
Many fundamental processes in biology depend on

interactions of proteins with ribo� and deoxyribonucleic

acids. Determination of spatial structures of ribosomal

subunits with atomic resolution was a great step forward

in studies on the interaction of ribosomal proteins with

ribosomal RNAs. At present, complete models are known

of the large subunit at 2.4 Å resolution [1] and of the small

subunit at 3.05 Å resolution [2]. These models present

valuable information on the tertiary structure of riboso�

mal proteins and ribosomal RNAs, their mutual posi�

tions, and intermolecular contacts. However, the recog�

nition by a protein of its target on a ribosome and the spe�

cific binding to rRNA on the recognized site are to be

studied additionally. The detection of amino acid residues

and nucleotides responsible for the recognition may be

significantly facilitated if the structures of free partners

are known and/or some mutations in the region of

RNA–protein interface are produced, and their effects

on the complex formation are estimated.

In the present work the structure of RNA–protein

complex of ribosomal protein S15 with some mutations in

the region of the RNA–protein interface is described,

and all known structures of S15 protein both free and

complexed with 16S rRNA are analyzed. Based on the

findings, amino acid residues of the N�terminal helix

contacting with 16S rRNA are concluded to be insignifi�

cant for the specific binding.

MATERIALS AND METHODS

The following reagents were used: a system for isola�

tion of plasmid DNA and Taq DNA polymerase

(Boehringer Mannheim, Germany); restriction enzymes

BamHI, NdeI (New England Biolabs, USA); isopropyl�

β�D�thiogalactoside (IPTG), ATP, GTP, UTP, CTP

(Pharmacia Biotech, Sweden); a TaqTrack Sequencing

System kit for DNA sequencing (Promega, USA); nutri�

ent media (Difco, USA).

Directed mutagenesis. Substitutions in the

nucleotide sequence of the previously cloned gene of pro�

tein S15 from Thermus thermophilus pES151�1 [3] were

introduced by polymerase chain reaction (PCR) using

oligonucleotides complementary to the protein gene

sequence containing point nucleotide substitutions to

obtain adequate mutations of the amino acid sequence.

The following primer sequences were used:

THR3CYS, 5′�GAGATATACATATGCCCATCTGC�

AAGGAAGAGAAG�3′ (sense)
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Abstract—The position and conformation of the N�terminal helix of free ribosomal protein S15 was earlier found to be mod�

ified under various conditions. This variability was supposed to provide the recognition by the protein of its specific site on

16S rRNA. To test this hypothesis, we substituted some amino acid residues in this helix and assessed effects of these substi�

tutions on the affinity of the protein for 16S rRNA. The crystal structure of the complex of one of these mutants (Thr3Cys

S15) with the 16S rRNA fragment was determined, and a computer model of the complex containing another mutant

(Gln8Met S15) was designed. The available and new information was analyzed in detail, and the N�terminal helix was con�

cluded to play no significant role in the specific binding of the S15 protein to its target on 16S rRNA.
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K4C, 5′�GAGATATACATATGCCCATCACGTGC�

GAAGAGAAGCAG�3′ (sense)

Q8M, 5′�GAGATATACATATGCCCATCACGAAGG�

AAGAGAAGATGAAGGTCATCCA�3′ (sense)

V10M, 5′�GAGATATACATATGCCCATCACGAAGG�

AAGAGAAGCAGAAGATGATCCAGGAGTTC�3′
(sense)

Antisense: 5′�GCCGGATCCCCAGTTTAACCCCGG�

ATGCCCAG�3′

After PCR, the fragments were cloned into vector

pET�11c as described in [3]. Mutations were checked by

determination of nucleotide sequences of DNA. Mutant

vectors were transformed to be expressed in Escherichia

coli strain B834 (DE3).

Expression and purification of the mutant forms of
ribosomal protein S15. The protein was isolated and puri�

fied as described in [3]. An overnight culture (30 ml) was

added to 300 ml of medium LB containing ampicillin

(100 µg/ml) and grown in a 1�liter flask at 37°C. When the

absorption at 600 nm reached 0.6, expression was induced

by addition of IPTG to the final concentration of

0.5 mM. Then the culture was incubated at 37°C for 4�

5 h. The cells were separated by centrifugation at 4°C,

suspended in buffer containing 100 mM Tris�HCl

(pH 8.0), 150 mM MgCl2, 0.1 mM EDTA, and 0.8 M

NaCl, and broken by ultrasonication. The broken cells

were removed by centrifugation (13,000g, 4°C, 10 min)

and then centrifuged at 45,000g for 1 h at 4°C to remove

ribosomes. The supernatant was diluted with 50 mM

sodium acetate buffer (pH 5.5) to the final concentration

of 0.3 M NaCl. Then the protein solution was loaded

onto a column with CM�Sepharose equilibrated with

buffer containing 0.3 M NaCl in 50 mM sodium acetate

(pH 5.5). After loading the sample, the column was

washed with the same buffer. The bound proteins were

eluted with buffer containing 50 mM sodium acetate

(pH 5.5) with a NaCl concentration gradient from 0.3 to

1 M. The fractions were analyzed by SDS�PAGE.

Purified samples were concentrated by ultrafiltration on

Centricon (Amicon, USA) to about 30�40 mg/ml and

stored at 4°C in solution containing 0.8 M NaCl.

Preparation and purification of the 16S rRNA frag�
ment. The 16S rRNA fragment of 57 nucleotides which

specifically bound with protein S15 was prepared by in

vitro transcription from linearized plasmid DNA contain�

ing the T7 promoter followed by excision from the tran�

script of the self�excision hammerhead�ribozyme on the

3′�end of the resulting RNA as described in [4, 5].

Crystallization of mutant protein complexes with the
16S rRNA fragment. Aliquots of RNA in buffer contain�

ing 2.6 mM MgCl2, 50 mM KCl, and 10 mM sodium

cacodylate (pH 6.2) were renatured for 15 min at 42°C,

cooled on ice, and on continuous stirring were stepwise

supplemented with protein aliquots in buffer containing

50 mM KCl and 10 mM sodium cacodylate (pH 6.2).

Quantities of the rRNA fragment and S15 protein in the

corresponding aliquots were equimolar. The mixture was

incubated at 4°C for 1�2 h. The resulting complexes were

used for crystallization.

The complexes were crystallized by a technique of

“vapor diffusion in hanging drop” [6]. Crystallization was

performed under the following conditions: the drops con�

tained the rRNA fragment (6 mg/ml), the S15 protein

(3 mg/ml), 2.6 mM MgCl2, 50 mM KCl, and 10 mM

sodium cacodylate (pH 6.2) were placed on siliconized

glasses over a reservoir solution containing 2.4 M ammo�

nium sulfate, 100 mM sodium cacodylate (pH 6.2).

Crystals were grown at 22°C within 3�5 days to maximum

dimensions of 0.1�0.2 mm.

Collection and processing of diffraction data. The

data collection experiments were performed at the beam�

line ID14 of the European Synchrotron Radiation

Facility (Grenoble, France). To increase the lifetime in

the X�ray beam, the crystals were cooled to 110 K using a

cryostat with liquid nitrogen (Oxford Cryosystems, UK).

The diffraction data were processed using the DENZO

and SCALEPACK programs [7].

Determination of spatial structure of the complex.
The structure of the Thr3Cys S15 complex with the 16S

rRNA fragment was determined by molecular replace�

ment method using the CNS program [8]. The known

structure of the ribosomal protein S15 complex with the

16S rRNA fragment (PDB bank code 1DK1 [4]) was used

as a model to calculate the initial set of phases. The final

model refined to the R factor of 23.1% (Rfree = 32.2%) at

resolution of 2.84 Å included 83 amino acid residues and

57 nucleotides. The final model showed good quality and

had no residues in the disallowed regions of the

Ramachandran plot. Coordinates of the model of the

Thr3Cys S15−16S rRNA complex have been deposited in

the Protein Data Bank (code 1KUQ).

RESULTS AND DISCUSSION

The structure of protein S15 is known in both the

free [9, 10] and bound with 16S rRNA [2, 4, 11] states. It

is a completely helical protein consisting of four α�

helices. It binds to the central domain of 16S rRNA inter�

acting with two regions on its surface. The first and sec�

ond sites are located, respectively, in the upper part of

helix H22 and in the region of junction of helices H20,

H21, and H22 (Fig. 1). The loop between the helices α2

and α3 interacts with the first site, whereas amino acid

residues of the helices α1, α2, and α3 and interconnect�

ing loops interact with the second region. The role of each

helix in the specific binding is still unclear. From this

viewpoint, the N�terminal helix α1 is of special interest
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because it is rather flexible in structures of the free pro�

tein, and its location varied in models of the protein from

Thermus thermophilus and Bacillus subtilis obtained by

NMR and X�ray methods, respectively. Therefore, it was

suggested that the conformational variability of the N�

terminal helix should be sufficient for protein–RNA

binding [2].

The crystal structure of mutant protein S15 com�

plexed with the 57�nucleotide fragment 16S rRNA from

T. thermophilus was determined earlier in our group [4].

The structure was solved by multiwave anomalous diffrac�

tion method (MAD) using the derivative containing four

selenomethionines (4SeMet S15). To obtain the protein

with four methionines instead of two existing in a wild

type protein, two mutations were made, Ile11Met and

Ala79Met, and all methionines were replaced by

selenomethionines.

Considering the structure of the selenomethionine

complex, the mutation in position 79 should have no

influence either on the protein structure (because this

residue is located on the surface) or on the complex struc�

ture (because it is not in the RNA−protein interface). The

second mutation, Ile11Met, was located in the N�termi�

nal helix. The partially hidden residue in position 11 was

involved in formation of hydrophobic core of the protein.

However, this residue belongs to the helix, which is

involved in formation of the RNA−protein interface, and

mutation in this position could affect the RNA−protein

affinity. The structure of this complex was compared to

the structure of the corresponding region of the small

ribosomal subunit, and no significant changes were

found, i.e., the mutation in position 11 in the N�terminal

helix should not affect the binding.

To better elucidate the role of the N�terminal helix in

recognition and specific binding with 16S rRNA, a num�

ber of proteins were prepared with mutations in this helix

(Thr3Cys, Lys4Cys, Gln8Met, and Val10Met). These

proteins bound to the 57�nucleotide fragment of 16S

rRNA with virtually the same binding constant as that of

the selenomethionine�containing protein, and the result�

ing complexes crystallized under the same conditions as

the initial complex. This could occur either in the absence

of significant influence of N�terminal helix on the specif�

ic binding or when the mutations did not act on the

RNA−protein interface or in the case of mutual compen�

sation of the induced changes. To make clear this situa�

tion, it was necessary to determine the structure of at least

one more complex of mutant ribosomal protein S15 with

16S rRNA.

Crystals suitable for X�ray diffraction experiment

were obtained for the complex containing the Thr3Cys
Fig. 1. Scheme of secondary structure of the 57�nucleotide 16S

rRNA fragment from T. thermophilus. Nucleotides interacting

with protein S15 are shown in gray color (numbering corresponds

to 16S rRNA from E. coli).

Space group

Unit�cell parameters, Å

Resolution, Å

Completeness, %

Rsym, %

Number of unique

reflections

Relative difference

of data sets, %

Thr3Cys S15–
16S rRNA

Р6422

a = 128.23; 

b = 128.23; 

c = 64.95

25�2.85

98.8

3.1

7724

4SeMet S15–
16S rRNA

P6422

a = 128.80; 

b = 128.80; 

c = 65.10

20�2.80

98.1

3.8

7679

Data obtained for crystals of the S15−16S rRNA complex

19.5
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S15 protein. The diffraction data measured from these

crystals were compared with the data set used to deter�

mine the structure of the complex with the selenomethio�

nine�containing protein. The difference in structure

amplitudes was 19.5% at virtually the same parameters of

the unit cell (table). This suggested that the structures of

the two complexes should be slightly different.

The structure of the mutant protein Thr3Cys

S15–rRNA complex was solved (Fig. 2) and compared

with previously determined homologous structures.

By detailed comparative analysis, the main chains

were detected to noticeably differ only in the N� and C�

terminal regions of the molecules. Nevertheless, in all

four α�helices conformational changes occurred in the

side chains of some amino acid residues, which resulted

in redistribution of electrostatic interactions and hydro�

gen bonds (Fig. 3). Thus, the Thr3Cys mutation abol�

ished the electrostatic interaction between the side chain

of the amino acid residue Lys4 and phosphate of

nucleotide G660. Instead, the side chain of Gln8 formed

hydrogen bonds with the sugar�phosphate backbone of

nucleotides U658 and G659 (Fig. 3b), and this slightly

changed the orientation of the N�terminal helix. Thus,

interactions in the RNA–protein interface were redistrib�

uted, but these changes failed to influence the binding

with 16S rRNA.

Using the available structures of the S15 protein

from T. thermophilus complexed with 16S rRNA, we

additionally modeled the structure of the mutant protein

Gln8Met S15–16S rRNA complex. The resulting struc�

ture was analyzed, and the network of hydrogen bonds

between Gln8 and 16S rRNA was found to be destroyed.

However, these changes also failed to significantly affect

the binding to 16S rRNA.

Thus, mutations in helix α1 of the ribosomal protein

S15, which modify the protein–RNA interactions but are

Fig. 2. Structure of the protein Thr3Cys S15 from Thermus thermophilus complexed with the 16S rRNA fragment. The protein helices α1,

α2, α3, and α4 and helices of the fragment 16S rRNA H20, H21, and H22 are shown. a) View from the side of protein S15; b) the com�

plex is turned relatively (a) by approximately 90° around the vertical axis.

a b
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unaffected by the protein–RNA binding suggested that

the role of the N�terminal helix in the RNA–protein

recognition should be insignificant and residues of this

helix should not be involved in the recognition by S15 pro�

tein of its site on 16S rRNA. This conclusion is consistent

with data on mutagenesis of 16S rRNA from E. coli [12].
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Thr3Cys S15−16S rRNA complex. The numeration of nucleotides corresponds to 16S rRNA from E. coli. Dotted lines show hydrogen
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