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INTRODUCTION 

During most of the last 15 years, primary 
structure determination of nucleic acids has been 
focused on RNA, with relatively little work 
involving DNA. There were several very good 
reasons for this choice of emphasis: (1) Transfer 
RNA molecules are less than 100 nucleotides long. 
Ribosomal and certain messenger RNA molecules 
less than 500 nucleotides long can be isolated. In 
contrast, DNA molecules are very large. The 
smallest DNA from viruses is 5,000 nucleotides 
long, while cellular DNA molecules contain 
millions of nucleotides. (2) Base-specific nucleases 
are available which are able to hydrolyze RNA 
molecules to give specific fragments in the 2 to 
20-nucleotide size range. T I  RNase, which cleaves 
after G residues, and pancreatic RNase, which 
cleaves after pyrimidine nucleotides, are most 
commonly used. The first DNA endonucleases 
isolated were quite nonspecific. A digest of a frag 
ment even 30 nucleotides long produces a complex 
mixture of many products. Nevertheless, many 
potentially interesting nucleotide sequences are 
available only in DNA. Operator, promoter, initia- 
tion sites of replication, and other control regions, 

all of which are of crucial importance in the 
understanding of cell and viral development, have 
awaited the advent of effective DNA sequencing 
methods. 

Within the last 6 years, a new era of DNA 
sequencing has begun with the development of a 
variety of effective techniques which allow specific 
labeling, isolation, and sequencing of large 
segments of biologically important DNA. The 
recent discovery and utilization of specific endo- 
nucleases for DNA have allowed production of 
specific segments of DNA in the 30 to 500-nucleo- 
tide size range. Fractionation techniques have been 
worked out for purification of these large frag- 
ments. Methods have been devised for isolation of 
protein binding sites in the 20 to 100-nucleotide 
size range. Finally, a number of techniques have 
been developed for sequencing of oligonucleotides 
in the 2 to 50-nucleotides size range. 

The following is a description of the develop- 
ment of the more recent DNA sequencing tech- 
niques, as well as a discussion of some of the new 
sequences which have been obtained. 

In this review article, each section is prefaced 
by a short introduction which pves a general 
summary of the subject matter under consider- 
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ation. The remainder of the section provides 
details and critical evaluation. Although we have 
attempted to include most of the important 
developments in DNA sequence analysis in this’ 
article, the coverage is by no means exhaustive. 
The concepts, methods, and results covered in 
each section are presented chronologically, when- 
ever .possible. Because of the rapid progress of 
research work on DNA sequence analysis in recent 
years, different laboratories often report almost 
simultaneously the same or similar results which 
are obtained independently. This review is 
organized with respect to DNA sequencing tech- 
niques, rather than related results. Thus, the same 
results, obtained by workers using differing tech- 
niques, are likely to appear in different sections. 
However, results on related work are often sum- 
marized in the same table or figure. 

Several other detailed review articles on the 
same subjects have recently appeared.le3 However, 
the coverage and emphasis of subject matter is 
usually different in each case. In general, the work 
from the authors’ laboratory is treated in more 
detail, mainly because of their greater familiarity 
with the material, and sometimes at the request of 
the editor of the journal.’ Furthermore, because 
of the rapid progress in this field, substantial 
amounts of new information have become avail- 
able since the other articles were written. 

A. PREPARATION OR ISOLATION OF 
SPECIFIC SHORT DNA FRAGMENTS 

FOR SEQUENCE ANALYSIS 

1. Repair Synthesis 
A procedure has been developed for the se- 

quence analysis of the single-stranded cohesive 
ends of a DNA molecule, such as X DNA, by repair 
synthesis. The natural 3’ ends of X DNA, which 
serve as primers, are extended by the incorpo- 
ration of radioactive deoxynucleotides. Each 
labeled segment, which has a sequence com- 
plementary to its template strand, the cohesive 
end, can be more readily sequenced, since it is 
relatively short and highly radioactive. Further- 
more, its sequence analysis is not complicated by 
the very long, unlabeled portion of the DNA 
molecule. 

a. Sequence of the 5 ’ Protruding Cbhesive Ends 
The temperate bacteriophages are characterized 

by having DNA with cohesive ends. Cohesive ends 
are short, single-stranded regions extending the 5‘ 
456 CRC Critical Reviews in Biochemistry 

termini of the double-stranded phage DNA, as 
shown: 

The single-stranded regions are called “cohesive 
ends” because they can hybridize to form circular 
DNA. 

Temperate bacteriophages can be divided into 
two specificity families, distinguishable from each 
other by two properties. Within the same family, 
(1) mixed dimers may be formed by hydrogen 
bonding between two DNA molecules from dif- 
ferent bacteriophages, and (2) in intact phage 
particle may help the free DNA from another 
phage to infect a bacterium. These properties are 
not displayed if two members of different families 
are tested! The first specificity family, the 
lambdoids, includes the bacteriophages A, @80,2 1, 
424, 434, and 82. The second specificity family, 
the p2 types, includes P2, 186, P4, 299, @D, and 
N1. It  is likely that both properties involve 
cohesion of the single-stranded ends of two DNA 
molecules. Therefore, members of each specificity 
family should have cohesive end sequences similar 
to those of other members of the same family, but 
quite different from those of members of the 
other family. 

The sequence determination of the cohesive 
ends of bacteriophage A DNA by Wu and collabo- 
rators’-’ represented the beginning of DNA 
sequence analyses from known regions of the DNA 
molecule as well as the prelude to the new 
sequencing technique of primer extension. The 
strategy for sequencing these regions involved the 
use of  the native 3‘ ends of the DNA as the 
primers for the E. mli DNA polymerase-catalyzed 
repair reaction in order to copy the templates 
provided by the protruding 5’ end regions (see 
Figure 1). The repair reaction can be used for 
sequence analysis in two ways: (1) to determine 
short sequences by following the partial incorpo- 
ration of nucleotides when ’ one, two, or three 
radioactive nucleoside triphosphates are supplied; 
or (2) to provide long labeled DNA segments 
complementary to the template strand using all 
four radioactive nucleoside triphosphates. These 
radioactive segments can then be degraded and 
analyzed. Additional details of the repair reactions 
used and the results of the analyses can be found 
in Section B-1. The cohesive end sequences of A 
DNA are given in Figure 2. 
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5' 3' 

dNTP 1 Polymerase DNA 

r t  3' 
2 . . . . . . . . . .  

. . . . . . . . . . .  
3' 5' 

FIGURE 1. Repair synthesis of a bacteriophage DNA. The singlestranded 
cohesive ends of the DNA molecule, such as A DNA, can be repaired in the 
presence of radioactive deoxynucleoside triphosphates (dfiTP) and E. coli DNA 
polymerase I. The dots in the lower panel of this figure represent radioactive 
mononucleotides added to the 3'ends of the DNA molecules. 

5' I /  
CCCGCCGCTGGA - -  GGGCGGCGACCT 

- -4/ 5' 

OD 326 

5' I /  
CCCGCCGCAGGC - -  GGGCGGCGTCCG 

- - 4 1  5' 

P2 

5' I /  
GGCGAGGCGGGGAAAGCAC CCGCTCCGCCCCTTTCGTG 

' I  5' 

GGCGTGGCGCGG AAAGC AT CCGC ACCGCCCCllTTCGTA - ; 
FIGURE 2. Cohesive end sequence information from several temperate bacteriophages.6 9 '  ' )2 * 9'' Bacteriophages A, @80, 
and @D 326 are all members of the lambdoid specificity family. Bacteriophages P2 and 186 are both members of the P2 
specificity family. Differing sequences between members of the same family are underlined. 
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It should be pointed out that for DNA 
sequence analysis using repair synthesis and 
labeled deoxynucleoside triphosphates, the relative 
as well as the absolute specific activity of the four 
nucleoside triphosphates can now be independ- 
ently determined by partial or complete repair 
synthesis using X DNA as the test system.* 

The repair synthesis approach has not only 
proven very useful for determining the sequence of 
the single-stranded cohesive ends of phage DNA; it 
can also be extended for the sequencing of any 
double-stranded DNA after the removal of nucleo- 
tides from the 3' ends with E. coli exonuclease 111. 
Details of the production of DNA with 5' termi- 
nated single-stranded ends which resemble the 
cohesive ends of X DNA will be discussed in 
Section B-1-b. The partial repair synthesis has also 
been applied to sequence the nucleotides at the 
uneven ends of DNA after RI restriction enzyme 
cleavage.' In this case, reverse transcriptase was 
used in place of E. coli DNA polymerase. 

After sequence determination of the cohesive 
ends of X DNA, those of 186 DNA were sequenced 
by the same procedure.' 186 DNA was examined 
because phage 186 is a member of the P2 
specificity family. Although A DNA and 186 DNA 
have the same terminal 5' nucleotides, the re- 
mainder of the sequences is quite different, as was 
expected. 

Phages A and $80 are both members of the 
lambdoid family, but $80 DNA is 8% shorter than 
X DNA, and heteroduplex formation experiments 
have indicated that only about 25% of the $80 
DNA molecule is highly homologous with the X 
DNA molecule.' ' Therefore, it is of considerable 
interest to study the cohesive end sequences of 
$80 DNA to determine the sequence relationship 
of DNA molecules within the same specificity 
family. 

The comparison of the X and $80 terminal 
sequences in the cohesive end regions as well as the 
regions adjacent to the cohesive ends is especially 
important for another reason. The DNA molecules 
of all of the temperate phages replicate in a closed, 
double-stranded, circular form. Before packaging 
in the phage head, however, the closed circles are 
specifically cleaved by an endonuclease which 
produces linear, double-stranded DNA molecules 
with cohesive ends. The cleavage is unusually 
specific since it occurs only once on a DNA circle 
of 50,000 nucleotides. Although this specific 
endonuclease has not yet been successfully 

isolated, there is some genetic information on its 
specificity. I t  was found that $80 can excise a X 
genome from a tandem dilysogen of X.12 This 
means that the $80 endonucleolytic function 
recognizes the X cohesive end region. Thus, a 
comparison of the sequences of the A, and @80 
terminal regions around the endonuclease cleavage 
sites would help in the understanding of the site of 
recognition and the mode of action of the specific 
endonuclease. 

The sequence of the cohesive ends of @80 DNA, 
determined by the repair synthesis technique, was 
found to be identical13 to that of A DNA. Both 
sequences have been confirmed by labeling the 5' 
ends of the DNA, followed by digestion with 
pancreatic DNase and 2-D mapping techniques.' 
Details of these techniques, as well as a com- 
parison of the two approaches for sequence 
analysis, are given in Section B-2. 

b. Sequelice at the 3' Termini Adjacent to the 
Cohesive Ends 

Sequence information at the 3' termini of A 
DNA was obtained by Weigel, Englund, Murray, 
and Old" after 3' terminal labeling using the T4 
DNA polymerase nucleotide exchange reaction. 
Terminally labeled oligonucleotides obtained after 
partial pancreatic DNase digestion of the labeled 
DNA were separated on DEAE- and AE-cellulose 
electrophoresis, and sequencing was done by 
comparing the mobilities of adjacent oligonucleo- 
tides. The 3' terminal sequences d(-G-T-T-A-C-G) 
for the right-hand 3' end of X DNA and d(-A-C-C- 
C-G-C-G) for the left-hand 3' end were obtained. 

Brezinski and Wang' specifically labeled the 3' 
termini of X DNA by partial repair synthesis with 
[3H] nucleotides. Then they mixed a pancreatic 
DNase I digest of this material with a similar digest 
of uniformly 3 2  P-labeled DNA. After 2-D electro- 
phoresis, oligonucleotides containing H and 2P 
were analyzed. Short sequence obtained in this 
fashion, d(pCpC) from the right-hand 3' terminus 
and d(pCpGpCpG) from the left-hand 3' terminus, 
agreed with those obtained by Weigel e t  al.' ' 

Sequence information from the 3' terminal 
regions of X DNA and new 3' terminal information 
from $80 DNA were independently obtained in our 
laboratory using a different technique.' '-' In 
order to obtain this sequence, each 3' end was 
separately and specifically labeled using the DNA 
polymerasecatalyzed partial repair synthesis.' ' 
The terminally labeled DNA was partially digested, 
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G-G N - -C C PU 

[GI  T-C-C-A-G-C-G-C-C-G-C-G- [TI I G-C!-A-T-T-G-G 5’  

T-G-A-T-C-T-G-C-G 
(C) (C) 

3‘ 

Pu-C-G- IN-G-G 

FIGURE 3. Terminal sequences of bacteriophage DNA’s which may be involved in rer endonucleolytic 
recognition. All of the sequence information for the terminal regions of @80 DNA’ 9 ’  ’ is shown. The 
illustration is drawn showing the arrangement of nucleotides before the endonucleolytic cleavage which 
produces the cohesive ends. The nucleotides shown in parentheses are those present in h DNA.6 The 
nucleotides shown in brackets are those present in @D 326 DNA.” The arrows point to the cleavage sites. 
The sequences underlined are the symmetrical recognition site sequences proposed by Weigel et al.’ ’ The 
sequences drawn across the arrows are the recognition sites proposed by Ghangas et al.’ ’ Pu = purines, N 
= any of the four deoxynucleotides. 

and the 3‘ end region was sequenced by inter- 
pretation of differential mobilities of the labeled 
oligonucleotides on 2-D homochromatography 
(details will be given in Section B-2). The 3‘ 
terminal sequences, d(-G-G-T-T-A-C-G) for the 
right-hand 3‘ end of X DNA and d(-T-T-GA-C-C- 
C-G-C-G) for the left-hand 3‘ end, were obtained 
by this method. 

All of the sequence information which has been 
determined for the terminal regions of X DNA and 
$80 DNA is shown in Figure 3. The illustration is 
drawn showing the arrangement of nucleotides 
be fore the endonucleolytic cleavage which 
produces the cohesive ends. The arrows point to 
the cleavage sites. The lower sequence between the 
arrows is the right-hand cohesive end. The 
sequence to the right of both arrows is the 
right-hand 3’ terminal sequence. The upper 
sequence between the arrows is the left-hand 
cohesive end. The sequence to the left of both 
arrows is the left-hand 3’ terminal sequence. 

On the basis of the sequences of the X DNA 
terminal regions, a number of rer endonuclease 
recognition sites have been proposed. 

proposed that the enzyme is a 
dimer of identical subunits, arranged about an axis 
of rotational symmetry in such a way that it can 
bind to the DNA with its axis aligned with that of 
a symmetrical sequence found in the recognition 
site region (indicated in Figure 3). The subunits 
would be aligned so that the two cleavage reac- 
tions could occur simultaneously. In fact, in a 
space filing model the two cleavage sites are on 
the same side of the helix, so that the enzyme 
could easily exist as a dimer and contact both 
cleavage sites at the same time. This multiple 
subunit model resembles those of Bernardi’ for 

Weigel et  al.’ 

/ .  

spleen acid deoxyribonuclease and of Kelly and 
Smith? ’ for H infruenzae restriction enzyme. It is 
also possible that the enzyme locally denatures the 
DNA and recognizes a single-strand sequence: but 
there is no way for the primary sequence to 
suggest this. 

On the basis of the sequence information 
available for the terminal regions of X DNA and 
$80 DNA, Wu and collaborators’ ’ ,’ * proposed 
that the ter function endonuclease recognizes the 
two identical hexanucleotides purine-C-G-purine- 
G G ,  which would be cleaved exactly in the 
center with one cleavage on each strand to 
produce a DNA molecule with two protruding 5’ 
terminated single strands. 

Figure 3 also shows the sequence differences 
between the terminal regions on X DNA and $80 
DNA. All of the sequences for h DNA are the same 
as in $80 DNA except that the two dC bases in the 
X sequence (shown in parentheses) replace the two 
dT bases in the $80 sequence just above them. 

If the recognition sequences were wider than 
Weigel et al.’ or Wu and collaborators’ ’ ,’ had 
proposed, they would overlap this region of 
sequence differences. As they are presently placed, 
however, they overlap no areas of sequence dif- 
ference. 

Preliminary sequence information from the 
cohesive ends of another lambdoid phage $D326 
has just appeared.12 The cohesive end sequences, 
shown in Figure 2, differ from those of X and $80 
DNA in two positions. (The new bases to  be 
substituted are given in brackets in Figure 3.) 
Nevertheless, the same rer function endonuclease 
is able to cleave at  the X and 9D326 cohesive ends. 
In view of this new information, the proposed 
hexanucleotide recognition site for the lambdoid 
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ter endonuclease will have to be modified to two 
iden tical purine€-G-N-G-G sequences, where N 
can be any one of the four nucleotides. This 
proposed recognition sequence, shown also in 
Figure 3,  is now quite similar to that of Weigel et 
al.' 

The complete, 19-nucleotide long cohesive end 
sequences for DNA from the bacteriophages 186 
and P2 have been determined by Padmanabhan et 

using repair synthesis and ribosubstitu- 
tion techniques (see Section A-2). Both the 
cohesive end sequences of 186 DNA and P2 DNA 
contain an octanucleotide pyrimidine tract 
d(C-T-T-T-C-C-C-C) sequence at the right-hand end 
and a complementary purine tract d(G-G-G-G-A- 
A-A-G) sequence at the left-hand end. The 
19-nucleotide sequence at the left-hand cohesive 
end of 186 DNA was determined by partial repair 
and complete repair synthesis using all deoxy- 
nucleoside triphosphates. For the right-hand 
cohesive end of 186 DNA and both ends of P2 
DNA, ribosubstitution was found to accelerate the 
sequence analysis since specific cleavage products 
by pancreatic RNase and TI RNase can be 
obtained. Partial cohesive end sequences of these 
two phages, as well as those of phages 21,82,299, 
and 424, have been independently determined by 
Murray and Murray.' The sequences are given in 
Figure 2. Some di- and trinucleotide sequences 
have also been determined for the 3' terminal 
regions of P2 and 186.' y1 These bacteriophages 
belong to a specificity family different from h and 
$80, but they have cohesive ends which are 
recognized by a specific endonuclease. It is not yet 
known, however, if their endonuclease can cross 
react in a fashion similar to the cross reaction of 
the X endonuclease. 

Examination of the P2 type DNA sequences 
reveals essentially no sequence symmetry in the 
cohesive ends, as observed with the lambdoid 
phages. There is also no symmetry about the 
cleavage points. In fact, the cleavage point regions 
in the same molecule have dissimilar sequences. In 
view of these facts, neither of the recognition 
hypotheses proposed for the lambdoid phages 
appears to apply to  the P2 family. 

Because of the dissimilarity of sequences at 
cleavage sites in the same molecule, Wang and 
Brezinsky" have proposed a model in which two 
molecules of DNA are aligned for cleavage by an 
alignment protein. The duplex sequences can be 
made symmetrical by this process. The endo- 
nuclease could then cleave on either side of the 
alignment protein. The sequence d(G-G-C-G-G), 
460 

al.1 0 , 2  3 ,2 4 
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which occurs in A, $80, P2, and 186, could be the 
recognition site of the alignment protein. Clearly, 
the information which is available right now is 
insufficient to allow definite conclusions about the 
production of the cohesive ends by the endo- 
nuclease. Resolution of the problem awaits more 
sequence information and purification of the 
endonuclease itself. 

2. Primer Binding and Extension 
A specific region along a long, single-stranded 

DNA molecule can be labeled by means of binding 
and extending a synthetic oligodeoxynucleotide 
primer. 

. . . . .  S l P 5 '  3' 

~ 

5' 3' 

The primer (short upper line) is to be bound at a 
specific site adjacent to the sequence of interest. 
The primer can then be extended from the 3' end 
using DNA polymerase and radioactive deoxy- 
nucleoside triphosphates. The nucleotides added 
by the polymerase will have a sequence (dotted 
line) complementary to the sequence of interest. 
The extended primer can be isolated and 
sequenced by conventional methods or new 
methods to be described later. 

a. Binding of the Primer 
A considerable amount of information about 

the binding characteristics of short synthetic oligo- 
deoxynucleotides was available.2 '-' It was found 
that the minimum length of short oligonucleotides 
required to form stable duplexes with the comple- 
mentary oligo- or polynucleotides varied from 6 to 
12 depending on the composition and concentra- 
tion of the oligonucleotides used. The duplex of 
short oligonucleotides with 3' hydroxyl ends can 
be repaired by DNA p o l y m e r a ~ e . ~ ~ - ~  ' Goulian et 
al.* have shown that overall priming activity, 
using M13 DNA as template, is highest with purine 
rich oligonucleotides of lengths 8 to 12 for E. coli 
DNA polymerase I at 2OoC. Pentamers gave less 
than 1 % priming activjty as compared to  decamers. 
Pyrimidine octanucleotides gave less than 3% 
priming activity as compared to purine octa- 
nucleotides. Under certain conditions, especially 
with the use of much higher concentrations of 
oligonucleotides, an overlap of only four base pairs 
seemed to be sufficient for DNA ligase ~eac t ion .~ '  

We have proposed a method for DNA sequence 
analysis using a short oligonucleotide primer which 
could be bound to a specific location on the 
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single-stranded region of a DNA molecule.' y3 ' 
The nucleotide sequence beyond the 3' end of the 
primer could be determined after extension of the 
primer with radioactive nucleotides using the DNA 
polymerase-catalyzed repair reaction. Wu3 ' first 
used G-C rich oligonucleotides ranging in size from 
octanucleotide to dodecanucleotide for testing the 
stability of DNA-primer duplexes. The P-labeled 
nonanucleotide d(T-C-G-C-C-C-C-C-C)-OH, derived 
from the left-hand end of the repaired h DNA, was 
found to be the minimum size which can anneal to 
the native h DNA efficiently. The binding of 
chemically synthesized dodecanucleotide to the h 
DNA cohesive end region was carried out later by 
Heimer, Ahmad, and Nussbaum?2 with similar 
results. 

The following plan for sequence analysis by this 
technique was then p r ~ p o s e d : ~ '  (1) An r- 
dodecanucleotide which would code for a suitable 
tetrapeptide sequence in a protein would be 
deduced with the use of the genetic code. (2) The 
corresponding d-dodecanucleotide would be 
chemically synthesized. (3) T h ~ s  would be used as 
the primer to anneal to the DNA template which 
contains the gene. (4) DNA polymerase would be 
used to extend the oligonucleotide under condi- 
tions of repair synthesis at 5°C. (5) The extended 
oligonucleotide would then be isolated for 
sequence analysis. 

It was important to show that such processes of 
binding, extension, reisolation of the oligonucleo- 
tide, and sequence analysis were feasible in actual 
practice. This was tested by using a radioactive 
octanucleotide isolated from the repaired cohesive 
ends of bacteriophage 186 DNA.33 The octa- 
nucleotide, d(C-T-T-T-C-C-C-C), is complementary 
to a portion of the 19-nucleotide long left-hand 
cohesive end of 186 DNA. This octamer should 
allow extension from its 3' terminus because after 
binding, the template strand still has a protruding 
5' single strand to serve as template. In t h s  
experiment, no stable complex of the octanucleo- 
tide with 186 DNA was detected. However, 
addition of DNA polymerase and [3H]dGTP 
allowed extension of the oligomer by one dC 
residue, whch  then gave stable binding. These 
observations substantiated the earlier finding3 ,2 

that a nonanucleotide is the minimum length for 
duplex formation with long DNA molecules which 
must be used at very low concentrations (e.g., 3 
pmol of DNA/ml = 100 pg/ml) for practical 
reasons. Longer partial extensions and complete 

extension of the octamer to an undecamer and a 
hexadecamer allowed more efficient binding (60% 
efficiency). The extended oligonucleotides were 
then isolated and sequenced. The results indicated 
that the eight new nucleotides added to the primer 
were the exact complement of the cohesive end 
which served as template. 

Oertel and S ~ h a l l e r ~ ~  showed that an oligo- 
pyrimidine tract, C9T1 1 ,  isolated from the fd 
DNA (t) strand could be bound to the fd DNA 
minus strand at a single site. The bound primer 
could be extended by DNA polymerase catalyzed 
repair synthesis at 20°C, and several specific pyri- 
midine tracts could be isolated from the products. 
Furthermore, pulse-labeled reaction products of 
various sizes were characterized by fingerprinting 
techniques, which allowed the deduction that the 
sequential arrangement of the pyrimidine tracts in 
the nucleotide sequence followed the 3' terminus 
of the primer. 

Several problems had to be resolved, however, 
before this method could be applied to sequencing 
regions in and around a specific gene in a long 
segment of DNA: (1) The oligonucleotide primer 
should bind only to the single specific site on the 
template DNA. As pointed out by T h o ~ n a s , ~ '  
when the size of the oligonucleotide increases 
above 8 nucleotides, it becomes very unlikely that 
the complementary sequence will be present more 
than once in a molecule of the size of X DNA 
(50,000 base pairs). From t h s  consideration, an 
octanucleotide primer is the minimum size for 
specific binding to DNA in the size range of h 
DNA. (2) Theoretically, it may be possible to use 
the amino acid sequence of any protein to design 
the synthesis of deoxyoligonucleotide primer for 
binding to the DNA in that region. However, since 
the genetic code is degenerate, knowledge of the 
amino acid sequence of a protein does not provide 
complete information concerning the nucleotide 
sequences coding for that protein so that, in 
general, it would be impossible to choose a primer 
with a unique sequence coding for a tetrapeptide 
in the protein. Efforts should then be made to 
choose an amino acid sequence which leads to the 
least number of ambiguities in the triplet codes in 
the chemically synthesized primer. 

In choosing the best primer sequence, the 
following guidelines were used by W U : ~ '  (a) 
Whenever possible, choose Met and Trp which 
have unique codons. (b) Next, choose amino acids 
with the first two letters unique and with U or C 
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Amino a c i d  number 133 134 135 136 1 3 7  

H N----- Gln-Phe-glu-His-Lys----COOH 2 A-endolysin s e q u e n c e  

G U G U G  3, 
A- C A- CA uu -GA CAc-AA*---- 5 ’ ------ mRNA s e q u e n c e  

S e l e c t e d  mRNA sequence 5 ’ ------ CAG-ULTU-GAG-CAU-AA----- 3’ 

FIGURE 4. 
yendolysin gene.’ 

Design of the experiment and selection of the dodecadeoxynucleotide primer complementary to  part of the 

in the third letter of the triplet (such as Asp, Asn, 
Cys, His, Phe, and Tyr) or with G or A in the third 
letter of the triplet (such as Glu, Gln, and Lys). 
(c) When the third letter ambiguity is G or A, G 
should be chosen because the G-T pair is able to 
form a somewhat stable base pair.36-3 * Similarly, 
when the third letter ambiguity is U or C, U 
should be chosen and T put into the primer 
because, again, the G-T pair could be formed. 
Using the above guidelines, Wu, Tu, and 
Padmanabhad synthesized a primer which, in 
principle, would bind to a specific region of the 
endolysin gene of bacteriophage A. Figure 4 (part 
e) shows the nucleotide sequence and the way it 
was selected (parts a to d). One of the reasons the 
h endolysin gene was chosen for this study was 
that it is near one terminus of the h DNA 
molecule. Treatment of h DNA with E. coli exo- 
nuclease I11 can render the region of this gene 
single-stranded. Binding of the synthetic 
dodecamer to exonuclease 111-treated h DNA was 
low but measurable. In the presence of DNA 
polymerase and [3 HI dATP, binding was increased 
to 20% after 2 dpA residues were incorporated on- 
to the end of the primer. The addition of these two 
dpA residues was expected on the basis of the h 
endolysin protein sequence (Figure 4, part c) 
So, it appears that binding had occurred 
at the correct DNA site coding for the h endolysin, 
and new sequence information can be obtained 
with the use of this primer. 

One method for obtaining unambiguous 
primers is by analysis of frameshift mutants. In 
this case, a unique nucleotide sequence is deduced 
by comparing the amino acid sequence of the wild 
type and mutant proteins. A unique sequence of a 

tetradecamer coding for amino acids 36 to 40 of 
lysozyme from the T4 phage was deduced in this 
way by Streisinger et a]?’ Studies were carried 
out using this sequence for the synthesis of a 
d e o x y  t e t r ad ecamer, with an unambiguous 
sequence, to bind to the lysozyme gene of 
bacteriophage T4?* Since the genes of the T4 
phage are circularly permuted, the lysozyme gene 
is distributed evenly along the T4 DNA molecule. 
When exonuclease I11 is used to expose single- 
stranded regions of T4 DNA, the percentage of 
nucleotides removed from the strand comple- 
mentary to the primer used for binding is the 
percentage of lysozyme gene available for binding. 
It was possible to bind the tetradecamer, 
d(A-G-T-C-C-A-T-C-A-C-T-T-A-A), to an extent of 
approximately 30% of the exposed region, and to 
increase the binding to nearly 100% under condi- 
tions where extension of the primer could take 
place. Sequence determination of the oligonucleo- 
tide primer extended by two nucleotides suggested 
that binding was specific and in the correct 
location on the T4 lysozyme gene. 

b. Ribosubstitution and Primer Extension 
A means should be found to obtain specific 

cleavage products of labeled DNA after repair 
synthesis. The technique of ribosubstitution 
appears to be one of the most useful means of 
accomplishing this. Berg et a1?2 showed that 
ribonucleotides could be incorporated along with 
deoxyribonucleotides in a DNA polymerase- 
catalyzed repair reaction carried out in the 
presence of manganese ion instead of magnesium 
ion. A repair reaction can then be carried out, for 
example, in the presence of [a-”P] rCTP and 
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three 3H-labeled dNTP compounds. A rC would 
then be incorporated in all of the positions where 
a dC would normally be placed. Furthermore, 
hydrolysis by means of alkali or pancreatic RNase 
produces oligonucleotides each with a terminal 
[” P] Cp label. These could then be separated for 
sequencing. If [3’P]rG had been used, T I  RNase 
digestion of the extended primer would produce 
[3 PI Gp terminally labeled oligonucleotides in 
the same fashion. 

Conditions for the ribosubstitution reaction 
and fidelity of the incorporation during repair 
synthesis have been investigated in detail: 

Salser et al.43 reported that this method could 
be used for the extension of primers over long 
segments of DNA. Using MI3 single-stranded DNA 
which had been broken by freezing and thawing so 
that it did not need added primer, they were able 
to show that large amounts of incorporation 
would occur if rCTP, rATP, or rGTP, were used 
with the other 3 dNTP. When rUTP was used, 
there was no incorporation. Their data suggest that 
the fidelity of the ribosubstitution system is good, 
since the fingerprint pattern obtained after 
cleavage of DNA at rC residues gave all the 
expected spots and the expected intensities as 
compared to that of a T I  digest of labeled RNA. 

Later experiments by Lillehaug and K l e ~ p e ~ ~  
have shown that raising the pH from 7.4 
(commonly used for ribosubstitution) to 9.1 
approximately doubles the rate of incorporation 
with rCTP, rATP, and rCTP. Under these condi- 
tions, rUMP was observed to be incorporated at 
about 25% of the rate and extent of the other 
ribonucleotides. 

Wu et al.’ showed that ribosubstitution can be 
used to repair the cohesive ends of X DNA. In 
order to restrict the repair to the single-stranded 
cahesive ends without introducing labeled nucleo- 
tides into single-strand breaks in the duplex DNA, 
low temperature (5°C) and high salt concentration 
were needed to prevent localized melting at the 
breaks. Under these conditions, rCMP can replace 
dCMP and rCMP can replace dCMP in repairing 
the cohesive ends. The fidelity of the ribosubstitu- 
tion seems high, since the same sequences were 
obtained whether the cohesive ends of X DNA,’ ’O 

P2 DNA,24 or 186 DNA’ were repaired with all 
four deoxynucleotides or with three deoxynucleo- 
tides and one ribonucleotide. However, it was 
found that when two adjacent rCMP or two 
adjacent rGMP molecules were to be incorporated, 

the rate of incorporation dropped appreciably and 
repair synthesis often stopped at these points. It 
was pointed out that one can actually take 
advantage of this observation in attempting to 
isolate rather short oligonucleotides (average 
length of 16) at rC-rC or rG-rG blocks in order to 
simplify sequence analysis. 

Using highly repetitive satellite DNA from the 
kangeroo rat (Dipodomys ordii) as template for 
DNA synthesis with ribosubstitution at 37”C, 
Salser et al.’ observed that oligonucleotides 
obtained from ribosubstituted DNA corresponded 
very well t o  oligonucleotides obtained by similar 
cleavages of RNA transcribed from the template. 
These results were obtained for either rC or rG 
substitution, and suggest that the substitution 
occurs with good fidelity. Additional experiments 
with long templates of complex sequence, pro- 
duced clean, reproducible groups of spots on 
electrophoretic separations.’ * *’ These data 
also suggest that good fidelity can be achieved at 
temperatures at which ribonucleotide incorpora- 
tion is not inhibited. 

Van de Sande, Loewen, and Khorana?’ 
making use of short synthetic deoxyoligonucleo- 
tides of defined sequence as template and primer, 
found that at 37°C ribosubstitution occurred with 
rather poor fidelity. When the temperature was 
lowered to 10°C, good fidelity of rC incorporation 
was observed but rC was still incorporated into 
incorrect positions. Extensive misincorporation of 
nucleotides was usually found during partial repair 
synthesis where the correct nucleotide was absent. 
For example, when only 3’P-TTP was used, an 
extra TMP was incorporated in place of dCMP. 
With complete repair synthesis, the extent of 
misincorporation was much lower. During 
complete incorporation, it should be more un- 
likely that an incorrect nucleotide would success- 
fully compete with the correct deoxynucleotide at 
a given position. Also, Salser3 has suggested that at 
37”C, fidelity may be lower near the terminus of a 
template, as in the synthetic template experi- 
ments, where the polymerase-DNA interaction 
may be weakened. 

In general, it appears that the fidelity of the 
ribosubstitution is sufficiently high for sequence 
analysis of the oligonucleotide products obtained 
by repair synthesis, especially after complete 
repair synthesis. In fact, even a small amount of 
misincorporation, if it is random, should not affect 
the accuracy of sequence analysis of the product. 
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Later sequencing experiments using the ribosubsti- 
tution technique have affirmed its usefulness. 

Sanger et al.46 independently used the primer 
approach and combined it with the ribosubstitu- 
tion technique to determine a sequence of 50 
nucleotides in bacteriophage fl DNA. The amino 
acid sequence of the major coat protein of phage 
fd DNA had been reported!’ It contained the 
amino acid stretch Trp-Met-Val. For Trp and Met 
as well as the first two nucleotides for Val, the 
amino acid sequence unambiguously defines the 
sequence of an octanucleotide. Thus, the sequence 
d(A-C-C-A-T-C-C-A) selected for the primer was 
expected to bind to  exactly complementary DNA. 
Since the phages fd and f l  are very closely related, 
Sanger and hs collaborators assumed that a 
synthetic primer, having the complementary 
nucleotide sequence as the messenger coding for 
these three amino acids, would bind to the DNA 
from either bacteriophage to allow sequence 
analysis by extension with DNA polymerase. 
Accordingly, the primer, d(A-C-C-A-T-C-C-A), was 
synthesized by Roychoudhury, Fischer, and 
K o s ~ e l ~ ~  and was shown to serve as a primer using 
fl DNA as t e m ~ l a t e . ~  

The primer was extended using repair incor- 
poration with one, two, three, or four deoxy- 
nucleoside triphosphates in the presence of mag- 
nesium ion46 It was also extended using the 
ribosubstitution technique to facilitate the analysis 
of longer sequences. In these experiments, rC was 
used, and product fragments were obtained by 
digestion with pancreatic RNase A. Sequences 
were determined by a variety of analysis tech- 
niques, including sequence determination by 
mobility of homologous series of oligonucleotides 
on two-dimensional homochromatography, a tech- 
nique discussed in detail in Section B-2. The order 
of the DNA segments between each ribosubstitu- 
tion was determined by a clever application of 
homochromatography, which separates oligo- 
nucleotides on the basis of size. As shown in 
Figure 5, the primer molecules, after extension to 
different lengths, were first separated on 2-D 
homochromatography, producing spots A through 
H. Each of these extended primers was digested 
with pancreatic RNase to cleave next to each rC 
residue in order to produce the constituent oligo- 
nucleotides, which were separated on one- 
dimensional homochromatography. For example, 
digestion of spot H produced rC-terminated oligo- 
nucleotides 1 and 7 ,  and digestion of spot E 
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PH 3 ,5  CELLULOSE ACETATE - 
FIGURE 5. Fractionation of extended primer molecules 
synthesized by DNA polymerase I in the presence of the 
octanucleotide primer, Mn,’+ and rCTP. This figure is a 
simplified version of that reported by Sanger et a1.‘6 

produced 1 ,  7, 6 ,  5 ,  etc. Thus, the order of the 3‘ 
rC-terminated segments was shown to be 1 , 7 , 6 , 5 ,  
2, 3, 4. The extended primers on the initial 
separation seemed to have discrete lengths, 
suggesting that the incorporation rate slowed 
down whenever a ribonucleotide had to  be incor- 
porated. 

The 50-nucleotide-long sequence that was 
determined was not what would be expected from 
the publisbed amino acid sequence of the coat 
protein. Later, amino/acid sequence determinations 
of proteins from the related bacteriophage ZJ-24 
produced the sequence Trp-Ala-Met-Val for the 
corresponding region of the coat protein, and 
it appears that fl may also have such an amino 
acid sequence in the coat protein. Thus, the 
synthetic octanucleotide primer, d(A-C-C-A-C-C-A), 
must be bound to some other region in the fl DNA. 
An interesting feature of this 50-nucleotide-long se- 
quence is that it is very rich in A residues, and there 
is considerable homology between different parts 
of the sequence. 

Other investigators independently applied the 
primer approach to sequence specific regions of 
DNA. Loewen and Khorana” and Loewen, 
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Sekiya, and Khorana” made use of the tRNA 
sequence for the synthesis of d-oligonucleotide 
primers, and they have determined the sequences 
which follow the termination of transcription of 
the E. coli tyrosine tRNA (after the C-C-A end). 
The template used was the transducing phage $80 
psu 111’ ’ which carries the suppressor tRNA gene. 
Th~s  gene is functional in vivo and should contain 
the normal control regions. Synthetic deoxyoligo- 
nucleotide primers were bound to the region 
adjacent to the 3’ end of the tRNA gene on the 
r-strand of $80 psu 111 DNA. Extension from the 
3’ end of the primers would thus include the 
transcriptional termination region. It was found 
that the sequence of the first 12 nucleotides could 
be determined on the basis of partial incorporation 
in the presence of combinations of dATP, dCTP, 
and dTTP. The sequence, primer-T-C-A-C-T-T-T- 
C-A-A-A-A, was obtained using these three labeled 
triphosphates. The extended primer was isolated 
and degraded by depurination, and the products 
were further purified. Standard enzymatic 
digestions and analyses were done to obtain the 
sequence. The sequence was confirmed by the 
behavior of the partial degradation products of the 
extended oligonucleotide on 2-D homochroma- 
tography. Isolation of the extended region for 
these experiments was facilitated by use of a 
primer which terminated in a 3’ rC. Selective 
ribonucleotide cleavage could then be used to 
separate the extended region from the primer. 
Sequence determination on 2-D homochroma- 
tography was easier when the shorter pieces were 
used. 

Further elongation was performed in either of 
three ways: (a) The primer, elongated with A, C, 
and T, was repurified and elongated with G ,  T, and 
C. (b) The primer was elongated in a timed 
reaction using all four deoxyribonucleoside tri- 
phosphates. (c) The primer was elongated in a 
mixed ribo-deoxyribonucleotide incorporation, in 
which rC was used with d(T,G,A). The extended 
primer products were purified on gel electro- 
phoresis, and then subjected to DNA sequencing 
procedures. Products which had been extended 
with rC were hydroloyzed with alkali. Products of 
the alkali digestion were purified on 2-D homo- 
chromatography, and then analyzed. The 
sequence, primer-T-C-A-C-T-T-T-C-A-A-A-A-G-T- 
C-C-C-T-G-A-A-C-T, was determined by the com- 
bination of all of these methods. The sequence 

possesses twofold symmetry, which may be 
involved in the process of termination recognition. 

Similar procedures were used by Sekiya, Van 
Ormondt, and Khorana’ to determine the 
sequence of the promoter region of the tyrosine 
t RNA gene. A synthetic oligodeoxynucleotide was 
annealed to  the 1-strand of $80 psu 111 DNA and 
extended, using E. coli DNA polymerase I ,  into 
the promoter region. Analysis of labeled oligo- 
nuclotide digestion products of the extended 
primer led to the sequence primer-G-A-A-G-C-G- 

C-G-C-C-G-C. Several new innovations were 
applied for the analysis of this sequence. The 
primer was first extended by an rG at the 3’ end. 
Then, extension was allowed to go to completion 
in the presence of dATP, dGTP, and dCTP. It was 
possible to incorporate these 3 nucleotides into 
the first 13 positions beyond the 3’end of the 
primer before the requirement of dTTP, whch  was 
omitted in the repair reaction. The newly synthe- 
sized chain was isolated after alkaline hydrolysis, 
and sequenced by the mobility techniques and 
nearest neighbor analysis. Next, the primer was 
extended with dATP, dGTP, and rCTP. After the 
initial extension and removal of the free deoxy- 
nucleoside triphosphates, the oligonucleotide was 
elongated further by addition of dATP, dTTP, and 
dCTP. Eleven additional nucleotides were incor- 
porated, whch were isolated by alkaline cleavage 
and sequenced. Again, the primer, initially 
elongated with dATP, dGTP, and rCTP, was 
further extended using dATP, dCTP, dCTP, and a 
very low concentration (0.015 phf) of dTTP. Wu 
and Taylor6 had shown that low concentrations of 
1 of the 4 deoxynucleotides (0.05 to 0.001 pI4) 
would allow repair synthesis at reduced rate. A 
22-nucleotide-long segment was isolated after alka- 
line cleavage and sequenced.’ As shown in Figure 
6a, this sequence has large segments of twofold 
symmetry which allow formation of a prominent, 
single-stranded loop structure. The authors have 
pointed out that E. coli RNA polymerase binding 
sites in other DNA systems, bacteriophage A , s 4  I’’ 

bacteriophage fd RF,’ and SV40,’ ’ 9 5  * all differ 
widely in primary sequence. They have concluded 
that it is likely that a single-stranded loop struc- 
ture rather than the primary nucleotide sequence 
is recognized by the RNA polymerase. Such 
possible recognition site structures, first proposed 
by Gierer,’ are seen more often as the sequences 

G - G - G -C-C-C-A-T-C-A-T- A-T-C-A-A-A-T-G-A-C-G- 
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P m 
OI 

PROMOTER SITES 

(a) Tyr-tRNAGene 
(ref 53) --- 

c-c (9/9) A-T(10/12) G-C @/lo)  

(ref 56) - 
A-T(7/7) G-C (5/7) A-T (4/4) G-C (4/6) A-T (6/6 

(c) lac DNA 5’ G -G- C-A- C-C-C-C-A-G-GC -T-T-T-A-C-A4-T-T-T-A-T- G-C-T-T-C-C- G-G-C-T-C- C-T-A-T-G-T 
(ref 21 I )  

C-C-G-T-G-G-C-G-T-C-C- C-A-A-I\~T-G-T-’G-A-A-A-T-A-C-G~-A-G-G-C-C-G-A-C-C-A-T-AC- A 
I 1  I 

G-C (10112) A-T (lo/ 12) G-c (9/ 12) 

OPERATOR SITES 

- - 
A-T(5/7) G--c (8/10) A-T (7/7) 

I Region which binds repressor A-T (5 /6 )  A-T(9/10) 1 

(e) lacDNA 5’ 
(refs 103, 
112.21 1) 

& & & & &  & & 
A T G T T A  C T 
; I I I I I  I I 

T A C A A T  G A 
0‘ mutants 

FIGURE 6. Promoter and operator sequences form various sources. The source of each sequence is given in the references. Regions of 
twofold symmetry are indicated by a central dot at the symmetry axis and boxes adjacent to symmetrical sequences. Regions of high 
A-T or G C  content are indicated. The underlined sequences in the lac promoter represent repreated sequence GA-A-A-T. C
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DNA polymerase 

5 ’  
J 

3’ 

3’ 
DNA polymerase 1 t 1, 2 or 3 dXTP (labeled) 

5’ 

isolate fkagnent & I sequence 

J 

FIGURE 7 .  Summary of the procedure for sequence analysis by means of primer 
binding and extension at a terminus of duplex DNA. Bacteriophage termini may be made 
completely double-stranded by DNA polymerasecatalyzed repair. Double-stranded DNA 
is treated with 5’ exonuclease to expose the DNA segment to be sequenced. A primer is 
bound to a terminal region of known sequence and extended with radioactive 
nucleotides over the region of interest. The labeled, extended primer is isolated and 
sequenced. 

of control regions of DNA appear in the literature. 
These will be discussed in more detail in Section 

An additional sequence was determined in the 
region preceding the initiation of transcription of 
the gene N in bacteriophage h.’ The same primer 
extension technique was used after specific 
binding of synthetic primer to the r-strand of X 
DNA. Sequence information was obtained by 
mobility techniques, pyrimidine tract analysis, and 
nearest neighbor analysis. The sequence, primer- 
G-T-G-C-T-C-A-G-T-A-T-C-A-C-C-G-C-C, was found 
to lie in the center of the X binding site sequence 
determined by Maniatis, Ptashne, Barrell, and 
Donelson6O and is described in Section A-4. 

Proudfoot and Brownlee’ ’ used rabbit globin 
mRNA as template, (pT),’OH as primer, and E. 

B-3-f. 

coli DNA polymerase I ,  in the presence of Mn” 
and four deoxynucleotides, to extend the primer 
in copying the mRNA sequence. With this method, 
a unique sequence, -A-U-U-G-C-poly A, was 
deduced for the globin mRNA. 

It is also possible to  use a variation of the 
primer binding and extension technique to 
sequence from the termini of double-stranded 
DNA. Bambara and Wu6’ used this technique to 
obtain some terminal sequence information from 
the right-hand 3‘ end of $80 DNA. As shown in 
Figure 7, the cohesive ends were first completely 
repaired using DNA polymerase and unlabeled 
nucleoside triphosphates. Then, between 50 and 
I00 nucleotides were sequentially removed from 
the 5’ ends of the DNA with X exonuclease.62 
After the exonuclease treatment, a synthetic 
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dodecanucleotide63 of the same sequence as the 
native right-hand cohesive end was bound to the 
complementary right-hand incorporated region, 
exposed by the A exonuclease. The bound dodeca- 
nucleotide was extended by partial incorporation, 
isolated from the DNA on gel electrophoresis, and 
subjected to sequence analysis by enzymatic 
digestion. The sequence primer-CpGpTpA was 
determined by this method. This sequence is in 
agreement with information obtained by other 
methods.' * A considerably longer sequence 
should be obtainable using this method. 

Since terminal sequence information is relative- 
ly easy to obtain, the sequence required for the 
synthesis of a primer at the terminus of any 
double-stranded DNA could be determined. After 
h exonuclease treatment, the primer could be 
bound for extension and further sequence determi- 
nation.6 

The use of various restriction endonucleases 
should allow the production of primer molecules 
from digestions of native DNA. Maniatis, Ptashne, 
Barrell, and Donelson6O have used the primer 
technique to investigate the sequence of bacterio- 
phage h operators. The general features of this 
approach are outlined in Figure 8. When h DNA 
was digested with Hind I1 + 111, about 50 different 
double-stranded fragments were produced. One 
segment, 1,125 bases long, was used as a primer 
for extension (details will be discussed in Section 
4-b-ii). This segment was first denatured, and the 
r-strand of this segment was annealed in the 
presence of equimolar quantities of purified 1- 

strand of h DNA. The primer was extended under 
ribo-incorporation conditions worked out by 
Sanger et. al.46 The extended segments (shown by 
dotted lines) were isolated by redigestion with 
Hind I1 t I11 or digestion with RNase, followed by 
purification. Standard DNA sequencing techniques 
were used to  analyze the labeled, extended 
regions. 

Sequences which have been determined are 
shown in Figure 6d. The region shows three 
possible axes of twofold symmetry, any of which 
may be involved in the recognition process by one 
or more protein molecules (e.g., repressor or RNA 
polymerase). There seem to be about 33 residues 
between the binding site for RNA polymerase, 
which occurs at the Hind site, and the beginning of 
transcription. 

3. Use of Restriction Enzymes for DNA Sequence 
Analysis 

A number of nucleases have recently been 
isolated which display an unusually high 
specificity toward DNA. These are the restriction 
endonucleases which recognize specific nucleotide 
sequences of double-stranded DNA of the length 
ranging from a tetra- to a hexanucleotide. The 
cleavage site appears so rarely that in most cases, 
after complete digestion, the products are still 
hundreds or thousands of nucleotides long. How- 
ever, the use of a combination of these enzymes 
has yielded specific oligonucleotides 30 to 300 
nucleotides in length, a useful size range for modern 
sequencing techniques. The use of restriction 

100 = I  

PICURE 8 .  
analysis of the operator region of h DNA." 

The use of a DNA fragment produced by restriction enzyme cleavage of A DNA as primer for sequence 
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enzymes now appears to be one of the most 
promising means of specifically degrading large 
segments of DNA t o  pieces which can be effective- 
ly sequenced. Distinctive and reproducible 
patterns of DNA bands have been seen on acryl- 
amide gels for the digestion products of SV40 
DNA, of the replicative form of @X174 DNA, of 
the DNA from lambdoid phages, of adenovirus 
DNA, of polyoma DNA, and of DNA molecules 
from other organisms. 

Bacterial restriction enzymes capable of 
degrading foreign DNA at a number of limited 
sites were first purified by Meselson and Yuan.64 
Later, Smith and Wilcox purified an endonuclease 
from Haemophilus influenzae6 ’ which is capable 
of degrading foreign DNA at specific sites” 
recognizing a specific hexanucleotide sequence. 
Since these two exciting findings, the search for 
other restriction enzymes and their use to assist in 
studying various problems in molecular biology 
have progressed at an immense pace. Because of 
the different sequence specificity of these restric- 
tion enzymes, various DNA molecules can be 
degraded into relatively short specific fragments 
with the use of a combination of these enzymes. 
For this reason, restriction enzymes are becoming 
increasingly important in the dissection and 
analysis of the structure and function of DNA 
molecules. Although a considerable amount of 
interesting information about the genetics and 
location of various functions on both bacterial and 
viral DNA genomes has recently been unraveled 
with the assistance of restriction enzymes, this 
material will not be dealt with in this article. A 
recent review article on restriction enzymes 
dealing specifically with these aspects should be 
consulted.66 Instead, only the use of restriction 
enzymes immediately related to DNA nucleotide 
sequence analysis will be discussed here. 

Restriction-modification systems can be 
detected by either genetic assays6 y6 or, more 
efficiently and accurately, by purely biochemical 
methods. Among the different biochemical 
methods for detecting restriction endonuclease 
activity by analysis of the digested DNA are (1)  
velocity centrifugation, ( 2 )  viscosity measurement, 
(3) gel electrophoresis on acrylamide, and (4) gel 
electrophoresis on agarose containing ethidium 
bromide. The first two methods have been used by 
earlier investigators. Both methods, velocity centri- 
fugation in particular, suffer from the drawback 
that only a few assays can be performed at one 

time. In addition, both methods, viscosity 
measurement in particular, cannot distinguish 
degradation of DNA by specific restriction endo- 
nucleases from degradation by nonspecific endo- 
nucleases. Electrophoresis on either acrykdmide or 
agarose is simple and fast, and numerous samples 
can be examined simultaneously. Usually, degrada- 
tion of the DNA by nonspecific endonucleases can 
be distinguished from specific restriction endo- 
nuclease degradation because restriction products 
show discrete sharp bands on the gel. The sharp- 
ness of the bands can often provide information 
regarding other exo- or endonuclease contamina- 
ting activities. Electrophoresis on agarose gel con- 
taining ethidium bromide6’ has the further 
advantage that it is relatively insensitive to salt 
concentration, so that desalting after enzyme 
digestion of the DNA is not necessary prior to 
application onto the gel. Also, staining after 
electrophoresis in order to visualize the DNA 
bands is not necessary. Furthermore, very large 
DNA molecules or their fragments, which cannot 
enter acrylamide or acrylamide-agarose gels, are 
resolved in agarose gels. 

Table 1 summarizes most of the present infor- 
mation on base-sequence specific restriction endo- 
nucleases which have been detected and isolated. 
The names of these enzymes are as suggested by 
Smith and N a t h a n ~ . ~  The recognition sequences 
and the sites of cleavage which have been 
sequenced are also shown. It may be interesting to 
note that all of these recognition sites contain a 
twofold axis of symmetry. A few have been shown 
to make staggered breaks, 2 to 4 base pairs apart, 
leaving protruding 5’ ends. 

One needs to solve two problems when using 
restriction enzymes for genetic or structural 
studies of DNA, as well as for DNA sequence 
analysis of a particular DNA molecule. The 
numbers of specific DNA fragments which are 
produced and the order of these fragments must 
be determined to give a physical map of the 
genome. Fragmentation patterns of many DNAs, 
degraded with a number of different enzymes, 
have been examined on gel electrophoresis. Sizes 
of D N A  for these studies have vaned from the 
smaller SV40, polyoma, gX174, and fd DNA, to 
the larger A, T7 and adenovirus DNA, as well as 
some very large eucaryotic DNAs from human and 
calf thymus. However, only a few physical maps, 
which show the order of the DNA fragments of 
the smaller class DNAs produced by some of the 
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TABLE 1 

Restriction Enzymes 

Strain 

Arthrobacter luteus 

Anabaena variabilis 

Bacillus subtilis 

Escherichia coli RI 
(endo 1 -, R') 

Enzyme 

Alu 1 

Ava I 

Bsu X5 

Eco R1 

Eco RI' 

Escherichia coli RII  Eco RII 
(ti- R-) 

Haernophilus aegyp tius Hae I1 
Hae I11 

Haemophilus aphirophilus Hap I 
Hap I1 

Haernophilus gallinarum Hga I 

Haernophilus haemoglobinophilus Hhg I 

Haernophilus haemolyticus Hha I 

Haemophilus influenzae Hinb 
serotype b Hinb I11 

Haernophilus influenzae Hinc I1 
serotype c 

Recognition sequence 
and cleavage site 

- 

5' -CGR'YCG- ... ... 
- W Y  t R W -  5' 

5' -ccJcc- .. .. 
-CCt GG- 5' 

5' -G'AATT-C- . .... . 
-C-'ITAAtC- 5' 

5' -AGA'TCT- ... ... 
-TCTtACA- 5' 

5' -GAA&TTC- 
0 . .  . . .  

-C'ITtAAG- 5' 

5' - c CTG - G- 
* ... 
C-GACtC- 5' 

- 
5' -CGkc- .. .. 

CCtGc- 5' 

- 
5' -CJCG-G- . . .  . 

-G-GCtC- 5' 

5' -GGJCc- .. .. 
-CCt Gc- 5' 

Same as Hind I1 + Hind 111 
Same as Hind 111 

Same as Hind I1 

Number of cleavage 
sites in DNA 

A Ad2 

>50 >50 

5 5  

>35 >35 

>30 >30 
>50 >50 

> 30 
>50 >50 

>50 >SO 

>50 >50 

>50 >50 

6 11 

34 >20 

5v40 

23-21 

1 

16 

1 
11 

1 

0 

11 

2 

6 

5 

References 

82 

83 

83 

9 

83 

85,89 

82 
83, 86,90 

83, 81, 88 

8 1 , 8 8  

82 

82 

91 
82 

92 
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Strain 

Haemophilus influenzae 
serotype d 

Haemophilus influenzae 
serotype e 

Haemophilus influenzae H-1 

Haemophilus parahaemoly ticus 

Haemophilus parainfluenzae 

Haemophilus suis 

Momxella nonliquefaciens 

Serratia marcescens S B  

Streptococcus faecalis 
var zymogenes 

Streptomyces albus G 

Enzyme 

Hind I1 

Hind Ill  

Hine 

Hin H-1 

Hph 1 

Hpa I 

Hpa I1 

Hsu I 

Mno I 

Sma I 

Sfa I 

Sal I 

TABLE 1 (Continued) 

Restriction Enzymes 

Number of cleavage 
sites in DNA 

Recognition sequence 
and cleavage site 

s’ -GTY RAC- ... . . .  
-CARtYTG- 5’ 

5’ -R’AGCT-Y- . .... . 
-Y -TCGAt R- 5’ 

h Ad2 SV40 References 

34 >20 5 21,6S 

6 11 6 65 ,98 ,2  

s‘ -GTT ’ AAC- ... . . .  
-CAAtTTG- 5’ 

5’ -C’CG-G- . . .  . 
-G-GCtC- 5’ 

Same as Hin I1 + Hin 111 

5’ -C’CG-G . .. . 
G-GCtC- 5’ 

91 

>so >so 1 94 

>so >so 4 91 

11 6 3 95,69,83,12,99 

>so >so 1 95,69, 83, I1 

91 

>so >so 1 82 

3 12 0 96 

> 30 >8 9 1  

2 0 82 

The table is constructed from information compiled by R. Roberts and K. Murray. Y represents pyrimidine nucleotide T or 
C; R represents purine nucleotide A or G .  Several restriction enzymes, Ava I, Eco R,’, Hin I[, and Hin 111, recognize two 
nucleotide sequences, as shown in Column 3. It has not been shown whether each of these enzymes possesses two activities 
or, in fact, each contains two distinct enzymes which have not been separated. Hind in the text refers to Hind I1 plus Hind 
111. 

restriction enzymes, have been completed. Some from African green monkey cells infected with 
of these are shown in Figure 9. small plaque SV40. To order these 1 1  fragments, 

The first physical map was reported by Danna they partially digested Form I SV40 DNA, which 
and Nathans.’ ’ They observed that the mixture of was uniformly labeled with P in vivo, with Hind 
enzymes Hind I1 and 111 from Haemophilus (mixture of Hind I1 and Hind 111). The partial 
influenme d cleaves SV40 DNA into 1 1  fragments degradation products were separated on acryl- 
(designated A to K). The SV40 DNA was isolated amide gel electrophoresis, and subsequently 
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isolated. By complete digestion of these partial 
degradation products to produce the final frag- 
ments, and by overlapping these fragments, the 
order of the 11  fragments was deduced (Figure 
9A). 

For circular DNA, such as SV40 and polyoma, 
a reference point is required around which the 
location of the various biological functions may be 
arranged in the genome. Such a reference point 
was provided when several investigators indepen- 
dently showed that EcoRI cleaves superhelical 
Form I SV40 DNA7 '-'I and polyoma DNA74 at 
one unique site. Thus, the location of any 
biological function or specific cleavage produced 
by another restriction enzyme can be defined as 
the distance from the EcoRI cleavage site, divided 
by the entire length of the genome. Danna et al.75 
have further shown that EcoRI cleaves SV40 
withn the Hind F fragment. The points of scission 
by Hind relative to the EcoRI site are also shown 
(Figure 9A). Following a similar approach, Griffin 
et al.74 ordered the fragments produced from 
polyoma DNA by Hpa 11. Eight fragments were 
produced, and the order of these fragments is 
shown in Figure 9F. 

Determination of the order of the fragments 
produced by one enzyme can greatly assist in 
ordering the fragments produced by a second 
enzyme. This can be done by analyses of over- 
lapping sets of fragments produced by the two 
different restriction enzymes. Subramanian et 
al.76 have ordered SV40 fragments produced by 
EcoRII and Hae 111. By redigesting the fragments 
produced by Hind7' with EcoRII and vice versa, 
and by examining the products, they were able to 
deduce the order of the fragments produced by 
EcoRII, as shown in Figure 9D. Similarly, by 
redigesting the EcoRII fragments with Hae I11 and 
vice versa, the order of the Hae 111 fragments was 
also deduced (Figure 9E). Likewise, the order of 
fragments produced by Hpa I and Hpa 117' ,7 'I was 
resolved (Figures 9B and 9C). 

Using partial digestion and analyzing over- 
lapping sets of fragments produced by different 
restriction enzymes, Lee and Sinsheimer7* have 
also ordered the fragments from the replicative 
form qX174 DNA produced by Hind, Hpa, and 
Hae (Figure 9G). 

A different method for ordering large restric- 
tion fragments was developed by Mulder et 
Endonuclease R EcoRI digests DNA from human 
adenovirus serotype 2 and 5 (Ad2 and Ad5) into 6 

and 3 fragments, respectively. Inman and 
SchnosaO observed that denaturation maps of 
double-stranded DNA molecules after partial 
melting are hghly characteristic of the DNA 
molecule, depending upon the A t T  content 
throughout different regions of the molecule. 
Mulder et al.79 made use of this observation to 
order the six Ad2 and three Ad5 EcoRI fragments 
by matching their individual partial denaturation 
maps against the denaturation map of intact Ad2 
and Ad5 DNA, respectively. This method is 
applicable only if the restriction fragments are 
large enough to exhibit characteristic denaturation 
maps. The results thus obtained were confirmed 
by the method, mentioned above, of partial 
digestion and redigestion with another endo- 
nuclease. The composite cleavage map of Ad2 and 
Ad5 produced by EcoRl and HpaI is shown in 
Figures 91 and 9J. 

Another method which makes use of well- 
characterized mutants to assist in ordering frag- 
ments produced by restriction enzymes has been 
employed by Allet et a1." One of the most 
studied and characterized DNA molecules is that 
from A phage. Wild type A DNA, upon digestion 
with EcoRI, produces six fragments. To order 
these six fragments, they made use of several 
well-characterized deletion, substitution, and inser- 
tion mutants of A phage. By comparing the bands 
present, absent, or changed in position in digests 
of DNA from these mutants with those of wild 
type A DNA, and knowing the point or region of 
mutation in the various mutants, the order shown 
in Figure 9H was established for A DNA. 

Thus far, the ordering of fragments produced 
by these restriction endonucleases has only been 
done on those endonucleases that generate 
relatively few fragments on a given DNA molecule. 
Most of these endonucleases give less than 18 
fragments on the DNA tested. If the number of 
fragments produced by a given restriction enzyme 
is greater than 30, for mapping purpose, a second 
restriction enzyme would be required to first 
digest the DNA to give a few large fragments ( e g ,  
3 to 10) and then redigest each large fragment by 
the first restriction enzyme in order to provide 
complete ordering information. 

One immediate use of restriction enzymes to 
assist DNA sequence analysis is to digest the large 
DNA segments into manageable, smaller sized 
fragments. Because of the very large size of DNA 
molecules, a major problem in sequence analysis 
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has been to obtain a homogeneous population of 
intact DNA. Owing to the length and rigidity of 
native, double-stranded DNA molecules, some 
breaks and nicks are usually introduced into the 
molecules during their purification. This breakage, 
together with their large size, usually interferes 
with most of the methods for sequence analysis. 
Thus, in many cases, it would be most helpful if a 
restriction endonuclease were used first to digest 
the DNA into specific, shorter fragments which 
could then be extensively purified. The fragment 
containing the region of interest may be further 
cleaved by a second restriction enzyme before 
analysis by any of the appropriate methods. 
Furthermore, a greater variety of methods can be 
applied for sequencing such relatively small, homo- 
geneous DNA fragments. 

An example of such an application of restric- 
tion enzymes for sequence analysis is the elegant 
work of Weissman and  collaborator^^^ using short 
fragments of SV40 DNA produced by Hind. They 
were able to sequence parts of some of the 
fragments by transcription and subsequent 
sequencing of the RNA transcripts. A more 
detailed account of this work is covered in Section 
B-3. Without the use of restriction enzymes to 
provide short, unique fragments of DNA, sequence 
analysis of the intact DNA would generally be very 
difficult. 

Restriction enzymes can also be used to help in 
differentiating the two ends of a DNA molecule. 
The methods used for sequencing the terminal 
nucleotides of double-stranded DNA usually 
involve labeling the termini and partially digesting 
the DNA to  provide short, labeled oligonucleotides 
for sequence analysis after 2-D fractionation. After 
labeling, the two strands of the DNA can be 
separated before partial digestion, or one of the 
two termini can be selectively labeled. These 
methods are rather tedious, and we believe that 
restriction enzymes would be most useful in 
providing an alternative. For example, both ends 
of a DNA molecule can be simultaneously labeled, 
and the labeled DNA can then be digested with a 
restriction endonuclease to produce several frag- 
ments. After fractionation by gel electrophoresis, 
the two labeled terminal fragments can be isolated 
and separately sequenced by further digestion and 
mappingg 

Incorporation of the label into the internal 
regions of the DNA because of breaks or nicks in 
the preparation of the DNA has been a problem 

with terminal labeling experiments. This internally 
labeled material, although present in relatively 
small amounts, if not separated from the terminal 
fragments, will appear as extraneous ghost spots 
on the 2-D maps for sequence analysis by 
mapping, and may confuse sequence determina- 
tion of the termini. Digestion of the intact DNA 
with a restriction enzyme to generate two relative- 
ly short, terminally labeled fragments, purification 
by gel electrophoresis, and then partial digestion 
for mapping would effectively reduce such 
undesirable labeled impurities. 

Jay, Roychoudhury, and Wug3 have recently 
used this method for sequencing the termini of the 
SV40 DNA fragments produced by Hind. After 
terminal labeling, each fragment was digested with 
either Alu or Hae 111, and the two labeled terminal 
fragments, after purification on acrylamide gel 
electrophoresis, were partially digested with 
pancreatic DNase for mapping. Ths technique has 
proven to be a considerable improvement over 
other terminal labeling techniques. 

From Figure 9, it can be observed that by using 
a combination of different restriction enzymes, 
many parts of the SV40 genome can be degraded 
into very short pieces, 20 to 50 nucleotides long. 
Recently, efficient methods have been developed 
for sequence analysis of such small oligonucleo- 
tides by mapping. With the continuing search for 
and discovery of more of these restriction 
enzymes, any part of a DNA molecule will 
hopefully become available as short oligonucleo- 
tides, 20 to 50 bases long, by sequential digestion 
with these specific restriction endonucleases. 
Specific regions of the DNA molecule can then be 
efficiently sequenced. 

Another method which has been studied and 
recently used extensively for sequencing internal 
regions of DNA molecules is the “primer exten- 
sion” method with DNA polymerase (Section 
A-2). Using this method, DNA segments 50 to 100 
nucleotides long have been sequenced by several 
investigators. A rather time-consuming step of this 
approach is the chemical synthesis of the primer 
for extension. Furthermore, prior knowledge or 
deduction of the sequence for the primer is 
required. Because of this problem, the primer 
extension approach has been restricted to specific 
regions of the DNA where the sequence of a 
primer can be deducted for synthesis. With the 
availability of restriction enzymes, natural primers 
for sequence analysis by extension with DNA 
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polymerase have become available for a number of 
regions of many DNA molecules. The DNA can be 
digested with an appropriate restriction enzyme to 
specific, short fragments. In principle, the DNA 
fragment adjacent to any region of interest can be 
isolated and used as a primer for extension. Thus, 
Thus, prior knowledge of the nucleotide sequence 
of the primer is not required. 

Maniatis et a1.60 have already made use of this 
technique for sequence analysis of the region 
immediately preceding the start point of transcrip- 
tion of an operon in bacteriophage A. Details of 
this experiment have already been described in 
Section A-2. 

4. Isolation of DNA Fragments Corresponding to 
Protein Binding Sites 

Some proteins bind specific segments of DNA, 
forming complexes so stable that the bound region 
is not susceptible to nuclease digestion. This fact 
has been exploited to specifically isolate protein 
binding sites from bulk DNA. 

a. Ribosome Binding Sites 
It was reported by Steitz'" that ribosome 

binding to phage RNA could be used to protect 
specific segments of RNA from nuclease digestion. 
This procedure has been used to isolate a number 
of  specific binding sites on bacteriophage 
RNAs." '-' O 4  All of these protected sites include 
the initiation codon A-U-G, as well as either or 
both of the sequences A-G-G-A and Pu-Pu-U-U-U- 
G-A. The sequences of some of these binding site 
regions are able to form hairpin configurations, 
which may be involved in the recognition of 
ribosomes during the initiation of the translational 
process. 

It has also been possible to apply the same 
technique to obtain the sequence of a ribosome 
protected fragment from 4x174 DNA.'" 
Bretscher' found that the specific binding of E. 
coli ribosomes on phage DNA would occur if the 
correct complement of protein synthesis initiation 
factors, GTP and N-formylmethionyl-t RNA, were 
present. This work suggested that the ribosomes 
were recognizing and binding to the DNA at the 
region corresponding to the start signals for 
translation. Robertson et al. '  '' used Bretscher's 
conditions to protect the single-stranded (+) strand 
of 4x1 74 DNA, which contains the same sequence 
as the 4x174 mRNA. After pancreatic DNase 

digestion, about 0.5% of the DNA sedimented 
with the ribosomes on sucrose gradient centrifuga- 
tion. 

The protected DNA segment gave a band on 
I 2% acrylamide gel electrophoresis which 
suggested the size range of 40 to SO nucleotides. 
Two-dimensional homochromatography separated 
the products into one major and several minor 
spots. The major fragment was sequenced by two 
methods: First, the major fragment was 
depurinated. The products were isolated and 
sequenced by the relative mobilities of their partial 
degradation products on two-diminsional homo- 
chromatography, as described by Ling.' '' 
Second, the major fragment was digested with T4 
endonuclease IV. This enzyme (described in detail 
in Section A-S) cleaved at most, but not all, of the 
-TpC- sequences present in this DNA fragment to 
produce oligonucleotide products with pC at the 
5' end and pT at the 3' end. Two of the 
oligonucleotides were partially digested with 
venom phosphodiesterase, the products were 
separated, and each product was analyzed for 5' 
end and depurination products. This procedure 
provided complete sequence information. The 
third oligonucleotide was irregular in size and 
could not be analyzed by t h s  method. Instead, it 
was partially digested with streptodornase, a 
streptococcal nuclease, to four major products, 
which were then sequenced by techniques 
involving partial digestion with venom phospho- 
diesterase. 

The final sequence shown in Figure IOa con- 
tains the trinucleotide whch  corresponds to the 
initiation codon A-T-G and the nucleotides coding 
for the first 9 amino acids of the N terminus of the 
@XI74 spike protein. There is a sequence d(A-G- 
T-T-T-A-A) which parallels the Pu-Pu-U-U-U-G-A 
sequence found in the RNA bacteriophages. The 
binding site region is able to form a loop of 
secondary structure with the sequence A-T-G near 
the tip of the loop. The configuration is similar to 
those found in some of the RNA bacteriophages. 

Segments of ribosome protected DNA were also 
isolated from bacteriophage fl DNA by 
Robertson.'08 It was pointed out that ribosomes 
can be bound to heat-denatured double-stranded 
replicative form @XI 74 DNA. Binding in this case 
occurs at only 30% of the efficiency of that of the 
single-stranded DNA. The minus strands show no 
binding affinity. 
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(a) 0x174 DNA 

5‘ 
n n  

AGGTTTTCTGCTTAGGAGTTTAATC ATG TTT CAG ACT TTT ATT TCT CGC CAC ---- - 
fmef phe gln thr phe ile ser arg his 

nn 
( I )  UUUAAUGCAAACUUCCUCAUGAAAAAGUCUUU - ---- - -- 

AAGGUAAUUCACAAUGAUUAAAGUWGAAAUUAA ----- - (2 1 

(3) AAAAAACGUAAUUCAAAUGAAAU ---- - 
---- (c) gal mRNA 

pppAUACCAUAAGCCUAAUGGAGCGAAUU AUG AGA GUU CUG GUU ACC CGU GGU ~ ~ -. - -- - 
met arg val leu val thr gly gly 

---AGAGAAUAACA AUG CAA ACA CAA AAA C C G - - - -  ---- - - (d) TrpmRNA 

met gln thr gln l y s  pro 

FIGURE 10. Ribosome binding site sequences, (a) and (b), and sequences which precede mRNA sequences, (c) and (d). 
The source of each sequence is listed. Underlined triplets Zre the termination signal (UAA) or the initiation signal (AUG). 
Sequences underlined by dotted lines are purine rich sequences which are located 7 to 9 nucleotides at the 5’ side of AUG. 
Brackets on top of the sequence indicate true palindromes. Overlining indicates complementary palindromes. 

b. Operator Sequences 
Repressor proteins are known to bind very 

tightly to specific operator DNA segments. The 
binding is extremely specific, and it does not 
require other added factors, such as those required 
for binding of ribosomes to specific DNA seg- 
ments. 

i. The lac Operator 
Transcription from the E. coli lac operon is 

controlled by the lac repressor-operator system. 
In this system, transcription is prevented by the 
binding of the repressor to the operator. Binding 
of lactose to the repressor, however, reduces its 
affinity for the operator and allows production of 
the proteins for lactose metabolism. Gilbert and 
Muller-Hill’ r ’  ’ made use of this affinity of the 
lac repressor to the lactose analogue, isopropyl- 
thiogalactoside (IPTG), to isolate the pure repres- 
sor protein. Later experiments showed that the lac 
repressor does not bind to denatured DNA or 
DNA from lac operator mutants. 

The lac control region was expected to contain 
interesting sequence information. The region 
should contain the negative control site to which 
the repressor binds. It should also contain the 
positive control site to which the catabolic activa- 
tor protein (CAP) binds. This protein binds to the 
lac control region to stimulate lac enzyme produc- 
tion when cyclic AMP levels are high. It appears 

that the position of CAP binding is also near the 
site for RNA polymerase initiation.’ ’ 

Gilbert and Maxam’ ’ used the following 
procedure for the isolation of the E. coli lac 
operator region. DNA from bacteriophage strains 
containing the E. coli lac system (XplacS or 
hh80dlac) was sonicated to segments about 1,000 
base pairs long. The [ac repressor was added, and 
the solution was passed through a nitrocellulose 
filter. The affinity of the protein to the filter 
allowed filter binding of only those fragments 
which contained the lac operator. The filters were 
then washed with a solution of IPTG, which 
caused the repressor molecules to release the lac 
operon containing DNA.’ ’ 

The repressor was found to  bind to the opera- 
tor with a dissociation half-time of about 15 min. 
Pancreatic DNase was used to digest away all DNA 
except the repressor protected site. Less than 1% 
of the DNA could be retained by the repressor on 
a nitrocellulose filter after digestion. Release of 
this DNA fragment from the repressor could still 
be effected with IPTG. The apparent size of the 
segments was 27 base pairs.’ ’ ’ 

Although the operator was uniformly labeled in 
vivo with 3 2 P  during the isolation and purifica- 
tion, the final amount of operator contained too 
little radioactivity for direct sequence analysis, 
except for pyrimidine tract analysis. Therefore, 
direct DNA sequence analysis was not done. 
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Instead, microgram quantities of the unlabeled 
operator region were isolated and then transcribed 
with RNA polymerase, and the radioactive RNA 
transcript was sequenced (details of this procedure 
are discussed in Section B-3). 

ii. The A Operators 
The X operators control synthesis of early 

mRNA from bacteriophage A. Isolation of the h 
operator sequences was achieved by the binding of 
the X repressor to ADNA, followed by digestion of 
unbound DNA. 

The A repressor was shown to cosediment with 
ADNA in sucrose gradients,' ' >' but not with A 
DNA lacking the h operators or possessing mu- 
tated h operators.' ' The repressor binds to two 
operators, 0, and OR, blocking normal trans- 
cription from the ''leftward'' and "rightward" 
promoters. The binding is independent, so each 
operator could be studied separately using ap- 
propriate operator mutants. 

After repressor binding, the highly labeled h 
DNA was digested with DNase. The repressor 
operator complexes were purified by nitrocellulose 
binding and gel electrophoresis. Maniatis and 
Ptashne' ' found that, as the ratio of repressor to 
operator was increased, six successively larger 
DNA segments were recovered from each operator 
(see Figure 8). The smallest segment was about 35 
nucleotides long. Segment sizes increased by incre- 
ments of about 15 nucleotides to about 105 
nucleotides. Pyrimidine tract sequences of the 0, 
fragments were not identical to those of the 0, 
fragments, as expected on the basis of the ob- 
served difference in repressor affinity for the two 
regions. The pyrimidine tract fingerprints became 
more complex for DNA segments isolated from 
the 0, region as the amount of bound repressor 
was increased. This suggested that the binding site 
sequences were different for the later-binding 
repressor molecules. 

The 0, system is fortuitously cleaved by the 
restriction enzyme from Hemophilus influenzae 
(Hin) to form 2 DNA segments, Hin 320 and Hin 
1125 (numbers refer to length in nucleotides), 
each with binding affinity for A repressor."8 
After repressor binding and DNase digestion, a 
fragment 30 bases long was recovered from the 
Hin 320, apparently the primary binding site (S l ) .  
Fragments varying in size from 30 to 75 bases long 
were recovered from Hin 1 1  25, apparently con- 
taining segments of the secondary binding sites (S, 

to s6) (see Figure 8). Correct arrangement of the 
Hin fragments placed S1 adjacent to the N gene, 
with the Sz to S6 sites distributed further away 
from the gene. A similar arrangement was found 
for the multiple repressor sites in the 0, region. 

It also appears that the RNA polymerase 
binding site sequence is superimposed on the 
operator sequence.' ' RNA polymerase was able 
to protect the Hin sites in 0, and 0, from 
cleavage, although expected cleavages occurred at 
other Hin sites in the X DNA molecule. 

Sequence information in the 0, region was 
obtained by annealing with denatured Hin 1125 
fragment to the /-strand of A DNA, extending the 
Hin primer with DNA polymerase in the presence 
of labeled nucleoside triphosphates, and analyzing 
the labeled oligonucleotide products.6 Details of 
the sequence analysis techniques and the results 
are given in Section A-2. 

c. RNA Polymerase Binding Sites 
In order to study promoter region sequences, 

one of the approaches used is the isolation of the 
DNA segment protected by specific binding of E 
coli RNA polymerase. A problem with this tech- 
nique has been that any large DNA segment is 
likely to contain a number of RNA polymerase 
binding sites of variable affinities, so that isolation 
of a single protected site has not been a simple 
operation (see Reference 119 for earlier reports). 

The most successful attempt has been the 
isolation of a single RNA polymerase binding site 
from the double-stranded bacteriophage fd replica- 
tive form DNA by Heyden, Nusslein, and 
Schaller.' ' The binding of RNA polymerase at 
37°C in the presence of sigma factor is very stable, 
with a half-life of about 10 hr. Lowering the 
temperature or the amount of sigma factor reduces 
binding. When the RNA polymerase bound fd 
DNA is digested with pancreatic DNase, segments 
of DNA protected by RNA polymerase can be 
isolated by gel filtration. The number of nucleo- 
tides protected per fd DNA depends on the ratio 
of moles of RNA polymerase per moles of DNA, 
up to a ratio of 5. 

For sequence analysis, the DNA protected 
against DNase digestion (pDNA) was isolated after 
complexing either 2 R N A  polymerase molecules 
(pDNA,) or 4.8 RNA polymerase molecules 
(pDNAS). The DNA for these experiments was 
labeled with "P in the (t) strand and 3 H  in the 
(-) strand. When pDNA, was depurinated, it could 
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be separated out into 6 products from the (t) 
strand and 7 from the (-) strand. Separation of 
pyrimidine tracts was done on a polyethylenei- 
mine plate according to the method of Southern 
and Mitchell.”’ A 2 M pyridinium formate pH 
3.6 solvent is used in the first dimension, and a 1 
M LiCl solvent is used in the second dimension. 
Fingerprints of pDNAs show additional strong 
spots where there were weak spots in the pDNA2 
fingerprint. This suggests that the additional site 
bound in pDNAS is a distinct sequence with a 
lower affinity for RNA polymerase. More recently, 
the sequence of the primary binding site has been 
determined on the basis of sequence analysis and 
alignment of pyrimidine tracts from both 
 strand^.'^ For some experiments, the (t) strand 
was 3 2 P  labeled in vivo; for others, the (-) strand 
was 3 2 P  labeled in an in vitro synthesis from the 
(+) strand. [a-3 ’ P] dCTP and [a-3 ’ P] dTTP were 
used for labeling so that nearest neighbors and the 
sequence of the pyrimidine tracts could be deter- 
mined. [a-3 ’ PI dGTP and ’ P] d ATP were used 
to detect purines neighboring the 3’ ends of 
pyrimidine tracts. The compositions of the pyrimi- 
dine tracts were determined from their positions 
on the two-dimensional fractionation. The se- 
quences were determined by 5 ’ ,  3’ termini and 
nearest neighbor analyses (see Section B-1). Long 
oligopyrimidines were partially degraded by micro- 
coccal nuclease, reseparated, and then analyzed. 
Further alignment of oligopyrimidines on the two 
strands was done by the Watson-Crick base pairing 
rules. Additional alignment was achieved by analy- 
sis of labeled products after partial exonuclease 111 
digestion, followed by incorporation of radioactive 
nucleotides using DNA polymerase I .  Finally, 
sequence information was obtained from analysis 
of RNA, initiated and synthesized from the 
binding site, and from analysis of X exonuclease 
digestion products. 

The total sequence of the strong RNA poly- 
merase binding site, shown in Figure 6b, has 
several regions of hyphenated symmetry which 
may be involved in the recognition process. 

5 .  T4 Endonuclease IV 
Of all the enzymes which are able to degrade 

DNA to small oligonucleotides, only one, endocu- 
lease IV, displays considerable cleavage specificity. 
Although restriction enzymes can cleave DNA at 
very specific sites, the products are usually too 

large for direct sequence analysis. This enzyme, 
however, can produce a wide size range of specific 
products. 

The existence of RNA base-specific endonuc- 
leases, such as pancreatic RNase and TI RNase, 
has been the prime reason for the success of the 
presently well-established methods for RNA se- 
quence analysis. Pancreatic RNase splits RNA 
specifically after pyrimidines, while T I  RNase 
splits RNA specifically after G residues. Up to the 
last 2 years, however, no DNA-specific endonuc- 
lease with a sufficient base specificity for use in 
DNA sequence analysis had been isolated. 

Because of the lack of such specificities among 
the DNA-specific endonucleases, nucleases such as 
pancreatic DNase’ and micrococcal nuclease’ $J 
had been used to degrade large oligonucleotides or 
DNA segments to smaller oligonucleotides for 
analysis. Although micrococcal nuclease has been 
observed to possess some specificity, cleaving 
preferentially at NpA and NpT bonds,’ 2 4  degrada- 
tions of even small, labeled DNA segments by 
these two endonucleases yielded rather compli- 
cated mixtures of oligonucleotide products. Purifi- 
cation of these products was often difficult simply 
because of their large numbers. 

Sadowski and Hurwitz’ ” have discovered a 
DNA endonuclease which does show considerable 
promise for use as a base-specific nuclease for 
DNA sequence studies. This enzyme, T4 endonuc- 
lease IV, was found to cleave single-stranded DNA, 
leaving a cytidine at the 5’ end for 95% of the 
product oligonucleotides. 

The 3’ terminal specificity of the enzyme still 
appears to be somewhat unclear. Ziff, Sedat, and 
Galibert’ 3 0  found a strong preference for cleavage 
of T-C bonds in sequence analysis of relatively 
few, long, specific oligonucleotides. Other evi- 
dence suggests that the 3’ termini may be pro- 
duced in only a partially specific fashion. 
Sadowski’” found T to be the 3’ end in about 
50% of the fragments obtained after digesting bulb. 
DNA with endonuclease IV. Roychoudhury and 
Wu’ * used different levels of endonuclease IV (a 
gift of Dr. Sadowski) for the digestion of dena- 
tured $40 DNA to give products in the average size 
range of 20 to 300 nucleotides long. These 
products were then labeled at  the 3’ ends with a 
single ’ P-rGMP residue, using deoxynucleotidyl 
terminal transferase (see Section B-44). Nearest 
neighbor analysis of the products showed the 
presence of all 4 nucleotides at the 3’ termini, with 

480 CRC Critical Reviews in Biochemistry 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



the following distribution: T (50 to 60%), G (25 
to 30%), A (1 5 to 20%) and C ( 5  to 10%). 

The enzyme may, however, be more specific 
than the data suggest. The standard preparation of 
the enzyme showed some 3' exonuclease activity. 
When oligonucleotide fragments terminally labeled 
with rGMP by transferase were incubated with 
endonuclease IV for a short period (10 to 20 min), 
3' terminal rGMP was liberated as a mononucleo- 
tide (no oligonucleotides were found). Attempts 
to inhibit this exonuclease activity with high levels 
of dNMP or with spermidine' ' were not success- 
ful. Thus, because of this 3' exonuclease activity, 
the actual extent of specificity of the T4 endonuc- 
lease IV could not be determined accurately. The 
lower degree of specificity in the digestion of bulk 
DNA may also be related to the presence of many 
different types of susceptible sequences, some of 
which are cleaved less specifically. 

In spite of such difficulties with the absolute 
specificity of this enzyme, it has already proven 
useful for DNA sequence analysis. In an initial 
study, Ling' 2 9  showed that a partial digestion of 
fd phage DNA yielded products which gave dis- 
crete bands on polyacrylamide gel electrophoresis. 
Such encouraging results stimulated further use of 
this endonuclease. The level of digestion used by 
Ling, however, still produced too many products 
for complete separation. 

Ziff, Sedat, and Galibert' '" and Galibert, 
Sedat, and Ziff' 3 1  used milder conditions for 
digestion of $X174 DNA. Under such conditions, 
the $X174 DNA was expected to assume a 
secondary structure in which large sections of the 
molecule would be insusceptible to cleavage by 
endonuclease IV. After digestion, separation of the 
labeled products on polyacrylamide slab gel pro- 
duced only a small number of sharp bands. A 
number of these bands were isolated, purified 
further on homochromatography, and further di- 
gested with endonuclease IV. The original oligonu- 
cleotides, in the 50 to 80-nucleotide size range, 
were each degraded to the 2 to 15 size range for 
separation on 2-D homochromatography. Small 
oligonucleotide products were subjected to 
sequence analysis either by mobility on 2-D 
homochromatography followed by additional con- 
firmatory analyses, or by the exonuclease I tech- 
nique, which will be described in Section B-4-b. 
Since cleavage was primarily between T-C bonds, 
analysis of pyrimidine tracts provided the overlap 

sequences needed to order these short fragments. 
In the second digestion of a given large oligonucle- 
otide by endonuclease IV, there were relatively 
few susceptible bonds, and not all the T-C bonds 
were cleaved. It is possible that the enzyme 
recognizes a sequence longer than the T-C dinucle- 
otide. The insusceptibility of some T-C bonds does 
not appear t o  be caused by hydrogen bond 
formation producing double-strand character. 

B. SEQUENCE ANALYSIS OF 
OLIGONUCLEOTIDES OR 

SHORT SEGMENTS OF DNA 

1. Analysis after Further Degradation of the 
Oligonucleotides or DNA Segments 
a Chemical Degradation 

The study of the primary structure of polyde- 
oxy ribonucleot ides was facilitated by the ob serva- 
tion that the glycosidic linkage of purine deoxyri- 
bonucleotides is labile under conditions where it is 
stable in pyrimidine deoxyribonucleotides, and 
vice versa under a different set of conditions. 
These facts have been used extensively to degrade 
DNA molecules into oligonucleotides containing 
either pyrimidines or purines only. To date, this is 
one of the few technical advantages to DNA 
sequencing not available to RNA sequencing. 
However, this type of degradative approach is 
useful mainly to  provide supplementary sequence 
information. Unless the sequence is very simple, a 
complete nucleotide sequence of a specific region 
of DNA containing both purines and pyrimidines 
cannot be determined by these techniques alone. 
Furthermore, the location of the purine and 
pyrimidine tracts in the DNA molecule cannot be 
pinpointed by  this approach. 

i. Pyrimidine Tracts (Depurination Products) 
When DNA is reacted with dilute sulfuric 

acid' 3 2  or formic acid,' there is a slow acid 
hydrolysis of the glycosidic linkages between the 
various purines and their deoxyribose residues to 
give apurinic acids. In these products, the pyrimi- 
dine bases are still in place, but the purine bases 
are lost and the deoxyribose can exist in its open 
chain form. A more vigorous acid treatment or the 
addition of diphenylamine results in the cleavage 
of both the 3' and 5' phosphodiester bonds of the 
reacted deoxyriboses by a series of 0-elimination 
reactions, giving a mixture of pyrimidine oligonuc- 
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leotides which carry a terminal phosphate at both 
the 3' and 5' positions. These pyrimidine tracts (or 
depurination products) have been isolated from 
many species of DNA and can be separated by a 
variety of chromatographic and electrophoretic 
procedures.' 34-'  3 9  Studies such as these allow 
the comparison of the frequency of specific 
pyrimidine tracts present in related bacterio- 
phages. 

Studies on the pyrimidine tracts of fd DNA 
well illustrate the sequence information that can 
now be obtained using this method. By combining 
the two-dimensional electrophoresis and thin layer 
separation techniques with partial spleen and 
venom phosphodiesterase digestions, Ling' * de- 
termined the complete sequence of a 20-nucleo- 
tide long pyrimidine oligonucleotide from fd 
DNA. In addition, the sequences of several other 
large (9 bases or longer) pyrimidine oligonucleo- 
tides from the DNA of bacteriophages fd, f l ,  and 
@XI74 were determined by the same method.14' 

By analysis of the depurination products of the 
two separated strands of guinea pig a-safellite 
DNA, the -C-C-C-T- sequence was found to be 
predominant in the L-strand, and the -T-T se- 
quence was predominant in the H-strand. Thus, it 
was deduced by Southern that -T-T-A-G-G-G- was 
the predominant sequence in the H-strand, and 
-C-C-C-T-A-A- in the L ~ t r a n d . ' ~  ' Similar studies 
of the satellite DNA of mouse L cells showed a 
predominance of the sequences T-T-T-T-C-C, 
T-T-T-C-T-C, and T-T-T-T-T-C in the heavy strand 
and C-T-T in the light strand.' 

ii. Purine Tracts (Depyrimidination Products) 
When DNA is treated with anhydrous hydrazine 

followed by alkaline hydrolysis, a mixture of 
purine tracts is obtained.I4 3-1 4 7  The preparation 
of purine tracts is usually not as easy to reproduce 
as that of the pyrimidine tracts, and therefore 
extensive use of purine tracts for sequence analysis 
has not yet been made. 

b. Enzymatic Degradation 
i. Sequence Analysis of Labeled Oligonucleotides 
Synthesized from Native DNA in vitro 

In general, the analysis consists of the digestion 
of the labeled oligonucleotide to mononucleotides, 
which are subsequently separated and quantitated 
by counting their radioactivity. Usually, a series of 
different types of labeling and digestion is required 
to unambiguously determine the sequence of an 

oligonucleotide. An example of how such labeled 
oligonucleotides may be obtained and analyzed is 
given as follows: 

Segments of labeled DNA can be obtained by 
DNA polymerase I-catalyzed repair synthesis (see 
Section A-2). DNA polymerase, in the presence of 
radioactive deoxynucleoside triphosphates (3 ' P or 
3H labeled), is used to extend a primer, copying 
the DNA template to be sequenced. In this way, 
the sequence of the template is converted to a 
complementary sequence of radioactive DNA. 
Partial endonucleolytic degradation of the labeled 
DNA produces short, labeled oligonucleotides. The 
labeled oligonucleotides can be isolated, radio- 
chemically pure, by a variety of chromatographic 
or electrophoretic techniques. 

Figure 11 illustrates how the sequence of an 
oligonucleotide may be determined by enzymatic 
digestion. The tetranucleotide chosen for the 
illustration has all 4 bases labeled with H, and the 
phosphate at the 5' side of the cytidine has a 3 2 P  
label generated by the use of [a-" P] dCTP for the 
repair reaction. Digestion with micrococcal nu- 
clease produces endonucleolytic cleavages in the 
oligonucleotide, leaving 3' phosphate terminated 
oligonucleotide products. Spleen phosphodiester- 
ase degrades them sequentially from the 5' termini 
t o  produce 3' phosphate terminated mononucleo- 
tides.* In this case, the mononucleotides dAp, 
dGp'(where the asterisk indicates 32P), and dCp as 
well as the nucleoside T-OH are produced. The 
presence of d G t  as a product indicates that there 
must have been a d-G$C sequence in the original 
oligonucleotide. Ths  procedure is called nearest 
neighbor analysis.'48 The presence of the T-OH as 
a nucleoside indicates that T must have been the 3' 
terminal nucleoside in the original oligonucleotide. 
We refer to this procedure as 3' end analysis. The 
identification and quantitation of the tritium 
labeled nucleotides give the composition of the 
oligonucleotide. The sum of these data indicates a 
sequence of d(A-G-C-T) or d(G-C-A-T) for the 
original oligonucleotide. 

A separate digestion from the 3' termini with 
venom phosphodiesterase produced the 5' phos- 
phate terminated mononucleotides dp'f , d t d ,  and 
dpG and the mononucleoside d k .  Thus, d k  was 
the 5' terminal nucleoside in the original oligonuc- 
leotide. We refer to this procedure as 5' end 
analysis. The sum of data from both digestions 
defines the sequence d(A-G-C-T). 

Sequences of certain larger oligonucleotides can 
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0 

(I) pancreatic DNase 
> S C +  A-OH 

Pd 
(2) venom phasphodirrterasr 

FIGURE 1 1 .  Standard procedure for sequence analysis of a radioactive oligonucleotide by 
enzymatic,digestion. Nucleotides with a dot (N) are labeled with 'H. Phosphates with an 
asterisk (p) are labeled with '*P. After digestion, products are separated on standard 
chromatographic systems.' Products are quantitated by counting of radioactivity. Other details 
of the analysis procedures are given in the text. 

also be determined by this method, especially if it 
can be applied to a series of partial degradation 
products of the original oligonucleotide.' 

These techniques were first used on DNA to 
determine the cohesive end sequence of h 
DNA.s'6>8 The single-stranded ends of h DNA 
were used as templates for DNA polymerase 
I-catalyzed repair synthesis, using radioactive nu- 
cleoside triphosphates (see Figure 1). Random 
endonucleolytic digestion with micrococcal nuc- 
lease produced labeled oligonucleotides which 
were purified on electrophoresis. The complete 
sequences of many of the purified oligonucleotides 
were determined by these enzymatic digestion 
techniques. Other investigators have also used this 
method for analysis, but H-labeled nucleotides 
were omitted and different 32P-labeled nucleo- 
tides were used for different incubations. The 
nearest neighbor analysis on each short ' P-oligo- 
nucleotide, labeled with each of the 4 nucleotides 
in turn, can often give the complete sequence of 
oligonucleotides 3 to 8 nucleotides long. 

Whitcome, Fry, and Salser' ' have developed a 
simple method for sequence determination of 
short oligonucleotides with the use of micrococcal 
nuclease. Short, 'P-labeled oligonucleotide frag- 
ments were generated from ribosubstituted DNA 
after cleavage at the ribonucleotide sites either by 

enzymatic digestion or alkali treatment, followed 
by separation on 2-D electrophoresis. The base 
composition of  the 'P-oligonucleotide could be 
deduced from the position on the 2-D fingerprint. 
The sequence of the oligonucleotide was deter- 
mined after complete digestion with micrococcal 
nuclease to give mono- and dinucleotides, which 
were fractionated on 2-D polyethyleneimine thin 
layer chromatography. By using UV-absorbing 
markers of all possible mononucleotides and dinu- 
cleotides, the composition of the ' P-labeled 
mono- and dinucleotides could be identified. The 
sequence of the original oligonucleotide could 
then be deduced from the 3 2 P  counts in the 
mono- and dinucleotides from a specifically 
3 2  P-labeled fragment. For example, an oligonucle- 
otide which has a composition of (TAz)rG was 
generated by DNA polymerase-catalyzed repair 
synthesis using 'PI TTP, rGTP, dATP, and 
dCTP, followed by alkali cleavage. The micrococ- 
cal nuclease digest of this tetranucleotide,yielded 
mainly "P-labeled ApAp and some TprGp. The 
dinucleotide sequence ApAE indicated the 
presence of ApAIfT, so that* the oligonucleotide 
must have the sequence ApApTprGp. In this way, 
most short oligonucleotides can be sequenced, 
particularly if different labeled triphosphates are 
used in different experiments. 
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5' 
exonuclease I11 I 

I DNA+%?iYmse 1 
11 ~~~~~~e 1-7 
[c /7 5 '  

exonuclease I11 

FIGURE 12. Terminal sequencing techniques involving exonuclease I11 and single-strand specific nucleases (S.S.S. 
nuclease). Regions I and 11 near the terminus of double-stranded DNA may be sequenced by these procedures. Region 1 in 
molecule (A) is rendered single-stranded by partial digestion with exonuclease 111 as described in the text. The 
single-stranded region in molecule (b) is repaired with radioactive nucleotides to produce (C) which can be sequenced. To 
obtain the sequence of region 11, the single-stranded region in molecule (B) is removed by a S.S.S. nuclease to produce 
molecule (D). The DNA is again partially digested with exonuclease 111, rendering region 11 single-stranded to give molecule 
(E), which can then be repaired with radioactive nucleotides for sequence analysis. 

ii. Specificity of DNoses 
A number of nucleases have some cleavage 

specificities toward DNA which may be of value 
for sequence analysis. Several of the common 
endonucleolytic DNases have recently been rein- 
vestigated to characterize more carefully their 
preferred cleavage sites. It now seems apparent 
that the specificity of these enzymes is influenced 
by a host of factors, including the concentration 
of activating cations, the degree of digestion,' ' 
etc. 

Hog spleen acid DNase' ' ' ,' ' seems to prefer 
certain linkages when salmon sperm DNA is 
digested to an average length of about ten residues, 
but this preference is not marked. Purines are 
found at the 3' phosphate terminus of oligonucleo- 
tides from DNA digests 70% of the time, and the 
linkage cleaved least often is that between Cp and 
TpC in CpTpC. 

The cleavage specificity of acid DNase from the 
hepatopancreas of the snail Helix aspersa 
(Mull)' ' 3' ' and E. coli endonuclease I' ' 3' ' ' 
have also been investigated. Oligonucleotides iso- 
lated from snail DNase digestions have greater than 
90% A or T (almost 80% A) at their 3' termini. 
The 5' termini show a slight perference for G and 
C, possibly a statistical result of the 3' perference. 
Oligonucleotides isolated from E. coli endonuc- 
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lease I digestions show a preference for T, A, and 
C at the 3' ends but no significant 5' end 
preference. Pancreatic DNase I in the presence of 
Mg" cleaves exclusively at the linkage between A 
and pT in a biosynthetic d(A-T) polymer' ' or 
crab d(A-T) polymer,' ' ' but no significant speci- 
ficity is found in the hydrolysis of DNA.' " The 
specificity of this enzyme is somewhat altered 
when Mn" is used in place of Mg* in the 
hydrolysis of DNA.' ' 

Micrococcal nuclease cleaves DNA to produce 
oligonucleotides with predominantly T or A at the 
5' end,'59 and among many dinucleotides 
tested' 6 o  cleaves TpT the fastest. 

E. coli exonuclease 111 catalyzes the sequential 
removal of mononucleotides from the 3' termini 
of duplex DNA.' At 5'C and in 67 mM Tris 
buffer, 70 mM NaCl, exonuclease I11 catalyzes the 
synchronous hydrolysis of approximately 6 nucle- 
otides from each 3' terminus at equimolar 
amounts of enzyme per DNA terminus.'62 At 
higher levels of exonuclease 111, e.g., enzyme per 
DNA terminus equals 2, approximately 12 nucleo- 
tides can be removed from each 3' terminus. Thus, 
it is possible to  generate from any linear duplex 
DNA (Figure 12 molecule A) a molecule with 5' 
terminated single-stranded ends (molecule B) 
which resemble the native termini of X DNA 
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(Figure 2). With this DNA molecule, sequence 
analysis of the single-stranded ends can be accomp- 
lished by repair synthesis, followed by analysis of 
the complementary radioactive segment (see Sec- 
tion A-I). The sequence of this segment (dotted 
line in molecule C, Figure 12) is the same as seg 
ment I which was removed by exonuclease 111. 

iii Single-strand Specific Deoxyribonucleases 
Neurospom crassa endonuclease' ' ' 9 '  is 

highly specific for single-stranded DNA, with a 
distinct preference for deoxyguanosine residues. 

Aspergillus nuclease S1 also has a high specifi- 
city for single-stranded DNA.' 6 4  Since this en- 
zyme is specific and relatively stable, it has been 
used extensively for degrading single-stranded 
DNA i n  the presence of double-stranded 
DNA.' 6 s  , I  6 6  

Mung bean nuclease I shows a strong preference 
for single-stranded DNA. However, at high nu- 
clease concentration, it can cleave at a known A, T 
rich region of double-stranded DNA, such as that 
near the center of the X DNA, presumably after 
local denaturation of the DNA.' *' * 

Micrococcus lureus UV-exonuclease degrades 
single-stranded DNA without affecting double- 
stranded DNA, unless the latter has been both 
irradiated and treated with the LJV-endo- 
nuclease.' 

These single-strand specific nucleases (S.S.S. 
nucleases) may be useful for DNA sequence 
analysis in the following way. The nuclease can be 
used to remove the single-stranded tail in molecule 
B (Figure 12) to produce a completely double- 
stranded DNA molecule D, which is shorter than 
the original molecule by the length equivalent to 
segment I. By removing this segment, its sequence 
need not be analyzed again when the sequence of 
segment I1 is to be determined. The sequence of 
segment I1 can be determined after exonuclease 111 
digestion of molecule D to give E, followed by 
repair synthesis. In order to serve as a useful 
reagent for sequence analysis in the above scheme, 
the S.S.S. nuclease must fulfill at least two 
important criteria: First, the enzyme should be 
completely specific for single-stranded DNA under 
the experimental conditions. Second, the extent of 
hydrolysis of single-stranded DNA segments on 
different DNA molecules should be the same. 

Using X DNA as the test system, Hamilton and 
Wu' ' O  found that while the single-stranded cohe- 
sive ends can be almost completely removed by 

Neurospora endonuclease, some nicks, gaps, or 
double-stranded breaks are also created.' There- 
fore, this enzyme may not be useful for sequence 
analysis. On the other hand, Aspergillus nuclease 
Sl was found to cleave off the single-stranded 
cohesive ends of h DNA completely, without 
creating other nicks or breaks.' 7' Thus, this 
enzyme is a good candidate for serving as the 
S.S.S. nuclease required in Figure 12. Although 
mung bean nuclease at 30°C also cleaved off the 
cohesive ends of X DNA completely, some internal 
nicks or breaks were found.' 7' In contrast, M. 
luteus UV-exonuclease cleaved off only part of the 
cohesive ends of X DNA, leaving a 4-nucleotide- 
long, single-stranded tail.' ' This enzyme may 
also be useful, since the single-stranded tail may 
serve as overlap for aligning sequences in the 
analysis of segment I1 (see molecules D and E in 
Figure 12). 

2. Sequencing by Mobility 
This technique makes use of characteristic 

mobility differences on some separation systems 
between partial sequential degradation products of 
an oligonucleotide. The difference in mobility 
between an oligonucleotide and a homologous 
oligonucleotide one base longer can be used to 
identify the base by whch  the two oligonucleo- 
tides differ. 

The first studies of the relationship between the 
nucleotide composition of an oligonucleotide and 
its characteristic mobility on a separation system 
were carried out by Sanger et al.' 7' *' ' 3  on 
two-dimensional (2-D) electrophoresis, using oligo- 
ribonucleotides. Later, these studies were ex- 
tended to oligodeoxynucleotides.6 ,' ' In the 
standard 2-D electrophoresis system, cellulose ace- 
tate was used at pH 3.5 in the first dimension, and 
DEAE-cellulose paper at pH 1.9 or 3.5 was used in 
the second dimension. Comparative mobilities of 
homologous series of oligonucleotides in these 
systems often allow partial sequence determin- 
ation of short oligonucleotides. It was observed by 
Sanger, Brownlee, and Barrell' 7' that for any 
oligoribonucleotide having a 3' phosphate, certain 
characteristic mobility shifts were caused by the 
addition of a single nucleotide, as shown: 

The characteristic mobility shift caused by addi- 
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tion of Np was found to be approximately the 
same for the formation of any of the possible 
isomeric products. In general, the mobility shift 
was characteristic of Np and relatively indepen- 
dent of the identities of X, Y, and Z. However, 
small differences in the mobilities between se- 
quence isomers of oligonucleotides having identi- 
cal base composition were observed. 

Electrophoretic separation in the first dimen- 
sion on cellulose acetate at pH 3.5 often showed 
interpretable mobility shifts. When the added 
nucleotide was Cp, the lengthened oligonucleotide 
was observed to have a slower mobility than the 
original oligonucleotide. Addition of Ap produced 
relatively little change in mobility. Addition of Gp 
or Up produced an increase in mobility.’ 72 

Such behavior is, in fact, expected for electro- 
phoresis on a neutral inert gel support, such as 
cellulose acetate, where mobility should be ap- 
proximately proportional to the charge per mass 
of any oligonucleotide.’ 7 4  9’ 7 5  Addition of any 
nucleotide represents approximately the same ad- 
dition of mass. At pH 3.5, however, the net 
charges of the 4 nucleotides differ widely because 
of the difference in the pK, values for the amino 
groups on the bases. Addition of Up represents 
addition of one negative phosphate charge, since 
uracil is not protonated. Additions of Gp, Ap, and 
Cp, respectively, represent additions of progres- 
sively less net charges, since their bases are 
partially protonated. Since cytidine at pH 3.5 is 
90% protonated, Cp has a net charge of only -0.1. 
When Cp is added, the charge per mass ratio of the 
oligonucleotide will be reduced, resulting in a 
decrease in mobility. 

Somewhat less predictable behavior was ob- 
served for dephosphorylated oligonucleotides 
without a 3’ or 5‘ phosphate. In this case, 
additions of any mononucleotide, except Cp, 
generally caused mobility increases. 

In the second dimension, electrophoresis on 
DEAE-cellulose paper, Sanger, Brownlee, and 
Barrell’ 72 observed that the oligonucleotides ex- 
hibited a combination of electrophoretic and ion 
exchange behaviors. In the case of phosphorylated 
oligonucleotides, addition of single nucleotides to 
an oligonucleotide invariably caused a decrease in 
mobility. Successive additions of a single nucleo- 
tide to an oligonucleotide resulted in a rapid, 
approximately logarithmic decay of mobility until 
the product oligonucleotides had no detectable 
mobility. Because of this effect, the addition of a 

mononucleotide to a small oligonucleotide would 
cause a much greater change in mobility than the 
same addition to a large oligonucleotide. In order 
to compensate for this observation, Sanger et 

proposed the use of the “m-value.” The 
m-value is defined as [(mobility X p . .  . Zp) - 
( m o b i l i t y  X p  . . . Z p N p ) ] / ( m o b i l i t y  
Xp . . . ZpNp). This value is characteristic for each 
of the  four mononucleotides represented by Np. 
The m-value is largest for Up and Gp, about 0.7 to 
2.5, smaller for Ap, about 0.4 to 0.6, and smallest 
for Cp, about 0.05 to 0.25. The mobility shift 
values for the addition of Up or Gp have signifi- 
cant overlap in both the separation systems which 
have been described. This, however, presented no 
problem if the standard procedures for RNA 
sequence analysis were used to obtain oligonucleo- 
tides for sequencing by mobility. For a given 
fractionation of a T I  RNase oi pancreatic RNase 
digest, becuase of the specificity of the cleavages 
which produce the oligoribonucleotides, either Gp 
or Up, but never both, will be present in the 
internal positions of RNase fragments, and thus, 
differences in only three ribonucleotides have to  
be distinguished. 

On the other hand, comparative mobilities of 
dephosphorylated oligonucleotides, particularly 
small ones on DEAE-cellulose electrophoresis, 
were sometimes anomalous. 

Separation characteristics on the 2-D electro- 
phoresis system were expected to be similar for 
oligodeoxynucleotides becuase of the similar struc- 
tures and charges of the deoxy- and ribomononu- 
cleotides. Indeed, Murray’ found that oligode- 
oxynucleotides behaved almost identically to oligo- 
ribonucleotides on the standard 2-D electrophore- 
sis system. Also, 5‘ phosphorylated oligonucleo- 
tides behaved similarly to 3’ phosphorylated oligo- 
nucleotides. He also introduced 2 new electrophor- 
etic systems for fractionation of oligonucleotides: 
DEAE-cellulose electrophoresis at pH 9.7, and 
electrophoresis on AE-cellulose paper at pH 3.5. 

Fractionation patterns of oligodeoxynucleo- 
tides were rather similar on DEAE-cellulose at pH 
1.9 and 9.7. Differences in the nucleotide charges 
at the different pH values allowed fractionation in 
a 2-D system, employing DEAE-cellulose paper 
electrophoresis in both dimensions. 

AE-cellulose electrophoresis at pH 3.5 also gave 
a fractionation pattern similar to that from 
DEAE-cellulose paper electrophoresis at pH 1.9. 
The significant advantage of using this system is in 
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its capability of distinguishing addition of dpT 
from addition of dpG. Additions of dpT generally 
gave m-values less than 2.0, while additions of dpG 
gave m-values greater than 2.0. 

suggested that oligonu- 
cleotides could be partially degraded from the 5’ 
end with spleen phosphodiesterase and the pro- 
ducts labeled with polynucleotide kinase. Adapt- 
ing this idea, Murray’76 introduced a method of 
sequencing short oligonucleotides completely on 
the basis of mobility. Polynucleotide kinase was 
used to label the 5’ end of DNA or the oligonu- 
cleotide. Then, the DNA or the oligonucleotide 
was partially degraded with pancreatic DNase to 
produce a series of labeled oligonucleotides of 
decreasing length, all with the same labeled 5‘ end. 
These oligonucleotides were separated by DEAE- 
cellulose electrophoresis at pH 1.9 and AE-cellu- 
lose electrophoresis at pH 3.5. For example, the 
oligodeoxynucleotide ;XpYpZ, when partially di- 
gested, should yield the labeled products IfXpYpZ, 
IfXpY, and ;X. The identity of Y was determined 
by comparing the mobilities of IfX and IfXpY, and 
the identity of Z was determined by comparing 
the mobilities of IfXpY and IfXpYpZ. By mobility 
shifts in tliese 2 systems, sequences from the 5’ 
termini of h DNA were determined. Since both 5’ 
ends of X DNA would be labeled by polynucleo- 
tide kinase, 5’ end analysis of each oligonucleotide 
was necessary to differentiate the 2 series in the 
digest. The sequence agreed with sequences ob- 
tained by DNA polymerase repair techniques.’ 96 

Unfortunately, both of the electrophoretic s e p  
arations used for these sequence determinations 
are of limited value for sequence analysis of longer 
oligonucleotides. In the DEAE-cellulose electro- 
phoresis system, because of the rapid decay of 
mobility with size, oligonucleotides longer than 6 
to 12 nucleotides, depending on the composition, 
tend to cluster near the origin, preventing accurate 
differential mobility measurements. The AE-cellu- 
lose electrophoresis system has even poorer resolv- 
ing capabilities. Oligonucleotides longer than 5 to 
8 nucleotides, depending on composition, often 
cluster at the origin.2 Recent efforts t o  improve 
the resolving power of the DEAE-cellulose and 
AE-cellulose electrophoresis systems’ by modi- 
fications of pH and ionic strength of buffer have 
had little success. Wu and collaborators’ ’ have 
also investigated the possibility of 2-D DEAE-cell- 
dose electrophoresis systems for direct sequence 
analysis of oligodeoxynucleotides by mapping and 

Szekely and Sanger’ 

arrived at similar conclusions: These 2-D systems 
have rather limited use for direct sequence analy- 
sis, and uncertainties exist in some analyses. 

In order to sequence longer oligonucleotides, 
new separation systems, with better fractionation 
capabilities as well as sequence differentiation 
capabilities, are required. 

PEI-cellulose thin layer chromatography (cellu- 
lose impregnated with polyethyleneimine)’ has 
been applied to  the fractionation of oligonucleo- 
tides.’ PEI is another ion exchange material 
with properties similar to DEAE- and AE-cellulose. 

Using a 2-D system with cellulose acetate 
electrophoresis in the first dimension, and PEI- 
cellulose chromatography in pyridine formate buf- 
fer at pH 3.7 in the second dimension, Murray and 
Murray’ obtained considerable sequence infor- 
mation from the coliphage cohesive end regions of 
5 lambdoid phages (A, $80, 82, 21, and 424), as 
well as the nonlambdoid phages 186, P2, and 299. 
However, this could not be used as a general 
method because neither dimension is capable of 
distinguishing the addition of dpG from the 
addition of dpT. They were able to  resolve C, T 
ambiguities because, as Morrison and Murray’ 7 7  

point out, “the coliphage sequences were special 
cases, since each chromatogram contained two 
families of complementary sequences, providing 
internal comparisons of the effects of adding 
nucleotides.” 

This mobility method is faster than repair 
synthesis (see Section A-1) for the sequence 
analysis of cohesive ends of DNA such as X or F’2 
DNA. However, there are two disadvantages in this 
mobility method. First, it cannot determine the 
length of the single-stranded cohesive end. Second, 
it cannot determine a sequence as long as that 
based on repair synthesis followed by sequence 
analysis. 

It was also pointed out by Morrison and 
Murray’ 7 7  and Jay et al.’ that the m-values for 
the four nucleotides vary considerably with the Rf 
values of the oligonucleotides being compared. 
This problem, as well as the problem of distin- 
guishing G from T, limits the usefulness of the 
PEI-cellulose chromatography system using pyri- 
dine formate at pH 3.5 for purposes of sequence 
analysis by mobility shifts. 

have shown that in order to move 
larger oligonucleotides, a higher concentration of 
pyridine formate buffer must be used. Under such 
conditions, the smaller oligonucleotides, particu- 

Jay et al.’ 
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FIGURE 13. Onedimensional chromatography and the m-values for the partial venom phosphodiesterase digest of (a) 
d("pT-T-T-T-T), and (b) d(s2 pGGGCG) on PEI-cellulose thin-layer plates in 7 M urea and (1) 0.6 M LiCl, (2) 0.7 M 
LEI, (3) 0.8 M LiCl, and (4) 0.9 M LiCl. 

larly those that are rich in C and A, either move 
with the solvent front or are compressed near the 
solvent front. They found that solvents of LiCl in 
7 M urea can overcome most of the problems 
mentioned above. Figure 13 shows the mobilities 
of the partial venom phosphodiesterase digestion 
of 5' "Pd(T-T-T-T-T) and 5' 'P-d(GG-G-C-C) 
on a one-dimensional PEI-system in various con- 
centrations of LiCl containing 7 M urea. It was 
observed that the m-values get smaller with in- 
creasing LiCl concentrations, but they remain 

rather constant for the addition of any particular 
nucleotide, regardless of the Rf values of the spots 
being compared. The m-value for the gain or loss 
of a dpG residue is twice that for a dpT or dpC. 
Thus, this system can be used for differentiating 
between dpC and dpT addition. 

Since chromatography on PEI-cellulose in 
LiC1-7 M urea can distinguish dpG and dpT, and 
electrophoresis on cellulose acetate at pH 3.5 can 
distinguish dpC, dpA, and dpT or dpG, a 2-D 
system employing these 2 methods of separation 
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should provide unambiguous sequence information 
from mobility shifts of the partial degradation 
products of an oligonucleotide. Figure 14 shows 
the 2-D separation of a partial venom phosphodies- 
terase (3' -+ 5' exonuclease) digestion of a 5' 

'P-labeled synthetic tetradecamer d(tA-C-T-C-C- 
A-T-C-A-C-T-T-A-A). From the mobilities of the 
degradation products, it can be seen that the 
m-values for the gain of a dpT, dpC, or dpA are 
much smaller than the m-value for the gain of a 
dpG. Since dpT, dpC, and dpA have characteristic 
mobility shifts in the first dimension, addition of 
any of the four deoxynucleotides can be distin- 
guished. Thus, this 2-D fractionation system can 
be very useful for sequence analysis by the 
mobility shift method.' 

Another system which has shown unusually 
good fractionation capabilities is the so-called 
"homo c hr  o mat o g raphy" of Brownlee and 
Sanger.'" This is a thin layer chromatography 
technique on DEAE-cellulose paper or plate, using 
a solvent containing an RNA digest and 7 M urea 
in water. During development of the plate, the 
unlabeled oligonucleotides in the solvent displace 
the labeled nucleotides being investigated to differ- 
ent positions on the plate, approximately accord- 
ing to their size. This system showed early success 
in fractionation of large oligonucleotides in the 5 -  
to 50-nucleotide size range. It was possible to 
control the mobility of the oligonucleotides by 
varying the extent of alkaline hydrolysis of the 
RNA or its concentration in the solvent. A long 
hydrolysis time produces short RNA segments in 
the solvent which can displace only shorter labeled 
oligonucleotides. A shorter hydrolysis time pro- 
duces longer oligonucleotides which can displace 
short and long labeled oligonucleotides. 

This system was coupled with electrophoresis 
on cellulose acetate to provide a 2-D system for 
fractionation of oligonucleotides. Sanger et a1.4 
and other investigators in his laboratory used it for 
fractionating RNA and DNA digests. Ling' 2 9  used 
it for fractionating partial digests of pyrimidine 
tracts obtained from fd DNA, and used mobility 
shifts on the cellulose acetate dimension to distin- 
guish dpT and dpC. It soon became apparent that 
besides being a good fractionation system, the 
homochromatography separation was able to dis- 
tinguish additions of pyrimidines from additions 
of purines. Since this allows distinction of dpC 
from dpT, the 2-D system with cellulose acetate in 
the first dimension should allow unambiguous 

sequencing of  oligonucleotides solely by mobility. 
A number of reports have appeared which describe 
investigations of the sequence differentiating capa- 
bilities of homochromatography.' ' 9 '  y 3  3 0  9' 

Using dephosphorylated oligonucleotides de- 
rived from digests of R17 RNA, Rensing and 
Schoenmakers' were able to obtain some direct 
sequence information from relative mobilities of 
oligonucleotides on 2-D homochromatography. In 
some cases, however, resolution in the homo- 
chromatography dimension was insufficient to 
distinguish pA from pC. 

We have developed a means of producing 
homochromatography solvent by reacting RNA 
with just the correct stoichiometric amount of 
KOH to produce the desired level of digestion.' 
In this way, the homochromatography solvents 
could be prepared in a very reproducible fashion. 
This method for producing homochromatography 
solvents also seems to produce better resolution 
and sequence differentiating characteristics in the 
homochromatography separations. Using a number 
of phosphorylated oligonucleotides, we were able 
to unambiguously differentiate the additions of 
purines from additions of pyrimidines in the 
homochromatography dimension. An example of a 
2-D homochromatography separation of partial 
degradation products of an oligonucleotide is 
shown in Figure 15A. The synthetic oligonucleo- 
tide d(A-C-T-C-C-A-T-C-A-C-T-T-A-A) was 5' ter- 
minal labeled using T4 polynucleotide kinase and 
[-p3'P]ATP. It was then partially digested from 
the 3' end with venom phosphodiesterase. The 
d-value,' or distance between 2 neighboring 
spots, for addition of purine is usually about 1.5 
times the d-value for addition of pyrimidine. Since 
the separation does experience some compression 
near the origin, d-values among neighboring spots 
are always compared. 

It is also possible to label the 3' end of a 
single-stranded oligonucleotide and sequentially 
degrade it from the 5' end with spleen phosphodi- 
esterase, or t o  use endonucleolytic cleavage with 
pancreatic DNase. In this way, a series of homol- 
ogous oligonucleotides, all with the same labeled 
3' end, could be used to confirm data from 
separation of 5' terminal labeled oligonucleotides. 
Deoxynucleotidyl terminal transferase' * * can be 
used to  add a single 32P-ribonucleotide to  the 3' 
terminus of oligonucleotides greater in size than 
trinucleotide. ' 8 3  The 3' terminal ribonucleoside 
can be removed by treatment with NaI04,39 
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leaving a 3' 3 2 P  on the original oligonucleotide. 
Partial spleen phosphodiesterase digestion could 
then be used to produce the homologous series of 
labeled oligonucleotides for 2-D homochroma- 
tography separation (Figure 15B). Sequence infor- 
mation deduced from this map fully confirms that 
obtained with the 5' labeled oligonucleotides 
shown in Figure 15A. 

Similar techniques were used to obtain terminal 
sequences from longer DNA molecules. One 3' 
terminus of X DNA was specifically labeled using 
E. coli DNA polymerase I and appropriate 

The terminally labeled DNA 
was then degraded to oligonucleotides, which were 
separated on 2-D homochromatography. With this 
method, a 2-D homochromatogram was produced 
from each 3' terminus of X DNA. Ten nucleotides 
from the double-stranded region adjacent to the 
left-hand 3' terminus and 5 nucleotides from the 
right-hand 3' terminus of bacteriophage 980 DNA 
have also been sequenced.' 

Many other DNA segments have now been 
sequenced using this technique.' ' ,' j6 9' O.7' I 

Although 2-D homochromatography provides a 
promising means of sequence determination by 
inspection, sometimes the mobility shifts d o  not 
follow the simple rules which have been described. 
For example, addition of pA to pC would be 
expected to cause an increase in mobility, because 
at pH 3.5, the charge per mass of pCpA is much 
greater than the charge per mass of pC. Addition 
of pC to pC should also cause an increase in 
mobility probably much larger than that caused by 
addition of PA. However, if the nucleotides 
involved were unknown, the distinction between 
addition of pG and pA might be difficult. In order 
to resolve such problems, Bambara, Jay, and 
WuIa4 have proposed the use of an empirical 
formula to accurately predict mobility shifts 
caused by nucleotide additions to oligonucleotides 
on cellulose acetate electrophoresis. 

Electrophoretic mobility (U), or movement in a 
standard field strength, is defined as 

'PI dNTP.' 7 '  

u =u  
f 

where q is the charge on the particle and f is the 
frictional drag on the particle.' ' l 1  8 6  In the case 
of polymers, 

f = C(M)a 

where "a" is relatively constant for different sizes 
of acy type of polymer, usually between 0.4 and 
1 .O, depending on the polymer used .' 

In the case of deoxyoligonucleotides, the 
empirical formula 

a = b(1 + K In N) 

where b and K are constants, was found to 
adequately describe the frictional drag. For con- 
venience, N, the number of nucleotides, could be 
substituted for M, with an appropriate change of 
the value of C. Mobility is expressed with respect 
to the mobility of dpT, which has a molecular 
charge of - 1 .O at pH 3.5. If the mobility of dpT is 
defined as - 1.0, then C = 1 and the mobility of 
any oligonucleotide with respect to dpT (U,) is 

4 ", = (N)b(l + K In N) 

From the values of pK, for the dissociable 
groups of the four mononucleotides, dpT, dpG, 
dpA, and dpT, one can calculate their net charges 
at any pH. The calculated q at pH 3.5 for dpT = 
- 1.0, dpC = -0.72, dpA = -0.41, and dpC = -0.08. 
The effective charge of each nucleotide will be 
slightly different from these values because the 
p h ' s  for the nucleotides were determined in a 
different buffer, and also because of differential 
shielding of the charged species by ionic compon- 
ents of the electrophoretic buffer. Since the value 
of q for dpT is - 1.0, the effective charges of the 
other nucleotides were determined by comparing 
their mobilities on cellulose acetate electrophoresis 
with the mobility of dpT. In this way, q for dpG = 
-0.85, dpA = -0.30 and dpC = -0.15. 

For cellogel (cellulose acetate stored in meth- 
anol-water), the values of b and K were deter- 
mined by fitting the equation to a large number of 
oligonucleotides. The best values seemed to be b = 
0.50 and K = 0.165. With these values and the use 
of the mobility equation, the mobility shift for the 
addition of dpG can be clearly distinguished from 
that for addition of dpA. The complete sequence 
of an oligonucleotide such as that shown in Figure 
15 can usually be determined by mobility shift 
alone.' 8 4  

It should be emphasized that for successful 
application of this formula for accurate prediction 
of mobility shifts, the conditions for the electro- 
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phoresis run should be kept constant and well 
controlled. For example, the pH of the buffer 
should be 3.5 k 0.1, and the temperature of the 
electrophoretic tank should be relatively constant 
and should not exceed 25OC. 

3. Sequencing DNA through its RNA Transcript 
It is often advantageous to determine the 

sequence of medium length DNA molecules (e.g., 
20 to 200 nucleotides long) from RNA produced 
by in vitro transcription. Since this complemen- 
tary RNA can be made many times more highly 
radioactive than the DNA labeled in vivo, sequence 
analysis can be carried out with relatively small 
amounts of starting DNA. Another advantage is 
that all of the well-established RNA sequencing 
techniques can be applied to the analysis of 
complementary RNA. Also, the in vitro labeled 
RNA can be synthesized with a combination of 
different labeled and unlabeled ribonucleoside 
triphosphates to allow nearest neighbor analysis. 

Potential problems with sequencing DNA 
through its RNA transcript include the possibility 
that errors may be made during transcription, and 
that multiple starts and random termination of 
transcription may occur, which may give an RNA 
transcript shorter than the DNA template. 
Furthermore, certain regions of DNA not tran- 
scribed in vivo may also be difficult to transcribe 
in vitro. 

With the exception of the cases where a strong 
promoter site is present in the DNA segment, 
multiple initiation of RNA synthesis does seem to 
occur. Multiple starting and stopping points 
produce irregularly sized RNA segments which are 
difficult to sequence. Nonspecific or multiple 
initiation, however, can be minimized by using 
specific primers to initiate RNA synthesis. Even 
with this improvement, it is likely that some parts 
of the DNA are transcribed more frequently than 
others. Thus, meaningful quantitation of the RNA 
products (especially TI or pancreatic RNase 
digestion products) may be difficult or impossible 
unless the RNA transcripts are first fractionated or 
purified. The problem of missing a part of the 
DNA sequence because transcription may not start 
from the first nucleotide a t  the 3' end of the DNA 
template might be remedied by determination of 
the sequence of the RNA transcript of both 
strands of DNA. Another solution is to do direct 
DNA sequence analysis from the termini. The 
DNA would be partially digested after labeling the 

5' or 3' ends, and the products fractionated on a 
t w o  -d im e nsi  o n a1 separation system. DNA 
sequences of 10 to 14 nucleotides from each end 
can be determined by the mobility shift 
method." This DNA sequence should be long 
enough to overlap with the starting sequence of 
the RNA transcript. 

For DNA molecules shorter than 20 nucleo- 
tides, direct sequence analysis by mobility shifts 
from both termini is a preferred method. For 
double-stranded molecules, if 12 nucleotides can 
be sequenced from the 5' ends of each strand, the 
complete sequence of 20 nucleotides can be 
obtained with an overlap of 4 nucleotides. For 
DNA molecules much longer than 200 nucleotides, 
sequencing of the RNA transcript may become 
difficult and time-consuming, since much greater 
effort would be needed to obtain partial sequences 
and sufficient overlaps. In this case, sequencing of 
DNA after repair synthesis may be the method of 
choice. A long segment of DNA may be copied as 
ribosubstituted DNA through repair synthesis, and 
then specifically cleaved to shorter segments by 
restriction enzymes before each short segment is 
analyzed separately. In this instance, the original 
DNA is entirely copied, and therefore the product 
is most suitable for complete sequence analysis. If 
the long DNA molecule is first cleaved by restric- 
tion enzymes to three or four segments, and then 
each segment is transcribed into RNA sequence, 
uncertainties on both ends of each RNA segment 
are likely to be a problem in the complete 
sequence analysis of the original long DNA mole- 
cule. 

Significant advances in DNA sequencing 
through in vitro transcription have been made in 
the last two years. 

a, Use of Natural Promoter Sites for Specvic 
Initiation of RNA Synthesis 

If the segment of DNA to be sequenced 
includes a natural promoter site or a preferred 
RNA polymerase binding site, then rather specific 
initiation of RNA synthesis can be obtained. 
Several workers have taken advantage of this fact 
and have made impressive progress in the determi- 
nation of long sequences starting from the 5' end 
of a number of mRNAs synthesized in vitro from 
phage X D N A . ' 8 8 ~ ' 8 9 ~ 1 9 0  These sequences, start- 
ing from different specific promoter sites, repre- 
sent mRNAs which correspond to part of gene N 
and several other genes in X DNA. In some of these 

494 CRC Critical Reviews in Biochemistry 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



studies, the RNA synthesis was made more 
synchronous’ * by preincubation of the template 
DNA with RNA polymerase and nucleoside tri- 
phosphates at 20 to 25°C. The reaction was then 
started by the addition of MgClz ,  with or without 
rifampin. RNA synthesis was stopped at different 
time periods to allow production of RNA chains 
of different lengths in order to simplify the task of 
ordering RNA fragments. 

Weissman and collaborators’4 ,’’ have found a 
single preferred initiation site (strong RNA poly- 
merase binding site) on intact SV40 DNA. This 
site was used to produce an in vitro transcript of 
the segment of SV40 DNA common to the 
nondefective Ad2’ NDI and Ad2’ ND3 hybrid 
viruses. Ths radioactive RNA molecule was puri- 
fied by annealing to the adeno-SV40 hybrid DNA 
(e.g., Ad2’ ND1). Only a small portion (about 5%) 
of the labeled SV40 RNA hybridized with the 
SV40 sequence in this hybrid viral DNA. A 
180-nucleotide-long RNA (early strand transcript) 
was isolated, and its sequence was determined 
starting from the 5’ end. The RNA transcript from 
the late strand was obtained from fragment 
G I  produced by digestion with the Hemophilus 
influenzae restriction endonuclease.’ This tran- 
script has also been sequenced.’ ,’ Since 
the late strand sequence is complementary 
to that of the early strand transcript, the fidelity 
must be high in this in vitro system for RNA 
synthesis. Therefore, sequencing DNA by using it 
as template for in vitro RNA synthesis appears to 
be a valid approach. The nucleotide sequence of 
the SV40 DNA transcript whch precedes the 
preferred initiation site for RNA polymerase has 
also been reported from analysis of both the in 
vitro late strand transcript” and the early strand 
transcript.’ These two 45-nucleotide long 
sequences are, again, exactly complementary to 
each other, as expected. These sequences include a 
17- res idue- long  true palindrome sequence, 
G-U-U-A-A-C-A-A-C-A-A-C-A-A-U-U-G, which may 
be part of the binding site of E. coli RNA 
polymerase. However, the significance of a possi- 
ble recognition sequence for E. coli RNA poly- 
merase on SV40 DNA remains uncertain. 

has sequenced the first 63 bases of 
mRNA transcribed in vitro from the UV5 pro- 
moter mutant of the E. coli lactose operon. When 
1,000 base-pair-long sonicated DNA fragments 
were used as template, transcription usually start- 
ed with pppA-A-U-U . . . , although about 15% of 
the molecules started with a G to give pppG-A-A- 

Maizels’ 

U-U . . . . When transcription was initiated with 
GpA as primer, most RNA molecules started with 
the sequence G-A-A-U-U . . . . During such primed 
RNA synthesis, RNA polymerase appeared to 
pause at particular sites along the DNA template. 
This effect generated several discrete sizes of RNA, 
ranging from 7 to over 100 bases long, that 
provided overlaps useful for sequencing. The in 
vitro synthesized mRNA included the transcript 
for the lactose operator and extended into the 
0-galactosidase gene starting at position 39 from 
the 5’ end of this RNA. 

The 5‘ terminal sequence of the in vitro 
synthesized mRNA from the galactose operon of 
Escherichiu coli has been determined.’93 In this 
77-nucleotide-long sequence, residues 1 to 26 
represent the nontranslated “leader” sequence of 
galactose mRNA (see Figure IOC). There is a 
possibility that part of this sequence may cor- 
respond to part of the galactose operator. Residues 
27 to 77 correspond to 17 amino acids, from the 
amino terminal, of UDP galactose4-epimerase, the 
protein specified by the promoter proximal struc- 
tural gene of the operon. 

Interestingly, the sequences A-G-G-A and 
U-U-U-G-A found in many ribosome binding site 
regions’” were not present in the leader se- 
quence. However, the sequence does include a 
purine rich stretch that has been found in several 
other ribosome binding site sequences. 

A region of 2-fold symmetry in the comple- 
mentary DNA is indicated from symmetry in 
residues 4 to 18. The sequences of the symmetrical 
areas are dissimilar to sequences displaying two- 
fold symmetry in the lac control regions. 

A sequence centered around the initiation 
codon, G-A-A-U-U-A-U-G-A-G-A-G, differs from 
the corresponding sequence in the lac operator, 
G-A-A-U-U-G-U-G-A-G-C-G, by only two bases. 
The significance of these similar sequences is not 
known. 

Double-stranded DNA (RFI), isolated from 
cells infected with bacteriophage fl , has been used 
as template for in vitro RNA ~ynthes is .”~  
Although these RNA molecules probably did not 
have specific starting points, they were purified by 
binding to ribosomes to form initiation complexes. 
The unbound RNA was digested away with pan- 
creatic RNase. Three ribosome-protected RNA 
fragments (23 to 31 nucleotides long) were iso- 
lated and sequenced. As shown in Figure lob ,  site 
#, a true palindrome, A-U-U-A-A-A-G-U-U-G-A- 
A-A-U-U-A sequence is found to be located 
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immediately adjacent and to the 3’ side of the 
protein initiator triplet A-U-G. Another common 
feature in all the sequences’ O 4  JO’ given in Figure 
10, as well as in the ribosome protected fragments 
from 7 RNA phages,lo0-Io4 is the presence of at 
least 1 termination triplet (U-A-A) at  the 5’ side of 
the initiation triplet (A-U-G). 

b. Use -of Primers for Specific Initiation of RNA 
Synthesis 

If the segment of double-stranded DNA to be 
sequenced does not contain a natural promoter 
site, which is likely to be the case in most future 
sequence analysis problems, then a primer may be 
used to direct more specific initiation of in vitro 
transcription. The RNA molecules synthesized in 
this way are likely to have relatively uniform 
starting points. Primers as short as dinucleotides, 
such as ApU, were found to stimulate in vitro 
RNA synthesis and to provide more specific 
initiation points during transcription, especially 
when low concentrations of ribonucleoside tri- 
phosphates were used.’ 9 4  ,Ig5 Apparently, the 
K, of ribonucleoside triphosphates for RNA 
polymerase is much higher for RNA chain initia- 
tion than that for chain elongation. Thus, when 
the substrate concentration is lowered to 10 /LM or 
less, the enzyme can elongate chains, but cannot 
initiate new chains.’ 9 6  For single-stranded DNA, 
dinucleotide primers are useful only if the DNA to 
be transcribed is relatively short; otherwise, multi- 
ple starts can O C C U ~ . ~  For example, if ApU is used 
as primer, there will be 4 initiation sites, on the 
average, on a template 64 nucleotides long. 

Kleppe and Khorana’ ’ used short synthetic 
DNA fragments of known sequence as templates 
to study the initiation and termination of the in 
vitro transcription process. When a 30-nucleotide- 
long double-stranded DNA was used as template, it 
was found that initiation of RNA synthesis occur- 
red at multiple sites, beginning with incorporation 
of purine nucleotides, and that both strands were 
transcribed. Furthermore, approximately one half 
of the total RNA product was larger than the DNA 
template. Attempts to control the initiation of 
transcription by the use of a complementary 
ribo-heptanucleotide primer and by carrying out 
the transcription in the presence of rifampicin 
were only partially successful. The RNA products 
were still rather heterogenous. When a 29-nucleo- 
tide-long, single-stranded DNA was used as tem- 
plate by Terao, Dahlberg, and Khorana,”’ RNA 

synthesis again did not begin at the 3’ end of the 
template, and initiation began with both ATP and 
GTP. When a ribo-heptanucleotide primer was 
added, the de novo chain initiation was abolished 
and the initiation of RNA synthesis became more 
specific. However, termination of transcription 
occurred at more than one point prior to the end 
of the template chain. These studies point out 
some of the problems involved in the use of DNA 
sequence analysis through in vitro transcription. 

Gilbert and Maxam’ l 2  have isolated a double- 
stranded DNA fragment (lactose repressor binding 
site) which interacts specifically with lac repres- 
sor.’ ’’ Transcription of this lactose operator 
fragment (about 27 base pairs long) with RNA 
polymerase produced a mixture of products from 
many points of initiation and termination.lI2 
Primers were then used to direct synthesis from 
specific starting points. GpU was found to prime 
RNA synthesis from both template strands, while 
UpA and A-U-C-C-G primed synthesis from only 
one strand, and G-C-A-A-U primed synthesis from 
only the other strand. The operator DNA sequence 
(see Figure 6e) was finally deduced from the 
sequences of the RNA molecules isolated from 
primed synthesis. 

c. Use of Satellite DNA Templates for in vitro 
RNA Synthesis with RNA Polymerase 

Satellite DNAs are DNAs of highly repetitive 
sequence which have been found as a significant 
percentage of the cellular DNA content of many 
higher eucaryotes. It is realtively easy to purify 
these DNA molecules from other cellular DNA 
using neutral or alkaline CsCl equilibrium centri- 
fuga tion. 

Sequences of the major repeating units of some 
of these satellite DNAs have been determined by 
analysis of depurination products, as discussed in 
Section B-a-i, and others have been determined by 
transcription into RNA and sequencing of the 
transcript. The transcription technique has the 
advantage that overlapping may be used to con- 
firm sequence information. Gall, Cohen, and 
Atherton236 used this technique to determine the 
repeating sequences of three distinct satellites 
from Drosophila virilis. These sequences are: Sat. 
I. ,  5’-(A-C-A-A-A-C-T),-3’, Sat. I1 5’-(A-T-A-A-A- 
C-T),-3’, and Sat. I11 S’-(A-C-A-A-A-T-T),-3‘. Fry 
et al.234 and Salser et al.’” determined the 
repeating sequence S’~A-C-A-C-A-G-C-G-G-G),-3’ 
found in the HSQ satellite DNA from kangaroo rat 
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(0. ordii). Skinner et al.' using the transcription 
method found that 86 t o  92% of the hermit crab 
satellite DNA consisted of the repeating sequences 
5 '-( A-U-C-C), -3' and 5'-(U- A-G G),, -3 ' . The pur- 
pose of satellite DNA, the significance of these 
sequences, and the variations between species and 
within the same species are still matters of 
speculation. 

d. Use of Single-stranded DNA Templates for in 
vitro RNA Synthesis with Reverse Transcriptase 

It is often difficult or impossible to use in vivo 
labeling techniques to produce DNA or RNA from 
higher organisms which is of sufficiently high 
specific activity for sequence analysis. Instead, it 
is necessary to use an in vitro system to produce 
this high specific activity DNA or RNA. One 
system makes use of RNA-dependent DNA 
polymerase (reverse transcriptase) to transcribe 
mammalian RNA of low specific activity into 
complementary DNA (cDNA). The cDNA can be 
sequenced directly if its specific activity is 
sufficiently high; or, alternatively, it can serve as 
template for E. coli RNA polymerase to produce 
high specific activity complementary RNA 
(cRNA) for sequence analysis. Thus, Salser and 
associates' ,' transcribed rabbit reticulocyte 
mRNA with reverse transcriptase in the presence of 
oligo (dT) as primer, to produce cDNA. The latter 
was then used as template for in vitro synthesis of 
highly labeled RNA for sequencing. Two 11- 
nucleotide-long sequences and several shorter 
sequences have been analyzed. One of them was 
found to correspond to a tetrapeptide, and several 
of them to tripeptides and dipeptides found in the 
achain of the rabbit hemoglobin molecule. Thus, 
the transcription fidelity of this system seems 
adequate for sequence analysis. One possible 
complication in this system is that poly A and 
poly U were also synthesized.392oo The presence 
of these compounds may interfere with sequence 
analysis of certain oligonucleotides. 

Marotta et al?' have reported similar types of 
experiments involving transcription of human 
globin mRNA into cDNA by use of reverse 
transcriptase. The cDNA was then transcribed into 
"P-labeled cRNA by E. coli RNA polymerase. 
The size of the globin cRNA was found to be in 
the range of 4s to 6S, considerably smaller than 
the natural globin mRNA. The fingerprint pattern 
of a RNase T ,  digest of the globin cRNA was 
somewhat simpler than, but rather similar to, that 

of the natural 10s globin mRNA. Thus, the 
fidelity of the transcription processes appears to 
be high. Nucleotide sequence information has been 
obtained from about 50% of the intermediate 
sized oligonucleotides (8 to 14 nucleotides long). 
Many of these oligonucleotide sequences can be 
matched to unique amino acid sequences in the a- 
or P-globin chains. The other 30% do not match 
known amino acid sequences and may correspond 
to untranslated portions of the mRNA. 

e. Deoxysubstitution 
The success of the method of ribosubstitution 

in E. coli DNA polymerase repair reactions has 
raised the question of whether E. coli RNA 
polymerase can be used to incorporate a mixture 
of one deoxy- and three ribonucleotides into 
RNA. This method would allow the newly syn- 
thesized deoxynucleotide-substituted RNA to  be 
cleaved by various RNases at sites which are more 
specific, and the fractionated products to be 
specifically degraded further by DNA enzymes. 

The essence of the procedure for deoxysub- 
stitution' '-" is that the presence of Mn++ ion, 
which allows DNA polymerase to synthesize 
ribosubstituted DNA, will also allow RNA 
polymerase to synthesize deoxysubstituted RNA. 
Paddock et al.205 initially used M13 DNA as 
template, and found that the incorporation of 1 
deoxy- and 3 ribonucleotides occurred as rapidly 
as the incorporation of 4 ribonucleotides. Com- 
plete alkaline hydrolysis produced ribomono- 
nucleotides and deoxyoligonucleotides with 3' 
ribonucleotides termini, such as dA-dA-rGp. Tests 
of fidelity of deoxysubstitution were done by 
comparing two-dimensional fingerprints of in vitro 
synthesized RNA and deoxysubstituted RNA 
molecules which were cleaved at the same base 
residue. For example, RNA was synthesized from 
either Hs-0 satellite (Dipodomys ordii) DNA or Hb 
complementary DNA. In one experiment, using 
[(Y-~'P] UTP label, normal RNA was produced. In 
another experiemnt, using the same label, rC in the 
RNA was completely substituted by dC. U1 RNase 
was used to cleave the RNA specifically after G 
residues. Standard 2-D electrophoretic fingerprints 
of both samples show the same positions and 
intensities of spots, even for spots of >SO% 
cytidine content. These data strongly suggest that 
the enzyme is making essentially no transcriptional 
errors during deoxysubstitution synthesis. 

Since the electrophoretic fingerprints of Hb 
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cRNA are well-characterized:’ ti deoxysubstituted 
oligonucleotides of known sequence could be 
eluted from the maps to  test enzymatic cleavage 
characteristics. Paddock e t  al.” found that 
oligoribonucleotides containing dC were cleaved 
only at U residues by pancreatic RNase A, and not 
at both the C and U residues as with normal RNA. 
Similar oligoribonucleotides substituted with dT 
were cleaved only after C residues. If dG is 
substituted, cleavage with Uz RNase produced 
products ending in a 3’ A. Oligoribonucleotides 
terminating in G are, of course, available from TI 
RNase digests. Thus, with the use of the available 
RNases and deoxysubstitution, the substituted 
RNA can be cleaved specifically at any one of the 
four ribonucleotides. 

Van de Voorde et al.”’ ’ independently carried 
out similar types of deoxysubstitution experi- 
ments using in vitro synthesis of RNA. They found 
that all four deoxynucleotides can individually 
substitute for the corresponding ribonucleotide in 
RNA synthesis, and thus the deoxysubstituted 
RNA can give more specific cleavages by RNase 
Uz , pancreatic RNase, etc., as mentioned earlier. 
For different deoxynucleotides, a different 
optimal level of Mn++ was found for maximum rate 
of RNA synthesis. Using heat-denatured calf 
thymus DNA or SV40 Hind-fragment DNA, they 
found that deoxysubstituted transcription was 
only 5 to 10% as rapid as normal RNA transcrip- 
tion. This is in contrast to the data of Paddock et 
al.?’ in which deoxysubstituted transcription of 
M13 DNA was very efficient. 

One general problem with the deoxysub- 
stitution technique is that small contaminations of 
other ribonucleoside triphosphates must be 
removed carefully from each ribonucleoside 
triphosphate used in the experiments, since the 
RNA polymerase still greatly favors synthesis with 
ribotriphosphates over deoxytriphosphates. This 
problem was recognized and successfully solved by 
purifying all the nucleoside tr iph~sphates.~ 

Therefore, deoxysubstitution appears t o  be 
efficient and accurate. It is likely to prove very 
useful for RNA sequence analysis. 

f. Sequence Analysis of mRNA 
The following two pieces of work on mRNA 

sequence analysis are included here because of 
their unusual interest, even though they are 
somewhat beyond the scope of this review article. 

i. The Trp Operon 
Bronson, Squires, and Yanofskylo2 used a 

combination of deletion mutants and hybridiza- 
tion techniques for RNA sequence analysis of the 
control regions adjacent to the sequence coding 
for the first polypeptide of the tryptophan operon 
in E. c&Ii. Three deletion mutants were used in 
these studies, rrp AED102, ?rp AED2, and r rp  
AED24. Trp AED102 has the region from just 
before the rrp E gene (the first polypeptide) to 
within the D gene (the second polypeptide) 
deleted. Trp AED24has the region from just within 
beginning of the E gene to within the D gene 
delted. Trp AED24 has the region from just within 
the E gene to within the D gene deleted. Trp 
mRNA transcribed from the mutant r r p  operons 
was expected to contain a “leader” sequence 
containing control region information, possibly 
some initial amino acid coding sequences 
(depending on the deletion), and then amino acid 
coding sequences for genes beyond the E gene in 
the transcription sequence. 

Transcription was allowed to occur so that 
32P-labeled mRNA was produced. Then, the 
labeled trp mRNA was isolated from other bac- 
terial mRNA by hybridization with the trans- 
ducing phage X#80trp, which carries the sequences 
of the n p E  gene and some control region 
sequences. Nonhybridized mRNA and “tails,” 
including transcription from beyond the E gene 
region, were removed by TI RNase digestion. 
Hybridized RNA was purified by nitrocellulose 
filtration, as has been described earlier.”’ 

The number of oligonucleotides observed on 
fingerprints of the RNase digests of the mRNA 
which had been isolated was expected to increase 
as the length of the transcribed region increased. 
TI  RNase digests from the 32P-labeled mRNA 
were separated on 2-D homochromatography . Trp 
AEDl02 mRNA, f r p  AED2 mRNA, and f r p  
AED24 mRNA gave respectively more complex 
fingerprints. Oligonucleotides were isolated from 
the fingerprints, and their sequences were analyzed. 
As expected, the largest group (group 111 from rrp 
ED24 mRNA) contained all of the oligonucleo- 
tides found in the smaller groups. Oligonucleotides 
from the largest group were fitted together to 
produce the sequence corresponding to the first 11 
amino acids of the npE gene. 

Additional tests were done to show that the 
nucleotide sequence obtained from alignment of 

498 CRC Critical Reviews in Biochemistry 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



a )  Tcp-lac %ion deletions 

080 iT att 

I I 1 t I 
1 I I 1 1 

l i  ,’ , A I genes - - -  P O E  D C B A ton B 80 
- - -  

b )  -/lac f’usion deletions 

lac ^IL 
t i L L  

’*O a Y z O P  i 80 ton 8o nenes P O E  D C B A 

FIGURE 16. 
these mutants for purification of lac control region DNA are given in the text. 

Fusion deletions used for preparation of purified E. coli lac control region DNA.” I Details of the use of 

these oligonucleotides corresponds to  the trpE 
amino acid sequence. Two mutants of trpE were 
characterized by RNA sequencing techniques.’ 
E. coli strains W3110 trpE9914am, which carries a 
t r p E  f r ame  - sh i f t  mutation, and W3110 
trpE9914am, an amber mutation, were used to 
produce 32 P-labeled mRNA. Analysis of oligo- 
nucleotide fingerprints allowed determination of 
the sequence changes in the mRNA which 
produced these mutants. 

A leader sequence of 11 nucleotides just prior 
to the A-U-G initiation codon has also been 
identified (see Figure 10d). The unassigned 
oligonucleotides from group 111, which still in- 
cluded all oligonucleotides from the smaller 
groups, represented a sequence of about 120 
nucleotides which precede the characterized 
leader. This brings the total leader size to about 
140 nucleotides. 

The positions of the control regions are still not 
defined. Possibly, studies of control region 
mutants will help investigators to locate the 
positions of the trp promoter and operator 
sequences, which may or may not be located in 
the leader region. 

ii. The lac Control Regions 
A significant achievement through the use of a 

combination of genetic and biochemical tech- 
niques is the sequence determination of the entire 
E. coli lac operon transcriptional control system. 
The complicated procedure was begun with the 
construction of a group of X transducing phage 
mutants which could be used to isolate the lac 
control regions.’’ The function of these mutants 
was to define and subdivide the lac control regions 
in such a way that specific segments of RNA could 
be obtained from the control area for sequence 
analysis. 

In order to ob:ain these mutants, Barnes et 
al.’ l o  began with two E. coli lysogens, a $80d, lac 
lysogen and a $80d1, lac lysogen, In $80d1 lac, as 
shown in Figure 16a, deletion mutations caused by 
selecting against tonB usually originate near the 
terminus of the trp operon and enter the lac 
operon from the i gene side, ending near or within 
the lac control regions. In $80d,, lac, shown in 
Figure 16b, which has a reversed lac operon, 
mutations in tonB begin near the terminus of the 
trp operon and enter the lac operon from the a 
gene side, ending near the lac control regions. 
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These deletion mutants were then incorporated 
into plaque-forming transducing phages by recom- 
bination. 

The procedure for sequence analysis by 
Dickson et al.”’ was to produce labeled RNA 
from Aplac DNA which contained the sequences 
from the lac control regions. In this case, transcrip- 
tion could start from a A promoter and continue 
through the lac control regions and beyond into 
the lac structural genes. 

The next step was to hydrolyze and remove the 
labeled RNA which was not produced by the lac 
control regions. This was done by hybridizing the 
RNA product to the appropriate strand of one of 
the Xtip/lac mutants (from the @80d, lac lysogen) 
and then digesting the unhybridized “tails” with 
RNase. In general, sequences from the i gene and 
sections of A prior to the lac control regions were 
degraded by this process. Then the RNA was 
isolated and rehybridized to the appropriate strand 
of one of the Atrpllac mutants (from the 480d,, 
lac lysogen), and the unhybridized “tails” were 
again digested with RNase. In general, the trans- 
lated genes of the lac operon and other later 
transcribed RNA were removed by this process. 
The remaining segment of RNA represented only 
the lac control region. Since a large number of 
deletion mutants were available for use in these 
experiments, the various sections of the lac control 
region obtained with different combinations of 
mutants aided in the ordering of oligonucleotides 
obtained from digestions of the control region 
fragments. 

Standard RNA sequencing techniques were 
used to obtain a sequence of 122 base pairs from 
the i gene to the z gene which represents the lac 
control system. This sequence is shown in Figure 
17. The mutations also define the approximate 
positions of control activity. In the region showing 
promoter activity, there are no large areas of 
twofold symmetry, as might be expected for 
control regions. There are, however, 3 alternating 
regions of high G-C and then high A-T content, 
each 12 base pairs in length. In addition, in the 
A-T rich region there is a repeating pentamer 
sequence G-A-A-A-T, which may also have some 
significance for RNA polymerase recognition. In 
the CAP binding site region there is an extensive 
area of twofold hyphenated symmetry similar to 
the symmetry in the operator region. Operator 
region sequences agree with those of Gilbert and 
Maxam’ ’ ’ and Maizels.’ 

The binding sites for all control proteins are 
very close to each other and occupy most of the 
region between the i and z genes. Short distances 
between the binding sites suggest possible compli- 
cated interaction of control proteins and DNA. 

iii. Recognition Sites on DNA Molecules for 
Protein Binding 

Now that sequence information is available 
from several genetic control sites, the major 
problem is the determination of what aspects of 
the sequence are responsible for the control 
function at each site. Inspection of the sequences 
has provided some clues to their recognition by 
proteins. Figure 6 shows sequences from several 
promoter and operator sites. From the sequence of 
the lac control region expected to be a promoter 
site, Dickson et al? ’ ’ have proposed that recogni- 
tion may involve alternating concentrations of A-T 
pairs and G-C pairs. As indicated (sequence C), 
there is a G-C rich region (10 G-C pairs out of 12, 
or 10/12 G-C pairs), followed immediately by an 
A-T rich region (10/12 A-T pairs), and then 
another G-C rich region (9/12 G-C pairs). 

We found that the pattern of alternating G-C 
rich and A-T rich regions is not restricted to the 
lac promoter site but, instead, is a common feature 
for all of the 5 sequences listed in Figure 6. The 
promoter site sequence of fd DNA has five rather 
short, alternating concentrations of A-T rich and 
G-C rich regions. The sequence starts with 7 A-T 
pairs out of 7 (7/7 A-T pairs), followed by 5/7 G-C 
pairs, 4/4 A-T pairs, 4/6 G-C pairs and 6/6 A-T 
pairs. The promoter site sequence of tyr-tRNA has 
three rather long, alternating concentrations of 
G-C rich and A-T rich regions. A region of 9/9 G-C 
pairs is followed by 10/12 A-T pairs and then 9/10 
G-C pairs. In all three promoter sites (a,b,c) an A-T 
rich region is at the center. This A-T rich region 
may be partially denatured after the binding of 
RNA polymerase before the initiation of RNA 
synthesis. 

The operator sites also contain the alternating 
G-C rich and A-T rich sites (see Figures 6d and e); 
however, the G-C rich region is at the center. In 
addition, symmetrical sequences about a specific 
axis are also present. The lac operator has exten- 
sive regions of twofold symmetry about the 
indicated axis. The A operator region has a 
complex system of overlapping symmetries about 
three symmetry axes. In both cases, the central 
G-C rich region contains the symmetry. 
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Of the three promoter sites, the lac site shows 
some evidence of twofold symmetry, but does 
have the repeating sequence -TAAAG-TG-TAAAG 
in a central A-T rich region. The fd system has 
three twofold symmetry systems, two of them 
with an axis lying in the A-T rich region. The 
tyr-t RNA promoter has an extensive symmetrical 
region. The symmetry axis lies in the A-T rich 
region near the center of the promoter site. 

The lac operator sequence has extensive regions 
in which nearly all nucleotides are symmetrical 
about the same axis. The h operator sequence has 
some less extensive symmetries. The role of 
symmetry in the operator sequences for repressor 
binding was investigated for the lac operator 
through the use of operator mutants.l”y”’ A 
group of operator constitutive mutants, which 
bind repressor poorly, were isolated under condi- 
tions of low Mg” to increase the repressor- 
operator binding. Of the eight mutants which 
displayed single base pair changes in the operator 
region, five changes reduced the symmetry, one 
did not change the symmetry, and two extended 
the symmetry (Figure 6e). Since all of the mutants 
have impaired repressor binding, symmetry is 
clearly not the only important factor, but perhaps 
it is part of a more complex recognition pattern. 
This pattern may involve the A-T and G-C concen- 
trations, and possibly other primary sequence 
information. 

Another interesting fact is that five of the six 
mutations in the central G-C rich region of the 
operator convert a G-C to an A-T pair; in fact, six 
of the eight mutants are conversions of C-C to 

All of the sequences which display true twofold 
symmetry can be drawn in the form of a loop. It is 
possible that such loops provide a means of easy 
recognition of the binding sites. Other evidence38 
suggests that these structures are very unstable 
compared to the standard double-stranded con- 
figuration. Nevertheless, it seems possible that the 
repressor binding may significantly stabilize the 
loop formation. In incorrect binding positions, the 
loop may be drawn out momentarily, but the 
combination of DNA self-induced stabilization and 
protein induced stabilization would only be strong 
enough at the correct site. 

It is puzzling that although the five promoter 
and operator sequences all contain symmetries, the 
number of symmetry axes, the sizes of the 
symmetrical regions, and the number and density 

A-T.12 1 , 1 2 2  

of symmetrical nucleotides are all widely variable. 
The lac promoter site has little twofold symmetry 
when compared to the large, dense symmetry in 
the tyr tRNA promoter site. Assuming that all 
RNA polymerase binding sites share at least one 
major feature, extensive twofold symmetry would 
not appear to be this feature. On the other hand, it 
appears to us that alternating adjacent A-T rich 
and G-C rich regions may be essential, since this 
feature is shared in all five promoter and operator 
sequences. Possibly just single adjacent regions 
which are A-T rich and then G-C rich are sufficient 
for recognition. Additional A-T rich or G-C rich 
regions to make a triple concentration, or fivefold 
concentration, may be a more complex signal than 
the binding sequence itself. Also, it may be 
significant that symmetry in the promoter sites 
centers about A-T rich regions, while symmetry in 
the operator sites centers about G-C rich regions. 

4. Use of Other Enzymes for DNA Sequence 
Analysis 
a Terminal Deoxynucleotidyl Transferase 

Terminal deoxynucleotidyl transferase from 
calf thymus catalyzes the addition of mononucleo- 
tides from deoxynucleoside triphosphates to the 3’ 
hydroxy termini of DNA molecules.2’’ It was 
shown by Roychoudhury and Kossel’ l 3  that the 
enzyme can be made to add a single ribonucleotide 
to the 3’ terminus of a deoxyoligonucleotide. This 
result was used by Roychoudhury et al.48 to 
partially sequence a synthetic octadeoxynucleo- 
tide. The oligonucleotide was partially degraded 
from the 3’ end with venom phosphodiesterase to 
yield a population of oligonucleotide products, 
each shorter by one nucleotide from the 3’ end. A 
3’P-rA was attached to the 3’ termini of the 
products. The labeled products were separated on 
the basis of size. Then, the nearest neighbor of the 
32P-rA was determined for each product. The 
combination of size and nearest neighbor data gave 
the sequence. One problem with this technique is 
that terminal deoxynucleotidyl transferase does 
not label trimers and smaller oligonucleotides. 

b. Exonuclease I 
E. coli exonuclease I degrades an oligonucleo- 

tide to mononucleotides and a dinucleotide con- 
taining the original 5’ terminus.’ l 4  Weiss and 
Richardson’ first made use of this enzyme to 
analyze the 5’ terminal dinucleotides from T7 
DNA. Ziff, Sedat, and GalibertI3’ and Galibert, 
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Sedat, and Ziffl3' recently used this enzyme to 
sequence oligonucleotides from $XI 74 DNA. Exo- 
nuclease I was used to digest a series of separated 
partial spleen phosphodiesterase digestion prod- 
ucts of an oligonucleotide, each shorter by one 
nucleotide from the 5' end. The exonuclease I 
digestion was performed individually on each 
partial degradation product, yielding the 5' dinu- 
cleotide. The sequence of each dinucleotide was 
easily determined by complete spleen and venom 
phosphodiesterase digestion and standard chroma- 
tographic analysis. From the 5' termini of all the 
dinucleotides, the sequence of the original oligonu- 
cleotide can be deduced. The 3' termini of the 
dinucleotides represent the same sequence, frame 
shifted by one nucleotide. Although this method is 
rather time-consuming, one big advantage is that it 
contains an internal double check on the sequence 
being analyzed. 

c. DNA Polymerase Catalyzed Exchange Reaction 
The combined exonuclease-repair functions of 

phage T4 polymerase have been used by 
Englund' to determine short DNA sequences at 
the 3' termini of double-stranded DNA. At 37"C, 
70 mM salt, linear duplex DNA is degraded 
extensively by the exonuclease function of T4 
polymerase if no deoxynucleoside triphosphates 
are present in the incubation mixture. The pres- 
ence of a single deoxynucleoside triphosphate 
drastically reduces degradation. This is because it 
serves as a substrate to replace the corresponding 
loss of a nucleotide by degradation. Replacement 
can be made much faster than removal, so that the 
reaction becomes an alternating incorporation and 
removal of the 3' terminal nucleotide. An impor- 
tant fact is that if the terminal nucleotide is not 
the same as the nucleotide in solution, it will be 
removed and not replaced. Subsequent nucleotides 
will be removed until the correct nucleotide for 
exchange incorporation is reached. 

Weigel ct al.' ' used this technique in conjunc- 
tion with other techniques to obtain some 3' 
terminal sequence information from X DNA. The 
sequences which were obtained are given in Figure 
3. 

Using E. coli DNA polymerase I ,  Donelson and 
Wu2 ' showed that ac 5"C, 180 mM salt, only the 
3' terminal nucleotide was significantly exchange- 
able. The exchange reaction, under these condi- 
tions, followed by nearest neighbor analysis, was 
used to determine the dinucleotide sequences at 
the 3' termini of T7 DNA. 

d. T4 Polyiiucleotide Kinase Exchange 
Since many native DNA molecules and oligonu- 

cleotide digestion products have 5' phosphate 
groups, labeling of these molecules with T4 poly- 
nucleotide kinase has often been a tedious opera- 
tion. X DNA, for example, had to be treated with 
bacterial alkaline phosphatase to remove the 5' 
phosphates. The phosphatase then had to be 
removed by phenol extraction, and the phenol 
exhaustively dialyzed away, before ' P could be 
incorporated onto the 5' ends with T4 polynucleo- 
tide kinase. 

have 
shown that polynucleotide kinase can be used to 
exchange 3 2 P  from [y-"P] ATP with the 5' 
phosphate group on an oligonucleotide in 1 step. 
In this exchange, a reverse kinase reaction removes 
the unlabeled 5' phosphate from the oligonucleo- 
tide to phosphorylate ADP which is added in the 
solution. Simultaneously, the forward kinase reac- 
tion phosphorylates the 5' end of the oligonucleo- 
tide in the normal fashion. It was found that in the 
presence of ADP, [y3'P] ATP, and a 5' phos- 
phorylated oligonucleotide, at pH 7.6, polynucleo- 
tide kinase can almost quantitatively exchange the 
unlabeled 5' phosphate for a 32P.  Preliminary 
experiments suggest that this technique can also be 
used to label long DNA molecules.' ' ,2 This 
exchange method represents a significant advdn- 
tage over the method previously used. 

Recently, however, van de Sande et al.' ' 

e. DNA Sequence Frequency Analysis 
Besides direct DNA sequence analysis, another 

source of DNA sequence information is frequency 
analysis,' 5 3  I' 5 4  J' ' whch  can be considered to 
be an extension of nearest neighbor analysis.' 
This type of analysis involves comparison of the 
composition of the 3' terminal, 5' terminal, and 5' 
penultimate nucleotides of oligonucleotides gener- 
ated from 2 different DNA sources by 1 or several 
semispecific enzymes. The semispecific DNases 
which have been used in these investigations 
include hog spleen acid-DNase, acid-DNase from 
the hepatopancreas of the snail Helix aspersa 
(Mull), bovine pancreatic . DNase, and E. coli 
endonuclease I. Compositional patterns from re- 
petitive DNAs and eukaryotic DNAs have been 
found to deviate in characteristic ways from those 
of bacterial DNA.  T h ~ s  information will be 
discussed by Bernardi" in great detail in another 
article to be published in CRC Critical Reviews in 
Biochemistry. 
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f: Use of Venom Phosphodiesterase to Degrade 3’ 
Phosphorylated Oligonucleotides for Analysis 

Although the pH optimum for venom phospho- 
diesterase activity on 3’ dephosphorylated oligonu- 
cleotides is 9.0, at this pH the degradation of 
phosphorylated oligonucleotides is strongly inhib- 
ited. Richards and Laskowski’ ’ have found that 
hydrolysis rates of short 3’ phosphorylated oligo- 
nucleotides can be significantly increased by low- 
ering the pH of the reaction mixture to 6.0, where 
there is a lesser 3‘ negative charge on the oligonuc- 
leotide. The venom phosphodiesterase digestion 
produces 3’,5’ phosphorylated mononucleotide 
products from the 3‘ nucleotides of 3’ phosphoryl- 
ated oligonucleotides.’ 2 4  Quantitation of these 
mononucleotides can be carried out for 3’ end 
analysis of small amounts of unlabeled oligonu- 
cleotides. 

5. Other Methods for the in vitro Labeling of DNA 
All of the methods developed thus far for DNA 

sequence analysis involve using radioactive com- 
pounds. There are three ways by which labeled 
DNA may be obtained: 

a. In vivo labeling with 3 2 P  or 33P, using 
radioactive inorganic phosphates, or with 3H or 

C, using radioactive nucleosides or nucleotides. 
b. In vitro labeling with 32P, 33P,  3H, 

or I C, using various polymerases and radioactive 
nucleoside triphosphates to  copy the DNA to give 
complementary products of high specific activity. 

c. Labeling by chemical methods with radio- 
active reagents. 

Until recently, almost all of the labeled DNA 
had been obtained by the first two methods. The 
first method gave DNA of rather low specific 
activity, so the second method was used whenever 
possible. In cases where the second method is not 
applicable, a third method , whereby purified DNA 
or polynucleotides can be labeled with high 
specific activity, would be most useful. In some of 
these cases, enzymatic terminal labeling using T4 
polynucleotide kinase or calf thymus deoxy- 
nucleotidyl terminal transferase has been used to 
provide some sequence information. Two methods 
have recently been introduced for internal labeling 
of whole DNA, RNA, or polynucleotides with high 
specific activity by means of chemical modifica- 
tions. 

Iodination of nucleosides and nucleotides can 

be effected by a variety of methods. Two methods 
had been adapted for iodination of polynucleo- 
tides using ICl’ ” and N-iodosuccinimide.’ ’ 
However, neither has been found to  be fully 
satisfactory. Commerford” introduced a simple 
method for iodination of nucleic acids using a 
solution of iodine or thallic trichloride and iodide 
at pH 5. Over 95% of the cytosine residues in DNA 
and RNA and a small amount of uracil in RNA 
were found to  be iodinated. Both yielded 5-iodo 
derivatives. This method has also been successfully 
adapted for use in the iodination of nucleic acids 
with radioactive I ’ I.  

Prensky et a1.’ ’ ’ have described a modification 
of Commerford’s iodination procedure by which 
RNA of high specific radioactivity (lo6 to 10’ 
dpm/pg) can be obtained. Later, Robertson et 
al.’ ’’ labeled several prokaryotic and eukaryotic 
RNAs by this method and examined their finger- 
prints after T I  RNase digestion. They showed that 
although the iodinated oligonucleotides in the 2-D 
electrophoresis fingerprint show altered elect ro- 
phoretic behavior, in comparison to  their nonio- 
dinated counterparts, which were labeled with 
32P, the fingerprints were quite similar in com- 
plexity, and are useful for comparative finger- 
printing studies. They have further shown that 
these oligonucleotides, labeled at the C and U 
residues, can be hydrolyzed by the common 
RNases: pancreatic RNase, RNase U2, RNase T z ,  
and RNase T I .  However, the labeled forms are 
unstable to the alkaline conditions used for hy- 
drolysis of RNA. 

Another method for in vitro labeling of nucleic 
acids has been introduced by Dale, Livingston, and 
Ward.’ Labeled 5-mercutiacetate derivatives of 
UTP, CTP, dUTP, and dCTP, prepared by an 
a c e  t o x y m e r c u r a t i o n  r e a c t i o n  w i t h  
[’ Hg] mercuric acetate, have been successfully 
used as substrates for various nucleic acid poly- 
merases. These modified nucleotides, in the 
absence of added mercaptan, are not incorporated, 
and in most instances are potent inhibitors. H o w  
ever, after their conversion t o  mercurithio deriva- 
tives by a variety of mercaptans, widely differing 
in structure and size, of which mercaptoethanol 
seemed most effective, the derivatives have been 
shown to be excellent substrates for various 
enzymes. E. coli and T7 RNA polymerase, E. coli 
DNA polymerase I, and DNA polymerase from 
avian myeloblastosis virus have been tested. Exten- 
sive incorporation of mercurinucleotides by these 
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polymerases into calf thymus DNA has been 
achieved. 

[ ’ Hg] -TTP and [’ Hg] -dUTP have also 
been demonstrated to be efficient substrates for 
calf thymus terminal tran~ferase.~ These deriva- 
tives, however, have more restrictive substrate 
requirements. Only the smaller methyl- and ethyl- 
mercapto derivatives are incorporated into oligo 
(dT)6 and calf thymus DNA primers. 

Although neither of these two in vitro chemical 
labeling methods has been used for DNA sequence 
analysis, in certain cases they may have a consider- 
able advantage over the more common methods. 
The iodine-labeled RNAs have been shown to  be 
degraded by the common RNases just as unmodi- 
fied RNAs. However, it has not been shown 
whether the iodine-labeled DNas are susceptible to 
DNases and, in particular, exonucleases like venom 
and spleen phosphodiesterases. The fidelity of the 
polymerization of the 2 o  Hg-labeled compounds 
by various nucleic acid polymerases, and the 
susceptibility of the products to nucleases, have 
yet to be determined. 

Because of the specificity of the acetoxy- 
mercuration reaction, which modifies only C 
residues in DNA, it can be used for future DNA 

sequence analysis by electron microscopy. 
Already, controlled conditions have been estab- 
lished for direct mercuration of polynucleotides, 
RNA, and DNA. Pyrimidine residues in single- and 
double-stranded polymers are modified at es- 
sentially the same rate. Apart from this obvious 
possible application of the acetoxymercuration 
reaction, the authors23’ have observed that these 
mercury containing compounds are retained by 
sulfiydryl-sepharose columns. Thus, by selective 
labeling of particular segments of DNA or RNA, 
they can be effectively separated from other 
segments of the molecule after endonuclease diges- 
tion. 
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