PRIMING BY OLIGODEOXYNUCLEOTIDES

Lang, D. (1970), J. Mol. Biol. 54, 557.

Lazdunski, C., and Lazdunsky, M. (1969), Eur. J. Biochem.
7,294,

Plocke, D. J., Levinthal, C., and Vallee, B. L. (1962), Bio-
chemistry 1,373,

Polsinelli, M., and Barlati, S. (1967), J. Gen. Microbiol. 49,
267.

Riva, S., Polsinelli, M., and Falaschi, A. (1968), J. Mo!. Biol.
35,347.

Rgthman, F., and Byrne, R. (1963), J. Mol. Biol. 6, 330.

Rushinzky, G. W., and Miller, W. W. (1967), Anal. Biochem.
20, 181.

Sabbioni, E., Clerici, L., Campagnari, F., Girardi, F., and

Bartolini, P. (1971), Biochemistry 10, 4185.

Sarfert, E., and Venner, H. (1965), Hoppe-Seyler’s Z. Physiol.
Chem. 340, 157.

Simpson, R. T., and Vallee, B. L. (1968), Biochemistry 7,
4343,

Soave, C., Galante, E., Torti, G. (1970), Bull. Soc. Chem,
Biol. 52, 857.

Strohmaier, K. (966), Anal. Biochem. 15, 109.

Studier, F. W, (1965),J. Mol. Biol. 11, 373.

Van der Schans, G. P., Aten, G. B. T., and Blok, J. (1969),
Anal. Biochem. 32, 14.

Weiss, B., Live, T. R., Richardson, C. C. (1968), J. Biol. Chem.
243, 4530.

Properties of Oligodeoxynucleotides That Determine Priming
Activity with Escherichia coli Deoxyribonucleic

Acid Polymerase It

Mehran Goulian,* Susan H. Goulian, Ellen E. Codd, and Aija Z. Blumenfield

ABSTRACT: The requirements for priming of DNA synthesis
by oligonucleotides with Escherichia coli DNA polymerase 1
and single-stranded templates have been examined with re-
spect to sequence and chain length. Sequences containing only
pyrimidines have very little activity, whereas purine sequences
are highly active. The highest activity in an oligonucleotide of
defined sequence was found with d(pApG),. Maximum prim-
ing activity at 20° occurs with chain lengths of 8-12, but

Studies (in vitro) with Escherichia coli DNA polymerase I
have established that the purified enzyme is unable to initiate
new polynucleotide chains (Goulian, 1968a). The enzyme
appears to commence synthesis only by extension of existing
chains at the 3’-OH termini. Oligodeoxynucleotides can pro-
vide this priming function with single-stranded templates
(Goulian 1968a), an observation that had been made earlier
for animal cell DNA polymerases (Keir, 1962 ; Smellie, 1963;
Furlong, 1966; Bollum, 1967). It is postulated that the oligo-
nucleotides associate with template in a short region of se-
quence homology, and nonpaired residues at the 3’-OH
terminus are trimmed back by the 3’—5’ exonuclease associ-
ated with DNA polymerase I, providing thereby a suitable
3'-OH priming site for the enzyme. The oligonucleotides are
incorporated into the product in covalent form although as
synthesis proceeds they are largely removed, presumably by
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activity can be detected even with trimers and tetramers,
suggesting that the enzyme plays a role in stabilizing the
association between template and primer. Oligo(dG) had only
slight activity, whereas there was no activity for the homo-
oligonucleotides of dA, dT, or dC. Some requirements for
activity are probably based on general features of oligonucleo-
tide—polynucleotide interactions, but it is not clear that all
of the requirements have this explanation.

the 5'—3’ nuclease associated with polymerase I (Goulian,
1968b).

Preliminary studies on the properties of oligonucleotide
primers for E. coli DNA polymerase 1 suggested little or no
specificity ; fragments active in priming could be produced by
digestion of DNA from several different sources with pan-
creatic DNase. It also appeared that fragments could be quite
short and still retain primer activity although this was not
firmly established.

In the present study the requirements for primer activity are
defined in greater detail, with specific attention to the influ-
ence of chain length, base sequence, nucleotide sugar,
enzyme, and incubation conditions.

Materials and Methods

Single Strands of DNA

Escherichia coli. E. coli 15T~ was grown at 37° with aeration
in M-9 medium (Adams, 1959) containing, per milliliter,
[*H]thymidine, 0.5 ug (1 uCi/ug). The cells were lysed by the
lysozyme-Brij procedure of Cozzarelli et al. (1968). After
centrifugation (60,000g, 15 min) and removal of the super-
natant containing the minicircular plasmid DNA, the pellet
DNA was resusperided in 50 mm EDTA-1% Sarkosyl and
incubated with Pronase (1 mg/ml) for 18 hr, 37°. The mixture
was centrifuged in 12-ml alkaline sucrose gradients in the
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Spinco SW-40 rotor (40,000 rpm, 20°, 140 min) and a fraction
of mol wt ~2 X 10° was selected using M13 DNA as marker.

Bacillus subtilis. B. subtilis 168 thy—try— (obtained from
Dr. K. Bott) was grown at 37° with aeration in a medium
containing, per milliliter, minimal medium Davis (Difco)
(21.2 mg), glucose (5 mg), FeSO,- TH,O (10 ug), MnCl; (1.3
ug), DL-tryptophan (40 ug), [*Hlthymidine (4 ug) (0.5 uCi/
ug). The lysate prepared with lysozyme and EDTA was incu-
bated with Sarkosyl and Pronase, and single strands were
isolated as described for tritiated E. coli DNA.

Micrococcus luteus. M., luteus (obtained from Dr. Sam
Weiss) was grown overnight with aeration at 30° in a medium
containing, per milliliter, glucose (20 mg), yeast extract (10
mg), salts (Steiner and Beers, 1961), and [*H]thymidine (4
ug) (2.5 uCi/ug). The cells were lysed and the DNA purified
by the procedure described for B. subtilis.

M13. %H-Labeled and unlabeled DNA from M13 phage
were prepared by the procedure of Mitra et al. (1967).

Oligonucleotides

Unlabeled Oligodeoxynucleotides from DNA. Overnight
cultures of E. coli B, B. subtilis 168 thy—trp~, and M. luteus
were prepared in H broth, Penassay broth (Difco), and the
medium described above for M. luteus (see section on E. coli),
respectively. Cells suspended in 5 vol of buffer (0.01 M Tris-
HCl (pH 8.1)-1 mm EDTA) were broken by sonication
and heated for 5 min at 100°, followed by recentrifugation
(20,000g, 15 min). The clear supernatant was extracted three
times with phenol that had been saturated with water and
neutralized with NH;. The phenol was extracted with ether
and the ether removed with N;, following which the extract
was made 5 mM in MgCl, and incubated with pancreatic
DNase (50 ug/ml) for 1 hr at 37°. The reaction was stopped
with EDTA (20 mwM) and, after another cycle of phenol, ether,
and N, to remove DNase, the extract was treated with NaOH
(0.3 M) for 18 hr at 22°, It was then neutralized with KH,PO,
and chromatographed on Sephadex G-50 in 0.1 M NH,HCO;,
selecting a fraction that is estimated to have a mean chain
length of 15.2 (Hohn and Schaller, 1967).

32P.Labeled Oligodeoxynucleotides from DNA. E. coli B was
grown overnight at 37° in the low phosphate medium of
Garen and Levinthal (1960), without peptone, and containing
0.1 umol/ml of K;H *?PO, (1 mCi/umol).

B. subtilis 168 thy—trp~ was grown overnight at 37° in a
minimal medium (Young and Spizizen, 1961) supplemented
with, per milliliter, pL-tryptophan (40 ug), thymidine (40 ug),
and K;H?*?P0O, (0.3 umol) (0.3 mCi/umol).

M. luteus was grown overnight at 30° in the medium de-
scribed above (see section on M. luteus) except for the reduc-
tion of yeast extract to 2.5 mg/ml, the addition of carrier-free
H;??P0O; (0.1 mCi/ml), and omission of thymidine.

Oligodeoxynucleotides were prepared from the 32P-labeled
E. coli, B. subtilis, and M. [uteus cells (see above section on un-
labeled oligodeoxynucleotides). Specific activities (calculated
back to the first day of preparation) were 1000 cpm/pmol* for
E. coli, 580 cpm/pmol for B. subtilis, and 390 cpm/pmol for
M. luteus.

Oligodeoxynucleotides of Defined Chain Lengths from DNA
Calf thymus DNA (100 mg) (Worthington) was incubated in
a solution (10 ml) containing Tris-HCI (20 mm, pH 8.1), MgCl,
(5 mm), and DNase (0.1 mg/ml). After 30 min at 37°, the mix-

! Moles or molarity of DNA, polynucleotide, or oligonucleotide
refer to nucleotide residues.
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ture was made 10 mM in EDTA and 0.1 min KOH, heated to
70° for 10 min, and then neutralized with HCl. The mixture
was chromatographed on DEAE-Sephadex using a neutral
chloride gradient containing urea, as described by Tomlinson
and Tener (1963). Pooled fractions were desalted as described
in the next section. The number average chain length was de-
termined by the ratio of total phosphorus to phosphorus re-
leased by bacterial alkaline phosphatase.

Purine and Pyrimidine Tracts from DNA. Purine sequences
were prepared from calf thymus DNA by hydrazinolysis, ac-
cording to the procedure described by Sedat and Sinsheimer
(1964). The procedure was also followed for alkaline chain
scission and removal of terminal phosphates with bacterial
alkaline phosphatase. Alkaline phosphatase was removed by
extraction with phenol and retreatment with alkali. The
oligonucleotides were fractionated according to chain length
by chromatography on DEAE-Sephadex A-25 with a chloride
gradient at pH 7.6 in 7 M urea (Tomlinson and Tener, 1963;
Sedat and Sinsheimer, 1964). The pooled fractions were de-
salted on DEAE-Sephadex A-25 using triethylammonium bi-
carbonate (Sedat and Sinsheimer, 1964).

Pyrimidine sequences were prepared from calf thymus DNA
by the method of Burton and Peterson (1960). Terminal phos-
phates were removed with bacterial alkaline phosphatase and
the enzyme inactivated as described above. The oligonucleo-
tides were fractionated on DEAE-Sephadex A-25 using a
gradient of triethylammonium bicarbonate (Hall and Sin-
sheimer, 1963).

The purine and pyrimidine oligonucleotides were each
shown to be free of contamination with the other bases by
digestion and paper chromatography (see section on chem-
ically synthesized oligodeoxynucleotides below). The chain
length was determined for both purine and pyrimidine oligo-
nucleotides by the ratio of nucleotide base (A4:s0) to total
phosphorus.

From Enzymatically Synthesized Polymers. Poly[d(A-T)]
was synthesized by the procedure of Riley et al. (1966), poly-
[d(G- Q)] by the procedure of Radding er al. (1960), and poly-
[d(pApG - pCpT)] by the procedure of Byrd er al. (1965). The
primer template for the latter was kindly provided by Dr. H.
G. Khorana. Half of each was converted to apurinic acid and
half to apyrimidinic acid by the procedure described above
(under purine and pyrimidine tracts) to yield the strands of
each pair. Oligonucleotides were prepared by digestion with
pancreatic DNase to an extent sufficient to make 15-30%
acid soluble.

Chemically Synthesized Oligodeoxynucleotides. Chemically
synthesized oligodeoxynucleotides of defined sequence and
chain length were purchased from Collaborative Research,
Inc., and were treated with 1 M NaOH before use to ensure
freedom from nucleases. Characterization of the oligonu-
cleotides included digestion to bases (12 M perchloric acid,
100°, 1 hr) followed by chromatography on S&S Orange
Ribbon paper in isopropyl alcohol-water—concentrated HCl
(65:18.3:16.7, v/v/v) (Bendich, 1957). Ratios were calculated
from the ultraviolet absorption of the eluted bases. Oligo-
nucleotides containing more than one type of base were di-
gested with micrococcal nuclease and spleen phosphodi-
esterase (Josse et al., 1961) and chromatographed on Whatman
1 paper in water-saturated n-butyl alcohol-concentrated am-
monia (100:1, v/v) to identify the 3’-terminal nucleotide.
Chain length was determined from the ratio of total phos-
phorus to phosphorus released by bacterial alkaline phos-
phatase.

Oligoribonucleotides. Purified RNAs from E. coli ribosomes
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FIGURE 1: A sample assay for primer activity. The procedure is
described under Materials and Methods. The ordinate refers to
stimulated synthesis in 30 min (total synthesis minus synthesis in the
absence of primer oligonucleotide). The oligonucleotide source was
E. coliDNA.

and MS2 phage were the kind gift of Dr. S. Weiss. Preparation
of the RNA included treatment with DNase, extraction with
phenol, and passage over Sephadex G-100. Oligonucleotides
were prepared by treating with 0.1 M KOH to an extent suffi-
cient to make 15-30%; acid soluble. After neutralization with
acetic acid the terminal 2’- and 3’-phosphates were removed
by treatment with bacterial alkaline phosphatase, followed by
extraction with phenol at 70°.

Enzymes

E. coli DNA polymerase I was prepared by the method of
Jovin er al. (1969). The preparation of E. coli DNA poly-
merase II followed the procedures of Moses and Richardson
(1970) and Kornberg and Gefter (1971). T4 polymerase was
prepared by the method of Goulian ez al. (1968). Pancreatic
DNase, venom phosphodiesterase, and bacterial alkaline
phosphatase were purchased from Worthington Biochemical
Corp. Lysozyme and Pronase were from Calbiochem.

Assay for Initiator Activity

The assay mixture (22 ul) contained Tris-HCl (20 myM, pH
7.6), MgCl; (5 mm), KCl (0.1 M), bovine plasma albumin (20
pg/ml), M13 DNA (2.5 nmol), dCTP, dATP, dGTP, and
[*HIdTTP (30 uM each) (120,000 cpm/nmol), oligonucleotide
primer, and E. coli DNA polymerase I (3 units). All steps were
carried out at 20°, Primers and templates were heated at 95°
for 2 min just prior to assay to minimize effects due to sec-
ondary structure (Studier, 1969). Enzyme was added 30 sec
after primer and, after an additional 30 min at 20°, the reac-
tion was terminated with EDTA (50 mMm). Acid-insoluble
radioactivity was retained and counted on glass fiber filters.
Subtraction of the synthesis in a mixture without primer
(usually less than 5 pmol) gives a measure of the stimulatory
effect of the primer, or “priming activity.”” The results are
essentially linear in the range 30-300 pmol of stimulated syn-
thesis? (Figure 1). Each primer was also treated in an incuba-
tion that lacked template but in no instance was there detect-
able synthesis with the oligonucleotides described in this
paper. The unit of initiator activity is defined as 1 nmol of
stimulated synthesis in 30 min. The specific activity of an
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FIGURE 2: Sucrose gradient sedimentaion of *2P-labeled oligonucleo-
tide-primed synthesis. Conditions for synthesis and centrifugation
are described under Materials and Methods. In this instance template
was single-stranded tritiated B. subrilis DNA and primer was
oligonucleotide prepared from 22P-labeled E. coli DNA. The results
from paired incubations, with and without DNA polymerase, are
plotted together. The bracket indicates the fractions pooled for
subsequent digestion and base analysis.

oligonucleotide primer is expressed as (initiator units/A4zs0
units)? X chain length.

Base Frequencies of Primer Incorporated into Product

Synthesis was carried out in a mixture (42 ul) containing
Tris-HCI (25 mM, pH 7.6), MgCl, (5 mm), KCl1 (0.1 M), bovine
plasma albumin (50 ug/ml), dATP, dCTP, dTTP, and dGTP
(30 um each), *H-labeled single-stranded DNA template (20
nmol), *?P-labeled oligonucleotide primer (40 nmol), and
E. coli DNA polymerase I (2.5 units). After incubation for 10
min at 20°, the mixture was made 10 mM in EDTA, and centri-
fuged (Spinco SW-56 rotor) for 180 min at 56,000 rpm, 20°, in
a linear 5-2077 sucrose gradient, 10 mm Tris-HCl (pH 8.1)-
0.1 mM EDTA. An incubation and centrifugation identical
with the first except for omission of enzyme was carried out in
parallel.

Aliquots from each fraction were plated on paper disks,
dried, and counted. Comparison of the results in the paired
incubations (with and without enzyme) identified the frac-
tions that contained primer incorporated into product (Figure
2). These fractionis were pooled and dialyzed against 0.2 mm
Tris-HCI (pH 8.1), and the water was removed by rotary
evaporation. The residue was dissolved in water and incubated
in the following mixture (80 ul): Tris-HCI (50 mM, pH 8.5),
MgCl; (5 mm), calf thymus DNA (25 ug), and pancreatic
DNase (10 ug). After 60 min at 37° 10 ug of pancreatic DNase
and 10 ug of venom phosphodiesterase were added. After an
additiortal 60 min at 37° the mixture was made 10 mM in
EDTA, chromatographed with deoxynucleoside 5’-monophos-
phate markers on S&S Orange Ribbon paper in isobutyric
acid—-water—concentrated NH,OH (66:33:1), and counted.

2 The calculations assume that all of the synthetic product is a com-
plement of M13 DNA, which would have 24 % thymidylate.

3 An Az unit is the amount that has an absorption of 1.0 in a 1-ml
volume, at 260 nmin 0.1-cm light path.
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TABLE I: Comparison of Priming Activities with Different
Templates.

Primer

B. M.
subtilis  luteus

7430 5190

Calf
thymus d(pApG).

4090 8360
E. coli 1140 1840 3640 2760 770
B. subtilis 1210 2500 4090 4780 3200
M. luteus 120 370 2210 490 50
Calf thymus 1210 1360 3310 710 2570

E. coli
3610°

Template
Mi13

e
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FIGURE 3: Correlation of frequéncy of primer base incorporated into
product with the product of the base frequency in primer and fre-
quency of complement in template. Base frequencies of oligodeoxy-
nucleotides incorporated into the synthetic product were determined
for the 32P-labeled oligonucleotides from B. subtilis, E. coli, and
M. luteus DNA used separately with *H-labeled single-stranded
template DNA from B. subtilis, E. coli, M. luteus, and phage M13.
The data for all 12 combinations are plotted together for each base.
The ordinate gives the base frequency for the material incorporated
into product; the abscissa, the product of the published figures for
the frequency of that base in primer and of its complement in the
template. The numbers refer to mole fractions. The base frequencies
in the DNAs are as follows

A T G C
B. subtilis 28.0 28.0 22.0 22.0
E. coli 24.5 24.5 25.5 25.5
M. luteus 19.0 19.0 36.0 36.0
Phage M13 24.0 33.0 24.0 19.0

(from Schildkraut ez a/. (1962) for B. subtilis, E. coli, and M. luteus,
and from Salivar er al. (1964) for phage M13). Symbols used are

Template
Primer M13  subtilis luteus coli
B. subtilis [} O J =]
M. luteus A A A A
E. coli [ ] i a -
Other Materials

Nonradioactive nucleotides were purchased from P-L Bio-
chemicals. Methyl *H-labeled thymidine and [3H]dTTP were
from Schwarz/Mann Bioresearch. [a-*?PldCTP was purchased
from International Chemical & Nuclear Corp. H;*?PO, was
from New England Nuclear. Sarkosyl (NL-30) was a gift
from Geigy. Sephadex and DEAE-Sephadex were purchased
from Pharmacia.

2896 12, No. 15,

BIOCHEMISTRY, VOL. 1973

“ Figures represent specific activities, expressed as (units
of activity/A4ss0 units) X chain length. The oligonucleotides
had an average chain length of 15.2. The assay for primer
activity is as described under Materials and Methods except
that the labeled substrate was [3?2P]dCTP rather than [*H]-
dTTP because most of the templates were labeled with 3H.

Results

Comparison of Synthetic Activity with Different Templates
and Oligonucleotides. The stimulation by oligodeoxynucleo-
tides was compared in both homologous and nonhomologous
primer—template pairs from different sources (Table I). M.
luteus DNA fragments were the most consistently active as
primers; however, this same DNA was least effective as
template. With the possible exception of M. luteus DNA
homology in pairing template with primer did not appear to
enhance activity and, in fact, with calf thymus DNA the
opposite seemed to be true. Coliphage M13 DNA was the
most generally active template. The remainder of the figures
show no clearly discernible pattern; the preparations used
make it unlikely that this was because of uncontrolled varia-
tions in size of template or primer.

Base Frequency of Oligonucleotides Incorporated into Prod-
uct. Oligodeoxynucleotides labeled with #?P were prepared
from B. subtilis, E. coli, and M. luteus, and used as a primer
with E. coli DNA polymerase I and single-stranded template
DNAs. Template DNAs, labeled with *H, had been prepared
from the same three DNAs plus M13. The incubation condi-
tions favored retention of incorporated oligonucleotides in the
product by use of short incubations, limiting enzyme, and ex-
cess primer (Goulian, 1968b). The incorporated #?P from
oligomer was isolated on alkaline sucrose gradients and the
base frequencies were determined (Figure 2).

The relative frequency of a given mononucleotide in the
product appears to be cofrelated with the product of its fre-
quency in the primer and the frequency of the complementary
nucleotide in the template (Figure 3). The correlation appears
fairly good for incorporated deoxyguanylate, deoxyadenylate,
and deoxythymidylate (correlation coefficients 0.87, 0.95, and
0.88) but less so for depxycytidylate (correlatién coefficient
0.75). The frequency of incorporation of a primer-derived
nucleotide showed little or no correlation with either the fre-
quency of that nucleotide in the primer, or with its comple-
ment in the template, alone. When the figures for the four
nucleotides are compared, a distinct difference in the overall
frequency of incorporation is evident (Figure 3). The order of
decreasing frequency is deoxyguanylate, deoxyadenylate,
deoxycytidylate, and deoxythymidylate and this is superim-
posed on the variation in incorporation discussed previously.

Primer residues in the synthetic product represent what has
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FIGURE 4: Fractionation of oligonucleotides from calf thymus DNA.
Oligonucleotides from a DNase digest of calf thymus DNA were
chromatographed on a column of DEAE-Sephadex (0.64 cm? X
90 cm) using a linear salt gradient (4 1., 0-0.5 M NaCl, pH 7.6) con-
taining 7 M urea (Materials and Methods). Brackets indicate fraction
pools, and the number for each pool refers to the average chain
length.

escaped the removal process, which may be carried out by the
5’3’ nuclease activity of DNA polymerase 1 (Goulian,
1968b). Therefore, the possibility arises that observed nucleo-
tide frequencies could represent, in part at least, a bias in the
removal process. This has not been excluded in these experi-
ments; however, the assumption that the frequencies reflect
utilization in primer fits well with the observed correlation
(Figure 3). It remains possible that some of the deviations
from this correlation, e.g., for deoxycytidylate, may be traced
to variable removal rates.

Activity of Oligonucleotides from Calf Thymus DNA as a
Function of Chain Length, Oligodeoxynucleotides were pre-
pared from calf thymus DNA by digestion with pancreatic
DNase and fractionated according to chain length (Figure 4).
Initiating activity is detectable at chain length 3 and increases
progressively with increasing length to a maximum activity
with chain lengths of 10-12 (Table II). The activity of the
shorter chain lengths, e.g., 3 or 4 residues, is of interest since
under these conditions a stable association with the template
strand would not ordinarily form. This result is consistent
with the activity of tetramers in a primer-template system of
complementary synthetic oligodeoxynucleotides (Wells ez al.,

TABLE 11: Influence of Chain Length on Priming Activity of
Oligonucleotides from Calf Thymus DNA.

Chain Length Act. Chain Length Act.
1 NM* 7.8 2280
2 NM 8.9 5890
3 0.4 10.5 7990
4 5.5 11.8 6950
5.2 23.2 13.4 6490
6.6 603 15.1 3720

¢ The oligonucleotide fractions are from the experiment
shown in Figure 4. The figures refer to specific priming ac-
tivities (Table I); NM, not measurable.
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FIGURE 5: Fractionation of DNA purine and pyrimidine sequences
by chain length, Purine and pyrimidine tracts from calf thymus
DNA were chromatographed on DEAE-Sephadex (Materials and
Methods). NaCl gradient in urea (see Figure 4) was used for the
purines, and triethylammonium bicarbonate gradient (0.001-1.3 m)
for the pyrimidines. Numbers on the fraction pools (brackets) refer
to chain length.

1965). It also confirms earlier experiments with random oligo-
nucleotides from DNA, fractionated by gel filtration, which
suggested that active primers may have as few as 4 or 5 res-
idues (Goulian, 1968a). At the highest chain lengths activity
again appears to decline somewhat (Table II). The conditions
of these experiments may be relatively unfavorable for longer
chain lengths because the latter require higher *“annealing”
temperatures to unfold regions of self-association, and pro-
portionally more time to form the complex (Studier, 1969).
Some evidence to support the former is described below.
Purine and Pyrimidine Sequences from DNA. Purine and
pyrimidine tracts lacking terminal phosphates were prepared
from calf thymus DNA and fractionated on DEAE-Sephadex
(Figure 3). Comparison of the two shows that the pyrimidine
sequences have very little activity compared to the purine se-
quences (Table ITI). In the purine series, as with the oligo-
nucleotides prepared with DNase (Table II), activity is pres-
ent even in trimers and increases progressively with chain
length. The highest initiating activity with both purine and

BIOCHEMISTRY, VOL. 12, No. 15, 1973 2897
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TABLE I Influence of Chain Length on Priming Activity of
DNA Purine and Pyrimidine Sequences.

Chain Length
2 3 4 5 6 7 8 9

Purine® NM 6.3 (0.4)" 45 1630 6920 6880 5180
Pyrimidine® NM NM NM NM 32 188 162 55

? Purine and pyrimidine sequences are fractions shown in
Figure 5. Figures refer to specific activity (Table I). ? This
fraction was inhibitory; the value shown is a minimum
activity.

pyrimidine tracts is found with chain lengths of 7 and 8, in
contrast to the DNase fragments, in which highest activity
was found with chain lengths of 10-12, Again, there is some
decline in activity in both for the highest chain lengths.

Oligonucleotides of Defined Sequence and Length. Synthetic
oligodeoxynucleotides of defined sequence and chain length,
obtained from a commercial source, provide additional in-
formation concerning primer requirements in this system
(Table 1V). By far the most active series was the alternating
deoxyadenylate-deoxyguanylate copolymer, d(pApG),. For
the series d(pApG),, the shortest with activity was chain
length 4, optimal activity was with chain length 8, and longer
fragments had less activity.

No activity was detected in any oligonucleotides that con-
tained only pyrimidines nor was there any activity in homo-
oligonucleotides of deoxyadenylate. The only homooligo-
nucleotides with activity were those of deoxyguanylate and
these generally had less activity than corresponding oligo-
nucleotides in which deoxyguanylate was present with other
nucleotides. The alternating copolymers d(pApC), and
d(pTpG),, also had some activity. The single trimer available
contained only pyrimidines and was inactive. The self-com-
plementary alternating sequences, d(pApT),, d(pTpA),,
d(pGpC)x, and d(pCpG),, were not tested in chain lengths
greater than the dimer because of their potential activity as
primer-templates (Kornberg et al., 1964). Only one oligo-
nucleotide was tested that had more than one type of base not
in a strictly alternating sequence ; d(pApApApApCpApC) had
modest activity (sp act. = 136) but nevertheless distinctly
more than would have been expected from the results with
d(pCpA);, d(pApC):, d(pApA),, and d(pCpC); (Table IV).

These results, obtained with chemically synthesized poly-
mers, were confirmed in part with enzymatically synthesized
polymers. Oligonucleotides were prepared by DNase digestion
of enzymatically synthesized poly(dA), poly(dT), poly(dC),
poly(dG), poly[d(pApG)], and poly[d(pCpT)]. The unfrac-
tionated digest of poly[d(pApG)] was active, that of poly(dG)
had a small amount of activity, and the remainder were with-
out detectable activity.

The high priming activity of d(pApG); was not a feature
unique to the M13 DNA template since it was evident with
some other DNA templates, e.g., B. subtilis or calf thymus;
however, it was much lower with E. coli and M. luteus DNA
templates (Table I). Also similar to the results with M13 DNA,
no priming activity could be found for d(pTpC); with tem-
plate DNAs from B. subtilis, E. coli, M. luteus, and calf
thymus.

Activity of Oligonucleotides from RNA. Oligoribonucleo-
tides were prepared from RNA by limited alkaline digestion,
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TABLE Iv: Priming Activity of Defined Oligodeoxynucleotides.

Chain Length

2 4 6 8 10 12 12-18
d(pApA), NM NM NM
dpGpG), NM NM NM  42° 73
d(pCpC), NM NM
d(pTpT), NM NM NM
d(pApG), NM 19.9 641 8180 6550 3240
d(pGpA), NM
dpCpT), NM NM NM
dpTpC). NM NM
d(pApC), NM 103
dpCpA), NM NM NM 324
dpTpG)., NM NM
d(pGpT), NM
d(pApT). NM
d(pTpA), NM
d(pGpC), NM
d(pCpG), NM

¢ Figures refer to specific activities (Table I).

followed by treatment with alkaline phosphatase to remove
terminal 2’- and 3’-phosphates. Oligoribonucleotides had
definite priming activity but, although no direct comparison
can be made with the activities of oligodeoxynucleotides of
known size, the figures suggest a distinctly lower activity than
for the latter (Table V). The activity of oligoribonucleotides
was eliminated by treatment with alkali thus excluding the
possibility that the activity was due to contamination of the
RNA by DNA fragments. The activity of oligoribonucleo-
tides was enhanced somewhat by addition of Mn?2t or re-
placement of Mg?* by Mn?*. The latter effect may be related
to the requirement for Mn?* in the incorporation of ribo-
nucleotides into DNA by this enzyme (Berg et al., 1963). In
contrast to its effect with oligoribonucleotides Mn?* caused
considerable depression of the activity of oligodeoxynucleo-
tides (Table V).

Influence of Incubation Conditions. The effect of temperature
of incubation was tested by comparing, at three different tem-
peratures, the relative activities of three fractions of calf
thymus DNA fragments of different chain lengths (Table VI).
A distinct effect of lowering temperature was observed, with
augmentation of the initiating activity of the short chain
fragments, in contrast to a decrease in activity of long chain
fragments. For the short oligonucleotides this is assumed to
reflect the relationship between melting temperature and
chain length. It is possible that, beyond a minimum chain
length sufficient for stability at a given temperature, a further
increase in length permits self-association introducing thereby
a requirement for higher temperatures to unfold and allow
“annealing” between the fragments and templates. By this
reasoning an effect on activity would also be expected from
alterations in salt concentrations or preincubation time; how-
ever, no systematic effect was observed from variations in
KCl concentration between 0.01 and 0.2 M. This may have
been due, in part, to opposing effects on the activity of the
enzyme. Likewise, varying preincubation times from 5 sec to
30 min caused no change in results, apparently because the
incubation time with enzyme was long compared to the max-
imum time required for association of primer with template.
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TABLE V: Priming Activity of Oligoribonucleotides.

TABLE vI: Influence of Temperature on Priming Activity.

Mg2+_
Mg?t Mn? @ Mn2t ?
d(pADPG), 9570° 505 337
Purine oligodeoxynucleotides, 5910 3960 2450
chain length 9¢
MS2 RNA digest 6.2° 8.1 8.2
rRNA digest 3.4 7.1 7.1

¢ MgCl, replaced by 1 mM MnCl;; assay otherwise as
described in Materials and Methods. ® 1 mM MnCl; added to
usual reaction mixture. °Figures refer to specific activities
(Table I). ¢ See Table III. * The RNA digests were not frac-
tionated and chain length is not known. The activities are
given as initiator units/4zs units (Materials and Methods)
and cannot be compared between the two digests or with
the chain length corrected specific activities.

Other DNA Polymerases. Neither E. coli DNA polymerase
II nor coliphage T4* DNA polymerase showed detectable en-
hancement of activity on M13 DNA template with oligo-
nucleotides, including a fraction prepared from E. coli DNA,
d(pApG), and d(pCpT).. It is possible that this result reflects
a difference between the enzymatic (polymerase) properties of
these two enzymes and polymerase 1. Alternatively, in the
case of the T4 enzyme the difference could be accounted for by
the nuclease activity that is associated with the enzyme and
which is particularly active against oligodeoxynucleotides
(Oleson and Koerner, 1964). The possibility that the nuclease
results in hydrolysis of the fragments before priming can take
place was not tested for in these studies. Differential sus-
ceptibility to digestion may also account for some of the
differences in activity between various oligomers with E. coli
DNA polymerase 1, although this latter enzyme has a much
lower hydrolytic activity on oligodeoxynucleotides than the
T4 enzyme.

Discussion

A high degree of specificity in the properties of primer frag-
ments seemed unlikely from the earlier studies (Goulian,
1968b) and this has been confirmed in the experiments re-
ported here. DNA primer fragments and templates from
diverse sources are active when paired, and both purine and
pyrimidine sequences can function as primer. The base fre-
quencies of incorporated primer fragments indicate that se-
lection of bases and, by interference, sequences is strongly in-
fluenced by the overall abundance of the complementary pair
in the interacting primer—template mixture.

Although specificity that restricts activity to one or only a
few sequences is excluded, the requirements for primer ac-
tivity are also not totally nonspecific. The current studies
point to certain features that determine activity. The large
contribution by deoxyguanylate is indicated by its relative
abundance in primer fragments incorporated into product.

4 E. coli DNA polymerase II was tested both under the conditions
used for polymerase I (with the addition of 0.1 mm dithiothreitol) and
at the salt concentration optimal for polymerase II (Kornberg and
Gefter, 1971). Conditions used with T4 polymerase were the same as
for E. coli polymerase I except for inclusion of 10 mM B-mercapto-
ethanol.

Ratio of Activities® for

Temp of Duration Primer Chain Length of

Incuba- of Incuba-
tion® (°C) tion (min) 5.2 10.5 15.1
3 180 91 X 10~4 1 0.11
20 10 21 X 10—+ 1 0.33
37 5 6.8 X 10—+ 1 0.46

2 Assays followed the procedures described under Materials
and Methods except that all steps from addition of the primer
to end of incubation with enzyme were at the temperature
indicated, and incubation with enzyme was for the times indi-
cated. ? Oligonucleotides from the experiment shown in Figure
4 and Table II. © Figures represent relative specific activities
(Table I) for a given temperature, the value for the 10.5 chain
length fragment being arbitrarily set to equal 1.

It is also presumed that the content of deoxyguanylate plays a
part in the high activity of primers from the G-C-rich DNA of
M. luteus.

Homooligonucleotide showed surprisingly little activity,
none at all being detected with oligo(dA), oligo(dC), and
oligo(dT). The activity for oligo(dG) was much less than for
oligodeoxynucleotides in which dG was present along with
other residues. The fact that oligo(dG) did have some ini-
tiating activity whereas the other homooligonucleotides were
inactive is additional support for the importance of deoxy-
guanylate in this system,

Pyrimidine tracts from DNA had very little initiating ac-
tivity compared to purine tracts, and none of the defined
pyrimidine oligodeoxynucleotides had detectable activity. The
incorporation frequency for deoxyadenylate was actually
higher than for deoxycytidylate. In view of the inactivity of
oligodeoxycytidylate, the higher energy of association of
G-C, as compared to A-T base pairs, can only partially
account for the activity of deoxyguanylate.

It is likely that at least some of the specific requirements for
priming have a physical basis determined by general require-
ments for oligonucleotide-polymer interactions. The general
preference for purine over pyrimidine is an example. In
studies with model systems, oligo(dC) binds to poly(dG) less
well than oligo(dG) binds to poly(dC) (Uhlenbeck, O., per-
sonal communication; Lewis, 1971). It has also been ob-
served that the melting temperature of oligo(dT)-poly(dA) is
lower than oligo(dA)-poly(dT) of the same size; in that case
the three-stranded structure of the latter was considered to
explain the difference (Cassani and Bollum, 1969).

It is also possible that specificities reflect something special
about DNA, in the exposed or repetitive nature of certain
sequences, perhaps having some biological function. Still
another possibility is bias in primer selection introduced by
requirements of the polymerase enzyme itself. The enzyme
may have base or sequence preferences; the types of prefer-
ence under discussion here are reminiscent of the pyrimidine
richness of RNA polymerase-binding strands and the ini-
tiation of RNA chains exclusively by adenylate or guanylate.
Although there is the expected effect of low temperature in
enhancing the activity of short oligonucleotides, the fact that
tetramers and apparently even trimers are active at 20° sug-
gests that the enzyme stabilizes the initial complex. In a recent
report even a dinucleotide, d(pGpG), was found to act as
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initiator with calf thymus DNA polymerase on a poly(dC)
template (15°, 0.045 M potassium phosphate) (Hayes et al.,
1971). However, that result may not be directly comparable
with the results described here since there could be additional
stability in tandem or clustered association of the dinucleo-
tide with the homopolymer template.

The limited examination of sequences in this study leaves
many active sequences unidentified. Thus, a mixture of
random fragments from thymus DNA, in spite of many in-
active runs, is essentially as active as the most active oligo-
nucleotide studied. The potential activity of irregular se-
quences was indicated by the significant activity of d(pApA-
pApCpApC) as compared to the lower or absent activities of
d(pApC);, d(pCpA);, oligo(dC), and oligo(dA).

E. coli DNA polymerase 11, like DNA polymerase I, cannot
initiate new chains and requires a primer strand (Gefter et al.,
1972). Synthetic oligonucleotides act as primers for DNA
polymerase II with complementary synthetic polynucleotides
(Gefter er al., 1972); however, no priming activity was de-
tected in the current study using a DNA template. This may
have resulted, at least in part, from the inability of E. coli
DNA polymerase II to replicate long stretches of single-
stranded DNA (Wickner et al., 1972a).

Recent work indicates that, at least under some circum-
stances, the initiation of DNA chains in vivo actually occurs
by extension of oligoribonucleotides (Brutlag et al., 1971;
Sugino e al., 1972). However, the latter are probably synthe-
sized by RNA polymerase at sites on the DNA template,
rather than provided in a free form as in the experiments de-
scribed here (Wickner er al., 1972b; Schekman et al., 1972).

It has been shown previously by Wells et al. (1972) that E.
coli DNA polymerase can employ a free polyribonucleotide
primer in synthetic polynucleotide primer-template systems.
The current study confirms this for random oligonucleotides
from RNA with a DNA template, and in vitro experiments
have been reported by Keller (1972) using DNA polymerases
from M. luteus and mammalian cells, with RNA primer syn-
thesized in situ by an RNA polymerase.

In spite of earlier evidence to the contrary (DeLucia and
Cairns, 1969), E. coli DNA polymerase I now appears to have
a function in replication (Kuempel and Veomett, 1970; Kings-
bury and Helinski, 1970; Okazaki er al., 1971; Goebel and
Schrempf, 1972; Lehman and Chien, 1973), but the details of
that function must be more clearly identified before it is
known whether or not there is an in vivo counterpart to the
facile initiation by free oligonucleotides that occurs in vitro.
Studies thus far have failed to detect priming activity in cell
extracts that could be ascribed to oligodeoxynucleotides pres-
ent in vivo.
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Preferred Sites of Digestion of a Ribonuclease from

Enterobacter sp. in the Sequence Analysis of

Bacillus stearothermophilus 5S Ribonucleic Acidf

Charles A, Marotta,} Carl C. Levy,§ Sherman M. Weissman,* and Frederick Varricchio T

ABSTRACT: The preferred sites of digestion of a ribonuclease
from Enterobacter sp. have been characterized by analysis
of the oligonucleotides produced after digestion of 5S [?2P]-
RNA from Bacillus stearothermophilus with this enzyme. The
major degradation products obtained contain cytidylic acid
at the 3’-phosphorylated endand adenylicacidat the 5’-hydrox-
ylated end. Less commonly, cleavage occurred between cytidylic

Recently progress has been made in determining the
nucleotide sequences of a wide variety of RNA molecules
including such large molecules as the genomes of Q3 (Billeter
et al., 1969) and R17 (Nichols, 1970; Jeppesen et al., 1970),
RNA phages (Adams and Cory, 1970), and the 16S rRNA of
Escherichia coli (Fellner, 1969) as well as discrete RNA species
transcribed from DNA in vitro (Lebowitz et al., 1971), Al-
though continuing advances are being made in the prepara-
tion and isolation of discrete RNA fragments which contain
genetic information of substantial biological interest, a num-
ber of serious technical problems remain in the sequence
analysis of even moderately long RNA chains. Among the
common problems in nucleotide sequence determina-
tion are the analysis of long stretches of pyrimidines and
purines, the analysis of very large oligonucleotides produced
by T, ribonuclease digestion, and the ordering within an
RNA chain of fragments produced by specific nucleases.
Because of these problems we have continued to examine a
wide variety of nucleases which may prove to be of use in this
area. We report here that an enzyme (“C” ribonuclease)!
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1 “C” ribonuclease refers to the Enterobacter sp. ribonuclease.

and guanylic or between uridylic and adenylic acid phospho-
diester bonds. There was no cleavage between two purines or
between two pyrimidines and the phosphodiester bonds be-
tween uridylic and guanylic acid residues remained intact.
The ribonuclease has proved valuable in determining the
primary structure of B. stearothermophilus 5S RNA and is
useful in general for nucleotide sequence analysis of RNA.

isolated originally by Levy and Goldman (1970) from Entero-
bacter sp. grown on poly(cytidylic acid), has particular utility
since it produces clean, discrete, and relatively large oligo-
nucleotides from a wide variety of RNAs. The products ob-
tained are useful in arranging in order oligonucleotides pro-
duced by T, ribonuclease digestion. Furthermore this nu-
clease has potential utility in the sequence analysis of large
oligonucleotides lacking internal guanylic acids. The 35S
RNAs are convenient to prepare in reasonably pure forms
and are complex enough to provide a range of sequences with
various amounts of secondary structures and yet simple
enough so that all the products of a nuclease digest can be
analyzed. We have used 5S [3?PIRNA from Bacillus stearo-
thermophilus to determine the preferred sites of digestion of
this nuclease.

Materials and Methods

B. stearothermophilus 1430R (kindly provided by Dr. P.
Lengyel) was grown at 60° with vigorous shaking initially in a
rich medium containing 19 yeast extract, 1% Casamino
acids, 19 glucose, FeCl;-5H,O, 0.016 g; NHCI, 2.0 g;
NazHPO4, 6.0 £g; NaH2P04-H20, 3.0 g, NazS04, 1.0 g,
MgSO,-TH.0, 0.2 g; in a total volume of 1 1.; the pH was
adjusted to 7.2. Cells from a log-phase culture were harvested
by centrifugation and resuspended in a low phosphate medium
containing 0.5% glucose; Tris-HCl, 14.5 g; (NH).SO4, 2.0 g;
MgSO,-7TH,0, 0.2 g; FeS0O,- TH;0, 0.005 g; 0.1 g of aspartic
and glutamic acids; 0.005 g of methionine, phenylalanine, and
glutamine. The pH of the medium was adjusted to 7.5 and
the final volume was 1 1.

The generation time in the low phosphate medium was 70
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