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In vitro transcription and coupled transcription-translation studies have been
performed with restriction fragments of bacteriophage M13 replicative-form DNA
which contain either gene III, gene VI, or gene I. It could be demonstrated that
DNA fragments which contain only gene III were able to direct the synthesis of
gene III protein. Fragments which encompassed genes VI and I gave rise to the
synthesis of gene I protein only, whereas gene I-containing fragments were able
to direct the synthesis of gene I protein. None of the fragments studied gave rise
to a detectable level of gene VI protein, although an RNA transcript of gene VI
could readily be obtained during in vitro transcription of the relevant gene VI-
containing DNA fragments. From these results we have concluded that the
promoters Ao.44 and Ao.49 are located in front of genes VI and I, respectively, and
that gene III is also equipped with a promoter (X0.25). Introduction of a single
cleavage within the gene III region does not abolish the expression of genes VI
and I in vitro. Hence, the expression of these genes is not solely dependent on the
initiation of RNA synthesis at the gene III promoter or on leakage of transcription
through the central termination site (To.25), but is also determined by the initiation
frequency of RNA synthesis at their individual promoters.

Control of transcription requires that initia-
tion, as well as termination, occurs at appropri-
ate sites on the DNA template. For a better
understanding of this process, a detailed knowl-
edge of the positions and respective efficiencies
of these sites is essential.
During the last few years the in vitro tran-

scription process of the filamentous phages has
been studied extensively (for reviews, see refer-
ences 2 and 16). From the results of these studies
we now know that transcription of the M13
genome starts at eight promoter sites and that
termination of transcription occurs at only a
single site. Three of these promoters initiate the
synthesis of RNA chains which start with pppA
(A-promoters), whereas the other five promoters
initiate RNA synthesis which starts with pppG
(G-promoters) (5, 12, 18). It has also been dem-
onstrated that the G-promoters are located im-
mediately in front of genes VIII, V, X, and II (1,
4, 5, 21). Of the A-promoters, so far only one has
been positioned on the genetic map of phage
M13. By transcription and translation experi-
ments it has been shown unambiguously that
this A-promoter is located immediately in front
of gene IV (8, 21). The genetic positions of the
two remaining A-promoters are not known, al-
though from transcription data their positions
on the physical map have been calculated (5).
Their calculated positions suggest a location im-

mediately in front of genes VI and I. Direct proof
for this assumption, however, is still lacking.

In the absence of rho factor, only one strong
termination signal operates on the M13 genome
(3, 4, 12). This central termination site has been
localized in the intercistronic region between
genes VIII and III (1, 3, 4, 20). Under in vitro
conditions the termination of transcription at
this site is not stringent. Approximately 10% of
the RNA polymerase molecules leak through
the central termination site and enhance the
transcription frequency of the genes which are
located distal to this site (4, 5; L. Edens, Ph.D.
thesis, University of Nijmegen, Nijmegen, The
Netherlands, 1978). Since up to now transcrip-
tion studies have not given evidence for the
existence of a strong promoter in front of gene
III (4, 5, 12, 18), it has been postulated that the
expression of gene III is accomplished by this
read-through effect. However, the existence of a
promoter in front of gene III with a very weak
initiation capacity could not be excluded (1, 6,
12).

In this study we focused our attention on the
question of whether genes III, VI, and I are
preceded by promoter sites. Therefore, we iso-
lated several restriction fragments which con-
tained either the complete gene III, gene VI, or
gene I and analyzed the template function of
each fragment in both transcription and trans-
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lation experiments. Upon translation of the
DNA fragments in a DNA-dependent protein-
synthesizing system, the synthesis of the pro-
teins encoded by both gene III and gene I could
be demonstrated. From these results we con-
cluded that these genes are preceded by pro-
moter sites. A similar conclusion was reached
from the results of transcription studies of the
relevant DNA fragments.

MATERIALS AND METHODS

Enzymes. Escherichia coli RNA polymerase hol-
oenzyme was a generous gift from R. van Meteren
(University of Leiden). The restriction endonuclease
from Arthrobacter luteus (endo R.Alu I) was a kind
gift from P. Baas (University of Utrecht). The restric-
tion endonucleases from Haemophilus aegyptius
(endo R. Hae II and endo R Hae III) were isolated as
described previously (22, 24). The restriction endonu-
clease endo R * BamHI was obtained from Boehringer,
Mannheim, Germany.
RF and restriction fragments. The method for

the preparative isolation and purification of M13 rep-
licative form I DNA (M13 RF) has been described
(24). Digestion of M13 RF with the restriction endo-
nucleases was performed as described by van den
Hondel and Schoenmakers (23, 24). After digestion,
the fragments were separated by electrophoresis on
2.5% (for endo R Hae II and endo R-Alu I fragments)
or 3.0% discontinuous polyacrylamide slab gels and
further purified by sucrose density gradient centrifu-
gation as described by van den Hondel et al. (25).
RNA synthesis in vitro. RNA synthesis in vitro

was performed in a standard reaction mixture (0.1 ml)
which contained: Tris-hydrochloride (pH 7.9), 4 /Lmol;
KCl, 15 ,umol; MgCl2, 0.8 Mmol; dithiothreitol, 0.1 jLmol;
EDTA, 0.01 Mmol; UMP, 0.1 Mmol; Tween 80, 0.1%;
bovine serum albumin, 25 jg; M13 DNA restriction
fragment, 0.2 pmol; and E. coli RNA polymerase hol-
oenzyme, 8.0 pmol. After a preincubation period of 5
min at 37°C, ribonucleoside triphosphates were added
to a final concentration of 80 ,uM, except for [a-32P]-
CTP, the concentration of which was 8 MuM. After
further incubation for 10 min, the reactions were ter-
minated by the addition of 10ML of 10% sodium dodecyl
sulfate and 0.1 ml of phenol saturated with a buffer
containing 0.01 M Tris-hydrochloride (pH 7.6) and
0.001 M EDTA.

After RNA synthesis, 10 Mg of carrier tRNA was
added, and the reaction mixtures were extracted with
phenol. Subsequently, the RNA was precipitated twice
with 2.5 volumes of cold ethanol and finally dissolved
in 15 ML of deionized formamide. The RNA products
synthesized in vitro were then analyzed on 1.9% poly-
acrylamide slab gels (20 by 20 by 0.15 cm) in the
presence of 7 M urea (4).

Protein synthesis. Cell-free protein synthesis un-
der the direction of restriction fragments was accom-
plished as described previously (8, 9). The polypep-
tides synthesized were analyzed on 15% sodium dode-
cyl sulfate-Tris-glycine polyacrylamide gels in the
presence of 8 M urea (8).
Nomenclature of promoter sites. Promoters are

denoted by A or G, depending on the ribonucleoside
triphosphate with which RNA synthesis is initiated at
the particular promoter site. The position of each
promoter on the physical map is given in map units
(1 map unit corresponds to a genome length of 6,400
bases), using the Hindll cleavage site as a reference
(zero) point. Promoters have been numbered corre-
sponding to the direction of transcription.

RESULTS
Expression of gene III. In the absence of

rho factor, only one strong termination site is
operative on the M13 genome. This central ter-
mination site is located immediately distal to
gene VIII but proximal to gene III (1, 3, 4, 20).
Consequently, the expression of gene III may be
accomplished either by a promoter in front of
this gene or by a mechanism which allows leak-
age of RNA polymerase molecules through the
termination site. Transcription studies have
failed so far to detect a strong promoter in front
of gene III, although the possibility that gene III
is preceded by a promoter with a very low initi-
ation capacity cannot be excluded. Therefore,
we have studied that region of the genome which
encompasses gene III in more detail.
To exclude the expression of gene III via a

read-through mechanism, we isolated a template
which codes for the complete gene III but con-
tains none of the known G-promoter sites prox-
imal to the central termination site. As shown in
Fig. 1, the restriction fragment Alu I-A fulfills
these requirements. From our transcription
studies (3) and nucleotide sequence data pre-
sented elsewhere (Edens, Ph.D. thesis; T. Hul-
sebos and J. G. G. Schoenmakers, unpublished
data), we know that the 5' end of restriction
fragment Alu I-A is located 46 nucleotides prox-
imal to the central termination site. (The direc-
tion of transcription proceeds counterclockwise
on the conventional genetic map. This is also
the 5' to 3' polarity in the viral strand of each
restriction fragment.) Consequently, this frag-
ment does not contain any of the known G-
promoters. The 3' end of fragment Alu I-A is
adjacent to restriction fragment Alu I-G, which
contains genetic markers for both genes VI and
I (22). Because the order of genes is III-VI-I and
fragment Alu I-G is relatively small, it is most
likely that the coding information for the N-
terminal part of gene VI is located at the 3' end
of restriction fragment Alu I-A.
As shown in Fig. 2a, transcription of fragment

Alu I-A gives rise to the synthesis of two discrete
RNA species. The largest of these RNA products
has a length of about 1,300 nucleotides (15S),
whereas the smaller product is only about 200
nucleotides (6S) long. This observation already
indicates that two RNA initiation sites are pres-
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FIG. 1. Genetic map and physical maps of bacteriophage M13 DNA. The dotted circular area represents
the genetic map. The uncompleted outer circles show the locations of restriction fragments containing specific
parts of the M13 genome. The positions of the G-promoters, A-promoters, and the gene III promoter are
indicated with black bars, hatched bars, and an open bar, respectively. The latterpromoter forms an integral
part of the central termination site of transcription (T). The direction of transcription is counterclockwise
around the genetic map. The arrows indicate the single cleavage sites ofM13 RF by endo R*HindII and endo
R.BamHI, respectively. IG refers to the intergenic region between genes II and IV in which the replication
origin for complementary and viral strand DNA synthesis is located.

ent on this fragment. Because fragment Alu I-A
is 1,430 base pairs long (22) and transcription
proceeds in a counterclockwise direction on the
physical map (11, 21), one may conclude that
one RNA initiation site must be located near the
5' end of this fragment. In a similar way one
might conclude that the second RNA initiation
site is located at a distance of about 200 nucleo-
tides from the 3' end of the DNA fragment, i.e.,
at 0.43 map unit of the physical map. This
observation is in complete agreement with our
previous results from which we calculated that
an A-promoter is located at 0.44 map unit (5).
Therefore, it is probable that the small RNA
product is initiated at this A-start promoter and
is terminated at the 3' end of fragment Alu I-A.

If the observed weak initiation of RNA syn-
thesis at the 5' end of fragment Alu I-A is due to
a promoter which is located in front of gene III,

fragment Alu I-A must be able to direct the
synthesis of gene III protein in a DNA-depend-
ent protein-synthesizing system. To test this hy-
pothesis, M13 RF was cleaved with an excess of
restriction enzyme endo R Alu I, and the com-
plete digest was directly translated in a coupled
transcription-translation system. From the re-
sults which are shown in Fig. 3d, it is clear that
the endo R.Alu I-cleaved RF is still able to
direct the synthesis of a protein with a molecular
weight identical to the molecular weight of gene
III protein (Fig. 3g). Since such a protein is not
made when translation is carried out under the
direction of a complete endo R.Alu I digest of
M13 RF carrying various am3 mutations (Fig.
3a to c), it is almost certain that the high-molec-
ular-weight protein is encoded by gene III.
Translation of the isolated restriction fragment
Alu I-A (Fig. 3e) confirms our presumption that
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FIG. 2. Autoradiogram of32P-labeledRNA species

synthesized in vitro under the direction of restriction
fragments ofM13 RF. (a) Products transcribed from
fragment Alu I-A; (b) products transcribed from frag-
ment Hae III-A. RNA synthesis was carried out in
the presence of [a-32P]CTP and was performed as

described in the text. The RNA products were ana-

lyzed on vertical 1.9% acrylamide slab gels in the
presence of 7M urea. The nucleotide lengths of the
RNA products indicated were estimated as described
previously (5).

this particular DNA fragment is responsible for
the observed synthesis of gene III protein. Thus,
both transcription and translation studies

strongly indicate the existence of a (weak) pro-
moter in front of gene III.
Expression of gene I. Three of the pro-

moters which are located on the M13 genome
initiate RNA synthesis which starts with pppA.
Although the map positions of all of these A-
promoters are known exactly, up to now only
the strong promoter Ao.64 has been localized on
the genetic map of the M13 genome. Its position
was found immediately in front of gene IV (8,
21).
To also determine the positions of the remain-

ing A-promoters, we studied the transcription
properties of restriction fragment Hae III-A.
This fragment encompasses the C-terminal part
of gene III, the entire gene VI and gene I, and
about 1,000 base pairs of the N-terminal part of
gene IV (21, 25). Upon transcription of this DNA
fragment, three RNA products are formed, the
sizes of which are about 900, 1,700, and 2,100
nucleotides, respectively (Fig. 2b). Given the
assumption that the termination of transcription
occurs at the 5' end of the codogenic strand of
each fragment, the estimated lengths of these
RNA species confirm a starting point of RNA
chain growth at the previously identified pro-
moters Ao.64, Ao.49, and Ao.44 (5). Since the latter
two promoters are located on the genetic map in
a region where several amber mutations of genes
VI and I have also been mapped (22, 25), it is
tempting to speculate that these two A-pro-
moters are located immediately in front of genes
VI and I. If this is true, restriction fragment Hae
III-A must be able to direct the synthesis of both
proteins. Translation of fragment Hae III-A in
a coupled transcription-translation system
clearly shows the presence of a protein which
comigrates with gene I protein synthesized un-
der the direction of intact M13 RF (Fig. 4b and
f). The synthesis of this protein, i.e., gene I
protein, also occurs with M13 RF that has been
cleaved once with endo R -HindII (Fig. 4d). Syn-
thesis of gene I protein, however, is not directed
by M13 RF derived from M13 phage DNA carry-
ing an amber mutation in gene I (Fig. 4c). We
are confident, therefore, that fragment Hae III-
A is capable of directing the synthesis of gene I
protein and that at least one of the two A-
promoters must be located in front of gene I.
The presence of gene VI protein among the
translational products, however, could not be
demonstrated. Its synthesis is apparent neither
on fragment Hae III-A nor on intact M13 RF.
In fact this is not surprising since the synthesis
of this protein has not been detected either in
vitro (8, 11) or in vivo (7, 19). Due to this failure,
a conclusion as to whether gene VI is also
equipped with a promoter cannot be drawn.
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FIG. 3. Autoradiogram of[3SJmethionine-labeledpolypeptides synthesized in vitro under the direction of
either wild-type M13 RF, amber mutant RF, or complete endo RAlu I digests of M13 RF. Polypeptides
synthesized under the direction of the complete endo R.Alu I digests of M13 RF bearing (a) the am3-H5
mutation, (b) the am3-H4 mutation, and (c) the am3-H1 mutation; (d) complete endo R*Alu I digest of wild-
type M13 RF; (e) purified fragment Alu I-A; (fJ intact RF bearing the am3-H5 mutation; (g) intact wild-type
RF; (h) products synthesized in the absence of exogenous DNA. Protein synthesis in vitro was carried out as
described previously (8, 9). An amount equivalent to 1 pg of RF of each template was added per 25 ,ul of
reaction mixture. The polypeptides synthesized in vitro were analyzed on 15% sodium dodecyl
sulfate-Tris-glycine gels (8). III-P, IV-P, and VIII-P refer, respectively, to the positions of migration of the
products of gene III, gene IV, and gene VIII. Mutants am3-H1, am3-H4, and am3-H5 have their amber
mutation in different positions within gene III (22).
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FIG. 4. Autoradiogram of[5S]methionine-labeledpolypeptides synthesized in vitro under the direction of
either wild-type M13 RF, amber mutant RF, or various restriction fragments. (a) Products synthesized in the
absence ofexogenous DNA; (b) products synthesized under the direction of intact wild-type M13 RF I; (c) M13
RF I bearing the aml-H6 mutation; (d) M-13 RF cleaved with endo R -HindII; (e) M13 RF cleaved with endo
R.BamHI; (fl purified fragment Hae III-A; (g) M13 RF bearing the aml-H7 mutation; (h) purified fragment
Hae II-B. Protein synthesis was carried out as described previously (8). Further conditions are described in
the legend to Fig. 3. I-P, Il-P, etc., refer, respectively, to the positions of migration of the products ofgene I,
gene II, etc.
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To establish whether gene I is preceded by
promoter Ao.44 or by promoter Ao.49, translation
experiments were performed with restriction
fragment Hae II-B. From its position on the
genetic and physical map (22), we know that this
fragment contains the complete gene I and gene
IV (Fig. 1). Nucleotide sequence analyses have
shown that this fragment contains in addition,
the coding information for 49 amino acid resi-
dues of the C-terminal end of gene VI protein
(P. van Wezenbeek and J. G. G. Schoenmakers,
unpublished data). Hence, promoter Ao.44 is not
encompassed in fragment Hae II-B. As shown in
Fig. 4h, upon translation of fragment Hae II-B,
not only is the complete gene IV protein synthe-
sized, but the synthesis of a protein which co-
migrates with gene I protein synthesized under
the direction of intact M13 RF (Fig. 4b) is also
apparent. The latter protein is absent upon
translation of M13 RF carrying an amber mu-
tation in gene I (fig. 4g). From these results we
conclude that the capacity of directing the syn-
thesis of gene I protein is still preserved on
fragment Hae II-B, and, consequently, promoter
A0.49 is the one which must be located immedi-
ately in front of gene I.

Because promoter Ao.44 is positioned upstream
of promoter Ao.49 and gene VI is located proximal
to gene I (Fig. 1), it is attractive to postulate
that Ao.44 is the promoter which is positioned in
front of gene VI. However, due to the absence of
detectable synthesis of gene VI protein in the
DNA-dependent cell-free system, no direct evi-
dence can be provided for this assumption. On
the other hand, the distance between promoter
Ao.44 and promoter Ao.49 is about 350 base pairs
(5). From our nucleotide sequence studies we
now know that gene VI encompasses only 339
base pairs and that the regions which code for
gene VI and gene I proteins are only separated
by a single base pair (van Wezenbeek and
Schoenmakers, unpublished data). Hence, we
feel justified in concluding that promoter Ao.44 is
located in front of gene VI. The synthesis of an
RNA species of only 200 nucleotides on fragment
Alu I-A (Fig. 2a), which contains only the N-
terminal part of gene VI, strongly supports this
conclusion.

Based upon genetic complementation studies,
it has been suggested that M13 genes III, VI,
and I form a regulatory unit which can only be
expressed via a single polycistronic mRNA (10,
14). To determine whether this is true, M13 RF
which had been cleaved with endo R.BamHI
was used. The latter enzyme has only a single
recognition site on the M13 RF molecule and
cleaves the DNA genome within gene III (Fig. 1;
van Wezenbeek and Schoenmakers, unpublished

data). Translation of endo R . BamHI-cleaved
RF in a DNA-dependent protein-synthesizing
system shows, as expected, that the synthesis of
gene III protein is absent (Fig. 4e). If the expres-
sion of genes III, VI, and I occurs on polycis-
tronic mRNA's, as suggested by the polarity
effects, synthesis of gene I protein should also
be abolished on this template. However, as
shown in Fig. 4e, this is not the case. From these
results we conclude that the initiation of tran-
scription of genes VI and I at the promoter sites
immediately preceding these genes is retained
and that transcription of gene III is not, under
these conditions, a prerequisite for the expres-
sion of the distal genes.

DISCUSSION
In previous communications we have used

transcription and translation studies of restric-
tion fragments to demonstrate the existence of
promoters in front of particular genes. The ca-
pability of a DNA fragment or of its transcript
to direct the in vitro synthesis of a phage-specific
polypeptide was used as an indication ofwhether
a promoter is located in front of the gene coding
for this polypeptide. Using this approach, we
could demonstrate that promoters Go.18, Go.12,
Go.92, and Ao.64 are, respectively, located imme-
diately in front of genes VIII, V, II, and IV. In
addition, it was found that promoters Go.0o and
Go.99 are intragenic RNA initiation sites which
are located within gene II. For promoter Go.06 it
furthennore was found that this is located in
front of a gene, i.e., gene X, whose nucleotide
sequence completely overlaps with the C-ter-
minal end of gene II.
By the same strategy we have now presented

evidence that promoters Ao.44 and Ao.49 belong to
genes VI and I and that there also exists a
promoter, i.e., X0.25, immediately in front of gene
III.

Although our protein synthesis data clearly
demonstrated the existence of a gene III pro-
moter, the inaccuracy of length measurements
of RNA chains on polyacrylamide gels did not
allow a more precise location of this promoter to
be made. Theoretically, the gene III promoter
can be located either immediately distal or prox-
imal to the central termination site. In the latter
case the terminator might also function as an
attenuator which regulates the expression of
gene III. A proximal position, however, is very
unlikely since in that case the gene III promoter
should generate very short RNA chains which
are prematurely terminated at the termination
site. Upon transcription of the appropriate re-
striction fragment, such short RNA chains with
a characteristic U8 track at their 3'-OH terminus

J. VIROL.
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(see reference 20) have never been detected
among the transcriptional products (Edens, un-
published data). Recent nucleotide sequence
analyses of Takanami and co-workers (personal
communication) have now revealed that the
gene III promoter of phage fd forms an integral
part of the central termination site. Since the
nucleotide sequence of the terminator region on
the M13 genome has been found to be com-
pletely identical to the one deduced for phage fd
(20; Edens, Ph.D. thesis), it is almost certain
that the observed gene III promoter on the M13
genome is also located within the central termi-
nator region. Such a position also explains the
observed diminished synthesis of gene III pro-
tein on endo R.Alu I-treated RF as compared
with intact superhelical RF (Fig. 3). The endo
R-Alu I cut is 46 nucleotides proximal to the
central terminator and, hence, might influence
the gene III promoter function. From our nu-
cleotide sequence analyses we learned that the
primary "binding sequence" (see references 15
and 17) of the gene III promoter is still preserved
in fragment Alu I-A, but that the second, so-
called "recognition site" (15), although not being
an absolute necessity for proper RNA polymer-
ase binding and RNA chain initiation (13), is
missing. The diminished gene III protein syn-
thesis is, therefore, probably caused by a partly
destroyed promoter function.

Additional effects on gene III protein synthe-
sis cannot be ruled out, however. We previously
demonstrated that the termination of transcrip-
tion at the central termination site-at least
under the in vitro conditions applied-is not
stringent (4, 5). Since the endo R.Alu I cut is
immediately proximal to the central terminator,
this will additionally exert a reduction of gene
III protein synthesis due to a switch off of read
through of transcription at this particular site.
To what extent this read through contributes to
the expression of gene III cannot be answered
yet since proper (linear) RF templates cannot
yet be constructed on which read through is
completely eliminated without a concomitant
disturbance of gene III promoter function. A
more general problem underlying such in vitro
transcription-translation studies is that RNA
initiation frequencies will differ on DNA tem-
plates with different configurations. It has al-
ready been demonstrated by Seeburg et al. (17)
that the RNA polymerase binding capacity is
diminished at least 10-fold from supercoiled to
relaxed RF. In our opinion, this reduction in
complex formation and, hence, inRNA initiation
is not an overall effect but might be completely
different for each individual promoter. This is
clearly recognized by comparing the patterns

obtained with intact RF (Fig. 4b) with those
obtained from endo R.HindII-treated RF (Fig.
4d) and endo R.BamHI-treated RF (Fig. 4e).
The amount of gene II protein is high on super-
coiled RF and is absent, as expected, on RF in
which an endo R HindII cut is introduced into
gene II. Introduction of an enzyme cut into a
completely different region, i.e., within gene III,
also diminishes the synthesizing capacity of gene
II protein to a very large extent. Therefore, a
direct comparison of the initiation frequency for
a given promoter on various linear and super-
coiled RF molecules cannot be made and limits
the interpretations of results in which these dif-
ferent DNA templates have been applied.
Another aspect of our results concerns the

polarity observed in vivo among genes III, VI,
and I. The operon model, which has been pos-
tulated to be pertinent for these genes (10, 14),
implies that the introduction of a cleavage
within gene III also prevents the expression of
distal genes VI and I. Our in vitro results from
the coupled transcription and translation sys-
tem, however, suggest the opposite since an in-
terruption of gene III transcription did not abol-
ish the synthesis of gene I protein. This result is
in accordance with the existence of promoters in
front of genes VI and I. If these promoters also
function as such in infected cells, the operon
model is no longer applicable for these genes,
and other regulatory mechanisms have to be
reconsidered. Further studies, such as in vitro
rearrangements of genes and a detailed analysis
of the in vivo RNA species, are needed to clarify
these contradictory results on polarity.
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