
J. Biochem. 138, 41–46 (2005)
 DOI: 10.1093/jb/mvi096
Ribosomal Proteins Cross-Linked to the Initiator AUG Codon of a 
mRNA in the Translation Initiation Complex by UV-Irradiation
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Eukaryotic ribosomal proteins constituting the binding site for the initiator codon
AUG on the ribosome at the translation initiation step were investigated by UV-
induced cross-linking between protein and mRNA. The 80S-initiation complex was
formed in a rabbit reticulocyte cell–free system in the presence of sparsomycin with
radiolabeled Ω-fragment as a template, which was a 73-base 5′-leader sequence of
tobacco mosaic virus RNA having AUG at the extreme 3′-terminal end and extended
with 32pCp. Two radioactive peaks were sedimented by sucrose gradient centrifuga-
tion, one being the 80S initiation complex formed at the 3′-terminal AUG codon, and
the other presumably a “disome” with an additional 80S ribosome bound at an
upstream AUU codon, formed when Ω-fragment was incubated with sparsomycin
[Filipowicz and Henni (1979) Proc. Natl. Acad. Sci. USA 76, 3111–3115]. Cross-links
between ribosomal proteins and the radiolabeled Ω-fragment were induced in situ by
UV-irradiation at 254 nm. After extensive nuclease digestion of the complexes, ribos-
omal proteins were separated by two-dimensional gel electrophoresis. Autoradiogra-
phy identified the proteins S7, S10, S25, S29, and L5 of the 80S initiation complex and
S7, S25, S29 and L5 of that in the disome as 32P-labeled proteins. Together with the
results of cross-linking experiments of other investigators and recently solved crystal
structures of prokaryotic ribosomes, the spatial arrangement of eukaryotic ribos-
omal proteins at the AUG-binding domain is discussed.

Key word: initiation complex, initiator AUG codon, protein synthesis, ribosomal pro-
teins, translation initiation.

Translation initiation is now recognized as an important
regulatory step of gene expression (1), and its dysregula-
tion may be responsible for certain viral infections (2)
and tumorigenesis (3). During the initiation of eukaryotic
protein biosynthesis, binding of mRNA, initiation factors
and initiator tRNA to the small ribosomal subunit takes
place at an early stage to form the 40S initiation complex
(sometimes called 43S pre-initiation complex). Then the
large subunit associates with the complex, and “80S initi-
ation complex” (composed of a complete ribosome and
other components) is formed. This process seems essen-
tial in protein synthesis, as the initiation step in prokary-
otic cells proceeds by a virtually identical route. Affinity
labeling of the prokaryotic ribosome with photo-reactive
AUG analogues showed that the binding site for the initi-
ator AUG occupies the interface between the small and
large subunits, and ribosomal proteins constituting the
binding site have been identified (4).

Crystal structures of the prokaryotic 50S and 30S
ribosomal subunits have recently been solved at 2.4–3 Å
(5–7) and that of the complete 70S ribosome at 5.5 Å res-
olution (8). A low-resolution cryo-electron microscopic
structure of yeast 80S ribosome was also reported (9).
Although our understanding of ribosomal function has

knowledge is still largely limited to prokaryotic ribos-
omes and, because of the extreme complexity, it will take
some time for a high-resolution crystal structure of a
eukaryotic ribosome to be available. Therefore, a bio-
chemical approach is still one of the major ways to under-
stand the function of eukaryotic ribosomes, and biochem-
ical information thus obtained will be of help in
interpreting the 3-D structure–function relationship of
such complex biological systems. In eukaryotic systems,
little is known about the species of ribosomal proteins
actually interacting with the specific regions of mRNA in
the initiation complexes. Recently, we showed that three
ribosomal proteins, S6, S8 and S23/S24, together with
small amounts of S3a/S3, S27 and S30, were directly
cross-linked to 125I-labeled globin mRNA in the 40S initi-
ation complex by chemical cross-linking (10). In the
present study we extended the previous experiments
using the rabbit reticulocyte system and a radiolabeled
Ω-fragment in which 3′-terminal AUG had been extended
to AUGC with [5′-32P]pCp, and examined the proteins
directly interacting with this limited region by the cross-
linking technique in the 80S initiation complex. UV-irra-
diation can induce very short-range cross-linkings as
compared with bifunctional chemical crosslinkers, which
have spacers of various lengths. Here, we show ribosomal
proteins S7, S10, S25, S29 and L5 are present in the close
vicinity of initiator AUG in mRNA within the 80S initia-
tion complex.
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MATERIALS AND METHODS

Materials—Nuclease-treated (i.e., exogenous mRNA-
dependent) rabbit reticulocyte lysates were prepared by
the procedure of Pelham and Jackson (11). [γ-32P]ATP
(>220 TBq or 7,000 Ci/mmol) was purchased from ICN
Radiochemicals (Irvine, California). Polynucleotide kinase
and T4 RNA ligase were from Takara Shuzo (Tokyo).

Preparation of TMV-Ω Fragment—The Ω-fragment was
prepared from a ribonuclease T1 digest of TMV-RNA as
described in Ref. 12.

3′-End Labeling of RNA—The labeling at the 3′ end of
RNA was performed in a 10 µ1 reaction mixture contain-
ing 25 mM Tris-HCl pH 8.3, 5 mM MgCl2, 5 mM DTT, 10
µg/ml bovine serum albumin, 10% dimethylsulfoxide, 50
µM ATP, 0.5–1.0 unit of T4 RNA ligase and [5′-32P]pCp
prepared from 3.7 MBq (100 µCi) of [γ-32P]ATP according
to England et al. (13). Labeled samples were analyzed or
purified on 8% acrylamide slab gels containing 7 M urea,
90 mM Tris-borate pH 8.3 and 2.5 mM EDTA.

Formation of Initiation Complex—The initiation com-
plex was constructed using a rabbit reticulocyte lysate. In
brief, 10 µl of rabbit reticulocyte lysate was preincubated
with 100 µM sparsomycin at 30°C for 15 min, the 32P-
labeled Ω-fragment was added and the mixture was fur-
ther incubated at 30°C for 15 min. For preparative pur-
poses, 50 µl aliquots of the lysate were used.

UV-Irradiation—The lysates containing initiation com-
plexes were irradiated with a mercury lamp (Minera-
light, UVP Inc., Upland, California) for 25 min at a dis-
tance of 2 cm. The samples were kept on ice during the

irradiation. The irradiation intensity was 18,600 µW/cm2

at 254 nm. The extent of cross-linking of 32P-labeled Ω-
fragment to proteins was estimated by Millipore filtra-
tion assay by the method of Cazillis et al. (14).

Separation of Initiation Complex—The UV-irradiated
samples were diluted with buffer A (50 mM Tris-HCl pH
7.6, 25 mM KC1 and 5 mM MgCl2) to 100 µl. The solution
was overlaid onto 5 ml of 15–30% linear sucrose density
gradient in buffer A. After the sedimentation at 235,000
× g for 90 min in a Hitachi RPS-50 rotor at 2°C, the gradi-
ent solution was collected into 17 fractions and Cerenkov
radiation of each fraction was measured. The 32P-radioac-
tive fractions were pooled separately and precipitated
with 2 volumes of ethanol after the addition of 0.1 volume
of 1 M potassium acetate.

Extraction of Ribosomal Proteins—The initiation com-
plexes precipitated with ethanol were dissolved in 6 M
urea and digested with RNase A (50 µg/ml) at 30°C for 15
min. The samples were dialyzed against 10% acetic acid
for 12 h. Following addition of carrier ribosomal proteins
(70 µg), proteins were precipitated by addition of 5 vol-
umes of acetone.

Gel Electrophoresis of Ribosomal Proteins—Ribosomal
proteins were separated by two-dimensional gel electro-
phoresis using two different gel systems (a basic-acidic
and a basic-SDS system) described in Ref. 15. After the
electrophoresis, gels were stained with Coomassie bril-
liant blue, dried on filter papers, and radioactive spots
were identified by autoradiography on Fuji X-ray films.

Gel Electrophoresis of RNA—The electrophoresis of RNA
was performed on an 8% polyacrylamide gel slab (0.1 cm

Fig. 1. Formation of the initiation complex and effect of UV-
irradiation. A rabbit reticulocyte lysate (10 µl) was preincubated
with 100 µM sparsomycin at 30°C for 15 min, then 32P-labeled Ω

fragment (ca. 30,000 cpm) was added and the mixture was further
incubated at 30°C for 15 min. After the mixture had been irradiated
by UV lamp for 25 min, initiation complexes were separated by
sucrose gradient centrifugation. The conditions for irradiation, cen-
trifugation and measurement of radioactivity are described under
“MATERIALS AND METHODS.” Open circles, without irradiation; filled
circles, irradiated for 25 min. 80S, 80S initiation complex; disome,
two 80S ribosomes, one being the 80S initiation complex, the other
an additional 80S particle bound to the 5′ leader sequence of Ω frag-
ment (18).

Fig. 2. Effect of the UV-irradiation time on the cross-linking
between ribosomal proteins and Ω fragment. Initiation com-
plexes were formed and separated under the conditions described in
the legend of Fig. 1. The complexes were irradiated for the indicated
times under the conditions described in “MATERIALS AND METHODS.”
The amounts of 32P-labeled Ω-fragment and proteins were esti-
mated by Millipore filtration assay by the method of Cazillis et al.
(14). The values from the unirradiated lysate were used as a control
and were subtracted from irradiated ones. The efficiency of cross-
linking is expressed as the percentage of added radioactivity that
was retained on the filter in the 80S or “disome” complex (18).
Closed circles, 80S complex; open circles, disome complex.
J. Biochem.
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× 15 cm × 15 cm) containing 7 M urea by the method of
Donis-Keller et al. (16).

Sequencing of RNA—Sequence analyses of RNA by
two-dimensional gel electrophoresis were performed by
the method of Lockard et al. (17).

Measurement of Radioactivity—The radioactivity was
measured in a Triton X-100 toluene-DPO scintillator.
Cerenkov radiation was measured when samples were to
be recovered for further analyses.

RESULTS AND DISCUSSION

Ribosome Binding to TMV Ω-Fragment and Effect of
UV-Irradiation—Figure 1 shows the sedimentation pro-
file of reticulocyte lysate incubated with 32P-labled Ω-
fragment and sparsomycin, an elongation inhibitor. As
the figure shows, two radioactive peaks were sedimented.
In the presence of sparsomycin, the 5′ leader sequence

and the first AUG codon of the TMV RNA and Ω-frag-
ment can bind two 80S ribosomes forming “disome” (18–
20). This was first observed for the wheat germ system,
and also recognized for the rabbit reticulocyte lysates
(21). In both systems, nearly equal amounts of the 80S
complex and the disome were formed (18, 21). Detailed
analysis showed that the second particle was an 80S ini-
tiation-like complex, rather than the 40S, formed on an
AUU codon upstream of the 3′-AUG (20). These observa-
tions are consistent with the result from recently solved
crystal structures that sparsomycin stabilizes 80S initia-
tion complex by interacting with both the 3′-CCA region
of tRNA and the 60S subunit (22). Therefore, the two
radioactive peaks can be assigned respectively to the 80S
initiation complex and the disome. This was further con-
firmed by the presence of 5S RNA in both peaks, which
were identified by direct RNA sequence analysis (data
not shown). An RNA band corresponding to 5.8S RNA

Fig. 3. Two-dimensional gel electro-
phoresis of cross-linked ribosomal
proteins. Initiation complexes were
formed with 50 µ1 of lysate and 3–5 ×

106 cpm of 32P-labeled Ω-fragment. The
separation and irradiation of the com-
plexes were done as described under
“MATERIAL AND METHODS.” The proteins
cross-linked with 32P-labeled Ω-frag-
ment were extracted with acetic acid
after extensive digestion with RNase A.
The samples were mixed with carrier
ribosomal proteins and subjected to the
basic-acidic and basic-SDS systems of
two-dimensional gel electrophoresis by
the method of Ref. 15. (a) Staining pat-
tern of ribosomal proteins in the basic-
acidic system, (b) staining pattern of
ribosomal proteins in the basic-SDS
system, (c) cross-linked proteins of the
80S complex in the basic-acidic system,
(d) cross-linked proteins of the 80S com-
plex in the basic-SDS system, (e) cross-
linked proteins of the disome complex
in the basic-acidic system, (f) cross-
linked proteins of the disome complex
in the basic-SDS system. Basic ribos-
omal proteins were numbered accord-
ing the proposed uniform nomenclature
(23).
Vol. 138, No. 1, 2005
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was also found by electrophoresis of RNA components in
these fractions (data not shown). As shown later, detec-
tion of a large subunit protein, L5, in these fractions fur-
ther supported this interpretation.

Figure 1 also shows that UV-irradiation (for 25 min)
did not affect the sedimentation pattern significantly.
Both of the irradiated complexes (80S and disome) were
sedimented at the same density in the respective experi-
ments. Further, in the irradiated sample, aggregation
was not seen in a region heavier than the disome. The
results indicated that irradiation did not induce any
detectable conformational change or non-specific aggre-
gation of the initiation complexes, although the amount
of 80S initiation complex was slightly decreased by the
irradiation.

Efficiency of Cross-Linking between 32P-labeled Ω-
Fragment and Ribosomal Proteins—We estimated the
efficiency of cross-linking by the filter-binding assay
method of Cazillis et al. (14). As shown in Fig. 2, the bind-
ing of the Ω-fragment increased as a function of irradia-
tion time and reached a plateau after about 20 min. We,
therefore, chose 25 min for the time of irradiation. Under
these conditions, 0.4 and 0.55% of the added radioactivity
was recovered in the 80S complex and “disome” complex,
respectively, at the plateau.

Identification of Proteins Cross-Linked to the Initiator
Region of mRNA—The proteins bound to the initiator
region of mRNA were analyzed by two-dimensional gel
electrophoresis with carrier ribosomal proteins after the
cross-linked initiation complexes had been extensively
digested with RNase A. To ensure the identification of
the proteins, we used two different gel systems (basic-
acidic and basic-SDS) described in Ref. 15. Figure 3, a
and b, shows the staining patterns of carrier 80S ribos-

omal proteins from a rabbit reticulocyte lysate. Although
the radiolabeled proteins shifted slightly to the north-
west relative to the unlabeled protein spots due to the
negative charges introduced by covalently bound nucleot-
ide fragment (24), autoradiograms for the 80S complex
showed that radioactive spots co-migrated with proteins
S7, S25, S29, L5 and X in the basic-acidic gel system (Fig.
3c) and with S7, S10, S25, S29, L5 and X in the basic-SDS
gel system (Fig. 3d). In the disome fraction, the same set
of ribosomal proteins, S7, S25, S29, L5 and X, was identi-
fied except for S10 (Fig. 3, e and f). Since only the 3′-end
had been labeled with 32P, radioactive protein spots
should have been derived from the 80S initiation complex
formed on the 3′-end AUG codon, and proteins in the sec-
ond 80S particle could not be detected. Therefore, it is
reasonable that the same set of labeled ribosomal pro-
teins was found for both fractions. It was shown that the
Ω-fragment is long enough to accommodate only two 80S
particles, and these should be arranged side-by-side on
the message (18, 20). The presence of the second particle
in the close vicinity might have reduced the UV-reactivity
of S10 and Ω-fragment in the 80S initiation complex on
the AUG. The presence of protein S10 solely in the 80S
complex electrophoresed in a basic-SDS gel system and
its absence in the “disome” complex were reproducibly
noted in repeated experiments. This result also excluded
the possibility that proteins identified here were the
result of artifactual binding of the radiolabeled oligonu-
cleotides to the proteins during the preparation. From
these results, we concluded that these proteins consti-
tuted an AUG-binding domain in the 80S initiation com-
plex. A labeled protein, marked X, at near the origin of
the gels (Fig. 3) did not correspond to any known ribos-
omal protein (probably one of the initiation factors) and
was not characterized further.

A Model of the AUG-Binding Domain—We summarized
the present results in a model of the spatial arrangement
of the AUG-binding domain on ribosomes (Fig. 4). The
crosslinks of S7-S10, S13-S7, S5-S13, S5-S25 and S5-S29
reported by Gross et al. (25) and those of S13-S15 and S5-
S25 by Tolan and Traut (26) are included in the model,
and they support the proximity of S7, S25 and S29
detected here. Uchiumi et al. (15) reported the chemical
cross-linking between S25 and L5 in 80S ribosomes and
suggested that these two proteins are located at the con-
tact region of the large and small subunits. This strongly
supports the present finding that both S25 and L5 consti-
tute the AUG-binding domain. Synetos et al. reported
that S25 and S7 together with S10 and S14/S15 of rat
liver ribosomes were labeled by a photoaffinity probe of
pactamycin and suggested that these proteins are located
on the ribosomal region where the binding of mRNA or
initiation factors occurs (27). Cross-linking experiments
of eIF3 to ribosomes by Westermann and Nygard (28) and
by Tolan et al. (29) identified S2, S3, S3a, S4, S6, S7, S8,
S9, S14/S15, S23/S24, S25 and S27 as the proteins cross-
linked to eIF3. Of these proteins, S25 is identified as an
AUG-binding protein (the present study), S3a and S6 are
cross-linked to poly (A)+ RNA in rat liver polysomes by
UV-irradiation (30). Proteins S6, S8 and S23/S24 were
cross-linked to the initiator region of globin mRNA by
diepoxybutane-induced cross-linking of the 40S initiation
complex prepared from rat liver 40S subunits and initia-

Fig. 4. A model for mRNA-binding domain in the initiation
complex. Protein pairs shown with a broken line and a dotted line
have been described in Refs. 27 and 28, respectively. Proteins harbor-
ing a filled box are those cross-linked to mRNA by UV-irradiation.
J. Biochem.
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tion factors purified from rabbit reticulocyte lysate (10).
These results indicate that a part of the ribosomal bind-
ing site for elF3 overlaps with that of mRNA, particularly
for the mRNA region related to the initiation step. This is
consistent with a view that elF3 participates in binding
of mRNA to 40S subunits (31). In the prokaryotic system,
Pongs et al. examined AUG-binding proteins of E. coli
ribosomes (4). They tentatively identified protein EL5,
one of three known 5S RNA-binding proteins in E. coli, as
an AUG-binder (32). This protein shares a limited
sequence homology with yeast 5S RNA binding protein
YL3 (33), a homologue of rat liver protein L5 (34), sug-
gesting an evolutionary relationship between 5S RNA-
binding proteins of prokaryotic and eukaryotic cells.
These are also partially homologous to the Halobacte-
rium 5S RNA binding protein HL19 (35). It is attractive,
therefore, to postulate that the probable function of rab-
bit reticulocyte protein L5 as an AUG-binding protein at
the initiation step is conserved among eukaryotic and
prokaryotic organisms. There are no prokaryotic counter-
parts for S7, S10, and S25 (36), suggesting that these pro-
teins are responsible for some eukaryote-specific events
in the translation.

The present results were interpreted by considering
the recently solved crystal structures of prokaryotic
ribosomes. The cross-link between 5S RNA-binding L5
and mRNA in the 80S initiation complex seems to be
compatible with the structural data that prokaryotic 5S
RNA-binding protein, L5p, is located near the P site (8).
S29 identified in the present study is a homologue of
prokaryotic S14 (36). In the T. thermophilus 30S ribos-
omal subunit, three proteins, S3, S4, and S5, form a ring
around the incoming mRNA (37). Since S4 and S14 are
in a very close contact (6), formation of cross-linking
between eukaryotic equivalent S29 and mRNA seems
reasonable. In conclusion, we identified the ribosomal
binding site for the initiator AUG codon, which is located
at the interface between subunits as a compact func-
tional unit.

This work was supported in part by a Grant for Promotion of
Niigata University Research Projects.

REFERENCES

1. Preiss, T.W. and Hentze, M.W. (2003) Starting the protein syn-
thesis machine: eukaryotic translation initiation. Bioessays 25,
1201–1211

2. Bushell, M. and Sarnow, P. (2002) Hijacking the translation
apparatus by RNA viruses. J. Cell Biol. 158, 395–399

3. Stoneley, M. and Willis, A.E. (2003) Aberrant regulation of
translation initiation in tumorigenesis. Curr. Mol. Med. 3, 597–
603

4. Pongs, O., Petersen, H.U., Grunberg-Manago, M., Lanka, E.,
Bald, R., and StÖffler, G. (1979) Crosslinking of chemically
reactive A-U-G analogs to ribosomal proteins within initiation
complexes. J. Mol. Biol. 134, 329–345

5. Ban, N., Nissen, P., Hansen, J., Moore, P.B., and Steitz, T.A.
(2000) The complete atomic structure of the large ribosomal
subunit at 2.4 Å resolution. Science 289, 905–920

6. Wimberly, B.T., Brodersen D.E., Clemons Jr., W.M., Morgan-
Warren R.J., Carter A.P., Vonrhein C., Hartsch T., and Ram-
akrishnan V. (2000) Structure of the 30S ribosomal subunit.
Nature 407, 327–339

7. Harms, J., Schluenzen, F., Zarivach, R., Bashan, A., Gat, S.,
Agmon, I., Bartels, H., Franceschi, F., and Yonath, A. (2001)

High resolution structure of the large ribosomal subunit from
a mesophilic eubacterium. Cell 107, 679–688

8. Yusupov, M.M., Yusupova, G.Z., Baucom, A., Lieberman, K.,
Earnest, T.N., Cate, J.H.D., and Noller, H.F. (2001) Crystal
structure of the ribosome at 5.5 Å resolution. Science 292, 883–
896

9. Spahn, C.M.T., Beckmann, R., Eswar, N., Penczek, P., Sali, A.,
Blobel, G., and Frank, J. (2001) Structure of the 80S ribosome
from Saccharomyces cerevisiae—tRNA-ribosome and subunit-
subunit interactions. Cell 107, 373–386

10. Takahashi, Y., Mitsuma, T., Hirayama, S., and Odani, S. (2002)
Identification of the ribosomal proteins present in the vicinity
of globin mRNA in the 40S initiation complex. J. Biochem. 132,
705–711.

11. Pelham, H.R.B. and Jackson, R.J. (1976) An efficient mRNA-
dependent translation system from reticulocyte lysate. Eur. J.
Biochem. 67, 247–256

12. Konarska M., Filipowicz W., Domdey H., and Gross H.J. (1981)
Binding of ribosomes to linear and circular forms of the 5′-ter-
minal leader fragment of tobacco-mosaic-virus RNA. Eur. J.
Biochem. 114, 221–227

13. England, T.E., Bruce, A.G., and Uhlenbeck, O.C. (1980) Specific
labeling of 3′ termini of RNA with T4 RNA ligase. Methods
Enzymol. 65, 65–74

14. Cazillis, M., Giocanti, N., Houssais, J-F., and Ekert, B. (1984)
Ribosomal RNA-protein cross-links, induced by gamma-irradi-
ation of 40S and 60S ribosomal subunits of L cells. Eur. J.
Biochem. 139, 439–445

15. Uchiumi, T., Kikuchi, M., Terao, K., and Ogata, K. (1985)
Cross-linking study on protein topography of rat liver 60 S
ribosomal subunits with 2-iminothiolane. J. Biol. Chem. 260,
5675–5682

16. Donis-Keller, H., Maxam, A.M., and Gilbert, W. (1977) Map-
ping adenines, guanines, and pyrimidines in RNA. Nucleic
Acids Res. 4, 2527–2538

17. Lockard, R.E., Alzner-Deweerd, B., Heckman, J.E., MacGee, J.,
Tabor, M.W., and RajBhandary, U.L. (1978) Sequence analysis
of 5′[32P] labeled mRNA and tRNA using polyacrylamide gel
electrophoresis. Nucleic Acids Res. 5, 37–56

18. Filipowicz, W. and Haenni, A.-L. (1979) Binding of ribosomes
to 5′-terminal leader sequences of eukaryotic messenger RNAs.
Proc. Natl Acad. Sci. USA 76, 3111–3115

19. Hunter, T.R., Hunt, t., Knowland, J., and Zimmern, D. (1976)
Messenger RNA for the coat protein of tobacco mosaic virus.
Nature 260, 759–764

20. Tyc, K., Konarska, M., Gross, H.J., and Filipowicz, W. (1984)
Multiple ribosome binding to the 5′-terminal leader sequence
of tobacco mosaic virus RNA. Assembly of an 80S ribosome X
mRNA complex at the AUU codon. Eur. J. Biochem. 140, 503–
511.

21. Mundry, K.W., Watkins, P.A., Ashfield, T., Plaskitt, K.A.,
Eisele-Walter, S., and Wilson, T. (1991) Complete uncoating of
the 5′ leader sequence of tobacco mosaic virus RNA occurs rap-
idly and is required to initiate cotranslational virus disassem-
bly in vitro. J. Gen. Virol. 72, 769–777.

22. Bashan, A., Agmon, I., Zarivach, R., Schluenzen, F., Harms, J.,
Berisio, R., Bartels, H., Franceschi, F., Auerbach, T., Hansen,
H.A.S., Kossoy, E., Kessler, M., and Yonath, A. (2003) Struc-
tural basis of the ribosomal machinery for peptide bond forma-
tion, translocation, and nascent chain progression. Mol. Cell
11, 91–102

23. McConkey, E.H., Bielka, H., Gordon, J., Lastick, S.M., Lin, A.,
Ogata, K., Rebout, J.-P., Traugh, J.A., Traut, R.R., Warner,
J.R., Welfle, H., and Wool, I.G. (1979) Proposed uniform
nomenclature for mammalian ribosomal proteins. Mol. Gen.
Genet. 169, 1–6

24. Anderson, N.L. and Hickman, B.J. (1979) Analytical tech-
niques for cell fractions. XXIV. Anal. Biochem. 93, 312–320

25. Gross, B., Westermann, P., and Bielka, H. (1983) Spatial
arrangement of proteins within the small subunit of rat liver
ribosomes studied by cross-linking. EMBO J. 2, 255–260
Vol. 138, No. 1, 2005

http://jb.oxfordjournals.org/


46 Y. Takahashi et al.

 at Peking U
niversity on Septem

ber 29, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

26. Tolan, D.R. and Traut, R.R. (1981) Protein topography of the
40 S ribosomal subunit from rabbit reticulocytes shown by
cross-linking with 2-iminothiolane. J. Biol. Chem. 256, 10129–
10136

27. Synetos, D., Amils, R., and Ballesta, J.P. (1986) Photolabeling
of protein components in the pactamycin binding site of rat
liver ribosomes. Biochim. Biochem. Acta 868, 249–253

28. Westermann, P. and Nygård, O. (1983) The spatial arrange-
ment of the complex between eukaryotic initiation factor eIF-3
and 40S ribosomal subunit. Cross-linking between factor and
ribosomal proteins. Biochim. Biophys. Acta 741, 103–108

29. Tolan, D.R., Hershey, J.W., and Traut, R.R. (1983) Crosslinking
of eukaryotic initiation factor eIF3 to the 40S ribosomal sub-
unit from rabbit reticulocytes. Biochimie 65, 427–436

30. Takahashi, Y. and Ogata, K. (1981) Ribosomal proteins cross-
linked to natural mRNA by UV irradiation of rat liver polys-
omes. J. Biochem. 90, 1549–1552

31. Trachsel, H., Erni, B., Schreier, M.H., and Staehelin, T. (1977)
Initiation of mammalian protein synthesis. II. The assembly of
the initiation complex with purified initiation factors. J. Mol.
Biol. 116, 755–765

32. Erdmann, V.A. (1976) Structure and function of 5S and 5.8 S
RNA. Progr. Nucleic Acids Res. Mol. Biol. 18, 45–90

33. Nazar, R.N., Yaguchi, M., Willick, G.E., Rollin, F., and Roy, C.
(1979) The 5-S RNA binding protein from yeast (Saccharo-
myces cerevisiae) ribosomes. Evolution of the eukaryotic 5-S
RNA binding protein. Eur. J. Biochem. 102, 573–582

34. Tamura, S., Kuwano Y., Nakayama, T., Tanaka, S., Tanaka, T.,
and Ogata, K. (1987) Molecular cloning and nucleotide
sequence of cDNA specific for rat ribosomal protein L5. Eur. J.
Biochem. 168, 83–87.

35. Smith, N., Matheson, A.T., Yaguchi, M., Willick, G.E., and
Nazar, R.N. (1978) The 5-S RNA protein complex from an
extreme halophile, Halobacterium cutirubrum. Purification
and characterization. Eur. J. Biochem. 89, 501–509

36. Wool, I., Chan, Y.-L., and Glück, A. (1995) Structure and evolu-
tion of mammalian ribosomal proteins. Biochem. Cell Biol. 73,
933–947

37. Takyar, S., P. Hickerson, R.P., and Noller, H.F. (2005) mRNA
helicase activity of the ribosome. Cell 120, 49–58
J. Biochem.

http://jb.oxfordjournals.org/

	Ribosomal Proteins Cross-Linked to the Initiator AUG Codon of a mRNA in the Translation Initiatio...
	Yoshiaki Takahashi1,, Sigeru Hirayama2 and Shoji Odani3
	1Department of Medical Technology, School of Health Sciences, Faculty of Medicine, Niigata Univer...
	Received December 28, 2004; accepted April 11, 2005

	Eukaryotic ribosomal proteins constituting the binding site for the initiator codon AUG on the ri...
	Key word: initiation complex, initiator AUG codon, protein synthesis, ribosomal proteins, transla...
	MATERIALS AND METHODS
	Materials
	Preparation of TMV-W Fragment
	3¢-End Labeling of RNA
	Formation of Initiation Complex
	UV-Irradiation
	Separation of Initiation Complex
	Extraction of Ribosomal Proteins
	Gel Electrophoresis of Ribosomal Proteins
	Gel Electrophoresis of RNA
	Sequencing of RNA
	Measurement of Radioactivity

	RESULTS AND DISCUSSION
	Ribosome Binding to TMV W-Fragment and Effect of UV-Irradiation
	Efficiency of Cross-Linking between 32P-labeled W- Fragment and Ribosomal Proteins
	Identification of Proteins Cross-Linked to the Initiator Region of mRNA
	A Model of the AUG-Binding Domain

	REFERENCES




