Vol. 54, No. 3, 1973 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

NUCLEOTIDE SEQUENCE ANALYSIS OF DNA

+
XI . The 3' Terminal Sequences of Bacteriophage A and ¢80 DNA
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SUMMARY: Two procedures have been developed and applied to the determination
of the 3' terminal sequences of A DNA and ¢80 DNA. In the first procedure,
each 3' terminus was specifically labeled with a single 32p.nucleotide. Radio~
active oligonucleotides of different lengths were obtained by partial pancrea-
tic deoxyribonuclease digestion. From the characteristic mobilities of these
oligonucleotides in two dimensional fractionation systems, the 3' terminal se-
quence ~ACCCGCG for the r-strand and -GGTTACG for the l-strand of A DNA have
been determined. In the second procedure, approximately six nucleotides were
removed from each 3' terminus with exonucleagse III, and they were replaced with
radioactive nucleotides by partial repair synthesis. After enzymatic digestion
and sequence analysis, the above sequences have been confirmed. The 3' terminal

sequences in ¢80 DNA are identical to those in A DNA at least up to the fifth
nucleotide from the 3' ends.

After replication of bacteriophage A DNA, linear monomeric DNA molecules
vwith cohesive ends (1) are produced presumably by action of a specific endo-
nuclease (2,3). This specific endonuclease probably recognizes a unique se-
quence of nucleotides near the cohesive ends and introduces one nick for each
recognition sequence. Two nicks, 12 base-pairs apart, are made on opposite
strands to create the cohesive ends of the mature phage DNA. The recognition
sequence is agssumed to be present at both sides of the cleavage point. One
part of the sequence is within the cohesive ends (segments SI and SIII in
Figure 1), and the other part is at the 3' termini adjacent to the cohesive
ends (segments SII and SIV). The cohesive end sequences of A DNA and ¢80 DNA

molecules are known (4,5), and recently nucleotide sequences corresponding to

+ Paper X in this series is Bambara, Padmanabhan and Wu (5). This work was
supported by Grants GB-31485X from N.S.F. and GM-CA 18887 from N.I.H.
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Figure 1 The Cleavage of Circular or Dimeric A DNA to Produce Cohesive Ends.

A segment of & circular or dimeric A DNA molecule is given in the
upper panel. This is cleaved by a specific endonuclease to produce linear
monomeric A DNA with cohesive ends as shown in the lower panel. Segments SI
and SIII represent the two cohesive ends, and segments SII and SIV represent
sequences at the 3' termini of the DNA. Arrows in the upper panel indicate
the points of cleavages to be made by the specific endonuclease.

The 3' terminal nucleotide in segment SII is Joined to the 5'
nucleotide in segment SI in the linear dimer, concatemer as well as circular
monomer. The nucleotide sequence we have found at the 3' terminus of the
l-strand is pGpGpTpTpApCpG-OH {Segment SII), that of the r-strand is
PAPCpCpCpGpCpG-OH (Segment SIV). The endonuclease recognition sequences are
proposed to be the hexanucleotides pu-C-G-pu-G-G which are present in each
strand (where pu stands for purine). The two hexanucleotides in the upper
panel have a two-fold axis of symmetry. The axis of symmetry is perpendicular
to the page and is represented by the dot.

part of the sequence in segments SII and SIV in A DNA have been reported (6,7).
In this communication, we report the successful development of two independent
procedures for DNA sequence analysis. These procedures have been applied to

the analysis of the sequence in segments SII and SIV of both A DNA and ¢80 DNA.

A preliminary report has appeared (8).
RESULTS AND DISCUSSION

Sequence analysis through labeling of a 3' terminus - In this method, only

999



Vol. 54, No. 3, 1973 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

wWe
»rO®

0: »

Figure 2 Two Dimensional Fingerprint of 32p_p Labeled Pancreatic DNase
Fragments from A DNA Labeled at the Left-Hand 3' End with 32P-aAMP.

Dimension I: electrophoresis on cellulose acetate strip in pyridine-
acetate at pH 3.5; Dimension II: electrophoresis on DEAE cellulose paper in
acetic acid-formic acid buffer at pH 1.9 (11). One jundred ug of A DNA was
labeled at the 3'-terminus of the r-strand with one pA by partial repair syn-
thesis with a-32P-gATP and DNA polymerese (9). The labeled A DNA was purifed
by alkaline sucrose gradient centrifugation followed by digestion with differ-
ent levels of pancreastic DNase (0.%, 1.0, 2.0 and 6.0 ug) in 0.2 ml volume con-
taining 0.1 M NH) HCO3, pH 8.0, 0.01 M MgClp and 12 ug of carrier sperm salmon
DNA. After 3 hours at 37°C, the digests were combined, dried and fractionated
by 2-dimensional electrophoresis. All the oligonucleotides 1 through 9 gave
the correct GﬂA nearest neighbor affirming that they are of the same family
derived from the left-hand 3' end. The identity of the spot 1 was confirmed
by co-electrophoresis with a synthetic pGA in both pH 1.9 and pH 3.5 systems.
Identical results were obtained when 480 DNA was used in place of X DNA. (B)
and (Y) mark the positions of the blue and yellow dye markers, respectively (11).

one of the 3' terminal nucleotides of = DNA chain is specifically labeled with
a 32P—nucleotide using a repair reaction (9). This nucleotide is directed by
the nucleotide in the complementary strand which serves as a template. In this
procedure, the labeled nucleotide is always added to the natural 3' terminus of
a DNA chain. Therefore,sequence information derived from this point already

has its exact location on the DNA molecule defined.
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Figure 3 One Dimensional Homochromatography of 2P-A Labeled Pancreatic DNase
Fragments from A DNA Labeled at the Left-Hand 3' End with 32p_aamp.

Oligonucleotides 1 through 7 shown in Figure 2 were eluted from the
DE 81 paper and then applied onto thin layer DEAE cellulose plate together with
known oligonucleotides as markers (see Figure 4 and legend). One dimensional
chromatography was developed with a 2% partially hydrolyzed yeast RNA contain-
ing ™M urea. The lines indicate the center of each radioactive spot.

In the next step, the 3' labeled DNA molecule is degraded with different
levels of pancreatic DNase to produce labeled oligonucleotides of varying
lengths whose sequences overlap progressively from the 3' terminus {(7,10).
This family of oligonucleotides is then fractionated on two dimensional elec-
trophoresis (11), or electrophoresis followed by homochromatography (12,13).
From the characteristic mobilities of oligonucleotides in the two dimensional
fractionation systems, the sequence of the different oligonucleotides in this
family can be deduced.

Two fractionation schemes have been used to illustrate the usefulness of
this method. In the first scheme, the family of 3’-;A labeled oligonucleotides
from the left-hand 3' end were fractionated on two dimensional electrophoresis
(11). As shown in Figure 2, by comparing the mobilities of oligonucleotides
1 and 2, an additional pC in oligonucleotide 2 is indicated. Addition of

either a pG or pT causes the mobility shift from oligonucleotides 2 to 3. To
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Figure It Two Dimensional Fingerprint of Pancreatic DNase Fragments from
A_DNA Lebeled at the Right-Hand 3' End with 3°P-roMp.

Dimension I: electrophoresis on cellulose acetate strip in pyridine-
acetate at pH 3.5; Dimension II: homochromatography on DEAE-cellulose plate
in 2% partially hydrolyzed yeast RNA containing TM urea (12,13).* Twenty-five
g of A DNA was labeled at the 3' terminus of the l-strand with p-rG by a-32P-
rGTP and DNA polymerase (14,15). Under these conditions, one or two p-rG are
incorporated (15). The second ﬁ-rG is removed by alkali and phosphatase treat-
ment. (If dGTP were used for the repair reaction, 3 molecules of ﬁG would have
been incorporated which would be gndesirable for sequence analysis.) The DNA,
terminally labeled with a single p-rG, was subjected to pancreatic DNase diges-
tion as in the legend of Figure 2. After the two dimensional fractionation,
each oligonucleotide was eluted and subjected to phosphatase treatment and
nearest neighbor analysis (4). All the major spots 1 through 7 gave eGP ag the
only labeled nucleotide as expected. The other minor spots do not have GpG
nearest neighbor and must be impurities. The identity of spot 1 was verified
by co-electrophoresis with a synthetic pGG on DEAE-cellulose paper in both
pH 1.9 and 3.5 systems. Markers (run in dimension II only) in series G repre-
sent the products f;om partial snake venom phosphodiesterase gigestion of the
synthetic oligomer pGGGCG and series T those of the oligomer pTTTTT. It is
clearly evident that the mobility change for the loss or gain of a purine is
about 1.6 times as large as that of a pyrimidine; this is also true for the
oligonucleotides derived from labeled A DNA. Identical results were obtained
when ¢80 DNA was used in place of ) DNA.

distinguish between pG and pT, as well as to confirm other nucleotides, one
dimensional homochromatography was carried out as the second step in this
analysis. From analysis of known oligonucleotides by homochromatography

(Figure 3), the purine shifts are larger than the pyrimidine shifts by a fac-
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Figure 5 Two Dimensional Electrophoresis of Digests of DNA Labeled after
Exonuclease III Treatment.

A DNA (160 ug in 7 ml) was treated with exonuclease III (6 units) at
5°C to remove approximately 6 nucleotides from each 3' end (16). Labeled DNA
was prepared with the use of 2 or 3 labeled nucleotides in partial repair re-
actions catalyzed by DNA polymerase. The labeled nucleotides used for repair
synthesis are given under legend of Table II. In experiments PA and PB the
DNA was digested with low levels of pancreatic deoxyribonuclease (2, 4 and S
ug per 50 ug DNA in a final volume of 0.2 ml each. The buffer was 10 mM Tris-
HC1, pH 7.8, and 5 mM MgCl,). After incubation at 37°C for 2 hours, the samples
were boiled for 5 minutes, combined and dried. In experiment M, the DNA was
digested with micrococcal nuclease (0.2, 0.3 and 0.4 ug per 50 ug DNA in a final
volume of 0.2 ml each. The buffer was 60 mM NH),HCO3, pH 8.6 and 0.33 mM CaCls).
After incubation at 37°C for 20 minutes, the samples were boiled for 5 minutes,
combined and dried. For electrophoresis, the first dimension was at pH 3.5
for 2.5 hours and the second dimension was at pH 1.9 for 15 hours (11). This
figure is a composite figure of experiments M, PA and PB and shows only the
heavily labeled oligonucleotides selected for further analysis.

tor of 1.6. The mobility shift from oligonucleotide 2 to 3 is large and is
definitely a purine nucleotide shift. Therefore, it must be pG when the in~
formation from Figure 2 is also considered. Additional details on mobility
shifts in homochromatography systems will be published elsewhere. Information
given in these two figures thus established the sequence -pACCCGCG;A for
oligonucleotide 7.

In the second scheme, the family of 3'—;rG labeled oligonucleotides from
the right-hand 3' end were fractionated on a two dimensional system with elec-

trophoresis as the first dimension and homochromatography as the second dimen-
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TABLE I

Number of Additional Nucleotides Incorporated into Bacteriophage
¢80 and A DNA Cohesive Ends After Limited Exonuclease III Digestion

DNA Exonuclease Additional Nucleotides2
from IIT used Incorporated per DNA
(units) G pC PA T Total
$80 0.3 2 3 0.9 2.1 8.0
0.6 3 b 1.0 3.2 11.2
0.9 b 6 1.k 3.2 14.6
A 0.6 y i 2.0 2.2 12.2
0.8 5 5 2.4 2.6 15
Expected numberb- L 5 1.0 2.0 12

DNA (15 wg in 0.6 ml) was incubated at 5°C for 30 minutes with varying
amounts of exonuclease III under the conditions as described previously (6).
The exonuclease III was inactivated after the addition of 2 mM EDTA by heating
the solution to 70°C for 20 minutes. The cohesive ends and the newly exposed
single~stranded regions were completely repaired with deoxynucleotides using
DNA polymerase I at 5°C (9). In each of the 4 experiments, one nucleotide was
labeled and the other 3 unlabeled.

2The table shows nucleotides incorporated per DNA molecule in excess of the
24 nuecleotides incorporated into the cohesive ends of A and ¢80 DNA (L,5).
Since 10 pG, 10 pC, 2 pA and 2 pT are incorporated into the cohesive ends
of these DNA molecules, and these numbers are subtracted, the calculated
values for additional pG and pC incorporation are somevwhat less accurate.
The symbols G, C, A, T are used throughout to stand for deoxynucleosides.
When & ribonucleotide is mentioned, it is prefixed with r (e.g. prG =
ribo-pG).

p-‘l‘hese nucleotides are expected from the 3' terminal hexanucleotide

sequences shown in Figure 1.

sion (12,13). As shown in Figure 4, oligonucleotide 1 is pG-;rG, and the addi-
tion of a pC causes it to shift to position 2. The larger mobility difference
between oligonucleotides 2 and 3 in the second dimension and a very small dif-
ference in the first indicates the addition of a pA. By comparing oligonucleo-
tides 3 and 4, the addition of a pT is indicated (a small shift in the second
dimension). The structure of oligonucleotides 5, 6, 7 can be deduced in a
similar manner. In this scheme, all the information necessary for establish-
ing the entire sequence, -GGTTACG;rG, was obtained in a single fractionation

scheme making this a faster method than those reported by others (%,6,7,10).
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TABLE II

Sequence Analysis of Oligonucleotides from Both Ends of A DNA
Molecules Labeled After Exonuclease IIT Treatment

Nucleoside 0ligo-
Expt. triphosphates nucleotide Products f?undt:ftgr Sequence deduced
usedd numbert enzyme digestiont
. . . . % * LI S S d
M GTP, TTP M7 1G, 1Gp, 2Cp CpCpCpGpCpG-OH—
*
CTP
. . o % . oo o
PA GTP P2 1G, 1Gp, 1Cp {p)GpCpG-OH
. ® . X ] o % X X% 3L X e
CTP PT 1C, 1Gp, 2Cp {p)CpCpCpGpC-OH—
. * o # [ X% X3
P10 1c, 1Ap, 1Cp (p)ApCpC-0H
. . . o % . « v el
PB ATP, TTP, Pl 1c, 1Ap, 2Tp (prN)prTpApC—OHz
. #
CTP

32 3

the symbols * and ° over the phosphate and nucleosides denote P~ and “H-

labeled compounds, respectively.

EThe oligonucleotides from pancreatic DNase or micrococcal nuclease digests
were isolated from two dimensional electrophoresis as shown in Figure 5.

Srhe oligonucleotides P2, PT7, P10 and Pll were treated with semen phosphatase
to remove the 5' phosphate (9), boiled, and digested by spleen phosphodiester-
ase. The resulting nucleosides and nucleotides were separated and analyzed
as previously described (L). Oligonucleotide M7 was digested with spleen
phosphodiesterase without prior semen phosphatase treatment.

g‘I’he structure of this hexanucleotide 1s supported by that of oligonucleotides
P2 and P7T. It is also supported by CpCpGpCp and CpCpGﬂ (not shown here) found
from the same micrococcal nuclease digest of Expt. M. Since oligonucleotide
M7 came from a micrococcal nuclease digest and has a G-OH at the 3' end, this
oligonucleotide must be at the 3' end of the partially repaired DNA.

X X3
EBy overlapping GpC of oligonucleotides P2 and P7, the position of the internal
pG in oligonucleotide PT is defined.

z'I'his oligonucleotide is likely to be a hexanucleotide as judged from its
mobility on homochrometography (not shown). The nucleotides pN are probably
pG as judged by the low mobility of this oligonucleotide in the second dimen-
sion of electrophoresis (Figure 5) and the lack of tritium counts in pN.

Sequence analysis after partial digestion of DNA with exonuclease III

followed by partial repair synthesis - For this method, approximately six

nucleotides were removed from each 3' terminus of the DNA molecule with exo-

nuclease ITI. They were replaced with radiocactive nucleotides by partial re-
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pair synthesis. In order to remove only six nucleotides rather specifically
from each 3' terminus, the exact amount of the enzyme necessary was established
in a pilot run using several levels of exonuclease III. As shown in Table I,
at 5°C, with 0.6 units of exonuclease III per 15 ug of DNA, approximately 12
nucleotides were removed as revealed by the total number of nucleotides incor-
porated into each molecule of ¢80 DNA and A DNA in a subsequent repair synthe-
sis step (16). The number of each kind of additional nucleotide incorporated
per DNA is generally in agreement with the expected values as judged from

the 3' terminal hexanucleotide sequence shown in Figure 1. In order to pro-
duce labeled segments specifically from the region attacked by exonuclease III
(segments SII and SIV in Figure 1) and not from the cohesive end region (seg-
ments SI and SIII), partial repair synthesis was then used instead of complete
repair synthesis. Results from several experiments using different labeled
nucleotides for partial repair synthesis are given in Figure 5 and Table II.
Oligonucleotide M7, CpCpCpGpCpG-OH, appeared to be the hexanucleotide which
replaced the segment removed by exonuclease III from the left~hand end of the
DNA molecule. The sequences of oligonucleotides P2 and PT support that of MT.
The sequence of P10 indicates a pA as the seventh nucleotide at the 5! end of
M7. Oligonucleotide Pl was probably incorporated into the right-hand end of
the exonuclease III treated DNA. Thus, the sequence information obtained with
the exonuclease III method is in full agreement with that obtained with the

3' terminal labeling method.

We propose that the nucleotide sequences recognized by the specific endo-
nuclease which produces the cohesive ends of A DNA and $80 DNA are two identical
hexanucleotides purine-C-G-purine-G-G, as shown in Figure 1 (8). These two
hexanucleotides could be recognized by two identical subunits of a molecule of
dimeric enzyme, and the hexanucleotides are cleaved right in the center. This
type of recognition sequence is similar to the hyphenated symmetrical sequence
proposed by Weigel et al. (7). Other types of recognition sequence are

certainly possible.
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