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Abstract 

Thc RNA ofeach ribosomal subunit is folded in a spccltic and prcclse conformat~on. We have induced anthodies 
that ate directed agamst indwidual naturally methyldrcd nucleosides, against reagents used in the chemical 
mod~fication of unlque sites in the RNA, and against antigenic determinants on synthetic oligadeonynucleotides 
that complement specific ribosomal RNA sequences. All of these antibodies serve as probes of the KNA 
conformatmn in the ribosome. Tmmunoclectron microscopy--the visualization in eleclron micrographs o l  
ant~body-subunit complexes-has been used to localize several nucleotides or short RNA sequences a1 specific 
sttes on the surface of the small ribosomal subunit, These results are used to gencratc an increas~ngly detailed 
map of the conformat~on of the RNA w~thin the three-dmensional structure of the Exherichin cvh ribosome. 
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1. Introduction 

The ribosome plays a central role in protein biosynthesis. It provides the physical surface 
upon which all proteins are assembled. More significantly, it is the organizational center 
at which specific interactions occur between and among messenger and transfer RNA 
molecules, the non-ribosomal initiation, elongation and termination protein factors, and 
other molecules that function in the translational process and its regulation. A knowledge 
of ribosome structure and the relationsbip of the structure to the many aspects of protein 
biosynthesis is a necessary component of any molecular-level comprehension of translation. 

The ribosomes of different species are structurally similar; all consist of two subunits, 
and all include a few specific R N A  molecules and a larger number of proteins in particles 
of defined size, shape, and topology. In Escherichia coli the smaller(30S) subunit is composed 
of one (16s) RNA molecule of 1542 nucleotides plus 21 different proteins, while the larger 
(50s) subunit includes one 23s RNA of 2904 nucleotides, one 5S RNA of 120 nucleotides, 
and more than 30 protein species. Each subunit shows characteristic projections in electron 
micrographs, and three-dimensional models that help to define subunit morphology and 
explain aspects of ribosome function are widely acccptedl. 

Abbreviations used: m7Guo, 7-methylguanosine; m6Ado, N6-methyladenosine; m:Ado, N",N6-dimethyladeno- 
m e ;  &-Ado, 1,N~ethenoadenosine; HPLC, high-pzrlormancc liquid chromatography. 
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Considerable effort has been expended in positioning individual ribosomal proteins at 
specific loci on the particle2? It is now possible to place most of the 30s proteins and 
several 50s proteins at unique sites on the surface of the subunits. I t  is often also possible 
to relate such placements to specific functional sites and activities. Much icss is known 
about the three-dimensional distribution of RNA within each subunit or the functional 
roles the RNA must play. RNA makes up about two-thirds of the mass of each ribosomal 
subunit; it both determines the size and shape of each subunit5," and providcs ii scaffolding 
upon which the proteins of the subunits are arranged. The RNA is also involved in an 
active functional sense; e.g. the Shine and 3algarno7 sequence near the ?-end of IbS RNA 
complements and binds messenger RNA so as to correctly place an appropriate AUG 
codon for the initiation of protein biosynthesis. 

We are concerned with describing the structure and function of the ribosomal RNA as 
it is folded within each ribosomal subunit. Our primary technique is immunoclectron 
microscopy-the visualization in electron micrographs of complexes that are formed 
between ribosomal subunits and antibodies directed against a specific component of the 
ribosome. We have used antibodies that specifically recognize unique methylated nucleotides 
of the ribosomal RNA to place these components within the structure of the subunit. We 
have also used specific chemical modification to create an antibody-recognizable structure 
in the RNA. Most recently, we have used chemically synthesized oligodenxyn~lcleotides 
that complement ribosomal RNA sequences to first probe the subunit for conformationally 
available RNA segments and then, after modification to permit interaction with an antibody, 
to place these sequences by electron microscopy. Here we summarize our progress in these 
experiments. 

2. Experimental procedures 

Ribosomes and ribosomal subunits were isolated from various strains of Eschcrichiu eoli 
essentially as described by Traub et a18. Preparation of ribosomes from pea chloroplasts9 
and wheat germJ0 has also been described. The synthesis of nucleoside-protein conjugates 
and methods of antibody induction and purification have been detailed by Eichler and \ Glitz". Antibody characterization in membrane filter binding assays was modified1' from 
Humayun and JacobL3. Properties of specific antibody preparations are detailed as follows: 
N6,N6-dimethyladenosine, Politz and Glitz1'; N6-methyladenosine, Montesano and 
Glitz"; Fmethylguanosine, Trempe et all5; 1,N6-ethenoadenosine, Frink et all6; 
2,4-dinitrophenol, Olson and Glitz". Analysis of modified nucleosides in ribosomal RNA 
has been d e s ~ r i b e d ~ ~ ' ~ ~ ' ~ ~ . ' ~ .  

Oligodeoxynucleotides were synthesized using a Dupont/Vega Biotechnologies Coder 
300 synthesizer and the phosphoramidite approach of Matteuci and Caruthers18, except 
with P-cyanoethyl nucleotide  derivative^'^. The oligomers were deblocked in concentrated 
ammonia for 18-2431 at 5 5 T  and purified by ion exchange HPLC using a BioRad 
Laboratories TSK DEAE 5PW column and a hyperbolic gradient of NaCl in 0.02M 
Tris-HCI, pH 7.2. Purified oligodeoxynucleotides were desalted by dialysis against distilled 
water. Incorporation of a 5'-terminal phosphate (sometimes radiolabeled) was modified 
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from Donis-Keller et alzo. Chemical modification of the 5'-terminus with dinitrophenol 
and addition of a 3'-terminal residuc of 1,N6-cthenoadenosine to synthetic oiigodeoxy- 
nucleotides is described by Glitz el aIZ1. Binding of 32P-labelcd oligomers to ribosomal 
subunits was mcasurcd in a nitrocelluiosc filter assay2', and assay of poiy(U1-stimulated 
binding of phenyla!anyl-tRNA rollowed Zamir rt (11''. 

Samplcs for electron microscopy included cu 15 pmoi of ribosomal subunits (and, if 
appropriate, ca 30pmol of tcrminailg modified oligodeoxynucleotide incubated up to 16 11 
on ice). Then 15-60pmoi of antibody-combining capacity (cquivaient to 7.5-30 prnol of IgG) 
in up to 6 0 ~ 1  of lOmM Tris-HC1, pH 7.2, 150mM NH4C1, 1-lOmM MgCl, buffer were 
added. Samples were sometimes incubated at 37°C for 5-15 min; all samples were incubated 
for 0.5-18 h on ice. The reaction mixtures were then fractionated by size-exclusion HPLC 
using a Beckman TSK-3000 column in thc cold (or in earlier experiments a small column 
of Sepharose 6B). The peak corresponding to ribosomal subunits and complexes was 
collected, and samples were adsorbed to thin carbon films and stained with 1% uranyl 
acetate using the double-carbon technique first described by Valentine et alZ4. Electron 
micrographs were obtaincd using JEOL 1200 EX or lOOB electron microscopes at an 
accelerating voltage of 80,000 and a nominal magnification of 60-80,000 X. M~crographs 
were intcrprctcd using the model described by Lakez5. 

3. Results 

3.1. Specificity of anti-nucleoside antibodies 

In order to be useful as structural probes for immunoelectron microscopy, antibodies 
directed against modified nucleosides must be of sufficient specificity to recognize a single 
residue of a methylated nucleotide in a sequence that contains several hundred residues of 
the parent nucleotide. Moreover, the affinity of the antibody must be sufficient to permit 
survivai of the immune complex through purification and sample dilution, adsorption to 
a carbon support, negative staining, and drying. Quantitation of radioligand binding using 
a nitrocellulose membrane filter assay (based on Humayun and JacobL3) sallows evaluation 
of antibodies from individual rabbits and bleedings. Figure I shows a typical result with 
anlibodies to 7-mcthylguanosine; the antibodies recognize both nucleoside and nucleotide 
well, and show very little afinity for the parent guanosine or GMP. The chemically moditicd 
(ring-opened) guanosine derivative shows intermediate affinity. Similar measurements with 
a variety of anti-nucleoside antibodies are summarized in Tablc I. We conclude that these 
preparations of antibodies to methylated purines have characteristics that should allow 
their use as immunoelectron microscopic markers. Not all antibody preparations are 
suitable; in particular, although we have induced antisera to modified pyrimidines, the 
antibodies have not been useful as probes because of insufficicnt selectivity relative to the 
unmodified nucleoside. 

3.2. Analysis of' target nucleosides in ribosomal R N A  

The number of residues of a specific target nucleoside within the RNA of a ribosomal 
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FIG. 1. Spcnlicity afantibodics to 7-methylguanosine.Reaction mixturca(250pl) includcd cu20 pmol(5 x IO4cpm) 
ol['H] 7-mcthyiguanosinc tri-alcohal, non-radioactive competitor as indicated, and anti-7-methylguanosinc IgG 
in 0.01 M Tris-IICI, pH 7.2, 0.14M NaCl buffer Samples were incubated for 30min at 37'C and then for 60min 
on ice; they were then rapidly passed throu& Millipore type HA (0.45pm) filters. Sample tubes and filters were 
each washed with four 2ml portions of cold buffer, and nucleoside radioactivity retained on the filters was 
measured by liquid scintillation countmg. The inhibitors used wcre: 0, Fmethylguanosme; 0,  7-methyl GMP; 
X the ring-opened Corm of 7-methylguanosine, formed by lreatment with ammonia; A, guanosine; A,  GMP. 

Table 1 
Aftioity of anti-nueleoside antibodiff 

Antibody directed against -Lag ligand concentration at midpoint of inhibition curve 

Ado m6Ado mfAdo  ado Guo m7Guo 

N6,N6-dimethyladenosine 2.5 5.2 7 n.d. > I n.d. 
N6-monomethyladenosine 4.7 7 3.7 n.d. > 1 n.d. 
1,N6-ethenoadenosine > 1 1 > 1 7.4 > 1 n.d. 
7-rnclhylguanosine > 1 n.d. > 1 > 1 1 6.5 
adenosine 4.2 n.d. r 2 > 2 3 n.d. 
guanosine 3 n.d. > 2 n.d. 4.8 > 2 
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3.3. Binding ofcomplemerrtary oligodcoxynucleotidr probes fo  rihosomui suhun i~s  

Because the number of naturally occurring markers (such as methylated :lucleosides) in 
ribosomal RNA is limiled, we have explored the use of oligodeoxynucleotide probes that 
complement specific scqucnces within the RNA2'. Thc interaction between an oligoxy- 
nucieotide and ribosomal subunits was quantitated using a nilroceilulose membrane filter 
binding assay. Parameters including subunit and oligodeoxynuclcotide concentrations, 
magnesium ion levels, incubation time and temperature, and the activation slate of the 
ribosomal suhunits were independently varied. Figure 3 illustrates a typical experiment in 

which the ehc t  of magnesium ion concentration is examined using threc overlapping 
oligoi~ucleotides that bind the 5'-terminal segment of the 16s RNA. Many experiments of 
this nature lead to the following generalizations: 

FIG. 3. Effect of magnesurn concentration on ohga- 
deoxynucleot~de binding to ribmornill subumls. The 
reaclcan mixtures indudcd 15 pmol o i  6. coli 30s 
ribosomal subunlts and 30 pmol of 3'P-labcled ohgo- 
deoxynuclcotlde In 50pI o l  buiier conlanng 0.01 M 
Tris-HC1, pH 7 5,0.15 M NH,CI and varying amounts 
a i  MgCI,. Samples were mcubated overmghl on Ice, 
d~luted Lo 1ml with lhcappraprrale buffer, and rapidly 
passed through pre-wet Mlllipnre type HA (45pm) 
filters. Sample tubes and lilters weir washed wth  thrce 
Zml portlons o i  buffer and radtoactlwly retamcd by 
the liltera waa measured by liquid acmhllatmn coun6ng. 
The ol~gadeoxyni~cleol~de used were. 0; the comple- 
ment to 16s RNA nucleotldes 1-11, A,  the cumplcment 
to XNA nuclcotdcs 1-15, .,the complement to RNA 
nuclcotde? h-lh 

Ro. 4. Ele~lron mkcrogrdph oi subunit-ol~godeoxy- 
nucleotlde-antlbody complexes Thc rcaction mixture 
included (m 50p1 of lOmM Tns-HCI, pH 72 ,  150mM 
NH,CI. I mM MgCI,) 20 pmol o i  activated L'. colr 30s 
r~bosomill subunits and 40pmol of 5'-d~nnrophenyl- 
oligodeoxynuclcolide complementary to 16s RNA 
nucleol~dea 520-531 After lOmin a t  37°C iollowcd by 
overnight lncubatmn on Ice, 55 pmol (hmding capacity) 
o i  an anti-dinitrophenol IgG prcparatlon was added 
Follow~ng 1 h on Ice, the vample was subjected to 
sire-exclusion high-performance l ~ q u ~ d  chrornato- 
graphy uslng a E3eckm;m TSK-3000 column equ~h- 
brated w ~ l h  the same buffcr at PC. The peak corres- 
pondrng to subun~ts and complexca was used to prepare 
grids fur electron microscopy Arrows indlcatc immune 
.-nmdpree R.F lpnoth. cnnnm 
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1. Individual oligodeoxynucleotides differ significantly with respect to optimal binding 
conditions. Oligodeoxynucleotide chain length (over the range of 8-15 nucleotides) and the 
AG of the base-pairing interactions are partially responsible for the differences observed, 
but other factors clearly predominate. 

2. In each instance in which significant levels of binding occur, a plateau in the saturation 
curve is seen at an oligodeoxynucleotide/subunii ratio of 1 to 1.5. No significant increases 
in binding are seen, even with large excesses of oligodeoxynucleotide. Non-specific binding, 
quantitated using 50s ribosomal subunits in the same assay, is not significant in any instance 
we have thus far examined. 

3. The maximum level of oligodeoxynucleotide binding observed ranges from zero to 
ca0.4mol/mol 30s under our assay conditions. In a very similar procedure23, the 
poly(U)-stimulated binding of radiolabeled phenylalanyl-tRNA to active 30s subunits is 
ca O.Zmol/mol. 

4. Agents that affect ribosomal subunit conformation strongly affect the level of oligodeoxy- 
nucleotide binding. In each instance the effects we observe are most directly related to the 
activation state of the 30s subunit as defined by its activity in the poly(U)-stimulated 
phenylalanyl tRNA-binding assayz3. Four classes of oligodeoxynucleotides have been 
defined. 

A. Oligodeoxynucleotides that bind well (but not exclusively) to subunits that have been 
activated by incubation at 37°C in buffers containing lOmM MgZ+; 

B. Oligodeoxynucleotides that bind to activated subunits at a significantlevel but bind 
more effectively to subunits that have been reversibly inactivated by dialysis in the cold 
against buffers containing 1 mM MgZ +; 

C. Oligodeoxynucleotides that bind reversibly inactivated 30s subunits exclusively or with 
very great preference over activated subunits; 

D. Oligodeoxynncleotides that bind neither activated nor inactivated subunits. (In all 
instances but one we have observed binding of these oligodeoxynucleotides to either native 
or heat-denatured 16s RNA isolated from 30s subunits. Hence, their lack of binding to 
intact subunits shows the complementary RNA sequences to be unavailable.) 

3.4. Immunoelectron microscopy 

Antibody-subunit or antibody-oligodeoxynucleotide-subunit complexes are generated and 
excess (unbound or non-specific) IgG molecules are removed by size-exclusion HPLC. The 
complexes are then adsorbed to a thin carbon support, negatively contrasted with uranyl 
acetate, and examined by electron microscopy. Antibodies we have used in such experiments 
include those directed against N6,N6-dimethyladenosine'', N6-monomethyladenosine'4, 
and N7-methylg~anosine'~ residues found in the ribosomal RNA, against 1,N6-etheno- 
adenosine16 used to modify (and mark) the 3'-end of synthetic oligodeoxynucleotides2', 
and against 54-dinitrophenol used to modify the 3'-end of ribosomal RNAi7 or the 5'-end 
of oligodeoxynucleotide probesZ1. An example of an electron micrograph is shown in fig. 4; 
in this instance an antibody to 2,4-dinitrophenol has been used to locate the DNP-modified 
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FIG. 5. RNA localizations within the 30s ribosomal subunit. The 5'-terminus was placed by Mochalova et al" 
and the sequence at position 1400 by Oakes et a13; dl other localizations are from this laboratory. All numbers 
refer to positions m the E. coli 16s ribosomal RNA sequencez8. Residues 1338 and 1550 are placed only by 
analogy of wheat germ and E. coli sequences. 

5'-terminus ofan oligodeoxynucleotide that is complementary to 16s RNA residues 520-531. 
Subunits are seen primarily in the three major projections described by Lakez5. Subunit 
antibody complexes in fig. 4 are indicated by arrows. 

Contact points between subunits and antibody in each subunit projection are quantitated, 
using at least 100 micrographs for each placement and at least two evaluators working 
independently. The specific contact point (and hence the location of the site being probed) 
is then placed using the three-dimensional model of the 30s subunit proposed by Lakez5. 
Figure 5 summarizes several placements made by our laboratory and others. 

4. Discussion 

Electron microscopy is a particularly appropriate means through which to describe 
ribosomal subunit ultrastructure; resolution is high enough to permit examination of 
structural details, the experiments are reasonably direct, and electron microscopes are 
sufficiently accessible to allow several groups to independently attack the problems. 
Significant difficulties do arise in attempts to identify individual ribosomal components in 
electron micrographs. It is not possible to differentiate or even to distinguish specific 
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ribosomal m'acromolecules. Only the overall shape of the particles is seen, and then only 
as a variety of two-dimensional projections of the native three-dimensional structure. 

Identification of individual ribosomal components in micrographs requires the use of 
highly specific probes or markers that are easily seen and identified. Antibodies are unusually 
attractive in this regard. Their uniquc specificity allows a selective interaction with individual 
structural components or elements of the ribosome, and thcir characteristic slze and shape 
permit easy recognition of the antibody molecuies in micrographs of immune complexes. 
The precise location of a ribosomal component is thus defined through the position of 
contact between the subunit and an antibody to the component. 

Antibodies directed against ribosomal proteins have allowed the localization of many 
of the individual polypeptides of both the large and small sub~n i t s '~"~ .  Initial results 
obtained by this technique were often controversial or conflicting, largely because of the 
impurity of the initial protein immunogens; contaminating ribosomal proteins induced 
antibodies of unknown or unexpected specificity resulting in localizations that wcre 
incorrect'. Such problems are now less serious because of better characterization of 
antibodies, or through the use of monocionai antihodics4 or antibodies directed against a 
hapten used to modify a specific (isolated) ribosomal protein26 that is incorporated into 
reconstituted subunits. 

immunoglobulin probes of ribosomal RNA components are inherently more limited. 
Antibodies directed against the common nucleotides have too iittle specificily to have any 
value, and it is not likely lo be possible to induce an antibody with specificity for the 7-10 
nucleotide long sequence that would be necessary to ensure a unique recognition site. One 
successful approach has been through the use of antibodies directed against the naturally 
occurring modified nucleosides that occur at specific positions in .ribosomal RNA. 
Antibodies directed against methylated purine nucleosides show the characteristics 
necessary for their use as probes. In several instances their specificity is sufficient to result 
in essentially exclusive interaction with the modified nucleotide in the RNA, with almost 
undetectable cross-reactivity with other RNA components (e.g. fig. 1). Equally important 
to these experiments, the absolute affinity of these antibodies is great enough to allow 
purification of complexes and their visualization by electron microscopy (Table I). Using 
such antibody preparations we have shown an essentially identical placement of 
N6,N6-dimethyladenosine on thc platform of small subunits of ribosomes from E. coliLz, 
pea chloroplasts9, and wheal germ". Antibodies to 7-methylguanosine have been used to 
place this nucleoside at the junction of the segments of the small subunit in thc same three 
casesL4.15. This result is particularly interesting in that the position of the 7-methylguanosine 
in the linear sequence of E. coli 16s RNA (residue 527) is not equivalent to its position in 
the sequence of eukaryotic 18s RNA (ca 200 nucleotides from the 3'-terminus, equivalent 
to E. coli residue 1338), yet the three-dimensional placement is identical. An antibody to 
N6-monomethyladenosine also permits its localization (only in wheat germ 405) near the 
7-methylguanosine site; the equivalent residue in the E. coli sequence occurs at position 
1500 and is not methylatedL4. 

Other modified nucleotides occur in ribosomal RNA, but we have not yet been able to 
induce antibodies with the properties needed for their successful use. It has been possible 
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to exploit the unique chemical characteristics of each end of the RNA to place both the 
3' and 5' rermini17.27. Further investigation of specific RNA sites has required development 
of a different class of probes. We have used complementary oligodeoxynucleotides for this 
punpose22; the oligomers are readily synthesized using commercial automated equipment 
and easily purified by ion-exchange HPEC. Optimization of conditions for binding an 
oligodeoxynucleotide to ribosomal subunits (e.g, fig. 3) is necessary in each instance. In 
contrast, the methods for attaching an antibody-recognizable dinitrophenyl derivative at 
the 5'-end or a molecule of 1,N6-ethenoadenosine at the 3'-end of an oligomer are generally 
applicable2'. 

Immune electron microscopy with complementary oligodeoxynucleotide probes is 
probably more difficult than placement of methylated mucleotides. Formation of a ternary 
complex involving subunit, oligomer and antibody is less efficient than formation of a binary 
complex, and there may be a much higher probability that the ternary complexes will 
dissociate during purification or grid preparation. As a result we usually see only a few 
complexes per micrograph in these experiments, as is obvious in fig. 4. The major difficulty 
may thus be the necessity to expose and interpret up to several hundred micrographs in 
order to localize a single oligodeoxynucleotide with accuracy and confidence. 

The placements summarized in fig. 5 identify the direct localizations of 16s RNA residues 
or segments that have been made in our laboratory and by others. The most obvious 
concPusions to be drawn relate to the relationships between the RNA conformation near 
its 3'-end and its interactions with other RNA molecules during protein synthesis. Our 
placement of the mRNA-complementary Shine and Dalgarno7 sequence of 16s RNA 
(residues 1531-1542) suggests that the message runs (5'+3') from the platform end down 
its inner surface. Deep in the cleft codon-anticodon interactions occur near 165 RNA 
residue 1400. The stem-loop structure that includes the dimethyladenosine residues therefore 
must extend from near the bottom of the cleft to midway on the platform, while residues 
on each side of the decoding site (residue 1400) are found at the cleft level but on the 
subunit body further from the base of the platform. 

Although the absolute number of additional sites is small, it is clear that the methodology 
now exists that will allow many more placements in the future. It should equally be possible 
to extend these methods to the study of the E. coli 50s subunit and to ribosomes of other 
species. 
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