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An affinity chromatographic procedure, using ribosomal or tRNA covalently coupled to 
agarose through an adipic acid dihydrazide spacer, has been developed to  isolate and identify the 
Escherichia coli ribosomal proteins which specifically bind to these RNA molecules. Transfer RNA, 
5-S,  16-S and 23-S ribosomal RNA were readily immobilized on agarose-dihydrazide: the maximum 
amount coupled decreasing with increasing molecular size. Specific binding of ribosomal proteins 
to RNA was observed in buffer containing 0.3 M KCI and 0.02 M MgC12. Bound proteins were 
eluted with a high-salt, 2 M KCI, buffer containing 0.005 M EDTA. Two ribosomal proteins, 
identified as L18 and L25 by two-dimensional gel electrophoresis, bound tightly to E. cob 5-S RNA; '  
small amounts of a third protein, L5, also were bound. These proteins did not bind to immobilized 
tRNA nor did 30-S ribosomal proteins bind to 5-S RNA. Denatured 5-S RNA bound less L l8  
and L25 than the native species. Several 30-S and 50-S ribosomal proteins bind to immobilized 
tRNA. The major 5 0 3  subunit proteins tightly bound to tRNA were identified as L3, L4, L5, L7 
and L8/L9. Smaller amounts of proteins L1, L2, L11, L16 and L21 were also observed. Proteins L2 
and L16 were retarded by agarose-bound tRNA. Protein S3 was the major 30-S subunit protein 
bound to tRNA. Lesser quantities of proteins S6, S9, S13 and S18 also interacted with tRNA. 

Studies of ribosomal protein - RNA interactions 
can give important information on the role of indi- 
vidual components in the structure and function of the 
ribosome. The discovery that the procaryotic ribosome 
can be self-assembled in vitvo [1,2] and the continuing 
elucidation of the highly intricate reaction sequence 
of protein biosynthesis, involving reversible associa- 
tions of the ribosome with various exogenous mole- 
cules such as messenger RNA, transfer RNA, and nu- 
cleotides, suggest u pviovi that protein - protein and 
protein - nucleic acid interactions are essential in these 
complex macromolecular processes. Support for this 
supposition has come from several experimental 
approaches. Reconstitution experiments using purified 
ribosomal constituents have permitted a tentative 
identification of the ribosomal proteins that selective- 
ly bind to 5-S RNA [3-51, 16-S RNA [6-lo], and 
2 3 4  RNA [ l l  - 141 and thus presumably are those 
vital to the structural integrity of the ribosome. 
Moreover, an impressive amount of data delineating 
functional sites on the ribosome has accumulated 
from recent investigations. utilizing such approaches 
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as inactivation of ribosomal proteins or RNA by 
chemical modification [15- 171, inhibition of a specif- 
ic functional activity by reaction with antibodies 
directed against selected ribosomal proteins [ 18,191 
and affinity labeling of ribosomal components physi- 
cally situated at a specific binding site [20-261. A 
summary of some of this work is available [27]. 
From a correlation of these data one can infer that a 
surprisingly large number of ribosomal proteins from 
both subunits may be involved in interactions with 
extraribosomal RNA and protein factors during 
translation. The results, however, have not allowed 
an unambiguous identification of the elements com- 
prising ribosomal active sites, perhaps owing to the 
indirect nature of these probes and to difficulties in 
interpretation caused by the high degree of cooperativ- 
ity inherent in situ. 

In an attempt to develop an alternative approach 
that would minimize such problems in the analysis of 
protein - RNA interactions, we have examined the 
applicability of affinity chromatography, a technique 
especially amenable to the isolation and identification 
of complexes formed between biological macromole- 
cules. Results presented in an earlier communication 
[28] indicated that affinity chromatography using 
Eschevichiu coli 5-S RNA covalently coupled to 
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agarose constituted a rapid and sensitive assay for the 
detection of selective interactions between ribosomal 
proteins and polynucleotides. We now report further 
characterizations of the RNA immobilization reac- 
tion and the usefulness of this procedure for the 
identification of those ribosomal proteins involved 
in 5-S RNA and transfer RNA binding. 

MATERIALS AND METHODS 

Materials 

Cyanogen-bromide(CNBr)-activated Sepharose 4B 
was purchased from Pharmacia Inc., AMP (sodium 
salt) was from Sigma Chemical Co. Acrylamide and 
N,N '-methylenebisacrylamide (Eastman Kodak) were 
purified by recrystallization from chloroform and 
acetone, respectively, before use. Coomassie blue 
R250 and amido black were purchased from Canalco 
and pyronin Y was an Eastman Kodak product. 

Preparation o j  Ribosomes, Ribosomal Proteins 
and R N A  

Ribosomes were prepared from E. coli B cells 
purchased from Grain Processing Co. (Muscatine, 
Iowa). Cells were suspended in standard buffer 
(0.01 M Tris-HC1, pH 7.4, 0.01 M MgC12, 0.06 M 
NH4Cl, 0.006 M 2-mercaptoethanol) containing 2 pg/ 
ml deoxyribonuclease (ribonuclease-free) and dis- 
rupted by passage through a French pressure cell at 
15000 lbs/in2 (103 MPa). Ribosomes were prepared 
essentially as described by Tisseres et al. [29] and were 
washed once in standard buffer and once in standard 
buffer containing 0.5 M NH4Cl. The washed ribo- 
somes were dialyzed against 4 1 standard buffer for 
24 h at 4 "C and stored at -75 "C until used. Ribo- 
somes were dissociated by dialysis against 0.01 M 
potassium phosphate, pH 7.4, 0.0001 M MgCL, 
0.01 M 2-mercaptoethanol, and the subunits separated 
by centrifugation in a B-IV zonal rotor of the Beckman 
Model L-4 ultracentrifuge. The purity of each prepara- 
tion was checked by sucrose density gradient centrifu- 
gation and there was generally less than 5 contamina- 
tion of one subunit by the other. An equimolar mix- 
ture of the isolated subunits was fully active in 
['4C]polyphenylalanine synthesis when compared with 
the activity of undissociated 70-S ribosomes. 

Ribosomal proteins were extracted from the ribo- 
somal subunits by the urea/LiCl procedure of Spitnik- 
Elson [30]. The 50-S ribosomal proteins were further 
purified by chromatography on DEAE-cellulose as 
described by Nomura and Erdmann [31] to remove 
5-S RNA, which was present in these preparations. 
The purified proteins were dialyzed against 1 '%; 
acetic acid, lyophilized, and dissolved in 0.005 M 
potassium phosphate, pH 7.4, 0.3 M KCI, 0.02 M 

MgC12, 0.006 M 2-mercaptoethanol (binding buffer) 
at a concentration of 0.5-2.0 mg/ml. At these con- 
centrations not all the protein dissolved. Each of the 
protein constituents was found in solution. By two- 
dimensional gel electrophoresis, however, less than 
normal quantities of proteins S1, L1, L3, L4, L5, and 
L21 were detected; the majority of these proteins 
were not soluble in binding buffer. Their solubility 
could be increased by first dissolving the ribosomal 
protein mixture in a small volume of 4 M urea and then 
diluting this 100-fold with binding buffer. 

Ribosomal RNA was prepared from isolated ribo- 
somal subunits and tRNA from the post-ribosomal 
supernatant by a phenol/sodium dodecyl sulfate 
method [32]. Individual RNA species were purified to 
homogeneity by gel filtration on Sephadex G-100 [33]. 
The purity of each component was confirmed by poly- 
acrylamide gel electrophoresis [34] and staining with 
pyronin Y [35]. In addition, representative samples 
from different tRNA preparations were tested for 
amino-acid-accepting activity in a system in vitro [36]. 
Levels of aminoacylation obtained with [14C]phenyl- 
alanine averaged approximately 1550 pmol/mg tRNA. 
RNA samples were dissolved in 0.01 M Tris-HCI 
pH 7.4, 0.01 M MgC12 and stored at -75 "C until 
used. 

Preparation of Adipic-Acid-Dihydrazide-Sepharose 

Adipic acid dihydrazide was synthesized and 
attached to CNBr-Sepharose 4B according to the 
procedure of Lamed et al. [37]. The dihydrazide- 
Sepharose product was washed at room temperature 
with 0.2 M NaCl (1 l/g dry weight dihydrazide- 
Sepharose) and resuspended in 0.1 M sodium acetate 
pH 5.0. The dihydrazide-agarose was stored at 4 "C 
and could be kept at least several months without 
significant loss of ligand-binding capacity. 

Periodate Oxidation of R N A  and Coupling 
to Dihydrazide-Sepharose 

In the case of 5-S RNA and tRNA, oxidation with 
sodium periodate, at  a final concentration of 0.0046 M, 
was carried out as described by Fahnstock and No- 
mura [38]. AMP, 16-S RNA, and 23-S RNA were 
oxidized by the method of Robberson and Davidson 
[39]. Excess periodate was removed by repeated pre- 
cipitation of the RNA with two volumes of ethanol 
at  - 20 "C. Washed, oxidized RNA was dissolved 
in 0.1 M sodium acetate pH 5.0 at a concentration 
of 1 - 2 mg/ml. 

Coupling of oxidized RNA to the dihydrazide- 
Sepharose was accomplished by mixing the two 
preparations and agitating gently by end-over-end 
rotation in a test-tube at 4 "C for 24 h (except as noted 
in the kinetic binding experiments). The resulting 
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RNA-Sepharose was washed repeatedly with 2.0 M 
KCI to remove all non-covalently bound material. 
Washing was carried out at 4 "C by suspending the 
gel in the salt solution (5- 10 ml/g gel), mixing for 
20 - 30 min, and then centrifuging the suspension in 
a clinical centrifuge. After the high-salt wash, the RNA- 
agarose was washed and equilibrated with binding 
buffer. 

The amount of RNA coupled to the agarose- 
dihydrazide gel was determined indirectly by sub- 
tracting the amount of RNA recovered in the washes, 
estimated by measuring the absorbance at 260 nm, 
from the amount originally added to the reaction 
mixture, using = 24. In several experiments 
a more direct determination was made by hydrolyzing 
the RNA on a portion of the gel with 1.0 M KOH at 
25 "C for 12 h, and measuring the absorbance, at 
260 nm, of the supernatant remaining after removal 
of the gel by centrifugation. A correction was made 
for the approximately 40 % hyperchromicity on 
hydrolysis of the RNA. The RNA-Sepharose was 
stored in binding buffer at  4 "C. Little or no material 
absorbing at 260 nm was released during storage of 
the gel-bound RNA for several months. 

Chromatography of Ribosomal Proteins 
on RNA-Agarose 

RNA-agarose was poured to form a small column, 
1.0 x 4.5 cm/g gel, and equilibrated at 4 "C with 
binding buffer. Ribosomal proteins, dissolved in 
binding buffer, were then passed over the column at 
a flow rate of 7- 10 ml/h. Unbound protein was re- 
moved by washing the column with several column 
volumes of binding buffer. Tightly bound proteins 
were then eluted with a linear gradient formed of 
equal volumes of binding buffer and of a high-salt/ 
EDTA dissociation buffer containing 0.005 M potas- 
sium phosphate, pH 7.4, 2.0 M KCI, 0.005 M Naz- 
EDTA, 0.006 M 2-mercaptoethanol. After use the 
RNA-agarose was re-equilibrated with binding buffer 
and stored at 4 "C. 

Protein Concentration 

Protein concentrations were determined by the 
method of Lowry et al. [40], using bovine serum 
albumin as a standard. When mercaptoethanol was 
present in the protein sample, concentration was 
measured by the procedure described by Geiger and 
Bessman [41]. 

Gel Electrophoresis of Ribosomal Proteins 

Disc gel electrophoresis at pH 4.5 was carried out 
according to the procedure of Leboy et al. [42] in 
10% acrylamide gels. Samples were treated with 

Tdbk 1. Binding of RNA to agarose-liydra;ide 
RNA or nucleotide samples either oxidized with periodate (see 
Methods) or not, as indicated, were mixed with dihydrazide-agarose 
in 0.1 M sodium acetate buffer, pH 5.0, at 4 "C for 24 h. The 
resulting substituted agarose was washed repeatedly with 2 M KCI 
to remove all material not covalently attached. The amount of 
material bound was determined as described under Methods 

Sample Amount Amount bound 
~~ ~ added 
oxidized samples unoxidized 

samples 

Benzdldehyde 
AMP 
tRNA 

5-S RNA 
5-S RNA 

23-S RNA 

tRNA 

16-S RNA 

mg/g gel mg/g gel (nmolig gel) 
. .~ ~~ ~~~ 

-~ 2.7 0.5 (4700) 
4.1 2.7 (7700) 0.16 (460) 
7.3 5.5 (180) 0.46 (1.5) 

7.3 6.1 (150) 0.30 (7.0) 

4.8 (8.7) 1.4 (2.6) 7.3 
1.3 5.3 (4.8) 1.9 (1.7) 

- -  15.9 13.1 (440) 

152 12.0 (300) - ~ 

0.06 M 2-mercaptoethanol at pH 8.1 to prevent arti- 
facts arising from sulfhydryl oxidation products [43]. 
Two-dimensional gel electrophoresis, for the identifi- 
cation of individual ribosomal proteins, was performed 
in the apparatus described by Kaltschmidt and Witt- 
mann [44], modified in some experiments by the 
insertion of a plexiglass adapter to reduce the gel 
thickness and allow two samples to be analyzed on 
the same gel slab [28]; the gel and buffer systems 
developed by Howard and Traut [45] were used. 

Staining of the gel slabs in Coomassie blue R250 
was accomplished either in methanol/acetic acid for 
3 h [45] or in trichloroacetic acid for 12 h [46]. In 
both procedures the gel slabs were destained by 
dialysis. Gel cylinders were stained with Coomassie 
blue R250 for 2 h and destained by washing with 
5 % methanol in 7 % acetic acid. 

RESULTS AND DISCUSSION 

Properties of R NA- Agarose gels 

In an earlier preliminary report [28] we described 
the coupling of periodate-oxidized 5-S RNA to adipic- 
acid-dihydrazide-agarose in a one-step precedure that 
permits the immobilization of large amounts of RNA 
and avoids some of the drawbacks of the three-stage 
process described by Robberson and Davidson [39]. 
Here we examine the reaction in more detail and 
extend it to other RNA species. 

The dihydrazide-agarose gel is capable of binding 
a wide range of oxidized RNA species of different 
molecular weights (Table 1); as much as 13 mg 
tRNA or 12 mg 5-S RNA can be immobilized/g gel 
(3.5 ml packed volume). It can be seen that the 
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molar amount coupled decreases with the size of the 
bound ligand. Less than one-tenth the maximum 
binding capacity, as determined with benzaldehyde, 
is available for binding 5-S RNA or tRNA, and 
even less is available to bind 16-S and 23-S ribosomal 
RNA. Evidently smaller molecules have access to a 
larger number of dihydrazide groups and can, there- 
fore, react more extensively with the matrix. The 
amount of 5-S RNA bound is not appreciably 
affected by treatment of the dihydrazide-agarose 
with 0.1 M ethanolamine at pH 7.5, before coupling 
RNA, to substitute any reactive groups remaining 
after the reaction of CNBr-activated Sepharose with 
adipic acid dihydrazide (results not shown). 

Appreciable binding of RNA to dihydrazide- 
agarose occurs only with oxidized samples (Table 1); 
only small amounts of unoxidized AMP, tRNA, or 
5-S RNA are retained on 2 M KCI-washed dihydra- 
zide-agarose. Washing with high-salt buffers is neces- 
sary to remove non-covalently bound RNA effectively. 
This procedure could cause precipitation of high- 
molecular-weight RNA and may account for the 
relatively high levels of unoxidized 1 6 3  RNA and 23-S 
RNA immobilized on the gels (Table 1). 

Fig. 1 shows that the coupling reaction with RNA 
is rapid and is 90% complete within 4 h. The rate of 
binding, as estimated from the time required to 
couple half the maximum amount of RNA, does not 
seem to depend on molecular weight. Values of t l I 2  
ranged from 38 - 44 min for the RNA species examin- 
ed. The binding of unoxidized RNA follows essentially 
the same time course as that of the oxidized molecules. 

The coupling of 5-S RNA to agarose is quite stable 
when the gel is stored in binding buffer (Materials 
and Methods) at 4 T. In a typical case less than 5 %  
of the 240 A260 units of RNA bound to Sepharose was 
released after 6 months. 

Affhity Clzromatogruphy 
of E. coli Ribosomal Proteins on 5-S-RNA-Agarose 

As a test of the ability of RNA immobilized on 
Sepharose to bind ribosomal proteins specifically, we 
have examined the interaction of these proteins with 
5-S-RNA-agarose. In a previous communication [28], 
we briefly described a batch procedure for studying 
this interaction. To increase the efficiency of the 
protein - RNA binding and to detect proteins that 
bind only weakly to the RNA, a column chromato- 
graphic procedure was developed. Chromatography 
of E. coli 50-S ribosomal proteins on a 5-S RNA- 
agarose column gave the results shown in Fig.2. A 
majority of the protein was not retained on the 
column in buffer containing 0.3 M KCl. However, a 
small fraction of the protein bound rather tightly to 
the matrix and was eluted as a single peak by a high- 
salt/EDTA buffer (Fig. 2). The bound protein re- 

I I 

Time ( h i  

Fig. 1. Kinrtic,s of R N A  and rruclmtid~~ hitidiiig to dilij~druzidr- 
Srphurosr. Periodate-oxidized nucleotide or RNA sample was 
mixed with dihydrazide-Sepharose in 0.1 M sodium acetate buffer, 
pH 5.0, at 4 'C for the indicated time. Non-covalently attached 
inaterial was removed by washing with 2 M KCI and the 
amount remaining bound to the gel was detcrmincd as described 
under Methods 

presented 6.5 "/, of the total protein put on the column. 
This elution procedure removed all the bound pro- 
tein. None was detected by gel electrophoresis after 
solubilization of the RNA-agarose gel by heating in 
0.4 M HCl at 100 "C for 0.5 h. 

Disc gel electrophoresis of the protein fraction 
bound tightly to 5-S-RNA-agarose showed two major 
bands (Fig. 3B). Several faint bands were visible near 
the top (anodic) portion of the gel and a diffuse, 
lightly stained band could be observed toward the 
bottom of the gel. The major protein components 
binding to 5-S RNA were identified as L18 and L25 
by two-dimensional gel electrophoresis (results not 
shown) and positive identification was made by 
coelectrophoresis of a mixture of 5-S RNA-binding 
proteins with a small amount of total SO-S ribosomal 
proteins. The unknown proteins are then readily 
identifiable against the light background of total 
50-S ribosomal proteins (Fig. 4). Small amounts of 
LS were also detected on these gels but were stained too 
faintly to be readily visible in photographs. As 
found earlier with the batch procedure [28], essentially 
all the L18 and L25 in the ribosomal protein mixture 
are retained on the 5-S RNA matrix. Only a small 
fraction of L5 is firmly bound, most of this protein 
is found among the proteins not bound to immobilized 
5-S RNA. 
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Fig. 2. A,ffinity c~hron?utogruph~' qf E. coli 50-S t'ihosot??u/ protclins 
on 5-S-RNA-agurose. 15 mg 50-S ribosomal proteins in 16 ml 
binding buffer (0,005 M potassium phosphate, pH 7.4; 0.3 M KCI; 
0.02 M MgClz ; 0.006 M 2-mercaptoethanol) was chromatographed 
on a 1 .O x 4.5-cm 5-S-RNA-agarose column, containing 11 mg 
RNA: 2.0-ml fractions were collected. The column was washed with 
binding buffer to remove unbound proteins. Bound proteins were 
eluted with a linear gradient of KCI (0.3-2.0 M) and EDTA 
(0-0.005 M). (-----) KCI concentration 

A B  C D 
Fig. 3. Electrophoresis qf5O-S t'ibosonza/ proteins bound to 5-S RIVA 
coupled to ngarose. (A) Total 5 0 3  ribosomal proteins. (B) The 5 0 3  
ribosomal proteins bound to a 5-S-RNA-agarose column and 
eluted with high-salt/EDTA buffer (see Fig. 2). A batch procedure, 
described earlier [28], for examining the interaction of proteins 
with immobilized RNA was used in experiments (C) and (D) .  
(C) The 50-S ribosomal proteins bound to native 5-S RNA (1.9 mg) 
coupled to agarose. (D) The 5 0 3  ribosomal proteins bound to  
denatured 5-S RNA (2.1 mg) coupled to agarose. 5-S RNA was 
denatured by heating at 60 ' C  in magnesium-free buffer. Each gel 
contained all the protein recovered in the high-salt/EDTA wash 

Fig. 4. Two-dimensional gel electrophoresis qf the 50-S ribosomal proteins bound to 5-S-RNA-agarose. The 50-S ribosomal proteins bound to 
5-S-RNA-agarose and eluted with high-salt/EDTA buffer (see Fig.2) were mixed with a small amount, 25 pg, of total 50-S ribosomal subunit 
proteins and the mixture separated by polyacrylamide gel electrophoresis as described in Methods. The darkly staining spots 
represented the 5-S-RNA-binding proteins and were positively identified as L18 and L25 from their position relative to the other ribosomal 
proteins 
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When buffer containing 2 M KCl, but no EDTA, 
was used to elute the ribosomal proteins bound to 
5-S RNA-agarose, a major fraction of the L25 was 
recovered. However, the elution of proteins L18 and 
L5 requires both high salt and EDTA, indicating a 
differential affinity of these proteins for 5-S RNA. 
Garrett et al. 1471 noted a preferential release of 
protein L25, together with 5-S RNA, during the 
unfolding of the 50-S subunit. 

Our observation of specific binding of proteins 
L5, L18, and L25 to 5-S RNA immobilized on 
agarose is in agreement with reports of complexes 
between these proteins and 5-S RNA detected by 
nitrocellulose filtration 151, sucrose gradient centrifu- 
gation [3,5] and gel electrophoresis [3,4]. These 
workers also found the binding of L5 to be weaker 
than that of L18 or L25. Trace amounts of proteins 
L20 and L30 have also been found associated with 
5-S RNA 131 and these may correspond to the faint 
bands seen on disc gel electrophoresis of the protein 
fraction bound to immobilized 5-S RNA (Fig. 3). 

Specificity ojRibosoma1 Protein Binding 
to 5-S- RNA-Agarose 

To examine the requirements for ribosomal pro- 
tein binding in greater detail, several parameters were 
examined. Total 70-S ribosomal proteins could not 
substitute for 50-S subunit proteins in the binding 
reaction with 5-S RNA; L5, L18, and L25 present in 
the 70-S ribosomal protein mixture did not bind to 
immobilized 5-S RNA under the conditions used, 
possibly because of stronger protein -protein inter- 
actions in solution. 

No detectable 50-S ribosomal protein was bound 
to adipic-acid-dihydrazide-agarose itself, thus demon- 
strating a specific requirement for RNA and ruling 
out binding of proteins to unsubstituted hydrazide 
groups or to reactive groups on CNBr-activated 
Sepharose. Furthermore, 5-S-RNA-agarose gels treat- 
ed with 0.5 M acetylaldehyde after immobilization 
of the RNA, to block remaining free hydrazide 
groups, behaved exactly as unreacted 5-S-RNA- 
agarose in binding ribosomal proteins. 

Binding of L18 and L25 to RNA-agarose was 
specific for 5-S RNA; little or none of these proteins 
were bound tightly when tRNA was substituted for 
5-S RNA in the gel matrix (however, see later 
discussion). 

The native conformation of the RNA is important 
for binding ribosomal proteins. A preparation of 
5-S RNA, denatured by heating at 60 "C in the absence 
of Mg2+ 1481 and then oxidized and coupled to 
dihydrazide-agarose by the usual procedures, bound 
less of the proteins L18 and L25 than did an equal 
amount of native 5-S RNA (compare Fig. 3 C and D). 
Measurement of the areas under the major peaks, 

after spectrophotometric scans of the stained gels at 
550 nm, indicated that approximately half as much 
protein bound to the denatured 5-S RNA sample 
as to the native sample. This does not necessarily 
imply that the ribosomal proteins bind to denatured 
5-S RNA; Aubert et al. 148,491 found that denatured 
5-S RNA bound no ribosomal proteins. Our de- 
natured 5-S RNA preparation was not fractionated 
and examination on Sephadex G-100 [48] before 
coupling to the dihydrazide-agarose showed that it 
contained about 20 o/, native RNA. The ribosomal 
protein that bound to the denatured 5-S RNA prep- 
aration may be interacting with the residual native 
RNA or with RNA renatured after coupling to the 
dihydrazide-agarose gel. It is clear, however, that 
exposure of the RNA to denaturing conditions does 
reduce the binding of ribosomal proteins. In addition, 
initial experiments with immobilized rabbit reticulo- 
cyte 5-S RNA and yeast 5-S RNA have shown that 
E. coli 5-S-RNA-binding proteins do not bind to 
these RNAs, again emphasizing the importance of 
RNA structure in the interaction with proteins. 

No 30-S ribosomal proteins bound tightly to 5-S- 
RNA-agarose when chromatographed under the same 
conditions used with 50-S proteins (Fig. 5) ; there were 
no detectable proteins in the high-salt/EDTA wash 
(Fig. 6, sample H). However, some 30-S ribosomal 
proteins seemed to show a weak affinity for the 
matrix and were eluted only slowly from the 5-S RNA 
gel by binding buffer. This resulted in a trailing effect 
not seen in the chromatographic pattern of 50-S 
ribosomal protein on 5-S-RNA-agarose (compare 
Fig.2). Disc gel electrophoretic analyses of the ribo- 
somal proteins present in various fractions, pooled 
as indicated in Fig.5, are shown in Fig.6. Proteins 
retarded by the 5-S RNA matrix were present in 
pooled fractions E, F and G in Fig.5 and 6. The 
protein in fraction F,  as well as the major constituent 
of fractions E and G, was identified as protein S3 
by two-dimensional gel electrophoresis (results not 
shown). Traces of proteins S6, S9, S13, Sl8, and 
S19/S20 were also detected in fraction E (results 
not shown). This retardation of a small number of 
30-S ribosomal proteins on 5-S-RNA-agarose was 
not observed with the dihydrazide-agarose gel alone, 
that is. in the absence of RNA. 

Affinity Chromatography 
of E. coli 50-S Ribosomal Proteins on tRNA-Agavose 

The pattern of ribosomal protein interaction with 
immobilized tRNA is considerably more complex 
than that with 5-S RNA, both in the number of 
proteins bound and in the strength of the binding. In 
earlier experiments using the batch procedure little 
or no 50-S ribosomal protein was bound to tRNA- 
agarose 1281. When 50-S ribosomal proteins were 
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Fig. 5. ,4ffini/y clzromatogrupliy o j  E. coli 30-S rihosomulproteins on 5-S-RlVA-aguro.se. I6 mg 30-S ribosoinal proteins in 28 ml binding buffer 
was chromatographed, as in Fig. 2, on a 5-S-RNA-agarose column containing 10 mg 5-S RNA;  2.0-ml fractions were collected. These were 
pooled, as  indicated, for analysis by polyacrylamide gel electrophoresis (see Fig. 6). ( -  ---) KCI concentration 

A B C D E  F G H 
Fig. 6. Di.sc. grl ehcrropliorcsis uf'rhe li. coli 30-S riho.sonzulj~roteins.fi.uctionarrrl OH (I 5-S-RNA-agaros~ column. Protein fractions wcre pooled as 
indicated in Fig. 5. The darkly stained band at the bottom of each gel is an artifact of the staining procedure and does not represent a protein 
component 

chromatographed on a tRNA-agarose column, how- 
ever, significant amounts of protein were retained on 
the matrix and eluted with the high-salt/EDTA 
gradient (Fig. 7, fractions H and I). In addition, some 
proteins were retarded but not strongly bound by the 
tRNA gel; these were eluted from the column as a 
broad shoulder during the wash with binding buffer 
(Fig. 7, fractions E - G). Disc gel electrophoretic ex- 
amination of the column fractions, pooled as indicated 
in Fig. 7, gave the results shown in Fig. 8. Two darkly 
stained protein bands and several lighter ones were 
present in the ribosomal protein fractions tightly 

bound to immobilized tRNA (samples H and I of 
Fig.8). Neither of the major bands had the mobility 
of L18 or L25. Two-dimensional gel electrophoresis 
permitted identification of the major constituents as 
proteins L3, L4, L5, L7, and L8/L9 (Fig.9A). Smaller 
amounts of proteins L1, L2, L11, L16, and L21 as 
well as traces of several others, difficult to identify, 
were also observed. Proteins L l 8  and L25, the two 
major 50-S ribosomal proteins found to bind directly 
to immobilized 5-S RNA, were either absent or 
present only in barely detectable quantities. Much 
more protein L5 bound to tRNA-agarose than to an 
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Fraction number 

Fig. 7. Affrnitj. c/tronzntogrup/ij~ of E. coli 50-S ribosonirrl pr0rrin.s 011  IRNA-crgurosr. 22 mg 5 0 3  ribosomal proteins in 21 in1 binding buKer 
was chromatographed on a tRNA-agdrose column containing 9.5 mg tRNA;  2.0-ml fractions were collected. These were pooled as indicated. 
for polyacrylamide gel electrophoretic analysis (see Fig.8 and 9). (- ~ -) KCI concentration 

A B C D E F G H  I 
Fig. 8. Discgel rlec.tro~/io,e.si,s uj  E. coli 50-S ribo.sorncrlpr.o/cins c/iroi~zutogrup/~erlon IRNA-ugurose. Protein fractions were pooled as indicated 
in Fig.7. The darkly stained band at  the bottom of each gel is an artifact of the staining procedure and does not represent a protein 
component 

equivalent amount of immobilized 5-S RNA, as judged 
by the intensities of staining on the gel slabs. 

The 50-S ribosomal proteins retarded by tRNA- 
agarose, pooled fractions E, F, and G in Fig. 8, were 
identified by two-dimensional gel electrophoresis as 
L2 and L16 (Fig.9B), indicating that these two pro- 
teins interact weakly with immobilized tRNA. 

In contrast to the tight affinity binding of proteins 
L18 and L25 to 5-S-RNA-agarose, each of the 50-S 
ribosomal proteins observed in the fractions binding 
to, or retarded by, tRNA-agarose was also observed 
among the proteins in the unbound portion. This 
may signify that a saturating amount of each of the 
bound 50-S ribosomal proteins had reacted with the 
affinity reactive center in the tRNA matrix. 

AjJin ity Chroma togruphy 
~f E. coli 30-S Ribosomal Proteins on tRNA-Agurose 

An extensive and complex pattern of interactions 
between 30-S ribosomal proteins and tRNA immobiliz- 
ed on Sepharose was observed. The result of one 
such affinity chromatography experiment is shown 
in Fig.10. As in experiments examining the inter- 
action of 30-S ribosomal proteins with 5-S-RNA- 
agarose (Fig. 5) and 50-S ribosomal proteins with 
tRNA-agarose (Fig.7), a trailing effect was noted in 
the elution pattern, suggesting the occurrence of 
weak interactions with tRNA, as well as the stronger 
ones required for tight binding of proteins to the 
t RNA-agarose. Column fractions were pooled as 
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Fig. 9. Two-dimensional gel electrophoresis of the E. coli SO-S ribosomal proteins bound to tRNA-agarose. Pooled ribosomal protein fractions 
(see Fig. 7 and 8) were electrophoresed on two-dimensional polyacrylamide gels as described in Methods. (A) Pooled fraction H (Fig. 7). 
The spot marked X did not correspond to any known ribosomal protein. Variable amounts of this constituent were observed in different 
experiments; it was not present in the 5 0 4  ribosomal protein preparation put on the tRNA-agarose column, nor was it observed in any other 
fraction. (B) Pooled fraction F (Fig.7) 



542 Ribosomal Protein Binding to  RNA 

1.4 7 I 2.8 

1.2 

1 .o 

? 0.8 
I 

1 

c - 
0.6 0 

Q 

0.4 

0.2 

0 

2.4  

- 2.0 

1.6 - 
0 

1.2 1c 

E - 

0.8 

0.4 

0 
0 5 10 15 20 25 30 35 40 45 50 

Fraction number 

Fig. 10. Ajfiniry chromatography of E. coli 3 0 3  ribosomal proteins an tRNA-ugurose. 14.7 mg 30-S ribosomal proteins in 18.5 ml binding 
buffer was chromatographed on a column of tRNA-agarose containing 11.2 mg tRNA;  2.0-ml fractions were collected. These were pooled 
as  indicated for polyacrylamide gel analysis (see Fig. 10). (----) KC1 concentration 

A B C D E F G 
Fig. 11. Poljucrylm?ide disc gel electrophoresis of30-S ribosomulproteins clzronioft~~ruplze~/ on tRNA-ugarose. Protein fractions were pooled as 
indicated in Fig.9. The darkly stained band at the bottom of each gel is an artifact of the staining procedure and does not represent a 
protein component 

shown in Fig. 10 and examined by disc gel electro- 
phoresis (Fig. 11). The two pooled fractions, F and G, 
contain the tightly bound proteins eluted by the 
high-salt/EDTAgradient. Two-dimensional gelelectro- 
phoresis demonstrated that fraction F contained only 
protein S3. Protein S3 was also the major com- 
ponent in fraction G, but small amounts of S6, S9, 
S13, and S18 were also detected (Fig.12). These 
were positively identified by coelectrophoresis with a 
small amount of total 30-S ribosomal proteins (results 
not shown). 

Pooled fractions C, D and E of Fig.10 contain 
30-S ribosomal proteins retarded by the tRNA matrix 
during elution with binding buffer. These are proteins 
that may have a weak affinity either directly for 

tRNA or for proteins bound to immobilized tRNA. 
Comparison of the disc gel electrophoretic mobilities 
of the proteins in these fractions (Fig. 11) indicates 
that the major constituent in each is S3. This was 
confirmed by two-dimensional gel electrophoresis. In 
addition to S3 all experiments showed that the trailing 
region contained S6 and S9 with trace amounts of 
other proteins, including S4, S5 and S13. 

All of the experiments described examined the 
interaction between ribosomal proteins and RNA in 
buffers containing 0.3 M KCl and 0.02 M Mg2+. 
Only a few experiments using different conditions 
have been carried out. The patterns of specific protein 
binding should be modified under conditions which 
alter the structure of the RNA or proteins. Preliminary 
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Fig. 12. Two-dimensionul gel electrophoresis uf the E. coli 30-S rihosomul proteins hound tu tRNA-ugurose. The ribosomal proteins eluted in 
fraction G of Fig. 10 were separated by two-dimensional gel electrophoresis as described in Methods and identified as indicated 

results using lower-ionic-strength buffers, 0.15 M 
KCI, indicate a tighter binding of 30-S ribosomal 
proteins to immobilized tRNA (Burrell and Horo- 
witz, unpublished observations). 

The affinity chromatography technique shows 
that protein S3 and to a lesser degree S6, S9, S13 and 
S18 bind to tRNA. Recent evidence indicates that 
all but S6 also bind directly to 16-S RNA when the 
latter is prepared by an acetic acid/urea method [lo]. 
Numerous investigations have demonstrated that the 
above proteins and others are important for initiation- 
factor-dependent binding of met - tRNA or EF-Tu- 
dependent binding of aminoacyl tRNA to the ribosome 
(see [27] and [50] for reviews). However, it should be 
borne in mind that the binding of tRNA in these 
experiments may be affected indirectly by such factors 
as the inhibition of mRNA or EF-Tu binding or 
subunit association. The affinity binding technique 
provides a method for identifying those ribosomal 
proteins which interact directly with tRNA. Extension 
of our studies to experiments with initiator tRNA and 
other purified tRNA species should permit differentia- 
tion between P-site and A-site tRNA binding proteins. 
Furthermore, regions of the tRNA molecule important 
for binding to ribosomal proteins could be explored 
b y  preparing affinity columns containing immobilized 
tRNA fragments. 

Proteins S3 and to a lesser degree S6, S9, S13 and 
S18, interact weakly with 5-S RNA (Fig.6) as well as 
with tRNA. These proteins may be at or near the 
proposed site of interaction between tRNA and 

5-S RNA on the ribosome [51,52]. Protein L.5 also 
binds to both 5-S RNA and tRNA and could be 
located near this same ribosomal site. 

The affinity binding experiments presented here 
provide direct evidence for the existence of inter- 
actions between certain ribosomal proteins and tRNA, 
as well as 5-S RNA. These results demonstrate the 
feasibility of studying ribosomal protein - RNA inter- 
actions in E. coli by using RNA immobilized to 
agarose ; a procedure that should be equally applicable 
to the investigation of such interactions in the 
structure and function of the eucaryotic ribosome, 
about which much less is known. 
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