 16-24, 98-108
and 112-121, respectively) and continuous three-stranded
antiparallel sheet of B3'—B3, B4’—B4 and B5 (residues 38-40,
45-48, 53-56, 59-62 and 78-81, respectively). Both NOEs
between strands B3 and B4, and NOEs between strands B3’
and PB4’ were observed, which yield two putative long strands.
Strands 2 and B6 include bulges composed of residues 17-18
and 103-104, respectively, which form the twist of the B-sheet.
These residues are well conserved, and the bulges are also
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Fig. 3. a: Amino acid sequence alignment for the SmpB proteins from 7. thermophilus and A. aeolicus. According to Dong et al. [9], well con-
served hydrophobic, glycine, and proline residues are boxed. Other conserved residues (> 90% and 80-90%) are indicated by red and green, re-
spectively. b: The secondary structure elements of SmpB. The secondary structure elements of A. aeolicus SmpB are derived from the PDB en-
try 1K8H. The secondary structure elements are labeled according to the labeling scheme of the structure from A. aeolicus so that unnecessary

confusion can be avoided.

observed in SmpB from A. aeolicus [9]. Both ends of the barrel
are capped with two helices 02 and o3 (residues 28-36 and
83-94, respectively), which are almost parallel with each oth-
er. Helix ol (residues 8-14) precedes the barrel. In addition to
the C-terminal tail, the loop between strands B4 and B5 also
appears to be flexible.

4. Discussion

We determined the solution structure of SmpB from
T. thermophilus. The core of the SmpB structure consists of
three helices and eight B-strands with which a B-barrel is
formed (Fig. 2). Well conserved residues that are most likely
important for structural reasons are positioned in almost the
same manner in both structures from 7. thermophilus and
A. aeolicus, except for the following three conserved residues.
In T. thermophilus, the side chains of F41 and L58 are di-
rected toward the inside, whereas that of N57 is toward the
outside. Interestingly, the reverse state occurs in the NMR
structure of SmpB from A. aeolicus, although the positions
41 and 58, and position 57 are always occupied by hydro-
phobic and hydrophilic residues, respectively, in the protein

sequences that have so far been known [9]. It thus appears
that strands B3’ and B4’ can be formed in SmpB from
T. thermophilus instead of a loop in the counterpart (Fig. 3).
The linker regions between strands 3’ and B3 and between
strands B4 and B4’ differ in length (Fig. 3), and the NOEs
between the linker regions were not observed (data not
shown). If strands B3’ and B3, and strands B4 and 4’ are
regarded as one strand, respectively, the barrel is twisted up
from six B-strands, as is shown in A. aeolicus. A B-strand
followed by the first helix ol in SmpB from A. aeolicus, which
is not an integral component of the barrel, is absent in this
NMR structure. However, since assignment of the first three
residues could not be done, it is not known whether the
B-strand exists in SmpB from T. thermophilus. In contrast to
the core, the C-terminal 21 residues could not be assigned,
and are apparently unstructured or flexible, as also observed
in A. aeolicus. These residues are relatively rich in basic resi-
dues, but not well conserved in length and sequence (Fig. 3).
This flexibility of the tail sequence in isolated SmpB would
have been conserved throughout evolution as well as the sta-
ble core structure.

It has been pointed out that an oligonucleotide binding
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ments of ribosomal protein S17 and the N-terminal domain of aspartyl-tRNA synthetase are derived from the PDB entries 1ASZ and IRIP, re-

spectively, based on Dong et al. [9].

(OB) fold is embedded in the B-barrel structure of SmpB,
although the overall structure appears to be unique [9]. Two
structures of SmpB from different bacteria lead to a better
understanding of the generality and importance of the struc-
tural motif. The minimal common fold of OB-fold proteins
comprises a five-stranded B-sheet that is twisted up to form a
B-barrel; for instance in ribosomal protein S17 [16] (Fig. 4). In
SmpB a helix between the third and fourth strands is added to
the OB-fold scheme, with which one end of the barrel is
capped, as often found in OB-fold proteins including the
N-terminal domain of aspartyl-tRNA synthetase [17]. Fur-
thermore, another B-strand (the —1st strand) is added prior
to the first strand so that it can make networks with both the
third and fifth strands to be a component of the barrel, and
the other end of the barrel is capped by a helix followed by
the —1st strand (Fig. 4). Consequently, the barrel of SmpB is
formed by six B-strands with both ends capped with helices,
and this structure can be thought of as an extended OB-fold.
Although the N-terminal domain of aspartyl-tRNA synthe-
tase also has the —1st strand, it is parallel to the fifth strand,
and does not interact with the third strand (Fig. 4). The in-
serted helix between the third and forth strands is one of the
characteristic features of the OB-fold structures of aspartyl-
tRNA synthetase as well as SmpB. Because, in the case of
aspartyl-tRNA synthetase, this capping helix interacts with
the anticodon nucleotides of the cognate tRNA specifically
[17], it is interesting to know whether the capping helix in
SmpB also interacts with RNA. On the other hand, both
SmpB and isolated ribosomal protein S17 have unstructured
C-terminal residues and a flexible extended loop between the
second and third B-strands (in SmpB, the loop between
strands B4’ and B5) [18]. As for S17, the RNA-protein inter-
actions were already clarified by the crystal structure of the

30S ribosomal subunit from 7. thermophilus [19]. Within the
30S subunit, the C-terminal extension of S17 becomes helical
and wedged in 16S RNA. The extended loop in S17 also
interacts with RNA, forming a B-hairpin conformation in
the 30S ribosome. Thus, it seems likely that these flexible
regions in SmpB are involved in specific interactions with
tmRNA via induced fit so that the structures of protein
and/or RNA can be changed to be functional [20].

Although biochemical in vitro studies show that SmpB
binds to the tRNA domain region of tmRNA, little is known
about how it interacts with the RNA so that it may not dis-
turb aminoacylation of alanyl-tRNA synthetase and the bind-
ing of EF-Tu to the acceptor arm of tmRNA [§,21]. In a
tmRNA-SmpB complex mode, it is also unknown whether
the SmpB protein interacts with a ribosome. First, studies
on the structure of a tmRNA-SmpB complex will be required.
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