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FIG. 2. Exonuclease III digestion of a 130-bpDdeIl/Pvu Ifragment
containing dAMP[aS] at one end. Lane 1 shows 0.016 pg of undigested
fragment and lane 2 contains 0.040 tg of fragment treated with 200
units of exonuclease m per gg. Exonuclease III digestion produces
single-stranded DNA (as) which migrates above the double-stranded
DNA (ds). Electrophoresis was through a 7.5% polyacrylamide gel (14)
and the DNA was visualized with ethidium bromide staining.

destroyed the region conferring tetracycline resistance. The
fragments were then ligated under conditions that promote re-

circularization, and an ampicillin/tetracycline-sensitive host
was transformed.

Selection was made either for ampicillin resistance or for tet-
racycline resistance. No clones exhibiting tetracycline resis-
tance were found, but many were isolated as ampicillin resis-
tant. (A control experiment, in which no exonuclease III
treatment was performed, revealed that clones carrying pBR322
missing only the region between the EcoRI and HindIII sites
are tetracycline resistant.) This suggests that, due to dAMP[aS]
incorporation, exonuclease III digestion proceeded from the
HindIII end and not from the EcoRI end.

Plasmid DNA was isolated from one ampicillin-resistant tet-
racycline-sensitive clone to assess the nature and extent of ex-

onuclease III digestion. Upon digestion with Pst I (which cuts
pBR322 once within the region coding for ampicillin resistance),
it was found that the resulting plasmid was about 2.0kb in length
and therefore 2.4 kb had been removed by exonuclease III (re-
sults not shown). Determination of the precise region removed
by exonuclease III was made by digesting the truncated plasmid
with Hae III followed by subsequent electrophoresis of the
products. Because Hae III cleaves pBR322 22 times (18), iden-
tification of the Hae III sites present in the modified plasmid
reveals the region missing from the original pBR322.

The results of Hae III digestion of intact pBR322, in parallel
with those of the shortened plasmid, are shown in Fig. 4 Right,
lanes 1 and 2. All fragments produced from Hae III cleavages

within the region from nucleotides 174 to 1949 in pBR322 are
missing from the truncated plasmid, whereas all other frag-
ments are present. Hae III cleavage of the truncated plasmid
generates a fragment of approximate length 250 nucleotides,
which is not present in the pBR322 digest. On the basis of the
lengths ofthe fragments produced, we estimate that the plasmid
has a length of 2120 nucleotides, which means that the exonu-
clease III digestion proceeded to approximately 160 nucleotides
from the origin of replication (19). Particularly important is the
presence in the truncated plasmid of the Hae III site at position
4344, which is only 18 nucleotides from the original EcoRI site
(18). Another point is that the in vitro ligation proceeded even
though the dAMP[aS] was at the very end of the fragment. This
confirms data in Fig. 3 Right and shows that ligation is not af-
fected by the thio analog. Finally, this demonstrates that a plas-
mid containing the phosphorothioate internucleotide linkage
is viable for in vivo replication.

DISCUSSION
The NTP thio analogs have been used extensively as tools for
analysis of the stereochemistry of enzyme mechanisms. For
example, the mechanisms of polymerases (10, 20), kinases (21),
exonucleases (11, 22), and of nucleotidyltransferases (23) have
been explored with these compounds. Their significance for
such studies is that the stereochemistry of the reaction about
the chiral phosphorus atom can easily be determined. We have
investigated here the utility of the NTP[aS]s for certain aspects
of in vitro modification of DNA, with emphasis on their poten-
tial as aids to recombinant DNA manipulations. Because the
sulfur at the a phosphate interferes with some enzymatic func-
tions but not others, modification of one end of a DNA molecule
with the analog makes that end inert to specific processes such
as exonuclease III digestion.
The dideoxynucleotides, when incorporated into DNA frag-

ments, also inhibit the 3'-5' exonuclease activity of DNA poly-
merase (24). Unlike the dNTP[aS]s, the dideoxynucleotides are
unattractive for use in asymmetrically blocking digestion of
DNA fragments. Because they lack the 3'-hydroxyl group, frag-
ments with terminal dideoxynucleotides are inert to ligation.
Consequently, although double-stranded fragments containing
dideoxynucleotides can be asymmetrically digested, they can-
not be made viable for in vivo functions.

The interactions between dAMP[aS] (inserted into the end
of a DNA fragment) and DNA polymerase, exonuclease III, T4
DNA ligase, restriction enzyme BstEII, and nuclease Bal 31
were investigated here. DNA ends containing dAMP[aS] act
normally for the polymerization activity ofDNA polymerase and
for T4 DNA ligase but are not susceptible to digestion by the
3' exonuclease activities of DNA polymerase and exonuclease
III. In the case of Bal 31 nuclease, endwise digestion occurs with
the capped fragment, but this does not necessarily mean that
the nuclease successfully splits the phosphorothioate internu-
cleotide linkage. Even though the nuclease carries out endwise
digestion of both strands (25), current data do not rule out the
possibility that, as both 5' and 3' ends are degraded, the nu-
clease can "hop" past the phosphorothioate linkage and cut the
next internucleotide linkage. In the case of restriction with
BstEII, our experiments show that the presence of dAMP[aS]
in the recognition sequence does not block cleavage. But the
results do not determine whether cleavage can occur at the
phosphorothioate linkage itself. Thus, all results could fit with
the viewpoint that, for many nucleolytic activities, cleavages are
inhibited at phosphorothioate linkages and that the resistance
of such linkages to exonuclease III digestion is but one specific
example of this phenomenon.
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FIG. 3. (Left) Ligation and restriction of capped fragment. The label is indicated by an asterisk and the dAMP[aS] is underlined. The labeled
fragment was prepared by incubating 1.5 /ug of DNA with [a-32P]dTTP, dCTP, dGTP, dATP~aS], or dATP, and 0.75 unit of the large fragment of
DNA polymerase I under conditions described for Fig. 1 Left. The 3'-exonuclease activity of DNA polymerase I makes flush the Kpn I end. The
fragment was purified by electrophoresis through a 5.0% polyacrylamide gel (14, 15). Ligation was performed with 0.006 ,ug of DNA (at a concen-
tration of 0.075 pg/ml) in 50mM Tris-HCl (pH 7.8)/8.7 mM MgCl2/l.0 mMATP with 1.5 units of T4 DNA ligase (Bethesda Research Laboratories)
for 16 hr at 22TC. Products were analyzed on a 6% polyacrylamide gel with 7 M urea. (Right) Restriction with Msp I andBstEII of ligated fiagments
followed by denaturing gel electrophoresis. Lanes 1 and 3 are, respectively, the ligated capped and uncapped fragments cleaved withMsp I and lanes
2 and 4 show the BstEIT cleavage products of the Msp I-treated capped and uncapped fragments, respectively.

A major use of the thionucleotides is the ability to generate
single-stranded DNA from a double-stranded fragment. Single-
stranded DNA of fixed length is useful for several purposes,
including DNA sequence analysis by the chain termination
technique (26), S1 nuclease mapping of RNA transcripts (27),
and site-directed mutagenesis (28, 29). When an a-thionucleo-
tide is inserted into only one end of a fragment, limit digestion
with exonuclease III destroys only the complementary strand.
Such treatment provides a full-length single strand and, if the
complementary strand is desired, it can be obtained by appro-
priate choice ofa restriction site at the other end ofthe fragment
and of the a-thionucleotide used for the filling-in reaction. Un-
like other methods currently used for generating single strands
[e.g., gel electrophoretic strand separation (15, 30)], the thionu-
cleotide procedure creates intact single strands regardless of
length or sequence.

Most importantly, DNA containing the thio analog is repli-
cated in vivo and, therefore, plasmids modified with this analog
are competent for cellular transformation. Although only the
dATP[aS] analog was used for the present study, there is no

reason to believe that the other dNTP[aS]s would not have sim-
ilar properties.
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FIG. 4. (Left) Use of dATP[aS] to construct a truncated form of pBR322. To generate the truncated plasmid, 2.0 jug of pBR322 was digested
withEcoRI and the fragment was incubated with dATP[aS], dTTP, andDNA polymerase. After digestion withHindIl, the fragments were incubated
with 20 units of exonuclease Iml for 15 min at 370C as in Fig. 1 Left. Subsequent S1 nuclease treatment and ligation were performed essentially as

in ref. 16. The DNA was then used to transform cell strain KL386 (17). Selection was made for either ampicillin resistance (Ampr) or tetracycline
resistance (Tetr). While no colonies grew on tetracycline, 40 were present on ampicillin. From one of these, plasmid was isolated and 0.3 ,ug was
digested with Hae III and electrophoresed in parallel with Hae Ill-digested pBR322 on a 7.5% polyacrylamide gel (14). (Right) Electrophoresis of
Haem digestion products of pBR322 (lane 1) and truncated pBR322 (lane 2). Fragment lengths are indicated in bp.
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