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Three sites recognized by SmaI endonuclease, purified from Serratia marces-

cens SB, have been located on A DNA at 0.406, 0.656, and 0.825 fractional lengths
from the left end of the DNA molecule.

The genetic and physical structure of the X
bacteriophage chromosome is known in consid-
erable detail (8). Recently, the sites recognized
by EcoRI endonuclease have been mapped on X
DNA (1, 7, 21). We report here the locations on
X DNA of sites recognized by SmaI endonucle-
ase purified from Serratia marcescens SB. We
discuss the significance of the SmaI cleavage
map with respect to the genetic map and to the
construction of transducing vehicles (14, 17,
20).

MATERIALS AND METHODS
Phage and DNA. XcI857S7 was induced from a

lysogen, Escherichia coli strain CSH45 (13). The
cells were grown, the prophage were induced, the
phage were purified, and the DNA was extracted as
previously described (13). The purification of adeno-
virus DNA has also been described (15). R. T. Kova-
cic provided HaeIII fragments of PM2 DNA (22).
Enzymes and assays. EcoRI endonuclease was

purified by the method of Greene et al. (5). EcoRI
endonuclease reactions were usually carried out at
37°C for 1 h in 10 mM Tris (pH 7.2), 100 mM KCI, 1
mM EDTA, and 10 mM MgCl2. Reactions were
stopped by adjusting the solutions to 20 mM EDTA
and 10% glycerol. SmaI endonuclease was purified
from S. marcescens SB, using a modification of a
procedure developed by C. Mulder (personal com-
munication). A detailed account will be published
(McParland, McLean, Brown, and Pearson, manu-
script in preparation). SmaI endonuclease reactions
were carried out as described above except that the
solutions contained 5 mM MgCl2. Reactions with
EcoRI and SmaI together also only contained 5 mM
MgCl2. In general, 2 gl of EcoRI or SmaI endonu-
clease was sufficient to cleave 1 jig of X DNA in a
total volume of 50 ,ul. Before electrophoresis, di-
gested DNA was heated to 70°C for 3 min to melt
hydrogen-bonded (cohesive) ends of X molecules and
then cooled on ice.

Gel electrophoresis. Agarose (Bio-Rad Laborato-
ries) was dissolved in E buffer (12) containing 0.5 jiLg
of ethidium bromide per ml by boiling at 100°C. Slab
gels were cast with the following dimensions: 20 cm
high, 22 cm wide, and 0.3 cm thick. The running
buffer, E buffer, contained 0.4 ,ug of ethidium bro-

mide per ml. The gel compositions, voltages, and
durations of electrophoresis are detailed in the ap-
propriate figure legends. DNA bands were visual-
ized by the fluorescence from bound ethidium bro-
mide under long-wave UV irradiation. The gels
were photographed with a Polaroid camera equipped
with Tiffen Photar orange and haze 2-A filters us-
ing type 107 film. The photographic images have
been reversed (i.e., the bright bands against a dark
background appear as dark bands against a light
background.)

Purification of EcoRI and SmaI fragments. A
DNA was digested with either EcoRI or SmaI endo-
nuclease. SmaI fragments were separated on 0.5%
agarose-ethidium bromide tube gels (6 mm by 30 cm)
by electrophoresis at 5 mA/gel for 6 h. EcoRI frag-
ments were separated on 0.7% agarose-ethidium
bromide tube gels under the same conditions. DNA
bands were sliced from the gels. The slices were
frozen at -20°C, mascerated with a glass rod, and
centrifuged at 12,000 rpm for 10 min in a Sorvall SS-
34 rotor. The liquid was retained, and the pellet was
twice extracted with 2 ml of digestion buffer (10 mM
Tris, 100 mM KCl, and 1 mM EDTA, pH 7.2). The
DNA in the combined solutions was precipitated
with ethanol and dissolved in digestion buffer at a
concentration of 0.5 ,ug/,ul. The purity of each frag-
ment was checked by gel electrophoresis. All frag-
ments except EcoRI fragments 5 and 6 (and one
preparation of SmaI-D) were contaminated with
trace amounts of other fragments. They were used
without further purification.

RESULTS

Digestion of X DNA with SmaI endonuclease
produced four limit fragments, lettered A
through D (Fig. 1, slot 1; the largest fragment
in this slot is a partial digestion product). By
comparison to EcoRI fragments of X DNA,
numbered 1 through 6 (Fig. 1, slots 3 and 4), the
SmaI fragments were smaller than EcoRI-1
(13.7 x 10' daltons) but larger than EcoRI-2
(4.67 x 10" daltons). The combined action of
SmaI andEcoRI endonucleases is shown in Fig.
1, slot 2. The following fragments were gener-
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FIG. 1. Agarose gel electrophoresis ofA DNA after digestion with restriction endonucleases. Migration was
from top (cathode) to bottom (anode). Electrophoresis was for 15 h at 50 V in a 1% agarose-ethidium bromide
slab gel. SmaI fragments are labeled A through D. EcoRI fragments are numbered 1 through 6 (reference 7).
Fragments 3', 4', X, and Y are produced by digestion with both Smal and EcoRI endonucleases. (1) Smal
digest of A DNA. The top band is a partial digestion product. (2) SmaI and EcoRI double digest of A DNA.
The arrow indicates fragment Y. (3 and 4) EcoRI digests of A DNA. (5) EcoRI digest ofa mixture ofSmaI
fragments C and D. The largest bands are intact fiagments C and D. (6) EcoRI digest ofSmaI fragment D.
The largest fragment is intact D.

ated: SmaI-A, EcoRI fragments 2, 5, and 6, and
at least four new fragments designated 3', 4',
X, and Y.

Left end of the A chromosome. The left and
right ends of the A chromosome have already
been identified as EcoRI fragments 1 and 6,

respectively (7, 21). SmnaI-A (12.5 x 106 daltons,
see Table 1 below) is also the left end since: (i) it
was not cleaved by EcoRI endonuclease (i.e., it
must be contained entirely within an EcoRI
fragment); (ii) only EcoRI-1 is large enough to
contain it; (iii) if it were not, there would be an
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SmaI fragment smaller than or equal to 1.2 x
10'i daltons (we would have been able to detect
fragments at least as small as 0.4 x 10" dal-
tons).

Right end of the A chromosome. Fragment
3' and EcoRI fragments 2 and 6 appeared when
a mixture of SmaI fragments C and D was
digested with EcoRI endonuclease (Fig. 1, slot
5; the largest fragments in this slot are intact C
and D). However, cleavage of SmaI-D alone
produced only EcoRI-2 (Fig. 1, slot 6; the larg-
est fragment in this slot is intact D). We con-
clude that SmaI-C contains EcoRI-6 and is,
therefore, the right end of the A chromosome.
Order of internal fragments. In addition to

the fragments listed above, cleavage of com-
bined SmaI fragments C and D with EcoRI
endonuclease yielded fragment Y, which could
be detected when a greater amount ofDNA was
electrophoresed (Fig. 2, slot 2). Fragments 3',
4', and Y appeared when a mixture of EcoRI
fragments 3 and 4 was digested with SmaI
endonuclease (Fig. 2, slot 8). Fragments 3' and
Y most likely represent the entire EcoRI frag-
ment 3 because: (i) neither 3' nor Y appeared

when SmaI-B was cleaved with EcoRI endonu-
clease although fragment 4' did (Fig. 2, slot 3);
(ii) both 3' and Y appeared when a mixture of
SmaI-C and D was cleaved with EcoRI endonu-
clease although 4' did not (Fig. 1, slot 5; Fig. 2,
slot 2); (iii) the combined molecular weights of
3' and Y equal the molecular weight ofEcoRI-3
(see Tables 2 and 3 below). SmaI-C and D to-
gether contain adjacent EcoRI fragments 2, 3
(3' + Y), and 6 at the right end of the A chromo-
some (7, 21). Moreover, fragment Y must arise
from the overlap between SmaI-D and EcoRI-3
(that is, the boundary between SinaI-C and D
falls inside EcoRI-3). The order of SmaI frag-
ments is, therefore, A-B-D-C.
Other results also support this order. SmaI-B

cleaved by EcoRI endonuclease produced frag-
ments 4', X, and EcoRI-5 (Fig. 2, slot 3; Table
1). EcoRI-1 cleaved by SmaI endonuclease
yielded fragment X and SmaI-A (Fig. 2, slot 10;
Table 2). EcoRI-1 overlaps SmaI-B because
cleavage of each fragment with the reciprocal
endonuclease produced fragment X in common.
No other fragment or combination of fragments
yielded fragment X when digested with either

.~~~~ ~~~~~~~~~~~.

FIG. 2. Redigestion of isolated SmaI and EcoRI fragments of X DNA. Migration was from top to bottom.
Electrophoresis was for 3 h at 40 V in a 1.5% agarose-ethidium bromide slab gel. (1) HaeIII digest ofPM2
DNA (reference 22). (2) EcoRI digest ofa mixture ofSmal fragments C and D. The arrow indicates fragment
Y. (3) EcoRI digest ofSmaI fragment B. The arrow indicates fragment X. (4) EcoRI digest ofSmaI fragment
A. (5) EcoRI digest of intact X DNA. (6) SmaI digest ofEcoRI fragment 6. (7) SmaI digest ofEcoRI fragment
5. (8) SmaI digest ofa mixture ofEcoRI fragments 3 and 4. The arrow indicates fragment Y. (9) SmaI digest
ofEcoRI fragment 2. (10) SmaI digest ofEcoRI fragment 1. The arrow indicates fragment X. (11) SmaI digest
of intact X DNA. (12) EcoRI digest of adenovirus type 2 DNA (reference 16).
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TABLE 1. Cleavage ofSmaI fragments with EcoRI
endonuclease

Measured Calculated
Fragment Digestion molecular molecularFragment products" weight' weight'

(x 10-6) (x 10-6)

A Not cleaved 12.8 + 0.5d 12.5e
B 4', 5, X 7.85 ± 0.3 7.7
C 3', 6 5.5 ± 0.2 5.3 (5.4)Y
D 2, Y, (Z)9 5.25 t 0.1 5.2

X31.4 30.7 (30.8)

a See Fig. 1 for labeling of fragments. The data are from
Fig. 1 and 2 and other unpublished gels.

b See Fig. 3. The molecular weight of each fragment was
calculated from measurements on at least four separate
gels.

c Sum of EcoRI products from each SmaI fragment.
dStandard error of the mean.
EcoRI fragment 1 minus fragment X.
Sum of EcoRI fragments 3 and 6 minus fragment Y.

o Not observed on gels.

TABLE 2. Cleavage ofEcoRI fragments with SmaI
endonuclease

Fragment Molecular weightr Digestion productsb(X 10'6)
1 13.7 A, X
2 4.67 Not cleaved
3 3.71 3', Y
4 3.57 4', (Z)'
5 3.04 Not cleaved
6 2.11 Not cleaved

From Helling et al. (7). These values do not
differ significantly from other estimates of the mo-
lecular weights (2, 4).

b See Fig. 1 for labeling of fragments. The data
are from Fig. 1 and 2 and other unpublished gels.

" Not observed on gels.

endonuclease. Thus, SmaI-A (contained in
EcoRI-1) is adjacent to SmaI-B (which con-
tained EcoRI-5, the fragment adjacent to
EcoRI-1 [7, 21]), and the order of SmaI frag-
ments is again A-B-D-C.

Sizes of fragments. Fragments were sized by
electrophoresis on agarose gels using EcoRI
fragments of type 2 adenovirus DNA (16) or X
DNA (7, 21) or HaeIII fragments of PM2 DNA
(22) as molecular weight standards. These over-
lapping sets of fragments span a size range
from 55 base pairs to greater than 20,000 base
pairs. In Fig. 3 the logarithm of the molecular
weight of each marker fragment is plotted
against the distance migrated. The molecular
weights of fragments generated by SmaI endo-
nuclease alone (Fig. 3B; Table 1) or in combina-
tion with EcoRI endonuclease (Fig. 3A and B;
Table 3) were determined from the fragment
positions relative to standards in the same gel.
The sum of the molecular weights of the four

SmaI fragments is 31.4 x 10', which is within
2% of 30.8 x iO' (3), the molecular weight of the
A chromosome. We believe there is another dou-
ble digestion product, designated fragment Z,
that has not yet been detected. Together with
fragment 4', it ought to have been produced
from EcoRI-4 after digestion with SmaI endo-
nuclease (Fig. 2, slot 8). From the difference in
molecular weight between EcoRI-4 and frag-
ment 4', we estimated Z to be 0.1 x i0' daltons
or 150 base pairs (Table 3). Since the large
SmaI fragments migrated in a region of the gel
where the standard curve was not linear (Fig.
3B), their sizes were also calculated from the
molecular weights of their EcoRI cleavage
products (Table 1).
Cleavage map. SmaI endonuclease cleaved

EcoRI fragments 1, 3, and 4 (Table 2). The
distances between adjacent SmaI and EcoRI
sites (and, therefore, the positions of SmaI
sites) can be measured directly from the sizes of

CENTIMETERS

FIG. 3. Molecular weights ofrestriction fragments
determined by agarose gel electrophoresis. Migration
is from left to right. (A) Electrophoresis was for 7 h at
40 V in a 1.5% agarose-ethidium bromide slab gel.
Symbols: 0, EcoRI fragments of adenovirus type 2
DNA (reference 16); *, HaeIII fragments D, E, F, G,
andH ofPM2 DNA (reference 22). (B) Electrophore-
sis was for 18 h at 50 V in a 1% agarose-ethidium
bromide slab gel. Symbols: 0, EcoRI fragments of X
DNA (reference 7); *, EcoRI fragments A, B, and C
ofadenovirus type 2 DNA.

TABLE 3. Fragments produced by double digestion

Fragmnental Molecular weight'Fragment" ~~~~(x10-6)
3' 3.17 ± 0.05'
4' 3.47 ± 0.05
X 1.17 ± 0.03
Y 0.42 + 0.02

(Z)"l (0.1)'

See Fig. 1 for labeling of fragments.
b See Fig. 3. The molecular weight of each frag-

ment was calculated from measurements on at least
four separate gels.
'Standard error of the mean.
"Not observed on gels.
"EcoRI fragment 4 minus fragment 4'.
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the digestion products. Since the absolute error
in determining the molecular weights of frag-
ments on agarose gels decreases logarithmi-
cally with increasing distance migrated, we
used the small fragments X, Y, and Z (actually
4', see above). Thus, the first SmaI site from
the left end is located at 0.445 (the right coordi-
nate of EcoRI-1) - 0.039 (the size of fragment
X) = 0.406 fractional lengths. Similarly, the re-
maining SmaI sites were mapped at 0.656 and
0.825 fractional lengths. Fig. 4 shows the cleav-
age map of X DNA.

DISCUSSION
SmaI endonuclease cleaved X DNA into four

fragments. The fragments were ordered by ana-
lyzing the products generated by the reciprocal
cleavage of purified SmaI and EcoRI frag-
ments. The fragments were sized by agarose
electrophoresis. Since the relationship between
the logarithm of the molecular weight and the
distance migrated was not linear for fragments
larger than 5 x 10' daltons, the molecular
weights ofSmaI fragments were also calculated
from the sizes of their EcoRI cleavage products.
The results are summarized in Fig. 4, which
compares the SmaI and EcoRI cleavage maps.
During the preparation of this manuscript, we
learned that James et al. (9) had independently
mapped the SmaI cleavage sites on X DNA.
Both maps agree.
When compared with the physical gene map

of X (3), several features of the SmaI cleavage
map are noteworthy. SmaI-A contains all of the
late structural genes. SmaI-B spans a dispensi-
ble region including the X attachment site: for
example, the nonlethal deletion b221 extends
from 0.406 to 0.629. SmaI-D contains all of the
early control genes as well as 0 and P, genes
essential for X DNA replication. SmaI-C con-
tains the late control gene Q and the lysis func-
tions S and R.
Unlike EcoRI endonuclease (6, 12), SmaI en-

donuclease does not create cohesive ends (9).
Recently, the sequence of the SmaI site was
found to be

A

Sma I

M J

4A

5'-CCC 1GGG-3'
3'-GGGICCC-5'

(S. Endow and R. J. Roberts, manuscript in
preparation). However, an isoschizomer puri-
fied from Xanthomonas malvacearum, XmaI
endonuclease, produces cohesive ends with the
sequence

5'-C CCGG G-3'

3'-G GGCC C-5'

(S. Endow and R. J. Roberts, manuscript in
preparation). Thus, a mutant of X lacking the
XmaI (SmaI) site at 0.825 could be developed as
a vehicle to transduce foreign DNA inserted in
place of XmaI-B (SmaI-B). Transducing vehi-
cles lacking EcoRI sites at 0.811 and 0.932 have
already been constructed (14, 17, 20) to accom-
modate foreign DNA inserted in place ofEcoRI
fragments 4 and 5 (2, 20).
Matsubara and Kaiser (11) isolated Xdv, an

autonomously replicating fragment of X DNA.
Carrier cells contain 50 to 100 copies of the
plasmid. Xdv extends from 0.734 to 0.873 (3) and
includes the XmaI site at 0.825. Xdv would be
useful to clone very large XmaI fragments.
Moreover, cells carrying the plasmid (or chi-
meric plasmids) could be selected by their im-
munity to X (11). XmaI-D (SmaI-D) shares 65%
of the sequences found in Xdv, including all of
the genes essential for X DNA replication and
the origin of replication (19). It remains to be
seen whether the XmaI-D fragment of Xvir can
exist as a plasmid.
SmaI cleavage sites have also been mapped

on 080 DNA (9), T5 DNA (23), and types 2 and 5
adenovirus DNA (cited in reference 18). SmaI
endonuclease does not cleave simian virus 40
DNA (C. Mulder, personal communication) nor
PM2 DNA (R. T. Kovacic, personal communi-
cation). Since SmaI endonuclease recognizes a
subset of the sequences cleaved by HpaII endo-
nuclease (4), it will be useful in mappingHpaII
fragments.

att 3 N cI P

,6 65.6
B

Q R

82.5
D C

5 4
44.5 54.15 65.9

2 3 t6'
81.1 93.15

FIG. 4. Map of SmaI and EcoRI cleavage sites in X DNA. Coordinates are percentage of the molecular
weight of X DNA (30.8 x 10"; reference 3). The symbols above the cleavage map indicate the positions of X

genes (3).
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