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1. Introduction

The assembly of the Escherichia coli ribosome is
based on many specific interactions between the ribo-
somal components. Direct evidence for single protein—
RNA interactions has been well established (reviewed
in ref. [1]). Various observations provide circumstan-
tial support for the existence of protein—protein
complexes in the ribosome. For example, cooperative
protein binding effects have been observed during
30 S subunit reconstitution {2] and in protein assem-
bly to 5 S and 23 S RNA [3,4]. Moreover, many
protein pairs have been cross-linked with relatively
short reagents [5,6], one pair of which was subse-
quently shown to be active in reconstitution experi-
ments [7]. The first direct evidence, however, for
the occurrence of a specific protein—protein inter-
action came from the isolation of a very stable com-
plex between proteins L7/12 and L10 from the 50 S
subunit [8].

Conventional purification procedures for ribo-
somal proteins purposely use strong dissociating con-
ditions [9], which would disrupt any native protein
compieX. Isolation of ribosomal proteins under non-
denaturing conditions, however, has made it possible
to purify several putative ‘native’ protein complexes
from both ribosomal subunits [10]. This paper deals
with two of these potential complexes, namely S13—
S19 and L7/12—L10. They bound specifically to 16 S
and 23 S RNA, respectively, whereas their consti-
tuent proteins showed little (S13 and S19) or no/
(L7/12 and L10) binding to RNA. We consider that
the specific RNA binding properties of these two
protein complexes provide direct evidence that they
are biologically significant complexes.
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2. Materials and methods

Ribosomal proteins from E. coli A19 (RNase I7)
were prepared by a gentle procedure, avoiding the use
of urea, acetic acid, lyophilization and other strong
denaturing conditions [10,11]. The putative complex
S13—S19 was purified, after LiCl-extraction, by con-
secutive CM—Sephadex and Sephadex G-100 chroma-
tography, whereas the L7/12—L10 complex was
obtained by chromatography on CM—Sephadex,
DEAE—Sephadex and Sephadex G-100. These
methods will be described in detail elsewhere [10].
The identities of the proteins were established by two
different two-dimensional gel electrophoresis systems
[12—14] and by dodecylsulphate slab-gel electropho-
resis [15,16]. The concentrations of the ribosomal
proteins were determined by a nitrogen assay [17],
which gave 20—50% lower values than were obtained
with a fluorescamine assay previously [11]. The
results from this nitrogen assay are in agreement with
those from amino acid analyses and represent abso-
lute protein concentrations. Determination of ribo-
somal protein concentrations according to Lowry et
al. [18] were generally lower than those from the
nitrogen assay. The following molecular weight values
were taken from sequence data (reviewed in ref.
[19]): S13 — 12 900; L7/12 — 12 200; L10 —

17 700; S7 and S19 were taken as 20 000 and 10 000
respectively. Ribosomal RNAs were prepared by a
phenol—dodecylsulphate procedure [20].

Binding assays [21] were performed with either
65 ug 16 S RNA or 85 ug 23 S RNA in 1 ml recon-
stitution buffer (30 mM Tris—HCI, pH 74, 0.35 M
KCl, 20 mM MgCl,, 6 mM 2-mercaptoethanol) to
which the proteins were added in the appropriate
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molar excess. After incubating for 1 h at 42°C the
complex was separated from unbound protein on an
agarose column (Biorad Bio-Gel A-0.5 m) and assayed
for complex formation by two different methods:
(1) The complex was precipitated with 5% (w/v)
trichloracetic acid in the presence of sodium deoxy-
cholate and electrophoresed on 15% polyacrylamide
gels containing sodium dodecylsulphate [15,16].
(2) The complex was precipitated with 1.5 vol
ethanol and electrophoresed on a 2.25% polyacryl-
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amide gel in the presence of 1 mM MgCl, as described
earlier [21].

Gels were stained and scanned as previously
described [11].

3. Results

During the fractionation of the 30 S subunit
proteins, S13 and S19 co-migrated on both CM—
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Fig.1. Two-dimensional gel electrophoresis. A and B: Complex of proteins S13 and $19 run with and without a background of
total 30 S subunit proteins using the system of Kaltschmidt and Wittmann [12].C and D: Complex of proteins L7/12 and L10
run with and without a background of total 50 S subunit proteins using the system of Mets and Bogorad [13,14] which gave

better resolution of L10.
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Sephadex and Sephadex G-100 columns. In the ion-
exchange chromatography, varying amounts of S13
were separated from S19 and subsequently eluted at a
different position. The comigration of the majority of
the S13 with S19 strongly suggested an interaction
between the proteins. Figure 1 A,B shows two-dimen-
sional (2-D) electrophoresis gels of the protein pair
first with a background of total 30 S subunit proteins
to establish their identity and second without marker
proteins to confirm their purity. Proteins L7/12 and
L10, from the 50 S subunit, also were eluted from
CM—Sephadex, DEAE—Sephadex and Sephadex
G-100 columns with a constant protein : protein
molar ratio throughout the elution peak. The position
of the peak on Sephadex G-100 was different from
that of the constituent proteins. These proteins were
also identified and checked for purity by 2-D gel
electrophoresis (fig.1 C,D).

Of these four proteins, two, namely S13 and S19,
have recently been shown individually to bind weakly
to 16 S RNA [11] while the other two, L7/12 and
L10, showed no binding to 23 S RNA {11,21]. We
tested the RNA binding capacities of the putative
complex S13—S19 and the complex L7/12-L10
under standard ribosomal subunit reconstitution con-
ditions, reasoning that if specific binding occurred
between the protein pairs and the RNA, then this was
an excellent criterion for the specificity of the
protein—protein complexes.

For the S13—S19 protein complex two binding
methods were used. In one method the precise
amount of each protein bound to the RNA was deter-
mined. In the second method only the total amount
of bound protein complex was assayed. For the L7/
12—L10 complex only the former method could be
employed because the second method involved preci-
pitation of the protein—RNA complex with ethanol
which resulted in the dissociation of the latter
proteins from the RNA. This finding is in agreement
with earlier studies on the interaction of L7/12 with
the ribosome [23].

Three criteria were invoked for the specific bind-
ing of the protein complexes to the RNAs:

(1) That the proteins bound exclusively to their
cognate RNA and not to the other RNA.

(2) That an integral protein : protein molar ratio
occurred in the protein—RNA complex.

(3) That saturation of binding occurred at approxi-
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mately a 1 : 1 molar protein : RNA ratio or less.

Criteria (1) and (3) were testable by both binding
assay methods, criterion (2) could only be tested by
method (1).

The binding capacity of each of the protein com-
plexes to the 16 S and 23 S RNA was tested. The
S13-S19 complex was shown by both binding
methods to bind exclusively to 16S RNA. The
L7/12—-L10 complex was tested by method (1); it
bound strongly to 23 S RNA and only very weakly to
16 S RNA (for an input molar ratio of 5 : 1 the pro-
tein bound at less than 0.1 : 1). The dodecylsulphate
gels showing the protein complexes before and after
complexing with the RNAs are given in fig.2. For the
different S13—S19 protein complexes a variable
excess of protein S19 was present. This was deter-
mined quantitatively from fig.2A and corrected for in
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Fig.2. Dodecylsulphate—polyacrylamide slab-gels showing: A,
Protein complex S13—-S19; B, Protein complex S13—S19
after binding and re-extracting from the 16 S RNA; C,
Protein complex L7/12—-L10; D, Protein complex L7/12—
L10 after binding and re-extracting from the 23 § RNA. Both
protein complexes were present at a 5 : 1 molar excess during
incubation with the RNA. The L7/12—L10 complex contains
small amounts of aggregates which were assumed to be arti-
facts of the electrophoretic method and small amounts of
degradation products were seen which increased after incuba-
tion with the RNA.
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the binding assays. The S13 : S19 molar ratio in the
RNA—protein complex was estimated at about 1 : i

in each complex examined. When high molar excesses

f +tha C12_Q10 i i
of the S13—S19 complex were incubated with the

16 S RNA, a contaminant protein, S7, that was hard-
1y visible in the starting material (fig.2A) was present
at low molar ratios in the 16 S RNA complex (fig.2B)
(see below). For the L7/12—L10 complex the molar
ratio between the two proteins was constant at about
4 : 1 before and after binding to the RNA. This is
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reported earlier [8].

The saturation binding curves for the two com-
plexes are shown in fig.3. They indicate that satura-
tion of binding occurs between 0.9 and 1 : 1 for
S13-S19 and at 1.25 : 1 for the L7/12—L10 com-
plex, respectively. Error limits were estimated at
* 15%. The moiar ratio of 87 : 16 S RNA (fig.2B) was
estimated at 0.1 : 1 at the onset of saturation of the
$13-S19 complex (see fig.3A) and at 0.2 : 1 when the
16 S RNA was incubated with a 10-fold molar excess
of S13—S19 complex (fig.3A). The data from the
disc-gel method were corrected for this.

Each criterion for specificity was satisfied for the
two compiexes. The very weak binding of the
L7/12—L10 complex to the 16 S RNA is difficult to
explain, unless there is some weak specific affinity of
this complex for 16 S RNA which may arise from the
location of this complex in the ribosomal subunit
interface [24].
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4. Discussion

Several lines of evidence support the existence of a
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rized as:

(1) The two proteirs co-migrate on an ion-exchange
column in a different position from protein S13.

(2) The protein pair binds much more strongly to 16
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individual proteins {11].

(3) Saturation of binding to the RNA occurs at
about a1 : 1 protein complex : RNA ratio.

(4) The proteins are present in the RNA complex in
a 1 : 1 molar ratio.

This is the first direct evidence for the existence of
a specific protein—protein complex in the 30 S sub-
unit and is compatible with the following observations:

(1) These proteins have been identified in cross-
linked complexes isolated from 30 S subunits

[o 25} which indicates that they are neighbours
in the ribosome.

(2) Electron microscopy studies of Lake et al. [26],
using antibody markers, show that S13 and S19
are located side by side on the head of the 30 S
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subunit, although they were found to be more
separated in a similar study by Tischendorf et al.
[24].

(3) Huanget al. [27] established the close proximity
of S13 and S19 by singlet energy-transfer using
fluorescent probes.

(4) Both S13 and S19 have been identified in cross-
linked complexes with initiation factors IF-2 and
IF-3 [28,29].

(5) Finally, 30 S subunit assembly studies [30]
showed that protein S7 stimulated the separate
incorporation of proteins S13 and S19. Variations
in the amount of S7 in the starting material did
not affect the extent of binding of S13—S19 to
the RNA; when the RNA binding of the complex
reached saturation the molar ratio of bound S7
was low. Therefore we conclude that there is no
direct effect of protein S7 on the binding of
complex S13—-519 to 16 S RNA.

Direct evidence for the existence of a L7/12-L10
complex was obtained earlier by the isolation and in
vitro reconstitution of a complex, consisting of pro-
teins L7/12 and L10in a 4 : 1 molar ratio [8,31].
The RNA-binding properties of this complex, pre-
sented here, establish that this is indeed biologically
significant. This conclusion is also compatible with
the following biochemical data:

(1) L7/12 and L10 have been cross-linked in the
intact ribosome [32].

(2) Functional studies have shown that they both
interact with elongation factors during protein
synthesis [33].

(3) During reassembly experiments it was observed
that the presence of L10 on the subunit is
required for the reassembly of L7/12 [34,35].

We are currently investigating other putative
‘native’ protein—protein complexes for their capaci-
ties to bind specifically to ribosomal RNAs.
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