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ABSTRACT The nucleotide sequence A-A-T-T was inserted
into the intergenic region of the f1 genome at a site cleaved by
Hae III (cleavage sequence (G-G+C-C). The resultant viable
phage mutant (R199) contains a single site sensitive to the re-
striction endonuclease EcoRI (cleavage sequence G-A-A-T-T-C).
This phage is sensitive to EcoRI restriction and modification
in vivo and in vitro. Its potential for use as a cloning vector has
been tested by construction in vitro of an f1/pBR322 chimeric
phage. The four bases inserted into wild-type f1 to generate the
R199 mutant came from a small restriction fragment obtained
by digesting plasmid pBR322 with EcoRI and HindIII. The use
of this linker prepared from a biological substrate is an example
of a technique for constructing restriction enzyme sites in vitro.
It is presented as an alternative to the use of synthetic linkers
and should be generally applicable.

The filamentous bacteriophage f1 (and the closely related
phages M13 and fd) have several properties that make them
particularly desirable as vectors for the cloning of foreign DNA.
These include the presence of an intergenic region (1, 2), certain
sections of which are not required for normal growth of the
phage and can hence be used as sites for inserting foreign DNA
(3-5). Furthermore, the apparent lack of packaging constraints
allows for the cloning of long stretches of foreign DNA (6).

In addition, the single strandedness of the genomic DNA
allows for ready purification of large amounts of single-stranded
DNA. Single-stranded DNA is required in such procedures as:
rapid sequence determination by the dideoxy or plus-minus
methods (7, 8); pulse chase restriction mapping (9); directed
mutagenesis techniques (10, 11); heteroduplex formation (12);
and potentially for determining the transcriptional polarity of
cloned genetic material. Finally, the limited host range of the
male-specific filamentous phages (13) makes them desirable
from a containment point of view, because most potential hosts
in nature are female (14).

A desirable feature of any vector for use in recombinant DNA
research is the presence of a single site sensitive to a restriction
enzyme that generates cohesive termini, such as EcoRI (15).
For a phage vector it is especially useful if this site is in a non-
essential part of the genome. Wild-type f1 possesses no re-
striction site that fulfills these criteria. We report here the
construction in vitro of an fl mutant that contains a single
EcoRl site within a nonessential portion of the intergenic region.
We chose to introduce an EcoRlI site into f1 because a mutant
containing such a site is potentially susceptible to EcoRI re-
striction and modification in vivo and hence distinguishable
from wild type, which is not restricted in vivo or in vitro by
EcoRl. To insert an EcoRl site into the f1 genome, we devel-
oped a technique in which the linker was isolated from a bio-
logical substrate (Fig. 1) and which we present as an alternative
to the use of synthetic linkers (16, 17).
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MATERIALS AND METHODS

The Escherichia coli strains have been described (18-21). K507
is K38 transformed by the CaCls technique with the plasmid
pMB 4 (22), is ampicillin resistant, and carries the RI restriction
and modification systems. H560 (23) was obtained from K.
Marians. [@-32P]TTP was purchased from Amersham Radio-
chemicals. Unlabeled triphosphates were purchased from P-L
Biochemicals. T4 ligase and restriction endonucleases Hae II,
Hincll, and Hae 111 were obtained from Bethesda Research
Laboratories (Rockville, MD). EcoRI and HindIIl were pur-
chased from New England BioLabs. DNA polymerase I large
fragment (24) was purchased from Boehringer Mannheim. T4
ligase unable to ligate blunt-ended molecules was the generous
gift of C. Yehle. Polyacrylamide and agarose gels (25), prepa-
ration of f1 replicative form (RF) and single-stranded DNA
(26), and isolation of pPBR322 RF were as described (27). Iso-
pycnic centrifugation to remove RFI from other species was
as described (26). The cohesive termini of pBR322 generated
by cleavage with EcoRI were filled in by incubation with the
large fragment of DNA polymerase I (24) in 0.2 ml of buffer
(6.6 mM Tris-HCI, pH 7.6/6.6 mM NaCl/6.6 mM MgCl,/6.6
mM dithiothreitol) containing 33 uM each of dATP, dGTP, and
dCTP. |a-32P|TTP (60 uCi of 350 Ci/mmol; 1 Ci = 3.7 X 1010
becquerels) was added carrier free to the reaction to monitor
incorporation and serve as a marker for the detection of the
linker on gels. Enzyme (3 ul) (supplied at a nominal concen-
tration of 892 units/ml) was diluted with 15 ul of 0.1 M phos-
phate buffer in 50% glycerol. Incubation was at room tem-
perature for 10 min, followed by the addition of 10 ul of 1 mM
TTP and 10 min of additional incubation. The biological linker
was recovered by cutting the appropriate portion of the gel into
1-mm squares and soaking the slices in 1.5 ml of buffer (0.6 M
sodium acetate/0.1 M Tris-HCI, pH 8.0/2.5 mM EDTA)
overnight at 37°C, followed by filtration and ethanol precipi-
tation. The resultant pellet was dissolved in a small volume,
reprecipitated, and washed with 70% ethanol before resus-
pension. Ligation of blunt-ended DNA was performed in a
volume of 20 ul in a buffer containing 20 mM Tris-HCI (pH
7.4), 7.5 mM MgCl;, 1 mM EDTA, and 50 ug of bovine serum
albumin per ml at 4°C fo. 16 hr. Ligation of cohesive termini
was carried out in the same buffer but at 19°C. Transfection
was by the CaCl; technique (28). DNA sequence analysis was
by the dideoxy method of Sanger et al. (8).

RESULTS

Biological Linker Technique. The principle of this method
is that by ligation of two blunt-ended pieces of DNA, each
containing a portion of the desired restriction endonuclease
recognition sequence, it is possible to generate the desired se-

Abbreviation: RF, double-stranded. replicative form DNA—e.g.,
RF1, superhelical circular form; RFII, circular form with one or more
nicks: RFIII, linear, unit-length form (generated by a restriction en-
zyme in vitro); and RFIV. circular form lacking single-strand nicks
and superhelicity.
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FIG. 1. Outline of the biological linker technique and its use to
generate insertion mutants of bacteriophage f1 sensitive to EcoRI.
f1 RF was partially digested with Hae 111 to give 40% RF1II, a molecule
having blunt ends with 5”-pC residues. This was ligated to a biological
linker isolated from pBR322 RF. The linker was prepared by incu-
bating pBR322 RF with EcoRI, then with the Klenow fragment of
DNA polymerase I and dATP and [«-32P]TTP, and finally with
HindlIIl. The 31-base-pair linker fragment was gel-purified and li-
gated to the f1 RFIII by using a T4 ligase preparation containing
“blunt end” activity. The DNA in the ligation mixture was cleaved
with EcoR]. The RFIII-sized material was purified, diluted (to pro-
mote intramolecular ligation), and religated to circularize the prod-
ucts. Asterisks denote residues labeled with 32P.

quence. This approach was used in the cloning of the cI gene
of bacteriophage A (29). Any DNA fragment having blunt (base
paired) ends with 5’-terminal pC residues and 3’-terminal G
residues can be used with a biological linker of the type de-
scribed belqw to generate terminal EcoRI sites on the fragment.
The plasmid pBR322 contains a single EcoRI site 31 nucleotides
from its unique HindII site. Thus, it is possible to cut pBR322
with EcoRI and then fill in the cohesive termini by incubation
with DNA polymerase, dATP, and TTP. After heat inactivation
of the polymerase, the RFIII is digested with HindIII. This
digestion generates two fragments, the approximately 4000-
nucleotide fragment comprising most of the pBR322 genome
and a 31-nucleotide fragment that we refer to as the “biologi-
cal” linker.

One end of the biological linker consists of the cohesive ter-
minus produced by HindIII digestion, whereas the other con-
sists of a filled-in EcoRI terminus (blunt end). Only the latter
end is reactive in blunt-end ligation. When excess biological
linker is incubated with an appropriate DNA fragment in the
presence of T4 ligase having blunt-end activity, any fragment
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reacting with a molecule of linker on each end will be bounded
by EcoRlI sites. Removal of unreacted linker (30) is unnecessary
because neither the linker itself nor its multimers contain any
complete EcoRI sites to compete for the EcoRI enzyme in the
subsequent cleavage step necessary to generate cohesive EcoRI
termini.

Introduction of EcoRI Site into f1 Genome. To put an
EcoRlI site into the intergenic region of f1 by the above tech-
nique, we used as our substrate RFIII molecules generated by
partial digestion of f1 RFI with the enzyme Hae III, which
generates blunt ends with 5’-terminal pC residues and 3'-ter-
minal G residues. The partial digest contained approximately
30% RFI, 30% RFII, and 40% RFIII Because the f1 genome
contains nine Hae III sites, two of which are in the intergenic
region, and the other seven in coding regions, it was clear that
the insertion of four nucleotides into seven of the nine sites
would probably result in lethal frameshift mutations. Of the
two sites in the intergenic region, one is known to be nones-
sential, because the M13 strain mp 1 (3) has an insertion of
approximately 800 bases of the lac operon inserted in what
corresponds to the f1 Hae 111 G/D border. The other f1 site [the
F/G border (see below)] is near the origin of minus strand
replication, and the éffects of insertion there are not predictable.
After removal of RFI by isopycnic centrifugation, the RFIII
was incubated with a ten-fold excess of biological linker (based
on the molarity of ends) and T4 “blunt end” ligase (Fig. 2, lane
a). The resultant mixture was cleaved with EcoRI and loaded
on a 0.8% agarose gel to isolate RFIII from RFII and other
contaminants. The RFIII was ligated under dilute conditions
by using a preparation of T4 ligase containing no detectable
blunt-end activity. The absence of blunt-end activity prevents

a b c
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Fi1G. 2. Blunt-end ligation of biological linker to linearized f1
genome and recircularization by intramolecular ligation of genome
after EcoRI cleavage. f1 RFIII produced by partial digestion of f1 RFI
with Hae 111 was incubated with a 10-fold excess of biological linker.
For lane a, 1% of the reaction volume was diluted and loaded on a
2.4-10% polyacrylamide gradient gel, which was then autoradio-
graphed overnight. The lowermost band seen is unreacted linker. The
second band from the bottom is linker dimer, which can be formed
either by cohesive ligation (of the HindIII ends) or blunt-end ligation.
The products in the higher bands are linker trimers, tetramers, etc.
In order to create these multimers, one or more blunt-end ligation
events is retjuired; hence the extent of multimer formation in a ligation
reaction of this type reflects the extent of blunt-end ligation. The
uppermost band is RFIII ligated to linker molecules. Ligation prod-
ucts were digested with EcoRI and loaded on a vertical 0.8% agarose
slab gel. The band comigrating with marker RFIII was cut out and
the RFIII was recovered by electroelution. This DNA was used for
intramolecular ligation of the EcoRI cohesive termini. Small aliquots
of this reaction were run on a 0.8% agarose gel before (lane b) and after
(lane c) this ligation step. Arrows indicate the position of (top to
bottom) f1 RFII, RFIII, and RFI OD markers. RFI and RFIV comi-
grate in this gel system.
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the circularization of those RFIII molecules to which no bio-
logical linker was added. Circularization of such material

yield infectious molecules that lack an EcoR¥ $ité. A snié‘%q‘gi‘lé

quot was run on a 0.8% agarose gel to monitor the extent of
circularization, which was estimated at approximately 20%
(Fig. 2, lanes b and c). After transfection of CaCly-treated K414
cells, plaques were picked and tested for their relative efficiency
of plating on K38 (rg;~ mgy~) and K507 (rgi* mert). Several
isolates showed classical restriction modification behavior. One
such isolate (R199) had a restriction coefficient of 0.2 on K507
compared to K38 and produced typical f1 plaques.

Localization of EcoRlI Site. Viability and sensitivity to re-
striction and modification were presumptive evidence for the
proper insertion into the intergenic space. R199 RFI and sin-
gle-stranded DNA were prepared. To locate precisely the
EcoRlI site, the RF was subjected to restriction analysis by using
endonucleases EcoRI, Hae II, and Hae 111 (Fig. 3). Compared
to wild-type f1, the restriction pattern obtained by digesting
R199 with Hae III shows a new band appearing at about 450
base pairs and the loss of fragment G and one of the bands in
the DEF cluster. This result was expected because the intro-
duction of an A-A-T-T sequence at either Hae III F/G or D/G
should abolish that Hae I1I site and yield in either case a frag-
ment of about 450 base pairs (ref. 25; see Fig. 4). The normal
Hae 111 fragment pattern is restored upon the addition of EcoRI
enzyme. The new restriction site was localized at Hae III F/G
by a combined Hae 11/ Hae 11l restriction digest. Because the
Hae 111 F fragment contains a Hae 11 site whereas neither G
nor D does, the sensitivity of the new 450-base-pair fragment
to Hae 1l indicates that the new fragment is FG. The nucleotide
sequence of the mutant region was determined by priming
R199 single-stranded DNA with the wild-type fragment HinfK
(81), and the sequence G-G-C-C in the wild type was seen to
be replaced G-G-A-A-T-T-C-C in R199 at the Hae III F/G
border. A second f1 mutant (R209) containing the EcoRI site
at the Hae III G/D border was also isolated (data not
shown).

Use of R199 as Cloning Vector. To demonstrate the po-
tential usefulness of R199 as a cloning vector, limit EcoRI di-
gests of R199 and pBR322, a plasmid conferring tetracycline

F1G. 3. Localization of EcoRlI site in R199. Restriction endonu-
clease digests of wild-type and R199 RF were electrophoresed on a
2.4-7.5% polyacrylamide gel containing 0.5 ug of ethidium bromide
per ml and stained for 10 min in buffer containing 0.5 ug of ethidium
bromide per ml. (Lane a) Hae III digest of wild-type RF. Capital
letters along left side of figure denote names of f1 Hae III fragments.
(Lane b) Hae III digest of R199 RF. Note the prominent hybrid band
(F/G) caused by insertion of the sequence A-A-T-T into the Hae III
site. (Lane ¢) Combined Hae I11/EcoRI digest of R199 RF. (Lane d)
Combined Hae 11/Hae 111 digest of wild-type RF. (Lane ¢) Combined
Hae 11/Hae 111 digest of R199 RF.
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FIG. 4. Genetic and physical map of f1 genome. The upper line
represents the physical map of f1. The letters and vertical lines denote
the Hae III fragments and sites, respectively. The arrows beneath the
line represent the Hae II sites. The M13 Hae II and Hae III cleavage
maps are identical except for an additional Hae Il site in Hae IIT A.
The middle line represents the genetic map of f1. Roman numerals
indicate f1 complementation groups. IG indicates the intergenic re-
gion. The lower line is a measure of the size of the physical (lower, in
kilobases) and genetic (upper, in map units) maps. The location of
the A-A-T-T insertion in R199 is indicated by the heavy arrow. The
EcoRI site in R209 maps to the Hae III G/D border.

and ampicillin resistance to its host, were ligated by using T4
ligase. The reaction mixture was used to transfect the poll
mutant H560. In this host, the plasmid pBR322 cannot replicate
by itself due to its ColE1 origin of replication (32). All of the
ampicillin-resistant transformants isolated produced recom-
binant phage that exhibited the electrophoretic mobility ex-
pected of a chimeric phage containing the two genomes (data
not shown). One such isolate, called R208, was studied in detail,
and its ability to transduce ampicillin resistance was seen to be
sensitive to f1 antiserum. RFI was prepared from R208 and
digested with EcoRI. The restriction pattern suggests the
presence of an entire copy on pBR322 within R199 (Fig. 5).

DISCUSSION

We have shown how a restriction fragment from the plasmid
pBR322 can be used to generate EcoRlI restriction sites in vitro.
Our technique is presented as an alternative to the synthetic
linker techniques recently described (16, 17). In our procedure,
two restriction fragments, each of which contains a portion of
the desired sequence, are joined together. These sites can then
be cleaved by the appropriate restriction enzyme (in our case
EcoRI) to leave cohesive termini on those fragments to which
the biological linker was ligated. Our method should be gen-
erally applicable because other restriction sites could be pre-
pared by following a similar rationale. A small restriction
fragment is convenient for use as a biological linker because it
allows a simple assay for the success of the blunt-end ligation
(Fig. 2, lane a). If the enzymes used in preparation of biological
linkers are known to be relatively free of contaminating nuc-
leases, the sequence purity of the linker is guaranteed by the
specificity of the enzymes. Such sequence purity may be dif-
ficult to attain by using synthetic methods. A substantial pro-
portion of the ends generated by the biological linker technique

abcdef gh

FiG. 5. EcoRI cleavage of R208, a pBR322/f1 chimera. RF DNAs
were cleaved with restriction endonucleases and run on a 0.8% agarose
gel containing 0.5 ug of ethidium bromide per ml. Lanes: a, undigested
pSC101 RF (9.6 kilobases); b, undigested f1 RF (6.5 kilobases); c,
undigested R199 RF; d, undigested R208 RF; e, Hincll digest of f1
RF (RFIII); f, EcoRI digest of R199 RF; g, EcoRI digest of R208 RF;
h, EcoRI digest of pPBR322 RF.
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are chemically and biologically intact, as shown by the fact that
most of the cohesive EcoRI termini generated could be ligated
to circularize the fragment (Fig. 2, lanes b and c). Currently,
the main drawback of the technique is that rather large amounts
of pBR322 RF are required for each experiment, because each
molecule of pBR322 produces only one molecule of biological
linker. We are currently attempting to construct plasmid var-
iants that will carry multiple copies of the biological linker,
thereby alleviating this problem.

By use of this technique, the sequence A-A-T-T was inserted
at two different sites within the intergenic region of f1. One of
these sites, the Hae 111 F /G border region, has been implicated
in the replication of the filamentous phage (33, 34). Based on
sequence data, this region has potential secondary structure (35).
In fact, the hairpin-like structure containing the Hae IIl F/G
border has been implicated in the initiation of DNA replication.
Therefore, the insertion of foreign DNA at this site might be
expected to prevent DNA replication. The isolation of the
f1/pBR322 recombinant phage (R208) indicates that replica-
tion of such molecules is possible and appears to reduce the
likelihood of an absolute requirement for secondary structure
in this region for the initiation of DNA replication. Moreover,
the use of the poll mutant H560 [in which pBR322 cannot
replicate independently (32)] ensures that the bacteriophage
origin of replication is used exclusively in chimeric phage
production.

The filamentous phage, because their genome consists of a
single-stranded DNA molecule, offer a set of unique advantages
as cloning vectors. Milligram quantities of both single-stranded
and double-stranded DNA can be easily prepared, even when
the genome size is increased substantially. In terms of efficient
production of cloned material, filamentous phage potentially
offer great advantages, because a single wild-type plaque
routinely yields greater than 10° plaque forming units, and
phage production is on the order of 10!2 per ml. Also, the vector
genome size is very small, so that the cloned DNA constitutes
a large fraction of the recombinant DNA. The availability of
cloned DNA in both single-stranded and double-stranded forms
facilitates its rapid structural analysis. By using single-stranded
DNA from chimeric phage as template and wild-type or
chimeric restriction fragments as primers, pulse-chase re-
striction mapping and DNA sequence determination by using
dideoxy terminators are possible. Also, one should be able to
determine the transcriptional polarity of the cloned DNA by
hybridization of the RNA in question to genomic DNA from
chimeric phages carrying the insert in opposite orientations.
Finally, single-stranded DNA is one of the substrates required
for directed mutagenesis techniques which employ a mis-
matched primer (10, 11). Thus, point mutations might be in-
troduced in a specific manner into the foreign genetic material
inserted in the phage genome. Limits on the size of the DNA
to be cloned have yet to be determined.
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