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We have previously shown that a $-terminal region of mouse 5 S tTRINA can base-pair n, vitro with two distinet o gions of 18 S rRNAL. Further

anais sis reveals that these 5 8 rRNA-complemientary segqurences in 18 S rRNA also exhibit complementarity to the Kozak consensus sequence

surrounding the mRNA translational start site. To test the possibility that these 2 regiorns in 18 S rRNA may be involved in mRNA binding and

translational inatiation, we have tested. using an in vitro transhition system. the eticcts of PPN A oligonucicotides complementary to these 18S rRNA

seguences on proteir sy nthesin Results show that an oligonucleotide complementary to one 18 S tRNA region does inhibit translation at the step

of imitiation. We proposc a Crmnetitine-Displacement Model for the initiation of translation involving the intermolecular base-pairing of 5SS rRNA.
IS S rRNA and mRNAL

Translation: Ribosome: Intermoleculir RNARNA hybridization: rfRNA: mRNA

1. INTRODUCTION

The detailed molecular mechanisms involved in the
initiation of eukaryotic protein synthesis reman un-
known. The Kozak scanning hypothesis [1.2] proposes
that the ribosome scans a capped mRNA from the 57
end and recognizes a consensus sequence surrounding
the bona fide translational Met start codon. The scan-
ning hypothesis implicitly assumes the existence of some
mechanism by which the 40 S subunit can read the
mRNA sequence and recognize 1ie correct sequense 1ol
initiation. Intermolecutar buase-pairing of this Kozak
MRNA consensus sequence with a complementary se-
quence of 18 S rRNA in the 40 S ribosomal subunit
could provide the mRNA alignment necessary for accu-
ratc and efficient initiation of translation. Previous
analysis has defined two 5 S rRNA-complementary se-
quences in 18 S rRNA which base-pair to a conserved
sequence found in the 5-terminal region of $ S rRNA
[3]). Further analysis presented here reveals complemen-
tarity of these 18 S rRNA sequences to the Kozak con-
sensus scanning sequence. In vitro protein synthesis in
the presence of a DNA oligonucleotide complementary
Lo one of these 5 S rRNA-compiementary sequences of
18 S rRNA inhibits protein synthesis suggesting the
utilization of this region of 18 S rRNA in the scanniny
of mMRNA and the initiation of piro.ein synthesis. We
therefore propose a Competitive-Lyisplacement Moddel
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which postulates that a sequential series of intermolecu-
lar RNA:RNA base-pairing interactions involving 5 S
rRNA. 18 S rRNA and mRNA provide a mechanistic
basis for events important in the initiation of protein
synthesis.

2. MATERIALS AND METHODS

20 dccessibility of ribesontes and Fibosomiad subanits to DN A oligonu-
clearricdes

Pelleted polyrnibosomes were prepared from mouse ascites cells as
previously described [3] and stored at —80°C. Polyribosome pellets
were resuspended at 39C in 30 mM Tris-HCl (pH 7.6). | mM MgCl,.
and 70 mM KCl (Buffer A). Ahguots containing 5 4., units of resus-
pended polyribosomes were diluted 10 196 yl with Butter A and dis-
sociated inwo subunits by the addation of 4 L4l of 0.5 M EDTA to a final
concentration of 10 mM [4). Dissociated subuenits were then incubated
with 30000 100 000 cpm’s (3 < 107 cpm ¢g) of various 5’ end-labeled
DNA oligonuclcotides [5] at 4°C for 1.5 h. Each sample was thea
loaded onto a pre-chilled 5 30% linear sucrose gradient containing
Butler A with 10 mM EDTA and run for 7 h at 35 000 rpm in a
Beckman SWA0 ultracentrifuge rotor at 4°C. Gradients were frac-
tonated and analyzed spectrophotometrically using a UV monitor.
Fract’ons of 0.4 ml were collected and the radioactivity determined by
scintillation counting.

22 In vitre rransiarion

Rabbiat globin mRNA was translated in a rabbit reticulocyte lysate
n vitro transiation system (Bethesda Rescarck Laboratories) for 40
min following procedures provided by the manutacturer. Protein syn-
thosis was measured by incorporation of ['HJleucine into TCA-precipi-
table protein. Reactions analyzing oligonucleotide inhibi: ion of trans-
lation contained 1 10 ug of DNA oligonucleotide added prior to
addition of globin mMRNA or poly{A)° RNA (0.1 gg20 il reaction
mixture). Poly(tA) RNA was isolated from mouse ascites cells as
previously described [6.7].
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2.3. Imhibition of mRN A binding to 40 S subunits by DN A afigonucioo-
riddes

In vitro translation reactions (30 4l total volume, were prepared as
above except that NaF was added to a concentration of 10 mM 1o
allow detection of the 48 S pre-initiation complex [8]. Reaction mix-
tures were then incubated at 30°C for 5 min before the addition of 10
ug of DNA oligonucieotide followed by addition of isolated 3’ end-
labeled [9] gicbin MR NA (0.05-0.1 430 ul reaction mixture). After
incubation for an additional 15 min. a1 30°C, reactions were stopped
by dilution 1o 200 ul with ice-cold Buffer A. Reaction components
were then resolved on sucrose gradients and fractionated as desceribed
above.

3. RESULTS

Previous work in our laboratory [3] has demonstrated
the in vitro hybridization of a conserved. 5 -terminally
located sequence in 5 S rRNA to two evolutionarily
conserved and complemertary sequences in 18 SrRNA
(sce Fig. 1). While the biological function of these 5 S
rRNA:18 S rRNA hybrids i3 uncertain at present. fur-

thecr inspection of these 18 § rRN-A. sequences has
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Figz. 1. Structure of 5 S rRNA:IE S tRNA and mRNA18 S rRNA
hyorids. (A) The previously defined [3] hybrid structures between the
5°-:erminal sequence of 5 SrRNA and Region | and Region 2 scquen-
ces of 18 S rRNA. (B) Theoretical hybrid structures that can be dravw a
berween Region | or Region 2 of 18 S tRINA and the cxperimentaniy-
deiined optimal translation start site sequence of eukaryotes [1] The
rumbers ~-3, +1, and +4 above the mRNA sequence indicate the
position of these nuclevtides relative to the A residue of the overlined
AUG initiation codon. In both panels, solid lines juxtaposed to the
5 S and 18 S rRNA sequences indicate synthetic complementar: IDDNA
oligonucleotides used in these studics.
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recently revealed that they are also complementary to
the Kozuk scanning sequence [1.2] surrounding the
cukaryotic mRNA translation start site (see Fig. 1). To
test the possible involvement of these 18 S rRNA se-
quences in mRNA translation events., we synthesized
DNA oligonucleotides complementary to both 18 S
rRNA sequences 1 and 2 and then probed the ribosome
to assess the accessibility of these sequences in the 40 S
subunit. Experiments revealed that both 18 S rRNA
sequences 1 and 2 were accessible to hybridization with
the complemientary DINA probes (Fig. 2). However, se-
quence [ hybridized very strongly with its comple-
mentary 18 S rRNA sequence suggesting a very exposed
location on the surface of the 40 S subunit. Oligonu-
cleotide hybridization to only the 40 S subunit demon-
strated the specificity of each oligonucleotide probe.
This specificity was confirmed in oligonucleotide com-
petition experiments with cold homologous and het-
erologous probes as well as RNase H-digestion of the
oligonucleotide:18 S rRNA hybrid and sequencing of
the generated 18 S rRINA fragments (data not shown).
Control oligonucleotides P! and P2 [3]. used in the
primer extension sequencing/ mapping of RNase H-
digested oligonucleotide:18 S rRNA hybrids are com-
plementary to sequences approximately 50 nucleotides
downstream of 18 S rRNA sequences | and 2. The
ability of oligonucleotide P1 to also strongly hybridize
to the 40 S subunit indicated that this region of 18 S
rRINA was very exposed on the subunit surface. The
inability of either the sequence 1 complementary or Pl
oligonucleotide probe to hybridize with the 80S ribo-
somal couple suggested that these exposed 18 S se-
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Fig. 2. Accessib'lity of 18 S rRNA Regions 1 and 2 1n the 40 S subunit
10 complementury oligonucieotide probes. 60 S and 40 S subunits
zenerated by EIDTA Uissociation were probed with radiolabeled DNA
oligunucieotides 1 (Fig. 1), 2 (Fig 1), Pl (complementaty to '8 S
rRNA nucleotides 1247 1264) and P2 (complementary to 18 S r2NA
nucleotides 14324 13440). resolved on sucrose gradicnts., and the 4.,
and cpm’s of each fraction mcasured. The positions of 60 S and 30 S
subunits in the gradient profiles are indicated by arrows.
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Fig. 3. Specific inhibition of in vitro translation by oligonucleotide 1.
Ju vitro translation reactions using rabbit globin mRNA were carried
ou? in the absence or presence of varying amounts of DNA otigonu-
cleotides 1, 2. 5 (sce Fig. 1), PI and P2, or using mouse poly(A)" RNA
in the absence or presence of oligonuclkotide 1. Protein synthesis in
each reaction was measured by incorporation of [*HJleucine and was
plotted as the percentage of control translation (no oligonucieotide
added).

quences were located on the interface between the 40 S
and 60 S subunits (data not shown).

The effect of these oligonucleotides on translation
was then assessed using an in vitro translation system.
Oligonucleotide 1, complementary to 18 S rRNA se-
auence 1. specifically inhibited the translation of both
rabbit globin and total mouse poly(A)” mRNA (Fig. 3).
Al other oligonucleotides, including some not indicated
here. had no cffect on the translation of cither rabbit
globin or mouse poly(A)" mRNA. The observed inhibi-
tion of translation was not due 1o oligeaucletide 1 hy-
bridization with added mRNA since neither rabbit a-
cr f-globin mRNA sequences contain ragions of com-
plementarity with this specific oligonucleotide. Addi-
tionally. the inhibitory effect of oligonucleotide 1 was
most pronounced when it was added to the wranslation
mixture prior to addition of either glotin or poly(A)”
mRNa. Presumably. preincubation of this oligonucleo-
tide with the 40 S subunit perniitted time for its hybridi-
zation to the complementary 18 S rRNA sequence (see
R Nase H experiments indicated above) to irdhibit trans-
lation of the subsequently added mRNA. The lack of
complete inhibition by oligonucleotide 1 could reflect
the low hybrid strength of the short DNA oligonucleo-
tide 1 (17mer) bound to 18 S rRNA (DNMNA:RNA) com-
pared with the gieater strength of the pcstulated 18 S
rRNA:mRNA (RNA:RNA) hybrid (see model below).

Finally. the ability of mRNA to bind to the 40 S
subunit in the presence or absence of hybiridizing DNA
oligonucieotides was assessed using rabbit globin
mRNA und the reticulocyte lysate translation system.
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Fig. 4. Specific inhibition of mRNA binding to the 40 S riboscemal
subunit by oligonucleotide 1. Rabbit globin mRNA radiolabeled at
the 3’ end was added to in vitro translation reactions in the absence
or presence of 10 ug of oligonucleotide 1. Each reaction contained 10
mM NaF which prevents the 60 S subunit from joining the 40 S
subunit, allowing detection of the 48 S preinitiation complex. After
incubating at 30°C for 15 min the components of the translation

trarbivid wei T esutved on sucivad giadicnts. Thd gradicnis wors fiaa-

tionated and the amount of labeled globin mRNA in the 48 S pre-

initiation complex was determined by scintillation counting. The posi-

tion of the 60 S subunit, 48 S pre-initiation complex, and free 9 S rabbit
giobin mRNA are indicated by arrows.

Addition of 10 mM NaF to the in vitro translation
system prevents ribosomal subunit association and al-
lows detection of the 48 S preinitiation compiex [8].
Similar to the results observed for the in vitro transla-
tion experimeats detailed in ¥ig. 3, oligonucleotide 1
caused a significant reduction in the amount of labeled
globin mRNA entering the 48 S preinitiation complex
(Fig. 4). Also consistent with the translation results of
Fig. 3, oligonucleotides 2, 5, P1 and P2 had no effect on
globin mRNA binding to the 40 S subunit (data not
shown).

4. DISCUSSION

The work presented here reveals that 18 S rRNA
sequence 1 (nucleotides 1190-1153) is exposed on the
surface of the 40 S ribosomal subunit and that a specific
sequence | -complementary DNA oligonucleotide inhib-
its the in vitro translation of mRNA. On the basis of
these results and those previously presented [3]. we have
formulated a model for the initiation of translation
based upon a sequential series of intermolecular
RNA:RNA base-pairing interactions involving 5 S
rRNA, 18 S rRNA, and mRNA (Fig. 5). These interac-
tions provide not only an underlying physical basis for
events important in the initiation of protein synthesis
but would also provide a temporal order for these
events.



Volume 294, number 3 FEBS LETTERS December 1991
40S SUBUNIT
1 1190 1155
I
~-3'-—AAGUCGAAACGUUGGUAUGAGGGGGGICUUGGGUUUC--5"—— 188 rFINA
met
elFs + tRNA,_, + mRNA
PREINITIATION MPLEX
I 1
3 L) L]
) i Mot-tRNA
anticodon locp
‘,3 unC
1190 __g, "GCCFE?.’“;’CG":* .- MRNA 1155
- -3'--AAGUCGAAACGUUGGUAUGAGGGGGGCCUUGGEUUUC--5" -~ 188 rRNA
60S SUBUNIT
|1 80S RIBOSOME
3 . .
Met-tRNA
-3 J i anticodon loop
A UBS
. -—5'—-GCCGCCAUGG--3'-- MRNA
1 AISO — 11 55
-3 ——AAGUCGMCGUL.}(.;(.;UAUGAGGG GECCUL.JGGL,UUUC--S ‘—— 188 rRNA
AUA——
Ve = GUCUACGGC? ccacccgsmcccsc cCe--3°- 55 rRNA ~
10 29 ]
30
\ S
Fig. 5. Competitive-Displacement Model for the initiation of protein synthesis.
The steps proposed in cur model are as follows. The b then unlocked when the 60 S subunit

43 S initiation complex containing the 40 S subunii,
eukaryotic initiation factors (elFs), tRNA, and GTP,
binds to the 5° cap of the mRNA. The Region 1 se-
quence of 18 S rRNA then scans the S-untranslated
leader of the mRNA until it finds an AUG codon with
a proper Kozak coasensus sequence with which it can
base-pair. At this point scanning stops and the 48 S
pre-initiation complex is formed. The mRNA ‘locked’

do _ the hybridization of the 5-terminal se-
gquence of 5 S rRNA with the Region | sequence to
displace the base-paired mRNA. The initiator AUG
codon in the mRNA is then free to base-pair with the
initiator Met tRNA and form the first codon-anticodon
interaction to begin protein synthesis. The nature of the
displacing intermolecular RNA:RNA inteructions and
the competition between mRNA and 5 S rRNA for the
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same site in 18 S rRINA has prompted us to call this
scheme the Competitive-Displacement Model for the
inttlation of protein synthesis.

Several points about this model are notable. The pro-
posed 18 STRNA Region IlmRNA hybrid is G C-rich
and has orly I mismatch out of 9 contiguous base-pairs.
Previous mutuagenesis of the rat preproinsulin gene has
permitted an experiimental determination ot the optimal
consensus scquence for translational initiation in cu-
karvotes [1]. The mRNA —3 position (A/G) critical for
etficient initiation of translation is base-paired to a U
in the 18 S rRNA sciuence. The ability of a U nucleo-
tide to hydrogen-bond with similar strengths to both A
and G nucleotides could explain the relative indifference
as o which purine nucleotide ocvupies this critical posi-
‘1on. Although our model only depicts the role of
RINA:RNA base-pairing in this process, we do not dis-
count the involvement of ribosomal or accessory pro-
teins in these steps: they must certainly modulate the
ability of these RNA sequences to interact. We only
prapose that the underlying mechanism consists of a
sequential seriecs of RNA:RNA interactions. Indeed,
c ur results demonstrating that 5 S rRNA in the 6C S
~-1bunit is inaccessible to it oligonucleotide probe (data
not shown) despite its location on the surface of the 60
S subunit [10]. suggests that the 5'~terminal sequence of
% S rRNA must undergo a conformational change, per-
kaps mediated by proteins, before it can base-pair to the
Region 1 sequence of 18 S rRNA to displace the
raRNMNA. Lastly, though our model does not indicate it.
the initiator Met tRNA may participate in the scanning
process through base-pairing of its anticodon sequence
to the initiation codon. as has been proposed by others
[1.2.11]. In fact, recent experiments in yeast indicate that
the initiator tRINA plays a major role in start site sclec-
tion {11}

Several pieces of available evidence are consistent
with our model. First. the base-pairing of the 18 S
TRNA Region | sequence to both 5 S rRNA and the
mRNA start site is very well conserved in the evolution
of cukaryotes. Identical hybrid structures can be drawn
between this optimatl translation start site sequence and
18 S rRMNAs from organisms as divergen! as mousce,
Xenopus laevis, and Succharomyces cereviside (our un-
published resuls). Second. several taboratorics have re-
ported crosslinking ditterent viral mRNAs o I8 S
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rRINA in 40 S or 80 S initiation complexes [12-14]. In
addition. Erni and Stachelin [135] were able to isolate a
stable. base-paired hybrid between 18 S rRINA and
glabin mRNA from the 40 S initiation complex.

Finally. while therc arc clearly differences in the
mechanisms by which eukaryotes and prokaryotes ini-
tiate translation. they may both use similar kinds of
intermolecular interactions in this process. The use of
a sequence near the 3" end of 165 rRNA to base-pair to
the Shine-Dalgarno sequence of prokaryotic mRNA
[16.17] is a direct analogy to our proposed 18 S
TRNA:mRNA hybrid. Eukaryoles and prokaryotes
may simply use different portions of their small riboso-
mal subunit RINAs to base-pair to mRNA.

Acknowledgements: Initial aspects ot this work were supported by
PHS Grant CA3801S from NCI and BRSG Grant RR7071 (E.S.M.).

REFERENCES

[1] Kozak. M. (1986) Cell 44, 283 292,

[2] Kozak. M_ (1987) J. Mol. Biol. 196, 947 950.

[3} Sarge. K.D. and Maxweli, E.C. (1991) Biochun. Biophys. Acta
1088 S7 70.

[4] Martin, T.E.. Relleston. F.S.. Low. R.B. and Wool, 1.G. (1969)
J. Mol Biol. 43, 135- 149,

[5] Efstradiatis. A.. Vournakis. J., Donis-Keller, H.. Chaconas. G.
arsd Kafaros, F. (1977) Nucleic Acids Res. 4. 4165-4174.

6] McMullen, M.D., Shaw, P.H. and Martin. T. (1979) 3. Mol. Biol.
132, 679 694,

[7] Scherrer. K. (1969) in: Fundamental Techniques in Virology
{Habel, K. and Salsman. E. eds.) pp. 413 423, Academic Press,
New York.

{8} Moldave. K. and Sadnik. 1. (1979) Metheds Enzymol. 5%, 402
410.

[9] Thomas. N . Butcher. P. and Arnstein, H. (1983} Nuciecic Acids.
Res. 11,1 10,

{10} Vogel. D | Hartmann, R., Bartsch, M | Subramanian. A., Klei-
now, W_, O'Brien. T.. Picler. T. and Frdmann. V. (i1984) FERBS
Lot 169, 67 72,

{11} Cigan. A.. Feng. L. and Donahue. T.. (1988) Science 242,93 ©7.

[12} Tanaka. M. Hitasami. H.. Nagai. J. and Nakashima. K. (1984)
J. B ochem. @5, 125 130,

{13} Yokec..S.. Funaka. M., Hibasami, H., Nagai. J. and Nakashima,
K. (1983 J. Biochem. 94, 1803 1805

{t4] Nakashima. K . Darzynkiewicz, E. and Shatkin. A. (1980) Na-
ture 286, 226 230,

{i5] Erni. B, and Stachlin, T (1982) FEBS Lett. 148, 79 82,

[16} Shinc. 3. and Dalgarnc, L. (1974) Pro-. Natl. Acad. Sci. USA 71.
1342 1336,

{17] Steiz. J. A and Jakes, K. (1975) Proc. Natl. Acad. Sci. USA 72,
4733 473K,



