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1. Introduction

Modification of protein amino groups with dimeth-
ylmaleic anhydride (DMM A) causes the specific
release of certain proteins from Fscherichig coli ribo-
somes [1]. This phenomenon results from the forma-
tion of new electrostatic interactions caused by a net
change of 2 charge units that accompanies the modifi-
cation of an amino group [2]. The dissociation from
the ribosomes of a particular protein as a resuit of
DMM A modification will depend on:

(i) The number of amino groups modified in this
protein;

(ii) The location of these groups within the protein,
which will determine the extent of electrostatic
interactions with other charged groups;

(iii} The inieraction of the protein with necighboring
ribosomal components.

The present paper describes how elongation fac-
tor G (EF-G) and the antibiotics viomycin, strepto-
mycin and thiostrepton can affect the extent of disso-
ciation of individual ribosomal proteins from E. ¢oli

ribosomes upon DMMA modification. EF-G is a super-

natani lactor that inteyacts with ribosomes during the
translocation step in protein synthesis [3]. Viemyein,
streptomycin and thiostrepton are antibiotics that
block protein synthesis in prokaryotes [4]. Viomycin
inhibits both initiation and elongation while strepto-
mycin can prevent initiation, elongation and termina-
ticn and can induce misreading. Thiostrepton inter-
feres with ribosome reactions that involve EF-G bind-
ing and hydrolysis of GTP. We have found that EF-G
and thiostrepton cause an overall protective effect
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against dissociation. These ligands lower the release
by DMMA of proteins present at their ribosomal bind-
ing sites, presumably by steric hindrance of certain
reactive amino groups normally available to DMMA.
In contrast, both viomycin and streptomycin appear
to induce changes in ribosome structure and exert
their effects primarily by this mechanism rather than
by a direct blocking of binding sites.

2. Materials and methods

Ribosomes from Escherichia coli MRE 600 were
prepared as in [5]. EF-G, obtained according to |6],
wis a gift from Dr J. Modolell. DMMA was purchased
from Sigma {St Louis).

Ribosomes (7.3 mg in 1 ml) were treated with
DMMA, using a 16 000 molar excess of reagent rela-
tive to ribosomes, as in {1], in the presence and
absence of 150 uM viomycin, 150 uM streptomycin,
15 uM thiostrepton, or 195 ug EF-G/ml. Experiments
with either thiostrepton or EF-G involved incubation
of these components with ribosomes for 10 min at
30°C prior to addition of DMMA. For EF-G, 29 uM
guanyl-5"-yl methylene diphosphonate (Gpp(CH; )p)
was also included in the incubation mixturc. After
modification with DMMA, all preparations were cen-
trifuged at 2°C and 63 000 rev./min for 2hina
Beckman SW6S rotor. To regencrate modified amino
groups, ribosomal ‘core’ particles were suspended in
1 ml of a solution containing 20 mM sodium cacodyl-
ate (adjusted to pH 6.0 with HCL), 20 mM magnesium
acetate, 60 mM NH,Cl and 0.5 mM EDTA, and incu-
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Table 1
Effects of differsnt ligands on the DMMA-induced dissociation of ribosomal proteins from ribosomes

Protein Protein present in the 'core' particles after DMMA-treatment
Spot (For each protein spot the percentage of incorporation shown is relative to

100% incorporation in the corresponding control)

Control in

the absence +ionmein +Streptomycin +Thiostregton +EF~G

of ligand
L1 52 66 60 63 108
L3 85 21 103 8% 106
15 108 71 101 100 102
L& 67 79 89 80 72
L7 75 75 64 110 100
i8 26 38 16 63 53
19 87 93 78 110 101
L10 86 98 g7 112 104
111,85 &2 64 84 94 104
12 73 76 &2 113 99
113 95 97 99 100 82
L16 93 87 98 101 84
L20/52 105 101 106 97 105
L21 104 103 102 99 102
125 78 64 73 101 105
126 87 97 103 104 103
127 103 61 82 85 98
129 88 94 76 97 103
L3z 95 e 82 97 104
133 53 35 25 53 62
g1 7 18 6 14 53
82 20 86 76 110 33
S3 92 68 103 79 82
= 95 74 103 100 1c5
57 86 81 103 92 104
S8 88 g5 104 101 101
59 96 33 90 78 9%
518 107 106 96 101 69
519 99 98 92 100 103

The radioactivity incorporated in each sample (1 mg protein) was ~1 X 107 cpm, and levels for individual proteins were from
5000-175 000 cpm. The values obtained for different preparations were compared with a DMMA-untreated control by assuming
that proteins L2, L4, L15 and $6 were always 100% present in the ribosomal particles. These proteins were never detected in
supernatanis, even when a large amount of protein was used in electrophoresis. Radioactivity values for protein spots were normal-
ized with respect to values for spots L2 plus 1135 (basic proteins) or L4 plus $6 (acidic protuins).
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bated at 40°C for 45 min. Proteins were extracted
{rom ribosomal “core’ particles with 67% (v/v) acetic
acid [7] and the resulting solution dialyzed against
0.5% acetic acid, and finally lyophilized.

Extracted ribosomal ‘core’ proteins were labeled
by reductive methylation with [**C]formaldehyde
[8]. Samples (1 mg prolein) were dissolved in 0.5 ml
6 M urea and 0.1 M sodium borate (pH 9.0) and
treated with 55 1 75 mM [**C]formaldehyde
(20 mCi/mmol) at 0°C. After 4 min, four 20 ul ali-
quots of sodium borohydride (5 mg/ml) were added
at 30 s intervals followed 1 min later by one 100 ul
aliquot. The preparation obtained in this way was
dialyzed against 0.5% acetic acid and lyophilized prior
to electrophoresis. Two-dimensional polyacrylamide
gel electrophoresis was performed as in [9]. Gel slabs
were stained with 0.04% Coomassie brilliant blue in
3.5% perchloric acid. Protein spots were excised from
the gels, dispersed with a spatula, and extracted for
48 h at room temperature with 1.5 ml 70% (v/v)
acetic acid containing 2.25 ug lysozyme. The samples
were absorbed on glass-fiber filters which were then
dried and assayed for radioactivity,

3. Results

The effects of viomyein, streptomycin, thiostrep-
ton and EF-G on the release of certain individual
ribosomal proteins as induced by DMMA are shown
in table 1, After treatment of ribosomes with the
reagent in the presence and absence of each ligand,
the amounts ol individual protcins in the ‘core’ par-
ticles were determined by measuring the radioactivity
incorporated after reductive methylation of the pro-
teins with [*C]formaldehyde [8].

In the absence of ligands, treatment with DMMA
allows dissociation from ribosomes of substantial
amounts of certain proteins including 1.1, L6, L7, L8,
L11/85,1.12, L33 and S1. Viomycin affects the
release of proteins from both the large and the small
subunits. At 150 uM, its presence during DMMA mod-
ification increases the extent of dissociation from
ribosomes of proteins LS, L27, 83 and S4. Strepto-
mycin (150 gM) increases dissociation of proteins L29
and 133, while decreasing that of proteins L6 and
L11/85. Both thiostrepton and EF-G produce an
overall protective effect against dissociation. Of the
total proteins listed in table 1, 10% more remain asso-
ciated with ribosome particles after treatment with
DMMA in the presence of either ligand relative to the
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effect of DMMA alone. More specilically, thiostrep-
ton {15 uM) decreases the extent of dissociation from
ribusomes of proteins L7, L11/S5, L12 and L.25, and
of the protein complex corresponding to spot LS.
EF-G hinders dissociation of proteins L1, 1.7, L11/85,
L12, L.25 and S1, and of the protein complex L8,
while facilitating the release of proteins $2 and S18.

4. Discussion

Binding of a ligand to ribosomes can affect the
DMMA-induced release of proteins in 2 possible ways.
The ligand could sterically interfere with modification
of the amino groups present at its ribosomal binding
site. The resulting decrease in the number of modified
amino groups at this ribosome location might lower
the potential exient of protein dissociation. Alterna-
tively a given ligand may affect protein dissociation
indirectly by inducing a change in ribosome structure.
Such a structural change could increase or decrease
the number of amino groups accessible to DMMA,
and could also affect the interactions of a particular
protein with its adjoining components. Any direct
action of a ligand on a particular ribosomal protein
would be cxpected to protect it against release. In
contrast, any indirect effect, by inducing changes in
ribosome structure, could produce either an increase
or a decrease in the dissociation of a given protein
from ribosomes.

Viomycin affects the dissociation of ribosomal pro-
teins from both 50 S and 30 S subunits, a result con-
sistent with published data indicating that this anti-
biotic binds to each of the two subunits [10]. The
increase in the extent of dissociation is likely to be a
consequence of a change in ribosome structure rather
than a direct blocking of the amino groups present at
the viomycin binding sites.

Streptomycin produces an increase in the extent
of dissociation from ribosomes of some proteins and
a decrease for others, and in all cases 50 S subunit
components are involved. Since streptomycin is
known to bind to 30 § particles [4], the effects on
dissociation observed here presumably result from
changes in the structure of the 50 § particle that are
induced by the binding ol the antibiotic to ity smaller
counterpart, .

Both thiostrepton and EF-G bind to 50 S riboso-
mal subunits, and their receptor sites overlap [11]
since binding of the former ligand prevents binding of
the latter [12]. The effects of thiostrepten and EF-G
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on DMMA-induced protein dissociation are consistent
with these facts. The 2 ligands protect against dissoci-
ation proteins L7, L12, L10 and L11, and some af
these components are needed for EF-G-dependent
GTP-hydrolysis [13].

Determination of the effects produced by binding
ol a ligand (o a complex protein-containing structure
on the DMMA-induced dissociation ol individual ribo-
somal proteins provides an alternative procedure to
study ligand binding sites and induced changes in the
structure of ribosomal particles. Finally, it is also
important to nole that modification of ribosomes by
DMMA, in the presence and absence of ligands, might
provide a most valuable technique for the preparation
of a family of ‘core’ particles with varying protein
composition. This methodology could presumably be
applied to other protein-containing structures such as
chromatin and membranes.
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