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Localization of 5' and 3' ends of the ribosome-bound segment of
template polynucleotides by immune electron microscopy
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Poly(U) with an average chain length of 40-70 nucleotides
was modified at the 5'- or 3' -tenninal residues with
2,4-dinitrophenyl derivatives. The modified poly(U) was used
to form 30S poly(U) or 70S poly(U) Phe-tRNA complexes.
Localization of the 5' and 3' ends of the template poly-
nucleotide on the 30S subunit and the 70S ribosome was per-
formed by immune electron microscopy using antibodies
against dinitrophenyl haptens. The 5' and 3' ends of poly(U)
(putative entry and exit sites of the message) were found in
the same region both on the 30S subunit and the 70S ribo-
some. They were located on the dorsal side of the 30S subunit
between the head and the body near the groove bordering the
side ledge (platform). Comparison of the size of this region
with the possible length of the polynucleotide chain covered
by the ribosome allowed us to suggest that the message makes
a 'U-turn' (or fonns a 'loop') as it passes through the ribo-
some.
Key words: dinitrophenyl hapten/immune electron micro-
scopy/modification of terminal nucleotides/poly(U)/ribo-
some

Introduction
Determination of the three-dimensional location of com-

ponents of the translational apparatus is a necessary step to
elucidate the molecular mechanisms of protein synthesis. In
particular, it is important to know where the message
traverses the ribosome with respect to the other ribosomal
components. It is known that a mRNA fragment with a
length of at least 30 nucleotide residues is protected from
ribonuclease action by the ribosome (Takanami and Zubay,
1964; Steitz, 1980). To get a general idea of the size of the
mRNA binding site on the ribosome we have located the sites
of the 5' and 3' ends of short poly(U) segments (40-70
nucleotides) bound to the 70S ribosome or its 30S subunit.
For this, we prepared poly(U) modified at the 5'- or
3'-terminal nucleotides by 2,4-dinitrophenyl (DNP)-haptens.
The modified templates were subsequently used to obtain
30S * poly(U) or 70S * poly(U) * Phe-tRNAPhe complexes.
Localization of the 5' and 3' ends of the template poly-
nucleotide was carried out by immune electron microscopy
using antibodies against DNP-derivatives (anti-DNP).

Results
Incubation of the 30S poly(U) binary complexes (BC),
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where poly(U) was modified by DNP-haptens at the 5' or 3'
ends with anti-DNP, leads to the appearance of a 'dimer frac-
tion' in the sucrose gradient profile (Figure 1). The specificity
of dimer formation has been proved as described earlier
(Shatsky et al., 1979; Mochalova et al., 1982b). Three frac-
tions of poly(U) with an average length of 40 (30- 50), 55
(45-65) and 70 (55-85) nucleotide residues were tested. The
extent of modification is similar (85- I00Wo) both for the
5'-modified and the 3'-modified poly(U). The yield of the
dimer fraction for the 5' end does not depend on the length
of poly(U) in the range 30-70 nucleotide residues. On the
contrary, in the case of the 3' end, a marked dependence on
the poly(U) length is apparent. At the same 'complex'/anti-
DNP ratio a considerable formation of dimers is observed
only for poly(U) with an average length of 70 nucleotides.
Poly(U) 40-55 nucleotides long with modified 3' ends results
only in some broadening of the 30S peak towards higher
sedimentation coefficients. Analysis of the pooled sucrose
gradient fractions containing 30S subunits for [14C]Phe-
tRNAPhe binding [it has to be noted that 30S subunits do not
bind Phe-tRNA1te in the absence of poly(U)] shows that,
with or without antibodies in the incubation mixture, the
molar proportion of bound poly(U) is similar (40Wo) and does
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Fig. 1. Sedimentation of 30S DNP-modified poly(U) complexes (12 ANO

units) preincubated with anti-DNP in a 5 -2007o sucrose gradient. (a) Com-
plexes in the absence of antibodies. (b) Complexes with the 5' -modified
poly(U) [poly(U) length - 40 nucleotide residues] + 600 itg anti-DNP. (c)
As in (b), but the poly(U) length 70 nucleotides. (d) As in (c), but with the
3'-modified template.
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Fig. 2. Electron micrographs of 30S * DNP-modified poly(U) complexes treated with anti-DNP. General views and selected pairs of 30S subunits linked by an-
tibody molecules. Arrows indicate antibodies in 30S- IgG * 30S dimers and single 30S * IgG complexes. Interpretative drawings are given in the right-hand
frames. (a- d) Immunocomplexes with poly(U) modified at the 5' end. (b) The vertically oriented subunit of each pair is approximately in the frontal projec-
tion (Vasiliev, 1974). (c) The vertically oriented subunit of each pair is approximately in the intermediate or the lateral projection. (d) Single 30S-IgG com-
plexes. (e- h) Immunocomplexes with poly(U) modified at the 3' end. The intermediate projection of the subunit occurs more often than in the case of
poly(U) modified at the 5' end, but the antibody binding site in both the intermediate and frontal projections is the same as in (a- d).

not depend on the site of modification or the length of
poly(U) (data not shown). Therefore, we have concluded that
the different accessibility of the poly(U) 5' and 3' ends for
IgG binding does reflect their different locations on the 30S
subunit.

Fractions from the shaded regions in Figure lb,c and d
were used for electron microscopy. General views of the
preparations shown in Figure lb and d are given in Figure 2a
and e; selected pairs of 30S subunits linked by IgG molecules
and single 30S * IgG complexes are presented in Figure 2b - d
and f-h, respectively. The frontal and intermediate projec-
tions of the 30S subunit (Vasiliev, 1974) were analyzed to map
the three-dimensional location of the antibody attachment
site. The former orientation occurs more often in the case of
the 5'-modified poly(U), whereas the latter is more frequent
in 30S IgG 30S pairs with the 3'-modified template. Nonethe-
800

less, in each of the projections of the 30S subunit, the ends of
poly(U) are located in the same region. In the intermediate
projections [450 and 2250 (Vasiliev, 1974); see Figure 3] the
antibody attachment site coincides with that which has been
found for the 3' end of 16S RNA (Shatsky et al., 1979; Olson
and Glitz, 1979). However, in the frontal projections, the IgG
molecule is attached, as a rule, to the left side of the particle
betwen the head and the body of the 30S subunit, rather than
to the right side as in the case of the 16S 3' end (see Shatsky et
al., 1979). Other antibody attachment points occur very rare-
ly (6% of the total). It should be pointed out that the position
of the antibody attachment site does not seem to depend on a
poly(U) length of up to 70 nucleotide residues. Analysis of all
the data allows one to map both ends of the template poly-
nucleotide in the same site of the 30S subunit surface. It is
located on the dorsal side of the 30S subunit between the head
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Fig. 3. Localization of the 5' and 3' ends of the poly(U) fragment bound
to the 30S ribosomal subunit. The location site is denoted by solid circles
on the two views of the 30S subunit model (Vasiliev, 1974).

and the body near the groove bordering the side ledge (Figure
3).
The 30S poly(U) complex is the simplest model for study-

ing mRNA-ribosome interaction. Therefore, we have map-
ped the position of the poly(U) ends in the tertiary complex
70S poly(U) Phe-tRNAPhe (TC) which represents a system
more similar to the whole translational complex. As in the
case of the 30S * poly(U) complex, the yield of dimers depend-
ed on the length of the poly(U) when the template was
modified at the 3' end. Poly(U) with a length of 70 nucleotide
residues has been used for mapping both ends.
The Phe-tRNAPhe/70S ratio in the purified tertiary com-

plex was found to be 1: 1. In the absence of poly(U) the Phe-
tRNAPhe entirely dissociates from the ribosome in the course
of centrifugation (data not shown). These results suggest that
most of the poly(U) molecules in the tertiary complexes are
involved in codon-anticodon interactions with Phe-tRNAPhe
and hence occupy a correct position (or close to it) on the 70S
ribosome.
Dimer formation for the tertiary complex with poly(U)

modified at the 5'- or 3' -terminal nucleotides is presented in
Figure 4a and b. Fractions from the shaded regions were used
for electron microscopy analysis. General views, selected
TC IgG .TC dimers and single TC IgG complexes from the
preparations shown in Figure 4a and b are given in Figure
5a- d and e- h, respectively.
Two characteristic projections of the 70S ribosome are

most frequently observed: an overlap projection and a non-
overlap one, according to whether or not the image of the
small subunit overlaps that of the large subunit (Lake, 1976,
1982). When the 70S ribosome is in the overlap projection,
the 50S subunit has an asymmetric 'crown-like' view, whereas
the small subunit is in its intermediate projection (see Figure
3). The two subunits are oriented in such a manner that the
side ledge (platform) of the 30S subunits contacts the short
side protuberance of the large subunit, the head of the 30S
subunit covering a region between the short side and central
protuberances of the 50S subunit. When the 70S ribosome is
in the non-overlap projection the large subunit has a kidney-
or a 6-like view and the small subunit is approximately in a
frontal projection (see Figure 3). Such an interpretation of
electron microscope images of the 70S monosome (Lake,
1976, 1982; Vasiliev et al., 1983) is the only possible one to ac-
count for the results obtained in this work (see interpretative
drawings in the last frames in Figure 5c and d).

In the overlap view of the 70S ribosome the antibody at-
tachment point is located near the 3' end of 16S RNA both
for the 5 '- and 3'-modified poly(U). In the non-overlap view,
in both cases, the Fab part of the antibody molecule points to
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Fig. 4. Sedimentation of 70S * DNP-modified poly(U) Phe-tRNAPhe tertiary
complexes after reaction with anti-DNP in a 10- 30% sucrose gradient. (a)
Tertiary complexes (13 A260 units) with the 5'-modified poly(U) + 215 jg
anti-DNP [poly(U) length - 60-70 nucleotides]. (b) As in (a), but for the
3'-modified template.

the partition betwen the head and the body of the 30S
subunit. Other attachment points rarely occur (7%). In total,
we have examined 100 immunocomplexes. However, fre-
quencies of the two 70S ribosome projections in immuno-
complexes strongly depend on the site of poly(U) modifica-
tion. The 5'-modified tertiary complexes mainly occur in the
overlap projections, whereas the 3'-modified ones are
observed in the non-overlap view. Nevertheless, in all other
respects, the data on mapping of the poly(U) ends on the 70S
ribosome and its 30S subunit are consistent. The location site
of the 5' and 3' ends of poly(U) on the 70S ribosome model
is indicated in Figure 6.

Discussion
The validity of data on the localization of mRNA on the

ribosome depends on the specificity of the complexes under
investigation. As has been shown by Katunin et at. (1980), the
30S subunit forms a complex with poly(U) with a stoichio-
metry of 1:1. The complex is heterogeneous in stability and
characterized by two association constants (106 and
108- 109 M - 1). Stronger binding is entirely accounted for by
the presence of the ribosomal protein S1. In our conditions
we observed only strong complexes, i.e., those dependent on
protein S1. The specificity of poly(U) binding to 70S ribo-
somes is supported by the presence of codon-anticodon inter-
actions in most of the tertiary 70S- poly(U) Phe-tRNAPhe
complexes used for immune electron microscopy. Further-
more, the apparent difference in accessibility of the hapten at
the 5' and 3' ends of poly(U) for IgG binding suggests that
the binding of the message is polar. All these circumstances
rule out a mere non-specific sticking of the template to the
ribosomal surface.
The results obtained in this work raise the following ques-

tions: (1) do the location sites of poly(U) ends correspond to
the entry and exit sites of the message? (2) can we judge the
shape which the message acquires in the ribosome? The
answer to the first question is related to the presence of free
ends in the template polynucleotide flanking its ribosome-
bound fragment. Poly(U) 40 nucleotides long can have only
short free ends because its length only slightly exceeds that of
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Fig. 5. Electron micrographs of 70S-DNP-modified poly(U) - Phe-tRNAPh, tertiary complexes treated with DNP-specific antibodies. General views, selected
TC IgG - TAC dimers and single TC IgG complexes. Arrows show antibody molecules. Interpretative drawings are given in the right-hand frames. In order to
show the position of the small subunit the interpretative drawings are presented as the mirror imnages of the correct 70S ribosome model (see Lake, 1982).
(a-d) Inununocomplexes with poly(U) modified at the 5' end. (b) The 70S ribosomes in the dimers are in the overlap projection. This projection is predomi-
nant. (c) The vertically oriented 70S ribosome of each pair is in the non-overlap projection. (d) The single TC IgG complexes. (e- h) Immunocomplexes with
poly(U) modified at the 3' end. In this case the dimers with 70S ribosomes in the non-overlap projection, such as presented in the two upper rows, are
predominant, but the antibody binding site in both the projections is the same as in the former case.

Fig. 6. Mapping of the entry and exit sites of poly(U) on the 70S ribosome
model. The location site of both ends of the ribosome-bound fragment of
the template is designated by solid circles.

the mRNA fragment protected by the ribosome from ribo-
nucleases. It is clear that the presence of short free ends can-
not affect significantly the precision of localization of the en-
try and exit sites of the message. Moreover, we have found
the position of the antibody attachment point to be indepen-
dent of the poly(U) length within defined limits. This can be
accounted for by the following reasons. (1) For electron
microscopy we selected those fractions of the 'dimer' part of
the sucrose gradient that have higher sedimentation coeffi-
cients. We believe that the poly(U) * ribosome complexes from
these fractions carry shorter free ends and therefore are
bound into pairs more tightly and sediment more rapidly. (2)
When present, the long free ends do not seem inclined to stick
to the ribosomal surface. Rather, they tend to stretch between
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the ribosomal particle and the Fab part of IgG. The most
characteristic example is presented in the first two frames in
Figure 5b. It should be mentioned, however, that such pairs
occur rather rarely, probably for the reason indicated above.
The low frequency of 'aberrant' antibody attachment sites
(<70/o) favours these two suggestions. Finally, it should be
pointed out that the poly(U) segment interacting with the
ribosome may be longer than the region protected from ribo-
nucleases. Indeed, the hapten residue at the 3' end of poly(U)
with an average length of up to 55 nucleotides is not readily
available for IgG binding. This is quite conceivable, if one
takes into account the difference in sizes and properties bet-
ween commonly used RNases and Fab parts of IgG. The fact
that there is no dependence on the poly(U) length for ac-
cessibility of the 5' end of the message seems to reflect the
different organization of the respective binding sites. The lat-
ter appears to be located near the surface of the 30S subunit.
Closer to the 3' end, the polynucleotide chain may occupy a
'hollow' (such as the groove separating the head of the 30S
subunit from its body). We have assumed that the 5'-terminal
part of the whole binding site has a higher affinity for the
polynucleotides than the 3'-terminal one. If so, the 5' end
would be always accessible for interaction with IgG [starting
from a certain size of poly(U)] whereas the proportion of ac-
cessible 3' ends would increase, as does the length of the
message. All these considerations allow us to suggest that the
5' and 3' ends of short poly(U), as determined in this work,
do reflect the real positions of its entry and exit sites.
The location of the entry and exit sites makes it possible to

conceive how the message passes through the ribosome. In-
deed, if the bound fragment of the template chain is supposed
to be stretched in a 'straight line' then its ends would be
separated by at least 90 A, even assuming the chain length to
be -30 nucleotide residues (Takanami and Zubay, 1964;
Steitz, 1980) and the displacement per base to be the shortest
one [3 A for duplex poly(U) poly(A) (Sasisekharan and
Sigler, 1965)]. However, we see that the entry and exit sites of
poly(U) are close together in all electron microscopy images.
Thus, the entire binding site of poly(U) on the ribosome is
organized in such a way that the nucleotide sequences prox-
imal to its entry and exit points are not separated by a great
distance. Their proximity allows one to suggest that the ribo-
some-bound fragment of the template polynucleotide makes
a 'U-turn' or a 'loop' as it passes through the ribosome. Of
course, the poly(U) ribosome Phe-tRNAPhe complex is a
model of the ribosome at the elongation step rather than the
initiation step. Moreover, the macromolecular structures of
natural mRNA and poly(U) are different. Nevertheless, we
believe that the 'loop' may be formed from the very begin-
ning of translation.
Though an idea of the template loop is rather speculative

and should be supported by independent and more precise
methods, as well as by the use of natural mRNA fragments, it
is attractive for the following reason: in the course of initia-
tion it is not required that the ends of the mRNA fragment
interacting with the ribosome be separated greatly from each
other. This is particularly essential for the internal coding
regions of polycystronic mRNAs. In this case, separation of
the ends would require not only melting of the secondary
structure within the mRNA initiation site itself, but would in-
volve strong conformational changes in other parts of the
mRNA macromolecular structure.

Materials and methods
Preparation ofpoly(U) fragments and their modification by DNP-haptens

Poly(U) (Reanal) was digested with cobra venom ribonuclease into
fragments 20-150 nucleotides in length (Boldyreva et al., 1978). The
fragments were then separated into fractions with a narrow chain length
distribution on a Sephadex G-100 (Pharmacia) column. The chain length was
estimated by gel electrophoresis under the conditions described in Maxam and
Gilbert (1977), using 5SrRNA and its 41- and 79-nucleotide-long fragments as
markers (provided by M.Saarma). Modification of poly(U) at the
5'-phosphate group by DNP-ethylene-diamine was carried out as described
earlier (Mochalova et al., 1982a, 1982b). Poly(U) modification at the
3'-terminal ribose by N-(-y-2,4-dinitrophenyl)aminobutyric acid hydrazide
was carried out as reported in Stoffler-Meilicke et al. (1981). The extent of
poly(U) modification was estimated from the ratio A26&/A367, assuming the
molar extinction coefficients of the DNP-group (367 nm) and U residue in
poly(U) (260 nm) to be 16 000 and 8800, respectively (Mochalova et al. 1982a;
Inners and Felsenfeld, 1970).
Preparation of 30S*poly(U) and 70S poly(U) *[14CPhe-tRNAPhe

Ribosomes and ribosomal subunits were isolated from Fscherichia coli
MRE 600 as described by Kirillov et al. (1980). 30S subunits were mixed in
buffer I (100 mM NH4Cl/10 mM MgCl2/10 mM Tris-HCl, pH 7.2) with a

1.3-fold molar excess of modified poly(U) and the mixture was then incubated
for 1 h at 0°C. 30S poly(U) complex was separated from unbound poly(U)
by short low speed centrifugation through Biogel P-100 (Bio-Rad)
equilibrated with the same buffer. To prepare 70S tertiary complexes, the 30S
subunits were mixed with a 2-fold molar excess of modified poly(U), an equi-
molar amount of 50S subunits and a 3-fold molar excess of [14C]Phe-tRNAJPhe
(1440 pmol/A260, 350 Ci/mol , [l4C]Phe-tRNAPhe was prepared as described
in Semenkov et al. (1976). The mixture was incubated for 1 h at 00C. The ter-
tiary complex was purified by sucrose gradient centrifugation (10- 3007o) in
buffer 11 (200 mM NH4Cl/12 mM MgCl2/10 mM Tris HCI, pH 7.2) using a

Beckman SW41 rotor (21 000 r.p.m., 12 h, 20C), dialyzed for 4 h against the
same buffer and concentrated by 20%b polyethylene glycol (mol. wt.
20 000-40 000, Fluka).
Dimer formation and electron microscopy

Preparation of anti-DNP and selection of optimal antibody: ribosome ratio
were performed as described in Mochalova et al. (1982b) and Shatsky et al.
(1979), respectively. Incubation of 30S binary complexes (BC) or 70S tertiary
complexes (TC) with anti-DNP was carried out for 1 h at 0°C. Isolation of
BC IgG - BC dimers and their preparations for electron microscopy were per-
formed according to Shatsky et al. (1979) using buffer I. Tc IgG TC dimers
were isolated in buffer II under conditions indicated above for TC purifica-
tion. Electron microscopy was performed as described in Shatsky et al. (1979).
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