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Abstract The gene for the ribosomal protein S19 from Thermus

thermophilus was cloned, sequenced and overexpressed in

Escherichia coli. A simple procedure for isolating the recombi-

nant protein was developed. Preliminary NMR studies revealed a

high content of KK-helical secondary structure in the protein.
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1. Introduction

Protein synthesis on the ribosome is a fundamental process

in all living cells. Molecular mechanisms of translation cannot

be understood without a detailed knowledge of the structure

of ribosomal components. Unfortunately, only few of them

could be isolated from ribosomes without denaturation in

amounts su¤cient for structural investigations [1]. This prob-

lem was overcome by using the methods of modern recombi-

nant DNA technology [2,3]. Current structural studies are

focusing on ribosomal proteins from thermophilic bacteria

which have been overproduced in Escherichia coli [4].

In this work we focused our attention on the ribosomal

protein S19 (rpS19) from the extreme thermophile Thermus

thermophilus. In E. coli, S19 is one of the four ribosomal

proteins (S3, S7, S14, S19) that interact with the 3P major

domain of 16S rRNA [5]. It has been shown that this struc-

tural domain is essential for high-a¤nity tetracycline binding

[6]. S19 strongly protects two distinct regions of the 3P do-

main: 955^1050 and the 1320 stem-loop [7]. Neutron di¡rac-

tion data suggest that S19 and S14 are very closely spaced [8].

Crosslinking data show that S13^S19 is one of the main pro-

tein pairs formed in the 30S ribosomal subunit from both

Bacillus stearothermophilus and E. coli [9]. Here we report

the cloning, sequencing and overexpression of the gene for

rpS19 from T. thermophilus in E. coli as well as the puri¢ca-

tion of the recombinant protein and its preliminary NMR

analysis.

2. Materials and methods

2.1. Bacterial strains and growth conditions

T. thermophilus was grown as described by Zheltonosova et al. [10].

E. coli strains TG1 and BL21(DE3) were grown in SOB [12] and made

competent by the method of Hanahan [11]. E. coli strain CJ236 (used

for preparation of single-stranded DNA) and the transformed cells

were grown in 2ULB [12].

2.2. Recombinant DNA techniques

Chromosomal DNA was isolated from T. thermophilus strain VK1

following standard protocols [13]. The uracil-containing single-

stranded form of the vector was isolated from E. coli strain CJ236

(dut

3

, ung

3

) by the method of Kunkel et al. [14].

Oligonucleotide primers: S19start (5P phosphorylated) 5P-GTTT-

AACTTTAAGAAGGAGATATACCATGCCGCGTAGTCTCAAG-

AAAGGC-3P ; S19stop 5P-CAGTGAAAGTGAAACTGAATCAAT-

CTACTTCTTCTTGGTGGCCTTGG-3P.

DNA sequencing was performed with the M13 dideoxy method [15]

using Sequenase Version 2.0 Kit (U.S. Biochemicals). Universal pUC/

M13 forward primer was used for M13 sequencing. Primers comple-

mentary to the expression vector were used for control sequencing of

the cloning gene region: vector primer (forward) 5P-CAACGGTT-

TCCCTCTAGA-3P and reverse primer 5P-TCTGAACCTTGTCC-

ATC-3P.

Sequence compressions were solved using Taq Track Sequence Dea-

za System (Promega). The protein coding region after cloning into the

expression vector was checked by direct sequencing from the plasmid

DNA with Sequenase Version 2.0.

2.3. Cloning, overexpression and sequence analysis

Plasmid pBR322-tthS8 [16] for initial gene sequencing was kindly

provided by Dr. V. Vysotskaya. The ribosomal protein S19 was

cloned into pACA vector using the `sticky feet'-directed mutagenesis

protocol [17,18]. The plasmid, called pTthS19, isolated from the clone

with the correct gene sequence was transformed into E. coli strain

B834(DE3). Protein production was induced by adding IPTG to a

¢nal concentration of 0.5 mM.

The sequences for several proteins homologous to S19 were ob-

tained from EMBL and Swiss-Prot databases. WISCONSIN software

package Version 8.0 1UNIX 1994 was used for DNA sequence anal-

ysis. Amino acid sequences were aligned with the PileUp program of

the GCG package with a gap penalty of 3.0.

2.4. Puri¢cation procedure

The puri¢cation procedure for the ribosomal protein S19 was al-

most the same as for the other recently overexpressed ribosomal pro-

teins from T. thermophilus [16,17] with some modi¢cations. Brie£y, 3 g

of wet cells were ground with alumina and resuspended in 100 mM

Tris-HCl, pH 8.1, with 800 mM NaCl, 150 mM MgCl2, 5 mM L-

mercaptoethanol and DNase (0.5 mg/ml ¢nal concentration). After

removal of the cell debris the supernatant was heated at 65³C for

20 min. The precipitated proteins were spun down, the supernatant

was diluted to 300 mM NaCl with 50 mM Na-acetate bu¡er, pH 5.2,

and loaded on a CM-Sepharose column at a £ow rate of 1 ml/min.
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Fig. 1. Multiple alignment of 13 amino acid sequences of the ribosomal protein S19. The ¢rst four sequences are eubacterial, followed by four

from plant organelle genomes and the other ¢ve eukaryotic. Colons (:) indicate well conserved amino acids between all groups, plus (+) indi-

cates conservation between eubacterial and plant organelle groups (bold letters). Abbreviations, accession numbers and references are: Tth,

Thermus thermophilus, X84059 (present work); Bst, Bacillus stearothermophilus [21]; Eco, Escherichia coli [22]; Tma, Thermotoga maritima,

Z21677 [23]; Psa, Pisum sativum, X59015 [24]; Zma, Zea mays, Y00141 [25]; Phy, Petunia hybrida, X57283 [26]; Obe, Oenothera berteriana,

X61030; Ham, Syrian hamster, X52658 [27]; Xla, Xenopus laevis, V01443 [28]; Dme, Drosophila melanogaster, X73153 [29]; Rat, Rattus rattus,

X51707 [30]; Asu, Ascaris suum, X75543 [31].
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The recombinant protein was eluted from the column with a linear

gradient of 0.3^1.0 M NaCl. The gradient fractions were analyzed by

SDS-PAGE and those containing pure rpS19 were pooled and pre-

cipitated with (NH4)2SO4. Precipitated protein was dissolved in 50

mM Na-acetate bu¡er (pH 6.0) with 300 mM NaCl and CM-Sephar-

ose chromatography was repeated with the same conditions but at pH

6.0.

2.5. Mild proteolytic digestion

Digestion of the intact protein was performed with trypsin (TPCK-

treated, Worthington) in an enzyme/substrate ration of 1:200 on ice

and at 37³C in 20 mM Tris-HCl, pH 8.0. The sizes of the produced

protein fragments were analyzed by SDS-PAGE with molecular

weight markers, MW range 2512^16 949 (Pharmacia).

2.6. NMR searching

NMR was measured at 20³C on a Varian Unity 500 MHz spec-

trometer. NMR samples were prepared with an approximate concen-

tration of 1 mM protein in a bu¡er containing 200 mM NaCl and

1 mM DTT at pH 6.0. The one-dimensional spectrum in Fig. 2 was

recorded with a spectral width of 8000 Hz using 16 time domain

transients and was processed with a shifted Gaussian apodization

function. A two-dimensional NOESY spectrum [20] was recorded in

hypercomplex mode with 8000 Hz sweep widths in both dimensions,

256 complex t1 increments and 128 transients per increment. The

cross-relaxation mixing time was 150 ms. The spectrum was processed

with shifted sine bell apodization functions. A simple spline function

baseline correction of the acquisition domain was applied before proc-

essing of the indirectly detected dimension.

3. Results and discussion

The rpS19 gene from T. thermophilus encodes a polypeptide

chain of 93 amino acids (10 569). The complete nucleotide

sequence has been deposited in the EMBL nucleotide se-

quence database (accession number X84059). The comparison

of the amino acid sequences of rpS19 from E. coli, B. stearo-

thermophilus and T. thermophilus shows 67% identity between

E. coli and T. thermophilus, and 68% identity between T.

thermophilus and B. stearothermophilus. Unlike rpS19 from

E. coli and B. stearothermophilus, in rpS19 from T. thermo-

philus the initial Met is not processed. No signi¢cant varia-

tions can be noted within the main amino acid groups: acidic,

basic, hydrophobic, aromatic. It should be mentioned that the

Cys residue is absent in T. thermophilus rpS19.

The alignment of the rpS19 amino acid sequence from T.

thermophilus with three eubacterial, four plant organelle and

two eukaryotic sequences of homologous proteins (Fig. 1)

shows that eubacterial and plant organelle sequences are

very similar to each other but di¡er from the eukaryotic pro-

tein. There are only two amino acid residues (16 and 54, Tth

numbering) which are almost conserved throughout all the

organisms. The conservation of basic residues close to the

N- and C-termini is characteristic for eubacterial and plant

organelle sequences (3, 7, 18, 21, 28, 29, 36, 37, 70, 78, 88 and

91, Tth numbering). Some of the residues are highly conserved

throughout all the sequences.

There are two highly conserved regions in eubacterial and

plant organelle sequences (33^42 and 66^78, Tth numbering)

with His

68
conserved even in some eukaryotes. This amino

acid residue was shown to be involved in crosslinking of pro-
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Fig. 2. One-dimensional

1
H spectrum of ribosomal protein S19 at 500 MHz. The spectrum is typical of a folded non-aggregated protein. The

sharper resonances around 3.0 and 3.5 ppm are due to the presence of DTT in the sample.
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tein pair S13^S19 in both B. stearothermophilus and E. coli

[9].

The molecular mass of the puri¢ed recombinant protein

determined by SDS-PAGE [19] electrophoresis in denaturing

conditions (10 500) corresponds to that calculated from the

amino acid sequence (10 569). Preparations of the protein pu-

ri¢ed by one-step chromatography on a CM-Sepharose col-

umn at pH 5.2 turned out to be unstable during storage at

4³C.

The analysis of the rpS19 preparation by SDS-PAGE after

a month's storage in the refrigerator showed the presence of

two bands, corresponding to 7500 and 3000. Perhaps the

preparations contained a protease contamination invisible

on PAG [19] electrophoregrams. Mild digestion with trypsin

at 0³C also generated a fragment with molecular mass about

7500. The incubation time for the complete transition from

the intact protein to the 7500 fragment was about 1 h. Tryp-

sinolysis at 37³C produced a fragment of the same molecular

mass but in a shorter time.

The N-terminus of the large stable protein fragment (S19fr)

was determined, and S19fr was overproduced in E. coli. The

high quality of preliminary NMR spectra of puri¢ed S19fr

encouraged us to look for conditions for additional puri¢ca-

tion of the protein. Addition of a chromatographic step at

di¡erent pHs to the puri¢cation procedure made it possible

to avoid protease contamination. Finally, the puri¢ed protein

could be kept at room temperature for more than a week

without degradation. This protein preparation was used for

NMR studies.

NMR spectra of puri¢ed and concentrated S19 (Fig. 2)

showed that concentration and purity of this preparation ap-

peared to be su¤cient for a complete structure determination.

The linewidths and resonance dispersion were characteristic of

a folded protein with an approximate molecular mass of

10 000. The spectrum also suggests a high content of K-helical

secondary structure. The dispersion in the amide proton re-

gion (around 8.4 ppm) was rather narrow and the majority of

these resonances had a chemical shift of less than 9.2 ppm.

Moreover, only three or four resonances were observed in the

chemical shift region of 4.8^5.5 ppm, whereas this region nor-

mally is substantially more crowded with proteins with a high

content of L-sheet secondary structure.

The down¢eld region of the two-dimensional NOESY spec-

trum is shown in Fig. 3. A large number of resolved NOEs

can be observed sustaining the possibility of a future structure

determination. In addition, the large number of NOEs be-

tween amide proton resonances and the fact that many reso-

nances show two equally strong NOE connectivities (e.g. the

resonance at 9.5 ppm) support the conclusion that S19 is a

predominantly helical protein.
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Fig. 3. Down¢eld region of a two-dimensional NOESY spectrum of the ribosomal protein S19.
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