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Nucleotide sequences around the boundaries of all open reading frames in the Escheri-
chia coli whole genome were analyzed. Characteristic base biases were observed after
the initiation codon and before the termination codon. We examined the effect of the
base sequence after the initiation codon on the translation efficiency, by introducing
mutations after the initiation codon of the E. coli dihydrofolate reductase (DHFR) gene,
considering codon and base biases, and using in vitro and in vivo translation systems. In
both assay systems, the two most frequent second codons, AAA and AAU, enhanced the
translation efficiency compared with the wild type, whereas the effects of lower fre-
quency codons were not significant. Experiments using 16S rRNA variants with muta-
tions in the putative complementary sequence to the region downstream of the
initiation codon showed that the translation efficiency of none of the DHFR mutants
was affected. These results demonstrate that the statistically most frequent sequences
for the second codon enhance translation efficiency, and this effect seems to be indepen-
dent of base pairing between mRNA and 16S rRNA.
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Protein synthesis is a complex, continuous process compris-
ing the main stages of initiation, elongation, and termina-
tion. The initiation phase is believed mainly to control
translation in bacterial cells (I). A well-characterized ele-
ment that influences the initiation step is the Shine-Dal-
garno (SD) sequence, purine-rich nucleotides in the up-
stream of an open reading frame (ORF) (2). The SD se-
quence interacts with the complementary sequence in the
16S rRNA by base-pairing, which promotes the binding of
mRNA to the 30S ribosomal subunit to form a pre-initia-
tion complex. The importance of the base pairing between
the SD sequence and 16S rRNA during the translational
initiation step has been established by a series of biochemi-
cal experiments (2, 3). In the case of mRNA without an SD
sequence, a ribosomal protein, S1, and initiation factor 3
have been shown to be helpful for the formation of the com-
plex between the mRNA and 30S subunit (4). Sometimes
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the secondary structure of the mRNA around the initiation
codon is involved in translational regulation by its own
product, such as a ribosomal protein S15 or bacteriophage
MS2 A protein (5-7). However, it has not been clarified why
translation in almost all cells starts from the sequence
AUG, the initiation codon, and how an initiator tRNA finds
the correct position for initiation.

Over the past several years, whole genomes of various
organisms have been sequenced completely. It is possible
that a clue to the above questions might exist in the
genome sequences. Statistical studies of the genome se-
quences of yeast and some bacteria have shown character-
istic distributions of nucleotide bases around the initiation
and termination codons (8, 9). These regions of mRNA are
important for the interactions with the translational
machinery, and it is expected that the nucleotide sequences
in these regions might affect the efficiency of translational
initiation and termination. In the case of Escherichia coli,
adenine and guanine are highly biased in the region 6 to 12
bases upstream of the initiation codon. This region corre-
sponds to the SD sequence (2). At the base following the
termination codon, thymidine is highly biased. It has been
suggested that the identity of this base determines the effi-
ciency of translational termination in E. coli (10, 11). There
also exist base biases after the initiation codon and before
the termination codon. Thus it can be hypothesized that the
nucleotide sequences in these regions also affect the effi-
ciency of translation in the initiation and termination steps.
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We present here the relationship between the biases of
nucleotide sequence and the efficiency of bacterial transla-
tion, using an E. coli translation system with the dihydro-
folate reductase (DHFR) gene as a reporter. The translation
efficiency as affected by sequences corresponding to the sta-
tistical study was assessed in in vitro and in vivo transla-
tion systems. Statistically favored sequences enhanced
translation efficiency. The effects on translation efficiency
observed in this study are discussed with reference to the
results of in vivo assays using 16S rRNA variants.

MATERIALS AND METHODS

Genome Sequence Data—Complete genome sequence
data for E. coli were obtained from the web site, http//
www.genetics.wisc.edu (the DDBJ/GenBank/EMBL acces-
sion number U00036).

Estimation of Codon Biases—To evaluate the differences
between the observed and expected codon frequencies sta-
tistically, the G-test was used as in the previous reports (8,
9.

Materials—Anti-rabbit HRP conjugated IgG was pur-
chased from Gibco BRL and Ni-NTA Conjugates were from
QIAGEN. The antibody against E. coli peptide release fac-
tor 1 was prepared by Sawaday Technology.

Primers—P1: 5-GAAAAGGAGGAACTTCCATGGTCAG-
TCTGCTAGCGGCGTTAGCGGTAG-3'; P2: 5-GGATCCC-
AATTGGTTAACAGATCTAAGCTTAACTAAC-3; P3: 5'-
GTGGTGCTCGAGTTTGCCATCTGAATCCATCAGG-3;
P4: 5-GTATACACTCCGCCAGCGCTGAGGTC-3’; P5: 5'-
GACCTCAGCGCTGGCGGAGTGTATAC-3’; P6: 5-CCAT-
TGCTGCAGCGGCGTAGAGGATCGAGATC-3'; P7: 5'-
TGGTTGAGTACTTACAGGGCGCGTCCCATTC-3’; 16S1:
5-CGCTTACCACTTTGTGCAGCATGACTGGGGTG-3";
16S2: 5-CGCTTACCACTTTGTGGTTCATGACTGGGG-
TG-3’; 16S3: 5'-CGCTTACCACTTTACTATTCATGACTGG-
GGTG-3’; 1684: 5-CGCTTACCACTTTGTGAATCATGAC-
TGGGGTG-3".

Construction of Plasmids—Plasmid pNCHE, used in the
in vitro translation assay, was derived from pTHL5-12, into
which was inserted a T7 phage promoter and an E. coli
dhfr gene as described previously (12). A Ncol site and a
Nhel site were introduced around the initiation codon of
the dhfr gene by the P1 primer. All series of mutants were
made by insertion of annealed oligonucleotides at the Neol-
Nhel sites (underlined sequences).

For the in vivo assay, the His-tagged dhfr gene was con-
structed as follows. Fragments of the dhfr gene were ampli-
fied by PCR using pNCHE as a template with two primers,
P2 for the upstream and P3 for the terminal of the dhfr
gene, and were then digested with Munl and Xhol for
insertion into EcoRI-Xhol digested pET21(+) (Novagen).
For co-transformation with 16S rRNA mutants, the His-
tagged dhfr gene fragments were inserted into pACYC177-
ANhel, which lacked the Nhel site of pACYC177, by the
PCR primers P4 and P5. The His-tagged dhfr gene frag-
ments were amplified by PCR using P6 primers for the
upstream region of the T7 promoter, and P7 for the down-
stream region of the T7 terminator. These were ligated at
the Pstl and Scal sites to prepare pACYC177-ANhel (pAC-
NCHE).
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Mutagenesis of Plasmid-Encoded 165 rRNA—Plasmid
pKK1192U derived from pKK3535 (13), which confers re-
sistance to spectinomycin (14), was a kind gift from Drs.
Michael O’Conner and Albert E. Dahlberg, Brown Univer-
sity. All mutations were introduced into the plasmid pKK-
1192U by PCR primers, 16S1, 1652, 1653, and 1654 using
a QuikChange™ site-directed mutagenesis kit (Strat-
agene).

In Vitro Transcription and In Vitro Translation Reac-
tion—pNCHE or its derivatives were linearized by diges-
tion with PstI and transcribed by T7 RNA polymerase. All
transcripts were purified by application to MicroSpin S400
HR Columns (Pharmacia). The amounts of RNA tran-
scripts collected by ethanol precipitation were calculated
from the absorbance at 260 nm.

In vitro translation assays in the E. coli S30 Extract Sys-
tem for Linear Templates Kit (Promega) were carried out
according to the manufacturer’s protocol as follows. The
reaction mixture contained 5 pl of an amino acid mixture
minus methionine, 20 pl! of S30 Premix without amino
acids, 1 pl of P*S)methionine (15 mCi/ml; Amersham), 15 pl
of the S30 Extract, and 1.5 pg of mRNA was incubated at
37°C for 2 h. The products were collected by trichloroacetic
acid precipitation and filtering under vacuum on Whatman
GF/A glass fiber filters. The total radioactivity of the trans-
lation products retained in the glass filters was measured
by a liquid scintillation counter. To confirm the length of
the translation products, the proteins in the reaction mix-
ture were precipitated with acetone, separated by 15%
SDS-PAGE, and exposed to X-ray film (Fuyjifilm).

In Vivo Protein Synthesis Analysis—For in vivo protein
synthesis analysis of His-tagged DHFR, BL21(DE3) cells
were transformed with a pAC-NCHE series and grown on
LB plates containing kanamycin (20 pg/ml). Single colonies
were incubated overnight in 1 ml of LB media with kana-
mycin. The grown cells were diluted 1:100 in 3 ml of fresh
medium, and allowed to grow to an ODg, of 1.0. Then
IPTG was added to 1 mM, and the cells were incubated for
2 h. Cells were then harvested from 500 pl of each culture
by centrifugation, lysed in sample buffer (0.01 M sodium
phosphate pH 7.2, 1% SDS, 1% B-mercaptoethanol, 6 M
urea) and heated. Proteins were separated by 15% SDS-
PAGE and transferred to nitrocellulose membranes (Schle-
icher & Schuell). The membranes were blocked for 1 h in
TBS with 3% BSA and separated in order to detect of
DHFR and peptide release factor 1 (RF1) as a standard
marker. DHFR and RF1 were reacted with Ni-NTA Conju-
gates (1:5,000 dilution) and RF1 antibody (1:5,000 dilution),
respectively. The membrane for RF1 was further incubated
for 1 h with anti-rabbit HRP conjugated IgG (1:8,000 dilu-
tion). For detection of these proteins, the membranes were
incubated with SuperSignal Substrate Western Blotting
(Pierce) and exposed to X-ray film (Fyjifilm). The signals on
the films were quantified by the software NIH image and
the ratio of the amount of expressed proteins was calcu-
lated.

Translation Analysis with Plasmid-Encoded 16S rRNA
Mutant—Single colonies of BL21(DE3) co-transformed with
pAC-NCHE and pKK1192U series were cultured in 1 ml of
LB media containing ampicillin (50 pg/ml), kanamycin (20
pg/ml), and spectinomycin (50 pg/ml), and incubated for
overnight. The cells were diluted 1:100 in 5 ml of fresh
medium, and allowed to grow to an ODg, of 1.0, after
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which IPTG was added to 1.0 mM. After incubation for 3 h,
1 ml aliquots from each culture were removed. The cells
were harvested and the following procedures were the
same as described above.

RESULTS

Codon Biases in the 5- and 3~-Terminal Regions in E. coli
ORFs—DNA sequences of 4,285 ORF's were obtained from
an E. coli genome database. The appearance frequencies of
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61 codons in 4,285 ORF's were counted for codon numbers 1
to 20 and -1 to —20. These frequencies for codon numbers 1
to 5 are shown in Table I It is remarkable that CTG, which
is the most frequent codon in the coding region of the E.
coli genome (5.28% of total codons), is rare at the second
codon (1.98%). In contrast, AAA, which accounts of 3.37% of
total codons is frequent at the second codon (10.1%). Figure
1 shows that AAA appears frequently compared with its
average appearance frequency at both termini of the ORFs.
On the other hand, CTG appears less frequently than its

TABLE I. Codon bias in the §'-terminal region of the E. coli ORFs.

Codon | Codon 2 Codon 3 Codon 4 Codon 5
Codon(AA) Freq  Germ | Codon{AA) Freq  Geterm | Codon(AA) Frg  G-wrm [ Codom(AA) Freq  Germ |Codon(AA) Freq  Goerm
ATGM) 3810 23973 83| AAAK) 433 95074 AAA(K) 306 459.43] AAAK) 258 29932 AAA(K) 22 19083
GTG(V) 613 2068.27] AAT(N) 158 3w2a| oaam 170 om4| TTAM) 152 405.55] ATT() 197 16239
TTG(L) 130 206.54] AGT(S) 158 4s52.42] AAGKK) 161 41490 ATTO) 19 usw9| TIrE 14 14602
ATT() 1 974] AGCS) 151 23619)  ATT() 1% 6292] TITH 147 ns:)l TTA(L) 136 22380
CTGL) 1 -l0m| ATTO) 136 1132] AAT(N) 138 16366 ATCO) 132 5290 GAA(E) 132 6614
AAA(K) o - ATG(M) 1M 3004 CAGQ 131 2760 cAAQ 131 17986] cTGw) 130 14391
AAC(N) o - GCT(A) 130 ATT 0| ATG(M) 136 3452 GAA() 129 08| aaTv P ANY-X )
AAG(K) o - GAA(E) 126 -7488] GAT(D) 131 -1ves| AAT(N) 11 s arco 125 3647
AAT(N) 0 - AAC(N) 125 1363 AACKN) 128 8147 CTCGA) 13 15677 CAA) 11349
ACA(D 6 - GCA(A) 13 3630 CAAWQ) s 1373s] AACN) 103 2079 GAT(D) 103 5320
ACCT) o - AAG(K) 13 | TTAWL) 12 1e0n2| ATGM) 100 3612] Acom 16 1120
ACG(T o - TCT(S) 104 84| TTTR n2  486] camr) 94 L1} ATG(M) 100 -34.47
ACT(T) o - ACA(D 102 24608] ACAM tad 20| GCAA) 92 11| GTTV 9% 3853
AGA(R) o - CAA(Q) 99 041 aTCH 92 -29%| ACAM 19 1904s] Acam " 1632
AGC(S) o - GAT(D) % -s6w0| ACGT 83 4826] GAT(D) 86 -81.35) CGOR) 86 1619
AGG(R) o - ACCT) 95 1w TAT(Y) 13 w41} GTR(V) 14 .| AACN) 85 1549
AGT(S) o - ACT(T) %0 15267 Accem 82 34l ATAD st 2368| acth 15 13447
ATAQ) o - TITH) %0 113 craw 76 -165.73 TATIN 80 2246] CGTR) 15 921
ATC() [ CTG(L) 85 68 M) ACTID) 74 9636 AAGHK) 77 8484 TAT(Y) 2 20
CAAQ) o - ACGM 8l 4314 GTTV) 4 882 CTIL) 77 1486 CTT(L) 77 7486
CACD o - GCHA) 79 9553 ATAM) 8 17476) CAQ) 74 -1628] GCAA) 76 -19.86
CAGHQ) o - TCA(S) 77 won| corry 65 41.92] TCAS) 1 ns2| caG) 73 a2
CAT(H) o - CGTIR) 76 5 23) GaGa) 64 un| actn w | GTAY) 73 e84
CCALP) o - ATCH) 7 -we| (KA 64 | TTCH w23 ACHM 72 ¥
ceewy o - CACHQ) 69 -75) GOKA) 62 -3 AGCES) 66 601 AAGK) 0 6378
cCGm o - TTA) 63 611] TCAS) 62 4| cocm 66 4736 ATAMD) 66 165.68
ocTtP) o - CGC(R) 51 -s182] AGT(S) 60 ssso| crCa) 66 4307 TCAS) 63 1934
COAR) o - TCCS) 4 4nss| caTih) 8 4] TG 65 1116 TGGW) 63 419
COCR) o - ATA() 47 60 AGCS) st e Tems) 6 691s] GeTa) 62 101
CGGHR) o - CCA(P) 41 2141 cocwy 55 -59.521 ACTT) 61 5602 CAT(H) 6t 11.3s
CGT(R) o - CCT(P) 47 w61 cTTny 55 1646 CCA(P) 8 sas2| TTGIL) 61 460
CTAL) 0o - IO 41 -390 aaco) ss 4389 GTAV) 57 2242 AGCS) 59 -18.60
CTC(l) o - CAT(H) 46 741 AGAm) 4 1918 Acom 6 -11.51] GCG(A) 59 -105.79
CTT(L) o - CTT(L) % 267] TCT(S) 52 3.28] com 4 6620| aTCv) 58 -1426
GAA(E) o - TCG(S) 45 18| GCTA) 0 2116 GTC(Y) s1 25660 CTCL) s7T 2048
GACD) o - TTG(L) s 3aal aTAW) 49 448 GGAG) 0 347 TCTS) 7 5133
GAGHE) o - CCGLP) 4“4 9l Tacm 9 581 AGTS) 49 2548) TTCH 7 2153
GAT(D) o - GAGLE) 4 on| coawr a4 10961] TACY) a s cacm) s6 3266
GCA(A) 0 - CGA(R) pl 6902] CAC(HY) 47 10.94] T((HW) 43 2916y GTO(V) 36 -19.07
GCCA) o - GGT(G) n | Teaw 47 | 6ot a  -93n| aacmy 55 43
GCO(A) o - GTT(V) i s TTCH 41 90| cacan % s3] acca) 9 39
GCT(A) o - GAAIG) 3 su| GaTo) a6 | TS 46 1979 TOCS) 45 17138
GGALG) o - AGA(R) % 9169] GTC(V) 4 s coaay 4 2034 TACY) 43 a1
GGCO) 0o - GTA(Y) 36 1892 TTGAL) 44 13543 CGAR) 42 8469 AGAR) a2 B
GOG(G) o - GACD) s 5957 GGA) 4 1445]  TCGKS) 2 141} AGT(S) a2 8.9
GOT(G) 0o - GCC(A) 15 199 GTGv) 40 13.40] CAT(D 41 2495 CCA(P) 2 nm
GTA(V) o - TAT(Y) 0 -s043| GGCG) 39 32| ccTey 4 258 ccrey a2 1
GTC(V) o - cTCa) 1w 2973 CTC) 38 -1106] GCT(A) 41 3838 cocer) 40 a218
GTT(V) o - CAC) 27 -2368) GCC(A) 3 -08)| GAGIE) 39 -s2n| coae) 40 1308
TAC(Y) o - CTA(L) 27 2574] CCA(P) 34 436] GCaA) i -10057 GoC@G) 39 923
TAT(Y) o - GGC(G) 27 -8mf TCCs) 34 59 GTw) 1 -83.13] GOTWG) s 71
TCAIS) o - aTCV) 4 4826 ccrpy 33 5921 AGAR) 37 103.46] TCGS) 32 -6
Tces) 0o - TAC(Y) 1 n.6| coamn 27 083 coc 17 12| TCC) 8 021
TCOHS) o - CGG(R) 3 06| TCHS) 26 -203s] CACtH) 4 -1410| GAGE) 277 3638
CTS) 0o - TOAW) 22 19| ARy s 1713 CTAM) w M9 CGAR) 15 2447
TGCEO) o - AGCKR) 21 S1se) COHHRY 28 42| GoToy 27 140 cTaqy) 3 1999
TOHW) o - GTG(V) 19 -s1.%) cocy 24 o7 AGGR) s 1.1 TOTIO) 25 579
TGT() 0 - GOLHG) s -3s0e] CTAd) 23 14| Gy n 13| coaG 2 1964
TTA) o - cocep) [T INTHT] I (To15) 7 237 TATC) 0 1.49) GOG(O) 20 4
wan o - TGT(O) 0 1em| aoGay 17 3506) TGCIO) 0 -130| AGKR) 16 3sn
T 0 - TGC(C) 10__-032] TGTEC) 16 -10s8] CoHuR) 19 78] CO(HR) 13 asn
_Gvilee 622 232338 1557.48 1436.39 1132.3

Appearance frequencies and G-terms of codons are shown for codon numbers 1 to 5. G-term values are estimated at 0

for frequency 0 in the calculation of G-value.
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average in these regions.

In order to evaluate statistically the difference between
the observed and average appearance frequencies of
codons, the G-test (otherwise called the likelihood chi-
square test) was applied as previously reported (8, 9). As
the traditionally used chi-square test gives positive values
as the deviation of an observed value from the expected
one, it is inconvenient to identify whether the observed fre-

Frequency

2 10 20 -20 -10 -1
Codon Number

Fig. 1. Appearance frequencies of codons AAA and CTG in
two terminal regions of E. coli ORFs. The appearance frequen-
cies of codons AAA and CTG in 4,285 E. col: ORFs are indicated for
codon numbers 2 to 20 and -1 to —20. The average frequencies of
these codons are also shown.

2500
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T Sato et al.

quency is greater or smaller than expected. The G-value
and the chi-square value are asymptotically the same (Eq.
1.

G =230 In (O/E) = =% (O-EV/E, ey

where O and E are the observed and expected values,
respectively. In this study, the appearance frequencies
described above were used as the observed codon frequen-
cies (N,,). The expected codon frequencies (V,,,) were esti-
mated as follows. The fractions of each codon among
1,358,928 codons, that is a total of 4,285 ORFs except ter-
mination codons, were calculated. Using these fractions,
the average appearance frequency of each codon was calcu-
lated and used as the expected frequency (V). In this pro-
cedure, N__ for each codon is always the same value, inde-
pendent of the codon number. In Table I, all codons are
lined up in order of appearance frequency (V,,,) for codon
numbers 1 to 5. G-term values [the values of 2 x N, In
(Nuf/N_,)l of each codon are also given in Table I. At the
first codon, the G-term is extremely high, because ATG is
used exclusively as the initiation codon in the E. coli
genome. As the reason for the high G-term is clear, the
codon bias at the first codon is not dealt with in this article.
The G-plot for codon numbers 2 to 20 and -1 to —20 is
shown in Fig. 2A. In comparison with the middle region,
high codon biases are observed in both ends of the ORFs.
The chi-square test gave the same result as the G-test
(data not shown). At codon numbers 2, 3, 4, and -1, the
codon biases are also very strong. Characteristic base dis-
tributions were observed after the initiation codon and
before the termination codon of E. colt ORFs. This suggests
that codon biases in this region have some physiological

Fig. 2. Codon and base biases in E. coli ORFs. (A) G-values for
codons in two terminal regions of E. coli ORFs. G-values are indi-
cated for codon numbers 2 to 20 and -1 to -20. (B) G-term values
for bases. G-term values for three base positions are indicated for
codon numbers 2 to 5. Values for A, C, G, and T are represented in
red, green, blue and yellow, respectively.
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meaning in terms of translation efficiency.

Effects of Statistically Frequent Second Codon Sequences
on Translation Efficiency—To investigate whether any rela-
tionship exists between codon biases after the initiation
codon and translation efficiency, an in vitro translation
study was performed using the E. coli dhfr gene as a re-
porter. Mutations were introduced into the pNCHE series
resulting from pTHL5-12 possessing the T7 promoter up-
stream of the dAfr gene (12) as described in “MATERIALS
AND METHODS” (Fig. 3). Figure 4A shows the second codon
sequences of the DHFR mutants used here and the fre-
quencies of each codon exhibited in Table I. AAA (corre-
sponding to m3) and AAU (m1) are the two most frequent
codons at the second codon, accounting for 10.1 and 4.4% of
4,285 ORFs, respectively. As the least frequent codons,
UGC (m2) and GUC (m4) were selected. The most common
codon in all ORFs in the E. coli genome, CUG (m5), and the
rarest codon, AGG (m6), were also tested. The wild type
sequence is derived from the original dhfr gene. The trans-
lation efficiency of these mRNAs was estimated using an E.
coli S30 extract because it is necessary to investigate only
the translation process. Figure 4B shows the incorporation
of [*¥*S]methionine into the DHFR mutants as measured by
liquid scintillation counting. The values were calculated rel-
ative to a wild type value of 1.0 after subtraction of the
amount of incorporated [**S]methionine with minus mRNA
as the background. The highly frequent sequence mutants,
ml and m3, enhanced the translation efficiency. However,
the values of the low frequency sequence mutants, m2 and
m4, were approximately same as the wild type value. The
value of mutant m6, the least frequent codon, was also
same as the wild type. Somewhat interestingly, mutant m5,
possessing a CUG codon in the second position, which is
the most frequent codon in all ORFs and the lowest G-term
in the second codon, showed approximately half the trans-
lation efficiency of the wild type. These results clearly show
that the statisticaly more frequent sequences at the second
codon of E. coli correlate with high translation efficiency,
while low frequency sequences do not lead to low transla-
tion efficiency. These differences in translation efficiency
were also demonstrated by autoradiography (Fig. 4C). The
tendency was observed with a short reaction time (data not
shown).

Effects of Various Second Codons on Translation Effi-
ciency—To consider the enhancement of translation pro-
duced by the highest frequency sequences, we examined

Pstl T7 promotor dhfr Pstl
pTHLS-12 GAAAAGGAGGAACTTCCATGATCAGTCTGAT TGCGGCGTTAGCGGTAG
‘ut.—dlroctod mutagenesis
PNCHE GAAAAGGAGGAACTTCCATGGTCAGTCTGCTAGCGGCGTTAGCGGTAG
Nceol Nhe |

Fig. 3. Schematic representation of plasmid construction. The
DNA sequence of pTHLS5-12 around the initiation codon of the E. coli
dhfr gene is represented. The initiation codon is displayed in bold
type. Ncol and Nhel sites are underlined.
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the translation efficiency of various second codon se-
quences. Figure 5 shows the relative efficiency of transla-
tion of DHFR mutants at the second codon in order of ap-
pearance frequency (Freq in Table I). The results for AAA,
AAU, and AGU clearly show that there is a significant cor-
relation between high G-term values and the enhancement
of translation efficiency. There are some factors that might
affect translation efficiency; for example, the nature of the
amino acid, the affinity of aminoacyl-tRNA for the A-site in
the ribosome, and the population of the corresponding
tRNA (15, 16). If high translation efficiency is dependent on
the nature of the tRNA, then synonymous codons should
also enhance the translation efficiency. Although AAG, like
AAA, is a lysine codon and is recognized by the same
tRNAY the translation efficiency of the AAG mutant is
not very increased. A similar relationship can be observed
for the asparagine codons AAU and AAC. Furthermore,
both AUU and AUA are isoleucine codons recognized by a
major tRNA_,; and a minor tRNA, ,; respectively (17, 18).
But there is a large difference in the translation efficiency
between the AUU and AUA mutants that is quite the
reverse of the tRNA populations. The length of the transla-
tion product of each mutant was confirmed by autoradiog-

A
Freq G-term
wWild Type: ...AUG AUC AGUCUG... middle low
ml: ...ADG AAU AGUCUG... high high
m2 .. .ADG UGC AGUCUG... low low
m3: ...ADG AAMA AGUCUG. .. high high
md: .. .AlDG GUC AGUCUG... low low
m5: ...ADG CUG AGUCUG... middle low
m6: .. .AUG AGG AGUCUG. .. low middle
B C
4 WT m m2 md m4d m5 mB
. g PR -7
ga a8
ns
2 ="
w2 et D s WA S ampe wmen o
s
$ .
H -

0

m m2 m3 m4 m5 m8

Fig. 4. Effects of the statistically most frequent second
codons on the translation efficiency in the in vitro assay. (A)
Sequences after the initiation codon of the dhfr mutants used in this
study. Wild type sequence is derived from the original dhfr gene. The
appearance frequency (V,,) and G-term of the second codon are in-
dicated in line after each sequence. (B) Relative translation effi-
ciency of DHFR mutants calculated from the radioactivity of [5S]-
methionine incorporated into protein products determined by the fil-
ter assay. The error bars indicate standard deviation. To normalize
the results, the wild type value is set at 1.0. These values represent
the average of several independent experiments. (C) Autoradiogram
showing [®S]methionine labeled DHFR mutants produced in an in
vitro translation system using equal amounts of mRNAs Proteins
were separated by SDS-PAGE (15%). Molecular mass markers
(MW) are shown by size. The arrowhead indicates DHFR mutants.
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raphy (data not shown). These results suggest that the
observed enhancement of translation efficiency is caused by
the mRNA sequence rather than the nature of the tRNA
and amino acid.

Effects of the Third Codon on Translation Efficiency—We
found that the most efficient sequence AUGAAU is comple-
mentary to a part of the 165 rRNA (nucleotide positions
1480-1485), and introduced a mutation, CAC, into the
third codon to obtain nine nucleotides complementary to 5”-
GUGAUUCAU-3’ in 16S rRNA (Fig. 6A). For comparison,
the statistically most frequent sequences, AAA, or the
codon yielding high translation efficiency, AAU, was substi-
tuted in the third codon, with the second codon fixed as
AAU.

Figure 6B shows that the translation efficiencies of the
AAU-1 and AAU-2 mutants were similar to that of ml,
whose third codon was same as the wild type. Unexpect-
edly, the 16S rRNA complementary mutant, AAU-3,
showed reduced translation efficiency compared with m1.
Higher complementation between an ORF and 16S rRNA
sequences reduces the translation efficiency. This suggests
that this region right below the initiation codon interacts
with the 16S rRNA.

Translation Efficiency of the Second Codon in the In Vivo
Assay—The effects of the mutations described above on
whole expression system were also examined in vivo in E.
coli. Derivatives of pAC-NCHE contain dhfr mutant genes
fused with 6 repeats of histidine residues (His-tag) at the
carboxyl terminus, under the control of the T7 promoter
and lac operator. These plasmids were introduced into E.
coli strain BL21(DE3), and the expression levels of the
mutant dhfr genes were analyzed. For the in vivo assay, we
selected DHFR mutants that caused remarkable changes
in the translation efficiency in vitro. DH1 and DH2 corre-
spond to m1 and m3, respectively, mutants that enhanced
the translation efficiency in vitro. DH4 and DH5 possess
the codon synonymous to DH1 and DHZ2, respectively. DH3
corresponds to m5 (CUG), which showed a negative effect
on translation in the in vitro assay (in Fig. 4B). DH6 pos-

Relative Efficiency

AAMA AAL AGU AU ALKD GAA AAC AAG UCU GAU CUQ ALIA GUA GUC AGG UGC

Second Codon

Fig. 5. Effects of various second codons on the translation ef-
ficiency in the in vitro assay. The protein products were labeled
with *S])methionine, and the amounts were determined by their ra-
dioactivity. The error bars indicate standard deviation. To normalize
the results, the wild type value is set at 1.0. The values represent
the average of several independent experiments.
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sesses a sequence complementary to 16S rRNA, corre-
sponding to AAU-3 (in Fig. 6). DH7 (AUU) differs in only
one base from DH1, while the corresponding mutant shows
a large difference in translation efficiency (Fig. 5). Figure
7B shows signals of western blots for DHFR and peptide
release factor 1 (RF1) as a standard marker of translation
activity in each transformed cell. The signals on the films
were quantified by NIH image software and the ratios of
the amount of expressed proteins to the wild type value as
1.0 were calculated (Fig. 7C). DH1 and DH2 enhanced the
translation efficiency as well as in the in vitro assay. DH3
reduced the translation efficiency more notably than in the
in vitro assay. DH4 did not enhance efficiency as well as
DH1 despite the synonymous codon. The same relationship
can be applied between DH5 and DH2. This suggests that
the mRNA sequence in the second codon is important for
translation efficiency. DH6 and DH7 reduced the transla-
tion efficiency somewhat. The results of the in vivo assay
show that the effects of substitutions in the second codon
on translation efficiency are similar to those in the in vitro
assay.

Correlation between Sequences Downstream of the Initia-
tion Codon and 16S rRNA—It has been proposed that
there is a translational enhancer element located down-
stream of the initiation codon in several bacterial and
phage mRNAs. This element is named the downstream box
(DB) and is complementary to 16S rRNA nucleotides 1469—
1483, the so-called antidownstream box (anti-DB) (19-23).

A

Wild Type: ...AUG AUC AGU CUG...
ml: ...AUG ANU AGU CUG...
AAD-1 ...AUG AAU AMA CUG...
AAD-2 ...AUG AAU AAU CUG...
AAU-3 ..AUG AAU CAC CUG...
B 4

«

N

Relative Efficlency

-

AGU AAA AAU CAC
(m1)

Third Codon

Fig. 6. Effect of third codons on the translation efficiency in
the in vitro assay. (A) Sequences after the initiation codon of the
dhfr mutants used in thig study. In these mutants, the second codon
was fixed as AAU. (B) Relative translation efficiency of DHFR mu-
tants with different third codons. The protein products were labeled
with [*S]methionine, and the amounts were determined by their ra-
dioactivity. The error bars indicate standard deviation. To normalize
the results, the wild type value is set at 1.0. These values represent
the average of several independent experiments.
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A Wild Type: ...AUG AUC AGUCUG...

DH1: .. .AUG AAU AGUCUG. ..
DH2: .. .ADG AAA AGUCUG. ..
DH3: ...AUG CUG AGUCUG. ..
DH4 : .. .AUG AAC AGUCUG. ..
DH5: .. .AUG AAG AGUCUG. ..
DH6: .. .AUG AAD CACCUG...
DH7: .. .AUG AUU AGUCUG. ..
B  DHFR

WT DH1 DH2 DH3 DH4 DHS DMHS DH7
. e
P _\"

RF1
WT DH1 DH2 DH3 DH4 DHS DHS DH7

»

Relative Efficlency
(=]

-

0

DH1 DH2 DH3 DH4 DHS DHS DH7

Fig. 7. Effects of sequences downstream of the initiation
codon on translation efficiency in the in vivo assay. (A) Se-
quences after the initiation codon of the dhfr mutants used in this
study. The sequences were derived from those of dhfr mutants with
remarkable effects on translation efficiency in the in vitro assay. (B)
Western blotting showing DHFR-His mutants expressed in E. cols
strain BL21(DE3) using equal volumes of culture. Proteins were sep-
arated by SDS-PAGE (15%), and transferred to nitrocellulose mem-
branes and then detected with Ni-NTA Conjugates (QIAGEN). Pep-
tide release factor 1 (RF1) was used as an internal standard. (C) Rel-
ative translation efficiency calculated from the quantitative analysis
of the signals observed in Fig. 7B by western blotting. The error bars
indicate standard deviation. To normalize the results, the wild type
value is set at 1.0. These values represent the average of several in-
dependent experiments.

A 1483 1467

16S rRNA WT: 3'-AGUACUUAGUGUUUCAC-5'

B Cc

1681: 3'-AGUACGACGUGUUUCAC-S' 1682:

857

We found that the nucleotide sequence AUGAAU, deduced
in this study as the sequence showing the highest appear-
ance frequency and the highest translation efficiency, forms
part of the DB. Furthermore, the translation efficiency was
affected when the complementarity to 16S rRNA was
changed in this region. It is possible that the sequences
downstream of the initiation codon of the mRNA interact
directly with 16S rRNA and modulate translation effi-
ciency. Although a recent report suggested that the en-
hancement of translation by DB did not involve an interac-
tion between mRNA and rRNA (24), it has not yet been
shown directly that the DB interacts with the anti-DB by
base pairing. To clarify whether the translation efficiency is
influenced by the uncertain interaction between DB and
the putative anti-DB, we investigated expression levels of
DHFR mutants using 16S rRNA variants with mutations
introduced in the region of the putative anti-DB in the in
vivo assay system. Figure 8 shows the sequences of the 16S
rRNA variants used in this study. These variants and the
wild type 16S rRNA were encoded in plasmid pKK1192U.
The antibiotic spectinomycin inhibits the translation of
genome-encoded ribosomes, but the expression of plasmid-
encoded 16S rRNA containing a C1192 to U mutation sup-
ports growth in media containing spectinomycin (14).
Therefore, in the presence of spectinomycin, all actively
translating ribosomes result from plasmid-encoded 16S
rRNA. We constructed a combination of DHFR mutants
and 16S rRNA variants to examine the effects of base pair-
ing between mRNA and 16S rRNA as described below. A
16S rRNA variant, 16S1, is complementary to the second
codon of DH3 (Fig 8B). If there is any interaction between
the second codon and 16S rRNA, the translation of DH3
should be more efficient, while that of DH1 might be
reduced. Likewise, cells transformed by 1652 or 1654 are
expected to exhibit similar results (Fig. 8, C and E). 16S3 is
changed so as to be complementary to the third codon of
DH1 (Fig. 8D). If there were any interaction, DH1 in 1653
transformed cells would reduce the translation efficiency,
similar to DH6 in cells transformed by wild type 16S
rRNA.

The upper panels of Fig. 9 show western blots of the pro-
tein products for DHFR-His. The expression levels of RF1
were also determined and show that the translation effi-
ciency was similar in all experiments (data not shown). The
signals on the films were quantified and calculated (lower
panels of Fig. 9). The numbering of each panel corresponds
to that in Fig 8. Comparing Fig. 9A to Fig. 7C, there is no
significant difference between the relative efficiency of
translation using 16S rRNA encoded in plasmids and

3' -AGUACUUGGUGUUUCAC-5'

Fig. 8. Sequences of 16S rRNA mutants in the anti-
downstream box region and co-transfected DHFR

WT: 5'-. .AUGAUCAGUCUG. .~3' WT: 5'-. .AUGAUCAGUCUG. .-3'
DH1: 5°'-..AUGAAUAGUCUG..-3' DH1: 5'-..AUGAAUAGUCUG..-3'
DH3: 5'-..AUGCUGAGUCUG..-3' DH4: 5'-..AUGAACAGUCUG..-3'
D E

1683: 3'-AGUACUUAUCAUUUCAC-5' 16S4: 3'-AGUACUAAGUGUUUCAC-5'

mutants. Each mutant and wild type 16S rRNA was en-

WT: 5'~. .AUGAUCAGUCUG. .~3" WT: 5'~-. .AUGAUCAGUCUG. .-3'
DH1: 5'-..AUGAAUAGUCUG..-3' DH1: 5'-..AUGAAUAGUCUG..-3'
DH6: 5'-..AUGAAUCACCUG..-3' DB7: 5'-..AUGAUUAGUCUG.
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coded in plasmids pKK1192U, and transformed cells
were cultured in media with the antibiotic spectinomy-
cin. Underlined nucleotides in 165 rRNA and the dhfr
-3 gene are complementary sequences to each other.
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genome-encoded 16S rRNA. The tendency of the change in
translation efficiency for any DHFR mutant with 16S
rRNA variants was same as that for wild type 16S rRNA.
These results show that the sequences downstream of the
initiation codon of mRNASs do not interact directly with the
anti-DB region of 16S rRNA through the expected base
pairs. However, the relative growth rates of cells trans-
formed by 16S rRNA variants differ (data not shown). The
data suggest that the anti-DB region does not form base
pairs with DB in mRNA, while the 16S rRNA sequence
around the anti-DB region influences protein synthesis and
cell growth.

)

»

Relstive Etficlency

DH1 DH7

DISCUSSION

As shown in Table I and Figs. 1 and 2, the notable distribu-
tion of nucleotides observed in the two boundary regions of
ORFs gives rise to codon biases. In these regions, amino
acid biases are also observed (data not shown). The charac-
teristic distributions observed in the three kingdoms of life
(8, 9) allow to us to hypothesize that these distributions
originated during evolution of each respective translation
system. Here, we have investigated codon and base biases
in the region downstream of the initiation codon. We con-
sidered that codon biases would have arisen phylogeneti-
cally due to advantages for protein synthesis. First, it must
be asked whether the characteristic amino acid distribution
causes the base and codon biases downstream of the initia-
tion codon. In this case, the optimal codon should be chosen
among synonymous codons as the second codon, because it
has been suggested that codon usage and the cellular tRNA
population could affect the production levels of proteins (25,
26). Actually, the highly expressed gene, ompA, a major

T. Sato et al.

C Fig. 9. Influence of mutagenesis of

16S rRNA on the translation effi-
ciency in co-transformed DHFR
mutant cells. The upper panels show
the results of western blotting of DHRF
mutants detected with Ni-NTA Conju-
gates. The relative efficiency was calcu-
3 lated by quantitative analysis of the
western blotting signals. These values
represent the average of four indepen-
dent experiments. (A) Effect on the
translation efficiency of DHFR mutants
1 with wild type 16S rRNA encoded in
the plasmid. The diagrams, (B), (C),
0 (D), and (E) show the effects of the com-
binatorial co-transformation of 16S
rRNA variants with dhfr gene mutants
corresponding to Fig. 8. The values
were calculated based on the amount of
wild type DHFR with each 16S rRNA
variants as 1.0. In all experiments, the
internal control, RF1, showed the same
expression level (data not shown).

outer membrane protein, has the codon, AAA at the second
codon (27). The high translation efficiency is achieved by
the high frequency codon. Although the most frequent
codon, AAA, is the optimal codon for lysine, AAU and AGU
are not the optimal codons for asparagine and serine,
respectively (15, 28, 29). Therefore, it does not seem that
the composition of the amino acid contributes to the codon
and base biases in the boundary regions. Moreover, each of
the three most frequent codons, AAA, AAU, and AGU, indi-
cates the highest G-term in the second codon, while the
order of appearance frequency does not match the G-term
in other codon positions. These data suggest that the codon
biases in the second codon have been generated in a dis-
tinct process from that of codon biases in other positions,
which have been influenced by elongation steps, decoding
by tRNA (30, 31). The statistical significance of codon
biases was investigated by experimental studies on the
effects of the sequence after the initiation codon on transla-
tion efficiency.

In the in vitro and in vivo assay systems used in this
study, the statistically favorite sequences at the second
codon exhibited positive effects on translation efficiency in
E. coli. Our results agree with the previous report, in which
it was proposed that the expression level of the lacZ gene is
effected positively by the highly frequent second codon in
several E. coli genes (32). When does the second codon in-
fluence translation efficiency? There are three major phases
of translation, initiation, elongation, and termination. We
do not discuss the termination steps here, even if they are
worth noting. If the second codon affects the elongation
step, from the initiation codon to the second codon or the
second to the third codon, the optimal codon should be used
at this position, as mentioned above. The favorite codon in
the second position is not always the optimal codon. In this
case, probably the initiation steps are enhanced by se-
quences in the second codon. We found the sequence
AUGAAU, which possesses a notable efficiency, to be identi-
cal to a part of the downstream box (DB), which is usually
located 9 to 12 nucleotides downstream of the initiation
codon as the up regulator for translation. Although the
mechanism has not yet been elucidated, recent studies
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show that DB may play a role in the enhancement of gene
expression together with the SD sequence, rather than
alone (23, 33). Even if the internal AUG sequence in the
DB serves as the initiation codon, the effect of translation
enhancement appears strongly (23). Therefore, we propose
that the sequence AUGAAU, deduced statistically, might be
the DB and positively effect the formation of the transla-
tion initiation complex. However, the translation efficiency
was decreased by having the third codon constituting the
DB sequences. The results show that the effect of the
strong complementarity in this region to anti-DB in the
16S rRNA appears to differ from that of usual DB. A stron-
ger complementary DB causes more efficient translation
(20). It is unclear that the sequence AUGAAU in this study
and the socalled DB make the same contribution to trans-
lation. How do the sequences downstream of the initiation
codon promote translational initiation? The relative effi-
ciency differs among synonymous codons (Figs. 5 and 7),
and the superiority of the translation efficiency is not
changed by mutagenesis in the 16S rRNA (Fig. 9). These
results provide evidence that base pairing between DB and
anti-DB does not control translation. There has been dis-
agreement as to whether DB interacts with anti-DB
directly (24, 34, 35). One conclusion is that after the forma-
tion of the initiation complex, there is no direct interaction
between DB and anti-DB (33). The ribosomal 30S subunit
forms a pre-initiation complex before the association with
the 50S subunit as follows. The SD sequence in mRNA first
forms base pairs with the anti-SD in the 16S rRNA, then
the anticodon of the initiator tRNAM*, carried by initiation
factor 2 interacts with the initiation codon. As demon-
strated by toe-print experiments, the mRNA is fixed on the
30S subunit in the latter step (36). It is possible to antici-
pate that the mRNA itself will have an effect on translation
when the interaction of the 30S particle and mRNA occurs
loosely in the first step, or when the mRNA is rearranged
in the 70S complex following association with the 50S sub-
unit. The anti-DB region of the 16S rRNA has been pro-
posed to be important for the 30S subunit to associate with
the 50S subunit (37). Indeed, the greater the number of
mutations in the anti-DB region (Fig. 8), the more slowly
the transformants grow (data not shown). This suggests
that the anti-DB region may be important for the formation
of the initiation complex, resulting in a lower rate of cell
growth.

Other possibilities concerning the effects on translation
efficiency include the secondary structure of the mRNA
around the initiation codon and mRNA binding proteins,
for example, ribosomal protein S1. The amino terminal do-
main of S1 is associated with the 30S subunit by protein—
protein interactions, whereas the elongated and flexible
carboxy-terminal domain, containing RNA-binding centers
with a high affinity for pyrimidine-rich sequences, provides
the ribosome with an mRNA catching arm (38). The E. coli
30S ribosomal subunit recognizes the translational start
sites of mRNAs lacking the SD sequence and forms stable
ternary complexes only in the presence of S1 and IF3 (4).
The previous report showed that ribosomal protein S1 rec-
ognizes a higher ordered structure of RNA (39). There is a
possibility that the sequences downsteam of the initiation
codon accelerates the interaction of mRNA with S1, so that
the translation efficiency is enhanced by the formation of
the initiation complex. Although there is no notable differ-
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TABLE II. Highest values of relative efficiency obtained in
the in vitro assay of dhfr mutants in the second codon.

Second codon Translational activity
AUC (wild type) 1.00
AAU 2.95 * 041
AAA 2.40 + 0.93
AGU 2.23 + 0.46
AUA 222 * 043
GAU 1.88 + 0.52

ence among the secondary structures of the DHFR mRNAs
used here (data not shown), a slight structural difference in
the region close to the initiation codon might lead to a
proper interaction of mRNA and the ribosome. It remains
uncertain which sequence or structure other than the SD
sequence is advantageous for the ribosome to form an initi-
ation complex in general. Table IT shows the top five trans-
lationally efficient second codons in the in vitro assay.
There is superiority when the first or second base of the
second codon is a purine base, especially adenine, and the
third base is adenine or uracil. These nucleotides would
have been selected during the evolution of the translational
machinery.

Recently, crystallographic structures of the bacterial 30S
and 50S ribosomal subunits have been resolved at atomic
resolution (40~43). Crystals of the complex of the 70S ribo-
some, mRNA and tRNA were also analyzed (44). These
results are shedding light on the functional correlation of
rRNAs and ribosomal proteins. Further understanding of
ribosomal function based on structure will reveal the
present translational apparatus, then the process of evolu-
tion can be clarified in the near future.
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