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ABSTRACT
The nucleotide sequence of the o gene coding for a major outer

membrane protein of Escherichia coli K-12 has been determined and the amino
acid sequence of the OmpF protein was deduced from it. The OmpF protein
contains 340 amino acid residues, and is produced from a precursor having 22
extra amino acid residues, the signal peptide, at the amino terminus. The
expected secondary structure of the OmpF protein had a high p-sheet content
with a low d(-helix content. The promoter region and the transcription ter-
mination region of the ompF gene had a significantly high AT content, while
the AT content of the coding region was about the same as the average AT
content of the E. coli chromosome. Following the termination codon, a typical
e-independent transcription termination signal was observed. The codon usage
in the ompF gene was highly nonrandom; the codons preferably utilized are
those recognized by the most abundant species of isoaccepting tRNAs or those,
among synonymouns codons recognized by the same tRNA, that can interact more
properly with the anticodon.

INTRODUCTION
The outer membrane of Escherichia coli K-12 usually contains four major

proteins, the OmpF protein, the OmpC protein, the OmpA protein and Braun's
lipoprotein, and these are the most abundant proteins in the cell (1). These
proteins were first synthesized in a precursor form having a signal peptide
at the NH2-terminus (2, 3, 4). Two of these proteins, OmpF and OmpC, resemble
each other with respect to the apparent molecular weight (5), total amino
acid composition and NH2-terminal sequence (6), strong association with the
peptidoglycan layer (7), extremely high contents of #-structured polypeptide
(5), trimeric structures (8), and pore functions for small hydrophilic mole-
cules (9). Four genetic loci (ompF ompC, ompR and envZ ) are known to be
involved in the synthesis of these two proteins. The ompF and ompC loci
represent structural genes for the corresponding proteins, respectively (6,
10, 11), and are suggested to be derived from a single ancestral gene (6).
On the other hand, gene products of ompR and envZ are shown to positively
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regulate the synthesis of these proteins (12). The ompR-envZ region was
formerly called ompB.

Despite the similarities described above, the biosynthesis of the two
proteins is regulated differentially. The envZ mutation results in the lack
of the OmpF protein, while mutations in the ompR gene cause either the lack
of OmpC alone or both proteins (12). In addition, the synthesis of the two
proteins is affected in opposite directions by high concentrations of
substances like sucrose and NaCl in culture media (13, 14). Upon addition of
these substances to culture media, protein synthesis is immediately switched
from OnpF to OnpC. It is suggested that recognition by cells of the osmotic
difference between the outside and inside of the outer membrane is involved
in this switching phenomenon (14).

In order to study the molecular mechanism controlling the synthesis of
these outer membrane proteins, we isolated a specialized transducing lambda
phage that carries the ompF gene of E. coli K-12 (15). In a previous study
(4), we determined the DNA sequence that covers the NH2-terminal region of
OmpF and deduced the amino acid sequence of the signal peptide. Here we

present the entire DNA sequence of the ompF gene.

MATERIALS AND METHODS
Enzymes and Chemicals.

Restriction endonucleases Rsa I, Pst I, Alu I, Tag I and Pvu II were
obtained from New England Biolabs. Other restriction endonucleases were from
Takara Shuzo Co. Bacterial alkaline phosphatase was from Worthington Bio-
chemical Corp., bacteriophage T4 polynucleotide kinase from P.L.Biochemicals,
and T4 ligase from Takara Shuzo Co. [-32P]ATP (9,000 Ci/mmol) was prepared
from carrier-free [32P]orthophosphoric acid (Amersham Intl.) and ADP (Sigma
Chemicals) by the method of Johnson and Walseth (16).
Bacterial Strains and Bacteriophages.

The following strains derived from E. coli K-12 and phages were used:
KY2562 (thi tsx malA ompBlOl) (17); H0202mal (F thi rel asnSts, a mal
derivative of H0202)(4); XompFl (a specialized transducing )< phage carrying
the asnS-ompF region of the E. coli chromosome) (15); and X cI857Sam7.
Preparation of kompFl DNA and Subcloning into pBR322.

The methods used for the propagation of the )kompFl were those described
by Schrenk and Weisberg (18). Strain H0202mal grown in L-broth at 300C was
used as the host strain and XcI857Sam7 as the helper phage. The XompFl
DNA was extracted with phenol as described (19) and recovered by ethanol pre-
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cipitation. After digestion with Sal I, the 14-kb DNA fragment shown in
Fig. 1 was prepared using agarose gel and ligated with cloning vector pBR322

as described (20). Ligation mixtures were used directly for transformation
using the procedure of Dagert and Ehrlich (21).
Purification of Plasmid DNA.

Strain KY2562 harboring a pBR322-derived plasmid was grown until A660=
1.3 at 37°C in L-broth supplemented with glucose (1 g/l) and ampicillin (20
mg/l). Chloramphenicol (100 mg/l) was then added and the cells were harvest-
ed 18 h later. Purification of plasmid DNA was carried out as described by
Matsubara (22).
Gel Electrophoresis of DNA Fragments.

Gel electrophoresis was carried out for both analytical and preparative
purposes. Polyacrylamide gel(5%) was used for the separation of DNA fragments
smaller than 1,500 bp and 0.8% agarose gel was used for fragments larger than
1,500 bp. The buffer for electrophoresis contained 50 mM Tris-borate (pH 8.3)
and 1 mM EDTA. DNA fragments were eluted from the polyacrylamide gel by the
crush and soak technique (23) and from the agarose gel by the freeze-squeeze
technique (24), extracted with phenol and precipitated with ethanol.
Restriction Endonuclease Mapping and DNA Sequencing.

A restriction enzyme cleavage map was constructed using both the end-

labeling method (25) and the double digestion method (26). All DNA sequenc-
ing methods were according to Maxam and Gilbert (23). Single end-labeled

fragments obtained after the chemical cleavages were analyzed by means of a

thin sequencing gel system (0.04 x 20 x 40cm) with 20% and 10% polyacrylamide
in 7 M urea.

RESULTS
Cloning of the ompF Gene on Plasmid Vector pBR322.

We constructed various hybrid plasmids carrying the ompF region of

X.ompFl as shown in Fig. 1. The 14-kb Sal I DNA fragment from XompFl was

inserted into the Sal I site of pBR322. The ligated mixture was used to

transform KY2562 selecting for ampicillin resistant and tetracycline sensi-
tive. Two types of 18.3-kb plasmids having the 14-kb insert at the Sal I
site of pBR322 with opposite orientation to each other were found in the

resulting transformants. Representative plasmids were designated as pLF2 and

pLF3, respectively. pLFIO was further derived from pLF2 by digestion with Pvu

II followed by religation. pLFll was derived from pLF10 by Eco RI digestion.
Similary, pLF4 was derived from pLF3 by Hin dIII digestion, and pLF9 from
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Figure 1. Construction of hybrid plasmids carrying the ompF gene. The heavy
solid lines represent E. coli chromnosomnal DNA and the open segments represent
), phage DNA. pBR322 DNA is shown as thin lines. The position of the ompF
gene is indicated by a line with * (initiation site) and/or *(termnination
site). S, Sal I; B, Barn HI; E, Eco RI; H, Hin dII; P, Pvu II; Ap , ampicilin
resistant; Tcr, tetracycline resistant; oni, origin of replication. In the
).ompFl DNRA, only Barn HI and Sal I sites are shown.

pLF4 by Pvu II digestion. The 3.7-kb Sal I-Pvu II fragment involved in pLF10
was called Fragment 2 in a previous paper (4).
Restriction Endonuclease Mapping and DiA Sequencing.

Figure 2 shows a restriction endonuclease cleavage map around the ompF
gene. It was incorrectly reported in a previous paper that the region derived
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Figure 2. Restriction endonuclease cleavage sites and sequence strategy
around the om gene. Tt singly labeled fragments are indicated by arrows.
(@) The position of the ~~P-label at 5'-end. Broken regions of the arrows
indicate that the sequence of these regions were not determined in these
experiments. The coding region of the F gene is also indicated with U
(initiation site) and ~ termination sitTe.

from the E. coli chromosome shown in Fig. 1 has one Barn HI site(15). However,
no Barn HI site was found to exist in this region. The nucleotide sequence
shown in Fig. 3 also confirmed this fact. We showed previously (4) that the
OmpF signal peptide is coded for by the 180-bp Pst I DNA fragment and the
direction of transcription is from left to right in Fig. 2. In order to de-
termine the entire op gene we sequenced the entire 1.8-kb region shown in
Fig. 2. The restriction endonuclease fragments used for the sequence analyses
are also shown in Fig. 2.

The nucleotide sequence of 1807 bp covering the entire region shown in
Fig. 2 was detemined (Fig. 3). The detemination was carried out for both
strands of most of the DNA. In addition, all restriction sites were over-

lapped by sequence determinations of different DNA fragments. Therefore, no

sequence information was missed as a result of the loss of a very small re-

striction fragment. Following the sequence that covers the promoter, signal
peptide and NH2-teminal regions of the OmpF protein (4), there was an open
reading frame sufficiently long to encode the OmpF protein. This is the only
long open reading frame that exists in this region. This reading frame is
teminated by the two contiguous termination codons (nucleotides 1542-1547),
thus making a protein of a molecular weight of 37,082 (excluding the signal
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* * * * * * ** * *100AAAACTAATCCGCATTCTTATTGCGGATTAGTTTTTTCTTAGCTAATAGCACAATTTTCATACTATTTTTTGGCATTCTGGATGTCTGMAGAAGATTTT
*200GTGcAGGTcGATAAAGTTTccATcAGAAAcAAAATTTccGTTTAGTTAMmAAATATAAGGAAMTcATATAAATAGATTAAAATTGcTGTAAATATcAT

** * * * * * * *300
CACGTCTCTATGGAAATATGACGGTGTTCACAAAGTTCCTTAATTTTACTTTTGGTTACATATTTTTTCTTTTTGAAACCAAATCTTTATCTTTGTAGC
**** *400ACTTTCACGGTAGCGAAACGTTAGTTTGAATGGAMGATGCCTGCAGACACATAAAGACACCAAACTCATCAATAGTTCCGTAAATTTTTATTGACAG
** * * * * * **~~~~~0 *5,00AACTTATTGACGGCAGTGGCAGGTGTCATAAAMMAACCATGAGGGTAATAAATAATGATGAAGCGCAATATTCTGGCAGTGATCGTCCCTGCTCTGTTA

MetMetLysArgAsnIleLeuAlaValIleValProAlaLeuLeu
-22

*600GTAGCAGGTACTGCAAACGCTGCAGAAATCTATAACAAAGATGGCAACAAAGTAGATCTGTACGGTAAAGCTGTTGGTCTGCATTATTTTTCCAAGGGTAValAlaGlyThrAlaAsnAlaAlaGluI leTyrAsnLysAspGlyAsnLysValAspLeuTyrGlyLysAlaValGlyLeuH isTyrPheSerLysG lyAsn
-1 * +1

*700ACGGTGAAAACAGTTACGGTGGCAATGGCGACATGACCTATGCCCGTCTTGGTTTTAAAGGGGAAACTCAAATCAATTCCGATCTGACCGGTTATGGTCA
GlyGluAsnSerTyrGlyGlyAsnGlyAspMetThrTyrAlaArgLeuGlyPheLysGlyGluThrGlnIleAsnSerAspLeuThrGlyTyrGlyGln

50
** * * * * * * * *800GTGGGAATATAACTTCCAGGGTAACAACTCTGAAGGCGCTGACGCTCAAACTGGTAACAAAACGCGTCTGGCATTCGCGGGTCTTAMTACGCTGACGTT

TrpGluTyrAsnPheGlnGlyAsnAsnSerGluGlyAlaAspAlaGlnThrGlyAsnLysThrArgLeuAlaPheAlaGlyLeuLysTyrAlaAspVa1
* * * * * *900

GGTTCTTTCGATTACGGCCGTAACTACGGTGTGGTTTATGATGCACTGGGTTACACCGATATGCTGCCAGAATTTGGTGGTGATACTGCATACAGCGATG
GlySerPheAspTyrGlyArgAsnTyrGlyValValTyrAspAlaLeuGlyTyrThrAspMetLeuProGluPheGlyGlyAspThrAlaTyrSerAspAsp

100
* . . * * * * * * *1000ACTTCTTCGTTGGTCGTGTTGGCGGCGTTGCTACCTATCGTAACTCCAACTTCTTTGGTCTGGTTGATGGCCTGAACTTCGCTGTTCAGTACCTGGGTM

PhePheValGlyArgValGlyGlyValAlaThrTyrArgAsnSerAsnPhePheGlyLeuValAspGlyLeuAsnPheAlaValGlnTyrLeuGlyLys
150

* . . . . . . . { *1100
AAACGAGCGTGACACTGCACGCCGTTCTAACGGCGACGGTGTTGGCGGTTCTATCAGCTACGAATACGAAGGCTTTGGTATCGTTGGTGCTTATGGTGCA
AsnGluArgAspThrAlaArgArgSerAsnGlyAspGlyValGlyGlySerIleSerTyrGluTyrGluGlyPheGlyIleValGlyAlaTyrGlyAla

* .* * * * 0 * * *1200
GCTGACCGTACCAACCTGCAAGAAGCTCAACCTCTTGGCAACGGTAAAAAAGCTGAACAGTGGGCTACTGGTCTGAAGTACGACGCGMCAACATCTACC
AlaAspArgThrAsnLeuGlnGluAlaGlnProLeuGlyAsnGlyLysLysAlaGluGlnTrpAlaThrGl yLeuLysTyrAspAlaAsnAsn IleTyrLeu

200
*

. . . * * * * * *1300
TGGCA6CGAACTACGGTGAAMCCCGTAACGCTACGCCGATCACTAATAAATTTACAAACACCAGCGGCTTCGCCAACAAAMCGCAAGACGTTCTGTTAGT
AlaAlaAsnTyrGlyGluThrArgAsnAlaThrProIleThrAsnLysPheThrAsnmrSerGlyPheAlaAsnLysThrGlnAspValLeuLeuVal

250
. .* * * * *0 * * 1400

TGCGCAATACCAGTTCGATTTCGGTCTGCGTCCGTCCATCGCTTACACCAAATCTAAAGCGAAAGACGTAGMGGTATCGGTGATGTTGATCTGGTGAAC
AlaGlnTyrGlnPheAspPheGlyLeuArgProSerIleAlaTyrThrLysSerLysAlaLysAspValGluGlyIleGlyAspValAspLeuValAsn

*
. . . * * * * * *1500

TACTTTGAAGTGGGCGCAACCTACTACTTCAACAAAAACATGTCCACCTATGTTGACTACATCATCAACCAGATCGATTCTGACAACAAACTGGGCGTAG
TyrPheGluValGlyAlaThrTyrTyrPheAsnLysAsnFletSerThrTyrValAspTyrI leI leAsnGInIleAspSerAspAsnLysLeuGlyValGly

300
* .* . . ** * * * *1600

GTTCAGACGACACCGTTGCTGTGGGTATCGTTTACCAGTTCTAATAGCACACCTCTTTGTTAAATGCCGAAMAAMCAGGACTTTGGTCCTGTTTTTTTTA
SerAspAspThrValAlaValGlyIleValTyrGlnPhe

340
* * * 0 * * * * * *1700

TACCTTCCAGAGCAATCTCACGTCTTGCAAAAACAGCCTGCGTTTTCATCAGTAATAGTTGGAATTTTGTAAATCTCCCGTTACCCTGATAGCGGACTTC
. . . ** * * * * *1800CCTTCTGTAACCATAATGGAACCTCGTCATGTTTGAGAA*CATTACCGCC*GCTCCTGCCGA*CCCGATTCTGGGCCTGGCCGATCTGTTTCGTGCCGATGAA

1807
CGTCCCG

Figure 3. The 1807 base pairs DNA sequence encompassing the ompF gene. The
amino acid sequence of the pro-OmpF protein deduced from the DNA sequence is
also shown. The cleavage site of the signal peptide is shown by a triangle.
The amino acid residues are numbered from the amino terminus of the OmpF
protein. Possible transcription termination signals are underlined.

peptide). This molecular weight is in good agreement with that estimated

from the gel electrophoretic behavior of the OmpF protein (MW= 38,000) (5).
In Fig. 3 is also shown the amino acid sequence deduced from the nucleotide

sequence. The amino acid composition derived from this sequence is also in
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excellent agreement with our earlier estimates based on amino acid analysis
of acid hydrolyzates of the whole OmpF protein (6). In addition, the deduced
sequence is almost the same as that of a corresponding protein of E. coli B
determined by Chen et al. (27). Following the termination codons, there is
a possible e-independent transcription termination signal which is charac-
terized by an oligo(T) sequence and a stable stem-and-loop structure
(nucleotides 1570-1599)(28). This will be discussed later. From these
results we conclude that the DNA sequenced here represents the entire ompF
gene.

DISCUSSION
We previously determined the DNA sequence for the promoter-signal

sequence region of the ompF gene and presented the amino acid sequence of the
signal peptide (4). Here we present the DNA sequence of 1807 bp that en-

compassing the entire ompF gene. Its unique features are discussed in the

following sections.
Structure of the ompF gene.

The DNA sequence shown in Fig. 3 together with previous results (4, 29)
indicates that the OmpF protein is first synthesized as a precursor form that
consists of 362 amino acid residues starting with initiation codon ATG
(nucleotides 456-458) and terminating with termination codon TM (nucleotides
1542-1544). The precursor is converted to the OmpF protein having 340 amino
acid residues by release of the NH2-terminal signal peptide (22 amino acid
residues). It is interesting that the o gene has both the initiation
codons (nucleotides 456-461) and the termination codons (nucleotides 1542-
1547) in tandem fashion. No potential open reading frame that could code for
other proteins can be found in this locus.

The coding region of the ompF gene is preceded by candidates for the
Shine-Dalgarno sequence, Pribnow box and the RNA polymerase recognition site
as discussed in a previous paper(4). The initiation site of the transcription
is being studied in this laboratory in relation to the mechanism of the ompF
expression that is regulated by osmolarity of the culture media. The DNA
sequence also shows the possible p-independent transcription termination
signal (nucleotides 1570-1599) that can form an extremely stable stem-and-
loop structure with an oligo(T) sequence at the end (28). A similar structure
has been found at the corresponding region of the lpp and ompA genes, the

genes for other major outer membrane proteins (30, 31, 32). A similar stem-

and-loop structure also is located preceding the ompF gene(nucleotides 1-37).
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The asnS gene is located right upstream of the ompF gene (N. Mutoh, Y. Koga,
K. Inokuchi and S. Mizushima, manuscript in preparation). Therefore, this
region may represent the transcription termination signal of the asnS gene.

Figure 4 shows the distribution of AT base pairs around the ompF gene.
It is apparent that the first 455 base pairs that cover the promoter region
of the opF gene have a significantly high AT content (69%) as in the corre-

sponding region of the major lipoprotein gene, lpp (80%) (33), in comparison
with the average AT content (49%) of the E. coli chromosomal DNA (34). Many
A or T clusters (9-15 contiguous nucleotides) are found in this region as in
the case of the lpp gene. On the other hand, the AT content of the promoter
region of the ompA gene is not so high (56%)(31). The high AT content in the
promoter region possibly contributes to destabilization of the double helical
structure of the DNA and facilitates RNA polymerase-mediated strand-unwinding
(35, 36). The AT content decreased to 52% in the coding region (nucleotides
456-1541), and again increased to 67% in the region probably representing the
3'-terminus of the mRNA (nucleotides 1542-1599).
Codon Usage.

The codon usage in the ompF gene is highly nonrandom (Table 1). A
similar feature was also found in genes for other major outer membrane
proteins (30, 31, 37), ribosomal proteins (for example 38, 39) and others
(40, 41) that are efficiently synthesized in E. coli cells. The codon usage
in ompA, lpp and lamB genes are also shown in Table 1 for comparison. It was

suggested that the codons preferentially utilized in genes conducting
efficient protein synthesis are those recognized by the most abundant species
of isoaccepting tRNAs (42, 43). It was further suggested for these genes
that a preferentially utilized codon among synonymous codons that are recog-
nized by the same tRNA has a preference in a codon-anticodon interaction (42,

OmpF protein

I S0OBBooo
Base pairs

Figure 4. Distribution of AT base
pairs around the o gene.
The ompF gene region is divided into
the following four sections: the
region involving the promoter
(1-455), the coding region (456-1541),
the region probably representing
the 3'-terminus of the mRNA (1542
-1599), and the subsequent region
(1600-1807). The average AT content
of E. coli chromosomal DNA (49%)
(34Tis indicated by a broken line.

ro

4

50

40
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Table 1. Codon Usage in the Precursors of the Major Outer Membrane Proteins
Second base

U C A G

(a)(b)(c)(d) (a)(b)(c)(d) (a)(b)(c)(d) (a)(b)(c)(d)

Phe 7 2 0 4 Ser 6 4 3 7 Tyr 9 2 0 7 Cys 0 1 0 2 U

U 12 7 0 16 5 8 2 7 20 15 1 15 O 1 1 0 C
Leu 2 1 0 4 1 0 0 1 Term I I I I Term - - - - A

0 O 0 2 0 0 4 ---- Trp 2 5 0 19 G

Leu 3 0 0 2 Pro 2 1 0 3 His 1 2 0 3 Arg 10 10 3 11 U

c O O 0 3 O O O 0 0 3 0 3 2 3 1 6 C
0 0 0 0 1 3 0 2 Gln 6 2 0 6 OO O O A
18 22 9 11 2 15 0 4 7 15 516 0 0 0 0 G

Ile 1 1 0 7 Thr 7 10 4 7 Asn 4 1 0 4 Ser 1 0 0 2 U

A 13 15 2 13 11 12 0 15 28 18 627 3 4 2 7 C
0 0 0 0 1 1 0 2 Lys 16 15 612 Arg 0 0 0 0 A

Met 5 6 3 16 3 0 0 1 3 4 1 8 OQO O O G

Val 16 17 3 10 Ala 16 22 8 12 Asp 13 5 214 GlY 33 24 2 26 U

G 11 0 7 2 1 0 10 14 17 619 15 14 1 22 C
4 7 2 1 11 11 3 12 Glu 13 10 0 18 0 0 0 0 A
5 2 1 6 5 3 1 6 1 3 0 3 1 0 0 1 G

(a) Precursor
(b) Precursor
(c) Precursor
(d) Precursor

of the OmPF protein.
of the cnpA protein(31,32).
of the lipoprotein(30).
of the LamB protein(37).

43). The nonrandom codon usage in the ompF, ompA and lpp genes meets these

requirements: For example, preferential utilization of CUG for leucine, GGU/

GGC for glycine and AUC/AUU for isoleucine must contribute to the efficient

translation of the ompF gene through the recognition by the abundant species

of isoaccepting tRNA, and preferential utilization of MA over MG for

lysine, GM over GAG for glutamic acid, AUC over AUU for isoleucine and MC

over MU for asparagine must contribute to the efficient translation through

the proper codon-anticodon interaction. Although the LamB protein becomes a

major outer membrane protein when the synthesis is induced by maltose, the

nonrandomness of the codon usage in the lamB gene is not as extreme as that

in genes for major outer membrane proteins.
Protein Structure.

E. coli K-12 possesses two matrix proteins, OmpF and OmpC, while the B

strain has one such protein that migrates to the same position as the K-12

mnpF protein on polyacrylamide gel (44). The primary structure of the OmipF

protein deduced from the DNA sequence (Fig. 3) is almost the same as that of

the corresponding protein of the B strain reported by Chen et al. (27) except
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rated. The region strongly supported by the two methods to be #-sheet (larger
than 1.5 in the histogram) is five times larger than the corresponding region
for the Ci-helix. These results are consistent with our earlier studies with
circular dichroism that the native OmpF protein is peculiar in that it has a
very high content of 0-sheet with a low content of oi-helix (5). It should
be taken into consideration,however, that the OmpF protein is a transmembrane
protein and exists as a trimer, while most of the proteins used for the
derivation of the prediction rules are globular hydrophilic proteins.

ACKNOWLEDGEMENTS
We thank Drs. K. Nakamura and H. Yamagata for DNA sequencing technique

and helpful discussion and Drs. K. Nagano and H. Kanazawa for prediction of
protein secondary structure. This work was supported by grants from the
Ministry of Education, Science and Culture of Japan, Toray Science Foundation
and Nisshin-Seifun Foundation.

ABBREVIATIONS
bp, base pair(s); kb, kilobases or kilobase pairs; EDTA, ethylene-

diaminetetraacetate; Tris, Tris-(hydroxymethyl )- aminomethane; MW, molecular
weight.

REFERENCES
1. DiRienzo, J.M., Nakamura, K. and Inouye, M. (1978) Ann. Rev. Biochem.

47, 481-532.
2. Inouye, S., Wang, S., Sekizawa, J., Halegoua, S. and Inouye, M. (1977)

Proc. Natl. Acad. Sci. USA 74, 1004-1008.
3. Movva, N.R., Nakamura, K. and Inouye, M. (1980) J. Biol. Chem. 255,

27-29.
4. Mutoh, N., Inokuchi, K. and Mizushima, S. (1982) FEBS Lett.137, 171-174.
5. Nakamura, K. and Mizushima, S. (1976) J. Biochem.(Tokyo) 80, 1411-1422.
6. Ichihara, S. and Mizushima, S. (1978) J. Biochem.(Tokyo) 83, 1095-1100.
7. Hasegawa, Y., Yamada, H. and Mizushima, S. (1976) J. Biochem. (Tokyo)

80, 1401-1409.
8. Ichihara, S. and Mizushima, S. (1979) Eur. J. Biochem. 100, 321-328.
9. Nikaido, H. and Nakae, T. (1979) in Adv. Microbial. Physiol., Rose, A.H.

and Tempest, D.W. Eds., Vol 20, pp.163-250, Academic Press Inc., New
York.

10. Sato, T. and Yura, T. (1979) J. Bacteriol. 139, 468-477.
11. van Alpen, L., Lugtenberg, B., van Boxtel, R., Hack, A.M., Verhoef, C.

and Havekes, L. (1979) Mol. Gen. Genet. 169, 147-155.
12. Hall, M.N. and Shilhavy, T.J. (1981) J. Mol. Biol. 151, 1-15.
13. van Alphen, W. and Lugtenberg, B. (1977) J. Bacteriol. 131, 623-630.
14. Kawaji, H., Mizuno, T. and Mizushima, S. (1979) J. Bacteriol. 140,

843-847.
15. Mutoh, N., Nagasawa, T. and Mizushima, S. (1981) J. Bacteriol. 145,

1085-1090.

6967



Nucleic Acids Research

16. Johnson, R.A. and Walseth, T.F. (1979) Adv. Cyclic Nucl. Res. 10,
135-167.

17. Sato, T. and Yura, T. (1981) J. Bacteriol. 145, 88-96.
18. Schrenk, W.J. and Weisberg, R.A. (1975) Mol. Gen. Genet. 137, 101-107.
19. Yamagishi, H. (1975) in Seikagaku Jikken Koza, Japanese Biochem. Soc.

Ed., Vol. 2, Nucleic Acid Chemistry I, pp.62-65, Tokyo Kagaku Dogin,
Tokyo.

20. Weiss, B. and Richardson, C.C. (1967) Proc. Natl. Acad. Sci. USA 57,
1021-1025.

21. Dagert, M. and Ehrlich, S.D. (1979) Gene 6, 23-28.
22. Matsubara, K. (1975) in Seikagaku Jikken Koza, Japanese Biochem. Soc.

Ed., Vol 2, Nucleic Acid Chemistry I, pp.67-69, Tokyo Kagaku Dojin,
Tokyo.

23. Maxam, A.M. and Gilbert, W. (1980) in Methods Enzymol., Grossman, L and
Moldave, K. Eds., Vol 65, pp.499-560, Academic Press Inc., New York.

24. Thuring, R.W.H., Sanders, J.P.M. and Borst, P. (1975) Anal. Biochem. 66,
213-220.

25. Smith, H.0. and Birnstiel, M.L. (1976) Nucleic Acids Res. 3, 2387-2398.
26. Danna, K.J. (1980) in Methods Enzymol., Grossman, L. and Moldave, K.

Eds., Vol 65, pp.449-467, Academic Press Inc., New York.
27. Chen, R., Kr'amer, C., Schmidmayr, W., Chen-Schmeisser, U. and Henning,

U. (1982) Biochem. J. 203, 33-43.
28. Rosenberg, M. and Court, D. (1979) Ann. Rev. Genet. 13, 319-353.
29. Halegoua, S. and Inouye, M. (1979) J. Mol. Biol. 130, 39-61.
30. Nakamura, K., Pirtle, R.M., Pirtle, I.L., Takeishi, K. and Inouye, M.

(1980) J. Biol. Chem. 255, 210-216.
31. Movva, N.R., Nakamura, K. and Inouye, M. (1980) J. Mol. Biol. 143,

317-328.
32. Beck, E. and Bremer, E. (1980) Nucleic Acids Res. 8, 3011-3027.
33. Nakamura, K. and Inouye, M. (1979) Cell 18, 1109-1117.
34. 0rskov, F. (1974) in Bergeny's Manual of Determinative Bacteriology, 8th

edition, Buchanan, R.E. and Gibbons, N.E. Eds., pp.293-296, Williams and
Wilkins Co., Baltimore.

35. Vallenweider, H.J., Fiandt, M. and Szybalski, W. (1979) Science 205,
508-511.

36. Horn, G.T. and Wells, R.D. (1981) J. Biol. Chem. 256, 2003-2009.
37. Cl4ment, J.M. and Hofnung, M. (1981) Cell 27, 507-514.
38. Post, L.E., Strycharz, M., Nomura, M., Lewis, H. and Dennis, P.P. (1979)

Proc. Natl. Acad. Sci. USA 76, 1697-1701.
39. Post, L.E. and Nomura, M. (1980) J. Biol. Chem. 255, 4660-4666.
40. Yokota, T., Sugisaki, H., Takanami, M. and Kajiro, Y. (1980) Gene 12,

25-31.
41. An, G. and Friesen, J.D. (1980) Gene 12, 33-39.
42. Ikemura, T. (1981) J. Mol. Biol. 146, 1-21.
43. Ikemura, T. (1981) J. Mol. Biol. 151, 389-409.
44. Ichihara, S. and Mizushima, S. (1977) J. Biochem.(Tokyo) 81, 1525-1530.
45. Chou, P.Y. and Fasman, G.D. (1978) Adv. Enzymol. 47, 45-148.
46. Nagano, K. (1977) J. Mol. Biol. 109, 251-274.

6968


