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A complete map of the cleavage sites of restriction endonucleases BamHI,
BglII, KpnI, PvuI, SalI, and XbaI was determined for the cytosine-containing
DNA of a bacteriophage T4 alc mutant. The 56 sequence-specific sites were
assigned map coordinates based on a least-squares analysis of measured fragment
lengths. Altogether, the lengths of 118 fragments from single and double enzyme
digestions were measured by electrophoresis of the fragments in agarose gels.
DNA fragments of known sequence or DNA fragments calibrated with fragments
of known sequence were used as standards. The greatest deviation between an
experimentally measured fragment length and its computed map coordinates was
3.0%; the average deviation was 0.8%. The total length of the wild-type T4 genome
was calculated to be 166,200 base pairs.

Bacteriophage T4 is well characterized genet-
ically; more than 100 genes have been identified
on its 166-kilobase pair genome (23). As a result,
the biochemistry oftranscription and replication
of T4 DNA has received considerable attention.
Until recently however, further progress was
hindered by the fact that the glucosylated hy-
droxymnethylcytosine residues normally present
in T4 DNA prevented restriction endonuclease
analysis (6). This obstacle was surnounted when
aic mutants of T4, which allow the growth and
packaging of cytosine-containing DNA (dC-
DNA), were isolated (16). Physical maps of
cleavage sites now exist for restriction enzymes
BamHI, BgiI, BglII, EcoRI, HindIII, Kpnl,
PstI, Sall, SmaI, and XhoI (2, 3, 7, 12, 14, 22).
These maps are circular due to the circular
permutation of the base sequence within a pop-
ulation of linear T4 chromosomes.

In this report we present a unified computer-
fitted map for the cleavage sites of BamHI,
BglII, KpnI, and SalI, all of which we mapped
independently, and add to the T4 restriction
map the cleavage sites of PvuI and XbaI. PvuI
cleaves the dC-DNA of the aic mutant which
we used at four sites within two regions on
opposite sides of the circular restriction map. In
effect, PvuI cuts the T4 genome in half. XbaI
cleaves at 23 sites to produce a set of moderately
sized fragments, all but 3 of which are well
separated upon electrophoresis in an agarose gel.
In the accompanying -eport (24) these restric-
tion maps are aligned with the T4 genetic map.
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MATERIALS AND METHODS
Phage and bacterial strains. Bacteriophage T4

56- (amE51 dCTPase.) denA(nd28) denB(ArIIH23B)
alc8 and its restriction/modification-negative hosts
Escherichia coli K803 (supE hsdS rgl gal met) and
B834 (supE+ rB mBB gal met) were provided by L.
Snyder (16). The triple-mutant parent for the alc
mutant was constructed by R. Bruner and was thought
to carry the 4.2-kilobase (kb) rII deletion H23, which
spans the rIlA and rIIB cistrons and extends into
denB. However, heteroduplex analysis and sensitivity
to acriflavin have shown that the rII deletion carried
by these mutants is considerably longer and extends
to the ac locus (9). By electron microscopy of hetero-
duplexes, we measured the rIIH23 deletion of Bruner
to be 5.8 kb long, with its terminus at the left end of
the rIlA gene indistinguishable from the terminus for
the rIIH23 deletion (8). We refer to this deletion as
rIIH23B. T4 agt8 ,BgtlO and E. coli U95 rgl (5), which
lacks UDP-glucose pyrophosphorylase, were obtained
from N. Sinha.
Growth of bacteriophage and isolation of

DNA. To obtain T4 particles containing dC-DNA, the
T4 akc quadruple mutant was grown first in E. coli
K803 and then in E. coli B834 as described by Snyder
et al. (16), except that H broth was used instead of
M9S medium. H broth contains (per liter) 8 g of
nutrient broth (Difco Laboratories), 5 g of peptone
(Difco), 5 g of NaCl, and 1 g of glucose. Particles with
nonglucosylated hydroxymethylcytosine-containing
DNA were obtained by growing the T4 glucosyl trans-
ferase mutant in E. coli U95 rgl. Phage particles were
purified by differential centrifugation and then sus-
pended in 20mM Tris-hydrochloride (pH 7.8Y-0.5mM
EDTA.

For isolation of DNA, 0.1 volume of 10% sodium
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dodecyl sulfate was added to the phage, and the sus-
pension was heated to 650C for 5 min to disrupt the
particles. The solution of T4 dC-DNA was extracted
several times with water-saturated phenol, dialyzed
against 20 mM Tris-hydrochloride (pH 7.8)-0.5 mM
EDTA, and stored at -20°C.

Restriction endonuclease digestion. Restriction
endonucleases were purchased from New England
Biolabs. A standard reaction mixture was used for all
digestions and contained 20 mM Tris-hydrochloride
(pH 7.8), 10 mM MgCl2, 10 mM NaCl, 7 mM 2-mer-
captoethanol, 0.2 mM EDTA, and 0.1% gelatin or
0.01% bovine serum albumin (Bethesda Research Lab-
oratories). Sufficient enzyme was added to give com-
plete digestion within a 6-h incubation at 370C. When
the DNA was digested with more than one enzyme,
all enzymes were added at the beginning of the diges-
tion period.

For secondary cleavage of restriction fragments,
either fragments purified from preparative agarose
gels or bands cut from ethidium bromide-stained 0.6%
low-melting-point agarose gels were used. For purifi-
cation of fragments, the agarose gel was dissolved with
KI at 37°C, and the DNA was bound selectively to a
short column of hydroxylapatite (Bio-Gel HT; Bio-
Rad Laboratories). The DNA was eluted with 0.5 M
sodium phosphate buffer (pH 6.8) and banded in a KI
density gradient (1). The isopycnic centrifugation in
KI was necessary to consistently obtain DNA readily
cleavable with small amounts of restriction endonucle-
ases. With the second technique, the excised pieces of
gel were soaked for 1 h in water to reduce the amount
of ethidium bromide, melted at 650C, and placed in
the bovine serum albumin-containing reaction mixture
(10).
Gel electrophoresis. DNA digests were fraction-

ated by electrophoresis on 18-cm slab gels of 0.5 or
1.2% agarose (SeaKem; FMC Corp.) or 0.6% low-melt-
ing-point agarose (Bethesda Research Laboratories)
in an apparatus constructed by the method of Sugden
et al. (18). The gels contained 20% glycerol and 80mM
Tris-maleate (pH 7.8). The running buffer was 40mM
Tris-maleate (pH 7.8). Up to 300 id of the DNA digest,
adjusted to contain 10% sucrose, was placed in each
well, and 30 to 50 V was applied for 16 h at room
temperature. DNA was visualized by immersing the
gel in a solution containing 5 ,ug of ethidium bromide
per ml for 15 min and destaining in water for 15 min,
followed by short-wave UV illumination. Photographs
were taken by using Polaroid type 55 P/N film and an
orange Wratten 23A filter (Eastman Kodak).

Molecular weight standards and fragment size
measurement. The sizes of T4 restriction fragments
were determined from their electrophoretic mobilities
relative to lambda phage DNA (XcI ts857 S7; obtained
from E. Burgi) and its EcoRI fragments and relative
to the AluI, EcoRI, and HincIII fragments of plasmid
pBR322 DNA (obtained from H. Boyer in E. coli
RR1). The recently revised values of 49.13, 21.57, 7.54,
5.90, 5.68, 4.84, and 3.60 kb were assumed for lambda
DNA and its six EcoRI fragments (4). The sizes of the
pBR322 fragments are known from the nucleotide
sequence of pBR322 DNA (19). These fragments pro-
vide a set of well-spaced standards which extends
down to 11 base pairs (bp).
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The distances of migration of the standards in the
gel were plotted versus the logs of their lengths. Within
the central, linear portion of the curve, a best-fit line
was determined by the least-squares method. At the
nonlinear ends of the plot, the values were connected
to yield a continuous curve. The lengths of the un-
known fragments less than 20 kb long were read di-
rectly from the plot and, in the nonlinear portions of
the curve, were bracketed closely by standard values,
The lengths of fragments more than 20 kb long were
determined by summing subfragment lengths.

During construction of the unified restriction map,
the measured fragment lengths were adjusted by the
mapping program of Schroeder and Blattner (15) to
minimize the sum of the squares of the fractional
deviations between the measured lengths and the
lengths predicted by the map coordinates. It is these
adjusted values that are used throughout this report,
unless otherwise noted.

RESULTS
Basis for construction of a BglH-XbaI

cleavage map ofT4 dC-DNA. The restriction
endonucleases BamHI, BglII, HpaI, KpnI,
PvuI, PvuII, SacI, SalI, SmaI, XhoI, and XbaI
were each tested in an attempt to identify one
or more nucleases that cleave the dC-DNA of
T4 amE51 denA denB(ArIIH23B) alc8 to pro-
duce sets of 15 to 20 moderately sized fragments,
each of which can be well resolved by gel elec-
trophoresis. It was anticipated that such sets
would simplify the initial mapping of restriction
sites, and, more importantly, would be useful for
future studies (e.g., by facilitating Southern blot
hybridization analyses). XbaI came closest to
meeting the criteria; it produced 23 fragments
that were resolved into 21 well-separated bands
in a 0.5% agarose gel (Fig. 1). The largest frag-
ment was 17.9 kb long, and only band 2 con-
tained more than one DNA fragment (it con-
tained three fragments). Next best was BglII,
with 13 fragments and 10 bands, three of which
were composed of overlapping or closely migrat-
ing pairs of fragments (Fig. 1). Unfortunately,
the largest BglII fragment was 55.8 kb long,
representing about one-third of the T4 genome.
To construct a map of the BglII and XbaI

cleavage sites on T4 dC-DNA, the DNAs from
individual bands were subjected to reciprocal
digestion; i.e., the BglII fragment or fragments
in each band were digested with XbaI and vice
versa. BglII and XbaI fragments that over-
lapped on the T4 genome would yield one BglII-
XbaI subfragment in common, and on this basis,
overlaps could be identified. By proceeding from
overlap to overlap, an outline of the cleavage
map was drawn. To complete the map, we po-
sitioned BglII and XbaI fragments which were
fully contained within larger XbaI or BglII frag-
ments and thus not cleaved in the reciprocal
digestions. These fragments are referred to as
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Size (bp) No. Size (bp) No. Size(bp) No. Bg/II-XbaI fragment
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5100
4410 4440 10a,b 7b,8o 7,6
4350 8a,b 4450 = I 4230

4090 12 3980 6 6

3330 9
3640 13 3700,3650 12 3 1133309 ~~~~~~~~3400.3300
2890 14 3060 13a,b,c 6,7o,2o 1,7,/3
2790 15 2810 14a,b,c 8b,9,2b 2b,2b,8
2430 16 15 5 12
2150 17 16a,b 4,3 8,/5

17 /6
1670 18 3 /7

1450 18 19 14

1180 1-0 1180 19 1220 20 /8
IIIo 2u0 A
1110 ~~~~~~~103021 2 a 14

950 22o,b 1, / /49,8
680 21

790 23 7°a 20
68021 ~~~~~~~~~~~~247b 12

25 8b 9
470 26 7a 6

27 4 2/
28 2o 11

FIG. 1. Restriction fragments produced by cleavage of T4 alc mutant dC-DNA with BglII and XbaI
individually and in combination. The fragments were electrophoresed in an 0.6% agarose gel and visualized
by ethidium bromide staining. Each fragment from the single and double digestions is numbered in order of
decreasing size. An additional letter designates overlapping fragments. Minor bands that are unlabeled in
this and the following figures represent DNA which was digested incompletely, perhaps due to the presence
of a few hydroxymethylcytosine residues. The size given for each fragment is an adjusted value calculated
during construction of the unified map (Fig. 2), which contains, in addition to the BglII and XbaI sites, the
cleavage sites ofBamHI, KpnI, PvuI, and SalI. The values are based on a least-squares analysis designed to
minimize the fractional deviation between measured andpredicted lengths, as described in the text. For the
55.8-kb fragment, the value represents the sum of subfragment lengths. The table at the right lists the
individual BglII and XbaI fragments from which each subfragment in the double digestion could be derived.
This was determined by isolating the individual BglII and XbaI fragments and then digesting them with
XbaI and BglII, respectively. Italicized numbers indicate fragments not cleaved by the secondary digestion.
These are internal subfragments of larger BglII and XbaIprimary fragments.

intemal subfragments to distinguish them from
the overlapping terminal subfragments. Their
initial assignments on the map were based on
their presence among the subfragments of a
larger fragment. When two or more internal
subfragments were present, these subfragments
were ordered by exani ng the products of a
partial digestion ofthe larger fragments, or-other
restriction enzymes were used to divide the
larger fragments into smaller segments for anal-
ysis.

In the four cases where DNA bands contained
more than one fragment (viz., BglII-2, -7, and
-8 and XbaI-2), the subfragments which were
produced by the reciprocal digestions had to be
assigned to specific fragments for mapping. Re-

striction endonuclease PvuI was found to cleave
BglII-2a but not BglII-2b. Therefore, PvuI was
used to separate BglII-2a from BglII-2b, which
was then cleaved with XbaI to determine its
XbaI subfragments. Similarly, BglII-7b was sep-
arated from BglII-7a by selectively cleaving
BglII-7a with XhoI. BglII-7b was then cleaved
with XbaI for subfragment determination. With
BglII-8, only one of the two fragments was
cleaved by XbaI, making the assignment of
subfragments straightforward. With the XbaI-2
triplet, XbaI-2a was not cleaved by BglII; the
two remaining fragments were separated by se-
lectively cleaving XbaI-2b with PvuI. XbaI-2c
was then cleaved with BglII to determine its
subfragments.

106 MARSH AND HEPBURN J. VIROL.
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In Fig. 1, all BglII-XbaI subfragments are
displayed in an agarose gel of a BglII-XbaI
double digest of the T4 dC-DNA. At the side of
the gel are listed the individual BglII and XbaI
fragments from which each BglII-XbaI subfrag-
ment could be derived by reciprocal digestion.
The intemal subfragments which were not
cleaved by reciprocal digestion are italicized.

In Table 1, the BglH-XbaI subfragments are

grouped to form a matrix that can be read hori-
zontally for the subfragment composition ofeach
of the XbaI fragments and vertically for the
subfragment composition of each of the BglII
fragments. Intemal subfragments are indicated
by a b superscript. In this table only subfragment
sizes are listed for the sake of clarity.
An outline of the Bglll-XbaI map of T4 dC-

DNA can be read directly from Table 1 by
starting with a subfragment derived from an
overlap between a BglII fragment and an XbaI
fragment. For example, this can be done with
the 41,200-bp subfragment of XbaI-1 and BglII-
2b in the upper left comer of the table. Scanning
vertically, the subfragment from the other end
of the BglII-2b fragment is noted. This is the
3,300-bp subfragment overlappingXbaI-8. Thus,
XbaI-1 can be juxtaposed with XbaI-8 on the
map. The other end of XbaI-8 is found by scan-
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ning horizontally, and the BgIII fragment with
which it overlaps is noted. By continuing to trace
the BglII and XbaI fragments alternately, a

circular map of the ends of the fragments can be
deduced.
For the 13 BglII fragments, the resulting map

is complete, since no XbaI fragment contained
more than one internal subfragment when
cleaved by BglIH. This map is shown in Fig. 2.
Also shown is the XbaI cleavage mpa, which was
completed by ordering the XbaI fragments that
fell within Bgil fragments 1, 2a, and 3, as de-
scribed below.
Ordering of internal fragments to com-

plete the XbaI cleavage map. The neighbor-
ing BglIH fragments 2a and 3 contain two inter-
nal XbaI fragments each (XbaI-4 and -13 and
XbaI-15 and -17, respectively). To order these
internal fragments on the map, BglII-2a and -3
were partially digested with XbaI. Based on
direct size measurements, unadjusted during
map construction, BglII-2a yielded a 5.00-kb
partial product, which corresponded to the 4.87-
kb sum (4.88 kb, unadjusted) of the lengths of
XbaI-13 and the end ofXbaI-14 that overlapped
BglII-2a. With BglII-3, 6.36- and 7.88-kb partial
products were measured; the first of these cor-
responded to the 6.12-kb sum (6.24 kb, unad-

TABLE 1. Subfragments produced by reciprocal digestion of individual BglII and XbaIfragmentsa

XbaI frag- Size (bp) of Bgl fragment:
ment 1 2a 2b 3 4 5 6 7a 7b &a 8b 9 10

1 14,200 3,700
2a 14,530b
2b 7,520 3,400 3,330b
2c 5,100 9,180
3 13,150b
5 11,000"

6 4,230 790 440
7 3,650 4,440
8 3,300 2,810 1,180b
9 5,230 950
10 520
11 470 3,980
12 3,060 1,030
13 3,60b
14 1,670 1,220
15 27o
16 2,430b
17 21o
18 1,450b
19 1b

20 110
21 680"

a Individual BglII and XbaI fragments were redigested with XbaI and BglII, respectively. The sizes of the
resulting subfragments are given.

b Internal subfragments, which represented entire BglII or XbaI fragments contained within the larger
primary fragments.
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FIG. 2. Map ofcleavage sites on T4 alc mutant dC-DNA for restriction endonucleases BamHI, BglII, KpnI,
PvuI, SalI, and XbaI. Coordinates (in base pairs) for the cleavage sites are listed around the outside of the
map. They were determined by using the computer mapping program of Schroeder and Blattner (15), as
described in the text. The coordinates are those expected with T4 DNA carrying no deletions and containing
166,200 bp. The 5.8-kb rIIH23B deletion carried by T4 alc mutant DNA, which was used to construct the
restriction map, removes the standard zero point on the map at thejuncture between the rIIA and B cistrons.
The position of the deletion 5,850 bp from BglII-3 is based on the heteroduplex mapping described in the
accompanying paper (24). In that study, the average measured distance from the deletion to BglII-3 was 5,720
bp. Here, this value was adjusted to 5,850 bp to correct for the 2.39o difference which existed between the
length of BglII-4 measured in the heteroduplex analysis and the BglII-4 length determined by agarose gel
electrophoresis. A coordinate of 2,300 bp was assigned to the left terminus of the deletion located at the end
of the rIIA cistron from a size estimate of the cistron based on a heteroduplex analysis (8).

justed) of the lengths ofXba-I-17 and the end of
XbaI-11 that overlapped BglII-3, and the second
corresponded to the 7.89-kb sum (7.93 kb, un-

adjusted) of the lengths of XbaI-15 and the end
of XbaI-2c that overlapped BglII-3. Thus, we

concluded that the overall map order is XbaI-14,
-13, -4, -11, -17, -15, -2c, as shown on the map in
Fig. 2.
For BglII-1, which contained seven internal

XbaI fragments, partial digestion with XbaI pro-
vided insufficient data to order these fragments.
Therefore, SailI and KpnI were used to cut
BglII-1 into smaller segments for analysis.

To orient the Sall and KpnI segments of
BglII-1 relative to the rest of the BglII-XbaI
map, a complete map of the SailI and KpnI sites
on the T4 alc mutant dC-DNA was constructed.
Each BglII and XbaI fragment was digested
with SaII, and the products were analyzed on
agarose gels. The same was done with KpnI.
Figures 3 and 4 shows individual SailI and KpnI
digests and double digests of these enzymes with
BglII and XbaI. The subfragments from the
double digests are labeled first as to the BglII
or XbaI fragment from which each subfragment
was derived; after the hyphen is the number of

J. VIROL.



SO/ I
Size (bp) No.

38760\--_ 1
30640 2a,b

23630 - 3

15160 - 4

9030 - 5

7110 - 6

4150

BgIII-So/I
Size (bp) No.

22570-
18110-
15160-
12850-

9030_
8510-
7110-
6440
5520

-7
3940 -

2990 -

2070-

1160-

-I--
- 1-2
-1-3 (So/I-4)
- 4,3-I

2Aa-1 (Sa/I-5)-5-1
-6
2b-I(So/I-6)

- 2b-2
- 7a,b; 2a-2

8a,b
-2b-3

9
2a-3

-5-2

-10,3-2

XbaI-S7lI
Size (bp) No.

I 2b,c

101S0Is-5)
I9030~ 2a-l
8360 7
7110 --8,1-2 (So/I-6)
6800r33-I
6340 - 3-2
6 8 Fr392a-2

I0

13
12_1

3090- 4
2820- 15,11-1
2510 4-2

16
17

1630 11-2
18
19
20

1000 12-2

650 1
21

60 1-3,4-3

FIG. 3. Agarose gel electrophoresis ofthe restriction fragmentsproduced by cleavage of T4 ak mutant dC-
DNA with Sal alone and with Sall in combination with BglI and XbaI. Fragment sizes were deter-mined as
described in the legend to Fig. 1; when greater than 20 kb, these sizes represent sums ofsubfragment lengths.
For the double digestions, sizes are listed only if the fragment resulted from a secondary cleavage ofa BglII
or Xbal fragment by Salt. Each of these subfragments is labeled according to the BglII or XbaI fragment
from which it was derived, followed by a number to designate the particular subfragment.

ApnI
Size (bp) No

46370 1
336373d 3
24190 -4

5+
8890 5

3330 6

i450 7

I

Bg/II-KpnI
Size (bp) No

39380 -

+7(portial) 11530 -

7850\7670 -

7230'-

5450 -

4810 -

3330 -

1450-

1030-

710-

- I-I(KpnI-2)

- 2a,b

- 3-1
-5

4-I
- 1-2

6-

- 7,b, 1-3
- 4-2

8a,b

XbcI- KpnI
Size (bp) No

14910- 20,
83

_4
8890- = 2c-l(Kpnl-5)

7
7440-jj 8,5-1

9

- 9,1-4(KpnI-6) 3380 -
3000 -

- 3-2+3-3(partiol) 2610-

1840 -

- 3-2(KpnI-7) 1450 -

-10 1320-
3-3

6-2

220--

II
12

-13

-1-2

10-2

18,2c-3(KpnI-7)
2c-4

-19
20

-21

5-3

FIG. 4. Agarose gel electrophoresis of restriction fragments produced by cleavage of T4 alc mutant dC-
DNA with KpnI alone and with kpnI in combination with BglII and XbaI. Fragment sizes were determined
and subfragments were numbered as described in the legends to Fig. 1 and 3.
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the particular subfragment. For example, in the
BgiII-SaiI digest in Fig. 3, the bands labeled 1-
1, 1-2, and 1-3 represent the three subfragments
derived from BgiII-1 by SailI cleavage. Because
the locations of all BglII sites and XbaI sites
outside BgiII-1 were known, the results permit-
ted the Sall and KpnI sites outside BglII-1 to
be assigned unambigously. For example, Fig. 3
shows that SailI cut BglII-5, yielding 8,510- and
2,070-bp subfragments and that it cut XbaI-12,
which overlapped BglII-5, yielding 3,090- and
1,000-bp subfragments. These subfragments
could be produced (Fig. 2) only if the SailI
cleavage site was located 2,070 bp from the end
of BgiII-5 which overlapped XbaI-12 (i.e., prox-
imal to BglII-7b).
Assignment of all SailI sites outside BglII-1

left only the sites which yielded SalI fragments
1, 3, and 4 to be ascertained. With BglII-1, Sall
cut at two sites, producing 22,570- and 18,110-bp
terminal fragments and an internal fragment
which corresponded to the 15,160-bp SalI-4 frag-
ment. A 23,630-bp fragment the size of SaiI-3
would have resulted if the 18,110-bp terminal
subfragment of BglIl-1 were positioned next to
the 5,520-bp terminal fragment of BgiII-2a, and
in this orientation, SalI-1 could be accounted
for by the other end of BglI-1, together with
adjoining subfragments.
KpnI cleaved BgiII-1 into four subfragments;

the internal subfragments corresponded to
KpnI-2 and -6, and the terminal subfragments
were 5,450 and 7,670 bp long. KpnI-6 was placed
next to the 5,450-bp terminal subfragment on
the basis of a partial KpnI digestion of BgiII-1.
This fixed the positions of the other two subfrag-
ments. To orient the resulting KpnI map of
BgiII-l with respect to the KpnI sites outside
BgiII-1, the KpnI cleavage products of SalI-3
were examined. Only one KpnI cleavage site was
present in SaiI-3 (data not shown). This was
possible only if the end of BgiII-1 which con-
tained KpnI-6 was located distal to SaiI-3. Thus,
the 7,670-bp terminal KpnI subfragment of
BglII-1 was placed adjacent to BgiII-2a, and the
5,450-bp other terminal KpnI subfragment was
placed along with KpnI-6 at the end of BgiII-1
next to BgiII-8b.

After the positions of all SailI and KpnI
subfragments within BgiII-1 were established,
all of the XbaI cleavage sites within this region
except the site between the neighboring small
fragments XbaI-18 and -19 could be assigned
unambiguously, based on an analysis of the SailI
and KpnI cleavage products of each of the XbaI
fragments that fell within or overlapped BgiII-
1. As Fig. 4 shows, KpnI-6 was cleaved from
XbaI-5. Thiis placed XbaI-5 adjacent to XbaI-9

at the clockwise end of BgiII-1 in Fig. 2. Next,
XbaI-3 and -2a were cleaved by Sall to produce
the 6,340-, 6,800-, 8,360-, and 6,180-bp fragments
(Fig. 3) expected if XbaI-3 and -2a were posi-
tioned after XbaI-5, as shown in Fig. 2. Figure 4
shows that XbaI-10 was cut with KpnI to pro-
duce 3,380- and 1,840-bp fragments. Placement
of the shorter fragment proximal to XbaI-2a left
room for a fragment the size ofXbaI-16, whereas
the space between XbaI-10 and -14 could accom-
modate XbaI-18 and -19.
The orientation of XbaI-18 and -19 relative to

XbaI-10 was ascertained by examining an XbaI
digestion of nonglucosylated hydroxylmethyl-
cytosine-containing T4 DNA isolated from an
a- and ,8-glucosyl transferase mutant of T4. Al-
though resistant to most restriction enzymes,
this DNA is cleaved by XbaI, although not as
readily as dC-DNA. We observed that XbaI
rarely cleaved the recognition site at the coun-
terclockwise end of XbaI-10, so that in an aga-
rose gel XbaI-10 and -19 were replaced by a
larger fragment, which corresponded in size to
the sum of the lengths of these fragments. XbaI-
18 was present in a normal amount. This placed
XbaI-19 adjacent to XbaI-10, as shown in Fig. 2.
Location ofthe PvuI and BamHIE cleavage

sites. As noted above, PvuI proved to be very
useful in constructing the BgiII-XbaI restriction
map because it selectively cleaved BgiII-2a and
-8b so that these fragments could be separated
from BgiII-2b and -8a, respectively. No other
BgiII fragments were cleaved by PvuI, with the
result that digestion with both BgiII and PvuI
yielded a set of 17 fragments, only two pairs of
which were not well resolved from one another
on an agarose gel (Fig. 5). These were BglII-7a
and -7b, which are contiguous on the map, and
PvuI-3a and -3b, which also proved to be neigh-
boring fragments.
When T4 dC-DNA was digested with PvuI

alone, two small fragments of apparently equal
size (PvuI-3a and -3b) were produced along with
two very large fragments (Fig. 5). The evidence
for two small fragments in PvuI-3 came directly
from densitometer tracings of photographic neg-
atives of the gels. The increased density of the
PvuI-3 band compared with bands with single
fragments of similar size was readily apparent in
double digests of PvuI with BgiII or XbaI (Fig.
5). The four PvuI cleavage sites were mapped
by examining the subfragments produced by
PvuI digestion of the individual BgiII and XbaI
fragments which contained PvuI cleavage sites.
The subfragments are identified in Fig. 5 among
the products of the double digestion of the T4
alc mutant dC-DNA with PvuI and BgiII or
XbaI. In all cases, only one fit for the PvuI
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FIG. 5. Agarose gel electrophoresis of restriction fragments produced by cleavage of T4 alc mutant dC-
DNA with PvuI alone and with PvuI in combination with BglII and XbaI. Fragment sizes were determined
and subfragments were numbered as described in the legends to Fig. 1 and 3.

subfragments on the existing BglII-XbaI map
was possible, yielding the map of PvuI sites
shown in Fig. 2.

In Fig. 5, as in the previous figures, the listed
sizes of fragments are adjusted values, which
were calculated during construction of the uni-
fied restriction map. As described below, these
sizes varied only slightly from the original mea-
surements, upon which the actual order of the
fragments on the map was based. In the case of
the PvuI sites in BglII-2a, the original measure-
ments for the four PvuI subfragments of BglII-
2a were 7.17, 6.92, 1.64, and 1.64 kb, for a total
of 17.4 kb. This compares with the measured
size of 17.6 kb for BgiII-2a and an adjusted size
of 17.5 kb, corroborating the inclusion of both of
the 1.64-kb PvuI-3 fragments within BglII-2a.
To locate the single BamHI cleavage site (20,

22) on the map, the T4 dC-DNA was digested
with both BamHI and BglII or BamHI and
XbaI (Fig. 6). As Fig. 6 shows, a 10,440-bp ter-
minal fragment was cleaved from BglII-1 by
BamHI, and XbaI-5 was cleaved into 5,780- and
5,210-bp fragments. This uniquely defined the
BamHI site as 5,780 bp from the end of XbaI-5
proximal to XbaI-9, as shown in Fig. 2.
Map coordinates for the restriction sites.

In the accompanying report (24), the BglII re-
striction map was aligned with the T4 genetic
map, and the 5.8-kb rIIH23B deletion carried by

the alc quadruple mutant was located within
BglII-4 by DNA heteroduplex mapping. In Fig.
2, the position of the rIIH23B deletion is shown,
and map coordinates are assigned to the restric-
tion cleavage sites by following the convention
of initiating measurement on the genome be-
tween the rIIA and rIIB cistrons and proceeding
clockwise. A coordinate of 2,300 bp was used for
the left end of the rIIH23B deletion, based on
the fact that the deletion terminates at the end
of the rIlA cistron, which has been estimated to
contain 2,300 bp by electron microscopy of het-
eroduplexes formed with various rII deletion
mutants (8). This value is also in line with esti-
mates based on the molecular weight of the rIIA
protein (13). Note that the map coordinates in
Fig. 2 are the coordinates expected for wild-type
T4 DNA with an estimated 166,200 bp per ge-
nome, although the restriction maps on the inner
circles are for the T4 alc quadruple-mutant
DNA.
Map coordinates of the cleavage sites were

calculated with the computer mapping program
of Schroeder and Blattner (15) and the lengths
measured by agarose gel electrophoresis for frag-
ments less than 20 kb long. A total of 118 frag-
ment lengths were measured from digests of the
T4 aic DNA made with BglII, XbaI, SalI, KpnI,
PvuI, and BamHI individually and in all pair-
wise combinations. Maximum agreement be-
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FIG. 6. Agarose gel electrophoresis of restriction fragments produced by cleavage of T4 alc mutant dC-
DNA with BamHI alone and with BamHI in combination with BglII and XbaI. Fragment sizes were

determined and subfragments were numbered as described in the legends to Fig. 1 and 3.

tween the measured fragment sizes and their
sizes estimated from the sums of their subfrag-
ments and from their contributions to the sizes
of longer fragments was achieved by minimiinng
the sum of the squares of the fractional devia-
tions between the measured and estimated frag-
ment sizes. We used fractional deviations, rather
than absolute deviations, since measurement er-

rors with agarose gels increase in direct propor-
tion to fragment length.
Table 2 lists the average measured sizes and

computed sizes of the fragments obtained with
the individual restriction endonucleases. Mea-
surements were quite reproducible from gel to
gel; the standard deviation of the four to six
measurements made was less than 3% for all
fragments. The computer fit adjusted the mea-
sured lengths for all fragments, including those
from double digestions not listed in Table 2, by
an average of 0.8%. There was no skew in the
adjustment with respect to fragment size. The

greatest adjustment was 3.0%, for the 14,910-bp
subfragment cleaved from XbaI-1 by KpnI. Un-
less otherwise noted, throughout this report we
use these adjusted values, which represent an
increase in accuracy over the measured values
from agarose gels.
Although the map coordinates in Fig. 2 have

been reported to 10 bp, this does not reflect the
accuracy of each coordinate. Instead, it is the
accuracy of the difference between nearby co-
ordinates that should be considered.

DISCUSSION
The unified restriction map presented here

contains 56 recognition sites for the six enzymes
BamHI, BglII, KpnI, PvuI, SalI, and XbaI. Its
circularity is the result of the permutation in
base sequence that is present within a popula-
tion of mature, linear chromosomes of T4 (21).
This permutation arises when concatemers of
T4 DNA are cut at random along the base

J. VIROL.



RESTRICTION MAP OF T4 DNA 113

TABLE 2. Measured fragment sizesa
FPragment (p)agment Measured size Computed size % ChangeMeaure sie boputdsz) hne Famn (bp) (bp)

BamHI-1 166,150 SaII-2b 30,640
SaiI-3 23,630

BgiII-1 55,840 SalI-4 15,050 15,160 0.7
BgiII-2a 17,580 17,530 -0.3 SalI-5 9,050 9,030 -0.2
BgiII-2b 17,580 17,500 -0.5 SalI-6 7,140 7,110 -0.8
BgiII-3 14,020 14,010 0 SalI-7 4,140 4,150 0.2
BglII-4 12,580 12,660 0.6
BgiII-5 10,380 10,580 1.9 XbaI-1 17,730 17,910 1.0
BgIII-6 7,870 7,940 0.9 XbaI-2a 14,470 14,530 0.4
BgIII-7a 5,440 5,540 1.8 XbaI-2b 14,470 14,270 -1.4
BglII-7b 5,440 5,470 0.6 XbaI-2c 14,470 14,250 -1.6
BglII-8a 4,420 4,410 -0.2 XbaI-3 13,180 13,150 -0.2
BgiII-8b 4,390 4,350 -0.9 XbaI-4 12,330 12,200 -1.1
BgIII-9 3,330 3,330 0 XbaI-5 10,980 11,000 0.1
Bgll-10 1,180 1,180 0 XbaI-6 9,390 9,430 0.4

XbaI-7 8,240 8,090 -1.8
KpnI-1 46,370 XbaI-8 7,350 7,280 -1.0
KpnI-2 39,380 XbaI-9 6,150 6,180 0.5
KpnI-3 36,730 XbaI-10 5,330 5,210 -2.2
KpnI-4 24,190 XbaI-11 4,390 4,450 1.4
KpnI-5 8,940 8,890 -0.6 XbaI-12 4,080 4,090 0.2
KpnI-6 3,330 3,330 0 XbaI-13 3,670 3,640 -0.8
KpnI-7 1,450 1,450 0 XbaI-14 2,970 2,890 -2.7

XbaI-15 2,790 2,790 0
PvuI-1 90,250 XbaI-16 2.420 2,430 0.4
PvuI-2 66,800 XbaI-17 2,150 2,150 0
PvuI-3a 1,640 1,640 0 XbaI-18 1,450 1,450 0
PvuI-3b 1,640 1,640 0 XbaI-19 1,180 1,180 0

XbaI-20 1,110 1,110 0
SalI-1 38,760 XbaI-21 680 680 0
SalI-2a 31,870 ._

a This table shows lengths of fragments as measured by agarose gel electrophoresis and as adjusted by
computation during construction of the unified restriction map (Fig. 2). Also shown is the percent difference in
the two values. Sizes were not measured directly from agarose gels for fragments more than 20 kb long. The
reported sizes of these fragments represent the sums of their adjusted subfragment lengths.

sequence for packaging into phage heads (11,
17).
The map coordinates determined for the 56

sites represent a best fit of the length measure-
ments made on 118 fragments from single and
double enzyme digestions and are based on a
least-squares analysis. Other workers have con-
structed maps of the cleavage sites for several of
the same enzymes. A map of the KpnI and SalI
sites was reported by Carlson and Nicolaisen (3),
and maps for these enzymes plus BamHI and
BglII were reported by Ruger and co-workers
(7, 14) and by O'Farrell et al. (13). Our map adds
the 27 sites cleaved by PvuI and XbaI and
identifies the coordinates for the cleavage sites
of all six enzymes with a precision not previously
available.
Our map confirms the finding by Ruger et al.

(14) that their first reported map (7) contained
two neighboring BglII fragments and three
KpnI fragments inverted with respect to the rest
of the map. By our nomenclature, these were

BglII fragments 2a and 3 and KpnI fragments 3,
5, and 7. Also confirmed is the presence of KpnI
fragment 6, which was absent on the map of
Carlson and Nicolaisen (3) but present on the
map of Kiko et al. (7). Carlson (2) has now found
that this KpnI fragment is also present in digests
from the T4 strain which she used for mapping.
Thus, the number and relative position of each
of the BglII and KpnI cleavage sites are in total
agreement for the T4 strains mapped in these
laboratories and in our laboratory. The maps of
the SailI and BamHI cleavage sites are also in
agreement.
The T4 alc mutant which we used carries an

extensive deletion, which covers the rII cistrons
and extends to the ac gene. Some BglII, KpnI,
PvuI, and XbaI sites may occur in this region
and, therefore, be missing from the map. It is
known that one SalI cleavage site falls within
the deleted region, but it contains no BamHI
cleavage sites (13, 20).

Cleavage ofT4 DNA by PvuI and XbaI should
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be especially useful for further genetic and bio-
chemical studies. The arrangement of the PvuI
cleavage sites, with three equidistant sites clus-
tered on one side of the genome and opposite
the fourth site, effectively divides the genome in
half. With XbaI, the resulting fragments are
moderate in size and, except for three that over-
lap, are well resolved as individual bands by
electrophoresis in agarose gels. Since no other
single restriction endonuclease or combination
of enzymes is known to resolve the T4 genome
so well in one step, XbaI should facilitate South-
ern blot hybridization analyses.
An alignment of the XbaI cleavage map with

the T4 genetic map is described in the accom-
panying paper (24). It is of interest that XbaI
cleaves five times within the relatively geneti-
cally silent 15-kb region between genes 55 and
rI. Few other restriction sites have been located
in this region (12).
The sum of adjusted fragment lengths yields

a genome of 160,350 bp for the T4 alc mutant
which we studied. With the addition of the 5.8-
kb rIIH23B deletion, the wild-type T4 genome
contains 166,200 bp. A similar genome size of
166 ± 2 kb was determined previously by Kim
and Davidson (8), based on measurements of T4
DNA molecules and T2/T4 heteroduplex mole-
cules visualized by electron microscopy. This
close agreement on the genome size is somewhat
fortuitous, however, as the length of the phage
X DNA used as a standard by Kim and Davidson
has since been revised upward by about 5% (4).
The mature, linear chromosome of T4 carries

a 3.3- ± 1-kb terminal redundancy (8). Given
this additional DNA, our measurements yield a
chromosome size of 169,500 bp.
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