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Base sequences near the initiation codon AUG were analyzed in terms of frequencies of singlet,
doublet, and triplet at every position, and of specific base sequences. The characteristic features revealed
here are :1) the leader sequence of prokaryotic and phage mRNA had a clear pattern of GG-rich and
pyrimidine-poor character centered at the —10 region (i. e., SD sequence). 2) Another feature of the above
mRNAs, —(A/U)—A—U—G—(G—C/A—A)— was found. 3) An optimal sequence for vertebrate
mRNAs of —C—A—C—C—A—U-—G—(G/A)— and that for eukaryotic virus of —C—A—A—(A/
C/G)—A—U—G—G—A— were detected. 4) Other eukaryotes including plants and fungi had leader
sequences of an A-rich and G-poor character. 5) Mitochondrial mRNAs appear to have an optimal
sequence of —A—A—A—U—G—U—U—, implying that leader sequences are evidently different from
those of prokaryote. 6) Chloroplast shows an A- and U-rich leader region and the typical SD-sequence
was not commonly detected. 7) It is postulated that in the initiation step of the protein biosynthesis
mRNA interacts with ribosome at two sites.
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INTRODUCTION

On starting the biosynthesis of a polypeptide chain from a correct initiation position of an
mRNA, some signal site in the mRNA must interact with ribosome to recognize the given
position.  This signal site must be located near the leader sequence region just before the
initiation codon of a cistron in mRNA. The Shine-Dalgarno sequence (1) in a prokaryotic ‘
mRNA is an example; interaction of the sequence to the 3’-terminal part of prokaryotic 16S
ribosomal RNA would be the initiation step as suggested also from several experiments (2-9).
Since data on mRNAs have been accumulating during the last few years, we can collect such
leader. sequences from a DNA data bank, and analyze the statistical characteristics of the
sequences in different types of organisms or organella as reported before (10). Because the
increase in the nucleotide sequence data has been remarkable since then, we were able to

perform more detailed analysis using accumulating data.

COLLECTION OF DATA

GenBank (release 32) was available to examine RNAs from prokaryotes, phages, mam-.

mals, other vertebrates, invertebrates, viruses, fungi, plants, and chloroplasts and mitochondria.
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The data from mammals and other vertebrates were combined into one as vertebrate, because
the statistics of other vertebrates was very similar to that of mammals.. The numbers of leader
sequences collected were 374 for prokaryotes, 206 for phages, 400 for vertebrate, 59 for
invertebrates, 476 for viruses, 27 for plants, 17 for fungi, 23 for chloroplas'ts‘, and 93 for
mitochondria. From each mRNA, 60 bases upstream and downstream of the first letter of the
initiation codon, which was determined experimentally, were collected, i.e., hypothetical
mRNAs deduced from open reading frames were not included. When a leader sequence was
less than 60 bases, the vacant positions were set blank. Therefore, the number of data at
upstream positions from about the position ~10 is sometimes less than the total number of the
leader sequences collected, and we made necessary normalization in the statistics to correct
blank positions in the sequences. For eukaryotes, some genes have introns in the leader
sequence region, which were omitted according to the information of the positions of exons, i.e.,

mature mRNAs were used for the analysis.

SINGLET FEATURES OF LEADER SEQUENCES

The frequency of base singlets (4 kinds of base) against a position upstream and
downstream of the initiation codon AUG is shown in Fig. 1 for types of prokaryote (4), phage
(B), vertebrate (C), eukaryotic virus (D), mitochondria (E), fungi (F), chloroplast (G), and
plant (H). Since the numbers of leader sequences collected for the types of prokaryote, phage,
vertebrate, and eukaryotic virus are more than 200, the statistics are more meaningful than the
rest of the data. Although those of other types, such as invertebrate, plant, fungi, and of
organella would be less reliable because of the smaller numbers (less than 100), the data of
species ((E) to (H)) must also contain some aspect reflecting the leader sequences of the species,
being an A-rich and G-poor character in contrast to those of prokaryote (4) and vertebrate (C).
In addition to characteristics deduced from the patterns shown in Fig. 1, more significant
features ‘could be detected from the analysis of distributions of doublet and triplet in the
compiled sequences as described below.

FEATURE OF PROKARYOTE AND PHAGE LEADER SEQUENCES

The distribution of the bases along the prokaryotic sequences has a maximum of G, and a
minimum of pyrimidihe bases near the position ~10 and an A-rich region appears before the
initiation codon. = This characteristic pattern corresponds to the Shine-Dalgarno sequence (1).
The leader sequence may be characterized by the distribution of doublets (16 combinations
using 4 kinds of base) as shown in Fig. 2 (4), where the frequency of doublet is plotted agadinst a
position near the initiation codon using the data for prokaryotes. The GG pair appears most
frequently at the positions -9 and ~10, the GA pair at the positions —7 and -8, and the AG pair
at the positions —12 and —13, suggesting that an optimal sequence of AGGA is located in this
region. The low frequency of pyrimidine bases near ‘this region is consistent with the above
statistics. “In contrast to the GG-rich feature near the region centered at the position 10, the
occurrence of G becomes low from the position —6 to the position —1, i.e., A and U are the
major bases in the region just before the initiation codon. An optimal sequence in the region
including the initiation codon, —(A/U)—A—U—G—G—C— or —(A/U)—A—U—G—A—
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Fig. I. Frequencies of occurrence of bases for prokaryote (A), phase (B), vertebrate (C), virus (D),
mitochondria (E), fungi (F), chloroplast (G), and plant (H) are shown along the leader sequence
(from the position —15 to —1), the initiation codon (from the position 1 to 3), and the following
coding sequence (from the position 4 to 8). Those for adenine (A:[]) and guanine (G:[X]) are
shown in the upper half, and uracil (U:[”)) and cytosine (C:K]) in the lower half.

A—, is deduced for prokaryotic mRNAs from the singlet and doublet data.

To confirm the results, frequencies of occurrence for triplets (64 combinations) were
examined. Most of the patterns show a low level of the frequency as illustrated in Fig. 2 (B)
for the case of GUC and UAC. Among patterns for all the combinations, those which contain
any significant peak are demonstrated in Fig. 2(B). Since the peaks are at the position -10 for
AGG, the position -9 for GGA, and the position -8 for GAG, the optimal sequence is deduced
to be —A—G—G—A—C— from the position -12 to'-8. Furthermore, a clear preference of’
GCU or AAA is shown immediately after the initiation codon.

The singlet pattern for leader sequences of phages is very similar to that of prokaryote (Fig.
1 (B)); the distribution of pyrimidine shows a sharper minimum near the position -10, and a
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maximum of G is located at the same position. From the doublet .patterns (the figure is not
shown), the frequency of the GG pair is found to be highest at the position —11 and still high at
the position -10; frequencies of the AG and GA pairs are highest at the position -11 and -9,
respectively. In the region from the position —13 to -9, there is almost no pyrimidine bases,
i.e., the G-poor and A,U-rich feature in the downstream from the purine-rich region is very
sithilar to that for prokaryotes. A small difference is the slight shift of the SD-region towards
downstream compared with the pattern for prokaryote (Fig.1 (A) and (B)). The triplet
patterns, nevertheless, show the same characteristic feature for phage as that for prokaryote,
i.e., the SD-sequence is deduced as —A—G—G—A—G— from the position ~13 to -9 (one
base shift compared with that for prokaryote), and a clear preference of GCU or AAA is found

after the initiation codon.

FEATURES OF EUKARYOTE AND VIRUS LEADER SEQUENCES

The frequencies of singlets along the leader sequence for mature vertebrate mRNAs (Fig. 1
(€)) are close to random (or approximately 25%) except for a region from the position —4 to —
1. This region has a preference for A at the position -3 and C at the positions —4, -2 and -1,
indicating the characteristic of leader sequences of vertebrate mRNAs. The frequencies of
doublets for the vertebrate leader sequences are demonstrated in Fig. 3 (4). We can recognize
some characteristic features from the results; notably, the peaks which are observed for
frequencies of AC, CA, and CC just before the initiation codon and those of GC, GA, and GU
after the initiation codon. This implies that sequences near the initiation codon are specific;
i.e., an optimal sequence —C—A—C—C—A—U—G—(G—C/A—A)— is deduced from pat-
terns of the frequencies of singlets and doublets. Base frequencies at positions upstream from
the position -6 did not show any significant character, and the occurrence seems random. In
connection with this sequence, it is noteworthy to mention that the sequence —C—A—C—C—
A—U—G— has been identified experimentally to be favourable to produce a good yield of a
protein (14,15) in a eukaryotic system.

The singlet pattern for eukaryotic virus mRNAs is similar to that for vertebrates (Fig. 1
(D)); the difference is a preference of A at the positions -2 and -1 for virus, whereas C is more
frequently located at these positions for vertebrate. The doublet frequencies for virus mRNAs
show a clear difference in sequences near the initiation codon as domonstrated by patterns for
the AA, AU, GA, and CC pairs in Fig. 3 (B). The optimal sequence deduced from the singlet
and doublet frequencieé is —C—A—A—X—A—U—G—(G/A)—A—U—, where X stands for
A, C, and G.

Fig. 2. (A) Frequencies of occurrence of base doublets for prokaryote are shown along the leader sequence
(from the position —40 to —2) and coding sequence (from the position 4 to 20). Doublets
involving the initiation codon are not shown. Each horizontal chain line represents an average
frequency of each doublet over the whole coding and noncoding region. (B) Frequencies of
occurrence of base triplets for prokaryote are shown along the noncoding sequence (from the
position —40 to —2) and coding sequence (from the position 4 to 20). The patterns for six triplets
(AGG, GGG, AAA, GAG, GGA and GCU) show significant peaks, but those for the rest do not
have any large peak as illustrated for two examples (GUC and UAG). Each horizontal chain line
represents an everage frequency of each triplet over the whole coding and noncoding region.
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FEATURES OF ORGANELLE LEADER SEQUENCES

Since generally only a few residues are located between a preceding termination codon and
the next initiation codon in mitochondria, the length of leader sequences is very short.
Therefore, the singlet frequency shown in Fig. I in the upstream region from the position -3 to
~15 includes bases corresponding to the C-terminal region of the preceding protein. The
frequencies of occurrence of doublets in the neighborhood of the initiaion codon for mitochon-
dria were high for AA, AU, UA and UU, as expected from the singlet pattern in Fig. I (E).
Since the length of leader sequences is short, the initiation step must occur with interaction at a
site around the AUG; the characteristic sequence is deduced to be —(UA/AA)—A—U—G—
(UU/AA)— from the frequencies of doublet. Apparently, this feature differs from those of
prokaryotes and eukaryotes.

Although the number of data for chloroplast is too small to perform the statistical analysis,
leader sequences of chloroplast mRNAs show a tendency to be rich for A and poor for G except
at the position —9. The origin of only one peak for G at this position (Fig. 1 (G)) is due to the
SD-like sequence found in some chloroplast mRNAs (16). This sequence, however, is not
aJways found in the leader region of chloroplast mRNAs. Any notable feature was not found
in a leader sequence in chlorgplasts. This shows an evident difference from mRNAs of
prokaryotes, which is condidered to be an origin of chloroplast from many aspects. The above
features still hold when the number of data was increased about double using more recent

results.

ENERGY ESTIMATION ON COMPLEX FORMATION OF LEADER
SEQUENCES WITH 16S AND 18S rRNAS

The present characterization of leader sequences of mRNA for various organisms reveals
their significant features for prokaryote, phage, vertebrate and eukaryotic virus types. Since
some initiation complex of mRNA and ribosome is to be formed, interaction between a site in a
leader sequence and the 3’-terminal part of prokaryotic 16S (or eukaryotic 18S) rRNA in
ribosome may play a key role. 'We tried to calculate the smallest free energies originated from
possible base pairings between the 3’-terminal part of rRNA of 20 bases long and a leader
region of 40 bases long upstream of the initiation codon, for various leader sequences and both
prokaryotic 16S and eukaryotic 18S rRNAs. If a leader sequence of a prokaryotic organism
has a preference to bind 16S rRNA, the free energy computed by this method should be lower
for 168 rRNA than for 18S rRNA and if there is some matching sequence in a eukaryotic
mRNA, the binding to 188 rRNA would be more favourable than to 168 rRNA.

The results on prokaryote, eukaryote and its virus are listed in Table 1. For 81 sample

Fig. 3. (A) Frequencies of occurrence of base doublets for vertebrate are shown along the leader sequence
(from the position -40 to -2) and coding sequence (from the position 4 to 20). Doublets
involving the initiation codon are not shown. Each horizontal chain line represents an average
frequency of each doublet over the whole coding and noncoding region. (B) Frequencies of
occurrence of base doublets for virus are shown along the leader sequence (from the position -40
to ~2) and coding sequence (from the position 4 to 20). Doublets involving the initiation codon
are not shown. Each horizontal chain line represents an average frequency of each doublet over the
whole coding and noncoding region.
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Table 1.- ENERGY ESTIMATION: 81, 67, and 46 leader sequences from prokaryote, eukaryote,
and its virus, respectively, were aligned against 20 bases of the 3’-termianl part of 16S
(11) and 18S (12) rRNA and the free energy due to base pairings for the alignment was
calculated according to the procedure used for estimation of secondary structures in
polynucleotide (13). The alignment was shifted by one base at a time to obtain the
minimum free energy for the best matching of a leader sequence with the 3’-terminal part
of 16S (and 18S rRNA). Numbers of leader sequences, which have lower free energies
against the 3’-terminal regions of 16S rRNA (N¢) and of 185 rRNA (N,g), and numbers
of those for which both free energies are the same (N;g_,g), are listed for prokaryote,
eukaryote, and eukaryotic virus.

Number N Nis Nig=1s ' Nis
prokaryote -8l 44 18 19
eukaryote 67 22 18 27
virus 46 18 16 12

leader sequences of prokaryote, the 3’-terminal parts of 16S and 185 rRNA was found to
interact at least with an energy of —4.4 Kcal/mol. The number of leader sequences which
interact more strongly with the 3’-terminal part of 16S rRNA than that of 18S rRNA, was 44
out of 81; 18 had the same energy, and 19 favoured 18S rRNA. This is due to the specific
purine-rich sequence shown in Figs. 1 and 2. Therefore, it is plausible that the leader part
interacts favourably with the 3’-end of 16S rRNA. On the other hand, similar computations
on 67 eukaryotic and 46 virus leader sequences did not show such a preference for a favourable
interaction with 18S rRNA; 22 and 18 favoured 16S rRNA, 18 and 16 had the same energy, and
27 and 12 favoured 18S rRNA, respectively. Therefore, if we do not consider the formation of
a secondary structure in rRNA to make a specific interaction site to a leader part or vice versa,
a strong favourable interaction is not generally expected between a leader part upstream of the
initiation codon and the 3’-terminal part of 185 rRNA. Probably this is the reason why any
specific pattern of frequencies does not appear in the region from the position. —20 to -5 as
shown in Figs. 1 and 3. Since only a characteristic pattern is observed in the neighborhood of
the initiation codon for leader sequences of vertebrate and virus mRNA, the interaction of this

region to some site in 185 rRNA must occur in the initiation step for eukaryotes.

POSSIBLE BINDING REGIONS

The present results identify two characteristic sites in mRNAs; the SD-sequence for
prokaryote and phage, and optimal sequences near the initiation codon for prokaryote, phage,
vertebrate, and eukaryotic virus. These sequences must be a clue to find the location of
interaction sites of mRNA and rRNA, when the data are compared with recent experimental
results on the initiation step; e.g., formation of the complex and regulation of the efficiency (17,
18).

For prokaryotes and phages, the SD-sequence is usually accepted to be essential for the -
initiation step through interaction with the 3’-terminal part of 165 rRNA as supported by the
present energy calculation. However, this site is not enough to account for the exceptional
cases, €.g., as shown in Table 1, some leader sequences interact favorably with the 3’-terminal

region of 185 rRNA. Here, we found another possible interaction site near the initiation
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codon, ie; —A—U—G—G—C—U— or A—U—G—A—A—A—. This suggests that the
initiation codon itself is utilized as the initiation signal in the process of formation of an
initiation complex of mRNA and ribosome; after the formation, the mRNA chain would move
to the entry site of the ribosome. Since eukaryote and its virus have no sequence correspond-
ing to the SD-sequence and the only possible site responsible for the interaction with rRNA is
located near the initiation codon, the same or similar interaction site to that for eukaryotes is
expected also for prokaryotes. If we assume that base pairings between nucleotides near the
initiation codon and some part of 16S rRNA is the major interaction, the site should have a
complementary sequence to the sequence, i.e., —A—G—C—C—~A—U— or U—U—~U—C—
A—U—. The former site is found at the position 392-397 of 16S rRNA of E. coli (19) and
Proteus vulgaris (20). Interestingly, this position is close to the 3’-terminus of 16S rRNA in
the three dimensional structure of 165 rRNA according to the recent reports (21, 22); one in the
5°-terminal domain (D1 domain) and the other in the 3’-terminal domain (D4 domain).
Therefore, the initiation' complex for prokaryote could be achieved by two binding sites; the
SD-sequence and the site including the initiation codon for mRNA, and the 3’-terminal part
and the region about 400 bases downstream from the 5’-end of 16S rRNA, respectively (Fig. 4)
It is known in a eukaryotic system that the 5’-terminal cap structure of mRNA participates

for the initial stage of binding of mRNA to ribosome (23, 24, 25, 26). Does the 5’-leader
sequence of mRNA also participate in the binding step as in prokaryote? In eukaryote the
3-terminal part of 185 rRNA lacks the sequence —C—C—U—C—C, which is the most
_important complementary sequence to the SD-sequence in the leader part of a prokaryotic
mRNA (27). Instead, the 3’-terminal of 188 rRNA has the sequence —U—C—A—U—U—A

procaryote
mRNA
5--
7
oAV
eucaryote
cap
mRNA g 7
m'Gppp° Nyt ===~ C-A-C-CADGR - -3
$ $ e o s 008 o 8 O,
, G-U-G-G-U-A-C-C}
a protein subunit j 400 KEX RN
of ribosome /, - \| 185 rRNA
7 ~
/ \\
1 1
i |
\ i
N //

Fig. 4. Possible two binding sites are depicted schematically both for prokaryote
and eukaryote. The cap site interacts probably with a protein subunit of
ribosome shown by an ellipsoidal solid line. Dashed lines represent
rRNAs.
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OH, which contains the antiparallel complementary sequence to the initiation codon A—U—
G(5 — 3’) at the underlined C—A—U(5’ — 3’). It is already suggested that this com-
plementary relationship participates in the binding of mRNA to ribosome in cukaryote (28, 29,
30). It is notable that the next base of A—U—G, i.e., the position 4 is rich in purine, as it has
a possibility to add more hydrogen bondings between this part (+1 to +4) in mRNA and the
%’-terminal of 188 rRINA to strengthen the pairings.

In the present study, the only characteristic sequence for vertebrate has been found near
the initiation codon, and this sequence is —C-—A—C—C—A—U—G—G—. The recent
experimental results using single base substitutions near the AUG codon (15) indicate that this
is the optimal sequence for the initiation. The initiation mechanism for vertebrate could be
similar to that for prokaryote, because a complementary sequence, —C—C—A—U—G—G—
U—G——,.is found in DI domain of 188 rRNA. The site is located at the position 393-400,
391-398, and 355-362 in 18S rRNA of rat (31), mouse (32) and Xenopus (33), respectively, and
16S rRNA does not contain this sequence. Since the possible site is located approximately at
the same position as that for prokaryote, one may postulate that this site in 188 rRNA interacts
with the initiation codon site to form an initiation complex. The specific sequence for
eukaryotic virus —C—A—A—X—A—U—G—(G/A)—A, shows differences at the -1 and -2
position from that for vertebrate. The sequence resembles rather to that for invertebrate, —
C—A—A—(A/G)—A—U—G—U—C, although the statistics are not so reliable because of the
small number, 59, of leader sequences examined. By the experiments on the initiation complex

formation in a eukaryotic protein synthesizing system, only the initiation codon AUG in an

mRNA seems an essential region for binding with ribosome, and the 5-terminal cap structure
and the leader sequence, in some cases, enhance the formation of the initiation complex (34).

According to the present results, the sequence around the initiation codon A—U—G seems
to be essential for the initial binding of mRNA with ribosome both in prokaryotes and in
eukaryotes. In eukaryote, the 5’terminal cap of mRNA is initially important to approach
ribosome (23,26,35). The next step is that the initiation codon A—U—G (or adding a few
neighbouring bases) binds with ribosome by a specific part of rRNA. Kozak (36, 37) claims that
mRNA attaches ribosome first at the cap, and then mRNA scans on the ribosome until A—U—
G arrives at a proper position on ribosome. Alternatively, in the initial stage of the association
of mRNA to ribosome in eukaryotes, two points binding by the cap and the scquence around
the initiation codon in mRNA may occur as postulated here for prokaryotes (Fig. 4). Either
scanning of mRNA or two points binding by the cap and the sequence around A—U—G
occurs, the leader sequence also interacts with ribosome to modulate the efficiency of the
formation of the initiation complex with mRNA and ribosome. A cross-linking experiments
between two RNA molecules showed the presence of the binding between the leader sequence of
mRNA and a part of rRNA (38). Furthermore, it is shown experimentally that the binding
rate of formation of the initiation complex is dependent on the sequence of the 5-leader part of
mRNA (18).

The present two binding sites for the initiation complex both for prokaryotes and
eukaryotes are deduced from the data analysis, but the postuléte seems to be plausible because
the analysis showed that the correct initiation of biosynthesis for a variety of organisms could
not be exploited by a simple one sits binding.
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