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ABSTRACT: The large pyrimidine oligonucleotides from the 
DNAs of the two related bacteriophages 4x174  and S13 
have been sequenced. The largest pyrimidine oligonucleo- 
tide present is unique to S 13 DNA and is the undecanucleo- 
tide C5T6, sequence C-T-T-C-C-T-C-T-T-C-T. Consider- 
able sequence homology has been found between the pyrim- 
idine oligonucleotides of the two phage DNAs. Out of 14 ol- 
igonucleotide sequences from S 13 DNA (1 20 bases) at least 
ten are identical with sequences of oligonucleotides from 
4 x 1 7 4  DNA (92 bases) and two are closely related (17 
bases), the only difference being a single thymine to cyto- 
sine transition in each sequence (a total of 107 identical 
bases). The pyrimidine oligonucleotides of each phage 

T h e  small icosahedral bacteriophages S 13 and 4X 174 
both contain single-stranded circular DNAs (Tessman, 
1959; Sinsheimer, 1959; Fiers and Sinsheimer, 1962; Spen- 
cer et al., 1972) which are almost identical in size and phys- 
ical characteristics. The phages are serologically related 
(Zahler, 1958), the number of genes the same and the size 
of the cistrons similar (Benbow et al., 1971; Baker and 
Tessman, 1967; Tessman, 1965) as is the pattern of phage- 
coded proteins separated on sodium dodecyl sulfate polyac- 
rylamide gels (Jeng et al., 1970; Godson, 1973). In mixed 
infections the two phages with the exception of one gene ge- 
netically complement (Jeng et al., 1970) and recombine 
(Tessman and Schleser, 1963). Recently Godson (1973) de- 
scribed a heteroduplex analysis of the two DNAs and re- 
ported that despite these similarities only 4.7 f 1.9% of 
4X 174 DNA is highly homologous with S13 DNA. 

The large number of mutants available of both 4x174  
and S13 phages and the recent description of base se- 
quences from some regions of the 4 x 1 7 4  genome (Galibert 
et al., 1974; Barrel1 et al., 1975) make these two phages a 
very useful system for studying the limits of base sequence 
mismatch tolerated in genetic recombination and DNA het- 
eroduplex experiments. In this report the base sequences of 
the large pyrimidine oligonucleotides from S13 and 4X 174 
DNA are presented. It is shown that considerable sequence 
homology exists between the pyrimidine oligonucleotides of 
the two phages. All the oligonucleotides sequenced which 
have the same base composition and are present in both 
phages have identical sequences. 
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DNA show extensive internal sequence homology among 
each other with up to eight bases identical in sequence in 
pairs of different oligonucleotides. Another interesting ob- 
servation is the occurrence of symmetrical sequences (true 
palindromes) which read the same forwards as backwards. 
The longest symmetrical sequence is the nonanucleotide 
C4Ts sequence, C-T-C-T-T-T-C-T-C, present in both S13 
and 4x174  DNAs. The extensive sequence homology ob- 
served between the pyrimidine oligonucleotides of S13 and 
4X 174 supports the close relationship of the two phages 
and provides further evidence that they were derived from 
recent common ancestors. 

Materials and Methods 

Chemicals and Enzymes. All chemicals used were of re- 
agent grade. DEAE-Sephadex A-25 was purchased from 
Pharmacia (Canada) Ltd. DEAE-cellulose and cellulose for 
thin-layer chromatography were products of Macherey, 
Nagel and Co. Cellulose acetate strips were purchased from 
Schleicher and Schuell Inc., Keene, N.H.,  and cellogel 
strips manufactured by Chemetron, Milan, Italy, from 
Mandel Scientific Co. Enzymes spleen phosphodiesterase, 
snake venom phosphodiesterase, and bacterial alkaline 
phosphatase (electrophoretically pure) were obtained from 
Worthington Biochemical Corp. Alkaline phosphatase was 
heat treated to remove phosphodiesterases (Garen and Lev- 
inthal, 1960); snake venom phosphodiesterase was pretreat- 
ed a t  37OC for 3 hr a t  pH 3.6 to remove 5'-nucleotidase ac- 
tivity (Sulkowski and Laskowski, 1971). Hexokinase was 
purchased from Boehringer Mannheim, Germany, and 
myokinase and lysozyme were from Sigma Chemical CO., 
St.  Louis, Mo. H332P04 was obtained from New England 
Nuclear (Canada). [ Y - ~ ~ P I A T P  was prepared as described 
by Schendel and Wells (1973). 

Polynucleotide kinase was prepared from Escherichia 
coli B infected with bacteriophage T4  n82 (Warner and 
Lewis, 1966) by the method of Richardson (1965) with the 
following modifications. All buffers in the preparation, until 
the enzyme was loaded to the first DEAE-cellulose column, 
contained 1 m M  ATP. Instead of a stepwise elution from 
the DEAE-cellulose column a 2-1. linear gradient of 10 m M  
potassium phosphate buffer (pH 7.5)-10 m M  mercaptoeth- 
anol to 50 m M  potassium phosphate buffer (pH 7.5)-10 
m M  mercaptoethanol was used. The phosphocellulose col- 
umn was eluted with a 1-1. linear gradient of 0-0.5 M KC1, 
in 50 m M  potassium phosphate buffer (pH 7.5)-10 m M  
mercaptoethanol. Final purification of the enzyme was ob- 
tained by chromatography on a second DEAE-cellulose col- 
umn as described by Wu and Kaiser (1967). This column 
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scpardted the polynucleotide kinase into two fractions, the 
first eluting with 10 rnM potassium phosphate buffer (pH 
7.5) arid the second eluting with 50 m M  potassium phos- 
phate buffer (pH 7.5). The first fraction was free of phos- 
phomonoesterase, exonuclease, endonuclease, and deami- 
nase activities and was used in all experiments described in 
this paper. The assay for polynucleotide kinase used a mix- 
t ure of terminally dephosphorylated pyrimidine oligonu- 
cleotides longer than hexanucleotides as substrate. These 
were prepared by depurination of the calf thymus DNA 
with formic acid- diphenylamine (Burton, 1967) followed 
by dephosphorylation with alkaline phosphatase. The hy- 
drolysate was applied to a DEAE-cellulosl: column and 
oligonucleotides containing less than seven bases were elut- 
ed with 0.18 M NaCl and discarded. The column was then 
washed with 100 ml of 50 mM triethylaminonium bicar- 
bonate (TEAR) ( ~ € 1  8.0) to remove the NaCl and finally 
the oligonucleotides longer than seven bases eluted with 1 
h4 T E A R .  The buffer was evaporated in vacuo; the oligonu- 
cleotides were dissolved in water and stored at  -20°C. The 
assay was performed in a volume of 0.1 nil of 10 mM Tris- 
H C ' I  buffer ( p H  8.1) coritairiing 10 m M  MgC12, 20 niM 
mcrcaptoethanol, 2 nmol of oligonucleotides. and 0.5 nmol 
o f  fy-'2P]ATP. Incubation was for 30 rnin at 37°C:. DEAE- 
cellulose suspended in water was added to the incubation 
miiiture and the suspension filtered through a glass fiber f i l -  
ter. l Irireactecl [y-32P]ATP was eluted from the filter by 
udshing with 0.18 M NaCI and the radimc[ivity of the 
3'P-labeled (iligonucleotides on the filter determined by 
nieasurciiieiit of the Cerenkov radiation i i i  a Reckman 
1.S250 xintillation spectrometer. One unit of enzyme activ-- 
ity is the amount of enzyme which catalyzes the transfer of 
1 iimol of phosphate per minute under these assay condi- 

Purification of Chlubeled atid "P -  Luhelrd Hacterio- 
phuge S i 3  Wild Type D N A .  This was performed according 
tu Spencer and Boshkov ( 1  973). From a I - I .  culture 2 mg of 
pure D N A  was obtained with a specific activity of 25000 

Purification .f' IJnlabeled and izP- Labeled Bacterio- 
phuge ddY174am3 D N A .  E .  coli C was grown in 500 ml of 
IiiT3XD medium (Denhardt, 1969) for preparation of unla- 
beled DNA and TPG medium (Denhnrdt et al.,  1967) for 
"€'-labeled DNA. When the cell conceritration reached 2 
>< I Ox/ml the culture was inoculated with bacteriophage 
(1X174am3 (kindly supplied by Dr.  D. T. Denhardt) at  a 
multiplicity of five phage per cell. For 32P-labeled prepara- 
tions 40 pCi/ml of H332P04 was added a t  the same time. 
Growth was continued for 2 hr at 37"C, and then the cells 
Were d l e c t e d  by centrifugation and resuspendcd in 40 ml 
of 50 mhf Tris-HCI-10 m M  EDTA (p l l  8.1) .  'The phage 
was released by incubation with lysozyme (0.1 mg/ml) for 
30 min a t  37OC. The suspension was then diluted with the 
Tris-HCl buffer (ptl 8.1) to 150 ml, made 0.5 M in NaCl,  
arid stirred vigorously a t  4°C for 30 min. Cell debris was re- 
moved by centrifugation and the phage particles were pre- 
cipitated by addition of poly(ethy1enc glycol) (Carbowax 
6000, IJnion Carbide) to the supernatant to a final concen- 
tration of 10% (w/v). The solution was stirred overnight at 
4'C (Yariiamoto et al., 1970). The precipitate was collected 
by centrifugation at  1600Og for 20 rnin (10,000 rpm, Sor- 
vall (;SA rotorj and resuspended in I O  tnl of SO nihl sodi- 
um tetraborate (pf i  9.2). The suspension w a s  kept at  4°C 
for a t  least I h r  and then clarified by centrifugation for 10 
niin a t  12000g (10000 rpm, Sorvall SS34 rotor). Final puri- 
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fication of the phage was accomplished by CsCl density- 
gradient centrifugation with a starting density of 1.42 g/ 
cm3. The phage band was collected dropwise from the bot- 
tom of the centrifuge tube and diluted and the phage parti- 
cles were pelleted by centrifugation for 1 hr at 58000 rpm 
in a Beckman 60 Ti rotor. The phage DNA was released by 
hot phenol extraction (Sinsheimer, 1966) and precipitated 
with 2-propanol. The yield was 1 mg of DNA. 32P- labeled 
DNA had a specific activity of 100000 dpm/pg. 

Depurinution of D N A  to Pyrimidine OliRonuc.IPotides. 
The DNA from bacteriophages S13 and qbX 174 was depuri- 
nated by treatmerit with 2% diphenylamine in 67% formic 
acid at  30°C for 18 hr (Burton, 1967). The hydrolysate was 
extracted three times with ether, and dried in a desiccator 
under vacuum. 

5'-  Terminal Labeling of Pyrimidine Oligonucleotides. 
Depurinated DNA (100 p g )  was incubated with 20 p g  of 
alkaline phosphatase in 500 pl of 50 m M  Tris-HCI- 10 m M  
MgClz (pI-1 8.9) at  5 5 O C  for 1 hr. The enzyme was removed 
by phenol extraction, the phenol removed by ether extrac- 
tion, and the aqueous extract dried and redissolved in 500 ~1 
of a solution containing 10 htmol of mercaptoethanol and 
0.03 unit of polynucleotide kinase. [-p3'P]ATP was added 
in a two- to tenfold excess over the amount of oligonucleo- 
tide substrate. Incubation was for 6 - - I0  hr a t  room tempera- 
ture. Excess [ Y - ~ ? P ] A T P  was converted to glucose 6-phos- 
phate by incubation with 100 pmol of glucose, 100 p g  of 
hexokinase, and I O 0  p g  of myokinase (flanpgi et  al.. 1970). 
The reaction mixture was applied to a 1 X 5 cm DEAE- 
Sephadex A-25 column, the glucose 6-phosphate eluted 
with 0.2 M TEAB (pH 8.0) and the S'-labeled oligonucleo- 
tides eluted with 1 M TEAB. 

I n  some experiments the excess ATP was not converted 
to glucose &phosphate but eluted from the DEAE-Sepha- 
dex A-25 column with 0.4 M TEAB. llnder these condi- 
tions some of the shorter oligonucleotides are eluted with 
the ATP and are missing from the subsequent chroniato- 
graphic separations of the 5'-"P-labeled oligonucleotide 
material eluted by I M TEAW. 

Fractionation of Pyrimidine Oligonucleotidrs. The py- 
rimidine oligonucleotides released by depurination of S 13  
and 4x1 74 DNA were fractionated by the ionophoresis- 
homochromatography thin-layer system of Rrownlee and 
Sanger ( 1969) as modified for pyrimidine oligonucleotides 
bq l i n g  (1972a). The depurination products were first ap- 
plied to a 3 X 50 cm cellulose acetate or cellogel strip (Trim 
and Dickerson, 1974). arid separated by electrophoresis at  
4.5 k V  for 20-30 min in a buffer containing 4.5% acetic 
acid, 0 . 5 %  formic acid. 7 M urea, and 5 m M  EDTA (pH 
3.5).  The separated oligonucleotides were then transferred 
onto a thin-layer plate coated with a mixture of DEAE-cel- 
lulose and cellulose in a ratio of 1:7.5. Chromatography u a s  
carried out with a 2% solution of partially hydroly/ed yeast 
R N A  at 60°C (Jay et al., 1974). The separated oligonu- 
cleotides were visualized by radioautography and when nec- 
essary the spots scraped from the plate and the oligonucleo- 
tides eluted with 1 M TEAB (pH 8.0). 

I n  some experiments the depurination products w?re sep- 
arated b j  column chromatography as described b j  Cernt  et 
a] .  (1968, 1969). No carrier DNA was added. For better 
separation of small amounts of oligonucleotides DEAE- 
Sephadex A-25 was used instead of DEAE-cellulose. Frac- 
tionation according to chain length was performed either 
directly after depurination using a linear gradierit of  0 0 .4  
M NaCI in 7 M urea -0.1 M sodium acetate ( p t i  5 . 5 )  or 



O L I G O N U C L E O T I D E  S E Q U E N C E S  I N  S I 3  A N D  OX174 

after dephosphorylation of the depurination products using 
a linear gradient of 0-1.3 M TEAB (pH 8.0). Fractionation 
according to base composition was by standard methods 
(tern? et al., 1969) but using DEAE-Sephadex A-25. As- 
signment of the base composition of the oligonucleotides 
was by means of a grid, in which the chain length and base 
composition of each component is plotted vs. the molarity of 
ammonium formate which eluted the component from the 
DEAE-Sephadex A-25 column at pH 3.0 (Harbers and 
Spencer, 1974). 

Partial digestions of oligonucleotides with spleen and 
snake venom phosphodiesterase were performed as de- 
scribed by Ling (1972a). Carrier RNA (50-IO0 pg) was 
added prior to digestion of oligonucleotides that had been 
isolated by column chromatography. N o  differences were 
observed when commercially available spleen phosphodies- 
terase or the enzyme isolated according to Bernardi and 
Bernardi (1968) was used. Digestion products were sepa- 
rated by ionophoresis-homochromatography as described 
above. 

Results 
Figure l a  and c show radioautograms of uniformly I2P- 

labeled pyrimidine oligonucleotides present in formic acid- 
diphenylamine hydrolysates of SI3 and 4 x 1 7 4  DNAs, re- 
spectively, separated by ionophoresis-homochromatogra- 
phy. Studies by Ling (1972a) have shown that the oligonu- 
cleotides separate according to base composition in the elec- 
trophoretic step, and according to chain length in the chro- 
matography step, thus the relative position of the separated 
oligonucleotides to each other is composition dependent. 
This allows the accurate prediction of the base composition 
of a pyrimidine oligonucleotide by its position on the chro- 
matogram. Base composition grids derived from the pyrimi- 
dine oligonucleotide patterns l a  and I C  are shown in Figure 
I b and d, respectively. The oligonucleotides present in Fig- 
ure l a  and c are represented by black dots on the respective 
grids Ib  and d. Differences in occurrence and distribution 
of the longer pyrimidine oligonucleotides in the two DNAs 
are immediately apparent. The longest pyrimidine oligonu- 
cleotide in SI3 DNA is the undecanucleotide CsTs whereas 
in 4 x 1 7 4  DNA the longest are the decanucleotides C2T8 
and C7T3. The oligonucleotides CsTs, CeT4. CsT2, and T7 
are present only in SI3 DNA, whereas 4 x 1 7 4  DNA con- 
tains C7T3 which is absent from SI3 DNA. 

Pyrimidine oligonucleotides isolated from formic acid- 
diphenylamine hydrolysates of DNA have 3' and 5' termi- 
nal phosphates. In some experiments pyrimidine oligonu- 
cleotides were released from unlabeled DNA by depurina- 
tion, then the terminal phosphates were removed, and a ra- 
dioactive 32P phosphate group was incorporated at the 5'- 
terminus using polynucleotide kinase. Figure l e  shows the 
radioautogram and Figure I f  the corresponding grid pat- 
tern of 5'J2P terminally labeled oligonucleotides from 
4 x 1 7 4  DNA separated by ionophoresis-homwhromato- 
graphy. Some of the short oligonucleotides are not present 
because they were removed together with the excess ra- 
dioactive ATP by column chromatography (see Materials 
and Methods) prior to electrophoresis. The different grid 
pattern of Figure I f  compared to that of Figure Id provided 
a cross check of the base composition assignments of the 
longer oligonucleotides. This was particularly important be- 
cause the assignments of some of the nona- and decanucleo- 
tides did not correspond to those previously reported by 
Ling (1972b). 

c 

* 

FIGURE I: Two-dimensional fractionation of the pyrimidine oligonu- 
cleotides of bacteriophage SI3 wild type and QX174om3 DNAs. Di- 
mension I, ionapharesis at pH 3.5. Dimension l l ,  hamochramatogra- 
phy on DEAE-cellulase thin-layer plates at 60T. eluent 2% partially 
hydrolyzed yeast RNA containing 7 M urea. Thc separated oligonu- 
cleotides were visualized by radioautography. Y, psition of yellow dye 
marker (orange G); B, position of blue dye marker (xylene cyano1 FF): 
Pi, inorganic phosphate: X, origin. (a) Pyrimidine oligonucleotides re- 
leased from uniformly "P-labeled SI3 DNA by formic acid-diphenyl- 
amine hydrolysis. (b) Grid pattern of 3',5' terminally phosphorylated 
pyrimidine oligonucleotides. The pattern is derived from the oligonu- 
clwtide separation of Figure la. The position of each oligonucleotide is 
represented by a dot. Solid lines join oligonucleotides of similar eyto- 
sine content, broken lines those of similar thymine content. Origin is 
outside the area of the chromatogram shown here. (c) Pyrimidine 
oligonucleotides released from uniformly 'Wabeled 4x174 DNA by 
formic acid-diphenylamine hydrolysis. (d) Grid pattern of 3',5' termi- 
nally phosphorylated pyrimidine oligonucleotides derived from Figure 
I?. (e) S'-"P terminally labeled pyrimidine oligonucleotidcs from 
4x174 DNA. (0 Grid pattern of 5' terminally phosphorylated pyrimi- 
dine oligonucleotides derived from Figure le. (g) Uniformly "P-la- 
beled terminally dephosphorylated pyrimidine oligonucleotides from 
QX 174 DNA. (h) Grid pattern of terminally dephosphorylated pyrimi- 
dine oligonucleotides derived from Figure Ig. 

Spleen and snake venom phosphodiesterase require a 5'- 
or 3'-hydroxyl terminus, respectively, on the oligonucleotide 
substrate, thus it was convenient to isolate the pyrimidine 
oligonucleotides of SI 3 and 4 x 1 7 4  DNA in the dephospho- 
rylated form prior to sequence analysis. Figure Ig shows the 
radioautogram and Figure Ih the corresponding grid pat- 
tern of terminally dephosphorylated 'ZP-uniformly labeled 
pyrimidine oligonucleotides from 4x1 74 DNA separated 
by ionophoresis-homochromatography. These data provid- 
ed a second base composition assignment cross check. The 
short oligonucleotides are not present since they were re- 
moved by column chromatography to avoid overloading in 
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FIGURE 2: Chromatography of a formic acid-diphenylamine hydroly- 
sate of uniformly '2P-labeled $XI74 DNA on DEAE-Sep&.dex A-25 
according to chain length. For conditions see Methods and Cerng et al. 
(1968, 1969). (-) "P radioactivity, (. - -) molarity of NaCI. 

FIGURE 3: Chromatography of pyrimidine isostichs 7. 8, 9. and I O  of 
0x174 DNA on DEAE-Sephader A-25 according to base composition. 
For conditions see Mcthods and &nj, et al. (1968, 1969). (a) lsostich 
7; (b) isostich 8: (c) isostich 9; (d) isostich IO. (-) "P radioactivity, 
(- - -) molarity of ammonium formate. 

the ionophoresis step. It is obvious from Figure IC, e, and g 
and the corresponding grid patterns Figure Id, f, and h that 
the position of each oligonucleotide relative to the blue and 
yellow dye markers is dependent on the presence or absence 
of terminal phosphate groups. This difference is crucial in 
sequence analyses when base composition assignments are  
made of partial digestion products of dephosphorylated and 
5'-phosphorylated oligonucleotides. To confirm the base 
composition assignments of the pyrimidine oligonucleotides 
of 6x174 DNA presented in Figure Id, a formic acid-di- 
phenylamine hydrolysate of 6x174 uniformly '2P-labeled 
DNA was analyzed by column chromatographic methods 
((?ern$ et al., 1968, 1969). Figure 2 shows the chromato- 
gram of the oligonucleotides separated according to chain 
length on a DEAE-Sephadex A-25 urea column. The lon- 
gest oligonucleotide present was a decanucleotide: no unde- 
canucleotides were detected. The same pattern was ob- 
tained in four different experiments on four different prepa- 
rations of bacteriophage 6x174 DNA. All isostichs were 
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FIGURE 4 Two-dimensional fractionation of the products resulting 
from partial enzyme digestion of pyrimidine oligonucleotides from SI 3 
DNA. (a) Oligonucleotide CsT6, 5'-"P terminally labeled. digested 
with snake venom phosphodiesterase. (b) Oligonucleotide G T I .  5'-"P 
terminally labeled, digested with snake venom phosphodiesterase. (c) 
Oligonucleotide C ~ T N  uniformly "P-labeled. digested with snake 
venom phosphodiesterase. (d) Oligonucleotide C2Ts uniformly '2P-la- 
beled. digested with spleen phosphodiesterase. (e) Oligonucleotide 
CSTl uniformly 12P-labeled, digested with snake venom phosphodies- 
terase. (f) Oligonucleotide CsTl uniformly "P4abeled. digested with 
spleen phosphodiesterase. 

suhfractionated according to base composition by chroma- 
tography on DEAE-Sephadex A-25 wlumns a! pH 3.0. The 
elution profiles of isostichs 7, 8, 9, and 10 are shown in Fig- 
ure 3. The distribution and base composition assignments of 
the pyrimidine oligonucleotides from 4x1 14 DNA obtained 
by the column chromatographic procedures were identical 
with the distribution and assignments obtained by ionopho- 
resis-homochromatography. 

The long pyrimidine oligonucleotides from S I3 and 
6x114 DNA isolated by both column fractionation tech- 
niques and ionophoresis-homochromatography were se- 
quenced by partial digestion with snake venom and spleen 
phosphodiesterase and the resulting digestion products sep- 
arated by ionophoresis-homochromatography. Figure 4a 
shows the separation of the partial snake venom phosphodi- 
esterase products of 5'-3ZP-laheled oligonucleotide CsT6 
from S13 DNA. The separated products result from the 
progressive removal of nucleotides from the 3'-end of CsT,. 
Base compositions were assigned from the grid in Figure If. 
The first base removed was T, CsT6 - CsTs then C,  CsTs - C4Ts then T, C4Ts - C4T4, etc.. giving the total se- 
quence 5'-C-T-T-C-C-T-C-T-T-C-T-3'. Sequence analysis 
by partial snake venom phosphodiesterase digestion of 5'- 
32P terminally labeled C6T4 from SI3 DNA is shown in 
Figure 4b. The sequence is C-T-C-C-T-C-T-T-C-C. Figure 
4c and d show separations of partial snake venom phospho- 
diesterase and spleen phosphodiesterase digests, respective- 
ly, of uniformly I2P-labeled C2Ts. I n  these experiments the 
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Table I :  Sequences of Large Pyrimidine Oligonucleotides from 
SI3 and @XI74 DNAP 

~ 

Iso- Com- 
e i r h  norition S13DNA OX174 DNA 

I I C,Ta C-T-TC€-T-C-T-TCT NPb 
10 C2T8 C-T.T.T.T-T-T-T-C-T - C-T-T-T-FT-T-T-C-1 

C,T, C-T-C;C-T-C-T-TC€ _____ NP 
C,T, NP  C-TC-C. T-(.-T-C€. C 

9 C,T, T-C-T-PT-C-T-CC - T-C-T-T-T-C.T.CC 
C-T-C-T-T-T.C-7-C - C-TC.T-T-T-C-T-C 

C,T, C.T.T.C.?. T-C-C-T - c-T-T-c.?. ~ C - C - T  
C,T, T€-C-T,T-C-C-CC - T€-C-T:T-C-C-CC 

8 C,T, C-7-T;T-T-C-T-T - C-T-T:T-T-C-T-T 
T-T-T-TC-T-TC - T-T-T-TC-1-TC 

C,T, 3 molar yield T-T-TC-T-C€.T 
T€-T-T-C.T.T-C 

C,T, C-T-T-C:C.T-T-C C-T-TCC-T-TC 
X 

NP C-TC-1-T-TCC 
C,T, C-C-T-T-T.C-C-C C-C-T-T-T-C-C-C 

7 (JT, C-T-T-T-T-T-T u C-T-T-T-T-T-T 
NP T-T-T-GT-T-T 

C,T, C - T C - T C C C  NP 
CAT C - T C C € C C ~ ~ \ F  C - T € € C C C  

NP “-C-C-C-T-C-C€ 

‘Double-headed arrows indicate homology between the pyrimi- 
dine sequences in the DNA of two phages. Symmetrical sequences 
which read the same forwards and backwards are italicized and the 
center of symmetry indicated by a dot. b NP means t ha t  the oligo- 
nucleotide was not present. The sequences of the isomeric oligo- 
nucleotides C,T. from 0x174 DNA may be any of the possibilities 
indicated by the ~ossover  position X. These oligonucleotides have 
not been included in anv homoloev commrisonsor calculations. 

partial digestion products had no terminal phosphates and 
base compositions were assigned from the grid shown in 
Figure I h. The snake venom phosphodiesterase (Figure 4c) 
products allow deduction of the sequence a t  the 3‘-end of 
C2Ts as 5’---T-T-T-T-T-C-T. Similarly. by partial spleen 
phosphodiesterase digestion (Figure 4d). the sequence at 
the 5’-end has been deduced to be C-T-T-------3’. Combin- 
ing the two results and the base composition C2Ts the total 
sequence can be constructed to be C-T-T-T-T-T-T-T-C-T. 
The radioautograms in Figure 4e and f show sequence anal- 
yses of uniformly 32P-labeled SI3 C5T3 by partial digestion 
with snake venom and spleen phosphodiesterases, respec- 
tively. The sequence a t  the )’-end has been deduced to be 
5’----T-T-C-C-C and the 5’-end C-C-T----3’, so that the 
total sequence is C-C-T-T-T-C-C-C. 

The long pyrimidine oligonucleotides of 4 x 1 7 4  DNA 
were sequenced in the same way as described for SI3 DNA 
and some examples are shown in Figure 5 .  When uniformly 
’2P-labeled C T T ~  was digested with snake venom or spleen 
phosphodiesterase the separations shown in Figure Sa and 
b, respectively, were obtained. The sequence S‘----T-C-T- 
C-C-C at the 3’-end (Figure Sa) overlaps with the sequence 
C-T-C-C-T----3’ a t  the 5’-end (Figure Sb) to give the com- 
plete sequence C-T-C-C-T-C-T-C-C-C. The same sequence 
was obtained when 5’-I2P terminally labeled C7T3 was di- 
gested with snake venom phosphodiesterase (Figure sc). 
Figure 5d shows the radioautogram of the fractionated par- 
tial digestion products obtained when 5’-32P terminally la- 
beled C6T3 was digested with snake venom phosphodiester- 
ase. From the pattern the complete sequence can be de- 

FIGURE 5 Two-dimensional fractionation of the products resulting 
from partial enzyme digestion of pyrimidine oligonucleotides from 
4x174 DNA. (a) Oligonucleotide CITl uniformly ’2P-labeled. digert- 
ed with snake venom phosphodiesterase. (b) Oligonucleotide CTTI uni- 
formly ”P-labeled. digested with spleen phosphodiesterase. ( c )  Olig- 
anucleotidc CITI. 5’-”P terminally labeled. digested with snake venom 
phosphodiesterase. (d) Oligonucleotide CsT,. 5‘-’2P terminally labeled. 
digested with snake venom phosphodiesterase. (e) Oligonucleotide 
C4T5. 5’-’2P terminally labeled. digested with snake venom phosphodi- 
csurase. (0 Oligonucleotide CzTs from Figure 5% digested with snake 
venom phosphodiesterase. (g) Oligonuelcotide ClT. from Figure 5e. 
digested with snake venom phosphodiesterase. ( h )  Oligonucleotide 
CaT, 5’-’2P terminally labeled. digested with snake venom phosphodi- 
eSteraSe. 

duced as T-C-C-T-T-C-C-C-C. Oligonucleotide C4T5 con- 
tains two sequences (Figure 5e). The first base removed 
from the 5‘-’*P terminally labeled oligonucleotide by snake 
venom phosphodiesterase was a C. Removal of the second 
base resulted in two products C2Ts and C3T4. These two 
areas were scratched from the plate: the oligonucleotide 
material was eluted and again digested with snake venom 
phosphodiesterase (Figure Sf and g). Taken together the in- 
formation obtained from Figure Se, f, and g allows deduc- 
tion of the two sequences T-C-T-T-T-C-T-C-C and C-T- 
C-T-T-T-C-T-C, present in oligonucleotide C4Ts. Oligonu- 
cleotide C6T also contains two sequences C-T-C-C-C-C-C 
and C-C-C-T-C-C-C (Figure 5h). In this case the two se- 
quences were determined from one digest. 

All the pyrimidine oligonucleotides from S I 3  and 4 x 1 7 4  
DNAs that are present in 1 or 2 M yield have been se- 
quenced and are listed in Table I .  Each oligonucleotide was 
isolated by both column fractionation methods and by iono- 
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phoresis--hoinochroniatography and then sequenced by sep- 
arate snake venom and spleen phosphodiesterase digestions 
in order to cross check every analysis. The two sequences 
present in oligonucleotide C4T4 of 4x174  D N A  have not 
been determined unambiguously. 

Discussion 

The distribution and base composition assignments of the 
pyrimidine oligonucleotides of S13 DNA shown in Figure 
l a  and b are in agreement with previous results from exper. 
iments in which the oligonucleotides were separated by col- 
umn chromatography (Spencer and Boshkov, 1973) except 
that CbT was not detected previously. The identity of C6T 
was confirmed by direct sequence analysis. We have no ex- 
planation why oligonucleotide C,T was nut found in the 
previous study. Bacteriophage S13 wild type was used in 
both studies so that differences in oligonucleotide distribu- 
tion based on strain differences have been excluded 

'The separation of the depurination products of 4X 174 
D N A  by ionophoresis- homochromatography and the se- 
quences of four of the larger oligonucleotides have been 
published previously (Ling, 1972b). Our results are not in 
fu l l  agreement with the published data. There is n o  unde- 
canucleotide with base composition CsT3 but instead a de- 
canucleotide C7T3 which has a similar sequence to that re- 
ported for CgT3 except for one C missing in position 3. N o  
decanucleotide C7T3 with the sequence T-C-C-T-C-T-C- 
C-G-C as reported by Ling (1972b) was detected but a 110- 

nanucleotide C6T3 was found which has a similar sequence 
except that one C is missing in  position S. The sequences of 
all oligonucleotides reported in this study including CY'fj 
arid C67'3 were determined by two independent methods: 
( 1 )  partial digestion of the uniformly 32P-labeled oligonu- 
cleotide with snake venom and spleen phosphodiesterase, 
and (2) partial digestion of the 5'.-32P terminally labeled oli- 
gonucleotide with snake venom phosphodiesterase. Both 
methods gave the same results. 'The distribution and base 
composition assignments of the pyrimidine oligonucleotides 
of $X 174 DNA deterniined from ionophoresis- homochro- 
matograms of uniformly 32P-labeled, 5' .32P terminally la- 
beled, and uniformly 32P-labeled terminally dephosphor- 
ylated hydrolysates were further supported by experiments 
in which the depurination products were separated by col. 
unin chromatography (Figures 2 and 3). No undecanucleo- 
tide was detected, two decanucleotides ( :7T3  and CzTa and 
three noiianuclcotides C6'1'3, C3T4, and C4Ts Mere present, 
The mutant 4X174arn3 used in this study was the same as 
that used by I.itig (1972b). However, the possibility that 
base mutations have occurred in stocks of 4X174um3 
maintained in different laboratories cannot be excluded a t  
this t h e .  

Considei able sequence homology was observed between 
the pyrimidine oligonucleotides of S 13 and +X 174 (Table 
I ) .  Oligonucleotides C&T and C : T 6  of 4x1 74 contaiir t w )  
isomeric sequences one of which is always identical with the 
unique sequence of the corresponding oligonucleotides i n  
S 13. 'I his may also apply to the C i r4  oligonucleotides. 
Oligonucleotides C6.1'4 and CsT2 found in S I 3  are not 
present i n  4 x 1 9 4  but appear to be related to C7T3 and COT 
of gX173 differing by a single T - + C change in the se.. 
quence. 'The sequence of undecartucleotide C5T6 is unique 
to  S I 3  and seems not to be related to any sequence i n  
gX174. Of the 14 sequences reported from S I 3  DNA (120 
bases) and listt,d in  Table 1,  a t  least ten are identical with 
sequences from (OX174 DNA (92 bases) and two oligonii- 

cleotiden are closely related (1 7 bases), the oiily difference 
being a 1 - -  C transition (a iota1 of 107 identical bases). 

The extensive sequence homology between 4 X  174 and 
S 13 DNA is not surprising since the two phages have been 
shown to be closely related by genetic, inmn"logical. and 
chemical studies (for references see introduction). Recently 
the sequence relationship between 0 x 1 7 4  and SI3 DNA 
has been investigated by degradation with four different re- 
striction enzymes (Hayashi and Hayashi, 1974; Grosveld et 
al., 1976). The studies support the close sequence relation- 
ship between the two phages. Differences occur i n  two re- 
gions of the genome only (Grosveld et al., (1976). Godson 
(1993) using heteroduplex formation showed that only otic 
sniall segment (4.7 f I .9%) of' the DN.4 of @X 174 is highly 
homt~logous with S13 DNA: the rest is partially homolo- 
gous with an nvei,all average 36% base mismatch. Our re- 
sults indicue a much closer sequence relationship between 
the t w o  phages. However, we cannot exclude the possibility 
that long pyrimidirie sequences may have been preserved 
during the evolution of related phages. Final conclusions on 
sequence homology must await more extensive sequence 
data from both phages. 

The s a ~ e  degree o f  hornology dewxibed for the pyri mi- 
dine oligonucleotide sequences of SI 3 and 4 X  I14 has also 
been observed between the closely related filainentous bac- 
teriophages fd and fl (Ling, 1972b). 

The relationship of the filamentous bacteriophages (fd, 
fl) with the spherical bacteriophages (4x174,  S13) is less 
clear. The phages of both groups contain single-stranded 
circular DNAs of appsoximately the same molecular weight 
(Marvin and Hohn, 1969). The DNAs are thymine-rich 
and replicate via a double-stranded replicative fortri inter- 
mediate. When the longer pyrimidine oligonucleotide se- 
quences of SI 3 arid gX I74 are  compared with those of fd or 
fl (Ling. 1972b) partial h i > l i d O g y  is observed, For example, 
the sequence C .'r-T..C-(: -'T-C-T-T is part of C4T5 of fd and 
fl and C ~ l ' h  of SI 3, the sequence C-T-T-T-T-T-T-T part of 
CATd of fd and fl and C L T 8  of S 13 and 4 X  174, the sequence 
T.C.C~~l'-'I''-C part of C 4 T 6  of fd and fl and Cb'l', of Si 3 
and 4x174.  However, none of the sequences of fd and fl are 
cornpletcly identical with any of the sequences described in 
S 1 3 or 4x1 74 The discuvery of some sequence homolugy 
between the DNAs of the spherical arid filainentous phages 
suggests a distant evolutioriary rela tionship. 

A coil-iparison of pyriniidine sequences from S 1 3 ,  4x1 74. 
fd. and fl with those from bacteriophage A (Hewish et ai. in 
preparation) shows that all five phage DNAs have the fol.. 
lowing sequences in colrinion: C-'T-TT-'1'-T-T T, c'-C:-.?'- 
T-C-C. T-T-T C - T ' I ,  anti 7'-1'-C-C-T-T The significance 
of this observation is rrot hnuwn. Bacteriophage X arid the 
sniall DNA phages niay be distantly related. The ionillion 

sequences rriay be part cjt d genome region which has the 
same function and the sequences have been evolutionarily 
preserved. 

I n  Table 11 the pyrimidine oligonucleotide sequences of 
S I 3  DNA arc  listed to shou internal sequence homology. In 
some oligonucleotides. e g ,  (.'Tb and Cb'T4. up to eight 
bases are homologoils. 'The sequencc T--C-C-T is shared by 
five different oligonucleotides aiid i i i  t w o  oligoriucleotides 
('4Tj arid C 2 T b  exiensive homology exists between the iso- 
meric sequences. The same internal homology is present in  
4)X 1'74 DNA (see Table 1 )  and has been observeti previous- 
14 i n  t'd DNA (Ling, 1972a). 'The significance of this obser- 
vation is not clear. One explanation is that these sequences 
arose by amplification during the evolutiun of the phage 
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Table 11: Homologous Sequences among the Pyrimidine 
Oligonucleotides of S13 DNA.a 

Composition Sequence 

‘ST6 

a Boxed areas indicate homologous sequences. 

DNA. 
Another feature of the oligonucleotides listed in Table I 

is the occurrence of symmetrical sequences or true palin- 
dromes (italicized in Table I) which read the same forwards 
and backwards. Recently Pieczenik et al. (1974) found se- 
quences with the same kind of symmetry in ribosome bind- 
ing sites of f l  R N A  and pointed out that they are common 
to several DNAs and RNAs near initiation codons. In con- 
trast to the self-complementary palindromic sequences 
present i n  double-stranded DNA (Wilson and Thomas, 
1974) which can form hairpin structures around their axes 
of symmetry true palindromes are inherently incapable of 
such hydrogen-bonded structures and may act to prevent 
hairpin formation in defined areas of the genome. 

At the present time it is not known if long pyrimidine 
oligonucleotides have any specific function. It was suggest- 
ed by Szybalski et al. (1966) that cytosine-rich oligonucleo- 
tides are related to the initiation and termination regions 
for RNA transcription. These cytosine-rich sequences were 
inferred from the existence of sites in single-stranded DNA 
which bind poly(G). This received partial support from the 
observation that the long pyrimidine oligonucleotides of T7 
DNA occur predominantly in the transcribed strand 
(Mushynski and Spencer, 1970). However, studies of the 
distribution of poly(G) binding sites in X DNA (Champoux 
and Hogeness, 1972) and sequence studies of promotor re- 
gions (e.g., Maniatis et al., 1974) have shown no involve- 
ment of long pyrimidine oligonucleotides with initiation of 
transcription. 

Infrared dichroism (Pilet and Brahms, 1972) and x-ray 
diffraction (Arnott and Selsing, 1974a,b; Arnott et al., 
1974) have shown that base composition influences the con- 
formation of a DNA molecule. High AT-content favors B 
or B-like conformations and for very AT-rich DNA duplex- 
es the B - A transition is difficult. Arnott and Selsing 
( 1  974a,b) and Arnott et al. (1974) have shown that base se- 
quence also influences the conformations that may be as- 
sumed by DNA double helices and that the effect of alter- 
nating purine/pyrimidine sequences is quite different from 
that of homopurine/ homopyrimidine sequences. This prop- 
erty might enhance the distinctiveness of such stretches in 

DNAs such as S13, 4x174,  fd, and fl where these se- 
quences may have a role as recognition sites or controllers 
of the rate of transcription (Dickson et al., 1975). Arnott 
and Bond (1 973) and Arnott and Selsing (1 974a) have sug- 
gested that homopurine/homopyrimidine blocks might 
function biologically through their ability to participate in 
triple-stranded complexes with an additional complementa- 
ry oligopyrimidinenucleotide. The conformations in these 
triple-stranded structures are always A, and S. Arnott (per- 
sonal communication) has pointed out that an oligopyrimi- 
dinenucleotide acting on homopurine/homopyrimidine se- 
quences about ten nucleotide pairs long might not only in- 
duce A-like conformations local to the site of triplex forma- 
tion but also prompt longer stretches of the DNA duplex to 
be A also. In this way these sequences could be involved in 
events such as transcription without being part of the pro- 
motor region. 
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Phosphorylation and DNA Binding of Nuclear Rat Liver 
Proteins Soluble at Low Ionic Strength? 

Archie W. Prestayko,* Paula M. Crane, and Harris Busch 

ABSTRACT: Proteins were extracted from isolated rat liver 
nuclei with 0.15 M NaCl and 0.35 M NaCl at  pH 8.0. The 
number of phosphoproteins in these extracts was deter- 
mined by labeling with 32P and autoradiography after two- 
dimensional gel electrophoresis. Two proteins, B22p and 
B24p, contained small amounts of 32P and sedimented with 
the 30s  nuclear informofer particle. With the exception of 
two phosphoproteins, CB and CN’, all of the phosphopro- 
teins found in the 0.35 M NaCl extract of nuclei were also 
present in  the 0.15 M NaCl extract. Approximately 20% of 
the 0.15 M NaCl soluble proteins bound to rat liver DNA 

R e c e n t l y ,  studies have been made on nuclear proteins 
and their role in chromatin structure and function, particu- 
larly proteins “loosely” bound to chromatin that are ex- 
tracted at  low ionic strength (Patel, 1972; Comings and 
Tack, 1973; Holoubek and Fujitani, 1973; Kostraba and 
Wang, 1973; Kostraba et al., 1975). The involvement of 

+ From the Department of Pharmacology, Baylor College of Medi- 
cine, Houston, Texas 77025. Receiced August 7, 1975. These studies 
were supported by the Cancer Research Center Grant CA-10893, P .5 
from the National Cancer Institute. 

in 0.05 M KCl-0.05 M Tris-HCI (pH 8). Of these proteins, 
1-2% bound to DNA in 0.15 M KCI and were eluted with 2 
M KCI. This DNA bound fraction which contained both 
phosphorylated and nonphosphorylated proteins was similar 
in both the 0.15 and 0.35 M NaCl extracts. However, two 
major proteins (C13 and C14) and three minor proteins 
(C15, C25, Cg’) were present only in the 0.15 M NaCl ex- 
tract. The results of the present study show that there are 
marked similarities in the two-dimensional gel electropho- 
retic, phosphorylation, and DNA binding properties of rat 
liver nuclear proteins soluble in either 0.15 or 0.35 M NaCI. 

“tightly” bound proteins in chromatin structure and func- 
tion (Paul and Gilmour, 1966, 1968; Spelsberg and Hnilica, 
1969; Spelsberg et al., 1971; Kostraba and Wang, 1972) 
has been recently reviewed (Olson and Busch, 1974; Stein 
et al., 1974). 

Early studies on proteins soluble in Tris-saline buffers 
(Gurdon and Brown, 1965; Goldstein and Prescott, 1967, 
1968; Gurdon, 1970; Goldstein, 1974) in Amoeba and Xen- 
opus demonstrated that a number of nuclear proteins dif- 
fuse readily across the nuclear membrane; they have been 
referred to as cytonucleoplasmic shuttling proteins. More 
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