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ABSTRACT A sequence of 50 residues in f1 DNA has
been determined by the extension of a chemically syn-
thesized octadeoxyribonucleotide by Escherichia -coli
DNA polymerase I, with radioactive nucleoside triphos-
phates and fl DNA template. The polymerized product
was synthesized either in the presence of manganese and
a mixture of ribo- and deoxyribotriphosphates or in a mag-
nesium-containing reaction with one or more of the four
triphosphates absent. The sequence determination de-
pended largely on fractionation of the polymerized prod-
ucts by two-dimensional ‘“homochromatography.”” This
approach and the techniques for the subsequent sequence
analysis should be of general use for determining other
sequences of DNA. Several features of this sequence sug-
gest that it is located in an intercistronic region of f1
DNA.

Techniques for determining the nucleotide sequence of various
radioactive RNA species are well developed (1). Since
naturally occurring DNA molecules are very large, the ap-
plication of many of these techniques to DNA sequence analy-
sis involves one of two initial approaches. Either a uniformly
labeled radioactive DNA molecule must be degraded to small
fragments (20-100 nucleotides long) that can be isolated for
sequence studies (2—4), or the radioactivity must be intro-
duced selectively in vitro into a small specific region of an
unlabeled DNA molecule (5-8). This report describes a
method that uses the second approach with Escherichia coli
DNA polymerase I (9).

The aminoacid sequence Trp-Met-Val in positions 26-28 of
the major coat protein (49 amino acids) of bacteriophage fd
has been reported (10). Since the plus strand is the “sense”
strand (11), and since tryptophan and methionine are each
coded for by a unique codon, the corresponding octadeoxy-
ribonucleotide sequence A-C-C-A-T-C-C-A in the minus
strand can be predicted. We have chemically synthesized this
sequence on the assumption that it would serve as a unique
primer, i.e., a unique starting point, for the incorporation of
nucleoside triphosphates by E. coli DNA polymerase I, using
fd or f1 plus strand as template. The sequence of nucleotides
polymerized onto this unique primer-template could then be
studied.

The octanucleotide functioned efficiently as a primer on f1
and fd DNA, but we soon realized that the sequence made was
not that expected from the published sequence of the coat
protein. However, as the priming appeared to be specific, the
reaction could be used for the development of methods for

Abbreviations: The symbols A, C, G, and T refer to the deoxy-
ribonucleosides, and rC and rG refer to the ribonucleosides.
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DNA sequencing, and has led to the elucidation of a sequence
of 50 residues in f1 DNA that may be of considerable biological
interest. This paper is a preliminary account of the work;
details of the sequence analyses will be published elsewhere.
Previous successful use of the pulse-labeling technique
(12, 13) has been with RNA, and has relied mainly on the
analysis of ribonuclease T1 digests of the synthetic product
obtained after various time intervals. We have used some
different approaches that depend largely on the fractionation
of the synthetic products of different lengths by a two-
dimensional ‘“homochromatography” (14). This system was
used directly to determine the sequence of the first 12 residues,
using only nearest-neighbor analysis and depurination (15).
To determine further sequences it was necessary to have a
specific method of degrading the DNA. Berg et al. (16) have
shown that it is possible to incorporate a ribonucleotide into a
deoxynucleotide sequence with DNA polymerase I if man-
ganese is present in the incubation medium instead of mag-
nesium. If a single ribotriphosphate is used with the other
three deoxyribotriphosphates, it is iricog‘porated to give bonds
that are susceptible to alkali or an appropriate ribonuclease.
In theory, this reaction offers an attractive approach to
sequencing DNA as different ribonucleotides can be intro-
duced, giving rise to different products, which should overlap
one another. We have, therefore, applied this method to the
octanucleotide-primed synthesis and, using largely rCTP
incorporation, have isolated specific fragments by digestion
with pancreatic ribonuclease A and ordered them by studying
their distribution in the synthetic products of differing lengths.

MATERIALS

The octadeoxyribonucleotide A-C-C-A-T-C-C-A was syn-
thesized chemically by procedures to be presented elsewhere.
DNA was extracted with phenol from phage f1 (a gift of
H. D. Robertson). [a-3?P]Deoxynucleoside triphosphates
(10-100 Ci/mmol) were synthesized by the method of Symons
(17). E. coli DNA polymerase I was the gift of T. Jovin.

RESULTS

Octanucleotide-Primed Incorporation in the Absence of One or
More Nucleotide Triphosphates. Preliminary experiments
showed that the octanucleotide could serve as a primer with
either fd or f1 DNA as template. In order to determine the
sequence of the first few nucleotides incorporated onto the
octanucleotide, various incubations were conducted in the
absence of one or more nucleoside triphosphates. After a short
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Fia. 1. Fractionation of products syn-
thesized in the absence of one or more nucle-
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oside triphosphates. (a) Radioautograph of a
} fractionation. The reaction mixture (10 ul)
contained 0.6 ug of f1 DNA, 0.2 ug of octa-
nucleotide in 50 mM Tris-HCl (pH 7.4),
30 mM NaCl, 8 mM MgCl;, 2 mM dithio-
threitol, 0.1 mM dTTP, 1-5 uM [**P]dATP
(50 Ci/mmol), and 1.0 unit of DNA polymer-
ase I. After 1 min at 8°, EDTA was added to
20 mM and the reaction mixture was spotted
directly on cellulose acetate for ionophoresis
at pH 3.5. The second dimension was in a 39,
homomixture hydrolyzed for 30 min (2).
(b) Same as a, except that 0.1 mM dCTP was
also present during the incubation for 2 min
at 8°. (c) Composite diagram of a and b show-
ing the course of synthesis of the oligonucleo-

incubation, the reactions were run directly on the two-
dimensional system, which resolved the [32P]deoxyribotriphos-
phates that had not reacted from labeled oligonucleotides. In a
reaction containing TTP and [*2P]dATP, six oligonucleotides
of increasing size were observed (Fig. 1a) and, from their
relative mobilities (2, 3) and nearest-neighbor analyses, the
sequence of the first six nucleotides polymerized onto the
octanucleotide- could be deduced. As polymerization stopped
at this point, the next position must be either a C or G
residue. Fig. 1b shows the results of an experiment in which
dCTP was also present in the reaction mixture, and Fig. 1c
shows a stylized version of the autoradiograph. Again, from
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F1e. 2. Radioautograph of a fractionation of a ribonuclease A
digest of the mixed product formed by octanucleotide-primed
synthesis. The reaction mixture (20 ul) contained 67 mM Tris-
HCI (pH 7.4), 0.67 mM MnCl, 1.5 mM 2-mercaptoethanol, 1.0
mM rCTP, 0.05 mM each of dGTP and dTTP, 1.2 ug of f1
DNA, 0.4 pg of octanucleotide, 2-4 units of DNA polymerase I,
and about 0.5 uCi of [*?P]dATP (50 Ci/mmol). Incubation was
at 25° for 10 min, and 0.13 uCi of [*?P] was incorporated. The
products were purified by an unpublished procedure of V. Ling
involving precipitation with ethanol and with HCI, and digested
with ribonuclease A (enzyme to substrate ratio 1:3, 37°, 2 hr).
The first dimension was separated by ionophoresis at pH 3.5 on
cellulose acetate, the second in a 5% homomixture hydrolysed
for 10 min (14).

tide chain. The inset shows the predicted
effect of the addition of one residue to an
oligonucleotide (2, 3).

nearest-neighbor analysis and depurination of the larger
oligonucleotides, a sequence of 12 nucleotides could be de- -
duced. In many experiments spots 7 and 8 (Fig. 1¢) were much
weaker than the other spots, or were not even observed;
this decrease was due to variations in the asynchronous in-
corporation of nucleotides by the polymerase, because the
relative mobilities and nearest-neighbor analyses of the larger
oligonucleotides remained the same. Spot 10 is a mixture of
two unresolved oligonucleotides differing by the addition of a
3’-terminal pC residue. This combination was detected by a
nearest-neighbor analysis of the larger oligonucleotide in spot
11. From position differences of these synthesis products on
the fingerprint, much of their sequence could be “read off”’
directly, in the same manner as that of degradation products
of partial exonuclease digests (2, 3).

Incorporation Experiments in the Presence of rCTP. When f1
DNA and the octanucleotide were incubated with DNA
polymerase I in the presence of manganese, rCTP, and the
other three deoxyribotriphosphates, rCMP was incorporated
in place of dCMP, and subsequent treatment with ribo-
nuclease A cleaved the polynucleotide chain at the rC residues.
These products could then be fractionated by the two-
dimensional system. Fig. 2 shows a fingerprint in which
[*2P]dATP was used. There are seven strong spots and a num-
ber of fainter ones, which are more apparent if longer times of
incubation are used. The strong spots are numbered 1-7, and
are considered here since they represent the first 50 residues
incorporated onto the octanucleotide. Most of the other spots
presumably represent sequences from further along the chain,
but there are a few that are present as faint spots at early
stages of incorporation and represent some type of artifact,
perhaps a second initiation site with the octanucleotide or
miscopying by the polymerase. The sequences of the seven
components were determined, by nearest-neighbor analysis
with different [*?P]deoxyribotriphosphates (5), depurination
(3), and partial digestion with exonucleases (2, 3, 19), and are
shown in Table 1. The partial digestion of spot 1 by spleen
exonuclease showed that it contained the octanucleotide
sequence, and the remaining part of the sequence confirmed
that structure already described above.
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Fic. 3. Fractionation of the products synthesized by DNA polymerase I in the presence of the octanucleotide, Mn, and rCTP. (a)
Radioautograph of a fractionation. Incubation was for 4 min at 10°, as described in Fig. 2. The product was purified by precipitation with
ethanol, and applied to a cellogel strip for fractionation in the first dimension. The second dimension was in homomixture b (14). (b)
Composite diagram showing spots observed in several experiments similar to that shown in a, but with various times of incubation and
different labels (AATP and dGTP). The oligonucleotides appearing as strong spots in a are indicated by shading. The products from the
spots were digested with ribonuclease A (50 ug per spot, overnight, 37°), and the oligonucleotides were identified by one-dimensional
chromatography in a 3% homomixture hydrolysed for 10 min, or by ionophoresis on DEAE-paper in 7%, formic acid (19), together with
marker oligonucleotides 1-7 from a digest of unfractionated material. These are shown in brackets on the diagram. (¢) Diagram showing
the relationship between the position of the spots and the course of synthesis of the oligonucleotide chain. Each spot (Fig. 3b) or predicted
spot is indicated by a dot. The dots are joined by lines, whose directions indicate the residue added. The numbers to the left of the diagram
show at what level on the fingerprint the different sequences, represented by oligonucleotides 2-6 (Table 1), appear in the synthetic product.

Order of the Oligonucleotides. Various methods were in-
vestigated for determining the order of the oligonucleotides
listed in Table 1. The most successful was to fractionate on the
two-dimensional system the product synthesized by DNA
polymerase I in the presence of Mn and rCTP. By use of a
relatively strong unhydrolyzed ‘“homomixture’” (14), frag-
ments of up to 60 residues could be fractionated and then
digested with pancreatic ribonuclease A to identify the
components. Fig. 3a shows such a fractionation.

The presence of certain relatively strong spots well
separated from each other indicates that the rate of synthesis
by the polymerase is not constant along the chain, but is held
up at certain residues. Much of this effect is due to the rC
residues, which the polymerase has difficulty in incorporating,
though in some experiments there was also an apparent delay
at the radioactively labeled residues—presumably because
the corresponding triphosphate was present in very low
concentrations. The spots from the fingerprint were eluted

TaBLE 1. Oligonucleotides 1solated from a ribonuclease A
digest of the mized product containing rC

Oligonucleotide
(Fig. 2) Sequence
1 A-C-C-A-T-C-C-A-A-T-A-A-A-T-rC(A)
2 A-A-A-G-A-A-T-T-A-G-rC(A)
3 A-A-A-A-T-T-A-A-G-rC(A)
4 A-A-T-A-A-A-G-rC(rC)
5 A-A-G-G-rC(A)
6 A-G-G-rC(A)
7 A-T-A-rC(A)

and digested with ribonuclease A ; the digestion products were
identified by one-dimensional chromatography. The com-
bined results from several experiments are summarized in Fig.
3b. There were several products that did not correspond to
any of the markers and appeared in only one or two frag-
ments, but not in the larger fragments. These were inter-
mediates from the 3’ end of the synthesized chain. After
digestion with ribonuclease A, this 3’-hydroxyl terminus is
liberated as an oligonucleotide that is different from the
markers and, if it is labeled, will appear on the analysis.

From the results in Fig. 3b the oligonucleotides can be
arranged in the order 1-7-6-5-2-3—4. It was important to be
certain that no other residues could be interspersed between
the recognized oligonucleotides numbered 1-7. Table 1 shows
that all these oligonucleotides have Ap at their 5’ ends. Thus,
if there were any product lying between them in the sequence,
it would be labeled in an experiment where [32P]dATP was
used. As no such products were present, we concluded that the
above oligonucleotides are linked directly in the sequence
shown in Fig. 4a. Two further lines of evidence support this
conclusion. Tentative sequences were ascribed to the products
derived from an alkaline digest of the material from an
incorporation with rGTP; these sequences precluded the
presence of any intermediates.

Fig. 3c is a diagram showing the relationship between the
course of synthesis of the DNA chain and the relative posi-
tions of the spots on the two-dimensional fractionation system.
This diagram is based on the above results and on the ex-
pected effect of the addition of a residue to a nucleotide chain,
as indicated in the inset and as already discussed above (Fig.
1). It is not possible to use the fingerprint to determine the
sequence directly, since many intermediates are not seen and
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a)  A-C-C-A-T-C-C-A-A-T-A-A-A-T-C-A-T-A-C-A-G-G-C-
A<A-G-G-C-A-A-A-G-A~A-T-T-A-G-C-A-A-A-A-T-T-A-
A-G-C-A-A-T-A-A-A-G-C-C

1 10
b) «==-G-G-C-T-T-T-A-T-T-G-C-T-

20 30
T-A-A-T-T-T-T-G-C-T-A-A-T-T-C-T-T-T-G-C-C-T-T-

40
G-C-C-T-G-T=A-T-8-A-T-T-T-A-T-T-G-G-A-T-G-G-T---~

[Sp—— ——-

¢)  =e=eC-T-T=A-G-GoA-T-T-T=A-A-T-C-A-T-G-T-T-T----

F1c. 4. DNA sequence in phage f1 DNA. (a) Sequence of the
minus strand, as determined in this paper. The first eight residues
are from the synthetic octanucleotide used for priming. (b) The
compliment of the sequence in (a); this is the sequence in the plus
strand and in the messenger RNA. Underlining indicates ter-
mination codons; broken underlining indicates initiation codons.
(c) Sequence around the initiating site of a structural protein of
¢X DNA (4). }

the differences in position are very small for the larger prod-
ucts. The fact that it is possible to draw such a diagram gives
useful confirmation of the sequence and precludes the possi-
bility of any extensive sequence being missed. Certain features,
such as the two —T-T- sequences, are readily recognized on
the fingerprint (Fig. 3a).

DISCUSSION

The methods-described in this paper should be of fairly general
application to the determination of sequences in DNA,
though no doubt each situation will present its own problems.
In theory, this procedure, requires only a synthetic -oligo-
nucleotide complimentary to a known sequence and condi-
tions where polymerase will copy faithfully. In practice, the
choice of the octanucleotide primer in this work was entirely
fortuitous as it does not prime in the expected position in the
coat protein cistron. The recent report by Snell and Offord
(20) on the aminoacid sequence of the coat protein of the re-

Mutation event

Duplication IGCcCT

CaT TGCCTTGCCT
Duplication TGCITIGCCT
Duplication IGCTTITITIGCCT

e e e e e

TG, T34, T4,
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lated phage ZJ-2 raises some doubt as to whether the se-
quence in this position might in fact be Trp-Ala-Met instead
of Trp-Met. Although efficient and sufficiently specific prim-
ing was obtained with the octanucleotide, it would probably
be advantageous to use a longer primer. In these experiments
it was necessary to use relatively high concentrations of
primer (about 200-fold excess over the f1 DNA), and it is
probable that other sequences may have been formed to a
lesser extent as faint spots were often detected that could not
be explained by the single unique sequence.

The advantages of using the method of Berg et al. (16) to
introduce ribonucleotides, and therefore specifically suscepti-
ble bonds into the DNA, are obvious and this has been the
subject of several recent communications (18, 21, 22). In
agreement with the conclusions of Van de Sande et al. (21), we
have obtained the best results with rC, and most of the se-
quences have been based on its use, whereas, although good
incorporations were obtained with rG, the fingerprints were
rather complex and somewhat variable. This may have been
partly due to the nature of the sequence involved. Others (21,
22) have concluded that DNA polymerase I has difficulty in
inserting two consecutive ribonucleotides. The first ~C—C~ is
at the 3’ end of the deduced sequence, whereas the first G
residues are in a “G—G-C-A—A-G—G- sequence. It may be
that in a different situation the use of rG may be more ad-
vantageous. As might be expected from the large number of A
residues, almost no incorporation of rA could be obtained.

An important question to be considered is whether DNA
polymerase I is copying faithfully under these special condi-
tions and, therefore, whether the sequence determined is the
exact compliment of the plus strand of f1 DNA. In particular,
the unusually large number of A residues present in appar-
ently homologous sequences raised the possibility of some
artifact of incorporation. Van de Sande et al. (21) report that
misincorporation with rCTP may occur at 37°, but not at 10°.
Most of our experiments were done at 25°, but all essential
results have now been confirmed at 10°. Further evidence that
the copying is faithful is the agreement with the results ob-
tained under normal conditions with three deoxyribotri-
phosphates. However, the main evidence is that it is possible
to deduce a unique sequence with no evidence of randomiza-

Sequence

IGCTTTITTIGCTITITTGCCT

Insert A GGCTTTATTGCTAATTTTIGCCT

Duplication GGCTTTATTGCTAATTITTIGCCT

Duplication GGCTTTATTIGCTAATTTTGCTAATTTIIGCCT

Duplication GGCTTTATTGCTAATTTTGCtAAuTTGCéTTGCCT
Insert T GGCTTTATTGCTAATTTTGCTAATTITTTTIGCCTTGCCT
T>C GGCTTTATTGCTTAATTTTGCTAATTITTITGCCTITGCCT

GGCTTTATTGCTTAATTTTGCTAATTCITIGCCTITGCCT

Fie. 5. Hypothetical course of evolution of the sequence in positions 1-39 (Fig. 4b). Underlining indicates the position in which the

next mutation event takes place.
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tion. If misincorporation were occurring, it would not be
specific and the products would be expected to be much more
heterogeneous.

The sequence determined (Fig. 4a) corresponds to that of
the minus strand of f1 DNA. The complimentary sequence,
which corresponds to the plus strand and the messenger RNA,
is shown in Fig. 4b. The last eight residues are based on the
assumption that the synthetic octanucleotide used as a primer
initiates by hybridizing with its exact complimentary se-
quence on the template DNA. This assumption seems likely,
since such a small oligonucleotide would not be expected to
prime unless it paired perfectly, but there is no direct proof.

The sequence is remarkable in that it is very rich in T
residues and shows considerable repetition of homologous
sequences. Thus, T-T-G-C is repeated four times, T-G-C-C-T
twice, and T-A—A-T-T twice. The most likely explanation is
the way in which the DN A has evolved. It is probable that the
increase in size of a DNA molecule is brought about by du-
plication of existing sequences, which will then evolve by muta-
tion to give functional DNA. Thus, at early stages of evolu-
tion one would expect to find repeated sequences. Such repeti-
tions have been found in RNA sequences (23) and particularly
in satellite DNA (24). Fig. 5 shows one way in which the
sequence from position 1-39 could have evolved from the
pentanucleotide T-G—C—C-T by a process involving six du-
plications, two insertions of single residues (which could be re-
garded as single residue duplications), and only five base
changes. Clearly there are many other ways in which the
evolution could have taken place, but this scheme does illus-
trate that a sequence of the type found here might be found
shortly after an increase in DNA size has occurred by du-
plicstion of relatively short sequences. This mechanism would
imply either that the DNA section has evolved relatively re-
cently, or else that it acquired an essential function at an early
stage in evolution and thus remained stable. This latter possi-
bility is suggested by the further speculation given below.

Robertson et al. (4) have recently determined the sequence
of a ribosomal binding site in $X 174 DNA that was found to
contain the initiation point for one of the structural proteins
of the virus (25). This sequence is compared in Fig. 4c with the
sequence of f1 DNA described here, and there are certain
interesting homologies. Both are rich in T residues and con-
tain the sequence G—A—T-T-T-A shortly before an A-T-G
triplet (positions 54-56). The sequence Pu-Pu-T-T-T-Pu is
characteristically found in this position relative to initiation
sites for several protein cistrons (4).

This finding suggests the possibility that the A—-T—-G of this
f1 DNA fragment might be an initiation site for a protein.
Moreover, the sequence contains three termination codons,
T—A-A in positions 1315 and 22-24, and T-G-A in position
43-45. All three are in phase with each other, so that only the
first one could actually function as a protein chain terminator,
but the other two might act as a defense mechanism against
incomplete termination. A similar situation is found at the end
of the coat protein cistron of phage R17 (26), which has three
termination codons in phase with each other, the first two
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being adjacent. It is thus tempting to speculate that the se-
quence could represent the intercistronic space between two
protein cistrons, one of which ends in the aminoacid sequence
Gly—Phe-Ile-Ala and the next one of which starts with
formylMet—Val. It is hoped that further work will reveal
whether this is the case. If it were not, there are two possible
aminoacid sequences for which the DN A fragment could code,
since two of the three possible phases do not contain termina-
tion codons.
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gift of DNA polymerase I and Dr. H. D. Robertson for phage f1.
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