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Three archaea-specific ribosomal proteins recently identified show no sequence homology with other
known proteins. Here we determined the structure of L46a, the most conserved one among the three pro-
teins, from Sulfolobus solfataricus P2 using NMR spectroscopy. The structure presents a twisted b-sheet
formed by the N-terminal part and two helices at the C-terminus. The L46a structure has a positively
charged surface which is conserved in the L46a protein family and is the potential rRNA-binding site.
Searching homologous structures in Protein Data Bank revealed that the structure of L46a represents a
novel protein fold. The backbone dynamics identified by NMR relaxation experiments reveal significant
flexibility at the rRNA binding surface. The potential position of L46a on the ribosome was proposed by
fitting the structure into a previous electron microscopy map of the ribosomal 50S subunit, which indi-
cated that L46a contacts to domain I of 23S rRNA near a multifunctional ribosomal protein L7ae.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

The ribosome, composed by several rRNAs and dozens of ribo-
somal proteins, is an important cellular machine responsible for
the translation of mRNA into proteins [1,2]. During protein synthe-
sis, other protein factors bind to the ribosome to regulate its func-
tion [3]. Ribosomal proteins are largely conserved among three
domains of life, while a number of ribosomal proteins are specific
to one domain, genus, or species [4]. Analysis of ribosomal proteins
in three domains of life revealed that Archaea has a reductive evo-
lution process different from that of Bacteria and Eukarya [5]. This
reductive evolution of ribosomal proteins in Archaea indicates a
progressive elimination of ribosomal protein genes in the course
of archaeal evolution, which implies that the last common ancestor
of Archaea possessed a more complex ribosome than any of the
existent archaeon species [4,5].

Several novel archaea-specific ribosomal proteins, including
L45a, L46a, and L47a that exist only in Crenarchaeota, were
recently discovered using proteomic methods [6]. The three
archaea-specific ribosomal proteins show no sequence homology
with other known proteins, so the structure and function of these
proteins are unclear. In the genome, their genes are not associated
with the general genomic context of the ribosome, but were found
together with components of the transcriptional machinery [6]. For
example, the gene of L46a is downstream of tflD, encoding the
TATA binding protein of the transcription factor TFIID. Similar sit-
uations have been observed in other archaeal nonuniversal ribo-
somal proteins, which suggested that there is expanded linkage
between transcription and translation in Archaea [7]. Among the
three proteins, L46a is the most conserved one, which is conserved
in Thermoprotei genera (Fig. 1). Sequence analysis indicated that
L46a is a basic protein with a pI � 10, suggesting that L46a may
directly bind to rRNA in the ribosome. In this study, we determined
the solution structure of SsoL46a, an L46a protein from the hyper-
thermophilic archaeon Sulfolobus solfataricus P2, by NMR spectros-
copy. The structure represents a novel structural fold with a
potential rRNA binding surface. The potential position of L46a on
the ribosome was identified by fitting the structure into a previous
electron microscopy map of the ribosome.
2. Materials and methods

2.1. Protein expression and purification

The gene of L46a from S. solfataricus P2 (Ssol_806108-805899 in
The Sulfolobus Database [8], http://www.sulfolobus.org) was

http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbrc.2014.05.077&domain=pdf
http://dx.doi.org/10.1016/j.bbrc.2014.05.077
mailto:fengyg@qibebt.ac.cn
http://dx.doi.org/10.1016/j.bbrc.2014.05.077
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc


Fig. 1. Sequence alignment of the L46a protein family. Identical residues in the alignments are shown with white characters in red box, while similar residues are shown with
red characters. The identical and similar residues are shown in blue frame. The secondary structures of SsoL46a are shown above the sequences. The residues of the
hydrophobic core of SsoL46a are indicated by magenta filled circles. The positively charged residues on the potential rRNA-binding surface are indicated by blue triangles.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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amplified from the genomic DNA by PCR using two primers 50-
GGCCATATGCTCAAACATGGCAAGTAC-30 and 50-GCGCTC-
GAGTAAAAAGAATCTAGTTAATTTATC-30. The gene was cloned into
the expression vector pET30a between NdeI and XhoI restriction
sites, forming a vector pET30a-SsoL46a. The protein product of this
construct contains an additional C-terminal His-tag (LEHHHHHH)
to facilitate the following protein purification.

The vector pET30a-SsoL46a was transformed into Escherichia
coli Rosetta(DE3)pLysS. The cells were cultured in M9 minimal
medium at 37 �C. When the cell density reached an OD600 of about
0.8, the protein expression was induced with 0.4 mM isopropyl-1-
thio-b-D-galactopyranoside for 3.5 h at 37 �C. The cells were har-
vested by centrifugation at 4000g, 4 �C for 30 min. The harvested
cell pellet was re-suspended in buffer containing 50 mM Tris–
HCl, pH 8.0, 1 mM dithiothreitol, 1 mM phenylmethanesulfonyl
fluoride, and then frozen at �20 �C overnight. The re-suspended
cell pellet was thawed and lysed by sonication. After centrifugation
at 15,000g, the supernatant of the lysate was treated twice by 70%
ammonium sulfate precipitations. The first precipitates were dis-
solved into 50 mM Tris–HCl, pH 8.0, and the second precipitates
were dissolved into 50 mM Tris–HCl, pH 8.0, 1.0 M NaCl. Thereaf-
ter, the target protein was purified via a Ni2+ Chelating Sepharose
Fast Flow (GE Healthcare) column and eluted with 300 mM imid-
azole. The eluate containing the recombinant SsoL46a was col-
lected and concentrated to 2 mL using Amicon Ultra-15
centrifugal filter units (3.0 kDa cutoff) (Millipore). Then, the pro-
tein was further purified using a Superdex 75 (GE Healthcare) gel
filtration column pre-equilibrated in 50 mM potassium phosphate
buffer (pH 6.8), 1.0 M NaCl, 1.0 mM EDTA. Fractions containing the
recombinant SsoL46a with an absorption ratio at 280 nm and
260 nm (A280:A260) greater than 1.2 were collected and dialyzed
against 50 mM potassium phosphate buffer (pH 6.0), 50 mM KCl.
The protein was finally concentrated to �1.0 mM using Amicon
Ultra-15 centrifugal filter units (3.0 kDa cutoff) (Millipore). Protein
concentration was determined by the UV absorption at 280 nm
using a theoretical molar extinction coefficient 5120 M�1 cm�1.

2.2. NMR spectroscopy

Uniformly 15N- and 15N/13C-labeled proteins were obtained by
growing cells in M9 minimal media containing 15NH4Cl and
[13C]-glucose as the sole nitrogen and carbon sources, respectively.
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NMR samples consisted of 0.5–1.0 mM recombinant SsoL46a pro-
teins in 90% H2O/10% D2O containing 50 mM potassium phosphate
buffer (pH 6.0), 50 mM KCl, 2.0 mM EDTA, 0.02%(w/v) sodium 2,2-
dimethylsilapentane-5-sulfonate (DSS).

All NMR experiments were performed at 298 K on a Bruker
DMX 600 spectrometer equipped with a z-gradient triple-reso-
nance cryoprobe. Backbone and side-chain resonance assignments
were derived from two- and three-dimensional spectra including
1H–15N HSQC, 1H–13C HSQC, HNCACB, CBCA(CO)NH, HNCO,
HN(CA)CO, HBHA(CBCA)(CO)NH, HBHA(CBCA)NH, (H)CCH-TOCSY,
and 1H–15N TOCSY-HSQC. NOE distance constraints were derived
from three-dimensional 1H–15N NOESY-HSQC spectrum and two
three-dimensional 1H–13C NOESY-HSQC spectra for aliphatic and
aromatic regions. The mixing times for 1H–1H TOCSY, 13C–13C TOC-
SY and 1H–1H NOESY experiments were 60, 12, and 200 ms,
respectively. All NMR spectra were processed using the software
Felix (Accelrys Inc.) and analyzed using NMRViewJ [9]. Proton
chemical shifts were referenced to the internal DSS, and 15N and
13C chemical shifts were referenced indirectly [10].
Table 1
The experimental restraints and structural statistics for the 20 lowest energy
structures of SsoL6a.

Distance restraints
Intra-residue 688
Sequential 396
2.3. Structural calculation

Initial structures of SsoL46a were generated using CANDID
module of CYANA version 2.1 [11]. The structures were refined
using CNS version 1.2.1 [12] with NOE-derived distance restraints
obtained by SANE [13], backbone dihedral angle restraints
obtained using TALOS+[14], and hydrogen-bond restraints accord-
ing to the initial structures and the regular secondary structure
patterns. The structures were further refined in explicit water
using CNS and RECOORDScript [15]. A family of 100 structures
was generated by CNS, and 50 structures with the lowest energies
were subjected to the refinement in explicit water, from which a
final set of 20 structures with the lowest energies was selected
for the final analysis. The quality of the determined structures
was analyzed using MOLMOL [16] and PROCHECK-NMR [17]. MOL-
MOL and PyMol (DeLano Scientific LLC. http://www.pymol.org)
were used for the visualization of the structures. Structural similar-
ity was analyzed using Dali [18], VAST [19], and SSM server [20].
UCSF Chimera version 1.8.1 [21] was used to fit the structure into
the electron microscopy map of Sulfolobus acidocaldarius 50S ribo-
somal subunit (EMDataBank 1797, 27 Å resolution).
Medium 155
Long-range 309
Ambiguous 715
Total 2263
Hydrogen bond restraints 50

Dihedral angle restraints
u 58
w 58
Total 116

Violations
Max. NOE violation (Å) 0.171
Max. torsion angle violation (�) 4.63

PROCHECK statistics (%)a

Most favored regions 80.9
Additional allowed regions 16.2
Generously allowed regions 2.7
Disallowed regions 0.2

RMSD from mean structure (Å)
Backbone heavy atoms
All residuea 1.21 ± 0.36
Regular secondary structureb 0.35 ± 0.06

All heavy atoms
All residuea 1.67 ± 0.30
Regular secondary structureb 0.82 ± 0.06

a The C-terminal 8 residue His-tag (LEHHHHHH) is excluded.
b Regular secondary structure regions include residues 5–11, 17–23, 33–34,

40–41, 50–52, 53–55 and 58–67.
2.4. Backbone dynamics

Backbone 15N T1, T2, and 1H–15N steady-state heteronuclear
NOE relaxation parameters were measured using standard experi-
ments [22]. The T1 relaxation delays were set as 20, 40, 80, 120,
160, 250, 400, 650, 1000, 1400, and 1800 ms. The T2 relaxation
delays were set as 16.96, 33.92, 50.88, 67.84, 84.80, 101.76,
118.72, 135.68, 152.64, 169.60, 203.52, 237.44, and 271.36 ms. In
1H–15N heteronuclear NOE measurement, a delay of 3 s was fol-
lowed by a 1H saturation of 3 s, whereas the saturation period
was replaced by a delay of 3 s in the control experiment. The two
experiments were run in an interleaved manner.

The 15N relaxation rate constants R1 and R2 for each residue
were determined by nonlinear least squares fitting of the intensi-
ties of the cross-peaks in the corresponding 2D NMR spectra to a
two-parameter mono-exponential equation: IðtÞ ¼ I0e�R1;2t , where
I0 is the peak intensity at t = 0 and I(t) is the peak intensity after
a time delay t. The 1H–15N heteronuclear NOE values were calcu-
lated from the ratios of peak intensities measured from the spectra
acquired with and without proton saturation. The errors of peak
intensities were estimated from spectrum background noise and
propagated into the errors of 1H–15N heteronuclear NOE values.
Monte-Carlo simulations were used to estimate the errors of R1
and R2. Model-free analysis of the backbone relaxation data was
performed using Modelfree 4.1 [23] and FAST-Modelfree [24].

2.5. Accession numbers

The chemical shifts of SsoL46a were deposited in the BioMa-
gResBank database under the accession number 19860. The atomic
coordinates for SsoL46a and all restraints were deposited in the
Protein Data Bank database with the accession code 2MMP.
3. Results and discussion

3.1. Chemical shift assignments

Near complete assignments for backbone and side chain 1H, 15N
and 13C atoms of SsoL46a were obtained from three-dimensional
triple resonance spectra, except for all atoms of residue Met1, HN

and Hc of Leu2, He1 of His4 and His39, and Hd2 and He1 of histidine
residues 72–77 in the His-tag. The 1H–15N HSQC spectrum shows a
good dispersion of peaks that were all assigned (Fig. S1). Peaks of
four His-tag residues (His73–76) are very weak in the HSQC spec-
trum, but these peaks were unambiguously assigned because of
their strong signals in triple resonance spectra. Peaks of Glu32,
Lys33, and Tyr34 are relatively broadened and weak, suggesting
that these residues undergo an intermediate conformational/
chemical exchange process.

3.2. Structure description

The structure determination of SsoL46a was based on NOE-
derived distance, backbone dihedral angle, and hydrogen bond
restraints (Table 1). The structure of SsoL46a contains 5 b-strands
(b1–b5: residues 5–11, 17–25, 31–34, 40–41, 50–52) and two heli-

http://www.pymol.org


Fig. 2. The structure of SsoL46a. (A) A stereo view of the backbone ensemble of 20
SsoL46a structures determined by NMR. (B) A ribbon representation of the SsoL46a
structure. The secondary structures are labeled. (C) The hydrophobic core of
SsoL46a. The side chains of residues involved in the hydrophobic core are shown as
sticks and labeled with one-letter residue name and sequence number. (D) The
electrostatic surface of SsoL46a. Positively charged residues for potential rRNA
binding are labeled. (E) A ribbon representation of SsoL46a with the same
orientation as in (D).
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ces: one 310 helix (g1: residues 53–55) and one a-helix (a1: resi-
dues 58–67) (Fig. 2a and b). The b-strands are antiparallel except
that b1–b5 is in parallel, which form a twisted b-sheet structure.
b4 is an extension of b3 in anti-parallel to b2. The a-helix is packed
on the loops connecting b1 and b2 and connecting b3 and b4. The
N-terminal residues 1–4 and the loop Lb2b3 (residues 26–30) are
poorly defined, suggesting that they are flexible. The C-terminus
of b2, the N-terminus of b3, and the loop Lb4b5 (residues 42–49)
are also not well defined probably because of partial flexibility.
The major hydrophobic core of SsoL46a is formed by hydrophobic
residues on the b-sheet and helices (Fig. 2c). These residues are lar-
gely conserved in the L46a family (Fig. 1), which indicates a con-
served structure in the L46a family. The hydrophobic residues at
the top of the hydrophobic core are less conserved, suggesting
structural variation in this region of the L46a family.

SsoL46a has a high pI (�10) and a great number of positively
charged residues on the surface, which is typical for a nucleic
acid-binding protein. One side of the electrostatic surface of
SsoL46a is significantly positively charged, while the other side
has both positively and negatively charged surfaces (Fig 2d). It is
conceivable that the positively charged side, which includes resi-
dues Lys3, Lys6, Lys19, Arg21, Arg26, Lys42, Arg44, and Lys46,
forms the rRNA-binding surface. The first five residues are con-
served in the L46a protein family (Fig. 1), underlining their key
roles in the binding of L46a to the ribosome. Residues Lys42,
Arg44, and Lys46 in the loop b4–b5 are less conserved at the
sequence level. However, positively charged residues in the same
loop is a conserved feature in the L46a family (Fig. 1), suggesting
that this loop constitutes an auxiliary part of the binding surface.
L46a proteins in several species (lower sequences in Fig. 1) contain
a lysine-rich stretch between b2 and b3, which may also extend the
rRNA-binding surface.

3.3. Structural comparison – a novel fold

Because there is no sequence similarity found between SsoL46a
and other proteins of known structure, we tried to search any
structural homologue in the Protein Data Bank using Dali, VAST
and SSM servers. The Dali search identified a number of proteins
with relatively low Z-score (2.0–2.5) and the similarities mainly
reside in the four b-strands of similar topology in the structures.
However, the strands in these proteins are part of larger b-sheets,
indicating their folds are different from SsoL46a. Search using the
VAST server returned similar results. Search using the SSM server
identified several proteins with size similar to SsoL46a (Fig. 3).
These proteins include a chromo shadow domain protein HP1a
(PDB 3P7J; Q-score 0.14) [25], a protein NE1242 of unknown func-
tion (PDB 2JV8; Q-score 0.13), and two chromo domain proteins
(PDB 2K28 and 3MTS; Q-score 0.11) [26]. All these proteins show
a large RMSD from the structural alignment, indicating low simi-
larity between SsoL46a and these proteins. Chromo shadow
domain and chromo domain have similar topology, and the three
proteins containing chromo shadow domain or chromo domain
identified by the SSM search show 4.0–5.0 Å RMSDs in the struc-
ture alignment with SsoL46a. The protein NE1242 shows the
smallest RMSD (3.17 Å) in the structure alignment with SsoL46a.
Although these proteins are identified by the SSM search, careful
comparison of their topology indicated that they are different from
SsoL46a. The b-sheet in chromo shadow or chromo domain con-
tains only three strands, and more importantly, the orientation of
these strands are completely different from the strands in SsoL46a
(Fig. 3b). The b-sheet of NE1242 contains four strands among
which the first three strands are similar to those in the sheet of
ssoL46a, but b4 in NE1242 is in anti-parallel to b3, while SsoL46a
has a b4 in anti-parallel to b2 as an extension of b3 and an



Fig. 3. Structural comparison of SsoL46a and proteins identified by SSM server. (A) Ribbon representation of structures. SsoL46a are shown in red; other proteins were shown
in different colors and their PDB numbers are shown on top of the structures. (B) Topology diagrams for comparison of the structure folds. b-strands are shown by yellow
arrows, and the helices are shown by red cylinders. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Backbone relaxation data (R1, R2, and 1H–15N heteronuclear NOE) and model-free dynamics parameters (S2, se, and Rex) of SsoL46a. The secondary structure elements
are marked at the top of the figure.
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additional b5 in parallel to b1 after a long loop. SsoL46a has a 310

helix before the C-terminal a-helix, while NE1242 has a 310 helix
after the C-terminal a-helix. NE1242 contains a long loop (24
residues) between the sheet and helices. Therefore, the structural
topologies of these proteins identified by the SSM search are
different from that of SsoL46a. Furthermore, the structural features
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related to the functions of these proteins are not conserved.
SsoL46a is a ribosomal protein that contains a large positively
charged surface to bind rRNA, while the proteins identified by
the SSM search do not have this kind of surface. On the other hand,
the residues in chromo shadow domain for dimerization and pep-
tide binding, as well as the residues in chromo domain for methyl-
ated histone tail binding, are not conserved in SsoL46a. Therefore,
these proteins identified by the SSM search are neither structural
nor functional homologues to SsoL46a. The structure of SsoL46a
represents a novel protein fold.

3.4. Backbone dynamics

The backbone dynamics of SsoL46a were studied by the 1H–15N
relaxation experiments (Fig. 4). The R1, R2 and NOE were estimated
and subjected to model-free analysis by the program Modelfree.
The overall rotational correlation time sm fitted by Modelfree
was 4.451 ns, indicating that SsoL46a is a monomer in solution.
The dynamics represented by the relaxation data of SsoL46a was
in agreement with the structural feature. The N-terminal five res-
idues and C-terminal His-tag (LEHHHHHH) presented small NOE,
R2 and S2 values, as well as large se values, which indicated that
these regions are completely flexible. The loop b2–b3, the C-termi-
nus of b2, and the N-terminus of b3 showed small NOE values but
large R2 values, and in model-free analysis these regions presented
significant se and large Rex values, which indicated that these
regions are flexible due to internal motions and conformational
exchanges. Although the loop b4–b5 showed some flexibility in
SsoL46a structure, it only showed slightly smaller NOE values than
those in rigid regions, and model-free analysis showed only very
small se or Rex in this loop, which indicated that the loop b4–b5
is more restrained than other flexible regions. The regions with sig-
nificant flexibility are located at the putative rRNA-binding surface,
and the flexibility may be beneficial to the binding to rRNA.

3.5. Position of L46a on the ribosome

Previous study by electron microscopy has identified three
potential positions (S1–S3) for the three newly discovered ribo-
somal proteins L45a, L46a, and L47a [6]. The additional density
of S1 is the largest, while that of S3 is the smallest. The additional
density of S2 is flatter than those of S1 and S3. Among the three
ribosomal proteins, L46a is the smallest one, and its large posi-
tively charged surface suggested that it binds rRNA directly. When
the structure of SsoL46a was docked into the three positions, we
found that SsoL46a could be well fitted into the additional density
at the S3 position (Fig. S2), while S1 and S2 are too large for the
structure of SsoL46a. We propose that SsoL46a contacts domain I
of 23S rRNA with the positively charged surface facing the two
grooves of rRNA. In the model, SsoL46a does not contact any other
ribosomal protein. The nearest ribosomal protein is L7ae, which is
a multifunctional protein involved in small nucleolar ribonucleo-
protein complexes besides ribosome [27]. Because no information
about the stoichiometry of L46a:50S has been reported and the res-
olution of the EM map is quite low, further experiments in the
future are needed to validate our model about the position of
L46a on the ribosome, but the unique structure nature of L46a is
already clear.
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