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The 30s ribosomal proteins from Mycobacteriurw bovis BCG were separated by reverse phase-high performance liquid chromatography (RP- 
HPLC). The isolated protems were analyzed by SDS-PAGE, blotted on PVDF-membranes and subjected to sequence analyses using a gas-phase 
sequencer to correlate them to those of the well studred Escher&a coli and Bucillus steurothernlophilus ribosomes. Moreover. the internal amino 
acid sequence of one ribosomal protem, MboS19, whtch IS homologous to E. colr rtbosomal protein Sl9 (EcoS.19) and B. strurotlzermophrlus 

ribosomal protein S19 (BstSl9). was further analyzed by sequencing Its internal peptides and two segments from the N- and C-termini of the protein 
were selected to deduce the sequence of two ohgonucleotrde primers whtch were used m a polymerase chain reaction. Usmg the amplified DNA 
fragment thus obtained as a hybridization probe. the gene encoding protein S19 was identified and cloned. Sequence analysis of the DNA fragment, 
together with peptide sequence analysis could determine the complete ammo acid sequence of MboS19. This sequence proved to be 64% and 71% 
identical to those of the corresponding S19 proteins from the eubacteria E &I, and B. stearothern~ophrkts, respectively: 33% of the restdues of 

MboS19 were identical to those m the archaebacteral ribosomal protein HmaS19 

Mycobacterww bows BCG; Ribosomal protein; Ammo actd sequence 

1. INTRODUCTION 

Biological and immunological studies on proteins 
from Mycobacterium bovis BCG (BCG) which provoke 
humoral and cellular immune responses have been stim- 
ulated by the fact that a considerable number of people, 
particularly in the developing countries continue to suf- 
fer from tuberculosis and that patients infected with a 
human immunodeficiency virus are readily infected 
with mycobacteria. In addition, it is hoped that these 
studies may lead to the development of an improved 
BCG vaccine to replace the one that has been widely 
used since 1948 and which gives a low incidence of 
serious complications. 

Thus, a large number of M. bovis BCG proteins, 
including heat shock proteins [1,2] and secretory pro- 
teins [3-51, have been identified and investigated by bio- 
chemical and immunological methods. In addition to 
these proteins also ribosomal preparation from BCG 
has been shown to elicit the delayed hypersensitivity 
reaction in guinea pig immunized with ribosomal pro- 
teins [6-91. The immunological importance of a ribo- 
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Abbreviations. MboS19, Mycobacterrum bovis BCG ribosomal protein 
S19; EcoSl9, Escherichia coli ribosomal protein S19: BstS19; Bacillus 
stearothernlophilus ribosomal protein S19; RP-HPLC; reverse phase- 
high performance hquid chromatography; TFA, trifluoroacetic acid; 
PVDF. polyvmylidendtfluoride. 

somal preparation from mycobacteria is also shown by 
the fact that guinea pigs and mice immunized with a 
ribosomal preparation from Mycobacterium tuberculo- 
sis H,,Ra were protected from infection by pathogenic 
M. tztberculosis H,,Rv [lo]. The fact that a ribosomal 
preparation (ribosomal vaccine) is protective is ac- 
cepted as a general principal for most microorganisms 

[l 11. 
Furthermore, since mycobacteria grow slowly with 

generation times varying from several hours to more 
than ten days, the study on the structure and function 
of their ribosomes could be important for a better un- 
derstanding of the mechanism responsible for slow 
growth. 

Mycobacterial ribosomes possess unique and inter- 
esting properties: they were found to be unable to trans- 
late f2RNA in a cell-free system [12] and this feature 
was thought to be due not only to a possible incompat- 
ibility of Sl protein but also perhaps to more general 
differences in the structure of the ribosome. 

To gain a better insight into the regulation of myco- 
bacterial translation, the isolation and characterization 
of ribosomal components are essential requirements. 
Furthermore, when the mycobacteria rRNA gene or- 
ganization [13] and sequence [ 141 were investigated, it 
was found that they had unusual features. Thus, al- 
though the nucleotide sequence of M. bovis BCG rRNA 
is 75% homologous to that of E. coli, the overall number 
(two) and organization of the rRNA genes resembles 
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Ftg. 1. Two-dimensional gel electrophoretograms of 30s ribosomal 

proteins from M hovzs BCG 

those of archaebacteria. such as Halobacterium halo- 
bium [ 151, Thermus thermophilus [16], and Mycoplusma 
cupricolum [ 171. In addition, at least two transcriptional 
initiation sites were observed in rRNA operon of BCG; 
the one was recognized by E. coli RNA polymerase in 
a cell-free system, whereas the other was not [??I. 

In contrast to information on BCG-rRNA, few stud- 
ies on its ribosomal proteins have thus far been carried 
out. To extend this study, we have started to elucidate 
the primary structures of the 30s ribosomal proteins of 
A4 bovis BCG. We plan to accomplish this task in a 
short period of time using a limited amount of ribo- 
somes by a combination of protein and DNA sequence 
methods. As an initial step of this study. we tried to 
isolate ribosomal proteins by RP-HPLC and then ana- 
lyze their N-terminal amino acid sequences by a gas- 
phase sequencer. In this paper, we present the isolation 
of 30s ribosomal proteins from M. bovis BCG and cor- 
relate these to those of the well studied E. coli and B. 
stearothermophihts. Furthermore, we have determined 
the complete amino acid sequence of a A4. boris BCG 
ribosomal protein, which is homologous to E. coli S19. 
by the protein and DNA sequencing methods. 

2. MATERIALS AND METHODS 

2.1 iWaterrcr1.s 
The preparation of rtbosomes from BCG and the zonal separatton 

of ribosomal subunits have been described previously [23]. The ribo- 
somal proteins were extracted from the 30s subunits with 66% acetic 
acid in the presence of 0.1 M MgClz as descrtbed m [24]. dtalyzed 
against 5% acetic acid. and then lyophihzed. 

2.2. Separation of‘protems 

The proteins thus extracted were separated by RP-HPLC wtth a 
Hitachi L-6000 HPLC system. The protein mixture (2 mg of 30s total 
protein) was injected mto a C, column (particle diameter, 5 pm: pore 
size 300 A. column size. 4.6 x 250 mm; Yamamura Chemical Lab.) 
equilibrated with aqueous 0 1% TFA and chromatographed using a 
linear gradient of acetomtrtle from 24 to 56% m 0.1% TFA over 90 
min at flow rate of0.6 ml/mm. The eluate was momtored by measuring 
the absorbance at 220 nm. Proteins were manually collected and ana- 
lyzed by SDS-PAGE as described below. 

2.3. Elec trophoresu and electrohlottmg 
Two-dtmenstonal electrophorests of 30s ribosomal proteins was 

done as described in [25] Proteins were analyzed by SDS-PAGE using 
17.5% acrylamide gel [26] and then electrophoretically transferred to 
PVDF-membrane (Trans-Blot Transfer Medmm. Bio-Rad) for 2 h at 
180 mA on the ice. After transfer. the membrane was stained with 1% 
Ponceau S (Sigma Chemical Co.) in 1% acetic acid for one minute and 
destained in 1% acetic acid. 

2.4 Protem seyurnce nnul~sis 

The protem MboS19 was digested with Staphylococcus aweus V8 
protease (ICN ImmunoBiologicals) in 0.7 M N-methylmorpholine 
acetate buffer, pH 8 I. at 37°C for 18 h using an enzyme/protem 
wetght ratio of 1.30. The mixture of peptides was separated by RP- 
HPLC on a column YMC GEL C, 300 A, as described above for the 
separatton of rtbosomal proteins, except that the chromatography was 
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SDS-PAGE 

Fig. 2. Separation of 30s ribosomal proteins from M bovis BCG on 
a YMC-GEL C4 column (4 6 x 250 mm. 120 A) and SDS-PAGE of 
indivtdual fracttons. (A) Separation of 30s total proteins dtssolved in 
30% acettc acid was done on a column equilibrated with 24% acetoni- 
true in 0.1% TFA, and eluted by a lmear gradient of acetonitrile 
concentration from 24 to 56% at 0.6 ml/mm at room temperature. (B) 
SDS-PAGE was done according to the method of Laemmh usmg a 
17.5% acrylamide gel. Lane M indicates protein markers: bovme 
serum albumin (67 kDa). ovalbumm (45 kDa), carbonic anhydrase (45 

kDa). myoglobin (I9 kDa). and lysozyme (I4 kDa). 
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done with a linear gradtent of acetronile from 0 to 42% over 30 min. 
The amino acid was sequenced by a gas-phase sequencer PSQ- 
l(Shimazu). The reagents used for sequencing the protein were pur- 
chased from Wako Pure Chemicals. 

2.5. Clomng and DNA sequence analysis 
Procedures for the isolation and preparation of DNA from cultured 

BCG cells have been described prevtously [13]. On the basis of the 
amino acid sequences of the protein MboS19, the two mixed oligonu- 
cleottde primers with opposing orientations were synthesized by the 
sohd-phase phosphoamidite method. The forward (5’- 
GGNCCNTTYGTNGAYGAR-C-3’. where N = A,C,G, or T. Y = C 
or T and R = A or G) and the reverse (5’-CKNGTN-GGNGCRAA- 
YTCNCC-3’. where K = G or T) primers were made for the se- 
quences, GPFVDEH and GEFAPTR. respectively. The polymerase 
chain reaction (PCR) with Tth polymerase (Toyobo Co., LTD., 
Osaka, Japan) was done as recommended by the manufacturer. 1 ng 
of bacterial DNA was subjected to PCR in a total volume of 100 ~1. 

with 2 U of Tth polymerase, 10 mM Tris-HCl (pH 8 9). 80 mM KCI, 
1.5 mM MgCl,, 0.05% (wt/vol) BSA, 0.1% Triton X-100,0.1% sodium 
cholate, 50 pmol of each of the two primers, 1 mM each of deoxynu- 
cleotide triphosphates. The 100 ~1 mixture was covered by 100 ~1 of 
light mineral oil. The reaction was performed in an automated thermal 
Sequencer (Iwaki GlAss Co., LTD.. Tokyo, Japan). The samples were 
first denatured by heating at 94°C for 3 min and then incubated for 
35 cycles at 94°C for 1 mm, 50°C for 2 min, and 72°C for 2 min. The 

samples were finally incubated for 5 min at 72°C. The amplified 
product was analyzed by electrophorests on ethidmm bromtde-con- 
tammg 2% agarose gels, and the DNA was visualized by transtllumi- 
nation The amplified product was blunted with T4 DNA polymerase 
and introduced into the SmaI site of the pUC18 plasmid. The nucleo- 
tide sequences of the DNA were determined by the dtdeoxy chain 
termination method [27]. 

Southern hybridization and labeling of the probe using the ECL 
direct nucleic acid labelling system (Amersham Japan Co.. Ltd.) was 
done as described in the manufacturer’s mstructions. 

Cloning of the 8-kb BamHI fragments was done as follows. M. bows 
BCG chromosomal DNA was digested with BamHI and size-fraction- 
ated on 0.8% agarose. The DNA fragment of 8-kb in length, which 
gave a clear hybrtdized band with the probe, was cloned into the 
BamHI site of pUC18. The ligated product was used to transformed 
E. coli JM109. The clones were screened by the colony hybridizatton 
as follows. The filters were prehybridized for 6 h m a solution of 
5 x SSC (1 x SSC is 0.15 M NaCI, 0.015 M Na-citrate), 5 x Denhard’s 
solutton. 0.1% SDS, and 125 pm/ml calf thymus DNA at 65’C. The 
hybridization was done at 58°C for 18 h in the same solution to which 
was added the nick-translated DNA. Possible posstttve clones were 
amplified and again analyzed by Southern hybridization m the same 

way as described above. 

3. RESULTS 

3.1. Separation of 30s ribosomal proteins 
Extraction of proteins from the 30s ribosomal sub- 

units with acetic acid resulted in 18 protein spots on the 
two-dimensional electrophoretogram (Fig. 1). In order 
to determine the N-terminal amino acid sequence and 
correlate these proteins with those of the well studied 
eubacterial ribosomes. the proteins were separated by 
RP-HPLC and their N-terminal sequences were ana- 
lyzed. The protein mixture extracted with acetic acid 
was applied to an RP-HPLC column YMC- GEL C, 
300 A (2.6 x 250 mm) equilibrated with 24% acetonitrile 
in 0.1% aqueous TFA, and then the proteins were eluted 
with a linear gradient from 24 to 56% acetonitrile con- 

centration. Fig. 2 illustrates a typical separation of ribo- 
somal proteins isolated from 30s ribosomal subunits 
prepared from A4. bovis BCG. Approximately 24 peaks 
can be reproducibly detected in this chromatography. 
The analysis, by SDS-PAGE (Fig. 2), of the proteins 
present in the peaks indicates that in some cases, such 
as peak fractions 1, 2, 4, 5, 6, 23, and 24, the peaks 
appear to contain a single protein, while other peak 
fractions include several proteins. The proteins sepa- 
rated by SDS-PAGE were electrophoretically blotted 
onto a PVDF- membrane and subjected to sequence 
analysis with the aid of a gas- phase sequencer. Table 
I shows the N-terminal sequences of thirteen 30s ribo- 
somal proteins and their homologues from E. coli and 
B. stearothermophilus searched by the computer pro- 
gram BLAST [28]. This analysis allowed us to correlate 
ten BCG ribosomal proteins with their corresponding 
eubacterial proteins. The identical amino acid residues 
among the homologous proteins is between 27 and 
lOO%, although only four amino acid could be com- 
pared in the case of the protein in peak no. 4. These ten 
ribosomal proteins from BCG were designated accord- 
ing to their amino acid sequence homology to the corre- 
sponding E. coli proteins. The proteins homologous to 
E. coli S14 (EcoS14) and S12 (EcoS12) were referred to 
as MboS14 and MboS12, respectively. Although the 
N-terminal analysis of the proteins eluted in peak frac- 
tions, 5, 7, and 24 gave unambiguously 15 amino acid 
residues, their homologous proteins in the eubacterial 
ribosomes were not identified, suggesting that the pri- 
mary structures of these proteins evolved in a highly 
divergent manner. Sequence analysis of proteins eluted 
at the other peaks gave no PTH amino acids, but no 
further attempt was made to obtain their sequences. 

1 AKXSK I VKNQRRAXT 

2 PT I QQLVRKCRRDK I 
4 ANIKSQQKRNRTNER 

5. PAKNVPANSHRKAKH 

t1 PRSLKKCPFVDEHLL 

7 AEAKTCAKAAPRVA 

IO. AVKIKLTRLGKIRNP 

13 ALTAEQIIEILASYG 

17 ARYT 

18. TMTDPIAAF 

19. MRPYEIMVVDAP 

23 AVYTMKQLKDSGTHF 

'4 TEYEGPKTKFHALMQ 

s14 27 40 

Sl2 53 73 

90 53 60 

s19 87 eu 

Sib 40 53 

s15 27 40 

S4 75 100 

ss 56 56 

4 50 56 

s2 33 60 
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Fig. 3. Separation of peptides derived from S UUWU.~ V8 protease 
digestion of M bov~s ribosomal protem S19. Separation was done on 
a YMC-GEL C, column (4.6 x 250 mm, 300 A), and the peptides were 
eluted by a linear gradient of acetonitrlle concentration from 0 to 42% 

in 0 1% TFA at a flow rate of 0.6 ml/min. 

3.2. Amino ucid sequence of protein MboSl9 
To obtain internal amino acid sequence information. 

MboS19 was digested with S. cIllreu.s V8 protease and 
the resulting peptides were separated by RP-HPLC 
(Fig. 3). This chromatography yielded eleven peaks, 

IO 

which were directly sequenced by a gas-phase se- 
quencer. The sequence results of peptides E3 and ElO, 
together with the N-terminal sequence analysis of the 
protein allowed us to extend the amino acid sequence 
from the N-terminus to residue Ile3”. Amino acid se- 
quence analysis of peptide E7 provided the overlap of 
peptide E4 and E5. and localized it at the C-terminal 
region of the protein based on its sequence homology 
to those of EcoSl9 and BstS19. In this peptide analysis, 
we could not obtain sequence information on the middle 
region and C-terminus of MboS19. Then, we selected 
two segments. G-P-F-V-D-E-H and G-E-F-A-P-T-R. 
for synthesizing two mixed oligonucleotide primers. 

3.3. Cloning und nucleotide sequence of the MboSI9 
gene 

The amplification reaction was carried out as de- 
scribed in section 2. using two primers based on the 
amino acid sequences described above, and the ampli- 
fied gene was detected by agarose gel electrophoresis. In 
this experiment, the 200 bp fragment was specifically 
produced. and the fragment was treated with T4 DNA 
polymerase to make a blunt end. The amplified gene 
thus treated was then introduced into the &naI site of 
the pUCl8 plasmid and verified by DNA sequencing. 
DNA sequence analysis by the chain termination 
method revealed that the clone has an insert of 203 bp 
with part of the coding sequence of MboSl9, beginning 
with GGCCG for Pro at position 6 and ending with 
GCT for Ala al position 74 of the protein (Fig. 4). 
Furthermore, the amino acid sequence deduced from 
the nucleotide sequence in the PCR product could align 
the S. uweus V8 protease peptides, as shown in Fig. 4. 
In this analysis, however, the C-terminus of the protein 
was not assigned unambiguously. 

In order to clone a larger fragment containing the 
entire MboS19 gene, as well as other ribosomal protein 
genes, M. hovis BCG genomic DNA was digested with 

Y Q) 

70 M( 

va17hrcl~val~;l~l~l~l~~~~lffllslId~~ 

KR GltXXAATaXKXB~~ 

R 

I 
k7 

I?5 tl/l 

Fig. 4. The amino acid sequence of rlbosomal protein S19 from M bows BCG. The sequence was deduced by protein sequence analyses of the 
N-terminal amino acids and S aureus V8 protease peptldes shown by solid lines, and also by sequencmg the nucleotides of the amplified DNA 

fragment indicated by PCR. The dotted lines mdlcate the ammo acid sequences used for the design of ohgonucleotide primers. 
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ATG CCA 0.X AGC CTG AAG AAG GGG CCG TTl- 

M P R S L K X G PF 

60 

GTC GAC GAG CAT CTG CTC AAG AAG GTC GAT 

" D E H L t K K " D 

90 

GTC CAG AAC GAG AAG AAC ACC AAG CAG GTC 

V Q N E X N T K Q V 

120 

ATC AAG ACC TGG TCG CGT CGG TCG ACC AX 

IXTWSRRSTI 

150 

AT-I CCG GAC TTC ATC GGC CAT ACC 'PI-I GCG 

I P D F I G H T F A 

180 

GTG CAC GAC GGC CGC AAG CAC GTC: CCC GTG 

" H D G R K H V P" 

210 

'I-NJ GW ACC GAA TCG Al-G GTG GGC CAC AAA 

F" T E S M" G H K 

240 

CTT GGT GAG 'J-K GCG CCG RCA CGC AGG TI'C 

L G E F A P T X R F 

270 

AAG GGC CAC Al-I AAA GAC GAC CGA RAG AK 

K G H I K D D R K S 

AAG CGG CGA TGA 

K R R 

Fig. 5 Nucleotide sequence of the ribosomal protem S19 gene from 
A4 bo~is BCG and the derived amino acid sequence. (A) A restriction 
map of the 8-kb BanlHI fragment containing the MboS19 gene. The 
codmg region of the protein is illustrated by the hatched box. (B) The 

nucleotide and amino acid sequences of MboS19. 

various restriction endonucleases and analyzed by 
Southern hybridization using the DNA fragment gener- 
ated from the PCR as a hybridization probe. Since the 
8-kb BanzHI fragments gave a hybridization signal in 

this analysis, a partial genomic library was made by 
ligation of the 8-kb BanlHI fragments of A4. bovis BCG 
chromosomal DNA into the pUC 18 vector. The PCR 
product was nick-translated and colony-hybridized to 
the library of the 8-kb fragments of M. bovis BCG 
genomic DNA under the stringent condition as de- 
scribed above. The positive clone containing the 8-kb 
insert was selected for further study. 

To localize the MboS19 gene on the 8-kb BarnHI 
insert, a restriction map was prepared by probing blots 
of the insert DNA digests. It was found from this anal- 
ysis that the MboS19 gene locates in the middle region 
of the insert, and its nucleotide sequence was deter- 
mined by the dideoxy chain termination method, as 
shown in Fig. 5. It should be noted that the nucleotide 
sequence of the MboS19 structural gene differs in three 
positions from that determined in the PCR product. 
The sequence analysis of the PCR product identified A, 
A, and T in place of C, G, and G. respectively, at 
positions 33, 219, and 225 in the gene. 

The amino acid sequence deduced from the nucleo- 
tide sequence was coincident with those determined by 
amino acid sequencing of the amino-terminal region 
and the peptide fragments obtained by digestion with S. 
uurells V8 protease. The amino acid sequence of 
MboS19 thus deduced was aligned with bacterial ho- 
mologous sequences, EcoS19 (29). BstS19 (30,31), and 
HmaS19 (32) (Fig. 6). Note that the N-terminal 39 
amino acid residues in the protein HmaS19 are not 
included in this comparison. This comparison shows 
that MboS19 can easily be aligned with the two eub- 
acterial S19 proteins with no insertions and deletions, 
and that MboS19 has 64 and 71% identical residues 
with EcoS19 and BstS19, respectively. In contrast, 
MboS19 shares only 33% identical residues with halo- 
philic archaebacterial ribosomal protein HmaS19. 
Thus, proteins MboS19 from Mycobacterim is more 
related to the corresponding protein in the Gram-posi- 
tive B. stearothermophilus than to that in the Gram- 
negative E. coli. 

MboSlY P R S I. K K C P k V D f: H I I_ KkVlIVQNtKNlKQVI u) 
F.ct~lY I’ R S I. K K G f’ b I U Id II I. I_ K k V E K A V t, S (; I) K K P I. w 
BstSlY I; H S 1 K K C P E S I) E H I. M K K I b K I N k T G Q K Q V I 
HmaSlY H H S I V H I; I T E. k K H K I. I E K A R t A (; t k k r A N I) P I 

Mb&l9 
tcos19 
BstSlY 
HmaSlY 

Mtxfil Y 
FcoS1 Y 
lkts1’) t. D M V G H K I. G 1: 
HmaSlY 

Fig. 6. Comparison of the amino acid sequence with those of two eubacterlal ribosomal protems. EcoS19 from E. coli and BstS19 from B 
stearothermophilus, and one archaebacterial ribosomal protein HmaS19 from H nunwmortu~. Identical amino acids in all four Proteins are enclosed 

in boxes. 
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4. DISCUSSION REFERENCES 
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ribosomal proteins of M. hovis BCG using two-dimen- 
sional gel electrophoresis. In the system used. we rou- 
tinely identified 18 protein spots. Hence, the number of 
ribosomal proteins from the M. horis BCG 30s subunits 
was found to be almost the same as those of typical 
eubacteria, such as E. coli and B. stearothernlophihs. 
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