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Influence of Local Nucleotide Sequence on Substitution of 2-Aminopurine 
for Adenine during Deoxyribonucleic Acid Synthesis in Vitro? 

Reynaldo C. P l e d  and Maurice J. Bessman* 

ABSTRACT: Three highly purified DNA polymerases, Esch- 
erichia coli polymerase I (enzyme A) and the polymerases 
induced by wild-type T4 phage and by T4 phage mutant L141 
(antimutator phenotype), have been examined with respect 
to their tendency to incorporate the deoxyribonucleotide of 
2-aminopurine [ (AP)] for deoxyadenylate at specific sites in 
deoxyribonucleic acid (DNA). Using 4X 174 phage DNA as 
a template and selected 4x174 restriction fragments as specific 
primers, we synthesized short sequences of 4x174 DNA in 
vitro by the polymerase of interest, with the 5’4riphosphate 
of 2-aminopurine deoxyriboside and dATP at equimolar 
concentration. The relative incorporation of (AP) at the 
various adenine sites was determined by providing the newly 
synthesized DNA fragment with a specific terminal radioactive 
label, subjecting the DNA fragment to thermal depurination 

T e  widely divergent susceptibility of different loci of the 
rII region of the bacteriophage T4 to the mutagenic action 
of 2-aminopurine [(AP)]’ was documented in 1959 by Freese. 
Subsequent investigations (Koch, 1971; Salts & Ronen, 1971; 
Ronen et al., 1976, 1978; Coulondre et al., 1979) strongly 
suggested an influence of the local DNA sequence on the 
mutability of a given site by (AP). On the assumption that 
this sequence dependence of the mutagenic action of (AP) 
might, at least in part, be accounted for by different se- 
quence-dependent propensities for misincorporation of d- 
(AP)MP at A sites in newly synthesized DNA, we have re- 
cently determined the misincorporation of (AP) for Ade during 
DNA synthesis in vitro as a function of the preceding base, 
i.e., by nearest-neighbor analysis (Pless et al., 1981). DNA 
polymerases containing a highly active 3’-exonuclease, par- 
ticularly the polymerase induced by the T4 antimutator phage 
L141, displayed a marked site selectivity in their incorporation 
of (AP), with a pronounced bias for incorporation of (AP) after 
Gua and against incorporation of (AP) after Ade. To examine 
the dependence of (AP) incorporation on the local base se- 
quence in greater detail, we have now quantitated the en- 
zyme-catalyzed incorporation of (AP) for Ade at specific sites 
in known DNA sequences. To this end, we have developed 
an (AP)-selective chemical cleavage procedure, analogous to 
the base-selective cleavages used in the Maxam-Gilbert se- 
quencing technique (Maxam & Gilbert, 1977). In contrast 
to the qualitative nature of a DNA sequence determination, 
the quantitative character of our proposed analysis required 
that the following special conditions be met: 
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as a DNA cleavage reaction highly selective for (AP), and 
analyzing the resulting radioactive fragments by denaturing 
gel electrophoresis, autoradiography, and microdensitometry. 
The L141 polymerase shows very pronounced site-dependent 
variations in (AP) incorporation. For the wild-type T4 po- 
lymerase, the pattern of (AP) incorporation follows the biases 
seen for the L141 enzyme, although in a less pronounced form. 
Sequence preferences for (AP) incorporation are least marked 
for E.  coli polymerase I (enzyme A); in several instances, they 
run counter to the sequence biases observed with the T4 en- 
zymes. For the enzyme showing the most pronounced se- 
quence effects, L141 polymerase, the extent of (AP) incor- 
poration was determined at 57 different sites. No simple 
principle governing the sequence dependence of (AP) incor- 
poration could be deduced from these results. 

(1) The selectivity of the cleavage reaction for (AP) moieties 
in the DNA had to be very high, since the purpose of the 
investigation was to analyze a chemically inhomogeneous 
DNA, quantitating a low level of (AP) misincorporation for 
Ade [an average of 5% in the case of the highly selective L141 
polymerase, at 30 “ C  and equimolar input of dATP and d- 
(AP)TP; Pless et al., 19811; this requires a highly selective 
cleavage reaction for the (AP) signal to be sufficiently prom- 
inent over the background of cleavage at other bases to allow 
a meaningful quantitation. 

(2) The susceptibility of d(AP)MP residues and of dAMP 
residues in the DNA to the cleavage reaction should be in- 
dependent of the local sequence, so that observed differences 
in the cleavage signals can be unambiguously ascribed to 
different extents of (AP) incorporation. 

(3) When the cleavage reaction is performed conditions 
conducive to multiple cleavages in the same strand should be 
avoided, as they would distort the results in the direction of 
an artificially high incidence of (AP) in A positions proximal 
to the labeled end. Ideally, cleavage patterns ought to be 
analyzed in the limit of vanishing cleavage. 

(4) The substitution of (AP) nucleotides for adenine nu- 
cleotides in a DNA fragment should ideally leave the mobility 
of the fragment in denaturing gel electrophoresis unaffected; 
otherwise, the electrophoretic separation might be impaired 
by considerable band broadening due to the fact that in our 
experiments the radioactively labeled isostichs are chemically 
inhomogeneous, containing adenines and 2-aminopurines 
distributed over the A sites in many different permutations. 

The present report describes a procedure for (AP)-selective 
cleavage and its application to the quantitation of (AP) in- 

] Abbreviations: (AP), 2-aminopurine; (AP)dR, 2-aminopurine de- 
oxyriboside; d(AP)MP, d(AP)DP, and d(AP)TP, the 5’-monophosphate, 
5‘-diphosphate, and 5’-triphosphate of (AP)DR, respectively; dAdo, de- 
oxyadenosine; dGuo, deoxyguanosine; dCyd, deoxycytidine; dThd, thy- 
midine; Ade, adenine; Gua, guanine; Tris, tris(hydroxymethy1)amino- 
methane; EDTA, ethylenediaminetetraacetic acid. 
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corporation at defined A sites in known sequences of 4x174 
DNA, synthesized with a variety of polymerases, under con- 
ditions in which dATP and d(AP)TP compete for the same 
A sites. 

Materials and Methods 
Materials. Chemicals were obtained from the following 

sources: piperidine, Fisher Scientific; acrylamide and N,N‘- 
methylenebis(acrylamide), Bethesda Research Laboratories, 
Inc.; urea, J. T. Baker Chemicals; [CP~~PI~ATP (2000 Ci/ 
mmol), New England Nuclear; nonradioactive nucleosides and 
nucleotides, P-L Biochemicals. (AP)dR, d(AP)TP, and [6- 
,H]d(AP)TP were the materials described previously (Pless 
et al., 1981). [ Y - ~ ~ P ] A T P  was prepared by the method of 
Glynn & Chappell(l964) as modified by Weiss et al. (1968). 
d-(pT), and d-A(pA), were kindly supplied by Dr. P. S. Miller. 

Sources for the enzymes were the following: bacterial al- 
kaline phosphatase, Worthington; Micrococcus luteus polym- 
erase, Miles Laboratories, Inc.; T4 polynucleotide kinase and 
E.  coli polymerase I (enzyme A), Boehringer Mannheim; 
restriction endonucleases HinfI and MspI, New England 
Biolabs, Inc. Terminal deoxynucleotidyltransferase was 
fraction 4’ as described by Bollum et al. (1974). The puri- 
fication of the wild-type T4 polymerase (T4D) and of the 
antimutator polymerase (L141) has been described (Lo & 
Bessman, 1976). In both cases, the homogeneous enzyme 
(fraction V) was used. 

For all DNA polymerases employed, 1 unit incorporates 10 
nmol of nucleotide into DNA at 37 “ C  in 30 min. One unit 
of terminal deoxynucleotidyltransferase incorporates 1 nmol 
of dATP into an acid-precipitable product with d-(pT), as 
initiator, at 37 OC in 60 rnin (Bollum et al., 1974). 

@X 174 am3 phage DNA and 4 x 1  14 am3 replicative form 
DNA were prepared as described by Cunningham et al. 
(1980). The requisite 4x174 am3 and E.  coli C strain H F  
4707 (Benbow et al., 1971) were obtained from Dr. R. P. 
Cunningham. 

General Techniques. UV absorption spectra were measured 
with a Beckman DU monochromator fitted with a Gilford 252 
photometer. Descending paper chromatography was carried 
out on Whatman 3MM sheets. Hydrolysis in 0.5 M aqueous 
piperidine at elevated temperatures was performed in sealed 
glass capillaries. Preparative gel electrophoresis of double- 
stranded DNA fragments as well as gel electrophoresis on thin 
denaturing gels was carried out according to Maxam & Gilbert 
(1980). DNA was extracted from polyacrylamide gel slices 
by electroelution as described by Danna (1980). Autoradi- 
ography was performed with Kodak X-omat R film. Film 
development was as given by Swanstrom & Shank (1978). 

For the quantitative analysis of an autoradiogram, the de- 
veloped film was scanned down the center of the electropho- 
retic lane with a Joyce-Loebl MK I11 C densitometer. The 
effective width of the scanning was 2.5 mm. As the electro- 
phoretic channels were usually wider than that, parallel scans 
were executed, offset by 2.5 mm, and each radioactive band 
was quantitated by summing over the peak areas with which 
the band appeared in the various parallel scans. Peak areas 
were determined by paper cutting and weighing. 

Preparation of d-(pT)g(AP) and d-(p7‘),[p(AP)lz. d-(pT), 
(1 -08 pmol of trinucleotide) and [6-,H]d(AP)TP (1.62 pmol, 
6.0 X lo6 cpm/pmol) in 1.00 mL of 0.2 M potassium caco- 
dylate, pH 7.2, 4 mM MgCl,, 1 mM 2-mercaptoethanol, and 
100 pg/mL bovine serum albumin were incubated with 2300 
units of terminal deoxynucleotidyltransferase at 37 OC for 3 
h. The incubation mixture was fractionated on a column of 
DEAE-Sephadex (HC03- form) using a linear gradient of 

NH4HC03,  pH 8.0. The eluate was monitored by UV ab- 
sorbance measurements and scintillation counting of aliquots. 
Appropriate fractions were pooled [d-(pT),p(AP), 79 nmol 
of oligomer, eluting at 0.20 M NH4HC03; d-(pT),[p(AP)],, 
34 nmol of oligomer, eluting at 0.24 M NH4HC03] and 
evaporated to dryness. 

Preparation of [ 5 ’- 32 PI d- (p 7‘) g ( AP)  , [ 5 ’- 32 PI d- (p 7‘) , [p- 
(AP) ] , ,  and [5’-32P]d-(pA)4. The 5’-terminal phosphate of 
d-(pT),p(AP) was cleaved with bacterial alkaline phosphatase. 
The product was purified on a DEAE-Sephadex column using 
a linear gradient of NH4HC03, pH 8.0, and desalted by 
passage through a column of Sephadex G-15, in water. The 
material was converted to [5’-32P]d-(pT)3p(AP) by treatment 
with [T-,~P]ATP and T4 polynucleotide kinase as described 
by Maxam & Gilbert (1980). 

[5’-32P]d-(pT)3[p(AP)]2 and [5’-32P]d-(pA)4 were prepared 
in analogous fashion from d-(pT),[p(AP)I2 and d-A(pA),. 

In Vitro Synthesis of Fragment 4Xl74/Hinfl-Ibb with 
Various Polymerases and Analysis of the Distribution of 
Incorporated ( A P ) .  Preparation and isolation of Hinfl re- 
striction fragments from 4x174 replicative form DNA were 
performed according to Maxam & Gilbert (1980). 

( A )  3‘End Labeling of the Priming Fragment. Twenty 
picomoles of restriction fragment HinfI- 1 in 10 pL of 67 mM 
Tris-HC1, pH 7.5, 3.3 mM MgC12, and 1 mM 2-mercapto- 
ethanol was incubated with 44 pmol of [ C X - ~ ~ P I ~ A T P  and 3 
units of M .  luteus polymerase for 15 rnin at 15 OC. This 
resulted in the conversion of 45% of the radioactivity to an 
acid-insoluble form. The desired radioactively labeled HinfI - 1 
fragment was purified by preparative electrophoresis through 
a polyacrylamide gel, electroelution, phenol extraction, and 
ethanol precipitation. 

( B )  Annealing of the Priming Fragment to 4x1 74 Phage 
DNA. The pellet (approximately 20 pmol of 3’ end-labeled 
fragment HinfI-1) was taken up in 25 pL of 10 mM Tris-HC1, 
pH 7.5, and 1 mM EDTA containing 20 pmol of 4x174 phage 
DNA. To effect denaturation, 3 pL of 0.75 M NaOH was 
added, and the solution was incubated at 37 OC for 20 min. 
To allow reannealing, the pH was adjusted to 8.1 by addition 
of 4 pL of 0.75 M Tris-0.96 M HC1, and the solution was 
incubated for 30 rnin at 60 OC and for 30 rnin at 50 OC and 
chilled at 0 OC. Analysis of an aliquot by gel electrophoresis 
and autoradiography indicated approximately one-fourth of 
the total radioactivity to be associated with the viral DNA 
(remaining at the origin), as expected, indicating formation 
of approximately 10 pmol of the desired template-primer. 

( C )  Incubation with DNA Polymerase. The solution was 
adjusted to contain 0.020 pM template-primer in 67 mM Tris, 
pH 8.8, 6.7 mM MgC12, 17 mM (NH4),S04, 2 mM NaCl 
(arising from the annealing process), 10 mM 2-mercapto- 
ethanol, 160 pg/mL bovine serum albumin, 50 pM each of 
dCTP, dGTP, dTTP, and dATP, and 40 pM (in the incubation 
with the E.  coli polymerase) or 60 pM (in the case of the T4 
phage polymerases) d(AP)TP. Aliquots (100 pL) of this 
solution (containing 2 pmol of template-primer) were sepa- 
rately incubated with l unit of each of the polymerases of 
interest: E. coli polymerase I (enzyme A), L141 (antimutator) 
polymerase, and wild-type T4D polymerase, at 15 “C for 7 
h. 

( D )  Isolation of the Newly Synthesized Fragment Hinfl- 
16b. After extraction with phenol and ether, and ethanol 
precipitation, the polymerase reaction mixture was digested 
with 5 units of HinfI restriction endonuclease in 50 pL of 50 
mM NaCl, 6 mM Tris-HC1, pH 7.4, 6 mM MgCl,, 6 mM 
2-mercaptoethanol, and 100 pg/mL bovine serum albumin, 
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for 3 h at 37 “C. After extraction with phenol and ether, and 
ethanol precipitation, the DNA was fractionated by electro- 
phoresis on an 1 1-cm gel. Autoradiography revealed a strong 
band at the position corresponding to the priming fragment 
HinfI-1, a somewhat weaker band at the origin (presumably 
radioactive species hybridized to full-length 4x174 DNA), 
and a small amount of radioactive material at the position 
corresponding to the desired 40-mer, HinfI-l6b. The latter 
band was electroeluted and precipitated with ethanol, and the 
dried residue was dissolved in 10 pL of water. 

( E )  (AP)-Selective Hydrolysis. The 1 0-pL aqueous sample 
of 5’ end-labeled HinfI-16b was diluted with 10 pL of 1 M 
aqueous piperidine and heated to 90 OC for 18 h. The solution 
was diluted with 20 pL of water and lyophilized to dryness. 
After two additional lyophilizations from 20 pL of water, the 
residue was loaded onto a sequencing gel and electrophoresed 
as described by Maxam & Gilbert (1980). This was followed 
by autoradiography and densitometric quantitation of the film. 

Results 
Initial studies designed to identify a reaction with an ulti- 

mate potential for (AP)-selective DNA cleavage were carried 
out at the level of the deoxyribonucleosides. Comparing the 
stability of (AP)dR, dAdo, and dGuo to hydrolysis at 90 OC, 
we observed that in the entire pH range examined by us, from 
pH 7 to pH 13, (AP)dR is distinctly more labile than dAdo 
or dGuo. The reactions are conveniently monitored by 
measuring the UV absorption spectra in aqueous alkaline 
solution (pH 12). In this medium, it became evident that the 
UV-absorbing product of the hydrolysis of (AP)dR at 90 OC 
is the free base: the ratio A300/A280, which is 2.36 for the 
nucleoside, moved far toward the value of 1.34 which is 
characteristic for free 2-aminopurine. 

That the primary result of hydrolysis of (AP)dR at elevated 
temperatures is cleavage of the glycosidic linkage was also 
evident from paper chromatography in 10 mM glycine, pH 
10. From visual examination of the chromatograms under UV 
light, we estimated the rate of glycosidic cleavage of (AP)dR 
to be approximately 10-fold higher than the rate of cleavage 
of dAdo and dGuo, and higher yet compared to the rate of 
cleavage of dCyd and dThd. Thus, these exploratory exper- 
iments augured well for the use of hydrolysis at elevated 
temperatures for (AP)-selective cleavage, as it affected 
(AP)dR with high selectivity and as it led to depurination, 
which is the usual prelude to cleavage of the DNA backbone. 

As the standard method for hydrolysis, we chose 0.5 M 
aqueous piperidine at 90 OC, since these were the conditions 
used by Maxam and Gilbert in 1977 for effecting the @-elim- 
inations leading to the break in the polynucleotide backbone 
after the initial base-selective labilization or rupture of the 
glycosidic linkages, implying that the unaffected nucleotide 
residues remain sufficiently resistant to this treatment. Also, 
when applied to polynucleotides, the hot aqueous piperidine 
treatment would bring about the entire sequence of reactions 
leading to DNA cleavage at (AP) sites, viz., depurination plus 
piperidine-catalyzed @-eliminations. 

To examine the selective cleavage at (AP) residues at the 
polynucleotide level, we prepared the model oligomers [ 5’- 
32P]d-(pT)3p(AP), [5’-32P]d-(pT)3 [p(AP)] 2, and, for com- 
parison, [ 5’-32P]d-(pA)4 as described under Materials and 
Methods. These compounds were hydrolyzed in 0.5 M 
aqueous piperidine at 90 OC for varying lengths of time, and 
the hydrolysates were analyzed by electrophoresis through a 
25% polyacrylamide gel, followed by autoradiography. Figure 
1 presents the densitometric tracings. The 24-h hydrolysate 
of [5’-32P]d-(pT)3p(AP) contains a major, faster moving 
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FIGURE 1 : Densitometric tracings of autoradiographed gel electro- 
phoretograms of 5’-32P-labeled model oligonucleotides, hydrolyzed 
in 0.5 M aqueous piperidine a t  90 O C  for different times: d- 
p*TpTpTp(AP) hydrolyzed for (a) 0, (b) 24, or (c) 72 h; d- 
p*TpTpTp(AP)p(AP) hydrolyzed for (d) 0, (e) 24, or ( f )  72 h; 
d-p*ApApApA hydrolyzed for (g) 0, (h) 24, or (i) 72 h. The direction 
of electrophoresis was from right to left. The dashed lines indicate 
the electrophoretic position of the starting material. 

product, identified as [5’-32P]d-(pT)3p on the basis of its co- 
migration with material obtained from [5’-32P]d-(pT)3p(AP) 
by depurination with diphenylamine-formic acid (Burton & 
Petersen, 1960). This is the expected product, arising from 
depurination followed by removal of the 3’-terminal sugar. 
After a 72-h hydrolysis, the [5’-32P]d-(pT)3p band is clearly 
the most prominent, and the starting material, [5’-32P]d- 
(pT),p(AP), is almost depleted. 

The 24-h hydrolysis of [5’-32P]d-(pT)3[p(AP)]2 again pro- 
duces [ 5’-32P]d-(pT)3p as the fastest moving product, arising 
from cleavage at the internal (AP) residue, along with a slower 
moving product, interpreted as [5’-32P]d-(pT)3p(AP)p, from 
cleavage at the terminal (AP) position. After 72 h, the [5’- 
32P]d-(pT)3p band has further increased, partly at the expense 
of [5’-32P]d-(pT)3p(AP)p; the starting material, [5’-32P]d- 
( P T ) ~ [ ~ ( A P ) ] ~ ,  has been entirely consumed. This tracing also 
shows the presence of a small amount of a species moving 
faster than d - ( ~ T ) ~ p ,  probably [5’-32P]d-(pT)2p, indicating a 
low extent of cleavage at T sites under the conditions of the 
hydrolysis. 

In the case of [5’-32P]d-(pA)4, the starting material clearly 
remained the predominant constituent of the hydrolysate for 
at least 72 h. Small amounts of faster moving species, in- 
terpreted as [5’-32P]d-(pA)3p and [5’-32P]d-(pA)2p, are ap- 
parent after a 24-h hydrolysis; these bands become more 
pronounced after 72 h. Thus, in hot aqueous piperidine, ol- 
igodeoxyribonucleotides are clearly more susceptible to 
cleavage at Ade residues than at Thy; however, Ade positions 
are distinctly more resistant to hydrolysis than are (AP) 
positions. 

From the densitometric tracings for the 24-h hydrolysates, 
we estimate first-order rate constants of 125 X lo-’, 160 X 
lo-’, and 36 X lo-’ s-’ for the disappearance of d-(pT),p(AP), 
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which resided in the 3'-terminal nucleotide of the primer, will, 
upon this cleavage, emerge as the 5'-terminal phosphate of the 
newly synthesized complementary strand DNA, a suitable end 
label for sequencing purposes. To the extent that synthesis 
carries over the next HinfI recognition site, which in this 
example occurs 40 nucleotides downstream from the first 
cleavage site, the DNA will become cleavable at this site as 
well. After polymerization and restriction, the desired product, 
which in our example is the 5'-32P-labeled 40-mer HinfI- 16b, 
is isolated by gel electrophoresis and then subjected to the 
(AP)-selective cleavage reaction with hot aqueous piperidine. 
The hydrolysate is resolved on a sequencing-type polyacryl- 
amide gel (Maxam & Gilbert, 1980). The gel is autoradio- 
graphed, and the autoradiogram is quantitatively evaluated 
by densitometry. The assignment of peaks was based on the 
known sequence of 4x174 DNA, the migration of the bands 
relative to the dyes xylene cyano1 and bromophenol blue run 
in the same channel, and the parallel electrophoresis of (G + 
A)-specific cleavage reaction mixtures (Maxam & Gilbert, 
1980) of the same fragment. 

Three highly purified DNA polymerases were examined in 
this manner: the DNA polymerases induced by wild-type T4 
phage and by the T4 antimutator phage L141 as well as the 
proteolytic fragment of E .  coli polymerase I which contains 
the polymerase and 3'-5'-exonuclease activities ["enzyme A" 
in the nomenclature of Klenow et al. (1971); "large fragment" 
according to Setlow et al. (1972)l. Experiments using intact 
E. coli polymerase I resulted in complete loss of radioactive 
label, probably due to the 5'-3'-exonuclease activity of the 
enzyme digesting the entire priming fragment from its 5' 
terminus. Loss of label by the action of the 3'-5'-exonuclease 
on the 3'-terminal nucleotide at the start of the polymerization 
reaction was not monitored; it can be assumed to be substantial 
in the case of the L141 polymerase (Muzyczka et al., 1972; 
Bessman et al., 1974). The temperature chosen for DNA 
synthesis was 15 "C, in analogy to similar experiments by 
Weymouth & Loeb (1978) on the action of E. coli polymerase 
I in vitro. Controls showed that under these conditions net 
incorporation of [3H]dTMP was still increasing at reaction 
times much longer than the 7-h reaction time used in our 
experiment. 

Figure 2 shows the autoradiographed gel electrophoreto- 
grams for partial hydrolysates of the 5' end-labeled 40-mer 
HinfI-l6b, synthesized under a variety of conditions. In each 
case, hydrolysis was in 0.5 M aqueous piperidine, at 90 "C, 
for 18 h. In this electrophoresis, the shortest oligomers (up 
to 5'-p*ACTp) were eluted off the gel; the shortest oligo- 
nucleotide remaining on the gel is 5'-p*ACTCp, corresponding 
to the first A position for which Ade and (AP) competed 
during DNA synthesis. In lanes 1, 2, and 3, the 40-mer was 
synthesized by the action of E .  coli polymerase I (enzyme A), 
antimutator L141 polymerase, and wild-type T4 polymerase, 
respectively, at 15 "C, under conditions where Ade and (AP) 
were competing for the same sites. The input concentrations 
of d(AP)TP were 80% of the input concentration of dATP in 
the case of E .  coli polymerase I (enzyme A) and 120% of the 
input concentration of dATP with the T4 enzymes. The 
strongest bands in the electrophoretograms correspond to the 
A positions, as expected. In the case of E. coli polymerase 
I (enzyme A) (lane l ) ,  the intensities of the A bands are 
approximately equal, indicating a similar extent of substitution 
of (AP) for Ade at these positions. In contrast, for the 40-mer 
synthesized by the antimutator L141 polymerase (lane 2), the 
A bands display widely different intensities; we interpret the 
very weak bands as denoting positions of particularly low 

Scheme I: Synthesis of @X174 Hinfi-16b with dATP and 
d(AP)TP in Competition and Analysis of the Distribution of (AP) 

I 3' end bbellng of the prlmlng fragment Hmf I - I 
~'-PAGTC-GOH -3' P P b  5'-pAGTC - G ~ A O H  -3'  

3' -HOG-CTGAp-5' M Iuteua polymerase- 3'- HoAaG - C T G A p - 5 '  

2 Annsollng of labeled Hlnf I - I to  0x174 viral strand 

Hinf I - I  

5'-pAGTC -GBAOH -3'  

5'-pAGTC -GtAOH - 3' - 
3'- WATG -CTGAp-5' 

+ -D + 

3'- HOAZG- CTGAp-5' 

3. DNA synthesis with DNA wlymerase and dATP, dlAP)TP. dGTP. d C T P ,  ond d T T P  

Hinf 1- I Hint I- 16b 

4 Restriction with Hinf I endonuclease lo give 5 ' -end labeled Hlnf I -16b 

5'-*pACTC-GOH - 3 '  
3 - HOG-CTGAp-5' 

5 Limited (API speciftc hydrolysis of the 5 -end labeled Hlnf I - 16b 

6 Electrophoresis of the hydrolysate through o denotufmg polyacrylamide gel 

7 Autoradiography of the gel 

8 Densitometric quantltation of the bonds 

* Arrows indicate HinfI cleavage sites. 

d-(pT), [p(AP)],, and d-(pA)4, respectively, corresponding to 
125 X lC7 per (AP) residue, 80 X l C 7  s-' per (AP) residue, 
and 9 X lo-' ssl per Ade residue, respectively. These rate 
constants are similar to those estimated by us for the hydrolysis 
of the free deoxyribonucleosides, (AP)dR and dAdo, in 0.5 
M piperidine at 90 "C. 

These experiments using model oligonucleotides indicated 
that hydrolysis in 0.5 M aqueous piperidine at 90 OC was a 
suitable procedure for effecting DNA cleavage selectively at 
(AP) positions. This method was then used to quantitate the 
(AP) incorporated at various A sites in known DNA sequences 
synthesized by different polymerases under conditions in which 
Ade and (AP) competed for the same sites. As template, we 
selected the fully sequenced, single-stranded DNA of 4 x 1  74 
(Sanger et al., 1978). Template-dependent DNA polymeri- 
zation would be primed by the complementary strand of a 
selected 4X 174 restriction fragment. The experimental pro- 
tocol is outlined in Scheme I. The 4x174 restriction frag- 
ment, e.g., HinfI-1, 726 base pairs long, is incubated with M .  
luteus polymerase and [ cY-~~PI~ATP.  This results in extension 
of the 3' termini by one p*dA unit, both in the viral (plus) 
strand and in the complementary (minus) strand. The labeled 
fragment is isolated by gel electrophoresis and incubated with 
4x174 viral form DNA under denaturing conditions. Upon 
renaturation, the restriction fragment will in part reanneal in 
its original form; no extended synthesis is possible on this 
duplex. In part, the minus strand of the labeled fragment will 
anneal to its complementary region on the circular viral DNA; 
the resulting primed DNA is capable of sustaining extensive 
DNA synthesis in the desired direction. The normal com- 
plement of triphosphates and d(AP)TP to compete with dATP 
are now added, and the mixture is incubated with the polym- 
erase of interest. To the extent that DNA synthesis recon- 
stitutes the Hinff recognition sequence at the initial priming 
site in its double-stranded form, the product will become 
cleavable again by HinfI endonuclease. The radioactive tag, 
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n c m  2: Autoradiographed gel electrophoretograms of 5’-3’P-labeled 
Hinfl-16b fragments (complementary strand) after hydrolysis in 0.5 
M aqueous piperidine at 90 OC for I8 h. The Hinfl-16b fragments 
were synthesized with dGTP, dCTP. dTTP, and, in addition, (lane 
I )  dATP and d(AP)TP with E. coli polymerase I (enzyme A), (lane 
2) dATP and d(AP)TP with L141 (antimutator) polymerase, (lane 
3) dATP and d(AP)TP with wild-type T4 polymerase, (lane 4) dATP 
with E. coli polymerase 1 (enzyme A), and (lane 5 )  d(AP)TP with 
E. coli polymerase 1 (enzyme A). 

substitution of (AP) for Ade. The hydrolysate of the &mer 
synthesized with wild-type T4 polymerase (lane 3) shows the 
same pattern of weak and strong A bands as observed with 
the L141 polymerase, although in a less pronounced form. 

The autoradiogram also shows the hydrolysis patterns for 
two control HinfI-l6b 40-mers, synthesized by E. coli po- 
lymerase I (enzyme A): the first was prepared with a normal 
complement of deoxynucleoside triphosphates [without d- 
(AP)TP] so that all A positions are occupied exclusively by 
Ade; the second 40-mer was obtained with d(AP)TP (at 350 
/AM concentration) fully replacing dATP in the incubation so 
that all A positions are exclusively occupied by (AP) [the fact 
that the &mer could be excised in this instance demonstrates 
that the sequence at the 3’-terminal end of the newly syn- 
thesized 40-mer-G(AP)CTC. with the opposite strand 
reading GAGTC-is recognized and cleaved by HinfI endo- 
nuclease]. In the case of the normal complement DNA (lane 
4). the parent peak, i.e., undegraded @mer, is by far the most 
plentiful constituent of the hydrolysate; only small amounts 
of degradation products, Le., faster moving fragments, are 
present after an 18-h hydrolysis. In contrast, the 40-mer in 
which all A sites are occupied by (AP) (lane 5 )  is extensively 
degraded in an 18-h hydrolysis: the parent 40-mer is almost 
entirely consumed, and there is a pronounced increase in the 
intensity of the A bands as one goes to progressively shorter 
oligomers. This is a manifestation of multiple chain scission: 
obviously, in the limit of complete cleavage a t  all (AP) sites, 
the only radioactive oligonucleotide left would be 5’-p*ACTCp, 
which signals the position of the first (AP) proximal to the 
labeled end. 

a 

4 I ,  
FW,,,on: 3m rn Yl m 37. 

FIGURE 3: Densitometric scans of autoradiographed gel clectroph+ 
retograms of 5‘-32P-labzled Hinft-16b fragments after hydrolysis in 
0.5 M aqueous piperidine at 90 OC for 18 h. Nucleotide position is 
as numbered in the sequence of Sanger et al. (1978). (a) Hinfl-16b 
in which all A sites are occupied by Ade; (b) HinfI-16b in which all 
A sites are m p i e d  by (AP). The direction of electrophoresis is from 
right to left. The peak on the extreme right is the parent 40-mer 
Hinfl-16b. 

When due consideration is given to the convex curvature 
of the electrophoretic front, the oligonucleotides in the all-(AF’) 
hydrolysate are seen to comigrate with the corresponding 
oligomers in the all-Ade hydrolysate, indicating that the 
substitution of (AP) for Ade does not appreciably alter the 
electrophoretic mobility of the fragments. This result is of 
importance because any significant fluctuation in the elec- 
trophoretic mobilities due to the chemical inhomogeneity of 
the isostichs would have seriously compromised the electrc- 
phoretic resolution upon which the analysis depends. 

For a quantitative evaluation, the various channels were 
scanned with a densitometer. Figure 3a shows the profile 
obtained when the electrophoretogram corresponding to the 
all-Ade &mer is scanned down the center of the channel. The 
parent 40-mer is preeminent. The region containing the 29- 
mer and higher oligomers consists of an envelope of peaks; the 
shorter oligomers, however, are reasonably well resolved. 
Inspection of this region indicates that the DNA is most 
susceptible to cleavage a t  A sites and G sites. Quantitative 
evaluation of densitometric scans (as described under Materials 
and Methods) performed on this hydrolysate as well as on 
hydrolysates of other all-Ade fragments (data not shown) 
indicates that in partial hydrolysis in 0.5 M aqueous piperidine 
at 90 OC A sites and G s i t s  are equally susceptible to cleavage. 
The propensity to cleavage of the various residues is inde- 
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pendent of sequence; Le., in a given hydrolysate, all bands 
corresponding to a given base (e.g., all G bands) have ap- 
proximately the same peak area. 

The central scan for the 18-h hydrolysate of the all-(AP) 
40-mer (Figure 3b) shows a drastically reduced parent 40-mer 
peak. The pattern of hydrolysis fragments is clearly dominated 
by the (AP) bands. A comparison of the intensities of these 
(AP) bands shows skewing toward the shortest oligomer. The 
first five (AP) bands, corresponding to positions 391, 388, 381, 
377, and 374 in the 4x174 sequence of Sanger et al. (1978), 
had peak areas of 103, 74, 44, 28, and 18 mg of paper, re- 
spectively. This skewing is clearly due to repeated scission 
within the same chain, a phenomenon which is certainly 
pervasive at  a stage where the parent 40-mer is nearly con- 
sumed. Significantly, shorter hydrolyses of the all-(AP) 40- 
mer resulted in a more uniform weight of (AP) peaks: in a 
5-h hydrolysate, the areas of the aforementioned five peaks 
were recorded as 54, 57, 50, 40, and 43 mg of paper, re- 
spectively, and a 1-h hydrolysate yielded 15, 17, 18, 18, and 
16 mg. Thus, to a first approximation, the propensity to DNA 
cleavage at (AP) is independent of sequence. 

From densitometric analysis of the electrophoretogram 
shown in Figure 3b, we obtain the following estimate of the 
susceptibility of DNA to cleavage at (AP) relative to sus- 
ceptibility to cleavage at G: (AP):G = 15:l. 

Figure 4 represents densitometric tracings corresponding 
to lanes 1-3 in Figure 2 [Le., three different polymerases, with 
Ade and (AP) competing]. Five peaks (positions 391, 388, 
381, 377, and 374) are rather well separated. In the case of 
E. coli polymerase I (enzyme A), the first four peaks appear 
in approximately equal intensity, while the fifth peak (A-374) 
is somewhat smaller. In comparison, the hydrolytic degra- 
dation pattern for the 40-mer synthesized by the antimutator 
L141 polymerase shows a large reduction in the intensity of 
the bands corresponding to A-388 and A-377. These two 
bands are also reduced, though not as markedly, in the case 
of the 40-mer synthesized by the wild-type T4 polymerase. 
The bands were quantitated as described under Materials and 
Methods. Peak areas (expressed in milligrams of paper 
weight) are listed in Table I for those peaks which are rea- 
sonably well resolved in the hydrolysates of the 40-mer syn- 
thesized by the three different enzymes. The table also lists, 
under the heading of (AP)/[A + (AP)], the percentage of the 
bases at the given A position which are made up by (AP), as 
calculated by interpolating the measured peak area between 
the values expected if the A position had been occupied ex- 
clusively by Ade (Le,, a peak area equal to the area observed 
at G sites) and the value expected if the A position had been 
occupied exclusively by (AP) (Le., a peak area 15 times as 
large as the area observed at G sites), according to the formula 

P L E S S  A N D  B E S S M A N  

(AP) 
A + (AP) 

- area[Ade + (AP)] - area(G),, 
[15 X area(G),,] - area(G),, 

x 100% - 

To obtain a value for (G)*", we averaged the areas of the 
well-resolved G peaks at positions 389, 371, and 370. 

For the DNA synthesized by E. coli polymerase I (enzyme 
A), we note the approximate equivalence of the (AP) content 
of the A positions 391, 388, 381, and 377. The values, from 
14% to 19%, indicate that at a slight disadvantage in substrate 
concentration [d(AP)TP/dATP = 0.81, (AP) is stably in- 
corporated into these positions to about one-fifth of the extent 
of Ade incorporation. Position 374 shows a somewhat lower 
(AP) content, 9%. The incorporation of (AP) for Ade by the 
antimutator polymerase, 1,141, shows much wider differences 
from one A site to another, from little or no incorporation at 

/ I  

* r w u : i s ~ - p X c I c ) f  t a f t I t c t  T ~ C C T ~ T T ~ " " U E ~ #  

FIGURE 4: Densitometric scans of autoradiographed gel electropho- 
retograms of 5'-32P-labeled Hinfl- 16b fragments after hydrolysis in 
0.5 M aqueous piperidine at  90 OC for 18 h. Nucleotide position is 
as numbered in the sequence of Sanger et al. (1978). The fragments 
had been synthesized by using the following enzymes [and the following 
input ratios d(AP)TP/dATP]: (a) E .  coli polymerase I (enzyme A) 
(0.8); (b) L141 (antimutator) polymerase (1.2); and (c) wild-type 
T4 polymerase (1.2). The direction of electrophoresis was from right 
to left. The large peak on the right is the undegraded 40-mer Hin- 

positions 388 (2%) and 377 (2%) to a substantial relative 
incorporation at 14% at position 374. The average relative 
incorporation of (AP) at these five sites with the L141 enzyme 
(8%) is only half as large as the average relative incorporation 
of (AP) with E. coli polymerase I (enzyme A) (15%), although 
the input concentration of d(AP)TP relative to dATP was 
higher in the synthesis with the L141 polymerase [d(AP)- 
TP/dATP = 1.21 than in the synthesis with polymerase I 

Po#llionl IU  IN MI I77 I74 

fl- 16b. 



S E Q U E N C E  E F F E C T S  O N  A N A L O G U E  I N C O R P O R A T I O N  V O L .  2 2 ,  N O .  2 1 ,  1 9 8 3  4911 

d 
L 

m w  
N N  

3 1 0  
3 

m 
N 

3 
3 

1 0 0  
N 

0 0 3  3 

C n N  3 
3 P N 

9 2  10 
i 

r - C n  
3 

w 

. .  
v 



4912 B I O  C H EM IST R Y  PLESS A N D  B E S S M A N  

Table 11: Distribution of (AP) in Three DNA Sequences Synthesized by L141 Polymerase‘ 

Fragment G f  I - 14b:b 

Nucleotide position: 

Base sequence: 

( A P ) / [ A  t ( A P ) ]  ( % ) :  4 2  6 2 1  14 3 6 4  6 2 3 4 3  5 6 1 0 6  

1 1 8 0  1170 1 1 6 0  1 1 5 0  1 1 4 0  1 1 3 0  

I I I I I I 
5 I -~AGTCAATAGCAAGGCCACGACGCAATGGAGAAAGACC.GGOH- 3 

I W  
14 ( 1 2 ~ 6 % ) ~  

I l l  I 1  I I / I  1 1 1 \ 1  I 1  / I  

Fragment Gf I - E d ,  subcut with Msp I: 

Nucleotide position: 2880 2870 2860 2 8 5 0  2 8 4 0  2 8 3 0  2 8 2 0  2 8 1 0  
I I I I I I I 

Base sequence: 

( A P ) / [ A  t ( A P ) ]  ( % ) :  6 0 0 1  3 3  

5 ’ - b l T T C A G C G R A A C C R A T C C G C G G C A T T T A r , T A G C r X I T C C O ” -  3 ’ 
I I I / I \  I I / I \  I I l l  I I  I LI-, 1 
11 14 20 16 5 7 18 6 4 2 3 8 4 2 2 4 3 1 ( = 3 x 6 X f  11 

I I I I I I  

Fragment !i&f I - 14a:e 
Nucleotide position: 3440 3430 3420 3 4 1 0  3 4 0 0  3490 

I I I I I I 

I 
Base sequence: 5 1 -~AGTCTCATTTTGCATCTCGGCAATCTCTTTCTGATTGTCCAGTTGCATTTTAGT~GCTCTTTTTGOH - 3 I 

I I I I  
1 14 -2 -2 (=2x-2%>f 

I I I  
( A P ) / [ A  + ( A P ) l  ( % ) :  2 3 1 3  

a Synthesized with d(AP)TP/dATP = 1.2. * Primed by HinfI-2. Nucleotide position as numbered in the ~ X 1 7 4  sequence of Sanger et al. 
(1978). Primed by HinfI-4. e Primed by Hinfl-12. f Less reliable values, due to poor electrophoretic resolution. 

(enzyme A) [d(AP)TP/dATP = 0.81. Another observation 
is that the distribution of sites of high and low incorporation 
of (AP) in the DNAs synthesized by these two enzymes do 
not coincide: of the five A sites under discussion, positions 
388 and 377 show very low incorporation of (AP) with the 
L141 enzyme but higher than average incorporation of (AP) 
in the DNA synthesized with E.  coli polymerase I (enzyme 
A); conversely, position 374, which shows a lower than average 
incorporation of (AP) in the case of the E.  coli enzyme, is the 
site of the highest incorporation of (AP) with L141 polymerase. 

Averaging over these five sites, we find that the relative 
incorporation of (AP) by the wild-type T4 polymerase is 9%. 
Here again, as in the case of L141 polymerase, positions 388 
and 377 show the lowest relative incorporation of (AP), 5% 
and 8%, respectively, but the fluctuation in (AP) incorporation 
at the various A sites is less pronounced than in the DNA 
synthesized by the L141 enzyme. 

Table I also presents the values for the relative incorporation 
of (AP) observed in a separate experiment, in which the same 
40-mer was synthesized with E .  coli polymerase I (enzyme 
A), with d(AP)TP and dATP at an input ratio of 1.2. The 
relative incorporation of (AP), averaged over the five sites, 
is 23%, or 1.6 times the average value of 14% observed with 
the same enzyme at an input ratio of 0.8. Comparing the 
values of (AP)/ [A + (AP)] observed in the two experiments 
for corresponding peaks, one obtains factors of 1.8, 1.6, 1.5, 
1.6, and 1.6 for positions 391, 388, 381, 377, and 374, re- 
spectively. Also shown in Table I are the values of (AP)/[A 
+ (AP)] obtained when the experiment with L141 polymerase 
was repeated with the input ratio increased by a factor of 1.5 
[d(AP)TP/dATP = 1.81; this resulted in an increase in (AP) 
incorporation of 1.6, 1.5, 1.5, 2.5, and 1.4 at  the five A pos- 
itions. 

With E .  coli polymerase I (enzyme A) and with wild-type 
T4D polymerase, a highly increased relative incorporation of 
(AP) at  A sites could be achieved by a large increase in the 
input ratio d(AP)TP/dATP. Figure 5 shows central densi- 
tometric scans documenting the 5’-terminal region of Hinff -6 
fragments, 3 11 base pairs long, the synthesis of which was 
primed by HinfI-9 fragments. One of these fragments was 
synthesized by E .  coli polymerase I (enzyme A), with d- 
(AP)TP/dATP = 2.6 at  input; the other fragment was syn- 
thesized by wild-type T4 polymerase, with d(AP)TP/dATP 

= 5.7. When compared to Figure 4, the scans in Figure 5 show 
a marked increase in the size of the peaks corresponding to 
A positions (relative to G peaks), illustrating that an increased 
incorporation of (AP) correlates with an increase in the input 
concentration of d(AP)TP in the polymerization mixture. 

Attempts to examine DNA synthesis with the antimutator 
L141 polymerase at  high concentrations of d(AP)TP were 
unsuccessful. Thus, polymerase incubations in which dATP 
and d(AP)TP were present in concentrations of 50 and 250 
pM, respectively, failed to yield detectable amounts of the 
target fragments HinfI-14b (a 66-mer) and HinfI-8, subcut 
with MspI (a 78-mer). It appears that, with L141 polymerase, 
a high ratio of d(AP)TP to dATP brings about a high level 
of aborted synthesis, so that the newly synthesized strand is 
never extended sufficiently to reach the next intended re- 
striction site downstream. The aforementioned 66-mer and 
78-mer, as well as fragment HinfI-14a (a 66-mer), were 
successfully synthesized with the L141 enzyme at an input 
ratio of d(AP)TP/dATP = 1.2. Table I1 presents the dis- 
tribution of (AP) in these sequences. Again, we observe a wide 
fluctuation in the extent to which the L141 polymerase in- 
corporates (AP) at different A sites. In the case of HinfI-l4b, 
(AP)/[A + (AP)] varies between 1% and 14%, in the 78-mer 
between 0% and 20%, and in the case of HinfI - 14a between 
-2% and 14%. 

Discussion 
The purpose of the present work was to investigate the 

influence of local DNA sequence on the misincorporation of 
nucleotides by various DNA polymerases. The approach 
chosen was to use 2-aminopurine deoxyribonucleotide as a 
paradigm for the misincorporating nucleotide and to determine 
quantitatively the relative incorporation of (AP) at the different 
A sites in defined DNA sequences synthesized by the polym- 
erase of interest. The method described in this report, based 
on end labeling of the newly synthesized strand, selective DNA 
cleavage at  (AP) moieties, and analysis of the resulting ra- 
dioactive fragments, provides for the required quantitative 
determination of the distribution of (AP) in the DNA. 

The reliability of the method can be gauged by comparing 
the values of (AP)/[A + (AP)] at given A sites obtained in 
separate experiments with the same polymerase, given in Table 
I. The results of the repeat experiments (last two columns) 
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FIGURE 5 :  Partial densitometric scans of autoradiographed gel 
electrophoretograms of 5'-32P-labeled HinfI -6 fragments after hy- 
drolysis in 0.5 M aqueous piperidine at 90 O C  for 5 h. Nucleotide 
position is as numbered in the 4x174 sequence of Sanger et al. (1978). 
The fragments had been synthesized with (a) E .  coli polymerase I 
(enzyme A) in the presence of dATP (50 pM) and d(AP)TP (130 
pM) and (b) with the wild-type T4 polymerase in the presence of dATP 
(50 pM) and d(AP)TP (285 pM). The direction of electrophoresis 
was from right to left. Only the lower part of the electrophoretogram 
is shown. 

fairly follow the values measured in the original experiments 
(first two columns), except that they are increased by a factor 
of approximately 1.5, ascribable to the 1.5-fold higher input 
ratio of d(AP)TP/dATP used in these experiments. 

A very marked skewing toward the shortest isostichs was 
noted in the 18-h hydrolysate of the fragment HinfI-16b in 
which all nine interior A sites were exclusively occupied by 
(AP) (Figure 3b). However, in the fragments of actual in- 
terest, in which the A sites are only sparsely occupied by (AP), 
a hydrolysis of this duration does not produce this distorting 
effect. Thus, a comparison of the electrophoretic profiles 
obtained after 16- and 6-h hydrolyses of the fragments listed 
in Table I1 showed no difference. 

The present results show that the extent of incorporation 
of (AP) for Ade at  a given A site is not simply determined 
by the identity of the preceding base but is a much more 
complex function of the local base sequence. E .  coli polym- 
erase I, which incorporates (AP) at  A sites with approximate 
indifference to sequence as judged by the nearest-neighbor 
criterion (Pless et al., 1981), synthesizes, in the form of its large 
proteolytic fragment (enzyme A), a 4X 174 HinfI - 16b frag- 
ment in which (AP) replaces Ade to the extent of 15% at 
position 381, 17% at position 377, and 9% at position 374 
(Table I), even though all three of these sites are preceded by 
T. The variation of (AP) incorporation from one site to an- 
other is larger for the T4D enzyme, and larger yet in the case 
of the antimutator polymerase L141. For the latter enzyme, 
the percent incorporation of (AP) ranged from undetectable 
at some sites to 20% in position 2850 and 18% in position 2838. 
Since in these experiments dATP and d(AP)TP were com- 
peting at approximately equimolar input, and since with L141 

polymerase the apparent K,  for insertion of d(AP)MP is about 
6 times as large as the apparent K,,, for insertion of dAMP 
(Clayton et al., 1979), the bias against (AP) incorporation at 
such sites as 2850 and 2838 may be wholly ascribable to this 
difference in K,. Additional discrimination against (AP) 
incorporation by preferential exonucleolytic cleavage of 3'- 
terminal (AP) may be essentially absent at  such sites. 

For the L141 enzyme, Table I11 presents, in unified form, 
the values shown in Tables I and I1 for incorporation of (AP) 
at  various A sites in different DNA fragments. The entries 
detail the tetranucleotide sequences preceding and succeeding 
the A site under consideration, and they are arranged first 
according to the identity of the immediately preceding b a s e i n  
order to facilitate comparison with the nearest-neighbor 
results-and then, within this nearest-neighbor group, in order 
of decreasing (AP) incorporation at  the A site. We observe 
that, whichever the preceding base may be, the incorporation 
of (AP) can still span the range from at least moderately high 
values to undetectable. Directing our attention to specific short 
sequences, we note that CCA often contains high levels of 
(AP)(14%, 14%, 14%, and 10% at positions 1171, 1131,3406, 
and 1141, respectively), but we can also find intermediate (8%, 
position 2828) and low (4%, 4%, and 3% at positions 2820, 
2833, and 2867, respectively) levels of (AP) incorporated at 
such sites. The sequence CATIT is found associated with high 
incorporation of (AP) (11771, position 2857) and with low 
incorporation of (AP) (2% and -2% at positions 3440 and 
3400, respectively). Finally, we find the identical heptanu- 
cleotide sequence, TTTAGTA, one time containing a high level 
of (AP) incorporation (14%, position 2853) and another time 
devoid of (AP) (-2%, position 3395). In this instance, dif- 
ferences are found only in positions removed by four nucleotide 
units upstream and downstream from the A site under con- 
sideration (ATTTAGTAG vs. TTTTAGTAA). Thus, we 
cannot on the basis of the data in Table I11 formulate any 
general principles which would allow a prediction of the extent 
of (AP) incorporation at  an A site in a postulated sequence. 

In our previous study by nearest-neighbor analysis (Pless 
et al., 1981), we found in experiments conducted at 10 and 
20 OC, with both dATP and d(AP)TP present at  50 p M  
concentration, that stable incorporation of (AP) by L141 
polymerase was relatively favored in positions following G and 
T and distinctly discriminated against if the preceding base 
was A. In the present work, we obtain (Table 111) average 
values for (AP)/[A + (AP)] of 6.3% for CA sequences (av- 
eraged over 19 values), 2.9% for AA sequences (17 values), 
3.5% for GA sequences (1 1 values), and 11 .O% for TA se- 
quences (10 values). Thus, here again, average incorporation 
of (AP) decreases in going from TA to CA to AA nearest- 
neighbor sequences. The low average value of (AP) incor- 
poration following A sites can only to a minor extent be as- 
cribed to the fact that some of the preceding A sites are oc- 
cupied by (AP), as the level of (AP) incorporation was gen- 
erally low; it must rather be interpreted as reflecting a sig- 
nificant bias against the A(AP) sequence. The unexpected 
result in this nearest-neighbor inspection of the data in Table 
I11 is the low average (AP) incorporation after G, which differs 
very markedly from our findings in the nearest-neighbor ex- 
periments. Two reasons may account for this difference. First, 
in view of the wide fluctuation of the values of (AP)/ [A + 
(AP)], the data obtained in the present work are far too few 
to provide averages comparable in accuracy to the nearest- 
neighbor values, which issue from the sampling of a very large 
multiplicity of local sequences subsumed under the heading 
of one nearest-neighbor sequence. A second, more funda- 
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Table 111: Relative Incorporation of (AP) by L141 Polymerase into Different Local Sequencesa 

nucleotide local sequence (AP)/[A + (AP)] nucleotide local sequence (AP)/[A f (AP)l 
position (5’ + 3’) (%I position (5’ + 3‘) (%I 

1171 
1131 
3406 
2857 
1141 
391 

2828 
3425 
1164 
2876 
1183 
2820 
2833 
2867 
3433 
1177 
3440 
2817 
3400 

1147 
1159 
2836 
1149 
2825 
1153 
1168 
1157 
388 

3413 
2872 

GGCCACGAC 
GTCCA TCTC 
GTCCA GTTG 
CGGCATTTA 
CGCCA ACGG 
ACTCA TGAT 
AACCATGAA 
CGGCA ATCT 
ACGCAATGG 
ATTCA GCGA 
AGTCA ATAG 
AACCA ACAT 
GACCA AACC 
AACCA ATCC 
TTGCATCTC 
TAGCA AGGC 
TCTCA TTTT 
CAACATAAA 
TTGCA TTTT 

GGAGA GCGC 
ATGGA GAAA 
TTAGACCAA 
ACGGA GAGC 
CATGA AACC 
AAAGA CGGA 
CACGA CGC A 
GGAGA AAGA 
CATGA TTTC 
TCTGA TTGT 
AGCGA AACC 

14 
14 
14 
1 1  
10 
9 
8 
7 
6 
6 
4 
4 
4 
3 
3 
2 
2 
1 

-2  
6.3 
6 
6 
6 
5 
4 
3 
3 
2 
2 
1 
0 
3 c d  

2842 
1140 
2843 
1163 
1155 
1156 
2866 
283 1 
2819 
1182 
2832 
2824 
2823 
3424 
1176 
2870 
287 1 

2850 
2838 
2844 
374 

2853 
381 

2808 
1180 
377 

3395 

GTAAAGTTA 
GCCAACGGC 
GGTAAAGTT 
CGCAATGGA 
AGAAA GACG 
GAGAAAGAC 
ACCAATCCG 
CCAAACCAT 
ACCAACATA 
GTCAATAGC 
ACCAA ACCA 
ATGAAACCA 
TGAAACCAA 
GGCAA TCTC 
AGCAAGGCC 
CGAAACCAA 
GCGAAACCA 

TAGTA GCGG 
AGTTA GACC 
CGGTA AAGT 
TATTA GTGG 
ATTTA GTAG 
TCTTA CCTA 
CGTTA TTGC 
CAATA GCAA 
ACCTATTAG 
TTTTA GTAA 

7 
6 
5 
4 
4 
3 
3 
3 
3 
2 
2 
2 
2 
2 
1 
1 
0 
2.9‘? 

20 
18 
16 
14 
14 
11 
11 
6 
2 

-2 
l l . o e  

a Synthesized with d(AP)TP/dATP = 1.2. Average overall CA. Average overall AA. Average overall GA. e Average overall TA. 

mental reason may be that the DNA sampled in the present 
investigation was subjected to a selective rigor which was 
entirely absent in our earlier study: in the nearest-neighbor 
work, all radioactive (AP) nucleotides which had been in- 
corporated into the DNA (Le., which had become acid in- 
soluble) were equally weighted in the analysis; in contrast, the 
present paper reports the levels of (AP) incorporation at  
specified A sites realized in only those growing DNA chains 
which were elongated beyond a certain position (viz., the next 
HinfI restriction site downstream). This stricture could entail 
a considerable selectivity in the particular type of DNA 
fragments assayed, as the DNA polymerase extended only a 
minor fraction of the DNA primers to the requisite length. 

Arranging the data for the L141 polymerase experiment in 
Table I11 according to the nucleotide immediately succeeding 
the A site of interest, one obtaines average values for (AP)/[A 
+ (AP)] of 5.2% for AC sites (10 values, ranging from 1% 
to 14%), 4.4% for AA sites (17 values, 0-16%), 8.5% for AG 
sites (14 values, -2-20%), and 4.6% for AT sites (16 values, 
-2-14%). Thus, essentially the full range of incorporation 
probabilities can be observed for each of the four groups. The 
average of 8.5% (AP) incorporation calculated from the AG 
sequences clearly exceeds the average values obtained for the 
other sequences. This could indicate that a succeeding G 
residue confers on an incorporated (AP) a special measure of 
protection against exonucleolysis by “peel back” (Goodman 
et al., 1974). 

The results show that local helix stability is not the only 
criterion governing the propensity for (AP) incorporation at 
a given A site. This fact is most evident from an examination 
of Table I: if there were only one important parameter (e.g., 
helix stability), one would expect all three enzymes to show 
the same biases for or against misincorporation of (AP) at the 

different A sites, although these preferences might be more 
pronounced for one polymerase than for another; however, 
Table I indicates that while such parallel biases exist for the 
L141 and T4D enzymes, the sequence preferences for (AP) 
incorporation by E.  coli polymerase I (enzyme A) and by the 
T4 enzymes can be reversed; this is a clear indication that at 
least two potentially antagonistic effects are operative. 

For various mutant T4 polymerases, Muzyczka et al. (1972) 
have demonstrated a clear correlation between replicative 
accuracy and activity of polymerase-associated 3’-5’-exo- 
nuclease. In vitro studies by Clayton et al. (1979) have shown 
that for a given T4 polymerase the ratio of polymerizing to 
exonucleolytic action can be manipulated by adjustment of 
the deoxynucleoside triphosphate concentration, with an at- 
tendant alteration in the accuracy of DNA replication as 
measured by incorporation of (AP) for Ade. Fersht & 
Knill-Jones (1981) have obtained evidence that the misin- 
corporation of canonical nucleotides by E .  coli polymerase I11 
holoenzyme can depend on the concentration of the deoxy- 
nucleoside triphosphate which is incorporated after the mis- 
matched nucleotide. Analogous results were obtained by 
Kunkel et al. (1981) for E .  coli polymerase I and for wild-type 
T4 polymerase. Misincorporation of nucleotides appears to 
be a complex function of the propensity for the original mis- 
insertion of the nucleotide, of the probability of immediate 
excision of the misinserted nucleotide, of the rapidity with 
which DNA polymerization ensues to the downstream side of 
the misinserted nucleotide, of the overall activity of polym- 
erase-associated 3’-5’-exonuclease, and of the propensity of 
the enzyme for dissociation from the template-primer. All of 
these processes are potentially sequence dependent in their rate 
and extent. Indeed, the mutagenic action of (AP) at a given 
site can be strongly influenced by the identity of the nucleotides 
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in the immediate vicinity (Coulondre et al., 1979) and even 
by single base pair changes at  a considerable distance from 
the site (Conkling et al., 1980). Insofar as misincorporation 
of (AP) in vitro is concerned, its strong sequence dependence 
is documented by our earlier nearest-neighbor work (Pless et 
al., 1981) and, at  a more detailed level, in the present report. 

Difficulties arise when one attempts to interpret the marked 
differences in (AP) incorporation from one A site to another 
in terms of simple physical principles. It stands to reason that 
the polymerase in its intimate association with the template- 
primer can profoundly affect the structure and dynamics of 
the DNA in ways which are not expressed in the behavior of 
protein-free duplex DNA. The sequence specificity of DNA- 
protein interactions is as yet poorly understood; thus, DNA 
gyrase (in the presence of oxolinic acid) cleaves double- 
stranded DNAs with high accuracy at  defined sites, which, 
however, do not have any obvious sequence elements in com- 
mon (Fisher et al., 1981). Also, it is difficult to assess what 
influence the accessory proteins involved in the T4 replication 
complex (Alberts et al., 1982) would have in vivo. 

Even if a physical rationale for the observed sequence de- 
pendence of (AP) incorporation is lacking, the experimental 
results reported here are significant in that they document that 
misincorporation frequency can vary markedly from one de- 
fined DNA site to another. This does not imply that positions 
of high misincorporation of (AP) correlate directly with “hot 
spots” for (AP)-induced mutagenesis. Other critical ele- 
mentary processes in the putative mechanism of (AP)-induced 
transitions could also exhibit a marked sequence dependence: 
Watanabe & Goodman (1981) have shown that the frequency 
of misincorporation of C for T opposite a template (AP) 
moiety by KB cell polymerase a is strongly modulated by the 
identity of the surrounding nucleotides. Nonetheless, the 
variability of (AP) incorporation from one DNA site to another 
is of such magnitude that it has to be considered a major 
determinant in the composite sequence dependence of (AP) 
mutagenesis. 
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