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1. Introduction

The capacity of ribosomal proteins S4, S8, S15
and S20 to bind specifically to 16 S RNA has been
established [1-5]. Although the nucleotide sequen-
ces of the RNA binding sites have been characterized
[5.6], there is no information available on the regions
of the proteins that bind to the RNA, apart from cir-
cumstantial evidence for the involvement of the C-
terminal end of protein S 4 [7—9]. In this work, we
have investigated further the possibie involvement of
the C-termini of the proteins in the RNA interaction
by determining the relative effect of carboxypeptida-
ses on the proteins both unbound and complexed
with RNA. Secondly, the effect of modification of
tryptophan, cysteine, methionine and lysine residues
on the RNA binding properties of the proteins was
determined. It was concluded that the C-terminal
regions of the proteins were much less accessible in
the 16 S RNA complex and that, whereas modifica-
tion of tryptophan and cysteine residues did not im-
pair 16 S RNA binding, modification of methionine
and lysine residues did.
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2. Experimental

2.1 RNA and proteins and protein—RNA complexes

16 S and 23 S RNA’s were prepared [10]. 30 S
subunit proteins were isolated [11] and checked for
purity electrophoretically [12]. Protein concentrations
were determined using the Folin reagent {13]. Pro-
tein—RNA complexes were prepared [14] and the
amount of protein bound to 16 S RNA was deter-
mined electrophoretically [4,14]. Modified proteins
were removed from 16 S RNA with 67% acetic acid
[11]. '
2.2. Carboxypeptidase digestion

Digestions were performed as described [7], except
that stronger enzyme conditions (1: 20, enzyme: sub-
strate ratio) were used.

2.3. Chemical modification

Cystine residues were carboxymethylated by dis-
solving 0.25 umole of S4 and S8 in 1 ml 1 M Tris—
HCI, pH 8.6, 8 M urea. 1 umole of dithicerythreitol
was added and the protein solution was stirred for
4 hr under nitrogen. 100 micromoles iodoacetic acid
were added in three aliquots at 10 min intervals. The
reaction was stopped by dialysis against water.

Tryptophan and cysteine residues were modified
by 2-nitrophenylsulphenyl chloride [15] by adding
a 3-fold excess of reagent in glacial acetic acid (cal-
culated on the basis of the molarity of tryptophan
and cysteine per mole of protein) to S4 and S8
dissolved in 40% acetic acid. After 10 min, ice-cold
acetone: 1 N HCI (39:1) was added to precipitate
the proteins. They were centrifuged, dissolved in 2%
acetic acid, and lyophilised.
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Performic acid oxidation of methionine, trypto-

phan and cysteine residues was accomplished by dissolv-

ing 1 mg of each protein in a minimum volume of
formic acid, cooling to —10°C, and adding 0.5 ml per-
formic acid. The reaction was continued for 2 hr at
—10°C and stopped by adding two volumes of cold
water before lyophilising.

Cysteine and methionine modifications were
checked by amino acid analysis [16]. The tryptophan
modification was checked by Ehrlich reagent staining
of peptide T 26 in paper chromatography [17].

The proteins (107 M) were trinitrophenylated
[18] by treatment with trinitrobenzenesulphonate
(3 X 1073 M) in 0.3 ml 0.03 M dimethy] glutaric acid
buffer, pH 7.2, 0.2 M NaCl, 10 mM MgCl, at 23°C.
They were separated on a Sephadex G25 column (0.5
X 30 cm) that had been equilibrated with water. The
modified proteins exhibited characteristic spectra
[18]. A molar extinction coefficient of 2.8 X 10~*
M~! was taken for N%trinitrophenylalanine and
NE.trinitrophenyllysine [18]. The average number of
lysines modified was estimated spectroscopically at
340 nm.

The relative protection of lysine residues by 16 S
RNA was determined by modifying the proteins, and
the portein: RNA complexes (both components 10
M), as described above, in TMK buffer (0.03 M Tris—
HCl, pH 7.4, 0.02 M MgCl,, 0.35 M KCl, and 6 mM
2-mercaptoethanol) at 37°C. The reaction was follow-
ed at 380 nm to prevent interference from RNA
absorbance. No differences occurred in the degree of
modification of the free proteins under the different
buffer and temperature conditions.

3. Results

The amino acids released from the free protein
and the protein—RNA complex are given in table 1.
The C-terminal regions were much less accessible
in the RNA complex than in the free proteins. None
of the digested proteins bound to 16 S RNA. Partial
precipitation of S8 occurred during the digestion and
this probably accounts for the reproducible digestion
of only about half of the S8 molecules (table 1).

The RNA binding properties of the proteins after
complete modification of tryptophan, cysteine and
methionine residues are surnmarised in table 2.
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Table 1
Amino acids released by carboxypeptidase treatment of the
proteins both free and complexed with 16 S RNA

Number of moles of amino acids
released per mole of protein

Protein  Amino acids Protein alone Protein—-16 S
released RNA complex
S4 lysine 1.0 0.25
serine 1.0 0.3
tyrosine 0.8 0.25
leucine 1.3 0.25
glutamic acid 0.5 < 0.1
valine 0.5 < 0.1
isoleucine 0.5 < 0.1
S8 tyrosine 0.40 <0.1
leucine 0.20 < 0.1
isoleucine 0.60 < 0.1
valine 0.40 <0.1
alanine 0.45 < 0.1
S15 arginine 4.0 1.0
glycine 1.3 < 0.1
alanine 1.3 < 0.1
valine 1.3 <0.1
* threonine 1.0 < 0.1
S20 alanine 9.0 0.45
lysine 7.0 0.7
* threonine 5.0 0.4
isoleucine 3.75 0.2
leucine 3.0 0.3
arginine 3.0 0.2
histidine 2.0 < 0.1
aspartic acid 1.0 < 0.1
glycine 1.0 0.2
valine 1.0 < 0.1
methionine 0.5 < 0.1

The number of moles of each amino acid released per mole
of protein is given. Each experiment was performed in dupli-
cate and the results were averaged. For protein S4 and S8
the order of amino acids given corresponds to the protein
sequence ({17,19], H. STADLER, unpublished work). For
S 4, the next amino acid in the sequence is leucine and this
is probably also partly removed; this would account for the
high molar yield of leucine. For S 15 and S 20 the C-terminal
sequences are unknown and the amino acids are listed in or-
der of the highest number of moles released.

* Indicates that this could also be asparagine.

Modification of the tryptophan residue in S4 [19,20]
and the single cysteine residues in S4 and S8 [19—-21]
did not diminish RNA binding, whereas additional



Volume 44, number 3

FEBS LETTERS

August 1974

Table 2
A summary of RNA binding results after chemical modification of tryptophan, cysteine, methionine and
lysine residues

Protein Trypto- Cysteine Binding Methio- Binding Lysine Lysines 16 S RNA Lysines
phan re- residues after nine re- after re- modified binding (+ 15%) modified
sidues per trypto- sidues performic sidues in free =~ ~—~—————— in RNA
per pro- protein phan and per acid per protein  Specific Non- complex
tein cysteine protein treatment protein (after specific  (after
[19-20] [19-21] treatment [16] [16] 6 hr) 6 hr)

S4 1 1 100 (+ 15)% 3 <10% 20 S 100% 35% 0.5

S8 0 1 100 (= 15)% 4 <10% 13 0.5 100% 30% 0.18

S15 0 0 2 <15% 10 1 100% 35% 0.2

$20: 0 0 4 <15% 17 100% 40% 0.3

Protein—RNA binding was determined electrophoretically {4] in the presence of the excess protein that was neces-

sary to achieve saturation of binding [14].

modification of methionine residues resulted in non-
binding.

The large trinitrobenzenesulphonate reagent was
selected for lysine modification, first, to react mainly
with those lysines that were accessible for RNA bind-
ing, after it was shown that reductive methylation

2.0

Absorbance at 340nm
Average number of amino groups modified

Time (hours)

Fig. 1. The time course of trinitrophenylation of ribosomal
proteins S4, S8, S15 and S20 in 0.03 M dimethylglutaric
acid buffer, pH 7.2, 0.2 M NaCl and 10 mM MgCl,.

resulted in modification of each of the lysine residues
in the free protein [20,23] and, secondly, because
the reagent only reacts with those lysine residues
with the lowest pK values, which have been shown

to be important in ribonuclease—RNA interactions
[22]. The time courses of the reactions were followed
for 68 hr, after which there was a marked falling off
in the reaction rate (fig. 1). After 6 hr modification
each of the proteins bound strongly to the 16 S RNA,
but there was additional non-specific 23 S RNA
binding (table 2).

The relative degree of modification of the lysine
residues in the free protein and in the complex was
determined. The results (table 2) indicate that for
each protein a significantly lower level of modifica-
tion occurred in the complex after 6 hr. In a control
experiment, a non-RNA binding protein, S19, was
modified to the same extent in the presence and
absence of 16 S RNA.

4. Discussion

Further evidence was found for the involvement
of the C-termini of each of the proteins in 16 S RNA
binding in that they were all much more resistant to
carboxypeptidase digestion in the complex than in the
free state. These results supplemented the earlier find-
ing that S4 proteins isolated from E. coli mutants,
which were altered in their C-terminal amino acid se-
quences [7], bound less strongly to 16 S RNA than
the wild type S4 [8,9].
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The modification of the tryptophan residue of S4
and the cysteine residues of S4 and S8 did not af-
fect RNA binding and these residues are therefore
unlikely to be involved in binding. Non-binding after
additional modification of methionine residues may
indicate involvement of the latter in RNA binding.
However, it is difficult to eliminate the possibility
that an irreversible conformational change in the pro-
tein has occurred. This is the subject of further con-
formational studies.

The results for the lysine modification indicate
that a very small number of lysine residues in the
protein—RNA complex are important for 16 S RNA

binding. First, because they are almost completely in-

accessible in the protein—RNA complex and, second-
ly, because their modification results in a high level
of additional non-specific binding (table 2). A similar
conclusion has been reached for S4, on the basis of
other modification experiments; evidence was found
for the involvement of three lysine residues [23].
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