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ABSTRACT Insertions in bacteriophage Mu DNA have
been identified. These insertions are responsible for at least
seven X mutations, all of which eliminate essential Mu func-
tions. The insertions are about 800 base pairs long and are lo-
cated to the left of the cleavage site of restriction endonucle-
ase EcoRI, near the immunity end of Mu DNA. We have
found that such’insertions cause a reduction in the length of
nonhomologous terminal sequences which are seen as split
ends in denatured and renatured Mu DNA molecules. These
heterogeneous sequences apparently arise from packaging of
host DNA from maturation precursors in which Mu and host
DNA are covalently linked. We infer that a single Mu ge-
nome length is too short to be cut during morphogenesis, and
thus some host DNA is packaged into mature virions. Since
the insertions increase tge length of Mu DNA, they decrease
the amount of host DNA needed for packaging.

The temperate bacteriophage Mu is characterized by the
highly promiscuous integration of its DNA into the genome
of its host bacterium Escherichia coli (1-3). The prophage
Mu DNA can be excised precisely from the different inte-
gration sites, and as a result wild-type function of the gene
into which Mu was inserted can be restored (4). This reversal
of Mu integration can be seen if the prophages contain the X
mutations, which block the lethal and essential phage func-
tions.

Mu X mutants revert to wild type at a frequency of about
1078, However, no X amber mutants have been found.
Thus, we proposed that the X mutations are insertions (4).
We have investigated the nature of the X mutations by agar-
ose-gel electrophoresis of Mu DNA fragments produced by
specific endonucleases, and by electron microscopic exami-
nation of Mu DNA heteroduplexes. These studies have
shown that the X mutations are insertions near the immuni-
ty (c¢) end of Mu DNA. In one X mutant, the insertion is
demonstrated to be of about 720 base pairs, located 4 kilo-
bases (kb) away from the ¢ end.

The isolation of insertions in Mu DNA has allowed us to
analyze further some aspects of Mu DNA structure. Mu
DNA, a double-stranded linear duplex of about 37 kb (5),
has some interesting features. When it is denatured and
reannealed, two types of homoduplex molecules are ob-
tained (Fig. 1). All the molecules show single-stranded tails
or split ends, measuring about 4% of the molecular length.
The split ends, which apparently represent sequences picked
up randomly from the, E. coli chromosome, are always
found at the S gene end, called here the SE end, of Mu DNA
(6-8). Some molecules show another nanrenaturable region,
termed the G bubble, near the SE end (9). Recently, we ob-
served that the ¢ end of Mu DNA is also not fixed, and prob-
ably varies in length by about 100 base pairs (10, 11).

Abbreviation: kb, kilobase.
t To whom correspondence should be directed.
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One plausible model for the origin of the heterogeneity of
the SE end is that Mu DNA is packaged into phage heads
from maturation precursors which contain both Mu DNA
and host sequences. This hypothesis implies that the Mu ge-
nome alone is too short to be cut during the maturation pro-
cess and therefore some host DNA is packaged along with
the phage DNA.

The headful packaging model leads to the prediction that
if some foreign DNA is inserted into Mu DNA there will be
a decrease in the length of the split end corresponding to the
size of the insertion. By examining Mu DNA containing an
X insertion, we have found that this prediction is fulfilled.
We report here that the presence of an insertion in Mu DNA
causes a reduction in the length of the split end by an
amount equal to the length of the insertion.

METHODS

Genetic Procedures. The bacterial strains, all derivatives
of E. coli K12, the bacteriophage Mu strains, and the isola-
tion and characterization of the X mutants of prophage Mu
were reported recently (4).

Biochemical Procedures. To prepare Mu particles, the
phage lysates were precipitated with polyethylene-glycol,
the precipitates were resuspended in Mu buffer (100 mM
NaCl, 20 mM Tris-base, 0.25 MgS0Oy, 0.1 mM CaCly, and
0.1% gelatin pH 7.5), and the phage particles were purified
by cesium chloride density-gradient centrifugation (10, 11).
To analyze Mu DNA molecules with the specific restriction
endonucleases, 1-2 ug of the phenol-extracted DNA mole-
cules were digested with the enzymes, and the fragments
generated were resolved by electrophoresis through agarose-
slab gels in the presence of 0.5 ug of ethidium bromide per
ml, as described by Sharp et al. (12). The enzymes, HindIII
(from Hemophilus influenzae Rd) and EcoRI (from E. coli
RY13), were prepared by R. J. Roberts’ group at the Cold
Spring Harbor Laboratory.

Electron Microscopic Procedures. Denaturation and re-
naturation of Mu DNA, and mounting of renatured DNAs
by the formamide method, were done essentially as de-

SE
¢ end o=

96% ™

¢ end N\~
= N\~

a G B SE

84% 8% 4% 4%

F1G. 1. The two types of molecules observed after denatura-
tion and self-renaturation of Mu DNA. The split end is designated
SE. For measurements of different segments of Mu DNA, see
Table 1.
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FI1G. 2. Map of HindIIl and EcoRI cleavage sites in Mu DNA.
Molecular lengths of the fragments are given in kilobases (10).

scribed by Sharp et al. (13). Micrographs were taken at a
magnification of 10,000 with an RCA model EMU4. Length
measurements were made from tracings of photographic
negatives enlarged with a Scherr-Tumico optical compara-
tor. All measurements are given in kilobases (kb), a length
corresponding to 1000 bases or base pairs, and with refer-
ence to double-stranded phage PM2 DNA (9.54 kb) and sin-
gle-stranded phage $X174 DNA (5.15 kb) as internal cali-
bration standards.

RESULTS
Isolation of phage Mu particles with X mutations

The X mutants of Mu are unable to grow in Mu-sensitive
bacteria. These mutants are readily obtained by plating E.
coli cells carrying Mu cts62, a heat-inducible derivative of
Mu, at temperatures above 42°. At these temperatures most
of the lysogenic cells are killed because of induction of Mu
cts62, which presumably makes a thermosensitive repressor
owing to a mutation in the immunity gene c. As we showed
earlier, some of the survivors at high temperatures contain
Mu cts62 prophages with the X mutations (4). The Mu cts62
X lysogens can be recognized by their ability to be cured of
Mu DNA. However, these lysogens do not yield any plaque-
forming phage and it is not possible to isolate and assay the
Mu X particles normally. Therefore, we tried to rescue the
X mutants with the wild-type Mu cts62 phage. The F’ pro+
lac episomes containing Mu cts62 X prophages in the Z gene
of the lac operon were transferred to strain BU165, which
has a deletion of the proA,B-lac region and contains a Mu
cts62 X+t prophage. These strains were thus dilysogenic for
Mu, having one copy of Mu with the X mutation and one
without. The dilysogens were heat-induced and the phage
particles were purified. The phage preparations obtained
from the dilysogens would be mixtures of the X mutant par-
ticles and the X+ particles, if the X mutants can grow nor-
mally with the helper phage.

Phage particles from these preparations banded as a single
species in cesium chloride density gradients. However, the
restriction endonuclease analysis showed that DNA mole-
cules of these particles were different from wild-type Mu
DNA.
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F1G. 3. Electrophoresis of EcoRI digests of Mu DNA on 1.4%
agarose gels. The DNAs of phage preparations from Mu*:Mu X
dilysogens, identified by numbers, show two bands in the region
where Mu* DNA alone and an X* revertant DNA (obtained from
mutant X5004 in strain BU524) give only a single band. Heterodu-
plex studies reported below were done on BU180 DNA.
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FIG. 4. Electrophoresis of EcoRI and HindIII digests of Mu
DNA on 1.4% agarose gels. The adenovirus (Ad2) DNA fragments
produced by HindIII were used as markers to calculate the sizes of
Mu fragments. Molecular weights of the 12 adeno fragments, some
of which are not resolved on this gel, were determined by R. J.
Roberts (personal communication). Samples labeled Mu + X are
from preparations of BU524, a dilysogen for Mu cts62 and Mu
cts62 X5004. The diffuse immunity-end fragment, 1100 + 100
base pairs, produced by HindlIII, is labeled ¢ end. The digestion of
the 5100 base pair EcoRI fragment by HindlIII is incomplete in the
gel at the left. At right, cleavage of the c-end EcoRI fragments,
from a Mu*:Mu X preparation, by HindIII is shown more clearly.
HindIII reduces the size of A and B, shown by broken lines, by
1100 base pairs, generating fragments A’ and B’. The diffuse 1100
base pair fragment is too low in concentration to be seen in this
case.

Analysis of Mu DNAs with restriction endonucleases

The specific endonuclease EcoRI cleaves Mu DNA at two
places, generating a relatively small fragment of about 5000
base pairs and two larger fragments (10). These cleavage
sites are shown in Fig. 2. The small fragment, which comes
from the ¢ end of Mu DNA, is cleanly separated from the
other two fragments on agarose gels. Mu*:Mu DNA mole-
cules from seven independent X mutants were digested with
EcoRL. It is shown in Fig. 3 that EcoRI digests of these Mu™:
Mu X DNA preparations had two, instead of one, small frag-
ments. One migrated on gels as the ¢ end EcoRI fragment
does, whereas the other had significantly lower mobility.
This indicated that the Mu X:Mu* preparations had two
species of the EcoRI fragment of the ¢ end of Mu DNA. One
originated from the Mu* DNA molecules, whereas the larg-
er molecular weight species, with slower mobility, arose
from the Mu X molecules. This interpretation was con-
firmed by further cleavage of the DNA molecules with the
endonuclease HindIII. HindIII cuts Mu DNA at a site closer
to the immunity end, releasing heterogeneous fragments of
about 1100 base pairs (Fig. 2). As shown in Fig. 4, HindlIII
cleaved both EcoRI fragments, generating two fragments
which were shorter than the original fragments by about
1100 base pairs and the heterogeneous 1100 base pair frag-
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FIG. 5. Electron micrographs showing different structures of
Mu DNA. (A) Mu*:Mu X heteroduplex showing insertion loop (I),
a somewhat twisted G bubble, and the split ends (SE). The long
and short arms of the split end are labeled 1 and s respectively. A
$X174 single-strand circle is also shown. (B) Some examples of the
X insertion loops. A double-stranded stem can be seen in B1. (C)
The split ends seen in renatured molecules of Mu*:Mu X prepara-
tions. C1 shows a short split end, presumably in a Mu X:Mu X ho-
moduplex; C2 shows a long split end, presumably a Mu*:Mu* ho-
moduplex; and C3 shows the split end in a Mu*:Mu X heterodu-
plex. Frames B1 to C3 are shown at the same magnification.

ment from the ¢ end. A comparison of the Mu EcoRI frag-
ments with the marker adeno DNA fragments of known mo-
lecular length showed that the Mu* c-end EcoRI fragment
was of 5100 base pairs and the Mu X fragment was of about
5900 base pairs. It was inferred, therefore, that the Mu X
mutants contained an insertion of about 800 base pairs to the
left of the EcoRI cut near the ¢ end of the Mu DNA.

Electron microscopic examination of X insertions

The DNA molecules obtained from the Mu*:Mu X prepara-
tions were denatured, allowed to renature, and then exam-
ined electron microscopically. An insertion loop could be
readily seen in some molecules near the ¢ end, which can be
recognized by the absence of the single-stranded tails of the
split end. These molecules were thus Mu*:Mu X heterodu-
plexes. The molecules in which no insertion loop could be
detected were presumably Mu*:Mu* or Mu X:Mu X homo-
duplexes. The insertion loops in the Mu*:Mu X heterodu-
plexes are shown in Fig. 5. Molecular lengths of the different
structures in Mut:Mu* homoduplexes and Mu*:Mu X heter-
oduplexes, originating from the mutant X of strain BU180,
were systematically measured. The results given in Table 1
for the a, G, 8, and ¢ to SE segments agree with earlier mea-
surements (7) and thus confirm the physical dimensions of
these structures. Measurement of 37 heteroduplexes showed
the insertion to have a mean length of 720 + 110 base pairs.
The insertion was located almost exactly 4000 base pairs
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Table 1. Length of structures found in heteroduplex and
homoduplex molecules of Mu* and Mu X DNA

Mean length (kb)

DNA segment* No. measured

o 23 30.7+1.1
G 32 29*0.4
B 24 1.6 £ 0.1
¢ to SET 12 349*1.2
SEt _ —
ctol 72 4.0+0.2
1 37 0.72+0.11

*The symbol I denotes the insertion in Mu X5004. All other
symbols are identified in Fig. 1.

+ Measured in molecules that lack a G inversion bubble.

1 SE measurements are presented separately in Table 2 and Fig. 6.

away from the ¢ end. Thus the insertion was about 1000
base pairs to the left of the EcoRI cleavage site, which is
consistent with the endonuclease data.

Analysis of the split ends

The two arms of the single-stranded tails of the split end of a
Mu DNA molecule are generally not equal in length. We
measured both arms of the split end in a large number of
molecules from wild-type Mu DNA preparations and from
Mu*:Mu X DNA preparations. These measurements are
presented in Table 2 and Fig. 6. We found that the split end
in wild-type Mu DNA can be as short as 500 base pairs or as
long as 3200 base pairs. The mean length of the split ends in
wild type is 1450 + 500 base pairs. This large deviation in
mean length is in agreement with the deviation reported by

Daniell et al. (7). As shown in the histogram in Fig. 6, the

distribution of the split-end lengths is clearly different in
Mu*:Mu X preparations. The difference in the lengths of
the split-end arms of confirmed Mu*:Mu X heteroduplexes,
in which an insertion loop can be seen, is very sharply de-
fined. One arm in these cases can be as short as 200 base
pairs, and it is often much shorter than the other arm (Fig. 5,
C3). The ratio of long/short split-end lengths was >2.0 in
56% of heteroduplex molecules (50 measured), as compared
to 6% in Mu*:Mu* homoduplexes (64 measured). The mean

Table 2. Molecular lengths of single-stranded split ends in
renatured Mu DNA

Split ends  No.

mea- mea- Range of Mean
DNA sured*  sured lengths (kb) length (kb)t
Mut:Mu* s 64 0.5-2.4 1.22+0.42
homodu- 1 64 0.9-3.2 1.69 £ 0.49
plex sand 1 128 0.5-3.2 1.45+ 0.51
Mut:Mu X¥ s 50 0.2-2.3 0.80 £ 0.46
heterodu- 1 50 1.0-3.0 2.00 £ 0.52
plex sand 1l 100 0.2-3.0 1.40£0.77
Mut:Mut, s 104 0.2-2.3
Mut:Mu X, 1 104 0.4-3.3
and sand 1 208 0.2-3.3
Mu X:Mu X

* The symbols s and 1 denote the shorter and longer arms of each
split-end pair, respectively.

t+ Standard deviations of the means are indicated. Mean lengths
are not computed for the mixed population of homoduplex and
heteroduplex molecules.

1 Mu X5004 from strain BU180.
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FI1G. 6. Histograms of split-end length distribution in ren-
atured Mu DNA molecules. (A) Lengths of the split-end arms of
wild-type Mu cts62, the progenitor of the X mutants. (B) Lengths
of the split-end arms of DNA populations containing both Mu
cts62 (a strain carrying nonlethal mutations gov and mom) and
Mu cts62 X 5004 molecules from strain BU180. (C) Lengths of the
split ends in known Mu*:Mu X heteroduplexes, in which insertion
loops can be seen. Each split end was arbitrarily divided into a
long arm and a short arm, according to length. The long arms,
measured independently in each split end, are represented by open
bars; the short arms are shown by solid bars. (D) Lengths of the
split ends in Mu cts62 molecules. As in C, the long arms are shown

by open bars and the short arms by solid bars.

length of the small arms in the Mu*:Mu X heteroduplexes
was found to be 800 base pairs, about 650 base pairs shorter
than the mean length of the split ends in Mu*:Mu* homodu-
plexes. This difference in mean lengths approaches the
length of the X insertion, which is about 720 base pairs.

DISCUSSION

We have demonstrated that the X mutations of mutator
phage Mu are caused by insertions. These insertions are lo-
cated to the left of the EcoRI cleavage site near the immuni-
ty end, the ¢ end, of Mu DNA. The EcoRI fragment from
the ¢ end consists of about 5100 base pairs. This fragment is
59006000 base pairs long in the X mutants. Thus there is an
addition of about 800 base pairs near the ¢ end in these mu-
tants. In one of the X mutants, the size of the insertion has
been determined by electron microscopic analysis of hetero-
duplexes between the mutant and the wild-type Mu DNA.
This insertion is about 720 base pairs long, and the distance
of the insertion site from the ¢ end is 4000 base pairs, or 11%
-of the molecular length of Mu DNA.

The X mutants of Mu have an interesting phenotype. Mu
prophages with X mutations can be precisely excised from
the host chromosome, and cells cured of Mu DNA can be
obtained (4). The seven X mutations examined so far are all
insertions of approximately the same size, apparently locat-
ed in the early regulatory region of the Mu genome. How-
ever, we have evidence that all of the insertions are not lo-
cated at the same site. We can detect differences between
the X mutants with Hpall endonuclease from H. parain-
fluenzae (4). Two X mutant DNAs have been heterodu-
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FI1G. 7. The DNA packaging model for the origin of heteroge-
neous host sequences in Mu DNA. Packaging reaction starts at the
¢ end, and folding of Mu DNA occurs. The product of the reaction
is a molecule of about 37 kb, slightly larger than the actual Mu ge-
nome length. The consequence of an insertion within Mu DNA
would be shortening of the host sequences packaged.

plexed with each other and show insertion loops which are
several hundred base pairs apart. In at least some heterodu-
plex molecules a double-stranded stemlike structure can be
seen at the base of the insertion loops. This may mean that
the X insertions are flanked by inverted repeat sequences,
which specifically pair with each other. It is also possible
that the X insertions are related to the IS1 insertion element,
which is about 800 base pairs long and occurs spontaneously
in E. coli (17, 18).

Isolation of insertions in Mu DNA has allowed us to test
the DNA packaging model for the origin of nonhomologous
sequences which are seen as split ends in denatured and ren-
atured Mu DNA molecules. The basic postulates of this
model, shown diagrammatically in Fig. 7, are that (1) mu
DNA is packaged into virion heads from maturation precur-
sors which have covalently linked Mu DNA and host DNA;
(2) the packaging starts specifically at the ¢ end of Mu DNA
in a maturation precursor and proceeds unidirectionally
toward the other end of Mu; and (3) the Mu genome alone
cannot fill the heads adequately and therefore some host
DNA, covalently linked to Mu DNA, is packaged during
morphogenesis. It is known that heterogeneous covalently
closed circles containing Mu and host sequences are formed
during the productive cycle of Mu (14, 15). It has been
pointed out that nonhomologous sequences in mature virions
could be derived from these circles (15). However, the
mechanism by which these circles are generated and the
exact function of these circles in the Mu development are
not clear. They could be the replicative intermediates giving
rise to the maturation precursors, or they could be the matu-
ration precursors themselves. Genetic evidence indicates
that Mu DNA can be attached to different host DNA set-
ments during lytic growth (16). Multiple integration of Mu
during lytic growth is probably related to the formation of
circles with different host sequences. The circles have been
found to increase in number shortly before lysis, and elec-
tron microscopic heteroduplex studies show that Mu DNA is
connected to host DNA which differs in amount and se-
quence from circle to circle (B. Waggoner and A. L. Taylor,
unpublished results). Thus, the heterogeneous covalently
closed circles meet all the criteria for being the source from
which the heterogeneity of the SE end of Mu originates.

If Mu maturation involves packaging of a fixed length of
DNaA, slightly larger than the Mu genome, from precursors
which contain both Mu and host sequences, then an insertion
within Mu would reduce the length of host DNA needed for
efficient packaging. As depicted in Fig, 7, this would cause
the packaging reaction to terminate earlier with respect to
host DNA, and hence host sequences in mature virions



Biochemistry: Bukhari and Taylor

would be smaller. This prediction is borne out by the mea-
surements reported in this paper. In Mu*:Mu X heterodu-
plexes, which show an insertion loop, one arm of the split
end is often much smaller than the other arm. The mean
length of the small arms in the heteroduplexes is less than
the mean length of the split ends in wild-type Mu. The dif-
ference amounts to about 650 base pairs, approximately
equaling the length of the insertion. It can be inferred that
the main postulates of the DNA packaging model are essen-
tially correct. We have recently further confirmed the
model by examining Mu DNA molecules which contain in-
sertions about 2800 base pairs long. No split ends can be seen
in these molecules, and the packaging cut is made in the 8
region within Mu DNA (A. I. Bukhari and L. Chow, manu-
script in preparation). This also helps to explain why dele-
tion mutants of Mu have not been isolated so far. The meth-
ods for isolating deletion mutants have been based on detec-
tion of differences in the DNA content of phage particles.
Since the DNA content of Mu virions seems to remain con-
stant, as implied by the DNA packaging model, deletions
would merely increase the contribution of host DNA with-
out changing the density of the phage particles.

A wide variation is found in the length of the split ends in
wild-type Mu DNA. We have established that the heteroge-
neous sequence can be as short as 500 base pairs and as long
as 3200 base pairs, although most of the split ends hover
around 1450 base pairs. This 6-fold range of split-end
lengths suggests that the packaging mechanism is not abso-
lutely precise. A small change in the size of Mu DNA—an
addition, a deletion, or a duplication—could also affect the
length of the split ends. This possibility has to be considered
when different strains of Mu are used.
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