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ABSTRACT

Ribosomal protein L1 has a dual function as
a ribosomal protein binding 23S rRNA and as a
translational repressor binding its mRNA. L1 is a
two-domain protein with N- and C-termini located in
domain I. Earlier it was shown that L1 interacts with
the same targets on both rRNA and mRNA mainly
through domain I. We have suggested that domain I
is necessary and sufficient for specific RNA-binding
by L1. To test this hypothesis, a truncation mutant
of L1 from Thermus thermophilus, representing
domain I, was constructed by deletion of the central
part of the L1 sequence, which corresponds to
domain II. It was shown that the isolated domain I
forms stable complexes with specific fragments of
both rRNA and mRNA. The crystal structure of the
isolated domain I was determined and compared
with the structure of this domain within the intact
protein L1. This comparison revealed a close
similarity of both structures. Our results confirm
our suggestion that in protein L1 its domain I alone
is sufficient for specific RNA binding, whereas
domain II stabilizes the L1-rRNA complex.

INTRODUCTION

Ribosomal protein L1 is located on the side protuberance
opposite the L7/L12 stalk of the 50S ribosomal subunit.
In bacteria and archaea, L1 has a dual function, as a
primary RNA-binding protein (1,2) and as a translational
repressor of its own synthesis (3–5).

Earlier, we have determined the crystal structures of
L1 proteins from the bacterium Thermus thermophilus
(TthL1), and from the archaea Methanococcus jannaschii

(MjaL1) and Methanococcus thermolithotrophicus
(MthL1) (6–8). The models showed that L1 is a two-
domain protein, whose N- and C-termini are located close
to each other in domain I. The central part of the
polypeptide chain protrudes from domain I and folds in
domain II. The two domains are connected by a hinge
region that consists of two oppositely directed polypeptide
chains, which have a different length.
L1 proteins, which show a very high affinity for RNA,

e.g. MjaL1 and MthL1 (5,9), have a large interdomain
cavity in the isolated and the RNA-bound forms, the
two domains are well separated from each other; this
conformation is designated as the ‘open’ conformation.
The flexible hinge region of TthL1 permits the domain
movement and allows the protein to adopt the ‘closed’ or
‘open’ conformation. The structure of isolated TthL1 is
characterized by a ‘closed’ conformation, with the two
domains in close contact.
A comparison of the known crystal structures of

isolated L1 from the three different species mentioned
earlier revealed two structurally invariant regions on the
protein surface, which were suggested to represent its
RNA-binding sites (6–8). Each domain possesses one of
these binding sites. In the ‘closed’ conformation of TthL1,
the regions binding RNA are inaccessible to RNA (6).
Significant opening of the cavity between the two domains
increases the distance between the two RNA-binding sites
up to 25 Å and makes L1 able to bind RNA.
The model of the hybrid complex between L1 from

Sulfolobus acidocaldarius (SacL1) and a specific 55 nt
fragment of 23S rRNA from T. thermophilus confirmed
that L1 interacts with rRNA through both conserved
regions (10). The structure of archaeal L1 from
M. jannaschii complexed with its target on the auto-
regulatory mRNA (11) also showed two sites of interac-
tion. Nevertheless, the number of residues that contact the
RNA is substantially lower in domain II than in domain I,
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particularly in the L1-mRNA complex. Later, the
structures of two hybrid complexes between bacterial L1
from T. thermophilus and mRNA fragments of different
length from the archaeon Methanococcus vannielii were
solved. Crystals of L1 in complex with the 38 nt mRNA
fragment contained four copies of the complex in the
asymmetric unit. Domain I of the protein interacted with
RNA in all four copies, whereas contacts between domain
II and RNA were observed only in one of them due to a
slightly different mutual orientation of the L1 domains
(12). In the structure of the other complex of TthL1 with
the 36 nt mRNA fragment only domain I contacts
RNA (13). Detailed analysis of L1-RNA interfaces has
shown that the conserved region on the surface of domain
I of the protein interacts with the structural motif, which
is invariant in ribosomal and messenger RNAs. Based
on the crystal structures of the mRNA-L1 and rRNA-L1
complexes, we suggested that domain I of L1 is necessary
and sufficient for mRNA binding, whereas domain II
is required for the higher affinity of L1 for its specific
rRNA target site. The regulatory protein L1 is a primary
rRNA-binding protein, which binds preferentially to
its rRNA binding site and, when in excess, can bind
to the regulatory binding site on the mRNA, thereby
inhibiting translation of the operon. The difference of
more than one order of magnitude observed between the
apparent dissociation constants of L1 proteins to their
own mRNA and 23S rRNA (5,9) is a prerequisite for a
feedback inhibition based on direct competition between
the two binding sites (14).
In the L1 sequence, domain II is an insert in domain I.

In the structure of the protein, two domains are connected
by a hinge region that consists of two oppositely directed
polypeptide chains. To test our hypothesis that domain II
is not required for specific RNA-binding, we constructed a
mutant form of TthL1 where domain II was completely
deleted. The isolated domain I was crystallized and its
structure was determined. Despite the fact that two parts
of the polypeptide chain of domain I were connected
directly without the insertion of domain II, the spatial
structure of domain I in the isolated form was essentially
the same as its structure within the intact protein. RNA-
binding experiments showed that the isolated domain I
forms stable complexes with specific fragments of both
rRNA and mRNA. Moreover, the isolated domain I and
intact TthL1 revealed a similar affinity for mRNA. From
these results, we conclude that domain I is really sufficient
for the recognition of L1 specific target sites on rRNA and
mRNA.

MATERIALS AND METHODS

Plasmid constructions

For the overexpression of TthL1 in Escherichia coli, a new
expression plasmid was constructed. A DNA fragment
encoding TthL1 flanked by a 50-NdeI and a 30-HindIII
site was generated by standard PCR with the primers
NdeI-TthL1-fwd (50-GGAGATATCATATGCCCAAGC
ACGG-30) and HindIII-TthL1-rev (50-AACTGAATAAG
CTTTAGGAGTGGGG-30) using T. thermophilus

genomic DNA as a template and cloned into the high-
level expression vector pET11a (15), resulting in
pTthL1.4. To clone the sequence corresponding to
domain I in the TthL1 gene, we used an overlap extension
PCR-based site-directed mutagenesis method (16).
pTthL1.4 was used as a template in the PCR reactions.
The primers used were 50-TTCCCCACGGCGG
GCGGATTGAGTTCCGCAACG-30 (sense, correspond-
ing to positions 195–205 and 475–496 of the TthL1 coding
sequence) and 50-CCGCCCGCCGTGGGGAGACGGT
GCC-30 (antisense, corresponding to positions 182–205
and 475–480 of the TthL1 coding sequence) and the
flanking sequence primers XbaI-pET-fwd (GGGGAA
TTGCGAGCGGATAACAATTCC-30) and HindIII-
pET-rev (50-CTCATGTTTGACAGCTTATCATCGAT
AAGC-30). The resulting final PCR product encoding
domain I of TthL1 was cloned into vector pET11a. The
nucleotide sequences of the cloned genes were verified
by DNA sequencing.

Protein overproduction and purification

The isolated domain I of TthL1 was overproduced in
E.coli strain BL21(DE3) as a host. Purification of the
recombinant domain I was performed by the same
procedure as purification of the intact TthL1 (6) with
minor modifications. After the final chromatography step,
fractions containing the pure protein were pooled and
dialyzed into 30mM Tris–HCl (pH258C 7.5), 60mM
KCl and concentrated to 10–20mg/ml using Vivaspin
concentrators.

Preparation of RNA fragments

The 36 nt mRNA fragment (13) and the 55 nt rRNA
fragment, respectively, used in L1-RNA complex forma-
tion were synthesized in vitro by transcription with T7
RNA polymerase from linearized plasmids as described
(10). The RNA fragments were purified by electrophoresis
on 12% polyacrylamide gels (19 : 1 acrylamide/bis-
acrylamide) containing 7M urea in a buffer containing
90mM Tris–borate (pH 8.2) and 1mM Na2EDTA.
The RNA fragments were eluted with 50mM Tris–HCl
(pH258C 7.5), 1mM Na2EDTA, purified by anion-
exchange chromatography, precipitated by ethanol and
dissolved in buffer A [30mM Tris–HCl (pH258C 7.5),
350mM KCl, 2mM MgCl2].

RNA–protein complex formation and PAGE under
non-denaturing conditions

The intact TthL1 and the domain I were dialyzed into
buffer A. The RNA fragments (in buffer A) were heated at
608C for 10min and incubated for a further 10min at 48C.
To form TthL1–RNA and domain I–RNA complexes,
respectively, the proteins were added to RNA and the
mixture was incubated for 20min at 228C. To investigate a
competition of the intact TthL1 and its domain I for RNA
binding, the isolated domain I was added to preformed
complexes of intact TthL1 with mRNA and rRNA,
respectively, then the mixtures were incubated for 20min
at room temperature. RNA–protein complexes were
analyzed by electrophoresis using the Mini-PROTEAN

7390 Nucleic Acids Research, 2007, Vol. 35, No. 21



II system (Bio-Rad) on 12% gels under non-denaturing
conditions in a buffer containing 90mM Tris–boric acid
(pH 8.2) and 2mM MgCl2 at 100V for 2.5 h. After
electrophoresis, the gels were stained with toluidine blue O
(Sigma).

Crystallization

Crystallization experiments were performed at 68C by the
hanging drop vapor diffusion method on siliconized glass
cover slides in Linbro plates. Two microliter drops of the
protein solution at 20mg/ml in 30mM Tris–HCl (pH258C
7.5), 60mM KCl were mixed with 2 ml of different
precipitants and equilibrated against the same precipi-
tants. Crystals appeared after 2–3 days in #17 and #22
of Hampton Research Crystal Screen precipitant solu-
tions and grew to a maximum size within 1 week. Before
freezing in liquid nitrogen, the crystals were transferred to
the corresponding precipitant solutions.

Data collection and structure determination

The isolated domain I of TthL1 was crystallized in
two-space groups P21 and P31. Data for each of two
groups were collected from a single crystal using micro-
diffractometer MD2 (spot size 25� 5 m2) at the SLS
synchrotron (Switzerland) in-vacuum undulator beamline
X06SA, which is equipped with dynamically bendable
mirrors, Si(111) double crystal monochromator and
marCCD detector. Data were processed and merged
with the XDS program suite (17). Both structures were
solved by the molecular replacement method using the
structure of domain I of the intact TthL1 (6) as a search
model.

Crystals belonging to space group P21 diffracted to
2.55 Å resolution. For structure amplitudes measured
from such a crystal clear solution of the phase problem
was obtained by PHASER (18). The electron density map
was of good quality and enabled us to build a model of
the isolated domain I of TthL1 except eight N-terminal
residues. The initial model was subjected to several rounds
of a computational refinement and map calculation with
REFMAC (19) combined with a manual model inspection
and modification with COOT (20). The final model,
including 129 amino acid residues, was refined to an
R-factor of 17.7% and an R-free of 27.0%. Data and
refinement statistics are summarized in Table 1. The
structural data and the coordinates have been deposited in
the Protein Data Bank (accession code 2OUM).

Structure determination of the L1 domain I crystallized
in space group P31 encounters an obstacle. Detailed
analysis of experimental data with SFCHECK of the
CCP4 program suite (21) and DETECT_TWINNING
of CNS (22), revealed merohedral twinning with the twin
law h+k, �k, �l and twin fraction 0.41 in the crystals.
An attempt to improve data with DETWIN of the CCP4
program suite resulted in worse data statistics and
noticeably reduced data completeness. Therefore, we
used twinned data for the model building and refinement.
A clear solution for three molecules in the asymmetric unit
was obtained both by AMoRe (23) and PHASER
(18). Crystallographic refinement was executed using

procedures specified for twinned crystals in CNS (22),
and model building was performed with COOT (20). Non-
crystallographic symmetry restraints were used during the
early stages of refinement, but all molecules in the
asymmetric unit were finally refined separately. The final
model refined to an R-factor of 19.3% and R-free of
23.3%, includes three molecules of the isolated domain I
and 152 water molecules. The structural data and the
coordinates have been deposited in the Protein Data Bank
(accession code 2OV7). Data and refinement statistics are
summarized in Table 1.

RESULTS AND DISCUSSION

Crystal structure of the isolated domain I of TthL1

In TthL1, the hinge region contains residues 66–71 and
159–160 (Figure 1A). In the open conformation of TthL1,
two glycines (Gly67 and Gly159) located in the oppositely
directed chains are about 4 Å apart, a distance that
allows a peptide bond formation between the two glycines.
Therefore, the positions of these glycines are most suitable
as endpoints to delete the central part of the polypeptide
chain, which forms domain II. The isolated domain
I containing amino acid residues 1–67 and 159–228
(the numbers correspond to the intact TthL1 protein)
was overproduced in E.coli cells, purified and crystallized.
Here, we report two structures of the isolated domain I of

ribosomal protein L1 from T. thermophilus crystallized in
space groups P21 and P31. Both structures have the same
fold. An overall view of the model is shown in Figure 1.
The isolated domain I has a two-layer structure. One of the
layers is formed by a four-stranded anti-parallel b-sheet

Table 1. Data collection and refinement statistics

Crystallographic data
a,b

Space group P21 P31
Unit-cell
parameters (Å, 8)

a=31.7, b=45.3,
c=37.9;
a=90.0, b=100.7,
g=90.0

a=79.2, b=79.2,
c=47.6;
a=90.0, b=90.0,
g=120.0

Wavelength (Å) 0.95 0.95
Resolution (Å) 15.0–2.55 (2.60–2.55) 15.0–2.30 (2.40–2.30)
Number of reflections 11175 (531) 65385 (7800)
Number of unique
reflections

3392 (180) 14608 (1754)

Completeness (%) 94.4 (89.1) 96.8 (98.4)
Averaged redundancy 3.3 (3.0) 4.6 (4.4)
I/si(I ) 8.8 (3.5) 7.9 (3.2)
Rsym(I ) (%)b 11.9 (35.1) 13.9 (46.1)

Refinement statistics

Resolution range (Å) 15.0–2.55 (2.62–2.55) 15–2.30 (2.40–2.30)
Reflections 3356 (241) 14468 (1476)
R-factor (%) 17.7 (22.7) 19.3 (21.0)
Free R-factor (%) 27.0 (38.9) 23.3 (23.4)
Mean B-value
(overall, Å2)

34.3 60.7

r.m.s. deviation

Bond lengths (Å) 0.010 0.006
Bond angles (8) 1.3 0.8

aData collected at 100J.
bValues in parenthesis are statistics for the highest resolution shell.
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(b1,b8,b9 and b10), the other contains two a-helices (a2
and a7). The N-terminal a-helix (a1) shields the interlayer
region from one side, whereas two anti-parallel b-strands
(b2 and b7) cover it from the other side. The loop
connecting these strands contains two glycine residues,
which form a peptide bond and connect the two parts of the
polypeptide chain folded into domain I.
Comparison of the structures of four molecules, one in

the asymmetric unit of the crystal belonging to space
group P21 (K) and three in the asymmetric unit of the
crystal belonging to space group P31 (A, B, C), revealed
the most flexible parts of the protein. It turned out that
eight N-terminal residues are flexible and could not be
traced in the electron density maps. Besides, residues of
loops 30–39, 50–57 and 200–208 have faint electron
density and differ in all obtained structures. Thus, the
loop 30–39 has two possible conformations characterized

by alternative change of torsion angles of residues Thr34
and Ala35. One of these conformations is realized in
molecules K and B, the other in molecules A and C.
Disregarding these flexible loops, all models have similar
conformations with an r.m.s. deviation between Ca atoms
of about 0.5 Å. Superposition of the entire structures
increases this value to >1.0 Å. Detailed analysis of the
crystal packing revealed that amino acid residues of the
flexible loops are involved in crystal contacts, which vary
for all four analyzed molecules. Moreover, intermolecular
contacts of molecule K induce the displacement of the
functionally significant loop 215–225.

Comparison of the structures of the intact TthL1 and
its isolated domain I

Earlier, we have published the crystal structure of
ribosomal protein L1 from T. thermophilus in free form

Figure 1. (A) Sequence of the T. thermophilus L1 protein. Residues of domain I and the hinge region are shown with yellow and green background,
respectively. The a-helices are indicated as red cylinders, b-strands as blue arrows. (B) Schematic representation of the structure of the isolated
domain I of TthL1. The numbering of a-helices (red) and b-strands (blue) corresponds to that of the entire TthL1. (C) Stereo view of a Ca trace of
the isolated domain I of TthL1.
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(6) and in complex with mRNA (12,13). A comparison of
the structure of domain I as part of the intact protein and
that of the isolated domain I revealed that the overall 3D
structures are closely related (Figure 2). Only the regions
of flexible loops involved in crystal contacts show some
differences. Structures of domain I within the intact TthL1
and in the isolated state (molecule A) were superimposed
with an r.m.s. deviation of 0.934 Å for all Ca atoms.
Disregarding two flexible loops, superposition of these
structures yielded an r.m.s. deviation of 0.485 Å.
Interestingly, the conformation of the interdomain con-
nection and that of the adjacent two b-strands of domain I
is quite different in the open and closed form of TthL1.
In the isolated domain I, the location of the b-strands is
the same as in the open conformation of TthL1. Hydrogen
bonds between these strands are identical. The long chain
of the interdomain connection decreases in length to two
residues 66–67. Residue 66 retains the same position as in
the intact molecule, but residues 67 and 159 slightly move
toward each other to form a peptide bond. It also results
in displacement of residues 160–161. Thus, the isolated
domain I has the same crystal structure as domain I within
the intact TthL1 despite the fact that 91 amino acid
residues of the protein located in the central part of its
amino acid sequence were deleted.

Interaction of the isolated domain I with ribosomal
and messenger RNAs

Initial filter binding experiments to test the affinity of the
isolated TthL1 domain I for its specific rRNA and mRNA
target site failed. We assume that TthL1 domain I does
not bind to nitrocellulose membranes. Therefore, we had
to resort to electrophoretic mobility shift assays. To test
the affinity of TthL1 domain I for rRNA, we used a
specific 55-nucleotide fragment of 23S rRNA from
T. thermophilus. Earlier, the crystal structure of the same
RNA fragment complexed with intact L1 from
S. acidocaldarius was determined (10). To test the specific
affinity of the isolated domain I for mRNA, we used
a 36-nucleotide fragment of mRNA from M. vannielii
carrying the specific regulatory L1 binding site.

In previous experiments, this fragment was used for
crystallization and structure determination of the TthL1–
mRNA complex (13). The 5S rRNA served as a control to
identify non-specific RNA–protein interactions. To
minimize potential non-specific interactions, the complex
formation was performed in a buffer containing 350mM
KCl. Both TthL1 domain I and the entire TthL1 bind the
23S rRNA completely when mixed in a molar ratio of 1 : 1
(Figure 3, lanes 2 and 3). Neither ThL1 domain I nor
TthL1 showed significant binding to the non-cognate
5S rRNA (Figure 3, lanes 5 and 6). Similarly, both
proteins bind the specific mRNA fragment (Figure 4, lanes
2 and 5).
Based on the crystal structures of the L1–rRNA and

L1–mRNA complexes, we have earlier suggested that
domain I would be sufficient for mRNA binding, whereas
domain II of L1 is required for the high affinity binding to
rRNA. If this assumption is correct, the intact L1 and its
isolated domain I should bind mRNA with a more or less
identical affinity, whereas affinity of the isolated domain I
to the specific rRNA target site should be lower compared
to that of the intact protein. To prove this assumption
right or wrong, we tested the competition between the
isolated domain I and intact TthL1 for binding RNAs
(Figure 4). The addition of the isolated domain I to the
preformed TthL1–mRNA complex resulted in replace-
ment of the intact protein by the isolated domain I in
about half of complexes (Figure 4, lanes 3 and 4). Under
the same experimental conditions the isolated domain I
replaced the intact protein from the TthL1–rRNA
complex to only a small extent (Figure 4, lanes 8 and 9).
These results indicate the intact TthL1 and its isolated
domain I have a similar or identical affinity for mRNA,
while that for rRNA is quite different. TthL1 binds the
specific 23S rRNA target site with a much higher affinity
compared to its isolated domain I.

Figure 3. Interaction of the isolated domain I and intact TthL1 with
the specific rRNA fragment, analyzed by non-denaturing PAGE. 1,
55 nt rRNA fragment; 2, rRNA, mixed with domain I in a molar ratio
of 1:1; 3, rRNA mixed with intact TthL1 in a molar ratio of 1:1; 4,
5S rRNA; 5, 5S rRNA mixed with domain I in a molar ratio of 1:1; 6,
5S rRNA mixed with intact TthL1 in a molar ratio of 1:1. The RNA
and protein concentration in the incubation mixture was 55 mM (lines
2 and 3) and 25 mM (lines 5 and 6), respectively.

Figure 2. Superposition of the structures of the isolated domain
I (yellow) and entire TthL1 protein (magenta) with least squares
minimization of differences in Ca atom coordinates of domain I.
Connection of two glycines located in anti-parallel chains is shown in
green.
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We could demonstrate that domain I of ribosomal
protein L1 retains its structure in the isolated form and
binds specific fragments of ribosomal and messenger
RNAs. Moreover, the isolated domain I demonstrates
an affinity for mRNA similar to that of the intact protein.
This confirms our suggestion that domain I of ribosomal
protein L1 plays the essential role in recognizing the
specific RNA target sites.
The second domain of L1 provides the additional

contact site, which forms hydrogen bonds with ribosomal
RNA making the corresponding complex more stable
than the L1–mRNA complex. The difference in stability
of the ribosomal and regulatory L1–RNA complexes is
the basis for negative feed-back regulation of translation
by L1.
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