Single-Stranded DNA Binding Protein Encoded by
the virE Locus of Agrobacterium tumefaciens
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The transfer process of T (transfer)}-DNA of Agrobactevium tumefaciens is activated
after the induction of the expression of the Ti plasmid virulence (vér) loci by plant
signal molecules such as acetosyringone. The »s» gene products then act to generate a
free transferable single-stranded copy of the T-DNA, designated the T-strand.
Although some pir proteins are responsible for the synthesis of the T-strand, others
may mediate T-strand transfer to plant cells as part of a DNA-protein complex. Here, a
novel 69-kilodalton wir-specific single-stranded DNA binding protein is identified in
Agrobacterium harboring a nopaline-type Ti plasmid. This protein binds single-
stranded but not double-stranded DNA regardless of nucleotide sequence composi-

tion. The molecular size of the mr-specnﬁc single-stranded DNA binding protein and

its relative abundance in

ne-induced

that it

might be the product of the »érE locus; molecular cloning and expression of the »irE
region in Escherichia coli confirmed this prediction.

OR MILLENNIA THE COMMON SOIL
phytopathogen Agrobacterium tume-
faciens has. been effectively domg
what plant molecular biologists are just
learning to do, that is, genetically transform-
ing plant cells by transfer, integration, and
subsequent expression of foreign genes. For
Agrobacterium, this is achieved by transfer-
ring a segment of DNA, the transferred
DNA (T-DNA), from its large Ti plasmid to
the plant nuclear genome. The T-DNA
functions solely as a structural element dur-
ing its transfer; two 25-bp direct repeat
sequences (T-DNA borders) at each of its
ends prov:dc the sites that are recognized
during its mobilization to the plant cell (I).
The functional products that mediate the
recognition of the T-DNA borders, the gen-
cration of a transferable T-DNA copy, and
the ultimate transfer of the T-DNA mole-
cule to plant cells are encoded primarily in
the Ti plasmid virulence (vir) region (2).
The »ir region is large, 35 kbp, and
includes six loci designated virA, virB, virC,
virD, virE, and virG. All these loci constitute
a single regulon that is activated by signal
molecules from wounded plant cells (2, 3).
In Nicotiana tabacum these factors were
identified as the phenolic compounds aceto-
syringone (AS) and a-hydroxyacetosyrin-
gone (4). Two vir loci, virA and virG, pro-
vide the regulatory system through which
im responds to plant signal mol-
ecules (3, 5). The functions of the other rir
loci are in general less well understood but
are presumed to mediate the T-DNA trans-
fer process itself. For example, it has recently
been shown that induction of »ir gene
expression results in the production of sin-
gle-stranded (ss) endonucleolytic cleavages
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within the T-DNA border sequences (6-9).
Vir gene expression also results in the pro-
duction of a novel linear ssDNA copy of the
bottom strand of the T-DNA, designated
the T-strand (6, 9); border nicks are pre-
sumed to represent initiation and termina-
tion sites for T-strand synthesis. The T-
strand is proposed to be the T-DNA inter-
mediate molecule that Agrobacterium mobi-
lizes to plant cells (6, 9, 10). Two poly-
peptides (VirD1 and VirD2) located in the
5’ half of the D locus specify the T-DNA
border endonuclease (7, 9, 11). Except for
virD1 and virD2, no other vir-specific func-
tions have been shown to be directly in-
volved in T-strand production; presumably

Fig. 1. Si stranded
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Agrobacterium
edls [C58C1 strain
ing Ti plasmid
pGV3850 (12)] were
in YEB medi-
um (32), pelleted, and
resus| at a densi-
ty of 0.05 (Ago0) in M9
minimal medium (33),
PH 5.5, supplemented
with 0.2% glucose,
and grown for 4 hours
at 28°C before the ad-
dition of 100 pM ace- "
tosyringone  (AS); N‘:‘”
note that we previous-
ly used MS (Mura- a2 b ¢ d e
shige and Skoog) plant medium at pH 5.5 for vir
induction with AS (4). Induction is equally effi-
cient in the M9 medium as long as the pH is 5.5,
and M9 is casier to prepare. After induction with
AS for 14 hours (4), 60 ml of cells (Ao = 0.1)
were harvested (10,0009 for 5 minutes at 4°C),
ded in 2 ml of binding buffer (10 mM
tris-HCl, pH 8.0, 200 mM NaCl, 20 mM EDTA,
OSdeltlnothmtol,OSmMp ylsul-
fonyl fluoride, and 10% glycerol), andlyscdby
means of the French press minicell at 20,000 psi.
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other functions, such as helicases and poly-
merases, which mediate later steps in T-
strand synthesis, are essential bacterial prod-
ucts encoded by the A. tumefaciens chromo-
some.

We speculated that, once the T-strand is
formed, it becomes associated with proteins
that facilitate its transfer to the plant cell.
Since the T-strand is a linear ssDNA mole-
cule, the most obvious type of T-strand—
associated protein to test for would be an
ssDNA binding protein. Such a protein
might have several possible roles, such as
packaging the T-strand into a transferable
complex, protecting the T-strand from nu-
cleases, and potentially even participating in
active transport and integration of the T-
DNA molecule into the plant cell genomic
DNA. Indeed, this report shows that the T-
DNA transfer process has evolved to specify
its own ssDNA binding protein, encoded by
the »2E locus.

Retardation gel electrophoresis was used
as an assay for ssDNA binding activity in
extracts of uninduced and AS-induced Agro-
bacterium cells carrying the nopaline Ti plas-
mid pGV3850 (12). Since a general proper-
ty of ssDNA binding proteins is the ability
to bind ssDNA without sequence specificity
(13), an unrelated (non-Ti) 587-bp Hae III
DNA fragment from pUC18 (I4) was used
as a probe for protein-DNA interactions.
This fragment was end-labeled and either
denatured or not denatured before incuba-
tion with bacterial extracts (Fig. 1). When
the ss probe was incubated with uninduced
extracts, only a slight retardation of the

The lysate was passed three times through a 26-
gauge needle to shear DNA, and centrifuged
(10,000y for 5 minutes at 4°C) to remove unlysed
cells. The supernatant was collected, heated for 10
minutes at 70°C to inactivate nucleases, and
stored at —70°C until use. Forrctardauoncxpcn
ments, 20 ul of cell extract (5 pg of protein) was
incubated for 30 minutes at 4°C with 0.1 ng of
probe DNA [the 587-bp Hae III fragment of
pUCI18 (I4) blunt end-labeled (34) to a specific
activity of 5 x 107 cpm/pg]. At the end of the
incubation period, the samples were loaded on a
4% native polyacrylamide gel prepared and elec-
trophoresed in low ionic buffer (6.7 mM
tris-HCl, pH 7.5, 1 mM EDTA, and 3.3 mM
sodium acetate); gels were run at 4°C with buffer
circulation (35). After electrophoresis, the gel was
dried and exposed to x-ray film with an intensify-
ing screen at —70°C for 12 to 24 hours. (Lane a)
Single-stranded denatured probe incubated in
binding buffer alone. (Lane b) Single-stranded
denatured probe incubated with extract of AS-
induced cells. (Lane c) Single-stranded probe
incubated with extract of uninduced cells. (Lane
d) Double-stranded incubated in binding
buffer alone. (Lane ¢) Double-stranded probe
incubated with extract of AS-induced cells. (Lane
f) Double-stranded probe incubated with extract
of the uninduced cells. The arrow indicates
retardation of the probe, and the bracket indicates
slight retardation of the probe.
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DNA was observed (Fig. 1, lane c); this
result may reflect the detection of nonabun-
dant constitutively expressed ssDNA bind-
ing proteins. In contrast, incubation of the
ss probe with extract from cells induced for
ir gene expression resulted in a very strong
retardation of the DNA (Fig. 1, lane b). No
retardation of the undenatured, double-
stranded (ds) DNA probe occurred upon
incubation with either extract (Fig. 1, lanes
d to f). Exactly the same results, namely,
strong vir-specific ssDNA binding activity,
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Fig. 2. SDS—polyacrylamide gel electrophoresis
(PAGE) analysis of the AS-induced ssDNA bind-
ing activity. (A) AS-induced protein synthesis in
cells. Uninduced (lane a) and AS-
induced (lane b) cells were prepared as described
in Fig. 1. Cells were labeled for 30 minutes with 6
1Ci of [**S)methionine (1129 Ci/mmol), harvest-
ed, and separated by electrophoresis on a 12.5%
SDS-polyacrylamide gel as previously described
(23). The arrow indicates the position of the 69-
kD AS-induced protein. (B) SDS-PAGE analysis
of Agrobacterium ssDNA binding proteins. Agro-
bacterium cell extracts were obtained and assayed
on two 4% polyacrylamide retardation gels; gel ]
assayed extract from uninduced cells, and gel 2
assayed extract from AS-induced cells. Electro-
phoresis conditions were as described in Fig. 1,
except that preparative (600 ul) combs were used
to load the samples (0.03 pg of probc DNA
incubated with 125 pg of total protein derived
from 10° cells). The gels were autoradiographed
wet in a sealed bag, and the following regions of
the gels were cut out for analysis: (lane a) region
of gel 1 cotrespon to the position of the
retarded probe in gel 2; (lane b) region of gel 1
con the slightly retarded (including the
nonrcurded DNA) DNA band (equivalent to
lane ¢, Fig. 1); (lane c) region of gel 2 cont
the ed probe (equivalent to lane b, Fig. 1);
and (lane d) region of e?;l 2 corresponding to the
tly retarded and nonretarded band in gel 1.
Proteins from these gel regions were electrocluted
in 50 mM sodium borate buffer (pH 8.5), concen-
trated twofold by lyophilization and radioiodi-
nated with diiodo [* I]Bolton-Hunter t (5
nCi per 100 ng0£mmbr 1 hour at 4°C) (17).
After iodination, the protein samples were exten-
sively dialyzed against binding buffer and then
analyzed on a 12.5% SDS-polyacrylamide gel.
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were obtained with another nopaline Ti
plasmid, pMP90 (15), which contains a
deletion of the T-DNA region and conse-
quently cannot produce T-strand molecules.
These last results suggest that we are detect-
ing, under the experimental conditions used,
cither mostly free excess ssDNA binding
protein or that any T-strand protein com-
plex dissociates during preparation of the
extracts from the T-DNA (pGV3850)—con-
taining cells. In addition, »ér-induced ex-
tracts were able to retard a variety of ssDNA
probes with equal efficiency (16), confirm-
ing that the »ér-specific ssDNA binding ac-
tivity binds DNA independent of sequence
composition.

Four samples were electrocluted from dif-
ferent parts of the retardation gel to purify
and further characterize the Agrobacterium
vir-specific ssDNA binding protein: (i) the
strongly retarded (low mobility) radioactive
ssDNA region resulting from incubation
with extract from AS-induced cells (as in
Fig. 1, lane b), (ii) the corresponding (unla-
beled) region of the gel resulting from incu-
bation with extract from uninduced cells,
(iii) the partially retarded (high mobility)
radioactive ssDNA region resulting from
incubation with extract from uninduced
cells (as in Fig. 1, lane c), and (iv) the
corresponding unlabeled region of the gel
resulting from incubation with extract from
induced cells. The protein composition of
these four samples was determined after
radioiodination with Bolton-Hunter rea-
gent (17) and electrophoresis on an SDS-
polyacrylamide gel (18). The protein pattern
(Fig. 2B, lane c) clearly indicates the pres-
ence of a dominant band of molecular size
69 kD; this intense band is only seen in the
sample derived from the gel-retarded
ssDNA probe resulting from incubation
with extract from AS-induced cells. This
sample also shows the presence of additional
less abundant ssDNA binding proteins cov-
ering a wide range of molecular weights; a
similar distribution of proteins is found in
the sample from the ssDNA retarded probe
obtained with extracts from uninduced cells
(Fig. 2B, lane b). Presumably the latter
proteins represent constitutively expressed
Agrobacterium-specific ssDNA binding pro-
teins. No iodinated bands were detected in
the two control samples that did not comi-
grate with the radioactive DNA probe (Fig.
2B, lanes a and d). The method we used,
namely, gel retardation followed by eclec-
troclution and radioiodination with Bolton-
Hunter reagent, may be generally useful to
isolate either soqucncc-spoaﬁc or nonspecif-
ic DNA binding proteins. This method effi-
ciently recovers DNA binding proteins; the
yield obtained (Fig. 2B, lane b) correlates
well with that expected from the intensity of

this protein in total extracts from AS-in-
duced cells [see below and (19)].

Since the abundant 69-kD ssDNA bind-
ing protein is expressed only in AS-induced
cells, it could be encoded by one of the »ir
loci. Thus, we looked for a correlation be-
tween its molecular size and the relative
mobility of the known AS-induced proteins
of Agrobacterium. Figure 2A displays the
patterns of AS-induced and uninduced pro-
teins from Agrobacterium carrying the
pGV3850 nopaline-derived Ti plasmid.
There is a strong protein band of 69 kD in
the AS-induced pattern. The relative abun-
dance and mobility of this protein suggest
that it is one of the products of the wrE
locus. The nucleotide sequence of the nopa-
line »7E locus has been determined and
predicts a 64-kD polypeptide in the largest
open reading frame, and this polypeptide
has a relative mobility of 69 kD on SDS-
polyacrylamide gels (20, 21). Similarly, the
nucleotide sequence of the 2.0-kbp octopine
»irE region reveals two open reading frames
specifying 7.0- and 60.5-kD polypeptides
(22); the larger octopine virE polypeptide
migrates with a relative mobility corre-
sponding to 65 kD and it is the most
abundant protein detected in AS-induced
cell extracts (23).

To test directly the possibility that the AS-
induced ssDNA binding protein is the prod-
uct of the »#E locus, we cloned the virE
region of the nopaline Ti plasmid, expressed
it in Escherichia coli, and subsequently as-
sayed it for ssDNA binding activity. A re-
striction fragment carrying the »i#E structur-
al gene (21) was cloned in two orientations
into a plasmid carrying a bactriophage T7—
specific promoter (24). When E. col§ carry-
ing the plasmid with »#E in the correct
orientation was infected with lambda phage
carrying the T7-specific RNA polymerase
(25, 26), a high level of the 69-kD »irE
product was detected (Fig. 3A, lane b); no
virE product was detected from the plasmid
carrying vi#E in the reverse orientation (Fig.
3A, lane a). Cell-free extracts were prepared
and used in the gel retardation assay. Ex-
tracts derived from cells expressing virE re-
veal a strong binding activity for ssDNA but
not for dsDNA (Fig. 3B, lanes d and c,
respectively). This dramatic shift in mobility
of the ssDNA probe directly mimics the
results obtained with extracts from AS-in-
duced Agrobacterium (Fig. 1). No DNA
binding activity was observed with extracts
from cells carrying »irE in the wrong orien-
tation for expression (Fig. 3B, lanes ¢ and f),
or from nonexpressing (that is, not infected
with lambda-carrying T7 RNA polymerase)
cells carrying the proper orientation of »#E
sequences (Fig. 3B, lanes g and h). Thus,
our results show the function of the 69-kD
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Fig. 3. Single-stranded DNA binding activity A
in extracts of E. whcxprssmgd:c virE prod-
uct of WMMM coli cells con-

taining plasmids carrying the correct and re- %7
verse orientations of the nopaline »rE gene 68

(24) were grown in M9 medium su
ed with 0.4% maltose, 2 mM M
p.gofwscnualammoac:dspcrnulldmr Ata
cell density of Ageo = 0.3 (2 X 10%to 3 x 10®
viable cells per milliliter), CE6 phage (25),
which express the T7-specific RNA
asc, were added at a muldiplicity of 7. Cells
were harvested 3 hours after infection. For
experiments in (A), 6 pCi of

supplement-

labeling
[>*S]methionine was added 2.5 hours after 14-

infection to cells carrying the reverse (lane a)
or correct (lane b) orientation of v#E se-
quences behind the T7 promoter. The labeled
cell extracts were

2, and 20 43-
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o
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and analyzed by SDS-PAGE as in Fig. 2A. For the retardation assay (B),

ssDNA (lanes b, d, f, and h) or dsDNA (lanes a, ¢, ¢, and g) were incubated alone (lanes a and b) or with
extracts of: CE6-infected cells carrying the correct orientation of »irE (lanucandd), CE6-infected cclls
carrying the reverse orientation of »i#E (lanes ¢ and f); or uninfected cells carrying the correct
oricntation of »#E (lanes g and h). The overproduced VirE protein in E. coli occurs mainly in an

insoluble fraction after cell
centrifuged (25,0009

lysis. This fraction was dissolved in binding
for 15 minutes at 4°C), and the supernatant dialyzed against binding

buffer con 4M urea,

. This

treatment solubnhm about 50% of the overproduced VirE protein. All other experimental conditions

were as in Fig. 1 for Agrobacterium extracts.

protein product of the »i#E locus is binding
of ssDNA.

Single-stranded DNA binding proteins
can be classified into two major groups: (i)
enzymes and cofactors: for example, RecA
protein, DNA polymerase, lactate dehydro-
genase, RNA polymerase, and C,C, poly-
merase alpha cofactors; and (ii) true SSB
(ssDNA binding protein) (13). The latter
class designation implies similar modes of
action to E. coli SSB and T4 bacteriophage
gene 32 proteins, (i) ssDNA binding, (ii)
requirement in stoichiometric rather than
catalytic amounts, (iii) cooperative DNA
binding, (iv) stimulation of DNA polymer-
ase, and (v) absence of intrinsic enzymatic
activity. The VirE protein fulfills the first
and likely the second criterion for an SSB.
Whether it can bind ssDNA in a cooperative
fashion, its involvement in genomic replica-
tion, or its possible enzymatic activities,
such as DNA-dependent adenosine triphos-
phatase or helicase, can be directly tested.
Nevertheless, that the VirE protein is one of
the most abundantly produced »r proteins
supports the idea that its role is structural
rather than enzymatic (Fig. 2) (23). For’
example, to completely protect a 20-kb T-
strand molecule would require 350 to 700
protein molecules, assuming a 60- to 30-
nucleotide substrate [by analogy to the size
of the binding sites for the smooth con-
toured or beaded structure of the E. coli SSB
tetramer (27)]; the amount of »7E product
observed in AS-induced Agrobacterium is
consistent with this estimate (19).

That Agrobacterium has evolved an
ssDNA binding protein specifically under
vir control strengthens the hypothesis that
an ssDNA, presumably the T-strand, is in-
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deed the molecule that is transferred by
Agrobacterium to plant cells (6, 9, 10). Pre-
sumably the VirE protein is part of protein-
DNA complex that forms the actual transfer
structure. Since it has been proposed that
the T-strand is transferred to plant cells by a
mechanism similar to bacterial conjugation
(6, 10), the VirE protein may act to protect
the T-strand during transfer. However, it
should be noted that the role of ssDNA
binding proteins in conjugative DNA trans-
fer is stll obsure. For example, mutants
defective in F-factor specific SSB are still
capable of conjugative DNA transfer; this
result has been explained by assuming that
E. coli SSB can substitute for F-factor SSB
(28).

Nevertheless, the analogy of VirE protein
to F-factor SSB may help to explain some of
the unusual phenotypes of »i#E mutants. For
example, »irE mutants are avirulent only on
some plant hosts (2, 20, 29). Since ssDNA
binding proteins have high affinity for
ssDNA without regard to sequence compo-
siion (13), Agrobacterium chromosomally
encoded ssDNA binding proteins may sub-
stitute for »#r ssDNA binding activity in »rE
mutants; these less abundant SSBs may be
able to protect the T-strand from degrada-
tion in some, but not all, plant hosts. Fur-
thermore, »#E mutants can be complement-
ed to wild-type virulence if coinoculated on
plants with Agrobacterium carrying a wild-
type vir region (30). These data have led to
the suggestion that the VirE protein is
secreted and functions extracellularly, poten-
tially as part of a transferable T-DNA-
protein complex; that virE specifies a DNA
binding protein supports these earlier
hypotheses.

The Agrobacterium virE ssDNA binding

protein is one of the largest prokaryotic
ssDNA binding proteins identified to date

(13); potentially the VirE protein has differ-
ent functional domains that act at different
steps of the T-DNA transfer process. In fact,
the ssDNA binding activity may not be its
major function. Although the existing data
are tentative, it has been suggested that the
VirE protein also plays a role in the integra-
tion of the T-DNA into the plant cell
genome (31). Or, VirE protein may facili-
tate passage of the T-DNA transfer complex
through the bacterial and plant cell and
nuclear membranes; the latter function is
consistent with the above-mentioned obser-
vation that »»E mutants can be comple-
mented extracellularly (30). Further experi-
ments are needed to elucidate the biological
role of the Agrobacterium vir-specific ssDNA

binding protein.
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Cleaving DNA at Any Predetermined Site with
Adapter-Primers and Class-IIS Restriction Enzymes

Sun C. KiM, ANNA J. PODHAJSKA,* WACLAW SZYBALSKIT

A four-component system has been designed that makes it possible to prepare a
double-stranded (ds) DNA fragment; one fragment end is predesigned (by the use of a
class-IIS restriction enzyme and adapter-primer), and the other end corresponds to
any normal restriction cut. The system is composed of the phage M13mp7 single-
stranded (ss) target DNA; the Fok I restriction enzyme; an oligodeoxynucleotide
adapter-primer, which permits one to introduce Fok I cuts at any specified site in the
target DNA; and DNA polymerase, which converts the ss target into a ds form ready
for cloning. In this system, the oligodeoxynucleotide adapter-primer serves several
purposes. The 5’ hairpin ds domain of the adapter-primer contains the Fok I
recognition site. Its 3’ ss domain selects a complementary site on the target ss DNA,
hybridizes with it to form the ds cleavage site, and serves as a primer to convert the ss

M13mp?7 target to ds DNA.

THERE IS A LIMITED NUMBER OF
restriction enzymes, with which it is
possible to cleave DNA only at pre-
existing recognition sites (1). It would be of
great advantage, however, to be able to cut
DNA at any predetermined site. To attain
this goal it is necessary to use a combination
of two moieties, one with the DNA site
specificity and another with the DNA cleav-
ing function. We have used a specially de-
signed oligodeoxynucleotide adapter and a
class-IIS restriction enzyme, which permit-
ted a precise cut between any predetermined
two nucleotides of the single-stranded (ss)
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DNA target (2—4). Other investigators have
used either an oligodeoxynucleotide (5, 6)
or site-specific DNA binding protein (7) to
guide the cutting complex to the specific site
on DNA; the target DNA was cut either
chemically, by EDTAFe complex (5, 7), or
by an otherwise nonspecific nuclease (6). In
these three methods (5, 7), the DNA cuts
were imprecise and statistically distributed
around the target sequence. Our present
system produces double-stranded (ds) DNA
fragments with one predetermined and pre-
cisely cut end.

Most of the class-II restriction endonucle-
ases (I) recognize a specific sequence on ds
DNA and cleave it at specific points within
this sequence. Subclass IIS (2) cuts DNA,
not within the recognition sequence, but at
a precise distance from it on the same mole-
cule. This physical separation between the
recognition and cleavage sites permitted us

to design a system (2, 3) where the Fok I
recognition site and one of the cuts are on
an adapter oligodeoxynucleotide, whereas
the second cut site is on M13mp7 ss target
DNA.

In the present study we have tried to
redesign our system (3) so as to obtain
defined ds DNA fragments, ready for clon-
ing, instead of just introducing cuts in the ss
target DNA at the predetermined sites. The
general design of the new four-component
system, as adapted for the Fok I enzyme, is
shown in Fig. 1. The 34-mer adapter has a
5/-38ATG Fok 1 recognition site within its ds
hairpin domain and a 14-nucleotide (nt) ss
domain; the latter is complementary to nt
1339-1353 of the M13mp7 (4) ss target
DNA. This ss domain plays two roles in our
system: (i) when paired with M13mp7 ss
DNA, it provides a ds cut site for Fok I
(indicated by vertical arrows in Fig. 1A) and
(ii) it serves as a primer for Pollk-catalyzed
DNA synthesis starting at its 3'-OH termi-
nus, using M13mp7 ss target DNA as a
template, and thus creating the ds M13mp7
molecule with a novel predesigned restric-
tion site for the Fok I enzyme (Fig. 1A).
The products of this novel Fok I cut are
shown in Fig. 1B. The cohesive ends are
filled in by PolIk, as shown by the italicized
letters in Fig. 1B.

The sizes of the expected Fok I digestion
products are summarized in Fig. 2. The
replicative form (RF) ds DNA of M13mp7
is cut into 218-, 910-, 2775-, and 3335-bp
fragments by Fok I (see the outer ring of
Fig. 2 and lanes 6 and 7 of Fig. 3). The 34-
mer adapter would induce a new cut be-
tween nt 1341 and 1342 of the M13mp7
(+) strand, and thus a new 1116-bp frag-
ment should be produced (Fig. 2) shortly
after the intitiation of the adapter-primed,
Pollk—catalyzed DNA synthesis. Indeed, as
shown in Fig. 3, a new 1116-bp fragment
appeared as a major digestion product with-
in 10 minutes after the start of DNA synthe-
sis (lane 2); this fragment was totally absent
in lanes 6 and 7, which represent the Fok I-
cleaved RF ds DNA of M13mp7. As DNA
synthesis proceeded, the regular products
(analogous to those in lanes 6 and 7) of Fok
I cleavage appeared, first the shortest (218-
bp) fragment and later the 910-bp, 2775-
bp, and finally the 3335-bp products (lanes
2 through 5), in the same order as they are
primed by the 34-mer adapter-primer oligo-
deoxynucleotide (Fig. 2). Actually, the re-
striction patterns in Fig. 3 are somewhat
more complex, because the 34-mer has a
secondary binding site on M13mp7 DNA,
including the second cut next to nt 6938
(Fig. 2) (3). This cut would generate a 603-
bp fragment (Fig. 2), which is present in the
form of an early appearing 603-bp minor
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