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Complexes between Escherichia coli RNA polymerase and bacteriophage S13
and phage OX174 replicative form III DNAs have been shown to form at specific
locations on the phage genomes. The major locations on S13 have been mapped
at 8 to 10 and 92 to 96% of the genome length, starting from the unique Pst I
cleavage site. The locations correspond to the beginnings of genes D and B,
respectively. Four minor locations map at 18 to 22, 28 to 32, 50 to 56, and 70 to
74% of the genome. The 70 to 74% site corresponds to the beginning of the A
gene. The major locations on 4X174 are at 8 to 10, 50 to 54, and 92 to 94% of the
genome. The 50 to 54% site is at the start of the H gene and has an equivalent
minor site on S13, but it is not a promoter site. Three minor sites on OX174, at 20
to 24, 26 to 32, and 68 to 74% of the genome, correspond to sites on S13. The data
confirm the locations of sites identified by restriction fragment binding experi-
ments (E. Rassart and J. H. Spencer, J. Virol. 27:677-687, 1978) and the
assignment of putative promoters at the starts of genes A, B, and D.

Locations of possible promoters on coliphage
DNAs have been determined by three different
methods. The first, binding of Escherichia coli
RNA polymerase to restriction fragments gen-
erated by various restriction enzymes, provides
a correlation of those fragments which bind po-
lymerase under stringent conditions with the
restriction map, thus localizing the binding sites
on the restriction/genetic map (7, 17, 21, 22, 26).
The second approach involves hybridization of
mRNA's to the DNA template and to restriction
fragments of the DNA. Correlation of the hy-
bridized fragments to the restriction/genetic
map locates the start sites of the various
mRNA's, which are presumed to be the pro-
moter sites (1, 12, 23). The third technique,
electron microscopic visualization of RNA po-
lymerase molecules bound to the DNA template
(3, 9, 20, 27), has been made possible by recent
modifications of the Kleinschmidt protein
monolayer spreading technique (27) and devel-
opment of alternate spreading methods for vis-
ualization of DNA-protein complexes in the
electron microscope (3, 8, 14).
On bacteriophage S13 DNA, we have previ-

ously located three RNA polymerase binding
sites as putative promoters by using the tech-
nique of binding polymerase to restriction frag-
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ments (21). The three promoters correspond to
the beginnings of genes A and B and a site which
includes gene D and the beginning of gene E.
A drawback to the restriction fragment local-

ization method has been found with the filamen-
tous DNA phages. Some restriction enzymes
cleave at promoter sites, resulting in loss of
promoter function (25); thus, not all RNA po-
lymerase binding sites may be identified by this
method. More recently, evidence has been pre-
sented that, apart from the RNA polymerase
recognition sequence on the DNA, an area 5' to
the polymerase binding site may also be involved
in promoter function (18).
The present report describes the location of

E. coli RNA polymerase binding sites on bacte-
riophage S13 DNA as visualized by electron
microscopy with a modification of the Klein-
schmidt technique in which spreading is carried
out in the presence of a detergent (27). As in the
previous study, comparative experiments have
been carried out with the closely related bacte-
riophage 4X174 DNA (21).

MATERIALS AND METHODS
Bacteriophage S13 wild type was kindly supplied by

I. Tessman and E. Tessman, and OX174 am3 was
supplied by D. T. Denhardt. Isolation of replicative
form I (RFI) DNA has been described elsewhere (11).
E. coli RNA polymerase was a generous gift of F.
Grosveld, and its purification by the method of Bur-
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gess and Travers (4) and the details of its properties
have been described previously (21). Restriction en-
donuclease Pst I, isolated from Providencia stuartii
strain 164, was generously provided by B. Goodchild.
Details of the isolation of the enzyme and the location
of the single cleavage site in S13 RFI DNA have been
described by Goodchild and Spencer (10).
Preparation of specimens for electron micros-

copy. Samples of S13 or4X174 RFI DNA were treated
with endonuclease Pst I to convert the circular RFI
DNA molecules to linear RFIII molecules (10). Bind-
ing of E. coli RNA polymerase to the appropriate
DNA template was performed by incubating 8 Mug of
polymerase with 2 Mig of S13 RFIII DNA or 4X174
RFIII DNA in 250,ul of binding buffer (50 mM Tris-
hydrochloride [pH 8] buffer containing 50 mM KCl,
10 mM MgCl2, 1 mM CaCl2, 0.1 mM EDTA, 0.1 mM
dithiothreitol, 0.1 mM ATP, and 0.1 mM GTP). The
mixture was incubated at 37°C for 10 min, and then
50-1l amounts were removed and diluted twofold with
prewarmed (37°C) binding buffer to give a final DNA
concentration of 4 yg/ml. Spreading on electron mi-
croscope grids was performed at 250C, and electron
microscopy was executed as described by Zollinger et
al. (27). Electron micrographs were taken at magnifi-
cations of x29,000.

Electron microscopic measurements and cal-
culations of results. For measurements of the DNA
molecules, the micrographs were enlarged 25 times
with a modified Keuffel and Esser microfilm projector
and analyzed with an electronic pen. Each DNA mol-
ecule was measured twice, starting from each end, and
the positions of the RNA polymerase molecules were
calculated as percentages of the total length of the
DNA molecule. From the plot of these results, a
perfectly symmetrical histogram was obtained. To ori-
ent the molecules, each DNA molecule with an RNA
polymerase at the same percent length position was
plotted on another histogram, and the percentages at
which the other polymerases occurred were noted.
This was done for each RNA polymerase position on
the symmetrical histogram. For each position, the
other RNA polymerase molecules occurred either at
identical positions, which were plotted, or at mirror
image positions, which were not coincident and were
discarded. When this orientation of molecules was
completed for each position on the symmetrical his-
togram, a unique histogram was obtained showing the
locations of the RNA polymerase binding sites.

RESULTS
Figure 1 contains some typical electron micro-

graphs of E. coli RNA polymerase molecules
bound to S13 and 4X174 RFIII DNA molecules.
The RNA polymerase molecules can be seen as
dense spots bound to the DNA. Note that the
ends ofmost DNA molecules are completely free
of polymerase molecules; thus, background due
to nonspecific binding to termini is not a problem
with this methodology. These and other pho-
tomicrographs were used to construct the his-
tograms in Fig. 2, which delineate the positions
of the RNA polymerase molecules on the two
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phage DNAs oriented as described in Materials
and Methods. To ensure that the spreading pro-
cedure did not alter the relative sizes of the S13
and 4X174 molecules, the lengths of 54 S13 and
47 4X174 RFII DNA molecules were measured.
Unit-length T7 DNA molecules were included
in the DNA samples as internal length stan-
dards. The S13 and OX174 DNA molecules were
approximately equal in size, and the lengths of
1.68 ± 0.02 and 1.69 ± 0.03 um, respectively,
normalized to a T7 length of 12.5 Mm (37 mole-
cules measured) (16, 27), were within the range
of 1.64 ± 0.11 (13) to 1.89 ± 0.04 (6) ,um reported
previously for the two DNAs (24).
To construct the histogram in Fig. 2A, 118 S13

DNA molecules were measured. There was an
average of four RNA polymerase molecules
bound per S13 DNA molecule. For the OX174
DNA histogram (Fig. 2B), 102 DNA molecules
were measured, and there were between four
and five RNA polymerase molecules bound per
DNA molecule. The DNA molecules measured
were selected according to the following criteria:
at least two enzyme molecules were bound per
DNA molecule, and the entire length of the
molecule could be followed unambiguously, and
the DNA molecules were intact and unit length.
More than 70% of all the molecules on the elec-
tron microscope grids fit these criteria for both
the S13 and the OX174 DNAs. The results in
Fig. 2 are presented in increments of 2% of the
total length of each molecule. The automated
tracing method gave higher resolution at the
start of the measurement, and overall reproduc-
ibility was within ±1%. The 2% increment elim-
inated any discrepancy due to the arbitrary
choice of measurement from one end of the
molecule or the other.
The histograms in Fig. 2 show that the loca-

tions of the polymerase molecules on the two
phage DNAs were almost identical. On S13
DNA (Fig. 2A) there were two sites which ap-
peared to bind more strongly than others, one
at 8 to 10% and the second at 92 to 96%. There
were four other sites with more than 11 mole-
cules bound per site. These were at 18 to 22, 28
to 32, 50 to 56, and 70 to 74%. There was one
additional area, at 88 to 90%, with more than 11
molecules bound which was probably part of the
strong site at 92 to 96%.
On OX174 DNA (Fig. 2B) there were three

strong sites, at 8 to 10, 50 to 54, and 92 to 94%.
Three other sites with more than 11 molecules
bound per site were at 20 to 24, 26 to 32, and 68
to 74%.

In Fig. 3, the mapping of the RNA polymerase
binding sites by electron microscopy is compared
to data derived from the binding of E. coli
polymerase to Hind and Hae III restriction
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FIG. 1. Electron micrographs of E. coli RNA polymerase molecules bound to S13 RFIII DNA (a through c)
and @X1Yl74 RFIII DNA (d through /%. Magnification, x29,000.

fragments (21). The maps have been aligned S13 and qOX174 DNAs than were found in the
with the genetic map of the two phages by previous study of the binding of E. coli RNA
correlation with previous restriction fragment polymerase to Hind and Hae III restriction frag-
mapping alignments (11). ments (21). The conditions used for binding

DISCUSSION ~~~in the present study differed from those in the
DISCUSSION ~~~restriction fragment binding experiments in a

The electron microscope technique reveals number of aspects. A lower salt concentration,
more RNA polymerase binding sites on both 50 mM KCl, was used, because in electron mi-
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47r (A) croscopy high salt concentrations, 0.2 to 0.3 M,
35 interfere in surface spreading and result in crys-

tallization of salt on the electron microscope
30 grids. At lower salt concentrations, binding char-

acteristics of the polymerase to the DNA are
25 changed quite dramatically, and binding to sites

of low affinity is enhanced (5).
20 The enzyme/DNA molar ratio in the present

study was 30:1, whereas in the restriction frag-
15 ment binding study it was 150:1. However, as

previously reported, similar binding was ob-
cn rserved to restriction fragments at a polymer-,,0 F k LS J 4 r LD 1 H u |

ase/DNA ratio of 50:1 (21). In a study of E. coli
u r ff _ rL RNA polymerase binding to T7 DNA, Bordier
o L n and Dubochet (3) reported three binding sites atE | a polymerase/DNA ratio of 10:1 but two more
0 (BJ sites at a ratio of 30:1. We have measured 20
C 30 molecules of S13 from an experiment in which

the polymerase/DNA ratio was 15:1 in 50 mM
z 25 w KCl, and no differences in the number of sites

, were observed. Thus, the increased number of
20 sites may be in large part a result of the lower

salt concentration used for binding, a conclusion
15 supported by the results of the restriction frag-

ment binding studies undertaken at various salt
concentrations (21).

10. The sites identified as binding sites are where
more than 11 molecules of DNA were bound to

5 2 U > ff N 2 | any 2% increment of the DNA. The 11-molecule
level was an arbitrary choice. In all cases, the

0 10 20 30 40 50 60 70 80 90 100 widths of the peaks increase closer to the base
GENOME LENGTH ("s) line of the histogram. This may in part be due

to loss of mapping precision, which is alwaysFIG. 2. Histograms Of the distributions of E. coli lower the smaller the number of molecules that
RNA polymerase molecules on S13 RFIII DNA (A) l

and 4X174 RFIII DNA (B). The length increments are bound to any particular site. Some of the
are 2% ofgenome length, which corresponds to -.oo background may be due to weak binding at
base pairs. As for the orientation of the viral strand adenine-thymine-rich regions of the DNA (15),
5' 3' is left to right, and the origin is the Pst I aggregation of the polymerase which is known
cleavage site. to occur at low salt concentration (2), or dam-
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FIG. 3. Schematic presentation of the E. coli RNA polymerase binding sites on S13 and 4fX174 RF DNAs
in relation to the Hind and Hae III restriction endonuclease cleavage maps and the genetic map. Symbols:
(H-i) strong binding sites and (i---) weak binding sites from restriction fragment binding data; (M) strong
binding sites and (U) weak binding sites from electron microscopy data (see Fig. 2). As for the orientation of
the viral strand, 5' -* 3' is left to right, and the origin is the Pst I cleavage site.
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aged holoenzyme in the polymerase preparation
(9).

Figure 3 reveals that in bacteriophage S13 the
two strong binding sites are located at the begin-
ning of the D/E gene region and at the beginning
of the B gene, corresponding to sites identified
in the restriction fragment binding study (21).
Of the four minor sites, one is located at the
beginning of the A gene and also corresponds to
a site located in the restriction fragment binding
study. Two of the sites, one around 30% and one
between 50 and 56%, are located in the Hae 1
and Hind2 and 3 areas of S13 which showed
higher-than-background binding of polymerase
but which was not sufficient for them to be
identified as RNA polymerase binding sites. The
site between 50 and 56% overlaps the beginning
of the H gene, but there is strong evidence that
the F, G, and H genes are transcribed polycis-
tronically in S13 (19); thus, it is doubtful that
this location is a promoter site. The site around
20% does not overlap with any restriction frag-
ment which bound RNA polymerase. These
areas on S13 may have sequence characteristics
which facilitate affinity for polymerase at low
salt concentrations but not at 0.2 to 0.3 M KCl.
On bacteriophage 4X174 DNA, three strong

binding sites were observed. These are located
at the beginnings of the D/E genes, the H gene,
and the B gene and are almost in equivalent
locations to sites found in S13 (21). Three other
sites were observed on 4X174 DNA; two corre-
spond to equivalent sites on S13, at 70 to 74 and
about 30%, and the remaining site, at 20 to
24%, does overlap with an S13 site in the 20%
region but is shifted in the 5' -- 3' direction and,
thus, is not equivalent. It is this site which does
not correlate with any restriction fragment po-
lymerase binding site in S13 or in 4X174. The
other five sites in OX174 DNA all correspond
exactly in location with the five polymerase
binding sites observed in the restriction frag-
ment binding study (21).
The similarities in the binding data between

the two phages are closer than those found in
the previous restriction fragment binding study.
However, the site on S13 DNA at 88 to 90% has
no equivalent in 4X174 DNA. The extent of
binding at the 50% region is apparently greater
in fX174 than on S13 DNA, but if the total
numbers of molecules bound in the equivalent
areas are compared the observation is reversed.
The site on both phage DNAs at the beginning

of the A gene (-70%), identified as a major site
in the restriction fragment binding study, does
not appear to be a strong binding site under the
conditions used in the present study. The low
salt concentration of the binding buffer in the
present experiments was similar to that used by
Chen et al. (7) in their study ofRNA polymerase

binding to restriction fragments of 4X174 DNA
in which approximately the same binding site
was identified. Chen et al. (7) also identified sites
at 50 and at -6%. This latter site is close to the
-10% site but does not coincide with it. How-
ever, the - 10% site agrees with the transcription
data of Axelrod (1). The discrepancy at this site
between the binding data of Chen et al. (7) and
transcript hybridization studies (1, 23) has been
discussed elsewhere (21). Chen et al. (7) did not
identify the minor sites at -20 and 30%.

Transcriptional activity in the icosahedral
phages is affected by the conformational state of
the DNA. The present studies have used the
linear relaxed RFIII form, and, although the
differences between the previous study on re-
striction fragments (21) have been attributed to
salt effects, there could be substantial differ-
ences between the present results and the status
in the living cell, where the supercoiled RFI
form is the template for transcription.
Although there are discrepancies between the

data from electron microscope studies and re-
striction fragment binding studies (21), the three
putative promoter sites identified on S13, at the
beginnings of genes A and B and overlapping
gene D and the start of E, are partially confirmed
by the present study, and the D/E site is more
precisely located at the start of gene D.

ACKNOWLEDGMENTS
We thank F. G. Grosveld and B. Goodchild for generous

supplies of enzymes.
The work was supported by grant MT 1453 from the

Medical Research Council of Canada.

LITERATURE CITED
1. Axelrod, N. 1976. Transcription of bacteriophage 4X174

in vitro: analysis with restriction enzymes. J. Mol. Biol.
108:771-779.

2. Berg, D., and M. Chamberlin. 1970. Physical studies on
ribonucleic acid polymerase from Escherichia coli B.
Biochemistry 9:5055-5064.

3. Bordier, C., and J. Dubochet. 1974. Electron micro-
scopic localization of the binding sites of Escherichia
coli RNA polymerase in the early promoter region of
T7 DNA. Eur. J. Biochem. 44:617-624.

4. Burgess, R. R., and A. A. Travers. 1971. DNA-depend-
ent RNA polymerase (EC 2.7.7.6), p. 851-863. In G. L.
Cantoni and D. R. Davies (ed.), Procedures in nucleic
acid research, vol. 2. Harper & Row Publishers, New
York.

5. Chamberlin, M. J. 1976. Interaction of RNA polymerase
with the DNA template, p. 159-191. In R. Losick and
M. Chamberlin (ed.), RNA polymerase. Cold Spring
Harbor Laboratory, Cold Spring Harbor, New York.

6. Chandler, B., M. Hayashi, M. N. Hayashi, and S.
Spiegelman. 1964. Circularity of the replicating form
of a single-stranded DNA virus. Science 143:47-49.

7. Chen, C.-Y., C. A. Hutchison m, and M. H. Edgell.
1973. Isolation and genetic localization of three 4X174
promoter regions. Nature (London) New Biol.
243:233-236.

8. Dubochet, J., M. Ducommun, M. Zollinger, and E.
Kellenberger. 1971. A new preparation method for
dark-field electron microscopy of biomacromolecules. J.
Ultrastruct. Res. 35:147-167.

VOL. 29, 1979 183



184 RASSART, SPENCER, AND ZOLLINGER

9. Giacomoni, P. U., E. Delain, and J. B. Le Pecq. 1977.
Electron microscopy analysis of the interaction between
Escherichia coli DNA-dependent RNA polymerase
and the replicative form of phage fd DNA. Eur. J.
Biochem. 78:205-213.

10. Goodchild, B., and J. H. Spencer. 1978. Mapping of the
single cleavage site in S13 replicative form DNA of
Hemophilus influenzae (Hind III) restriction enzyme.
Virology 84:536-539.

11. Grosveld, F. G., K. M. Ojamaa, and J. H. Spencer.
1976. Fragmentation of bacteriophage S13 replicative
form DNA by restriction endonucleases from Hemoph-
ilus influenzae and Hemophilus aegyptius. Virology
71:312-324.

12. Hayashi, M., F. K. Fujimura, and M. Hayashi. 1976.
Mapping of in vivo messenger RNAs for bacteriophage
OX174. Proc. Natl. Acad. Sci. U.S.A. 73:3519-2523.

13. Kleinschmidt, A. K., A. Burton, and R. L. Sinshei-
mer. 1963. Electron microscopy of the replicative form
of the DNA of the bacteriophage OX174. Science
142:961.

14. Koller, T., J. M. Sogo, and H. Bujard. 1974. An electron
microscopic method for studying nucleic acid-protein
complexes. Visualization of RNA polymerase bound to
the DNA of bacteriophages T7 and T3. Biopolymers
13:995-1009.

15. Le Talaer, J. Y., M. Kermici, and P. Jeanteur. 1973.
Isolation of Escherichia coli RNA polymerase binding
sites on T5 and T7 DNA: further evidence of sigma-
dependent recognition of A-T-rich DNA sequences.
Proc. Natl. Acad. Sci. U.S.A. 70:2911-2915.

16. MacHattie, L. A., and C. A. Thomas, Jr. 1975. Viral
DNA molecules, p. 549. In G. D. Fasman (ed.), Hand-
book of biochemistry and molecular biology, vol. 1,
Nucleic acids. CRC Press, Cleveland.

17. Okamoto, T., K. Sugimoto, H. Sugisaki, and M. Tak-
anami. 1975. Studies on bacteriophage fd DNA. II.
Localization of RNA initiation sites on the cleavage

map of the fd genome. J. Mol. Biol. 95:33-44.
18. Okamoto, T., K. Sugimoto, H. Sugisaki, and M. Tak-

anami. 1977. DNA regions essential for the function of
a bacteriophage fd promoter. Nucleic Acid Res.
4:2213-2222.

19. Pollock, T. J., and L. Tessman. 1976. Units of functional
stability in bacteriophage messenger RNA. J. Mol. Biol.
108:651-664.

20. Portmann, R., J. M. Sogo, T. Koller, and W. Zillig.
1974. Binding sites of E. coli RNA polymerase on T7
DNA as determined by electron microscopy. FEBS
Lett. 45:64-67.

21. Rassart, E., and J. H. Spencer. 1978. Localization of
Escherichia coli RNA polymerase binding sites on S13
and 4X174 DNA: alignment with restriction enzyme
maps. J. Virol. 27:677-687.

22. Seeburg, P. H., and H. Schaller. 1975. Mapping and
characterization of promoters in bacteriophages fd, fl,
and M13. J. Mol. Biol. 92:261-277.

23. Smith, L. H., and R. L. Sinsheimer. 1976. The in vitro
transcription units of bacteriophage 4X174. II. In vitro
initiation sites of 4,X174 transcription. J. Mol. Biol.
103:699-710.

24. Spencer, J. H., R. Cerny, E. Cerna, and A. D. Dela-
ney. 1972. Characterization of bacteriophage S13 su
N15 single-strand and replicative-form deoxyribonu-
cleic acid. J. Virol. 10:134-141.

25. Takanami, M., K. Sugimoto, H. Sugisaki, and T.
Okamoto. 1976. Sequence of promoter for coat protein
gene of bacteriophage fd. Nature (London)
260:297-302.

26. Takeya, T., and M. Takanami. 1974. Isolation of DNA
segments containing promoters from bacteriophage T3
DNA. Biochemistry 13:5388-5394.

27. Zollinger, M., M. Guertin, and M. D. Mamet-Bratley.
1977. A new electron microscopic method for studying
protein-nucleic acid interactions. Anal. Biochem.
82:196-203.

J. VIROL.


