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1. Introduction 

Chemical modification with bifunctional protein 
reagents, as well as limited digestion with nucleases, 
yielding specific ribonucleoprotein complexes, have 
been important tools to elucidate the neighbour rela- 
tions in ribosomes. Based on these methods, recently 
a tentative three-dimensional arrangement of the pro- 
teins in the 30s subunit has been presented [ 11. How- 
ever, the nature of the interactions between these 
proteins and between a particular protein and its 
rRNA binding site(s) is still obscure. 

We have focussed on the neighbour interactions of 
the rRNA binding protein S4. This protein is perhaps 
the best studied 30s protein for the following reasons: 
i) S4 protein plays an essential role in Nomura’s 
assembly map [2] ; ii) the primary structure of S4 pro- 
tein has been elucidated recently [3] ; iii) many mu- 
tant S4 proteins are known having shorter or longer 
polypeptide chains and altered 16s rRNA binding 
properties [4-61; iv) the binding sites on 16s rRNA of 
S4 protein have been isolated and partially charac- 
terized [7-91. 

* Present address: Institut de Biologie Molkculaire et Cellu- 
laire du CNRS, 15, rue Descartes, 67000 Strasbourg, France. 

In order to determine whether specific lysine resi- 
dues of S4 protein are involved in interactions with 
16 S rRNA and neighbouring proteins, the protein was 
reductively methylated in three different states: ‘free’ 
in solution, complexed to 16s rRNA and in situ, i.e. in 
the intact 30s subunit. As a result, the lysine residues 
involved in these interactions could be tentatively 
identified 

2. Experimental procedure 

30s ribosomes from Escherichia coli MRB 600 
were prepared as described [lo] . S4 protein was 
separated chromatographically from a mixture of 30s 
proteins according to Hardy et al. [ 111, and, if 
necessary, further purified by the procedure of Hinden- 
nach et al. [ 121. 16s rRNA was prepared from 30s 
subunits by phenol extraction. The protein S4-16s 
rRNA complex was prepared as described by Traub 
et al. [ 131. A slight modification of the described 
procedure for reductive methylation, using 
H’ 4 CHO [ 141 was applied: in order to avoid precipi- 
tation of ‘free’ S4 protein during modification, it was 
found to be necessary to add first the borohydride so- 
lution and subsequently the formaldehyde solution 
(cf. also ref. [ 151). (This precipitation is very probably 
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related to the lowering of the isoelectric point of S4 
protein, due to the formation of N-hydroxymethyla- 
mino groups, to a value near the pH of the reaction 
buffer.) Solutions of protein S4 alone, protein 
S4-16s rRNA complex and 30s ribosomes, each in a 
concentration of 2 mg/ml, were dialyzed into 10 mM 
sodium tetraborate and 10 mM magnesium acetate (pH 
9.0). To these solutions, 0.1 vol. of 1% NaBI& in the 
same buffer was added at 0°C followed by adding 
dropwise, during 30 min, 0.167 vol of 1% HCHO 
(treated as described [ 141) in the same buffer. In case 
of foaming, octan-l-01(2-5 N/ml reaction mixture) 
was added. After 30 min stirring at 0°C the solu- 
tions were dialyzed overnight against the same buffer. 
The solution, containing free modified S4 protein, was 
subsequently dialyzed against 0.1% HCOOH and 
lyophilized. Both the methylated protein S4-16s 
rRNA complex and 30s ribosomes were isolated by 
centrifugation and extracted with acetic acid [ 111. 

The latter protein preparation was subsequently 
chromatographed on phosphocellulose [ Ill. (Reduc- 
tive methylation of the proteins did not influence 
their chromatographic behaviour.) After tryptic diges- 
tion of the modified S4 proteins, autoradiography of 
the peptide maps was performed to locate the junction 
peptides [ 141. Identification of the radioactive and 
non-radioactive peptides was based on amino acid 
analysis after acid hydrolysis, and comparison with the 
known sequence [3]. 

3. Results and discussion 

Reductive methylation of lysine residues renders 
the peptide bonds involving their carboxyl groups 
resistant to trypsin. With exception of proteins 
having a carboxyterminal lysine, peptides which are 

METHYLATION PATTERNS OF 54 PROTEIN 

PEPTIDE TZl T19 T18 T17 T4 T3 T16 T5 T25 T30 T7 T13 T13g T22 Tll T23 T24 T8 

KflK lzl q q 1211 p!JzJpJ Inlm 1761 

FREE ?a mm m mm mm m 
COMPLEX aa m m m e2am mm m 
IN SITU f-J 00 0 mu 00 0 

T29 TlO T12 T& T28 T6 Tl T13 T14 T40 720 T15 T2 T26 19 T31 T32 

•l lllpl 11451114711148) (1531 pijiq fiqq pzJ 

m m mmm m D_ m 
m 0 mom m -mm 
0 0 00~ m maxI 0 

m RESIDUE FULLY METHYLATED 

m RESIDUE PARTIALLY METHYLATED 

0 RESIDUE NOT METHYLATED 

Fig. 1. On reductive methylation the N-terminus of the protein, and the e-amino groups of its lysine residues can be mono or 
dimethylated. The reactivity was calculated from the incorporated radioactivity as the number of methyl groups per residue 
recovered, according to the second method of ref. [14], except that the numbers were averages over lysine, e-N-monomethyl- 
lysine and e-Wdimethyl-lysine, since here no separate estimations of e-N-monomethyl-lysine and e-Wdimethyl-lysine were 
made. A fully methylated residue contained 0.9-2.0 methyl groups; a partially methylated residue contained 0.4-0.9 methyl 
groups. A residue, containing less than 0.4 methyl groups was considered not to be methylated. 
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found after this modification, have a carboxyterminus 
which is either unmodified lysine or arginine [ 141, 
apart from the peptide derived from the carboxytermi- 
nus of the protein. Lysines involved in salt-bridges or 
hydrogen bonds are supposed not to be accessible to 
reductive methylation [ 141. 

From an analysis of the different tryptic peptides 
originating from S4 protein methylated in isolation, 
bound to 16s rRNA and in situ, it was possible to 
compare the reactivity of each of the different lysine 
residues in the three cases, see fig. 1; The results al- 
low some interesting conclusions to be drawn. In the 
‘free’ state all lysine residues of S4 protein are sub- 
jected to modification; this observation suggests that 
the association of S4 protein in solution [ 161 does not 
involve amino groups except, perhaps, those of Ala- 1, 
Lys-7 and Lys-9. As a consequence of complex forma- 
tion between S4 protein and 16s rRNA, two lysine 
residues (Lys-119 and Lysa147) have lost their reactivi- 
ty towards reductive methylation, while one other 
residue (Lys-30) becomes only partially methylated. 
The most simple interpretation is that Lys- 119 and 
Lys 147, and possibly also Lys-30, are part of 16s 
rRNA binding sites. A more complex interpretation 
is that conformational changes of the protein upon its 
association with 16s rRNA could render protein 
sites not directly related to rRNA binding, inaccessible 
to modification. 

Multiple rRNA binding sites for S4 protein have 
been inferred from ribonuclease digestion studies 
of S4 protein-16s rRNA complexes [7-91. The 
ribonuclease resistant parts are rather large and it 
has been proposed that they encompass non-contiguous 
nucleotide sequences brought together into the do- 
main of the protein by the mode of folding of the 
different loops in the rRNA. In the absence of infor- 
mation on the three-dimensional structure of the 

rRNA chain around S4 protein, it may be necessary to 
try to prepare smaller binding fragments before the 
relative contribution of single- or double-stranded 
rRNA regions to the actual binding sites to S4 protein 
can be determined Here we confine ourselves to the 
remark that no obvious homologies in the amino acid 
sequence on either side of the two lysine residues in- 
volved in the 16s rRNA binding are detectable (fig. 2). 

When present in the 30s particle, only three lysine 
residues of S4 protein can be partially or fully 
methylated (Lys- 148, Lys- 180 and Lys- 153). 
Interestingly, these residues are found in the carboxy- 
terminal part of the polypeptide chain, suggesting 
that this part of the molecule is relatively accessible 
to modification. (Significantly labeled, but less than 
0.4 methyl groups per lysine residue, is Lys- 182.) The 
small dimensions of the modifying agents, HCHO and 
Bl-&, argue against a burial of S4 protein within the 
ribosome structure. Since there are no indications for 
major conformational changes of proteins upon re- 
ductive methylation [ 151, we infer that Lys-21, 
Lys-32, Lys-44, Lys-57, Lys-59, Lys-76, Lys-82, 
Lys-145, Lys-164, Lys-174, Lys-182 and Lys-203 may 
play a role in interactions of S4 protein with its neigh- 
bour proteins or with additional parts of 16s rRNA, 
once the 30s proteins are grouped around S4 protein. 
Finally, the protective action of especially the 
surrounding proteins on S4 protein is opposite to the 
situation of the 50s proteins L7 and L12, where in 
situ the reactivity of the lysine residues is larger than 
in isolation [ 141. 
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Fig. 2. Amino acid sequences around the propose&rRNA binding sites. 
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