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Correlation Between Genetic Map and Map of Cleavage Sites
for Sequence-Specific Endonucleases SalI, KpnI, Bgll, and
BamHI in Bacteriophage T4 Cytosine-Containing DNA

KARIN CARLSON

Institute ofMedical Biology, University of Troms0, 9001 Troms0, Norway

Cleavage sites for SalI, KpnI, BglI, and BamHI in cytosine-containing DNA
from T4 alclO(alc) nd28(denA) D2a2(denB) amE5lx5(56) amN55x5(42) have
been mapped relative to each other, and the positions of deletions saa9(Dl-stp),
r1589(rII), del(39-56)12, and tk2(rI-tk) relative to these cleavage sites have been
determined. Based on these analyses, a physical map of the T4 genome containing
166 kilobase pairs has been constructed.

Recent studies from this (4) and other (14, 21,
30) laboratories have yielded cleavage maps of
cytosine-containing DNA from bacteriophage
T4 for several sequence-specific endonucleases
(restriction enzymes). The potential value of
these maps, of course, hinges on the accuracy
with which the genetic content of each fragment
is known.

Deletion mutants of T4 may be utilized to
establish directly the correlation between ge-
netic and physical maps, since their genetic de-
ficiencies can be compared with the altered
cleavage patterns of their DNA. This paper pre-
sents a cleavage map for T4 DNA constructed
with the enzymes SalI, KpnI, BglI, and BamHI
and its correlation to the genetic map of the
phage genome based on an analysis of deletion
mutants.

Correlations between restriction cleavage
maps and the genetic map of T4 have been
derived independently by O'Farreil et al. (P.
O'Farreil, E. Kutter, and M. Nakanishi, manu-
script in preparation) and by R. Marsh (manu-
script in preparation) by different methods.

MATERIALS AND METHODS
Strains. (i) Phage. The phage strains employed in

this study are listed in Table 1, and the construction
steps leading up to strains Cyt-9,1589, Cyt-9,12, and
Cyt-9,tk2 are summarized in Table 2.

Relevant genotypes were verified as follows. (a)
akc- denA- denB- am dCTPase- ("Cyt pheno-
type"). Phage stocks prepared in Escherichia coli
B834, which is supo hsd, will plate on E. coli B834,
but not on E. coli B23, which is supo hsd+ (23).

(b) "rH23" (rII). There is no growth in E. coli
K803(X) and no complementation or marker rescue in
K803(X) of rII point mutants; it is resistant to acriflav-
ine (10 i.g/ml in LB). "rH23" is not identical to the
original rH23; it contains a longer deletion extending
from rII into ac (T. J. Snopek and R. E. Depew, cited
in reference 16).

(c) r1584 (rII). There is complementation or
marker rescue in K803(A) of certain rII point mutants.
The complementation or marker rescue pattern was
the same as that which we observed with the original
T4B r1589 strain.

(d) del(39-56)12. There is no growth in E. coli
CTr5x (12). All other phage strains employed in this
study grow in CTr5x.

(e) Amber mutations in essential genes. There
is no complementation in E. coli B23, which is supo,
to the same single am mutant of T4.

(f) tk2 (rI). There are r plaques on E. coli K803.
rI- phage give r plaques on B strains of E. coli only
(3).
The presence or absence of the o allele, which

confers resistance to osmotic shock, was not tested.
(ii) Bacteria. E. coli B834, which is supo hsdR

hsdM (31), and K803, which is sup-2 hsdR hsdM rgl
(31), were from E. Kutter. E. coli B23, which is sup(
hsd+, was from A. W. Kozinski. Strain K803(A) was
constructed in this laboratory. Strain CTr5x (8) was
obtained from T. J. Snopek.

(iii) Growth of strains. Bacteria and phage were
grown in LB (1) and plated on tryptone agar contain-
ing the following (per liter): tryptone (Difco Labora-
tories), 10 g; NaCl, 8 g; glucose. H20, 1.1 g; 1 M NaOH,
1.25 ml; and agar (Difco), 11 g (bottom) or 6.5 g (top).
All phage were propagated in K803, and the same
strain was used for phage crosses. Phage with cytosine-
containing DNA were obtained after one cycle of
growth in B834. DNA was prepared by phenol extrac-
tion of CsCl-purified phage, followed by exhaustive
dialysis of the DNA against 10mM NaCl-10mM Tris-
hydrochloride, pH 7.4.

Isotopes and chemicals. a-3P-labeled deoxyri-
bonucleotide triphosphates were obtained from Amer-
sham Ltd. (specific activity, 2,000 to 3,000 Ci/mmol);
all four deoxyribonucleotide triphosphates were used
interchangeably. Agarose, acrylamide, and bisacryl-
amide were from Bio-Rad Laboratories (catalog no.
162 0100, 161 0101, and 161 0201, respectively). Seph-
adex G-50 and Blue Dextran 2000 were from Phar-
macia Fine Chemicals. Tris was from Fisher Scientific
Co. (catalog no. T395). Unlabeled deoxyribonucleotide
triphosphates were from PL Biochemicals. Formamide
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(Merck catalog no. 9684) was recrystallized twice be-
fore use. Other chemicals were standard analytical
grade.
Enzymes. Endonucleases Sall, KpnI, and BamHI

were obtained and assayed as described previously (4).
BglI was purchased from New England Biolabs and
assayed in the same manner as Sall. E. coli DNA
polymerase I (EC 2.7.7.7) was from Boehringer Mann-
heim Corp. (catalog no. 104 485).

Electrophoresis. Agarose gel electrophoresis was
carried out as described previously (4). Acrylamide
gels contained 8% acrylamide and 0.27% bisacrylamide
in 50% glycerol-45 mM Tris-borate (pH 8.3)-1.2 mM
Na2EDTA (20). They were 12 by 15 by 0.15 cm and
were run vertically for 5 h at 180 V and 28 mA.
Upon the conclusion of electrophoresis, gels were

stained with ethidium bromide and photographed.
Film negatives were scanned in a Transidyne densi-
tometer, and the distance from the point of application
to each band was determined. Sizes of reference frag-
ments in kilobase pairs (kbp) were plotted against the
inverse of the distance migrated (25). These plots
could be approximated with straight lines up to about
20 kbp. Sizes of unknown fragments were obtained by
interpolation on the standard curve.

Labeling of DNA fragments. DNA fragments,
eluted from agarose gels as described previously (4),
were labeled by nick translation (17) in a final volume
of 100 Ild, using three unlabeled deoxyribonucleotide
triphosphates each at 1.8 ,uM, 50 MCi (about 0.02 jiM)
of the fourth a_:l2P-labeled deoxyribonucleotide tri-
phosphate, 50 mM Tris-hydrochloride (pH 7.8), 5 mM

MgCl2, 10mM /3-mercaptoethanol, 5 U of E. coli DNA
polymerase I, and 0.001 jLg of pancreatic DNase I. The
amount of DNA was too low for an accurate estima-
tion, but was probably in the range of from 0.05 to 0.5
yg. The reaction was allowed to proceed for 4 h at
15°C. A 20-Mt1 amount of Blue Dextran 2000 in 50 mM
Tris-hydrochloride (pH 8.0)-i mM Na2EDTA was

added, and the mixture was passed over a column (7
by 0.5 cm) of Sephadex G-50 in 50 mM Tris-hydro-
chloride (pH 8.0)-i mM Na2EDTA. The excluded
fractions, containing the Blue Dextran 2000, were col-
lected for analysis.

Hybridization. Fragment DNA was denatured and
transferred from agarose slabs to nitrocellulose mem-
brane filters (type HAWP; Millipore Corp.), using the
following modification suggested by E. Southern of
the Southern procedure (24). Gels were soaked in
freshly prepared 0.1 M NaOH-1.5 M NaCl (pH 12.6)
for 30 min, rinsed in doubly distilled water, soaked in
3 M sodium acetate (pH 5.5) for 40 min, again rinsed
in doubly distilled water, and then blotted overnight
onto the membrane filter with 20x SSC (lx SSC is
0.15 M NaCl plus 0.015 M sodium citrate) as the
conveying liquid. Filters were rinsed in doubly distilled
water, dried at room temperature, and baked in vacuo
for 2 h at 80°C. This resulted in a reproducible transfer
of DNA in the size range from 2 to 15 kb. Filters were
then incubated in a solution containing 0.01% sodium
lauryl sulfate and 0.2% each polyvinylpyrrolidone, bo-
vine serum albumin, and Ficoll (7) in 6x SSC for 4 to
6 h at 67°C, rinsed in doubly distilled water, and cut
into strips for hybridization.

TABLE 1. Phage strains employed in this study

Phage strain Abbreviated Sourcenotation

T4D "rH23"x4(rII-ac)' E. Kutter (16)b
T4B r1589(rII) P. Snustad (6)
T4D rI589(rII) del(39-56)12 G. Mosig (12)
T4D amE5lx5(56) J. Wiberg
T4D o tk2(rI-tk) D. H. Hall (5)
T4D alclO(alc) nd28(denA) D2a2(denB) amE5lx5(56) amN55x5(42) Cyt-0 J. Wiberg

(stock no.
JW819)

T4D alc2(alc) nd28(denA) saA9(DJ-stp) amE51(56)a Cyt-9 E. Kutter
T4D alc2(alc) nd28(denA) saA9(DJ-stp) r1589(rII) amE51(56)a Cyt-9,1589 This study
T4D alc2(alc) nd28(denA) saA9(Dl-stp) amE51(56) del(39-56)12 Cyt-9,12 This study
T4D alc2(alc) nd28(denA) saA9(DJ-stp) amE51(56) tk2(rI-tk) Cyt-9,tk2 This study

a Deletions saA9 and "rH23" also inactivate denB.
b Backcrossed here.

TABLE 2. Construction of Cyt-9,1589, Cyt-9,12, and Cyt-9,tk2
Parental phages

Cross no. Selected recombinant
1 2

1 Cyt-9 r1589 del(39-56)12 Cyt-9,1589
2 amE5lx5 "rH23"x4 "rH23"x4 amE5lx5
3 amE5lx5 r1589 del(39-56)12 del(39-56)12 amE5lx5
4 "rH23"x4 amE51x5 del(39-56)12 amE5lx5 "rH23"x4 del(39-56)12 amE5lx5
5 Cyt-9 "rH23"x4 del(39-56)12 amE51x5 Cyt-9,12
6 amE51x5 o tk2 amE51x5 tk2
7 Cyt-9 amE5lx5 tk2 Cyt-9,tk2
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Hybridization of labeled DNA to these strips was
carried out in plastic sealable cooking bags in about 8
to 10 ml of a solution containing 50% formamide, 2x
SSC, 2.5 mM NaPi (pH 7.7), and 104 to 106 cpm of
labeled, sonicated, and heat-denatured DNA for 18 h
at 42°C. The filters were washed in three changes of
2x SSC for 2 h each at 42°C, rinsed in doubly distilled
water, and autoradiographed (Kodak Autoprocess
film, catalog no. 300 3688).

Hybridized DNA was removed by treating the fil-
ters with 0.1 M NaOH-1.5 M NaCl (pH 12.6), followed
by 3 M sodium acetate (pH 5.5). The filters were then
rinsed in doubly distilled water and dried. Some bound
DNA was lost during this treatment, but the filters
could be reused several times for hybridization.

RESULTS
Fragmentation of Cyt-O DNA. The muta-

tions nd28, D2a2, amE51, and amN55 in phage
strain Cyt-0 are all point mutations. The cleav-
age of Cyt-0 DNA by SalI, KpnI, and BglI, as
well as by combinations of these enzymes, is
shown in Fig. 1. Electrophoresis of the Sail
cleavage product yielded eight bands, one being
a doublet containing two fragments (see below).
KpnI and BgiI cleavages of Cyt-0 DNA upon
electrophoresis yielded seven bands each, each
band corresponding to a single fragment. The
double digests Sail + KpnI, Sail + BglI, and
KpnI + Bgil yielded 15, 15, and 14 bands, re-
spectively. In each of the two former cleavages,
1 of the 15 bands was a doublet, as shown
elsewhere (reference 4 and see below), so that
the number of Sail + KpnI fragments and of
SalI + Bgll fragments was 16.
The lengths of the fragments were calculated

from their electrophoretic mobility. As length
standards, restriction fragments from either
phage A DNA (11, 19,29), T4 Cyt-9 DNA cleaved
with SalI + KpnI (4), or phage P4 DNA (10, 13)
were used. The latter standard was used to
estimate sizes of fragments 3 kbp and smaller.
All values were normalized to a length of A DNA
equal to 48.3 kbp (26).

All fragments obtained from Cyt-0 DNA were
named in order of decreasing size, single digest
fragments by letters and double digest fragments
by numbers. Since further analysis (see below)
allowed the determination of separate sizes for
the two fragments in the SalI doublet, those two
fragments were named C and D according to
their size. Since it was not known which frag-
ment was the larger in the SalI + KpnI doublet
or in the Sall + Bgll doublet, those are referred
to as SK-lla and SK-llb, and SB-9a and SB-
9b, respectively (abbreviations used: KpnI, endo
R* KpnI; Bgll, endo R*BglI; Sall, endo R-
SalI; S-G, etc., fragment T4 Sal-G, etc.; K-G,
etc., fragment T4 KpnI-G, etc.; B-G, fragment
T4 BglI-G, etc.; SK-5, etc., fragment 5, etc., from

a mixed digest of T4 DNA with Sail + KpnI;
SB-5, etc., fragment 5, etc., from a mixed digest
of T4 DNA with Sail + BgI; KB-5, etc., frag-
ment 5, etc., from a mixed digest of T4 DNA
with KpnI + BglI). The length estimates are
shown in Table 3. The designations of Sail
fragments (and of Sail + KpnI fragments) differ
from the previous designations (4), since Cyt-0
contained one more Sail site in addition to those
found in Cyt-9, which was used in the previous
study (4). A comparison of Fig. 2A here and Fig.
1 in reference 4 will show the correspondence
between the two nomenclatures.
Fragmentation of DNA carrying differ-

ent deletions. To locate the cleavage sites with
respect to the genetic map, several phage strains
carrying different deletions which are genetically
characterized and mapped were used. Figure 2
and Table 4 show the cleavage patterns observed
with DNA from these mutants.

(i) Cyt-9 DNA. Cyt-9 DNA (Fig. 2A) differed
from Cyt-0 DNA in carrying the saA9 deletion
in the D2 region (9), carrying alc2 instead of
alclO, and carrying wild-type gene 42.
A comparison of Fig. 2A and 1C shows that a

Sall site present in Cyt-0 DNA was missing in
Cyt-9 DNA, confirming earlier observations by
Takahashi et al. (28). Fragment S-F and one
fragment from the S-C/D doublet were replaced
by a fusion fragment migrating between S-A and
S-B, rather near S-B. It will be shown below
that this fusion fragment contained S-C and S-
F.
One KpnI fragment (K-E) and one BglI frag-

ment (B-F) were reduced in size. The difference
in size corresponded to about 2.5 kbp (Table 4).
The 2.5 kbp were attributed to saA9, which
placed this deletion across the SalI cleavage site
between C and F and within fragments K-E and
B-F.

Except for the differences noted above, the
cleavage pattern with all combinations of en-
zymes was the same for Cyt-0 and Cyt-9 DNAs.
It was concluded that the somewhat different
genotype of these strains outside saA9 did not
significantly alter the cleavage pattern for these
enzymes. Thus, the dCTPase deficiency caused
by the amE51 mutation allowed as good cytosine
substitution in the phage DNA in the areas
recognized by these enzymes as did the deficien-
cies in dCTPase (EC 3.6.1.12) (amE51x5) and
dCMP HMase (EC 2.1.2.8) (amN55x5) together.

(ii) Cyt-9,1589 DNA. Phage strain Cyt-
9,1589 (Fig. 2B) carried the rII deletion r1589,
which spans the end of rIlA and the beginning
of rIIB (6), thus deleting the rIIA/rIIB border
commonly used as the zero point in genetic
mapping (32). In addition, strain Cyt-9,1589 car-
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ried the same mutations as did strain Cyt-9. The
analysis in Fig. 2B in comparison with that in
Fig. 2A shows that the SalI fusion fragment
created by the saA9 deletion migrated closer to
S-B. Fragment K-E migrated slightly further
down in the gel. The cleavage site between B-B
and B-F was removed, fusing those two to a
large fragment in the area of B-A. Accordingly,
deletion r1589 lay within K-E, within S-C or S-
F, and across the junction between B-B and B-
F.

(iii) Cyt-9,12 DNA. Phage strain Cyt-9,12
(Fig. 2C) carried a long deletion in the region
between genes 39 and 56 (12), in addition to the
mutations in strain Cyt-9. The Sall pattern
(tracing a), in comparison with the pattern ob-
tained from DNA carrying only the saA9 dele-
tion but not del(39-56)12 (Fig. 2B, tracing a),
shows that the S-(C+F) fusion fragment created
by the saA9 deletion was shortened and comi-
grated with the S-D fragment, creating a new
doublet in this position. Tracing b shows that K-
E and K-G were missing. To be sure to detect
the K-G fragment, if it were present, the gel was
slightly overloaded, and the three large frag-
ments, therefore, did not form separate bands.
No fusion fragment was visible in the area be-
tween K-D and K-E, showing that both sites
surrounding K-G must be deleted and that K-E
must be fused to the next KpnI fragment on the
other side of K-G. The BglI pattern (tracing c)
shows a shortening of fragment B-B. Deletion
(39-56)12, therefore, lay within B-B and S-
(C+F), spanning the two KpnI sites separating
K-G from its neighbors.

(iv) Cyt-9,tk2. Phage strain Cyt-9,tk2 (Fig.
2D) carried a deletion eliminating rI and tk
functions (5) in addition to the Cyt-9 mutations.
The S-(C+F) fusion fragment was seen in its
original position between S-A and S-B (Fig. 2B,
tracing a). The S-D and S-E fragments were
missing, and in their place a new fusion fragment
was seen between S-B and the original position
of S-C/D. The KpnI pattern shows that either
K-B or K-C was shortened. These fragments
migrated very closely together, so that it is dif-
ficult to determine which of the two is seen in
Fig. 2D, tracing b. A subsequent analysis (see
below) indicated that the deletion tk2 was within
fragment K-B. The new fragment migrated be-
tween the original position of K-C and K-D.
Fragments B-D and B-E were fused to a new
fragment migrating between B-B and B-C.
These results placed the deletion tk2 within K-
B or K-C, spanning the sites between BglI-D
and -E and between SalI-D and -E.
The results obtained from cleavage of DNA

containing deletions saA9, r1589, del(39-56)12,
and tk2 with SalI, KpnI, and BglI alone (Fig. 2)

or in combinations (data not shown) are sum-
marized in Table 4. Table 4 also shows the
lengths of the deletions calculated from the
changes in electrophoretic mobility.
Location of cleavage sites. The order of

KpnI and SalI fragments from Cyt-9 DNA with
respect to each other was determined previously
(4; as noted above, the SalI fragments were
renamed here due to the presence of an addi-
tional SalI site in Cyt-O DNA), with two ambi-
guities: the order of SalI fragments within K-C
and the order of KpnI fragments within S-
(C+F). The small K-G fragment was inadvert-

A B

~

FIG. 1 A and B. Agarose (A and C) andpolyacryl-
amide (B) gel electrophoresis of T4 Cyt and P4 DNAs.
(A) Cleavage of Cyt-O DNA by SalI, KpnI, and BglI,
alone and in combinations. (B) Cleavage of T4 Cyt-
9,1589 DNA and of P4 DNA. The T4 bands are as
follows (top to bottom): slot 1-SB-11, SB-13, SB-14,
and SB-15; slot 2-SK-12, SK-13, and SK-15. Frag-
ments SB-12 and SK-14 are absent in Cyt-9,1589
digests (Table 4). Electrophoresis in (A) and (B) is
from top to bottom. (C) Cleavage of Cyt-O DNA; den-
sitometer tracings of negatives from photographs of
gels like the one shown in (A). Electrophoresis direc-
tion is from left to right. Tracings from top to bottom:
a, SalI; b, KpnI; c, BglI; d, SalI + KpnI; e, SalI +
BglI; f, KpnI + BglI. Fragments are named in order
of decreasing length, single digest fragments by let-
ters and double digest fragments by numbers. The
smallest fragment, SB-15, is not included. The un-
marked peak near the top of the gel consists of un-
digested or partially digested DNA.
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FIG. 1C.

ently overlooked previously; it was obtained
from all strains except Cyt-9,12.
The order of the SalI fragments I and G

within K-C was derived by assignment of a par-
tially cleaved SK fragment (4). Neither S-I nor
S-G was cleaved by BglI (or BamHI). The am-
biguity within K-C, therefore, could not be fur-
ther resolved here. Ruger et al. (21), however,
have derived the same order of Sall fragments
as I have.
As shown in Fig. 2C, fragment K-G was adja-

cent to K-E. Having accidentally overlooked K-
G, we previously assigned K-F to this position

to account for a partially cleaved KpnI fragment
(4). K-F, however, was obtained from Cyt-9,12
and, therefore, must be located elsewhere (see
below). Since K-E contained saA&9 and r1589
(Fig. 2A and B) and K-G lay under del(39-56)12
(Fig. 2C), the clockwise order of KpnI fragments
in this region must be D-E-G-C.
The Sail + KpnI map may be aligned with

the genetic map based on the analyses of DNA
from the deletion mutants in Fig. 2 and Table 4
(the completed map is shown in Fig. 8). The
deletion analysis also gives the approximate lo-
cations of Bgll fragments B, D, E, and F. To
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TABLE 3. Approximate sizes of T4 restriction fragments from electrophoretic mobility
Approx size (kbp) + standard deviationa

Frag- Single digests Double digests

SalI KpnI BglI Sall + KpnI Sall + BglI KpnI + BglI

A -40 -50 -50
B -33 -40 -40
C -36 23.5 ± 0.97 (9)
C/D 24.1 ± 1.0 (6)
D 23.9 ± 0.33 (10) 21.4 ± 1.0 (7)
E 15.0 ± 0.68 (6) 14.5 ± 0.39 (10) 17.8 ± 0.77 (8)
F 13.0 ± 0.78 (4) 3.2 (2) 13.2 ± 0.28 (6)
G 8.9 ± 0.27 (6) 1.5 (2) 1.0 (1)
H 7.0 ± 0.25 (6)
I 3.9 ± 0.33 (6)

1 26.0 ± 2.6 (4) -32 -34
2 22.6 ± 0.84 (4) 23.8 ± 0.83 (9) -31
3 14.7 ± 0.88 (4) 21.2 ± 0.56 (6) 21.3 ± 1.3 (4)
4 13.2 ± 0.44 (4) 16.8 ± 0.34 (8) 17.6 ± 0.84 (4)
5 12.8 ± 0.33 (4) 14.3 ± 0.53 (8) 12.7 ± 0.43 (4)
6 11.6 ± 14.4 (4) 10.2 ± 0.41 (8) 11.4 ± 0.39 (6)
7 8.8 ± 0.25 (7) 8.8 ± 0.49 (5)
7/8 10.4 ± 0.39 (4)
8 7.6 ± 0.35 (10) 7.2 (2)
9 9.9 ± 0.38 (4) 6.9 ± 0.20 (9) 7.1 (2)
10 8.9 ± 0.27 (4) 6.1 ± 0.30 (9) 5.9 ± 0.47 (6)
11 7.0 ± 0.35 (4) 3.9 ± 0.31 (9) 5.5 ± 0.2 (2)
12 3.8 ± 0.67 (4) 2.8 ± 0.16 (3) 3.3 (1)
13 3.2 (2) 2.6 ± 0.2 (2) 1.6 0.1 (2)
14 3.1 (2) 1.2 ± 0.03 (2) 1.1 (1)
15 1.6 (1) 0.8 (1)
a Number of determinations is given within parentheses.

ascertain these positions and locate the remain-
ing fragments, double digests, reciprocal digests,
and hybridizations were performed.

(i) BamHI cleavage. BamHI cleaves T4 Cyt
DNA once (28, 30). Figure 3 shows the cleavage
patterns obtained with BamHI together with
SalI, KpnI, or BglI (substrate Cyt-0 DNA). A
comparison of Fig. 3 and 1 shows that the
BamHI site lay within S-A, yielding new frag-
ments of -28 kbp (between S-B and S-C/D) and
12.2 kbp (between S-F and S-G); within either
K-A, K-B, or K-C, yielding a short new fragment
of about 1.8 kbp (just above K-G); and within
B-C, yielding new fragments of 17.5 kbp (comi-
grating with B-E) and 5.3 kbp (below B-F).

(ii) KpnI cleavage. The analysis in Fig. 2
showed that K-G was located between K-E and
K-C. This was further confirned by hybridizing
labeled K-G to SalI + BglI fragments of Cyt-0
DNA: K-G hybridized to fragment SB-3, which
contained part of B-B and of S-C (Table 4 and
see below) (data not shown). The position of K-
F and the allocation of SK-13 and SK-14 re-
mained unclear. Figure 4 shows hybridization of
these fragments to blots of T4 Cyt-0 DNA. Frag-
ment K-F hybridized to SB-2. Fragments SK-13

and SK-14 were difficult to separate from each
other, since they migrated closely together (Fig.
1A and C). The analyses in Fig. 4b (predomi-
nantly SK-13) and Fig. 4c (predominantly SK-
14) suggest that SK-13 was identical to K-F,
hybridizing within SB-2 (= B-C [Fig. 5A]),
whereas SK-14 hybridized to SB-6. Digestion of
isolated B-C with KpnI yielded fragments KB-
5, KB-8, and KB-12 (= K-F) (data not shown).
These analyses placed K-F between K-B and K-
A. Fragment S-A, therefore, contained K-F (SK-
13) in addition to SK-2 and SK-4 (4). S-A is the
largest Sail fragment, and its size cannot be
determined precisely from its electrophoretic
mobility, which explains why the error went
undetected.

(iii) BglI cleavage. Results from reciprocal
digestion of BglI fragments with Sail and of
Sail fragments with BgiI are shown in Fig. 5.
Figure 5A shows that the mixture of B-A and B-
B yielded SB-1, SB-3, SB-7, SB-8, SB-9, SB-li,
and SB-13. B-C was not cleaved by Sall and
corresponded to SB-2. B-D yielded SB-5 and
SB-10, B-E yielded SB-4, and B-F yielded SB-6
and SB-12. Fragment B-G was analyzed by hy-
bridization (Fig. 6). This fragment, which was
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TABLE 4. Location and size of T4 deletions

Deletion Fragments affected Net loss' Avg lossb

saA9 S-C and S-F 2.7
K-E 2.3
SK-6 and SK-14 2.3
B-F 2.7
SB-6 and SB-12 2.7 2.5 0.2

r1589 B-B and B-F NDe
S-(C+F) ND
K-E 0.89
SB-3 and SB-

(6+12) ND
SK-(6+14) 1.0
KB-7 and KB-li ND 0.9

del(39-56)12 S-(C+F) 10.9
B-B ND
SB-3 11.1 11.1

tk2 S-D and S-E 9.6
K-B 10.3
SK-3 and SK-7 ND
B-D and B-E 9.4
SB-4 and SB-5 10.1 9.9 ± 0.4

Difference in kbp between the lengths of frag-
ments with and without the respective deletions.

'Average in kbp ± standard deviation.
" ND, Not determined.

identical to SB-14, hybridized to S-A, and to
SK-2 which contained the common part of S-A
and K-A. Fragment SB-15 was not recovered in
the reanalysis, presumably due to its small size.
B-E and SB-4 were close in size, but not identi-
cal. SB-15 was, therefore, attributed to B-E,
adjacent to SB-4.
The corresponding digests of Sall fragments

with BgtI (Fig. 5B) show that S-A yielded SB-2,
SB-8, SB-10, and SB-14. S-B was not cleaved by
Bgii and corresponded to SB-1. S-C/D yielded
SB-3, SB-4, SB-9, andB-12. S-E yielded SB-5,
and S-F yielded SB-6 and SB-13, whereas S-G,
S-H, and S-I were not cleaved by BglI (they
corresponded to SB-7, SB-9, and SB-il, respec-
tively [data not shown]). Fragment SB-15 was
not recovered in the reanalysis ofSalI fragments
by Bgll cleavage. There was a small size differ-
ence between S-E and SB-5. SB-15 was, there-
fore, attributed to S-E, which accordingly con-
tained SB-5 and SB-15.
Bands in the position of SB-9 were found in

BglI cleavage of S-C/D as well as of S-H (Fig.
5B). The amount of DNA in band SB-9 in a
complete Sal + Bgil digest was greater than
the amount in neighboring bands (Fig. 1A and
C). SB-9, therefore, was a doublet composed of
fragment SB-9a, corresponding to S-H, and frag-
ment SB-9b, contained in S-C or S-D. Both of

these fragments (9a and 9b) were obtained from
cleavage of B-A plus B-B with Sail.
Cleavage map. The analysis described above

allowed the determination of positions of all
cleavage sites relative to each other and the
construction of a cleavage map based on the
Sail + KpnI map previously obtained (4). Cleav-
age sites surrounding fragments K-F, B-C, B-D,
B-E, B-F, and B-G and the position of the
BamHI site were unambiguous, since the sizes
ofthe single digest fragments could be calculated
directly from their electrophoretic mobility and
compared with the sizes of the double digest
fragments that they contained. Fragments B-A
and B-B were too large for a direct estimate of
their size and could not be separated prepara-
tively for unambiguous assignment of subfrag-
ments. B-B and SB-3 were both fused to their
neighbor (B-F and SB-12, respectively) by the
deletion ri589 (Fig. 2 and Table 4). Fragments
SB-3 and SB-12 together, therefore, made up S-
C, which was the Sail fragment spanning ri589.
The size of S-C could then be calculated as the
sum of SB-3 plus SB-12, which was 24 kbp. The
other Sail fragment in the C/D doublet, S-D,
therefore contained SB-4 and SB-9b and was
slightly smaller. Since B-B extended about 40
kbp clockwise from the BglI site under ri589
(Table 3), it must have contained SB-3 and the
next two SalI fragments (I and G, corresponding
to SB-7 and SB-11) and a subfragment of about
7 kbp from S-D. The only subfragment shared
between B-A and B-B, on the one hand, and S-
D, on the other hand, was SB-9b (6.9 kbp [Fig.
5]). Fragments SB-1 (= S-B), SB-9a (= S-H),
SB-8, and SB-13, therefore, made up B-A.

Table 5 summarizes the correspondence be-
tween fragments from single and double digests
of T4 Cyt-0 DNA. KpnI + Bgil subfragments
were assigned, based on positions of cleavage
sites for the two enzymes as determined above,
and verified experimentally for B-C, B-D, B-E,
and B-F. Bearing in mind that the most precise
size determinations from electrophoretic mobil-
ity were obtained for fragments in sizes ranging
from about 5 to about 20 kbp, the final positions
of cleavage sites were adjusted whenever possi-
ble by using fragments in this size range to get
from one site to the next. The net distance
around the genome, calculated in this way, cor-
responded to a genome DNA length of 166.5
kbp, which was in good agreement with less
direct estimates of the genome length of phage
T4 (15).

All cleavage sites were then related to the
genetic map, starting at the BglI site between
B-F and B-B, which was deleted by r1589. Prib-
now et al. (submitted for publication) have de-
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FIG. 2. Cleavage of T4 DNA containing different deletions. All panels show the following from top to
bottom: a, SalI cleavage; b, KpnI cleavage; and c, BglI cleavage. The letters above the tracings indicate the
positions of the corresponding bands from digests of Cyt-O DNA (Fig. C). (A) Cyt-9 DNA; (B) Cyt-9,1589
DNA; (C) Cyt-9,12 DNA; and (D) Cyt-9,tk2 DNA. The smallest fragments (B-G and K-G) are usually not
included in the figures; they were, however, found in all digests, except for KpnI cleavage of Cyt-9,12 DNA (C,
tracing b), where K-G is missing. The unmarkedpeak near the top ofthe gel consists ofundigested orpartially
digested DNA.

J. VIROL.
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FIG. 2 C and D.

VOL. 36, 1980 9
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FIG. 3. Cleavage of Cyt-O DNA by BamHI in combinations with the following: a, SalI; b, KpnI; or c, BglI.
Letters above the tracings identify positions offragments obtained by cleaving Cyt-O DNA with SalI, KpnI, or
BglI alone (Fig. 1C). Fragment B-G was observed, but was not included in the figure. The unmarked peak
near the top of the gel consists of undigested or partially digested DNA.

termined the nucleotide sequence of a region
spanning the rIIA/rIIB junction. Their sequence
data show a BglI site located between 19 and 23
base pairs upstream of the rIlB translation start
codon. I suggest that the first adenine thymine
(A-T) pair in this triplet be used to define the
zero point in the genetic and physical maps. This
translation start point can be considered an un-
ambiguous definition of "the border between
rIlA and rIIB" commonly employed as a refer-
ence point (32). Since genetic map coordinates
run clockwise, whereas rII is transcribed coun-
terclockwise (32), this A-T pair defines the last
nucleotide pair in the map, whereas the nucleo-
tide pair immediately preceding it in the rII
sense direction defines the first pair (position 1).
The BglI site between B-F and B-B, therefore,
is located between positions 19 and 23 on the
physical map.

Coordinates for the cleavage sites for the four
enzymes are shown in Fig. 7. Expected sizes for
fragments from a triple digest with SalI + KpnI
+ BglI were calculated from the positions of
cleavage sites for these enzymes as shown in Fig.
7 and compared with the sizes of fragments

found (Fig. 1A). This comparison (Table 6)
yielded good agreement and confirmed the
cleavage positions as determined.

Figure 8 shows the cleavage map of T4 thus
obtained in relation to the genetic map of this
phage. Cleavage maps for SalI and KpnI were
constructed independently by Kiko et al. (14),
Ruger et al. (21), O'Farrell et al. (manuscript in
preparation), and Marsh (manuscript in prepa-
ration). These authors have, in addition, mapped
several other enzymes, and the latter two inves-
tigators have correlated their maps to the ge-
netic map. These maps are all in very good
agreement.

DISCUSSION
Cleavage patterns. The data reported here

concern a total of 24 cleavage sites for four
sequence-specific endonucleases: 9 sites for Sall,
7 sites each for KpnI and BglI, and 1 site for
BamHI. As it was previously (4), I found that
complete cleavage of a given batch of DNA
could not be achieved simply by increasing the
amount of enzyme added. The cleavage patterns
illustrated in Fig. 1 through 3 all show the pres-

J. VIROL.
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lengths of DNA fragments from A or P4 DNA,
2 6 111 assuming an inverse relationship between the

number of base pairs and the rate of migration
kA (24). Conceivably, the relationship between the

size in kbp and the rate of migration could be
b 2 6 affected by the average base composition of the

DNA, invalidating my use of X DNA fragments
as size standards. However, B. Nordgard in this
laboratory (personal communication) has mea-
sured the lengths of Sall fragments D, E, F, G,

C 2 6 11 H, and I from Cyt-9 DNA by electron micros-
1 copy, with results in good agreement with mine.

Thus, a change in average base composition
from about 65% A .T (T4 [27]) to about 50% A -

T (A [27]) does not seem to affect significantly
the mobility of the DNA during electrophoresis.
The positions in Fig. 7, with one exception,

FIG. 4. Hybridization of the following to SalI + were derived from fragments of less than about
BglI fragments from Cyt-O DNA: a, K-F; b, SK-13; 20 kbp, within which range the fragment size
and c, SK-14. Numbers above the tracings identify was inversely proportional to the distance mi-
the SB fragments. The unmarked peak near the left
corresponds to undigested orpartially digested DNA. A

1 23 4 5 6 7 8 9 lo 11 1213

ence of smnll amounts of undigested DNA. They
represent limit digest patterns, nevertheless,
since the same fragment pattern was observed i
with various amounts of residual undigested -V
DNA. Cleavage of such undigested DNA ex- 2
tracted from the gels yielded the same fragment
patterns as were obtained from unfractionated
DNA (data not shown). We previously suggested
that these results could be explained if some J
enzyme molecules bind to a cleavage site without 1
cleaving it (4). If this is the case, this behavior
must be random with respect to the cleavage
sites studied here (I could not, of course, rule 4 5 6 _
out the possibility that some potential sites were d
completely protected).
The cleavage patterns seem to be independent

of the allelic state of gene 42 (deoxycytidine
hydroxymethylase) (Fig. 1 and 2). It is, therefore,
rather unlikely that residual hydroxymethyla- 5 6 7 8 9 1 11 1213
tion protects some potential cleavage sites exclu-
sively. Experiments are in progress to test
whether bacterium- or phage-coded methylases 2./
are involved in protection against cleavage by
methylation of adenine or cytosine or both in
phage DNA.
Size determinations. The physical map of

T4 DNA was constructed from lengths of DNA FIG. 5A. Reciprocal digestion of Cyt-O DNA with
fragments determined by agarose gel electropho- SalI and BglI. (A) BglI fragments eluted, digested
resis and correlated to the genetic map by anal- with SalI, and electrophoresed. Top to bottom: a, B-
ysis of cleavage patterns of several genetically A and B-B together; b, B-C; c, B-D; d, B-E; and e, B-
characterized deletion mutants. The accuracy of F. (B) SalI fragments eluted, digested with BglI, and
theconstructed map is, of course, crucially de- electrophoresed. Top to bottom: a, S-A; b, S-B; c, S-thendn pntepeiiniiedtria

C/D; d, S-E; and e, S-F. In both (A) and (B), dotted
pendent upon the precision in size determina- lines show reanalysis of the eluted fragments without
tions from gel electrophoresis. further treatment. Positions of the SB fragments are
The length determinations were based on indicated by numbers above the tracings.

VOL. 36, 1980 11
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FIG. 5B.

grated undermy electrophoretic conditions. The
interval from positions 111 to 137 was slightly
longer, but contained no cleavage sites for the
enzymes studied here. Its length was therefore,
somewhat less precise than was the rest of the
map. The SalI-KpnI fragment spanning this in-
terval (SK-1) was digested with Bgl, yielding
subfragments adding up to 26 kbp, which was in
good agreement with the direct estimate (data

not shown).
The interval 111 to 137 spans the aic gene

(22). Its length is calculated to be 25.5 kbp in
Cyt-9 DNA (alc2) (4) and 26.0 kbp in Cyt-0
DNA (alklO) (Table 3). Although these values
are not significantly different, I could not at
present rule out a small difference between the
two strains in this area.
Physical map. The presence of a BglI cleav-

J. VIROL.



0- a-

%-

0 -
P -

0-

V-

'U-

c-
C.)

0

0
Ow

0

0

Ow

+

0

Ow0

cI.

.

.0 .

13



14 CARLSON

TABLE 5. Correspondence between T4 fragments
from single and double digests

Single Fragments from double digests Single
digest dgs
frag- SaiI + BglI KpnI + frag-

SaII+glI ib mentment KpnI Bgliszeb
S-A 2, 4, 13 2, 8, 10, 14 38.4
S-B 1, llb 1 33.3
S-C 6,8, 15 3, 12 24.0
S-D 5, 7 4, 9b 23.4
S-E 3 5, 15 15.1
S-F 9, 14 6, 13 12.8
S-G 10 7 8.9
S-H lla 9a 7.0
S-I 12 11 3.9
K-A 1,2 1,5,14 48.1
K-B 3, 4, 7 3, 6, 8 38.9
K-C 5, 8, 10, 12 2,10 36.5
K-D 9, lla, llb 4, 9 23.8
K-E 6, 14 7,11 14.6
K-F 13 12 3.2
K-G 15 13 1.6
B-A 1,8,9a, 13 1,4 50.8
B-B 3,7,9b, 11 2, 7,13 40.9
B-C 2 5, 8, 12 23.2
B-D 5, 10 3 20.3
B-E 4, 15 6, 10 17.3
B-F 6, 12 9, 11 13.0
B-G 14 14 1.2
a Size in kbp, calculated from cleavage positions in

Fig. 7.
b Where italicized, estimated from the calculated

cleavage positions for KpnI and Bgll (Fig. 7).

age site within a sequenced region including the
origin of the genetic map (Pribnow et al., sub-
mitted for publication) permits an exact align-
ment of physical and genetic maps in this region.
Less precise alignments are obtained from the
deletion mapping.
The deletion saA9 removes about 2,500 base

pairs from Dl through stp (9) between positions
162 and 165 in the genetic map (18, 32). This
deletion removes a cleavage site for Sail at
position 163.7 in the physical map, and its phys-
ical size is estimated to be 2.5 kbp. These data
are in good agreement.
The deletion del(39-56)12 (12) is located be-

tween gene 39 (position about 3 to 5) and gene
56 (position about 18 to 18.5) (18, 32). The
deletion removes two KpnI sites at positions 8.8
and 10.3. The distance from del(39-56)12 to
r1589 was measured by Homyk and Weil (12) by
the electron microscope heteroduplex technique.
By recalculating their data to X = 48.3 kbp (26)
and using my determinations of endpoints of
r1589 based on the sequence data of Pribnow et
al. (submitted for publication) and my estimate
of the length of the deletion, del(39-56)12 could
be placed between positions 5.6 and 16.7 on the

J. VIROL.

physical map. These physical endpoints were
within the interval between genes 39 and 56 on
the genetic map (18, 32). The length of the
deletion from my electrophoretic measurements
was 11.1 kbp, slightly longer than the 9.8 kbp
(10.2 kbp when referred to A = 48.3 kbp) reported
by Homyk and Weil. The discrepancy might be
due to the different methods used and the diffi-
culties in obtaining precise lengths of single-
stranded DNA by electron microscopy.
The deletion tk2 inactivates genes rI and tk.

Genetic mapping data of Chace and Hall (5)
suggest a deletion of about 8 kbp extending
counterclockwise up to nrdC. This would give it
an approximate position between 50 and 57 in
the genetic map (18, 32). I have found evidence
for a deletion of 10 kbp removing two cleavage
sites at position 57.3 (SalI) and position 58.2
(Bgll) on the physical map. Brooks and Hatt-
man (2) have mapped a gene responsible for
phage-induced deoxyadenosine methylase activ-
ity (the dam gene) between genes nrdC and rI
in the closely related phage T2. Heteroduplex
analysis of T2 and T4 DNAs (15) shows that the
region from positions 47 to 54 is homologous in
these two phages. I measured phage-induced
deoxyadenosine methylase activity in cells in-
fected by tk2 phage and found the level of this

TABLE 6. Fragments from digestion of Cyt-0 DNA
with SalI, KpnI, and BglI together

Size (kbp)
Fragment

Expecteda Found'
SK-1 26.0 26
SB-5 14.3 15
KB-5 12.9 12.5
SK-7/8 10.6 10.4
SB-6 10.2 10.1
SB-7, SK-10 8.9 8.8
KB-7 8.8
SB-8 7.9 7.7
KB-8 7.2 7.1
KB-9 7.1
SB-9a, SK-lla, SB-9b,
SK-llb

SB-10
KB-10
SB-li, SK-12
KB-12, SK-13
SK-14
SB-12
SB-13
SK-15, KB-13
SB-14, KB-14
SB-15

7.0 6.8
6.0 6.1
5.9 6.0
3.9 4.0
3.2 3.3
3.1 3.1
2.8 2.8
2.6 2.6
1.6 * 1.6
1.2 1.2
0.8 0.8

a From Fig. 7.
b From Fig. 1. Sizes were calculated for the bands

observed. Some bands probably contain more than
one fragment.
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Atk2

denA aic

FIG. 8. Physical and genetic map of T4 Cyt-O DNA. Thepositions ofdeletions saA9 and tk2 are from genetic
data (5, 9, 18, 31), and the precise locations ofthese endpoints with respect to the physical map are not known.
The endpoints of deletion r1589 were determined from my estimate of its size together with the sequence data
of Pribnow et al. (submitted for publication). The position of del(39-56)12 is from electron microscopic
determinations ofHomyk and Weil relative to r1589 (12), recalculated to a length oflambda DNA of48.3 kbp
(26) which was used in this study, combined with my estimate of the deletion length (Table 4). Estimates of
deletion lengths are from Table 4. Positions ofgenes are from Mosig et al. (18). Cleavage sites for SalI, KpnI,
BglI, and BamHI are from Fig. 7.

activity to be the same as that in cells infected
with wild-type phage. Taken together, these
data suggest a slight discrepancy between ge-
netic and physical maps in this region, where
positions of genetic markers should be moved
slightly to fit the physical map.
The BamHI endonuclease was shown by Wil-

son et al. (30) to cleave in the region of gene 8.
The physical position of the cleavage site, at
position 84.0, agrees well with the genetic map-
ping of gene 8 at position 84 (18).
The fact that relatively few cleavage sites, 24

within 166 kbp, were located in this study pre-
cluded a finer alignment of physical and genetic
maps. On the other hand, the positions of the
cleavage sites themselves should be quite accu-
rate, since the map (with the exception of the
one area between positions 111 and 137) was
derived by adding lengths of relatively few frag-
ments, the sizes of which were determined with
reasonable accuracy. It should therefore provide
a solid framework for future, more detailed stud-
ies.
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