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Fig. 1 Schematic representation of the DNA orienta-

tion inside the phage particle (from Webster et
al, 1981). The DNA is presented as a long
loop within the virion, coated along its length
with B protein (product of gene VIID), A
protein (product of gene III), D protein (pro-
duct of gene VI), and C protein (products of
genes VII and IX). The Roman numerals refer
to the viral genes. IG refers to the intergenic

region.
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Table 1. The gene products of filamentous bacteriophage

Gene Mr Function
(kilodalton)

II 46.1 Initiation of replication of viral
strand DNA; nicks the plus strand
of RF DNA at the specific site.

X 12.7 Unknown.

A\ 9.7 Single strand specific DNA binding
protein; concentration in cell
(about 105 copies) determines the
fraction of viral DNA that replicates
or is packaged into capsid protein.

VIl 3.6 Minor capsid protein (Webster et
al., 1981).

IX 3.7 Minor capsid protein.

VI pre. 7.6  Major capsid protein; about 2700

mat. 5.2 copies per phage.

11 pre. 44.7 Minor capsid protein; essential for

mat. 42.7 adsorption to the F-pilus.

Vi 12.4 Minor capsid protein.

I 39.5 Morphogenesis.

v 45.8 Morphogenesis.

ol EAska 9l-go] v Zck (Simons et al.,
1979; Grant et al., 1981).

M13 vlel2iae 27 oF 0.06um, Zeo| lum
%]+ nucleoprotein rod 24, 2722l DNA =
2700709 major coat Th A B2z S 4o
2 Qe rod? Feoll¥ £22 minor coat &

WAEZ o|Foix 2 (Fig.1) (Lin et al.,

1980; Grant et al., 1981), DNA¥ virion
Aol A E A3 orientationo.2 TA o] 9t
(Shen et al., 1979; Webster et al., 1981).
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Fig. 2 Genetic map of bacteriophage M13 DNA.
The circular genome is presented in a linear
form with the unique endonuclease HindIl
cleavage site as zero point. The Roman
numerals refer to the M13 genes. T stands for
tho-independent termination site of trans-
cription. IR refers to the intergenic region
in which the origin of replication of viral and
complementary strands is located. (from van
Wezenbeek et al., 1980).
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Fig. 3 Proposed secondary structure of the filament-
ous phage fd DNA in the intergenic region
between genes IV and IL The positions of the
RNA polymerase protected fragment (ori-
DNA), and the primer RNA for complementary
strand, and the gene II protein nicking site for
the viral strand replication are indicated. Base
exchange for f1 and MI3 are indicated: no
bracket = exchange is common for f1 and M13;
parentheses () = exchange exists for f1 only;
bracket [ ] = exchange exists for M13 only
(from Beck and Zink, 1981).
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Fig. 4 The f1 functional origin, its signals and domains.
Numbers indicate nucleotide positions on the
fl map. —y , Gene II protein nicking site;
—+ «— , palindromic region around the
gene Il protein nicking site. The location of
the gene II protein recognition sequence and
of the signals for initiation and termination
of plus strand synthesis are indicated. Also
shown are the domains into which the f1
functional origin can be divided.
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Fig. 5 Model showing the stages and proteins required
for the in vitro conversion of M13 viral single-
stranded DNA (SS) to the duplex replicative
form (RF I) (from kornberg, 1980).
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Fig. 6 A model for enzymatic synthesis of bacterio-
phage fd viral DNA and the involvement of fd
gene II protein (from Meyer and Geider, 1982).
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Fig. 7 Physical map of the M13 intergenic region and
the M13 fragments present in oriM13 plasmids.

The replication enhancer sequence is indicated by a
double arrow. The cleavage sites for various restriction
enzymes are shown above the M13 sequence. Also in-
cluded on the map are the start of M13 gene II
messenger RNA and its promoter region, and the site
of viral strand cleavage (oriv) by the gene II protein
(gllp). Possible hairpin structures in the single-stranded
viral DNA are indicated by boxes. The hatched boxes
represent hairpins protected by RNA polymerase at the
origin of complementary strand synthesis. The RNA
primer for complementary strand synthesis is indicated
by a squiggled arrow. The lower line is a scale of the
MI13 sequence in base-pairs using the nucleotide co-
ordinates of van Wezenbeek et al. (1980).
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Fig. 8 M13UK mutants isolated from in vitro oligo-
nucleotide-directed mutagenesis.

Nucleotides 6207 to 6239 of wild-type M13 viral
DNA and the synthetic oligodeoxyribonucleotide com-
plementary to the region around the Glys codon are
shown. The mutant positions are circled together with
the corresponding nucleotides in the complementary
oligodeoxyribonucleotide. ““N” stands for any of the
four deoxyribonucleotides (dA, dG, dC or dT). Sub-
stituted nucleotides responsible for the UK phenotype
are marked with dotted circles.

UK)E9°] (rare) PORI142 transformants &
2] 2alglol 7 M13UK helper slolg|A52
PORI142¢] transformation efficieney& PO-
RI182¢] 2713 FolstA| 839 om E coli
pol AT Foll A= M13UK e 4#-& 24 #3)
Al 7} (interference phenotype). Marker-re-
scue experimentol 28] (Hutchison I and
Edgell, 1971) gene [l o4 E9iuio]7} alef

) & oo Gene [I
- - ”%"” " protein
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Gene [I
protein

Fig. 9 Gene II protein production in cells infected
with various phages. Exponentially growing
K-38 celis were infected with various phages at
a multiplicity of infection of 100. After 20
min, cells (0.2 ml) were labelled for_2 min
with 100Ci (1Ci=37 GBq) of [ >°S] methionine
(103Ci/mmol). After precipitation with trich-
loroacetic acid, samples were immunopreci-
pitated with gene II protein antiserum. Samples
were then analyzed by electrophoresis in
NaDodS0,4/12.5% acrylamide gels (A). The
same samples were also electrophoresed in a
NaDodS04/7% acrylamide gel to better resolve
the region around the geme II protein (B).
The positions of the gene II and X proteins
are indicated. Lanes: 1, uninfected control;
2, infection with R132 (gene II amber mutant);
3 and 4, infection with wild type (lane 3
contains twice the amount of sample used
in lane 4); 5, infection with R13 (gene V amber
mutant); 6, infection with R218.
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$aldl, ©] leader sequence:

V. Discussion
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AatsiA 245l e A 59 svrb DNA
A5 3 initiation 3] o] 7L “repli-
cation origin” °o]g} Eej& FolA Uojr}i,
7hd 28l 24 7|22 originell  $ A 6h
%)+ nucleotide sequence 9} ]'5':9* Q1A 8=
E o] ghw =l 7] o] AL T 2 Qo) 7)9]3

oA 714 A FA A48 A

E
= hal
A (gene 11 protein) & A= £ AHukd

Slofl o8 DNA 2o 2 23
gin sequence | AU¥-¥o|alt] replication en-
hancer (Fig.4,7) & 44 2 314} 3} o 2 4 mini-
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Za sAl olgiel,

Tog xHstu e e mutant M13 ori-

sh4y 3} 7] ol ol

replication ori-

gin?} ras proto-oncogene & %
§ ulSsbebs Aok
Proto-oncogene 9] W& Zr}o) o3} 24 5}
A2 A= o2 2o} retrovirus® Leukae-
mogenesis4| & myc proto-oncogene 2] 24 3}
(Neel et al., 1981; Payne et al., 1981) ;
retrovirus LTR (long terminal repeat) 9]
fusionoll 2|3 rat®} humanol| 49 c-Ha-ras
proto-oncogenes 2| 44 3} (De Feo et al.,1981
; Chang et al., 1982). Ras proto-oncoge-
ned] Fuls A3} sjate 12w s ofn|x4}g)
glycine 2| ©}& of2| oju]x4ko 2 9] x5l 2
shedl 2 ol2w o3 %o} Human EJ =
2|3 T24 bladder carcinoma cell line o 4 9]
valine© 2 0| %3} (Tabin et al., 1982; Reddy
et al., 1982) ;human lung®} colon carcinoma
cell lmeoﬂ/H«] valine £-2 cysteine2.Z 2] 7
% (Capon et al., 1983). Alt}7} Harvey, B-
ALB/C 283 Kirsten murine sarcoma vi-
rus (MSV) £
protein (P21) & 4| arginine (Dhar et al.,
1982), lysine (Reddy et al., 1982), 21
serine (Tsuchida et al., 1982) S 124 o}
o)Ak Ao 27t Zagle Aoz ey g,
olefgte]l A4 Al Aukx wistol osle] i
dqto] A& 3+ ras protein bacteriophage
initiator protein®| 43} 7|zt dulAoel )
WA A5} 7)ate] dRA s @
g oulE Zechn & 4 e

homologous  transforming

REFERENCES

1. Beck, E., and Zink, B. (1981). Gene 16, 35-58.

2. Bmrutlag, D., Schekman, R., and Komnberg, A.
(1971). Proc. Natl. Acad. Sci. USA 68, 2826-
2829.

3. Capon, D. JI., Seeburg, P. M., McGrath, J. P.,



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Bacteriophage M 13 DNA ¥4 74| 4 o] gl sfof chgh 2 2} Eodwlo] ]2t 19

Hayflick, J. S., Edman, U., Levinson, A. D., and
Goeddel, D. V. (1983). Nature 304, 507-513.
Chang, E. H.,, Furth, M. E., Scolnick, E. M., and
Lowy, D. R. (1982). Nature 297, 479-483.

Cleary, J. M., and Ray, D. S. (1980). Proc. Natl.
Acad. Sci. USA 77, 4638-4642,

Cleary, J. M., and Ray, D. S. (1981). J. Virol.
40, 197-203.

De Feo, D., Gonda, M. A,, Young, H. A., Chang, E.
H., Lowy, D. R., Scolnick, E. M., and Ellis, R. W.
(1981). Proc. Natl. Acad. Sci. USA 78, 3328-
3332,

Denhardt, D. T., Dressler, D., and Ray, D. S. (eds.)
(1978). The single-stranded DNA phages, Cold
Spring Harbor Lab. Cold Spring Harbor, New
York.

Dhar, R., Ellis, R. W., Shih, T. Y., Oroszlan, S.,
Shapiro, B., Maizel, J., Lowy, D., and Scolnick, E.
(1982). Science 217, 934-937,

Dotto, G. P., Enea, V., and Zinder, N. D. (1981).
Virology 114, 463-473.

Dotto, G. P., Horiuchi, K., and Zinder, N. D.
(1984). J. Mol. Biol. 172, 507-521.

Dotto, G. P., and Zinder, N. D. (1984a).
Natl. Acad. Sci. USA 81, 1336-1340.
Dotto, G. P., and Zinder, N. D. (1984b). Nature
311, 279-280.

Edens, L. (1978). Ph. D. Thesis,
Nijmegen, the Netherlands.

Fidanian, H. M., and Ray, D. S. (1972). J. Mol.
Biol. 72, 51-63.

Fidanian, H. M., and Ray, D. S. (1974). J. Mol
Biol. 83, 63-82.

Geider, K., Beck, E., and Schaller, H. (1978).
Proc. Natl. Acad. Sci. USA 75, 645-649.
Geider, K., and Komberg, A. (1974).
Chem. 249, 3999-4005.

Gilbert, W., and Dressler, D. (1968). Cold Spring
Harbor Symp. Quant. Biol. 32, 473-484.

Grant, R. A., Lin, T.-C., Konigsberg, W., and
Webster, R. E. (1981). J. Biol Chem. 256, 539-
546.

Haldenwang, W. G., and Walker, J. R. (1977). J.
Virol. 22, 23-30.

Hoffmann-Berling, H., and Maze,
Virology 22, 305-313.

Hofschneider, P. H., and Preuss, A. (1963). J. Mol
Biol. 7, 450451.

Horiuchi, K., Vovis, G. F., and Model, P. (1978).
The single-stranded DNA phages (Denhardt et al.,

Proc.

Univ. of

J. Biol

R. (1964).

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44,

45.

eds.), Cold Spring Harbor Lab. Cold Spring Harbor, -
New York, pp. 113-137.

Horiuchi, K., and Zinder, N. D. (1976). Proc. Natl.
Acad. Sci. USA 73, 2341-2345,

Hutchison III, C. A., and Edgell, M. H. (1971).
J. Virol. 8, 181-189.

Hutchison IHI, C. A., Phillips, J., Edgell, M. H.,
Gillam, S., Jahnke, P., and Smith, M. (1978). J.
Biol. Chem. 253, 6551-6560.

Jazwinski, S. M., Marco, R., and Kornberg, A.
(1973). Proc. Natl. Acad. Sci. USA 70, 205-209,
Johnston, S., and Ray, D. S. (1984). J. Mol. Biol.
177, 685-700.

Kornberg, A. (1980). DNA Replication, W. H.
Freeman, Co. Freeman, San Francisco, California.
Lin, T.-C., Webster, R. E., and Konigsberg, W.
(1980). J. Biol. Chem. 255, 10331-10337.

Marvin, D. A., and Hohn, B. (1969). Bacteriol.
Rev. 33, 172-209.

Meyer, T. F., and Geider, K. (1979). J. Biol
Chem, 254, 12642-12646.
Mitra, S., and Stallions, D. R. (1976). Eur. J.

Biochem. 67, 37-45.

Neel, B. C., Hayward, W. S., Robinson, H. L.,
Fang, J., and Astrin, S. M. (1981). Cell 23, 323-
334,

Payne, G. S., Courtneidge, S. A., Crittenden, L. B.,
Fadly, A. M., Biship, J. M., and Varmus, H. E.
(1981). Cell 23, 311-322.

Pratt, D., and Erdahl, W. S. (1968). J. Mol. Biol.
37, 181-200.

Ray, D. S. (1969). J. Mol Biol. 43, 631-643.
Ray, D. 8. (1977). Comprehensive Virology 7,
(Fraenkel - Conrat, H., and Wagner, R. R, eds.),
Plenum Publishing Co., New York, pp. 105-178.
Reddy, E. P., Reynolds, R. K., Santos, E., and
Barbacid, M. (1982). Nature 300, 149-152.
Sanger, F., Nicklen, S., and Coulson, A. R. (1977).
Proc. Natl. Acad. Sci. USA 74, 5463-5467.
Schaller, H., Beck, E., and Takanami, M. (1978).
The single-stranded DNA phages (Denhardt et al.,
eds.), Cold Spring Harbor Lab. Cold Spring Harbor,
New York, pp. 139-163.

Shen, C-K. J., Ikoku, A., and Hearst, J. E. (1979).
J. Mol. Biol. 127, 163-175.

Simons, G. F. M., Konings, R. N. H., and
Schoenmakers, J. G. G. (1979). FEBS Lett. 106,
8-12.

Smits, M. A., Schoenmakers, J. G. G., and Konings,
R. N. H. (1980). Eur. J. Biochem. 112, 309-321.



20

46.

47.

48,

49.

50.

51.

AN
Staudenbauer, W. L., Olsen, W. L., and
Hofschneider, P. H. (1973). Eur. J. Biochem.
32, 247-253.

Suggs, S. V., and Ray, D. S. (1977). J. Mol.
Biol. 110, 147-163.

Tabak, H. F., Griffith, J., Geider, K., Schaller, H.,
and Kornberg, A. (1974). J. Biol. Chem. 249,
3049-3054.

Tabin, C. J., Bradley, S. M., Bergmann, C. L,
Weinberg, R. A., Papageorge, A. G., Scolnick,
E. M., Dhar, R., Lowy, D. R, and Chang, E. H.
(1982). Nature 300, 143-149.

Tsuchida, N., Ryder, T., and Ohtsubo, E. (1982).
Science 217, 937-939.

Van Den Hondel, C. A., Pennings, L., and

52.

53.

54.

55.

56.

Schoenmakers, J. G. G. (1976). Eur. J. Biochem.
68, 55-70.

Van Wezenbeek, P. M. G. F., Hulsebos, T. J. M.,
and Schoenmakers, J. G. G. (1980). Gene 11,
129-148.

Wallace, R. B., Schold, M., Johnson, M. I.,
Demberk, P., and Itakura, K. (1981). Nucl. Acids
Res. 9, 3647-3656.

Webster, R. E., Grant, R. A., and Hamilton, L. A.
W. (1981). J. Mol. Biol. 152, 357-374.

Wickner, W., Brutlag, D., Schekman, R., and
Kornberg, A. (1972). Proc. Natl. Acad. Sci. USA
69, 965-969.

Zagursky, R. J., and Berman, M. L. (1984). Gene
27, 183-191.



