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ABSTRACT: The solution conformation of three related D N A  hairpins, each with five bases in the loop, is 
investigated by proton and phosphorus 2D NMR methods. The sequences of the three oligomers are 
d(CGCGTTGTTCGCG),  d(CGCGTTTGTCGCG),  and d(CTGCTCTTGTTGAGCAG).  One pair of 
hairpins shares the same stem sequence but differs in the loop, and the appearance of an unusual phosphate 
torsion in the stem is found to depend on the sequence in the loop of the hairpin. The second pair of hairpins 
shares the same loop region but differs in the stem sequence in that the base pair which closes the loop is 
a C-G or G-C pair. The pattern of NOES reveals that the stacking arrangement in the loop region depends 
on the base pair that  closes the stem. These results suggest that hairpin loop conformation and dynamics 
are sensitive to small changes in the loop and adjacent stem sequences. These findings are discussed in relation 
to sequence-dependent thermodynamic changes that have been observed in R N A  hairpins. 

I n  the preceding paper, the solution structure of the DNA 
hairpin formed by d(CGCGTTGTTCGCG) was studied in 
detail. Some unusual features in this structure were revealed 
by multinuclear N M R  studies in the region of the junction 
between the stem and the loop regions. A phosphorus reso- 
nance, assigned to P,,, was shifted downfield, and this was 
interpreted as a phosphate in the t,g- conformation. This 
phosphate, located one base away from the junction of the stem 
and loop, exhibits relatively slow exchange between two or 
more conformations at  intermediate temperatures. This is 
accompanied by upfield shifts of the nearby base protons in 
the loop region. The stacking of the two loop bases T8 and 
T9 over the stem changed slightly in a premelting transition. 
The other three bases in the loop of this hairpin were also found 
to stack over the other side of the stem region. 

To investigate the possibility of a sequence effect on hairpin 
conformation, two new sequences were designed and syn- 
thesized. For purposes of discussion, the three hairpin se- 
quences will be referred to as follows: 
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hairpin I 

d( CGCG-TTGTT-CGCG) 

hairpin I1 

d(CGCG-TTTGT-CGCG) 

hairpin I11 

d(CTGCTC-TTGTT-GAGCAG) 

Hairpin I is the subject of a detailed structural investigation 
(Williamson & Boxer, 1989). Hairpin I1 is identical with 
hairpin I except that the G in the loop has been shifted one 
position toward the 3' end of the sequence. This sequence was 
designed to examine the effect of loop sequence on the con- 
formation of the hairpin. Hairpin I11 was designed to test the 
effect of the stem sequences on the loop conformation. The 
sequence in the loop (TTGTT) is the same as that of hairpin 
I, but the important difference is that the loop in hairpin I11 
is closed by a G-C pair, while the loop in hairpin I is closed 
by a C-G pair. All of the sequence share the common feature 
of a loop region consisting of five bases. 

Hairpins I1 and I11 were not characterized in as great detail 
as hairpin I (see preceding paper). Proton and phosphorus 
NMR spectra were partially assigned by using 2D methods. 
NOES' were not quantitated to obtain distances, but rather 
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a qualitative analysis of the pattern and magnitude of the 
NOEs was performed. By simple comparison with the data 
for hairpin I whose structure is known in detail, the similarities 
and differences in the structure of related sequences can 
quickly be assessed. 

MATERIALS A N D  METHODS 
The DNA molecules d(CGCGTTTGTCGCG) and 

d(CTGCTCTTGTTGAGCAG) were synthesized by phos- 
phoramidite chemistry and were purified by reverse-phase 
HPLC. Samples were desalted on a low-pressure reverse-phase 
column, the desired buffers were added, and the solvent was 
exchanged for D 2 0  by repeated concentration from 99.8% D 2 0  
on a Speed-Vac. Sample conditions were 70 mM NaCI, 35 
mM sodium phosphate, pH 7.0 (meter reading), and 5 mM 
EDTA, and all spectra presented in the figures were recorded 
a t  25 O C .  The oligonucleotide concentration was - 1.5 mM 
for hairpin I1 and -3 mM for hairpin 111. 

N M R  Measurement. Proton spectra were recorded a t  500 
MHz and phosphorus spectra were recorded a t  202 MHz on 
a G E  GN-500 spectrometer. Proton chemical shifts are ref- 
erenced to (trimethylsily1)propionic-d4 acid internal standard, 
and phosphorus shifts are referenced to trimethyl phosphate 
external standard. Proton-phosphorus correlation was per- 
formed by using a proton-detected version of the standard 
heteronuclear correlation experiment (Sklenar et al., 1986). 

RESULTS 
I n  the previous paper hairpin I was shown unambiguously 

to adopt a hairpin conformation on the basis of a variety of 
data. The melting behavior was independent of concentration, 
and relaxation measurement indicated that the rotational 
correlation time was consistent with the dimensions of the 
hairpin structure. N o  extensive experimentation was done to 
demonstrate the hairpin conformation for hairpins I1 and 111. 
However, there is some credible evidence to support the as- 
sertion that they also adopt a hairpin conformation. The 
melting temperatures for hairpins I1 and I11 are both in excess 
of 70 “C. Unpaired imino protons are observable in the 10-1 1 
ppm region that are characteritic of loop regions. Also there 
is a break in the N O E  connectivity in the loop regions that 
appears to be characteristic of loop structure in hairpins (vide 
infra). I n  addition, only one set of resonances was observed 
in the proton and phosphorus spectra a t  all temperatures for 
both molecules. 

Proton N M R  Data 
Studies of the Hairpin d(CGCGTTTGTCGCG). The 

proton N M R  spectrum of hairpin I1 is very similar to that of 
hairpin I. The HI’, H2’, H2”, H3’, and base protons for 
hairpin I1 were completely assigned from a NOESY spectrum. 
An expansion of the base proton to H1’ cross-peak region of 
the NOESY spectrum is shown in Figure la,  and an expansion 
of the base proton to H2’/H2” region is shown in Figure 1 b. 
The assignments were obtained by using the sequential as- 
signment procedure, and as found for hairpin I in the preceding 
paper, there is a break in the sequential assignment pathway 
midway through the sequence. The pattern of NOEs can be 
followed from the 5’ end through to residue T,, where there 
is a break. The sequential assignment pathway resumes a t  
residue Clo and continues to the 3’ end of the sequence. The 
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I Abbreviations: NOE, nuclear Overhauser effect; HPLC, high-per- 
formance liquid chromatography; EDTA, ethylenediaminetetraacetic 
acid; ppm, parts per million; NOESY, nuclear Overhauser effect spec- 
troscopy. 

Table I: Chemical Shift Assignments for Hairpin 11, 
d(CGCGTTTGTCGCG), at 25 OC“ 

residue H6/H8 H1’ H2db H2,b H3’ H5/CH3 31P 
C1 7.67 5.79 2.44 2.00 4.73 5.94 -3.76 
G,  8.00 5.94 2.77 2.72 5.00 -3.87‘ 
C3 7.34 5.80 2.34 1.89 4.85 5.48 NDd 
G4 7.86 6.07 2.67 2.59 4.98 -3.65 
T, 7.41 6.04 2.45 2.23 4.87 1.77 -3.70 
T6 7.58 6.05 2.39 2.11 4.67 1.83 -4.23 
T7 7.43 5.91 2.15 1.90 4.61 1.69 -3.89 

Tg 7.56 6.21 2.52 2.31 4.82 1.84 -3.52e 
Cl, 7.53 5.53 2.38 1.96 4.81 5.78 -3.72‘ 
GI, 7.98 5.93 2.74 2.70 5.01 -3.87‘ 
C I 2  7.38 5.84 2.37 1.93 4.85 5.51 NDd 
G 1 2  7.97 6.19 2.72 2.63 4.70 

G8 7.82 6.09 2.88 2.68 4.95 ND‘ 

“Proton shifts are reported in ppm downfield from TSP internal 
standard and phosphorus shifts in ppm downfield from trimethyl 
phosphate external standard. * H2’ and H2” were not unambiguously 
differentiated, but in general H2, = H2’ and H2d = H2”. “3’ and 
phosphate resonances are coincident. d N D  = assignment could not be 
determined. e H3’ resonances are coincident; therefore, phosphate as- 
signment is ambiguous between residues T9 and Clo. 

Table 11: Chemical Shift Assignments for Hairpin 111, 
d(CTGCTCTTGTTGAGCAG), at 25 O c a  

H5/CH3/ 
residue H6/H8 H1’ H2,b H2db H3’ H2 ” P  

Cl 7.85 5.95 2.59 2.17 4.71 5.96 -3.91‘ 
T2 1.52 5.86 2.57 2.24 4.93 1.73 -3.78 
G3 7.98 5.96 2.76 2.76 5.04 -3.65 
c4 7.50 5.99 2.58 2.17 4.73 5.40 -4.12d 
TS 7.51 6.11 2.54 2.17 4.90 1.68 -3.93 
c6 7.62 6.15 2.46 2.27 4.86 5.72 -3.82 
T7 7.46 6.10 2.44 2.22 4.84 1.79 -3.64 
T8 7.45 6.03 2.28 1.97 4.69 1.82 -3.91‘ 
G9 7.87 5.99 2.62 2.51 4.69 -3.91‘ 
TI ,  7.46 6.08 2.41 2.24 4.77 1.66 -3.92 
Tl l  7.40 5.82 2.32 1.97 4.74 1.83 -4.12‘ 
GI2 8.00 5.42 2.79 2.71 4.99 -3.62 
A,, 8.20 6.14 2.94 2.76 5.10 7.83 -3.89 

CIS 7.34 5.55 2.29 1.91 4.82 5.35 -3.91 

GI, 7.15 6.07 2.48 2.32 4.67 

GI4 7.70 5.80 2.67 2.52 5.00 -3.79 

Ai, 8.22 6.08 2.90 2.73 5.05 7.85 -3.80 

OProton shifts are reported in ppm downfield from TSP internal 
standard and phosphorus shifts in ppm downfield from trimethyl 
phosphate external standard. * H2’ and H2” were not unambiguously 
differentiated, but in general H2, = H2’ arid H2d = H2”. ‘H3’ and 
phosphate resonances are coincident. H3’ and phosphate resonances 
are coincident. 

pattern of NOEs in the base proton to H2’/H2’’ region is 
similar to that in the base proton to H1’ region, with additional 
contacts between protons on residues G8 and Tg, and Tg and 
Cl0. A listing of the assignments is presented in Table I .  

The stem region of hairpin I1 appears to consist of four C-G 
base pairs in a B-DNA conformation as evidenced by the 
pattern and magnitude of the NOEs in that region. The 
pattern of cross peaks in the NOESY spectrum in the stem 
region is nearly superimposable on the same region in the 
NOESY spectrum of hairpin I .  This is strong evidence for 
similar structure in the stem region of the two hairpins. 

The pattern of NOEs in the loop region is also very similar 
to that of hairpin I, in that there is a break in the NOE 
connectivity between the third and fourth positions in the loop. 
Stacking interactions are present in the loop region and be- 
tween the stem and the loop as evidenced by the B-DNA-like 
pattern of NOEs in that region. 

Hairpin III d( CTGCTCTTGTTGAGCAG). The ap- 
pearance of the proton N M R  spectrum of hairpin 111 is quite 
different from that of the other two due to the completely 
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FIGURE 2: NOESY spectrum of d(CTGCTCTTGTTGAGCAG), 
hairpin 111. A total of 32 accumulations of 1024-point real and 
imaginary spectra were recorded for 512 tl values with a mixing time 
of 350 ms. (a) Expansion of the region containing the cross peaks 
between the base protons and the H1’ protons. The sequential as- 
signment pathway is shown with arrows: solid arrows denote contacts 
that are observed, and dotted arrows indicate where the expected cross 
peak is missing. (b) Expansion of the cross-peak region between the 
base protons and the H2’”’’ protons, with the sequential assignment 
pathway denoted by arrows. 

shown in Figure 3a, and it exhibits no upfield- or downfield- 
shifted resonances. The differences in the phosphorus spectra 
reflect significant differences in the backbone torsions in the 
three hairpins. 

The phosphorus resonances in hairpin I1 were partially 
assigned with a phosphorus-proton correlation experiment that 
is shown in Figure 4. The phosphate phosphorus is scalar- 
coupled to the H3’ proton of the preceding residue, as well as 
to the H4’ and H5’/”’’ protons on the next residue. The 
phosphate assignments were made on the basis of the coupling 
to the H3’ protons, which were completely assigned from the 
NOESY spectra. The upfield-shifted phosphate in hairpin I1 
is clearly assigned to P6, which is between residues T6 and T,. 
The resonance for Plo, which is downfield shifted in hairpin 
I, is not shifted in hairpin I1 and appears a t  the normal 
chemical shift for a B-DNA phosphate. The chemical shifts 
of the other phosphorus resonances that were assigned are also 
listed in Table I. 

The phosphorus resonances in hairpin I11 were also partially 
assigned by a heteronuclear correlation experiment, and a plot 
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Table II: Poly(ADP4bosylation) of Topisomerase I by Active 
Oxvcen 1186 Clone 41) B c c  .- .- A E €  
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FIGURE 2 ADPR-transfcrasc immunoblota of acid-insoluble nuclear 
material from JB6 (clone 41) cells that had been treated with active 
oxygen or N-methyl-N'-nitro-N-nitromguanidine. Experimental 
conditions were as described in the legend to Figure I and under 
Methods. A polyclonal rabbit anti-ADPR-transferase antibody was 
used and reacted with '2JI-labeled donkey anti-rabbit Ig for auto- 
fluorography. (A) Induction of poly(ADP4bosylation) by active 
oxygen and MNNG, respectively, and effect of the ADPR-transferase 
inhibitor benzamide (100 pM). (B) Removal ofpoly(ADPR) chains 
from ADPR-transferase by treatment of nuclear preparations with 
0.1 N NaOH as described under Methods. 
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FIGURE 3: Topoisomerase I immunoblots of acid-insoluble nuclear 
material from JB6 (clone 41) cells that had bccn treated with active 
oxygen or N-methyl-N'-nitrc-N-nitromguanidine. Experimental 
conditions were as described in the legend to Figure I and under 
Methods. A plyclonal rabbit anti-topisomerase I antibody was used 
and reacted with '2SI-labeled donkey anti-rabbit Ig for autofluoro- 
graphy. 

for the 95-kDa band wexe directly proportional to the amounts 
of ['Hlleucine protein radioactivity applied on the gel (see 
Figure l e ) ,  allowing the calculation of the extent of poly- 

normalized 
densitometer ply(ADP-ribcsylation) 

readingsb of topisomerase I (8) 
adsorbed on boronatc' 

control 4.2 0.1 I 
X/XO. 30 min 25.5 0.68 
X/XO + bcnzamide. 10.8 0.29 

X/XO. 60 min 5.0 0.13 
X/XO + benzamidc. 3.6 0.10 

MNNG, 20 min 9.3 0.25 

control 3704 

30 min 

60 min 

nonadsorbed on boronatc 

*Cells exposed to active oxygen (X/XO 5015 pg/mL), active oxy- 
gen plus benzamidc (100 pM), or MNNG ( 5  pg/mL) for the indicated 
lengths of time, bDcnsitometer readings of the 95-kDa band from 
Western blots normalized to 1% ofthc total nuclear proteins from 1.4 
x IO' cells. 

(ADPR) substitution of topoisomerase 1. From the data listed 
in Table 11, it is evident that the extent of steady-state sub- 
stitution of topoisomerase I with poly(ADPR) is low (0.11%). 
that A 0  treatment caused a 6-fold increase within 30 min. 
and that the level of substitution has essentially returned to 
control levels within 60 min. 

DISCUSSON 
In general, it has not been possible to selectively radioae 

tively label the cellular NAD pool with l2P in intact cells. 
While labeling of NAD with ['Hladenosine (Aldolph & Song, 
1985a.b) or ['Hladenine (Cardenas-Corona et al., 1987) has 
been successful, the radioactivity associated with many poly- 
(ADPR) acceptor proteins is insufficient for fluorometry. This 
represents a major obstacle for studies of the poly(ADP- 
ribosylation) of nuclear proteins in vivo. The experimental 
strategy combining phenylboronate PBA-30 affinity chro- 
matography with immunoblots taken in the present work 
circumvents this difficulty. Since phenylboronate retains 
mono- and poly(ADP-ribosylated) proteins, our data do not 
yield information about the chain lengths of the substituents. 
However, since nuclear proteins were isolated mono(ADP- 
ribosylated) proteins probably result from the degradation of 
poly(ADPR) chains rather than bona fide ADP-ribosylation 
(Althaus & Richter, 1987; Althaus et al., 1985). The com- 
bination with immunoblots is necessary because of the limited 
specificity of the phenylboronate PBA-30 column. From our 
results with the antibody against poly(ADPR) chains (Figure 
I), it is evident that PBA-30 effectively removed poly(ADP- 
ribosylated) proteins because no bands were visible in the 
nonadsorbed flow-through. However, PBAJO in addition also 
retained non-poly(ADP-ribosylated) proteins. This is evident 
from the observation that the fraction of proteins retained 
always represented 1.3-1 5% of the total and did not increase 
upon treatment with inducers of poly(ADPR) synthesis. 
Therefore, retention on PBA-30 does not suffiee for the 
identification of poly(ADPR) acceptor proteins. We used the 
following additional criteria: ( I )  detection by poly(ADPR) 
antibodies on immunoblots; (2) alkaline hydrolysis of the 
poly(ADPR) substituents; (3) increase in specific bands on 
immunoblots with antibodies against specific acceptor proteins; 
(4) inhibition of the reaction by the ADPR-transferase in- 
hibitor benzamide. To avoid undesirable side reactions, low 
benzamide concentrations (100 pM) were used. Even under 
these conditions poly(ADP-ribosylation) was inhibited by more 
than 50%. 
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a) base to H1’ 

Hairpin I1 

b) base to H2” 

Hairpin I 

Hairpin II 

v I - loop 

stem 
FIGURE 7:  NOE connectivity patterns compared for three DNA 

for hairpins I and I1 show uriusual upfield- or downfield-shifted 
resonances. The downfield-shifted phosphate in hairpin I was 
assigned to PI,, which is a phosphate group in the stem region 
of that molecule. The upfield-shifted phosphate in hairpin I1 
was assigned to P,, which is a phosphate in the loop region. 
Even though the stacking patterns in hairpins I and I1 appear 
to be similar, the unusual geometry around Plo found in hairpin 
I is apparently not present in hairpin 11. 

The differences in the structure of the three hairpins suggest 
that there is a complex interplay of stacking interactions that 
determines the structure of the loop regions. Hairpin I exhibits 
intermediate exchange between two conformations, which is 
apparent in the phosphorus spectrum at  intermediate tem- 
peratures (Williamson & Boxer, 1989). The site of this 
conformational transition is near the junction between the 3’ 
portion of the stem and the loop region. The stacking ar- 
rangement in hairpin I1 is very similar to that in hairpin I, but 
there is no evidence for a conformational transition or unusual 
geometry at  the stem-loop junction, as is seen in hairpin I. 
In hairpin I, there are upfield shifts of the base protons of 
residues T8 and T9 in the same temperature range as a con- 
formational change in Plo from t,g to g,g-. These data suggest 
that there are two slightly different stacking arrangements 
among the bases T8, T,, C,,, and GI1  that are energetically 
close. In hairpin 11, residue T8 has been substituted by residue 
G8, and in this case, there is no unusual phosphate confor- 
mation for PI,. By changing a single base, two residues re- 
moved, the backbone conformation is affected, presumably by 
the changes in the stacking interactions in the loop. 

The stacking preferences for DNA and RNA hairpins have 
been rationalized in terms of interstrand phosphate distances 
in B-DNA and A-RNA (Haasnoot et al., 1986). For DNA 
hairpins, the stacking is predicted on the basis of these steric 
arguments to be three bases in the 5‘ side of the loop and two 
bases in the 3’side of the loop. While this is the arrangement 
we observe in hairpins I and 11, a different arrangement is 
observed in hairpin 111. Although the rationale for predicting 
loop stacking from steric constraints is reasonable and seems 
to apply in many cases, it is clear that the sequence of the loop 
and adjacent stem bases can also play a role in aetermining 
the loop conformation. 

stem 
hairpins: (a) base to H1’ proton pathway; (b) base to H2” pathway. 

Extra stacked bases on a helix are more stable when stacked 
over the 3’ end of the helix for RNA (Sugimoto et al., 1987), 
while they are more stable stacked over the 5’ end of the helix 
for DNA (Senior et al., 1988), making it impossible to directly 
compare DNA and RNA hairpins. However, it is reasonable 
to expect that structural variations we observe in DNA hairpins 
may relate to the sequence-dependent stability that has been 
observed in RNA hairpins. 

Sequence-dependent changes in the thermodynamic stability 
of RNA hairpins have been observed in several examples. One 
prevalent RNA hairpin sequence is the loop sequence UUCG 
closed by a C-G base pair that has been found in a wide variety 
of contexts (Tuerk et al., 1988). Single base changes in the 
loop region and reversing the closing base pair to a G-C reduce 
the stability of the hairpin. A common loop sequence found 
in many ribosomal RNAs (Woese et al., 1983), as well as the 
self-splicing RNA from Tetrahymena thermophila, is GAAA. 
Single base changes in the loop of GAAA hairpins also results 
in changes in thermodynamic stability, as does flipping the 
base pair that closes the loop from G-C to C-G (J. Haney and 
0. Uhlenbeck, unpublished results). A similar effect has been 
seen with the hairpin in the 3’ terminal colicin fragment of 
16s  RNA. Comparison of hairpins from different species 
revealed a change in T ,  of 10 OC on changing the base pair 
closing the loop from C-G to G-C (Heus, 1987). 

There are at least three competing factors that appear to 
influence hairpin loop conformation. The first is the steric 
constraint for loop closure, which has been discussed in terms 
of interstrand phosphate distances (Haasnoot et al., 1986). 
The second factor is the stacking energy of the loop bases over 
the stem bases, for which some thermodynamic data exist 
(Senior et al., 1988; Sugimoto et al., 1987). The third factor 
is the stacking energy of the loop bases among themselves, for 
which no thermodynamic data yet exist. The steric factor and 
the helix-loop stacking are opposing forces in both DNA and 
RNA in that the arrangement which is thermodynamically 
favored is the opposite to the arrangement which is sterically 
favored. In hairpins I and 11, the steric factor apparently 
prevails, while in hairpin 111, the stem-loop stacking prevails. 
The effects of stacking among the loop bases are perhaps more 
subtle, but the backbone conformations at PI, in hairpins I 
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and I1 are definitely different, possibly due to slight changes 
in the stacking of the loop bases. 

These studies on a set of related sequences indicate that 
there can be a substantial effect of the nucleotide sequence 
on the conformational properties of DNA hairpins. Most of 
the DNA hairpins studied to date have loop regions that consist 
solely of thymidine residues (Haasnoot et al., 1980, 1983; Hare 
& Reid, 1986; Ikuta et al., 1986). By studying a diverse set 
of sequences, both RNA and DNA, with different combina- 
tions of stem sequences, loop sequences, and loop sizes, we can 
approach a comprehensive understanding of hairpin structure. 
We are currently undertaking a study of the thermodynamics 
of this set of related hairpins to look for a correlation of the 
structural variations with stability. 
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Mutation Induced in Vitro on a C-8 Guanine Aminofluorene Containing Template 
by a Modified T7 DNA Polymerase? 
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ABSTRACT: We reacted uracil-containing M 13mp2 D N A  with N-hydroxy-2-aminofluorene to produce a 
template with N-(deoxyguanosin-8-yl)-2-aminofluorene adducts. This template was hybridized to a non- 
uracil-containing linear fragment from which the lac z complementing insert had been removed to produce 
a gapped substrate. D N A  synthesis using this substrate with the modified T7 DNA polymerase Sequenase 
led to an increase in the number and frequency of lac- mutations observed. Escherichia coli DNA polymerase 
I (Kf) did not yield a comparable increase in mutation frequency or number even though both Sequenase 
and the E.  coli polymerase had similar, low, 3’ - 5’ exonuclease activities as compared to T4 D N A  
polymerase. We did not observe an increase in mutations when synthesis was attempted on a template reacted 
with N-acetoxy-2-(acetylamino)fluorene to give N-(deoxyguanosin-8-y1)-2-(acetylamino)fluorene adducts. 
Both E. coli and T7 enzymes terminate synthesis before all (acety1amino)fluorene lesions. Only some of 
the putative aminofluorene adducts produced strong termination bands, and there was a difference in the 
pattern generated by Sequenase and E. coli pol I (Kf) using the same substrate. Analysis of the mutations 
obtained from Sequenase synthesis on the aminofluorene-containing templates indicated a preponderance 
of -1 deletions a t  G’s and of G - T transversions. 

M o s t  mutations occur as a result of errors during repli- 
cation. A large literature deals with the problem of the fidelity 
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of polymerases synthesizing DNA on normal templates 
(Kirkwood et al., 1986). An early analysis of the factors 
involved in mutation induced by prokaryotic polymerases which 
carry their own 3t + 5’ exonucleases (Fersht, 1979) pointed 
Out that the probability Of fixing a mismatch depended On at 
least three factors: (a) the rate of incorporation of the mis- 
matched base; (b) the rate of excision of the mismatch by the * Author to whom correspondence should be addressed. 
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