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ABSTRACT

Perry Walker Russell. ENZYMATIC CONSTRUCTION OF BACTERIOPHAGE §X174
MUTANTS WITH INCREASED GENOME SIZES. (Under the direction of Dr. Uwe R.
Muller, Department of Microbiology, E.C.U. School of Medicine)

Department of Biclogy, 1983.

The icosahedral bacteriophage X174 is a single-stranded DNA virus
with & genome containing 5,386 nucleotides. It codes for 10 genes and
has four intergenic or intercistronic regions which are transcribed but
not translated. One of these regions located between the two major
capsid component genes J and F has been proven non-a2ssential. Insertion
of additional nucleotides into a portion of this region did not disrupt
normal phage growth.

The described work made use of this information to investigate how
much DNA could be inserted into the §X174 genome before phage viability
was Jost. This was attempted experimentally using modern recombinant
DNA methodology to construct @X174 genomes with increasing genome sizes
in vitro end introducing these into the appropriate host cell. Before
this could be accomplished, it was necessary to devise a biochemical
scheme for the construction and isolation of such mutants.

The scheme involved site-specific mutagenasis of the J-F
intercistronic region of a previously constructed insertion mutant of
PX174. Cleavage of a unique site in the J-F region of this mutant with
a restriction endonuclease allowed for insertion of DNA fragments of

varying sizes by an enzyme which ligates DNA erds together. Successful



insertions are a relatively rare event in this reaction, but since the
original unique restriction site is Tost in these cases, the desired
mutant genomes could be enzymatically selected for. By using the
appropriate combination of restriction enzymes, genomes without an
insert (i.e. parental) were fragmented and rendered non-infective.
Subsequent infection of E. colz host cells resulted in propagation of
mutant bacteriophages which could be isolated and studied. This scheme
was used in three separate insertion experiments resulting in several
mutants with genomes larger than any previously constructed §X174 phage.
The largest of these contains an insert which increases its genome
approximately 340 nucleotides above that of wt @X174.

The cornclusions drawn from this study are as follows:
a) The genome of PX174 can be enlarged by at least 6.3% without loss of
viability. b) The maximum number of nucleotides which can be inserted
remains to be determined but appears to be less than 550 (10.2% of the
genome). c¢) The insertion mutants obtained appear to grow less
efficiently than the parental strain. d) The system of overlapping
genes in the single-stranded icosahedral DNA phages must have evolved
due to factors other than physical constraints in packaging the DNA into

the phage head.
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INTRODUCTION

PX174 is a member of a family of small, tail-less, icosahedral
bacteriophages whose genomes consist of circular single-stranded DNA
(14). The @X genome is composed of a 5,386 nucleotide positive strand
(71), which is packaged in a capsid only 25 nm in diameter. The genome
codes for 10 genes, three of which are overlapping genes (5, 21, 88).
Extensive research has been done on the products of these genes in order
to elucidate their functions. Gene A codes for two proteins designated
A and A*. The A protein is a site specific endonuclease necessary for
progeny RF DNA synthesis (18, 23, 38). Evidence also suggests that the
A protein cleaves unit length viral DNA at a specific site during
single-stranded DNA synthesis and packaging (25, 38, 47). A* s
initiated in gene A within the same reading frame as the A protein (50).
Its function is not well understood, yet there is an indication that it
is involved in the shutoff of host DNA synthesis (16, 49, 52). A* s
also found associated with a precursor structure in phage maturation and
may be involved in morphogenesis (26, 86). The products of genes B, C
and D have all been proven essential components in the assembly of
progeny virus particles (27, 57, 74) while gene E protein is required
for 1ysis (40, 64). Genes J, F, G and H code for the capsid proteins
(11). J and F proteins constitute the main structure of the capsid
while proteins G and H compose the spikes (15). An analysis of the
capsid structure has suggested that there are 60 copies each of the F

and G proteins and 12 copies of H (11). On the basis of this a model

was derived in which the F proteins aggregate into 12 pentamers with



each pentamer forming a vertex of the icosahedron. The G proteins also
form 12 pentamers and associate with the 12 vertices. Since the J
protein is a major capsid component, it is believed to be made in
equimolar amounts to that of protein F (84). Its orientation on the
capsid is unclear but it has been proven essential in capsid assembly
(1). Each of the 12 spikes is thought to contain one copy of the H
protein. In addition to being a spike protein, the gene H product may
also have several other functions. One is recognition and binding to
the host lipopolysaccharide receptor site (41, 43). The G spike protein
also seems to be involved in this reaction (89). After attachment, the H
protein may act as a pilot protein by guiding the single-stranded viral
DNA through the cell membrane to its replication site (43, 44). Other
studies indicate a function of the H protein in morphogenesis (75, 78).
A function for gene K protein has yet to be found and there are still
some virus specified functions that have yet to be ascribed to a
particular gene product.

A brief description of the @X174 1ife cycle begins with conversion
of the single-stranded genome into a circular double-stranded
replicative form (RFI) by host replication enzymes (46, 73). Formation
of this double-stranded template allows transcription of the phage genes
by host RNA polymerase, initiating at 3 promoter sites (65). Only the
newly synthesized negative strand is transcribed (24). Translation of
the message and accumulation of the A protein leads to nicking of the
+-strand of the supercoiled RFI molecule, allowing progeny RF DNA

molecules to form by the rolling circle model of replication (30).



Towards the end of the infectious cycle, rolling circle intermediates
become complexed with viral proteins involved in morphogenesis leading
to synthesis and packaging of single-stranded viral genomes (29).
Finally, the E protein causes lysis of the cell releasing new virus
particles.

The morphogenetic pathway of @X174 is a complex process in which
synthesis of single-stranded viral DNA is closely coupled with capsid
assembly. A model has been proposed for this process involving the §X
encoded proteins A, A*, B, C and D as well as the capsid components
(29). 1In the capsid model mentioned earlier, proteins F and G were each
postulated to aggregate into pentameric forms (11). In vivo  studies
confirmed that these aggregates exist as precursor particles sedimenting
at 95 (F pentamer) and 6S (G pentamer) (85). Precursor particles
sedimenting at 12S were also found. These were determined to be formed
by a protein B mediated aggregation of the 9S and 6S particles (74).
With gene D product acting as a scaffold protein (27, 29, 90), 12 cof
these 12S particles are assembled into a 108S compiex. Up to this
stage, assembly is independent of DNA replication. However, at this
point protein C is believed to bind RFII DNA (nicked circle) molecules
preventing their conversion to the closed RFI form (27). This allows
the 108S precursor structure to form a 50S complex with the RFII DNA.
PX proteins A, A*, J and H are also associated with this complex (25).
It is within the 50S complex that simultaneous synthesis and packaging
of viral DNA is believed to occur. Viral DNA synthesis only undergoes
one round of replication within the 50S complex, at which point unit

length viral DNA is cleaved by the gene A protein (26). This cleavage



dissociates the 50S complex producing an RFII DNA molecule and a
capsomeric structure containing circular single-stranded viral DNA. The
RFII DNA molecule can be recycled and used for viral DNA synthesis
within another 50S complex. In this model the encapsidated DNA would be
expected to be linear. Yet, such an intermediate has never bgen
observed indicating a very rapid ligation of the ends of the linear
single-stranded DNA after A protein cleavage. A recent study suggests
that the A protein may be responsible for this rapid single-stranded
ligation (17). Upon circularization of the viral DNA, the capsomeric
structure becomes a 132S particle. Analysis of this particle indicates
that it is composed of the capsid constituents J, F, G and H in
association with protein D (28, 90). There is no <in vivo evidence that
the 132S particle is converted into a mature 114S particle but under the
appropriate <m vitro conditions the D protein can be removed resulting
in a mature 114S virion (28, 90). This suggests that the 132S particle
may be the final intracellular product of #X morphogenesis which upon
lysis is converted to the 114S virus particle (29). Possible functions
for @X gene products A, B, C, D, F and G are included in this PX174
morphogenetic model. Although essential, the function of the gene J
product in the maturation process is still unclear due to a lack of gene
J mutants. The function of gene H product is also i11 defined.

However, studies on amber H mutants of @X174 (75, 76) have shown the
production of two kinds of defective particles. One, sedimenting at
110S, was not infectious but contained infectious viral DNA. The other

particle sedimented at 70S and contained non-infectious linear single-



stranded DNA shorter than genome length. Based on this, it has been
proposed that the absence of a properly functioning H protein results in
defective phage particles whose DNA has been left open to attack by
nucleases (42). A more recent study using gene H mutants supports this
view (78).

The Zn vivo studies that contributed to the development of the @X
model for morphogenesis have made it possible to develop <n vitro
systems that can form mature virions from precursor elements. These
studies were first directed towards developing a system that mimicked the
in  vivo mechanism of viral DNA synthesis (58, 81). In 1977, a system
using <n vitro complementation for proteins B and C was used to
synthesize infectious PX174 particles (59), confirming the necessity of
PX proteins B and C. Under the electron microscope, the in vitro
particles looked the same as in vivo 114S particles. Recently, single-
stranded plasmid DNAs carrying the A protein recognition and cleavage
site of PX174 were packaged inside a PX174 capsid using the
same components needed for phage synthesis from §X174 RFI DNA (2). This
study proved that the protein A recognition sequence is the only part of
the X174 sequence necessary for single-stranded DNA synthesis and
packaging as long as all necessary proteins are provided. More than
that, it establishes an effective <n vitro system for determining the
amount of DNA that can be packaged into the @PX174 capsid. Preliminary
results from experiments using this system indicate the possibility of
packaging plasmid DNA 540 nucleotides larger than the PX174 genome (3).

G4 is a single-stranded DNA phage closely related to §X174 and is

believed to have similar mechanisms of replication and assembly (33).



The G4 life cycle is very similar to the PX life cycle with the
exception that G4 requires fewer host enzymes for parental RF DNA
synthesis (95, 96). Sequencing of the G4 genome revealed that it codes
for the same 10 genes as §X174 and that their genetic maps are virtually
identical (32). Comparative sequence analysis also reveals a 67%
conservation of amino acid and nucleotide sequences between these two
phages (33). G4 genes J, F, G and H also code for the capsid components
and their functions along with the other G4 proteins are considered to
be the same as their @X174 counterparts (13). Complementation
experiments using the G4 capsid proteins F, G and H have in fact shown
that these proteins can be used in the PX174 virion assembly systemn
(10). Therefore it appears that the G4 and @X capsids are very similar
in size, yet the G4 genome contains 5,577 nucleotides (32) which is 191
nucleotides more than that of @X. This raises the question of whether
it is possible to package an additional 191 bases into the fX capsid and
still obtain a viable mutant phage. This question may be answered by an
experiment designed to insert additional DNA into the @X genome without
disruption of any essential functions. Since all of the genes appear to
be essential, additional DNA would have to be inserted in between two
genes. Such a system has been developed in a different group of single-
stranded DNA phages having filamentous capsids.

The filamentous bacteriophages differ greatly from the icosahedral
viruses in that their capsids are a-helical rod-like structures. Also,
their mode of host entry as well as their morphogenetic pathway are

completely different from the isometric phages (13, 53, 66). A property



of the filamentous phages (M13, fd etc.) is that the size of the virion
is determined by the amount of DNA packaged (19, 35, 70, 94). It is
this property which has made the filamentous phages so useful as cloning
vehicles and transducing particles (39, 54). Most of these kinds of
studies involved in vivo or <in vitro insertions into essential
regions of the genome, requiring the use of helper phages for
propagation of the mutants. However, in more recent experiments DNA has
been inserted into non-essential areas of intergenic regions (56, 67).
One of these studies involved site directed in vitro insertion of foreign
DNA into a cleaved intergenic restriction site (56). In this
experiment, a portion of the E. colz lac - operon, containing the
regulatory region and part of the B-galactosidase gene, was inserted
into M13 RF DNA. The mutant constructed (M13 mpl) was viable and
expressed the part of the B -galactosidase gene inserted. This
allowed for biological identification of the mutant by o-complementation
of B-galactosidase resulting in blue plaques (48). By creating a
unique Eco Rl restriction site in the B-galactosidase portion of M13 mpl
a new mutant (M13 mp2) was developed that could be used as a cloning
vector or for insertion and study of regulatory elements (55). This or
similar mutants could also be used for studies on the packaging capacity
of the filamentous phage capsid. In contrast to the filamentous phages,
the icosanhadral capsid of §X174 as well as the other isometric viruses
nlaces physical constraints on the amount of DNA that can be packaged
(93).

In 1977, sequencing of the §X174 gencme allowed for determination

of its genetic map and revealed the existence of 4 intergenic regions



(71). Since then, several other viral genomes have also been sequenced
and shown to have intercistronic regions varying in their size and
number depending on the genome being examined. The @X related phage G4
has 6 of these regions (32) while the eucaryotic viruses SV40 (22, 68)
and polyoma (12) each contain 2. Bacteriophages fd and M13 (6) contain
6 intercistronic regions. In M13, one of these regions was used as the
target site for cloning (56), as described above. The detailed function
of intercistronic regions remains largely unknown, but since they are
transcribed and not translated, they are postulated to be of regulatory
significance. This is supported by two findings. First, they have been
shown in several cases to contain regulatory signals such as promoters
or terminators of transcription, ribosome binding sites or an origin of
replication (33, 73, 91). Second, these regions generally have a larger
potential to form stable secondary structures than the translated
regions (60, 61). In the genome, secondary structures have been
proposed to have an important role in the regulation of replication (77,
80), transcription (69, 79) and translation (34) by acting as potential
binding sites for proteins. Despite their possible regulatory
importance, there is evidence that parts of at least some intercistronic
regions in $#X174, G4 and other viruses are not essential (62, 63, 72, 87).
Next to the M13 system, the most extensively studied intercistronic
regions have been those of PX174. One such study dealt with the region
between genes J and F (62, 63). This region is 36 nucleotides long and
contains in addition to the F gene ribosome binding site a potential

hairpin structure implicated to function as a terminator of



transcription (20, 23). The absence of an assay for this putative
function was overcome by using a biochemical rather than biological
screening procedure for the construction and identification of mutants
in this region. Within the J-F hairpin structure is a sequence
recognized by restriction endonuclease Hae III. Starting with single-
stranded phage DNA and a cloned fragment containing this sequence, it
was possible to construct and cleave this site specifically. DNA
fragments were ligated into this site to construct insertion mutants.
The success of this technique depended upon having sufficient amounts of
DNA to monitor the reaction steps and on the enzymatic destruction of
infective wt @X DNA molecules. The results of this experiment indicated
that it is possible to make changes in part of the J-F region without
destroying the essential function of the gene F ribosome binding site.
Furthermore, it became clear that additional DNA could be inserted into
the @X genome without loss of viability. The largest mutant obtained in
this study was @X174 ins1l containing 163 additional bases. Although
less efficient than wt @X174, it was still viable (63).

Although the study in the previous paragraph was not designed to
test how much additional DNA can be packaged into an isometric capsid,
it did show that DNA insertion into @X174 is possible without disrupting
any vital function of the life cycle. This finding plus the larger
genome size of the closely related phage G4 and preliminary results from
in vitro packaging experiments with X174 suggest the feasibility of
inserting and packaging even more DNA into §X174 than has been done so
previously. The question of how much DNA can be packed into an

isometric capsid is relevant in light of the potential use of virus
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vectors in eucaryotic genetic engineering. SV40 may possibly be used as
such a vector and its capsid is very similar in size to that of @#X174.
The thesis work presented here represents an attempt to determine
how much additional DNA can be inserted and packaged into the isometric
capsid of PX174. The experiments are based on a newly devised scheme
for construction and selection of insertion mutants of §X174. This
scheme is dependent upon the availability of a previously constructed §X
insertion mutant containing a unique restriction site in the J-F
intercistronic region. Cleavage of this site allows for Tligation of
increasingly larger DNA fragments into the @X genome. Because of the
fixed volume of an isometric capsid, there should be a limit in the
genome size which can be packaged and exceeding this limit should result
in the loss of viability. It was hoped that a plot of virus viability
vs. genome size would result providing useful information for studies

with isometric eucaryotic viruses such as SV40 and polyoma.



MATERIALS AND METHODS

Bacterial and bacteriophage strains. The plasmid pBR322 (82) was

propagated in E. coli C600 R™M~ (36). E. coli HF4714 (7) containing an
amber suppressor was the permissive host for all phage strains used in
this study. The non-permissive host used was E. coli C.

The bacteriophage strains used in this study were X174 am3 (40)
and several mutant strains derived from it by either insertion or dele-
tion of nucleotides within the J-F intercistronic region (62). Strain
X174 J-F <ns1l contains an insert of 163 bp. Strains §X174 J-F del3
and X174 J-F del?2 have lost 27 bp and 4 bp respectively. Strain 9X174
J-F 7ns6 has a fragment from pBR322 of 115 bp inserted into the J-F
intercistronic region. This fragment contains a Pvu II restriction site
which is unique to §X174. Because of this unique restriction site,
strain PX174 ins6 was chosen as the parental strain in this work.

Media and buffers. TYE media contained 10 g tryptone, 5 g yeast

extract (both from Difco), 5 g NaCl and 3 g KC1 per liter. TYE agar
plates contained 1.5% (w/v) agar in TYE medium; for soft agar the
concentration was reduced to 0.7% (w/v). The constituents of M9
supplemented medium have been described elsewhere (9). M9 supplemented
medium containing 100 ug/ml1 ampicillin was used for growth of pBR322
transformed E. coli C600 R™M~ cells.

Standard buffer consisted of 10 mM Tris-HC1 and 103 mM EDTA, pH
8.2. TAE buffer contained 40 mM Tris, 5 mM sodium acetate and 1 mM
EDTA, pH 8.2. Peacock's buffer was composed of 90 mM Tris, 5 mM NaCH, 90

mM Boric acid and 2.2 mM EDTA, pH 8.3.
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Bromophenol blue solution (8), consisted of 5 mg bromophenol blue,
1.0 m1 SDS (1% solution), 1.0 m1 EDTA (0.5 M), 0.3 m1 peacock's buffer
(10X) and 2.7 ml1 glycerol in a total of 5 ml.

Enzymes. Restriction digests with restriction endonucleases Pvu
IT, Pst I, Sst II, Hae III, Hpa Il and Hha I were done in the buffers
specified by the manufacturer (Bethesda Research Laboratories, Inc.).
T4 DNA ligase was also purchased from BRL and used in the buffer
specified. Ribonuclease A (Boehringer Mannheim GmbH) was boiled 10 min
before use to destroy contaminating DNAses. Lysozyme was obtained from
Sigma and was generally mixed with 50 mM Tris (pH 8.0) to a
concentration of 10 mg/ml.

Transfection and transformation. Transfection of E. colz HF4714

with RF DNA and transformation of E. colZ €600 R™M~ with plasmid DNA
were both carried out using a modification of a procedure described for
the transformation of CaClL,-treated cells (36). In the transfection
experiments, 0.1 ug to 0.3 g of RF DNA were added to CaCl,-shocked cells
and after a 1 min heat shock (37°C), these transfection mixes were incu-
bated for 90 min on ice. Portions of the mixes were then added to 2.0
ml of soft agar at 47°C and plated onto TYE plates. Usually seed cells
(100 u1), grown in culture to an optical density of 0.D.gg5q,,=0.5 were
added to the soft agar along with each portion of the transfection mix.
In transformation experiments, 10 g of plasmid DNA were used to
transform CaCl,-shocked cells. Transformation mixes were also incubated
for 90 min on ice. However; before the cells were plated, they were
pelleted by centrifugation, resuspended in 0.5 ml1 of TYE medium (without

ampi-cillin) and incubated for 45 min at 37°C. Portions of the cells



were finally spread onto TYE plates containing 100 g/ml1 ampicillin.
Ampicillin resistant colonies were screened for the presence of pBR322
plasmid as described previously (4).

Preparation of phage stocks from plaques. Individual plaques were

cut from TYE plates with a sterile pasteur pipette and placed into 1.0

ml cultures of E. coli HF4714 grown to an optical density 0.D.gg5g =
0.2. These cultures were shaken at 37°C until lysis occurred. An addi-
tional 5 ml of E. col? HF4714 (0.D.gg5g = 0.35) were added to the 1.0
ml lysates and incubation continued until lysis occurred. Finally, 15

ml of E. coli HF4714 (OJL550 nm = 0.5) were added to the 6 ml lysates.
Once these 21 ml cultures had lysed completely, 10 m1 were removed and
stored under chloroform. Thirty ml of E. col? C (0.D.5509 pp= 0.5) were
added to the remaining 11 m1 lysates. Eight minutes after addition of these
cells, chloramphenicol was added to a final concentration of 100 pg/mi.
Incubation was continued an additional 2 h and then the cells were
pelleted by centrifugation. The pellets were either stored by freezing
or immediately used in the miniprep procedure.

Miniprep procedure. The miniprep procedure is based on a

previously described method for the preparation of plasmid DNA from
small cultures (45). In short, the cells were resuspended in 0.5 ml of
50 mM Tris (pH 8.0) and then treated with lysozyme (1.0 mg/ml1) for 15
min at room temperature. After lysing the cells, 0.5 m1 of phenol
(equilibrated with 50 mM Tris, pH 8.0) was added, the tube gently
inverted and then immediately centrifuged for 15 min in a microfuge.
The top aqueous layer was removed and extracted two more times with

phenol. After addition of 30 pl sodium acetate (final concentration of
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0.3 M) and approximately 1.0 m1 of 95% ethanol, the tube was placed in a
dry ice-ethanol bath for 5 min. The DNA was then pelleted by
centrifugation for 5 min in a microfuge, resuspended in 0.3 M sodium
acetate (100 u1), extracted twice with ether and ethanol precipitated
again. After a final ethanol wash (0.3 m1), the DNA was dried under
vacuum and resuspended in 100 u1 of water. A 10 ul sample was usually
mixed with 5 ul of bromophenol blue solution containing 0.5 mg/m1l
Ribonuclease A. After incubation for 15-20 min at 37°C, the sample was
electrophoresed on an agarose gel (1.4%) containing ethidium bromide

(1 ug/m1). From the intensity of the DNA bands on the gel, the tota!l
amount of DNA was approximated. The remaining 90 ul of DNA were used
for restriction enzyme digests.

Gel electrophoresis. Agarose gel electrophoresis was done on hori-

zontal slab gels (37) using TAE buffer in both the gel and the buffer
reservoirs. Generally the gels contained 1.4% agarose (w/v). The vol-
tage and length of time for running a gel was variable, depending upon
the type of samples loaded. Most gels were stained in an ethidium bro-
mide solution (5 pg/ml) for 15 min and then destained in water for 15 to
30 min. After ethidium staining, the DNA bands were visible under
ultraviolet light. Gels were photographed with Polaroid high speed
black and white film (Type 57).

Vertical polyacrylamide slab gels were used to separate smaller DNA
fragments (51). Gels were generally continuous, containing 4% poly-
acrylamide (w/v) and 25% glycerol. Peacock's buffer was used in the
gels and in the buffer reservoirs. Gels were usually run at 80 V for

16 h and then stained, destained and photographed as described above.



Determination of restriction fragment size. The migrational

distance for each restriction fragment was measured on the photographs
and plotted versus the fragment size (in base pairs) on semilog graph
paper. Restriction fragments of known lengths were used as size
markers. Using these plots, the sizes of new fragments in mutant RF DNA
digests could be determined with an accuracy of + 5 bp.

Preparation of Pvu II linearized parental RF DNA stock. PXx174

6 RF DNA was purified as described before (36). Sixty-two ng of this
parental RF DNA were digested to completion with 62 units of restriction
endonuclease Pvu II. After digestion, the linearized RF DNA was phenol
extracted twice in order to remove the enzyme and any contaminating exo-
nucleases. The phenol was removed by 3 ether extractions and the DNA
was then dialyzed against water. The dialyzed DNA was dried under
vacuum and then resuspended in 100 u1 of sterile water. This stock of
Pvu II linearized parental RF DNA was used in each of the succeeding
insertion experiments.

Purification and Hae III digestion of pBR322 DNA. 20 1 of M9

sunplemented media containing ampicillin (100 g/ml1) were inoculated

with a 250 m1 overnight culture of pBR322 transformed E. coliz C600 R™M~
cells. The culture was incubated at 37°C and aerated by bubbling air
through the media with a pump. Once the cells had grown to an 0.D.550 np
of 0.65, chloramphenicol was added to a final concentration of 100 ug/ml
and incubation continued for another 15 h. The cells were pelleted by
centrifugation and then lysed with lysozyme. Purification of the DNA,
using established procedures (36), yielded 3.5 mg of pBR322 DNA. 1.5 mg

of this DNA was digested to completion with restriction endonuclease
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Hae III (200 units). The digested DNA was purified by several phenol-ether

extractions and dialysis against water.

Purification and isolation of Hae III restriction fragments of pBR322.

a) HPCL fractionation. 490yu g of Hae III digested pBR322 DNA (stock

digest) were fractionated by high pressure liquid chromatography (92).
The DNA was suspended in 100 ul of 200 mM KC1 before being injected into
the column. The column was packed with RPC-5 analog (BRL) and equili-
brated with a 10 mM Tris-HC1, 10 mM EDTA buffer, pH 7.2, containing 200
mM KC1. Packing of the column, loading of the sample and elution were
done under pressure (approximately 1,000 1b/inch2). Fractionation was
achieved by eluting the column with a 40 ml1 KC1 gradient (0.6 M to 0.64
M) mixed in the above buffer. Fractions (0.4 ml) were collected and the
optical density of the effluent monitored at 260 nm on an Isco model UA-5
absorbance monitor. Fractions were also checked for their DNA content
by agarose gel electrophoresis (20 ul samples). An overlap of similar
sized fragments was obtained in most of the fractions, usually with a
certain fragment predominating over the others. Fractions containing
similar sized fragments were pooled as shown in Table 1.

b) Electrophoretic fractionation. A 422 ug sample of Hae III digested

pBR322 DNA was electrophoresed on a discontinuous polyacrylamide gel.
The bottom layer (20 m1) was composed of 10% polyacrylamide to prevent
the loss of smaller fragments. The top layer (80 ml1) was composed of 4%
polyacrylamide in order to separate larger fragments. The DNA fragments
were loaded in a 1.0 m1 sample containing 250 ul1 of bromophenol blue

solution and electrophoresed at 80 V for 16 h. After staining the gel



Table 1. HPLC fractionation of Hae III digested pBR322 DNA.

Fragment number Fragm%gé)length Fragment poo]sJr
1 587
2 540
3 504
4 458
5 434
6 267
7 234
8 213 |
9 192 :
10 18i 1
11a 124 I
11b 123 : c
12 104 |
13 : 89 : B
14 80 [
15 64 |
16 57 :
17 51 |
18 T
19 18 5‘_"‘
20 11
21 7

1LS(.)h'd lines indicate predominant fragments in the pool; dotted
lines indicate fragments present in lower concentrations.
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with ethidium bromide, the DNA bands were visualized under UV light.

Hae III fragment bands 1-6 were individually cut out and placed into
dialysis bags with 1.0 ml of peacock's buffer. The dialysis bags were
submerged in peacock's buffer and the DNA electroluted for several hours
at 150 V. After electrolution, each DNA preparation was phenol-ether
extracted and dialyzed against water. After dialysis the DNA fragments

were dried under vacuum and then resuspended in 30 ul of water.



RESULTS

The overall stragegy of this study requires an efficient method of
constructing insertions within the J-F intercistronic region of §X174.
Since this region is not translated and no biological assay is available
to identify mutations in it, isolating mutants by standard genetic
techniques would be difficult. This made it necessary to devise a
biochemical rather than biological scheme for the construction and
isolation of insertion mutants. Fig. 1 shows a general outline of this
scheme as it was used in this study. The parental strain was the
previously constructed insertion mutant §X174 ins6 (62). It was chosen
because its entire sequence is known (63) and its insert sequence
contains a unique Pvu II restriction site. Pvu Il cleaves the sequence
5'-CAGCTG-3" and leaves blunt ends into which blunt ended DNA fragments
can be inserted. Since its entire sequence has been established (82)
and because it is relatively easy to isolate in large quantities, the
plasmid pBR322 was used as the source of DNA fragments for insertion.
Hae III treatment of pBR322 yields 22 blunt ended fragments ranging in
size from 7 to 587 bp (84), (see Table 1). The Hae III ends on these
fragments can be joined to Pvu II ends without regenerating new Pvu II
sites. Furthermore, pBR322 contains only one Pvu II site, so only one
of these fragments can be cleaved with Pvu II. Both of these considera-
tions are important becatise Pvu II restriction is an essential part of
the biochemical screening procedure used in the scheme as described

below.



Fig. 1. Scheme for the construction of @X174 am3 mutants with in-
creased genome sizes. Pv stands for a restriction site recognized by
the enzyme Pvu II. Ps stands for a restriction site recognized by the
enzyme Pst I.



19



@

PX174 ins6 RF DNA

(parental)

l treatment with

—>

pBR322

treatment with
Hae IIL

Pvu II

2N

22 blunt ended

5' Gm————————C-3'  5'-CTG—————CAG-3' fragments of

3' -C———-—G-5' 3' -GAC

CTC-5" various lengths

linear mutant RF DNA linearized parental
RF DNA

with a variety of
deletions due to

contaminating nuclease \\‘\

;N DNA ligase

Ligation Products

LN

— «

circular deletion
mutants .
(Pvu II site destroyed)

treatment with
Pvu IT & Pst I

5'
3'______—_5'

deletion mutant DNA
linearized at Pst I site

3t

transfection

plaques containing
mutant strains

) B (GE———)

t
Ps Ps

reconstruction of circular insertion

circular parental mutants
(fragment(s) inserted)
(Pvu II site destroyed)

treatment with
Pvu IT & Pst I

treatment with
Pvu Il & Pst I

Y A 1)
3 —5' 50 3
o . v ZZZA 5
5'e—3 insertion mutant DNA

3 ———5' linearized at Pst I si
parental DNA cut into te

two fragments at both

the Pvu II & Pst I sites transfection

transfection e
plaques containing

mutant strains
no plaques

20



21

PX174 ins6 RF DNA is digested to completion with restriction
endonuclease Pvu II to obtain linear blunt ended RF DNA molecules.
During this reaction, minor nuclease contaminants in the commercial
enzyme preparation attack the exposed Pvu II ends of some of the
linearized parental molecules making deletions of various sizes.
Ligation of the Pvu II linearized parental RF DNA with T4 DNA ligase in
the presence of pBR322 Hae III fragments results in ligation products
consisting mainly of circular parental RF DNA molecules with
reconstructed Pvu II sites. In some cases, however, circular RF DNA
molecules are generated with one or more Hae III fragments inserted into
the Pvu II site. Due to the nuclease contamination mentioned above,
some circular deletion mutant RF DNA molecules are also formed having
one or more bases deleted from the Pvu II site. The insertion of a Hae
IIT fragment or the removal of even one base effectively destroys the
Pvu II site in the mutant DNAs. A major portion of the infective
centers formed and the plaques cobtained upon transfection of CaCl,-
shocked E. coli with the ligation products would consist of the
parental phage strain. In order to prevent this and enhance the chances
of isolating the desired insertion mutants, it is necessary to destroy
the parental RF DNA without destroying the infectivity of the mutant
DNAs. This is achieved by screening the ligation products enzymatically
with the restriction endonucleases Pvu II and Pst I. Treatment of the
ligation products to completion with Pvu II will result in linearization
of any parental RF DNA molecules, while any mutant RF DNA molecule will
remain circular. Although linearizing the parental DNA molecules lowers

their transfection efficiency, it does not destroy their infectivity



(62). For this reason, it is necessary to treat the ligation products
with another restriction enzyme that recognizes a unique site on the §X
genome. Pst I was used in this study and subsequent treatment of the
ligation products to completion with this enzyme results in the
fragmentation and loss of infectivity of the parental RF DNA molecules.
Mutant RF DNAs are only linearized and maintain their infectivity.
Transfection of E. coli with the enzymatically screened ligation
products should therefore result in plaques containing either insertion
or deletion mutant strains of @X174 ims6. In this study, this scheme
was used in three separate insertion experiments.

Insertion Experiment I. The largest insertion mutant of @X174

known at the beginning of this study was @PX174 <nsll, containing 153
additional nucleotides in the J-F intercistronic region (62). Since
strain 9§X174 <ims6 contains only 115 additional bases, it should be
possible to insert 48 additional nucleotides into its J-F region without
loss of viability. Based on this assumption, experiment I was
undertaken to test the efficiency of the construction and isolation
scheme. A second objective of this experiment was to determine if it
was possible to exceed the number of nucleotides contained in the J-F
intercistronic region of @X174 insll.

The experiment was carried out by ligating Pvu II linearized §X174
ins6 RF DNA in the presence of all 22 Hae III fragments of pBR322 DNA.
A sample of this ligation mixture was analyzed on a l.4% agarose gel as
shown in Fig. 2 (lane d). Comparison of this sample with the unligated

controls in lanes a, b and ¢ demonstrates that a portion of the DNA was
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Fig. 2. Ligation for Insertion Experiment I. Hae III digested pBR322
DNA (4 ng total) was added to 1.8ug of Pvu II Tlinearized §X174 ins6

RF DNA in 20 ul of ligase buffer. After addition of T4DNA ligase (1.0
unit), the reaction was incubated for 16 h at 15°C. A sample (7 u1) of
this ligation mixture was applied to a 1.4% agarose gel (lane d) and
electrophoresed for 11 h at 60 V. As controls, Pvu II linearized $X174
ins 6 RF DNA (0.6 ng) was run in lane a, the Hae III fragments (4 ug) of
pBR322 in lane b, and the combination of linear parental DNA (0.6 uqg)
and the fragments (2 ng) in lane c¢c. Both linear and circular $X174 ins6
RF DNA are indicated by arrows.



Linear—s-|

<—Circular
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converted from the Tinear to the circular form. The smear in the lower
part of lane d is due to ligation of the fragments. The remaining
portion of the ligation reaction was treated with excessive amounts of
Pvu IT and Pst I for 12 h to "screen" out non-mutant molecules.
Approximately 0.15 g of this restricted DNA was used for transfection
of CaCl,-shocked E. colt cells and the result is summarized in Table 2.
Equivalent amounts of circular, linear and screened parental DNAS were
used in the transfection as controls. The circular and linear DNA
controls demonstrate the greater efficiency of circular DNA in
transfecting cells (62). A control using screened X174 ins6 RF DNA was
necessary to determine the efficiency of the screening procedure, a.qg.
the number of plaques formed due to infective parental DNA molecules
surviving the screen. This number also includes deletion mutants formed
by removal of nucleotides from the Pvu II site by contaminating
nucleases as shown in Fig. 1.

Comparison of the plaque number obtained using linear DNA with the
number obtained in the screened control indicates an 8-fold decrease.
This suggests an efficiency of at least 87% in the destruction of
infective parental RF DNA using the Pvu II-Pst I screening procedure.
Hence, seven out of every eight plagues obtained from the screened
ligation products were expected to contain mutant phages. However, there
was no obvious difference found in the size or morphology of the plaques
to distinguish mutant strains from parental. Therefore it was necessary
to test individual plaques by examining the DNA of the phages. Phage
titers and RF DNAs were prepared from plaques by the miniprep procedure.

RF DNAs from 55 different plaques were prepared and tested for the



Table 2. Transfection results of Insertion Experiment I.

Amount of DNA per

Type of DNA transfection mix % of transfection Number
(ug) mix plated of plaques
1.7 > 3007
o 6.7 *> 300
X 14
Circular ¢$X174 1ns6 RF 0.146 33.3 = 3002
58.32 > 300
) 1.7 67
Pvu II linearized 6.7 102
$X174 insé RF 0.155 33.3 220
58.3 > 300°
1.7 0
¢X174 ins6 RF a 6.7 04
screened control 0,155 33:.3 25d
58.3 48
1.7 3
Screenedbligation 6.7 7
products 0.155 33.3 240
58.3 300 * 30

%as a control, ¢X174 ins6é RF DNA was linearized with Pvu II, religated with T4DNA
ligase and then cleaved with Pvu II and Pst I to completion.

b :
Refers to treatment of the ligation products with Pvu II and Pst I (Fig. 1).
®More than 300 plaques per plate were uncountable due to confluent lysis.

d :
No attempts were made to determine whether these plaques contained parental phage
or deletion mutants.
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absence of a Pvu II site with Pvu II-Sst II double digests. Shown in
Fig. 3 are 15 samples examined with this double digest. Parental DNA
was digested as a control (lane b) to indicate the fragments expected of
a sample containing an intact Pvu II site. Migration of a DNA sample to
the linear position was indicative of a mutant DNA with a destroyed Pvu II
site. Fourteen of these first 15 samples were identified as mutants,
while one sample (lane 1) displayed the two fragments characteristic for
parental DNA. Further analysis showed that 48 of the 55 isolated RF
DNAs were from mutant strains. To determine which of these were
deletions and which were the desired insertion mutants, samples from all
48 mutant DNAs were digested with Hae III and electrophoresed on agarose
gels. This digest indicated that only two of the isolated DNAs were
from insertion mutants (Data not shown). Of the remaining 46 mutant RF
DNAs, 31 were from deletion mutants while the rest were either mixtures
of more than one type of mutant or a contamination. Sizing of the
deletion mutants demonstrated that only one retained part of the
original parental insert. The rest had deleted the entire parental
insert plus additional nucleotides. One of these appeared equivalent to
strain 0X174 del2 while the other 29 all had deletions equivalent to
strain 9X174 del3, which contains the largest possible deletion from the
J-F region (62, 63). The significance of this finding will be discussed
later.

For further identification of the two insertion mutants, larger
amounts of RF DNA were prepared (36) and digested with restriction

enzymes. Fig. 4 shows a Hae III digest of these two new mutant DNAs
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Fig. 3. Pvu Il - Sst II restriction analysis of mutant RF DNAs from
Insertion Experiment I. RF DNAs (0.5-1.0 ug) were digested with Pvu II
and Sst II for 8 h at 37°C. The samples were electrophoresed on 1.4%
agarose gels for 12 h at 40 V. A control digest of PX174 7ns6 RF DNA
(0.6 ug) shown in lane b, indicates the expected fragments when an
intact Pvu II site is present. Lane a contains undigested circular,
supercoiled parental DNA (0.6 upg). Lanes ¢ to q contain digested RF
DNAs of isolated mutant candidates. The positions of linear, circular
and supercoiled RF DNA are indicated by arrows.
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Fig. 4. Hae III restriction analysis of insertion mutants from Inser-
tion Experiment I. RF DNAs (6 ug) were treated with restriction endo-
nuclease Hae III (6 units) for 8 h at 37°C, and the products were
separated on a 4% polyacrylamide gel (16 h, 80 V). The arrows indicate
the positions of Hae III fragments characteristic for the parental
strain @X174 ins6 (lane c). Digested strain PX174 <nsll RF DNA was run
as a control in lane d. The digested DNA of two newly isolated
insertion mutants was run in lanes a and b respectively.
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(lanes a and b). The characteristic Hae III fragments obtained by
digestion of parental RF DNA are shown in Tane c. Hae III fragment band
5-8 is a fusion band created when the original Hae III site between Hae III
fragments 5 and 8 of @X174 an3 was destroyed by the insertion of the

115 nucleotides contained in @X174 ins6 (62). This means that Hae III
fragment band 5-8 is the indicator band for determining whether an
insertion or deletion has occurred because it contains the PX174 insé6
Pvu II site. Therefore, an increase in the size of band 5-8 is
indicative of an insertion. For both new insertion mutants this
increase was determined graphically to be approximately 18 bp (Meterials
and Methods). Consequently, neither mutant contains an insert larger
than 9X174 <nsll (lane d). This was confirmed in a second digest using
restriction endonuclease Hpa II (Fig. 5). In this digest the five
characteristic Hpa II fragments of @X174 an3 RF DNA are shown in lane e.
A marked increase in the size of fragment 3 is shown in lane c
containing digested §X174 ins6 RF DNA. This indicates that fragment 3
has the @X174 <ns6 insert containing the Pvu II site. Both mutant
digests (lanes a and b) show a further increase in the size of fragment
3 due to insertion of DNA. Graphic determination of fragment 3
indicated that both mutant DNAs contained approximately 18 more base
pairs than @X174 ins6. @X174 ins 11 (lane d) behaves differently in this
digest in that fragment 3 is cleaved into two new fragments due to
insertion of an additional Hpa II site. A final digest of the mutant
DNAs was carried out using restriction endonuclease Hha I. This enzyme
was chosen because it provides a very sensitive means of determining the

size of insertions within the J-F intercistronic region of §X174 am3,
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Fig. 5. Hpa II restriction analysis of insertion mutants from Inser-
tion Experiment I. RF DMNAs (6 ng) were treated with 6 units of res-
triction endonuclease Hpa II for 8 h at 37°C and the fragments were
separated on a 4% polyacrylamide gel (80 V, 16 h). The arrows mark the

5 Hpa II restriction fragments characteristic for strain @PX174 am3

RF DNA (lane e). Digested RF DNAs of parental strain §X174 <ns6 (lane c)
and strain PX174 insll (lane d), both of which are insertion mutants

of @X174 am3, were run as controls. Digested RF DNAs of the two newly
isolated insertion mutants were run in lanes a and b respectively.
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since this whole region is contained within a relatively small Hha I
fragment of 93bp. The characteristic Hha I fragments for @X174 am3
(lane a) are indicated by the arrows in Fig. 6. In comparison, the
fragment bands for PX174 ins6 (lane b) show the disappearance of
fragment 12 and the appearance of two new fragments. This is due to a
new Hha I site contained within the insert of @X174 ins6. One of these
new fragments can not be resolved from fragment 10 and both appear on
the picture as one bright band. In the new insertion mutants (lanes d
and e), this new fragment comigrates with Hha I fragments 9a and 9b,
creating a band of triple intensity. The difference in the size of this
fragment between the mutant and parental strains was graphically
determined to be approximately 20 bp.

Overall the restriction analyses of the two new insertion mutants
indicate that both have genome sizes approximately 18 to 20 bp greater
than strain @X174 ims6. In relation to ©0X174 am3, this means a total
insert size of 134 bp in the J-F intercistronic region. The insert size
points to pBR322 Hae III fragments 18, 19 or a combination of 20 and 21,
(see Table 1). However, the Hae III analysis indicated no new Hae III
site which eliminates the double insertion of fragments 20 and 21.
Likewise, Hae III fragment 18 was eliminated as a possibility by the Hpa
IT analysis, since this fragment contains an Hpa II site. This leaves
Hae III fragment 19 as the most likely fragment inserted. Although both
mutants appeared to have the same insert, DNA sequencing may show a
difference in the direction of fragment insertion or a difference in

size by 1 or 2 base pairs. Therefore after restriction analyses, these
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Fig. 6. Hha I restriction analysis of insertion mutants from Insertion
Experiment I. Hha I digests of RF DNA (7 ug) were performed with 6

units of restriction enzyme for 8 h at 37°C and the products separated

on an 8% polyacrylamide gel (16 h, 80 V). Hha I fragments character-
istic for $X174 am3 (lane a) are indicated by arrows. Digested RF DNAs
of strain X174 ins6 (lane b) and strain $X174 <mnsll (lane c) were used
as controls. Digests of the two new insertion mutants were run in lanes
d and e.
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two new mutants were designated @X174 J-F ins 61l and @X174 J-F ins62
respectively.

Insertion Experiment II. Even though only two insertion mutants

were obtained, Insertion Experiment I proved that it was possible to
construct and isolate mutants with insertions in the J-F intercistronic
region of @X174 ins6 by using the scheme outlined in Fig. 1. However,
the results did not allow any conclusions as to whether it was possible
to increase the genome size beyond that of strain 9X174 ins11.
Insertion Experiment II represents an attempt to increase the genome
size beyond that of @X174 insll. Hae III fragments of pBR322 were
fractionated by high pressure liquid chromatography (Materials and
Methods), and specific fractions were combined to make three separate
pools. The predominating fragments of each pool increased in size
moving from pool A to C (Table 1). Thus, it was possible to use pools
with fragments of defined size ranges for the insertion experiment.
Pool A containing fragments 18 and 19 was used as a control because
fragments of this size range (18-21 bp) had already been inserted
successfully into PX174 ins6 in the previous experiment.

In the ligation reaction, 1.2 g of Pvu II linearized @X174 ins6 RF
DNA was ligated in the presence of at least a 40-fold molar excess of
the Hae III fragments contained in either pool A, B or C. A sample was
taken from each ligation mixture and the extent of ligation analyzed on
an agarose gel. Fig. 7 shows that 25 to 30% of the RF DNA was converted
from the linear to the circular position, as judged from the intensity
of the bands. As expected, ligation products from the fragments were not

visible, since an insufficient amount of fragment DNA was contained in



Fig. 7. Ligation for Insertion Experiment II. Aliquots of either pool
A(~0.3 ng), B(~0.8ug)or C(v1.5ug) containing purified Hae III
fragments of pBR322 (Table 1), were added to 1.2 g of Pvu II linearized
PX174 ins6 RF DNA in 20 1 of ligase buffer. After addition of T,DNA
ligase (4 units), the reaction mixtures were incubated for 16 h at 15°C.
Samples of each ligation were analyzed on a 1.4% agarose gel (3 h, 120
V). Lane a contains Pvu II linearized @®X174 <ns 6 RF DNA (0.6 1g) as a
linear marker. Lanes b, ¢ and d contain 10 u1 aliquots of the ligation
products A, B and C respectively.
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each ligation mixture to present a visible band for each of the many
possible products. Like Insertion Experiment I, a major product of the
ligation reaction was expected to be recircularized parental RF DNA
molecules. Therefore, each mixture of ligation products was treated
with a large excess of the screening enzymes Pvu Il and Pst I to insure
destruction of parental RF DNA. Samples from each mixture were then
used to transfect CaCl,-shocked E. coli and the results are shown in
Table 3. Comparison of the number of plaques obtained from the
unscreened linear control DNA with those obtained from parental screened
control DNA indicated over 99% reduction of infective parental DNA
molecules due to the screening procedure. This suggested that at least
99% of the plaques obtained from each screened ligation mixture were
mutant strains. Comparison of plaque numbers from each of these
transfections also reveals that the larger the fragment size used for
insertion, the fewer the number of plaques obtained. Furthermore,
inspection of the plaque size indicated an increased percentage of
smaller plaques concomittant with the increase in size of the insertion
fragments. These two findings may point to decreasing phage viability
with increasing insertion size. Since it was possible that the smaller
plagues contained less viable mutant strains, they were used for
isolation of phage and subsequently of RF DNA by the miniprep procedure
(Materials and Methods). RF DNAs from a total of 23 plaques were
prepared and used for restriction analysis with restriction endonuclease
Hae III. Separation of these digests on agarose gels revealed that 20

of the RF DNAs stemmed from insertion mutants and 3 from deletion



Table 3. Transfection results of Insertion Experiment II.

Amount of DNA per

transfection mix % of transfection Number
Type of DNA (ug) mix plated of plaques
1.7 > 3002
. . 6.7 > 300
Circular ¢X174 1ns6 RF 0.15 33.3 5 300c
58.3 > 300°
1.7 83
Pvu II linearized 6.7 167
¢$X174 ins6 RF 0.15 33.3 300 * 30
58.3 > 300°
1.7 0
$X174 ins6 RF a 6.7 04
screened control 0.15 33.3 1
58.3 o
1.7 4
5creenedbligation 6.7 14
products 0.15 33.3 100
A 58.3 300 + 30
Screenedbligation 1.7 4
roducts 0.15 57 18
P s . 33.3 47
58.3 152
Screened, ligation =7 4
roducts 0.15 6.7 ¢
P s : 33.3 22
58.3 75

%s a control ¢X174 ins6 RF DNA was linearized with Pvu II, religated with T4DNA
ligase and then cleaved with Pvu II and Pst I to completion.

bThe ligation reaction contained Pvu II linearized ¢X174 ins6 RF DNA and purified
Hae III fragments 18 and 19 (A), 1lla-17 (B), and 8-17 (C) from the plasmid pBR322
(Table 1). Screening involved treatment with Pvu II and Pst I.

“More than 300 plaques per plate were uncountable due to confluent lysis.

dNo attempt was made to determine whether this plaque contained parental phage or
a deletion mutant.



43

mutants. None of the isolated RF DNAs were from a parental phage. Since
the insertion mutants were of predominant interest, the Hae III digests
of the 12 largest were further characterized on polyacrylamide gels
(Fig. 8a and 8b). Determination of the fragment sizes revealed that 11
of the 12 new insertion mutants were larger than @X174 insll. Some of
the new mutants appeared to have more than one Hae III fragment inserted
(Fig. 8a, lane c and Fig. 8b, lanes a, c, e and f). This regenerated a
Hae III site between the inserted fragments. Consequently, upon Hae III
digestion the characteristic fragment 5-8, which contains the new
insertion, is cleaved into two new fragments. Mutants having only one
Hae III fragment inserted maintained an intact but enlarged fragment 5-8,
(Fig. 8a, lanes a, b and d to f and Fig. 8b, lanes b and d). The

amount of DNA inserted into each of these mutants was estimated by
graphically determining and summing the fragment sizes. Mutant C-7
(Fig. 8b, lane a) was found to have a total of 226+5 bp inserted and was
the largest strain obtained. Since @X174 ins6, the parental strain, is
already 115 nucleotides larger than wt @X174, the genome of this new
mutant is approximately 341 nucleotides larger than that of wt @X174.
This was confirmed by comparing a Hae III digest of mutant C-7 RF DNA
with a digest of @X174 an3 RF DNA as well as two other size markers
(Fig. 9). The insert in mutant C-7 contains a Hae III site and is
therefore composed of two pBR322 fragments originally derived from pool
C (Table 1). Length determination of these fragments suggests that the
inserted DNA contains pBR322 fragments 12 and either 1lla or 1lb. This
is not surprising because these three fragments are the predominant ones

of pool C (Table 1). Fragment 12 contains the Bam Hl site of pBR322 and



Fig. 8. Hae III restriction analysis of insertion mutants from Inser-
tion Experiment II. RF DNAs (5 to 8 ug) were treated with 12 units of
restriction endonuclease Hae III for 6 h at 37°C and the products were
analyzed on 4% polyacrylamide gels (15 h, 80 V). In both Fig. 8a and
Fig. 8b, the arrows indicate the Hae III fragments characteristic for
strain PX174 ins6 (lane j). Digested RF DNAs of strains @X174 insll
(lane i), @X174 dei2 (lane h) and PX174 del3 (lane g) were used as size

markers. Lanes a to f contain digested RF DNAs of newly isolated in-
sertion mutants.
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Fig. 9. Hae IlI restriction analysis of the largest insertion mutant
from Insertion Experiment II. RF DNAs (6 to 8 ug) were treated with
restriction endonuclease Hae III (8 units) and then electrophoresed on a
4% polyacrylamide gel (16 h, 80 V). The Hae III fragments charac-
teristic for strain @X174 wn3 (lane a) are indicated by arrows.

Digested RF DNAs of strain @X174 <nsll (lane b) and X174 del3 (lane c)
viere used as size markers. A digest of RF DNA from the largest inser-
tion mutant isolated was run in lane d.
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a Bam Hl1 digest confirmed the presence of this fragment in mutant C-7 RF
DNA (Data not shown). Fragments 1la and 11lb differ in size by only 1 bp
and neither have any known restriction sites. Thus, without DNA
sequencing the exact composition of this insert can not be determined.

Only a few of the other insertion mutants were chosen for further
analysis. One of these (C-5; Fig. 8b, lane b) was formed by the
insertion of approximately 64 bp into the parental strain resulting in a
genome size approximately 181 nucleotides greater than the wt PX174.
This suggests the insertion of Hae III fragment 15, a minor component of
pool C which is 64 bp in length (Table 1). Mutants B-4 and B-9 (Fig.
8a, lanes c¢ and f) appeared to have inserts of approximately 110 bp and
thus have genome sizes which are approximately 227 bp larger than that
of wt @#X174. Assuming a maximal error of 5 bp in determining the
length of the inserted fragments, there are two candidates as potential
inserts, pBR322 Hae III fragments 16 an 17. Further restriction
analysis is necessary to characterize the insert in these strains
accurately. The second largest insertion mutant obtained in this
experiment was C-1 (Fig. 8b, lane e), having two Hae III fragments
inserted. Determination of their size points to Hae III fragments 13
and either 1la or 1lb as the inserts. This means that the C-1 genome is
approximately 326 nucleotides longer than the genome of wt @X174.

RF DNAs of the 3 deletion mutants were also Hae III digested and
analyzed by agarose gel electrophoresis. Their deletious appeared to be
of varying size but in no case did they exceed the number of bases
deleted in PX174 del3, the smallest available J-F intercistronic mutant

of PX174.
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Insertion Experiment III. In the preceeding experiment a viable

PX174 mutant strain with a genome of 5726 =5 nucleotides was isolated.
This was approximately 340 nucleotides larger than the genome of wt
PX174 and the insert was more than twice the size of the previously
constructed largest insertion mutant §X174 <nsll. However, studies
involving the in vitro packaging of plasmid DNAs into the @X capsid (3)
have indicated that it might be possible to isolate a PX174 mutant with
close to a 10% increase in genome size e.g. an insert of approximately
540 nucleotides. This was attempted in Insertion Experiment III using
pBR322 Hae III fragments 1, 3, 4 and 5 (Table 1), which upon insertion
would increase the genome size by 10% or more.

The DNA fragments were purified by electrophoretic fractionation as
described in Materials and Methods. Pvu II linearized @X174 ins6 RF DNA
was ligated in the presence of a 30-fold molar excess of either of these
purified Hae III fragments. Fig. 10 shows the results of these ligation
reactions. Linearized parental RF DNA before and after treatment with
T4 DNA ligase was run in lanes a and b respectively, in order to show
the position of circularized RF DNA. A mixture of Pvu II linearized
parental RF DNA plus the four Hae III fragments was run in lane c to
mark the position of each fragment before ligation. Lanes d to g
contain approximately half the amount of RF DNA after ligation with Hae
III fragments 1 (lane d), 3 (lane e), 4 (Tane f) and 5 (1ane g). The
formation of multimeric forms of each of the Hae III fragments as well
as the almost complete shift of the RF DNA away from the linear position

is indicative of a very good ligation. In fact, the ligation control in



Fig. 10. Ligation for Insertion Experiment III. Approximately 2 ug
each of purified Hae III fragments 1, 3, 4 and 5 of pBR322 were sepa-
rately mixed with 0.6 ng of Pvu II linearized @§X174 ins6 RF DNA in 20 u1l
of ligase buffer. After addition of T,DNA ligase (4 units), each
ligation reaction was incubated for 16 h at 14°C. Samples of each
ligation reaction containing equal amounts of RF DNA were run on a 1.4%
agarose gel for 12 h at 40 V. As a control, Pvu II linearized PX174 insb
RF DNA (0.6 ng) was run before ligase treatment (lane a) and after
ligase treatment (lane b). An unligated mixture of linear 9X174 ins6 RF
DNA (0.6 ug) and all four Hae III fragments (1.0 ug each) was run in
lane c. Lanes d to g contain Pvu II linearized @X174 <ins 6 RF DNA
ligated in the presence of Hae III fragments 1, 3, 4 and 5 respectively
(also see Table 4).
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lane b indicates at least a 70% shift from linear to circular form, as
judged by band intensity.

As before, the ligation products were treated successively with Pvu II
and Pst I to destroy infective parental RF DNA molecules. For
convenience the resulting reaction mixtures were labelled A, B, C and D
as outlined in Table 4. The equivalent of 0.1 ng of input genomic DNA
from each of these reaction mixtures were used for transfection and the
results are summarized in table 4. Comparison of the number of plaques
obtained with linear control DNA with the plaque number for screened
control DNA indicated at least a 10-fold reduction of infective parental
DNA molecules due to the screening procedure. Thus, one could assume
that among the plaques resulting from the screened ligation reactions
not more than 10% would be parental phage. One would also expect to
find at least as many plaques resulting from these screened ligation
samples as were obtained from the screened parental DNA control.
However, the number of plaques derived from each of the screened
ligation products was well below the parental control, (approximately
15-fold less). This suggested that the insertion of Hae III fragments
1, 3, 4 or 5, as well as the screening procedure, rendered the majority
of the RF DNA molecules in the ligation products non-viable. Therefore,
the majority of the plaques obtained from each of the screened ligation
products were expected to contain either parental phage or deletion
mutants of the parental strain. The only indication that there might be
insertion mutants present was the finding of 5 smaller sized plaques.

A total of 30 plaques, including the 5 smaller ones, were isolated

from the transfected ligation products and RF DNAs prepared by the



Table 4. Transfection results of Insertion Experiment III.

Amount of DNA per

transfection mix % of transfection Number
Type of DNA (ug) mixAE}atedc of plaques
1.7 59
3.3 102
Pvu II linearized 5.0 167
$X174 ins6 RF 0:11 6.7 206
16.7 300 * ao
66.6 > 300
1.7 18
3.3 18
¢X174 insé RF 5.0 3:
screened control 0.11 6.7 S
16.7 207
66.6 60
1.7 0
3.3 0
Screenedbligation 5.0 (o]
products 0.11 6:7 0
A 16.7 (o]
66.6 2
1.7 0
Screenedbligation g'g i
products 0.11 °
B 6.7 (¢}
16.7 1
66.6 6
1:7 o]
3.3 0
Screenedbligation ‘ 5.0 2
products . 0.11 6.7 2
c 16.7 3
66.6 4
1.7 1
3.3 2
Screenedbligation 5.0 0
products 0.11 6.7 0
D 16.7 1
66.6 7

%As a control, ¢X174 ins6 RF DNA was linearized with Pvu II, religated with
T4DNA ligase and then cleaved with Pvu II and Pst I to completion.

bLiqation reactions contained Pvu II linearized ¢X174 ins6 RF DNA and indivi-
dually purified Hae III fragments 5 (A), 4 (B), 3 (C), and 1 (D) of the
plasmid pBR322. Screening involved treatment with Pvu II and Pst I.

“The transfection mix was plated directly without additional seed cells to
allow for large plaque formation.

4a
More than 300 plagues per plate were uncountable due to confluent lysis.

e : :
No attempts were made to determine whether these plaques contained parental
phage or deletion mutants.
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miniprep procedure (Materials and Methods). The preliminary
designations for the corresponding phage strains were 5A-1, 4B-1 to 4B-9,
3C-1 to 3C-9 and 1D-1 to 1D-11, whereby the first number stands for the
Hae III fragment used in the ligation and the letters refer to the
transfection mixture from which the strain was isolated. The isolated
RF DNAs were treated with restriction endonuclease Hae III and analyzed
by agarose gel electrophoresis. A representative gel is shown in Fig.
11 in which there are 6 deletion mutants and one insertion mutant.
Analysis of all 30 plaques revealed only 3 insertion mutants, all of
which contained greater lengths of inserted DNA than strain @X174 ins11.
None of these insertion mutants contained as much extra DNA as strain C-7
constructed in Insertion Experiment II. This is particularly
significant since the smallest fragment used for insertion was 434 bp
long and if inserted would result in a mutant genome much larger than
that of C-7. Thus the 3 insertions obtained may have been degradation
products of the pBR322 fragments. This will be discussed in detail
later. Of the 27 remaining samples, 3 were @X174 am 3 contaminants, 12
had genomes similar in size to the parental strain and 12 were deletion
mutants. Of these, 10 had deletions equal to that of strain @X174

del3, and are shown in Fig. 11, lanes b, ¢, f and g. The other two
deletion mutants lacked only a part of the parental insert sequence. A
closer examination of those samples similar in size to the parental
strain was undertaken by testing for the presence of a Pvu II site with
a Pvu II - Sst IT - Pst I triple digest. This analysis demonstrated
that two of the samples were mutant DNAs with destroyed Pvu II

sites (Fig. 12, lanes b and c). Since both mutants also have Hae III
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Fig. 11. Hae III digest of isolated RF DNAs from Insertion Experiment

ITI. RF DNAs (6-8 g) were digested with Hae III (5 units for 12 h,

37°C) and 2.5 g aliquots were electrophoresed on a 1.4% agarose gel

(3 1/2 h, 120 V). The arrows indicate some of the bands characteristic for
strain §X174 am3. In lane e, the band between fragments 3 and 4

migrates slower than the corresponding band of the parental phage @X174
insb in lane d. This identifies this strain as an insertion mutant. In
all of the other samples this band migrates faster than the parental
fragment, which is characteristic of deletion mutants.
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Fig. 12. Triple digest with Pvu II, Sst II and Pst I. 2 to 3 ug of the
RF DNAs were added to Pvu II buffer and then treated with Pvu II (5
units) and Sst II (6 units) for 6 h at 37°C. The DNA samples were then
ethanol precipitated, resuspended in Pst I buffer and mixed with 5 units
of Pst I (6 h, 37°C). Electrophoresis was on 1.4% agarose (14 h, 60 V).
The arrows 1, 2 and 3 mark the fragments derived from complete digestion
of strain ©X174 ins6 RF DNA (lane a). The partial bands result from
incomplete cleavage of the Pvu II site (2 and 3) or the Pst I site (1
and 3) respectively. The Sst II digest went to completion in each case
and no 1 and 2 partial band was obtained. Complete absence of fragments
2 and 3 in lane b and c is indicative of mutant DNAs with destroyed Pvu
IT sites.
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fragments of similar length as strain @¥X174 ins6, they must be either
deletion or insertion mutants with the loss or addition of only very few
nucleotides arcund the Pvu II site. The results of Insertion Experiment
IIT are summarized and compared to the two preceeding experiments in

Table 5.
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Table 5. Summary of Insertion Experiments I, II and III.

Number of plaques % insertion % deletion
Experiment number analyzed mutants mutants % parental % other?
I 13 3.6 56.4 12.7 273
II 23 87 1S 0 0
I1I 30 10 46.7 333 10

@ This refers to plaques which seemed to contain more than one type of mutant phage or a contaminating
phage.



DISCUSSION

A group of viable §X174 mutants with genome sizes beyond that of
any previously existing @X174 strain were constructed using a unique
system for site-specific modification of the J-F intercistronic region
and employing a biochemical selection procedure for isolation of the
desired mutants. The success of this system depended upon three
factors: 1) the use of a previously constructed @X174 insertion mutant
containing a unique restriction site (62), 2) the use of sufficient
quantities of materials to allow monitoring of key <n vitro construction
steps electrophoretically, and 3) successful destruction of infective
parental RF DNA molecules with an enzymatic screening procedure. Al1l
three factors were crucial to the success of this work for the following
reasons: a) need of a unique site for DNA insertion, b) the need to
monitor ligation efficiencies and show successful construction of
mutants to prove the system works and, c) the need to enhance isolation
of desired mutant strains. The efficiency of this technique varied from
experiment to experiment and was largely dependent on the completeness
of the "screening reactions.” Table 5 shows that in the best case 100%
of the plaques picked were from mutant strains while in the worst case
only 56% contained mutant phage.

Several mutants were isolated with genomes greater than X174 insll
and the largest of these contained a total insert of approximately 340
nucleotides. Although this is the largest @X insertion mutant to date,
experiments in which plasmid DNA was packaged into the §X174 capsid in

vitro suggest that larger insertions may be possible (3). In an attempt
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to determine the maximum insert size possible <n vivo , Insertion
Experiment IIIl was performed which gave two findings of significance.
The first of these is shown in Table 4. The number of plaques obtained
in the transfection from each of the screened ligation products was
greatly reduced in comparison to that obtained with the screened
parental RF DNA. This could occur if the increased molarity of "ends"
produced by the addition of the fragments resulted in a lowering of the
efficiency of recircularization and if the Pvu II cleavage of parental
DNA was less efficient than Pst I cleavage in the screening reactions.
In this way, screening of the parental DNA could possibly leave some
uncleaved Pvu II sites and result in parental survivors whose number
might theoretically be higher than that of the recircularized molecules
in the ligations. However, as can be seen in Fig. 10, the ligation
efficiency for this experiment was very good making this possibility
very unlikely. This leaves only two other possible explanations for the
reduction in plaque number. Either all of the large fragments used for
insertion contain biologically active sites which prevented normal
expression of phage genes or the insertion size, as well as the
screening reaction, greatly reduced the number of viable infective
centers produced upon transfection. Preliminary evidence for the latter
was found upon analyzing the genomic size of mutant strains. The
smallest Hae III fragment used in this experiment was 434 bp in length
and if inserted would result in a genome 549 nucleotides Targer than wt
@X174. The ligation results indicate that this fragment as well as the
larger fragments must have been inserted. Yet, only 3 mutants

containing insertions were isolated, even though almost 90% of the
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plaques were analyzed. None of these had an insert as large as 549
nucleotides. This means that these 3 mutants may have originally had a
larger insert which was reduced due to some form of selective pressure
selecting for in vivo deletions. Another possible explanation is that
minor contaminating nucleases in one or more of the fragment stocks may
have resulted in degraded fragments which were inserted upon Tigation.
However, there was no evidence of substantial amounts of these fragments
or measurable amounts of contaminating nucleases in the ligation
reaction (Fig. 10). Therefore, if these fragments existed, their
concentration must have been very small and their insertion a rare event
compared to insertion of the full length fragments, present in much
higher concentration. This finding in combination with the transfection
results support the invitro packaging results of Hayashi's lab (3) and
suggest that the insertion of more than 550 nucleotides exceeds the
1imit for @X174. Further studies are required to determine the exact
upper size limit.

Previous comparative growth studies of the insertion mutant @§X174
insll indicated that it was approximately 50% as efficient as wt @X174
(63). This raises questions about the growth efficiency and other
biological aspects of the mutants constructed in this study. In the
transfection results of Insertion Experiment II, there was an indication
that the efficiency of a mutant might decrease proportionately with its
insert size. However, the only evidence for this was a decrease in the
number and size of the plaques obtained concommitant with an increase in

the size of the fragments used for insertion. Although this is not very
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conclusive evidence, one would expect a further reduction in the growth
efficiency of the new mutants. This remains to be tested.

Besides insertion mutants, there were also deletion mutants
isolated in all three experiments. None of these mutants had a deletion
greater than strain @X174 del3 (62). This is significant because it
proves indirectly that the 27 bp deletion in @X174 del3 is the largest
amount of DNA that can be removed from the J-F intercistronic region
without disrupting an essential function (63). Furthermore, this is
indirect evidence for the essentiality of gene Jin vivo, which has not
been proven so far because of a lack of gene J mutants.

The existence of @X insertion mutants with as much as 340
additional nucleotides is interesting from an evolutionary point of
view. Such an insertion is roughly equivalent to the size of @X gene E
or the combination of genes J and K. This is indirect evidence that
overlapping of all of these 3 genes in @X174 is not an absolute
requirement for packaging. Rather, the evolutionary driving force for
overlapping of genes may simply be improved growth efficiency due to the
smaller genome. On the other hand gene ovér]apping may have regulatory

advantages.
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