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Single-stranded gaps at the 3� ends of Streptomyces linear replicons are patched by DNA synthesis primed by
terminal proteins (TP) during replication. We devised an in vitro system that specifically incorporated dCMP,
the first nucleotide at the 5� ends, onto a threonine residue of the TP of Streptomyces coelicolor.

Chromosomes of soil bacteria Streptomyces spp. are notable
for their linear structure (13), with covalently attached termi-
nal protein (TP) and terminal inverted repeats of various
lengths. Linear plasmids with the same structural features are
also abundant in Streptomyces spp. Unlike the cases for the
well-characterized TP-capped linear genomes of �29 phage
(reviewed in reference 15) and adenoviruses (reviewed in ref-
erence 14), which initiate replication at both ends by using the
TP as the primer, replication of the linear chromosomes and
plasmids of Streptomyces is initiated from an internal origin
and proceeds to the termini (6, 16). This leaves single-stranded
gaps of 200 to 300 nucleotides at the 3� ends on various Strep-
tomyces linear plasmids and chromosomes (6; C.-H. Huang,
unpublished results) and presumably on the Streptomyces chro-
mosomes. These telomere sequences contain extensive palin-
dromes with potential to form complex and thermodynamically
stable secondary structures, which presumably are important
for structural integrity and for the patching of the single-strand
gaps (12). Several mechanisms have been proposed for the end
patching (7). Experimental evidence suggests a patching DNA
synthesis using the TP as a primer (18).

The TPs of several linear Streptomyces chromosomes and
plasmids have been isolated and sequenced (see, for example,
references 3 and 20). They are conserved in amino acid se-
quences and sizes (184 or 185 amino acids) and contain a
putative helix domain that resembles part of the DNA-binding
“thumb” domain of human immunodeficiency virus reverse
transcriptase and a putative amphiphilic beta-sheet that may
be involved in the observed self-aggregation of the TP and/or
in membrane binding. In addition, these proteins are rich in
positively charged residues, which give rise to very high pre-
dicted pI values (11 to 12). There is no clear similarity between
the TPs of Streptomyces chromosomes and those of �29 phage,
adenoviruses, or other TP-capped linear replicons.

In the Streptomyces chromosomes and some (but not all)
linear plasmids, the gene encoding TP (tpg) is located down-

stream from tap, which encodes an 80-kDa telomere-associ-
ated protein, Tap (1). Both Tpg and Tap proteins are essential
for replication of linear chromosomes (1, 3). Tap interacts with
Tpg and specific motifs in the 3� overhangs and is proposed to
function in recruiting TP to the replication intermediates (1).

To investigate the mechanism of end patching, we devised
an in vitro assay in which TP from Streptomyces coelicolor was
specifically labeled with [32P]dCMP, the first nucleotide at the
5� ends of the Streptomyces linear replicon. For a substrate for
such deoxynucleotidylation, a TP expression vector was con-
structed by inserting a PCR-amplified TP gene of S. coelicolor
(tpgsco) into the expression vector pRSET A (Invitrogen) un-
der the control of the T7 promoter without a His tag, and
transferred into Escherichia coli BL21-CodonPlus (DE3)
(Stratagene). E. coli harboring pRSET A::tpgsco was cultured
in LB at 37°C to log phase, harvested, and sonicated in TENG
buffer (20 mM Tris-HCl, pH 7.4, 1 mM EDTA, 20 mM NaCl,
10% glycerol) supplemented with 10 mM of �-mercaptoetha-
nol. After centrifugation, the supernatant containing Tpgsco

was used in the deoxynucleotidylation reaction. The chosen
template of the deoxynucleotidylation was recombinant linear
pLUS968 (20), which contained an autonomously replicating
sequence of linear plasmid pSLA2 (18) and the 365-bp termi-
nal sequence of the S. lividans chromosome (92% identical to
that of the S. coelicolor chromosome in the terminal 167 bp). S.
coelicolor M145 (4) containing pLUS968 was cultured to log
phase in thiostrepton-supplemented tryptic soy broth medium
(Difco) at 30°C to log phase, harvested, washed, and resus-
pended in two volumes of TENG buffer. After sonication, the
lysate was centrifuged, and the supernatant, containing 3 to 5
mg/ml of protein, was used as the template and enzyme source
for deoxynucleotidylation.

A typical reaction mixture contained 15 �l of the S. coeli-
color(pLUS968) extract, 1 �l of Tpgsco-containing supernatant
of E. coli extract, 50 mM Tris-HCl (pH 7.4), 10 mM Mg2�,
1 mM dithiothreitol, 3 mM ATP, and 3.3 pmol [�-32P]-
deoxynucleoside triphosphate (dNTP) (10 �Ci; Ampharmacia)
in a total volume of 30 �l. The reaction was carried out at 25°C
for 30 min. To remove products of intrinsic DNA synthesis, the
reaction product was treated with 10 units of DNase I at 37°C
for 30 min. The final products were collected by trichloroacetic
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acid (TCA) precipitation or immunoprecipitation using rabbit
antibody against polypeptide QRTVERYVKNEIKPR (resi-
dues 49 to 63 of Tpgsco) and analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis followed by auto-
radiography.

DNase I treatment eliminated radioactive products of a wide
range of molecular masses, leaving a radioactively labeled
product of about 22 kDa, which reacted with anti-TP antibody
(Fig. 1A). The use of the antibody to recover the product
actually gave a cleaner background than TCA precipitation.
No labeled 22-kDa product was detected if the extrinsic TP was
omitted (Fig. 1A). These results indicated that the product was
dCMP-labeled Tpgsco.

The inclusion of ATP boosted the deoxynucleotidylation in
some, but not all, cell extract preparations (Fig. 1A), suggest-
ing the need for this energy source for deoxynucleotidylation
and variability of ATP levels among different cell extract prep-
arations. The deoxynucleotidylation of Tpgsco required added
Mg2�. No TP-dCMP complex was detected when Mg2� was
omitted or replaced with Ca2� (Fig. 1B). The S. coelicolor cell
extract supposedly supplied the enzymes and template
(pLUS968 plasmid) for the reaction. No deoxynucleotidylation
was detected in the absence of the extract (data not shown).
Similarly, in vitro deoxynucleotidylation of �29 and adenovirus
TP either requires or is strongly stimulated by TP-DNA tem-
plates (5, 8).

dCMP is the first nucleotide at the 5� end of pLUS968 (and
the S. coelicolor chromosome) covalently bound to Tpgsco. Our
deoxynucleotidylation system specifically selected dCTP and
did not incorporate the other three dNTPs into the 22-kDa
product (Fig. 1C). Moreover, the addition of nonradioactive
CTP at a 90-fold concentration did not significantly reduce
dCMP incorporation into Tpgsco (data not shown). Moreover,
when the S. coelicolor extract was treated with micrococcal

nuclease before addition to the reaction, no TP-dCMP forma-
tion was detected (data not shown). This supports the notion
that the nucleotide specificity is a function of the template on
which the incorporation takes place.

To identify the amino acid in Tpgsco that is attached to
dCMP, the [�-32P]dCMP-Tpgsco adduct was eluted from the
gel and subjected to acid hydrolysis and for phosphoamino acid
identification using the procedures of Pargellis et al. (17) and
Garcia et al. (9). The hydrolysate of [�-32P]dCMP-Tpgsco was
subjected to two-dimensional electrophoresis on a Polygram
CEL 400 cellulose thin-layer plate (Macherey-Nagel, Ger-
many). The labeled phosphoamino acid was located by auto-
radiography, and the internal standards (nonradioactive phos-
phothreonine, phosphoserine, and phosphotyrosine) were
determined by ninhydrin (0.25% in acetone) staining. The re-
sult (Fig. 2) revealed a labeled phosphothreonine, indicating
that the dCMP is linked to a Thr residue on Tpgsco. This is
consistent with the previously observed alkali lability of the
phosphodiester bond between the TP and the linear Strepto-
myces DNA (see, for example, references 13 and 20), although
the more alkali-labile Ser has been previously suggested to
provide the linkage to DNA (20). There are 11 threonine
residues in Tpgsco. Our preliminary proteolytic mapping results
(data not shown) indicated that the dCMP was attached to a
Thr in the C-terminal region, which contains no predicted
functional or structural motif. In comparison, deoxynucleoti-
dylation of �29 (11) and adenoviruses (19) also takes place in
the C-terminal region of TP but at a Ser residue instead.

The DNA polymerases involved in TP-primed DNA synthe-
sis in �29 and adenoviruses are of B-type superfamily (also
referred to as �-like polymerases). No such DNA polymerase
was found in the complete genome sequences of S. coelicolor
and S. avermitilis. It is not clear which DNA polymerase of
Streptomyces is involved in end patching. Bao and Cohen (2),

FIG. 1. In vitro incorporation of dCMP into Tpgsco. (A) Identification of the TP-dCMP adduct. A typical reaction using [�-32P]dCTP produced
a labeled product of 22-kDa that was collected by TCA precipitation (lane 1) or immunoprecipitation (IP; lane 4). Omission of ATP resulted in
a lower level of dCMP incorporation (lanes 2 and 5). Omission of extrinsic TP resulted in the complete absence of the labeled 22-kDa product
(lane 3). (B) Requirement of magnesium for deoxynucleotidylation. Omission of MgCl2 (�; lane 6) or replacement of MgCl2 with CaCl2 (lane 7)
resulted in a loss of dCMP incorporation. (C) Nucleotide discrimination in the deoxynucleotidylation reaction. Typical deoxynucleotidylation
reactions were performed with the modifications described below. The products were treated with DNase I and collected by TCA precipitation
for analysis. Different [�-32P]dNTPs (G, dGTP [lane 92]; A, dATP [lane 10]; T, dTTP [lane 11]; C, dCTP [lane 12]) were used in the reaction.
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using Tap as a scaffold, identified DNA polymerase I (PolI) as
a component of the Streptomyces telomere complex. They fur-
ther demonstrated that PolI possessed a reverse transcription
activity and that the polA gene was essential in Streptomyces.
We, however, could create a polA null mutation in two strains
of S. coelicolor (3454 and 3456) by using the REDIRECT
procedure (10), and the chromosomes in these mutants re-
mained linear (T.-W. Huang and C. W. Chen, unpublished
data). Moreover, cell extract from two independent polA null
mutants (HT1-3 and HT1-4) of 3456 could support [32P]dCMP
incorporation as efficiently as the polA� extracts (data not
shown), indicating that PolI either is not essential for de-
oxynucleotidylation or is surrogated by another polymerase
activity in the extracts.
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FIG. 2. Identification of 32P-labeled amino acids. The [�-32P]-
dCMP-labeled TP was isolated by immunoprecipitation and sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and hydrolyzed in
acid. The hydrolysate was vacuum dried in the presence of NaOH and
mixed with the three phosphoamino acid standards phosphoserine
(Ser-P), phosphothreonine (Thr-P), and phosphotyrosine (Tyr-P) and
analyzed on a cellulose thin-layer sheet by two-dimensional electro-
phoresis. The radioactive phosphoamino acid detected by autoradiog-
raphy was superimposed on the standards, which were stained with
ninhydrin (dotted areas). The origin is indicated by a circle.
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