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Exonuclease II1I (Exo III) of Escherichia coli is a DNA-
modifying enzyme very frequently used in molecular bi-
ology. The experiments described here were carried out
with the aims of reliably controlling exonuclease activ-
ity and of learning more about the enzyme’s specifici-
ties. The dependence of Exo III activity on factors such
as temperature (including heat inactivation), the con-
centrations of Exo IIl and NaCl, and the concentration
and shape of 3 termini was investigated. Double
stranded DNA was found to be a competitive inhibitor
of the enzyme activity. Some four nucleotide 3’ protru-
sions were shown to be sensitive to Exo III digestion.
The synchronism of deletion was also examined. Impli-
cations for the propcesed mechanism of activity are
discussed. ¢ 1993 Academic Press, Inc.

Although all evidence indicates that Exonuclease II1
(Exo II)? of the bacterium Escherichia coli (1) acts
within the cell as a repair endonuclease at apurinic and
apyrimidinic (AP) sites rather than as an exonuclease
(2-4), its exonuclease activity is widely being used for
various DNA manipulations in vitro: exonucleolytic di-
gestion of double strand DNA from its 3’ end generates a
single-stranded template, which provides a substrate
for labeling reactions (5), for instance, or the enzymatic
determination of the sequence by resynthesis of the sec-
ond strand (6-8). Furthermore, after incorporation of
a-thiophosphate nucleotides Exo III itself can be used
for fragment termination in an enzymatic sequencing
reaction (9,10). Treatment of the single strand tail with
a mutagen, such as bisulfit (11), or the hybridization of
mismatched oligonucleotides (e.g., 12) result in a muta-
genesis of specific regions. In combination with single

! Present address: Imperial Cancer Research Fund, P. O. Box 123,
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2 Abbreviations used: Exo III, Exonuclease 11I; AP, apyrimidinic;
ccc, covalently closed circular; TAK, Tris/acetate/potassium; nt, nu-
cleotide.
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strand specific nucleases, like S1 nuclease from Asper-
gillus oryzae, Exo IIl introduces deletions either at nicks
randomly created with DNase I (13) or more directed at
restriction sites. This is used for generating gaps (e.g.,
14,15) or positioning restriction fragments for maximis-
ing the expression of a cloned gene (16). The positions
of genetic markers (17) and repetitive sequences (18)
have been mapped this way. Using deletion clones, pro-
tein binding sites have been localized either by a rapid
filter assay (8) or by steric blockade of the Exo III pas-
sage (e.g., 19), and binding proteins have been identified
(20). The production of a set of stepwise deleted clones
(21-23) simplifies DNA characterization and provides
an ordered approach toward the sequencing of longer
DNA stretches.

Exo III is the product of the xth gene of E. coli which
has been completely sequenced (4). The enzyme is a
monomeric, globular protein of 31 kDa. It is a double
strand specific 3'-5 exonuclease, an exonucleolytic
RNase H, a phosphomonoesterase at 3’ ends (1,24), as
well as an endonuclease at AP sites (3) and urea-N-gly-
cosides (25). All these activities are thought to be cata-
lyzed by a single active site (26,3).

The work presented here set out from the desire to
control reliably the exonuclease activity of Exo III and
to learn more about the enzyme’s specificities. To this
end, various factors influencing the reaction were exam-
ined. From the data generated, it was possible to look in
more detail at the catalytic functioning of Exo III. The
conclusions drawn on the molecular mechanism of the
enzyme’s activity are being discussed.

MATERIALS AND METHODS

DNA preparation. Plasmid and cosmid DNA was
prepared by alkaline lysis as described in detail else-
where (27). The DNA concentration and the percentage
of covalently closed circular (ccc) DNA in the prepara-
tion were determined by the increased fluorescence of
DNA-intercalated ethidium (27). Only preparations
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with more than 95% ccc DNA were used. All restriction
digestion was carried out in a single Tris/acetate/potas-
sium (TAK) buffer (28). After cleavage the DNA con-
centration and the degree of linearization were again
measured by the fluorescence assay and confirmed by
gel electrophoresis. Cleavage was called complete if
more than 97% of the DNA was cut. When the DNA was
double digested, it was cut to completion with the en-
zyme producing 3’ protrusions before the other enzyme
was added.

Deletion with Exo III. Deletion with Exo III and S1
nuclease was carried out in a one-tube reaction (22).
Linear DNA (1.5 ug) was incubated with 180 units (U)
Exo IIl in 10 ul 15 mM Tris-HCI (pH 8.0), 0.66 mMm
MgCl,. The sample was equilibrated to the relevant tem-
perature before Exo III was added. Portions of 1.8 ul
were removed from the sample in intervals of usually 1
min and immediately mixed with 3.6 ul water which had
been preheated to 100°C. The samples were kept at
68°C for 5 min to assure the complete denaturation of
the enzyme. After cooling to room temperature, 7.2 ul of
20 mM Na-acetate, pH 4.6, 0.5 M NaCl, 2 mM ZnSO,,
10% glycerol, and 2.4 ul S1 nuclease (4.5 U/ul) were
added. Subsequent to a 10-min incubation at room tem-
perature, the S1 nuclease was inactivated upon a pH
shift by adding 3 ul of 0.8 M Tris-HC], pH 8.2, 80 mm
MgCl, and 20 mM EDTA. Eight microliters of each ali-
quot was run on agarose gels. For the examination of the
activity of Exo III, several parameters of these standard
conditions were varied as indicated under Results. To
obtain circular deletion clones, the remaining 10 ul were
incubated with 1 ul of Klenow enzyme (0.25 U) at 37°C
for 2 min, after which 0.9 ul of all nucleotide triphos-
phates (0.25 mM each) was added for 15 min at 37°C to
create blunt ends. Ligation was carried out with 5.7 ul
ligase buffer (80 mM Tris-HCIl, pH 7.5, 30 mM dith-
iothreitol, 20 mm MgCl,, 3 mM spermidine), 0.9 ul 10
mM ATP, and 2 ul T4 DNA ligase (2 U; BRL) at 12°C
overnight. Competent cells were transformed, and DNA
from randomly selected colonies was isolated.

Gel electrophoresis. In order to determine the rate of
Exo III digestion, the DNA products of deletions were
run at 5 V/cm in gels of 0.6 to 1% agarose in 40 mM
Tris-acetate, pH 8.2, 1 mM EDTA (e.g., Fig. 1). By com-
parison to standards, fragment sizes were calculated on
the assumption that, within a certain size-range, the mo-
bility of the DNA is inversely proportional to its length
(29). For each chosen size range (0.8 to 2.9 kb; 1.4 t0 4.9
kb; 3.9 to 9.1 kb) at least four marker molecules were
used. Mobility measurements were taken into account
only when the calculated length of each marker did not
differ from its actual size by more than 2% (e.g., +60 bp
for 2.9 kb) and the calculated variation in length did not
exceed 0.7% of the upper limit of each size range (e.g.,
+20 bp for fragments between 0.8 and 2.9 kb).
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FIG.1. Ratedetermination of Exo III deletions at different temper-
atures. Plasmid pUC18 (32) was cut with Pst] + BamHI and digested
with Exo III under standard conditions. Aliquots from each reaction
were taken in 1-min intervals. Run on an ethidium-stained agarose
gel, the fragment sizes were determined by comparison to a DNA

standard (sizes given on the margin). The samples from the reaction
at 48.7°C were loaded in reverse order (f to b’).

RESULTS

Temperature dependence of Exo III. 'The activity of
Exo III is very dependent on the incubation tempera-
ture (Figs. 1 and 2). Between 22 and 46°C, it doubles
every 6°C. The data shown in Fig. 2 were actually accu-
mulated over a period of more than 2 years with various
DNA substrates and eight different lots of enzyme, il-
lustrating the high degree of reproducibility. Variation
of the temperature allows good control of the exonucle-
ase activity. At a saturating enzyme concentration of
120 U Exo III/ug DNA the rate of deletion is about 100
nucleotides/min (nt/min) at 25°C, 200 nt/min at 31°C,
400 nt/min at 37°C, and about 600 nt/min at 41°C. A
reduction to 30 U Exo I1I/ug DNA cuts these rates by
half. From Fig. 2, an activation energy E, of 98.5 kJ/mol
was determined, which is in agreement with values pub-
lished earlier (30,31). The reported transition of E, was
observed at 30°C (30) rather than 25°C (31), although it
is statistically not significant for the presented data set
accumulated from many different experiments.

Above about 46°C, the heat inactivation of the en-
zyme becomes apparent. The rate is reduced exponen-
tially with time. From incubations such as those shown
in Figs. 1a-1y’ the time was determined by which the
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FIG. 2. Temperature dependence of Exo III. The data were actu-
ally accumulated with various substrates over a period of more than 2
years. Deletions were carried out with 30 U enzyme/ug DNA (O) or
120 U/ug DNA (¥). Each point represents the rate at each susceptible
DNA terminus averaged from 5 to 15 time points of one reaction.
Above 48°C, the averages calculated from 5 intervals are only of lim-

ited value, since the rates quickly decreased due to heat inactivation
of the Exo I (see Fig. 3).

rates dropped by half (Fig. 3). Since these times again
get shorter exponentially with increasing temperature,

they are equivalent to the half-life of the heat inactiva-
tion of Exo IIL

Dependence on enzyme and NaCl concentration.

Apart from the incubation temperature, variation of
the enzyme concentration can be used for regulating the
deletion rate of Exo III (Fig. 4). Using the plasmid
pUC18 (2686 bp; Ref. 32) as substrate, saturation is
reached at an about 20-fold molar excess of Exo III to
plasmid (75 U/ug DNA). At an enzyme concentration of
120 U/ug DNA the rates at 41, 37, and 31°C are in the
ratio of 3/2/1. The ratio changes to 2.7/2/1 at very high
saturation (600 U/ug DNA).

Increasing the NaCl concentration linearly decreases
the activity of Exo III over the whole range of enzyme
concentration (Fig. 5). There is no enzymatic activity
detectable above 300 mM NaCl. Using almost identical
incubation conditions, results have been reported sug-
gesting a complete inactivation of the Exo III above 145
mM NaCl (33). Deletions were carried out on numerous
DNAs with five commercial lots of Exo III supplied by
two manufacturers and with enzyme isolated in the labo-
ratory from an overproducing strain in order to rule out

FIG. 3. Heat inactivation of Exo IIl. The times were determined
during which the rate of deletion was reduced by half. Above 56°C,
inactivation was to quick to be followed directly by the gel assay. The

arrow at 56.6°C indicates the maximal possible value estimated from
the total length of the deletion.

differences due to either the batch of enzyme or the
DNA substrates used. In all cases, Exo III exhibited the
response to NaCl concentration shown in Fig. 5.
Influence of 3 ends and DNA concentration. The
amount of Exo III used in deletion experiments is gener-
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FIG. 4. Dependence of the rate of Exo III digestion on enzyme
concentration. In a standard reaction of 15 ul, linear plasmid DNA

was incubated with increasing concentrations of Exo III at 31°C (V),
37°C (m), and 41°C (O).
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FIG.5. Dependence of the activity of Exo III on the NaCl concentration. A, Plasmid pUC18 was linearised with PstI + Xbal and unidirection-
ally digested at different Exo III concentrations in presence of 0 mM (O), 90 mm (®), 180 mM (V), and 270 mM NaCl (a). B, The average rates at
120 U (O), 80 U (m), 40 U (A), and 20 U (¥) Exo IlI/ug DNA are shown. The regression lines meet on the axis at 300 mM (+ 5 mM) NaCl.

ally given in units per picomole susceptible 3' end, which
would be sensible only if uncut DNA and resistant ends
exert no influence on Exo III activity. To examine the
effect of the concentration of ends and of the shape of
the DNA termini, the plasmid pAH9 (5450 bp; unpub-
lished result) was utilized as an indicator molecule. It
was linearized by a double digest with Xbal and Pstl,
whose unique hexamer sites are separated by 6 bp, and
was subsequently purified. Xbal produces a 4 nt 5 over-
hang, which is digested by Exo III, while the 4 nt 3'-pro-
truding ends created by PstI are not a substrate. So, the
linear pAH9 DNA is unidirectionally digested by Exo
I11. In order to test the effect of concentration of ends on
activity at fixed total DNA concentration, 375 ng (104
fmol) of such DNA were mixed with 1125 ng (585 fmol)
of another plasmid, pJH1 (2913 bp; Ref. 8), which was
added either uncut (Fig. 6: ccc), or after being linearized
with either Xbal or Pstl (Fig. 6). The three different
mixtures were deleted under standard conditions (see
Materials and Methods) but with only 20 U Exo II1/ug
DNA. At this nonsaturating enzyme concentration, any
effect on account of the concentration of the DNA ter-
mini or their shape would be indicated by an immediate
change in the rate of deletion (Fig. 4). No such differ-
ences were seen. Deletion rates were the same (overall
range 1.28-fold) whether the added DNA was linear (138
nM ends) or cce (21 nM; 6.6-fold less) and whether added
linear DNA had sensitive or resistant ends (150-fold
difference in ratio of sensitive/resistant ends). Addi-
tional controls containing 1500 ng of pAH9 or pJH1
Pstl + Xbal digests gave the same result. Similar results
were obtained also with indicator DNAs smaller than
pAHY9, which allowed an even higher precision in the
determination of the deletion rates (not shown). In all
cases, the deletion rates were found to be independent
of the concentration and type of the DNA termini.

In order to determine the apparent K,, and maximal
velocity V of the Exo III reaction, which follows Mi-
chaelis—Menten kinetics, 187, 375, 750, and 1500 ng of
Pstl + Xbal linearized pUC18 DNA were incubated with
30 U Exo III. The apparent K,, and the maximal velocity
V were determined from direct-linear plots (Fig. 7A)
and Eadie-Hofstee diagrams (e.g., Fig. 7B) of the ob-
served rates. At 31 and 37°C the K,, was 50 uM base
pairs, while at 41°C the K,, increased to 75 uM base
pairs. The respective maximal velocities V at 31, 37, and
41°C were found to be 50, 115, and 220 pmol of released
nucleotides per minute. The same measurements were
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FIG. 6. Independence of the Exo III on the concentration and type

of 3' ends. Pstl + Xbal cut pAH9 DNA (5450 bp) was mixed with
plasmid pJH1 (2913 bp) and digested with Exo III at a nonsaturating
enzyme concentration. The pJH1 DNA had been cut with either Pstl
(b, c—g) or Xbal (p, q-u) or had been added as ccc DNA (i, j-u). The
deletion rates were almost identical in all three reactions. The sizes of
the standard molecules in lanes a, h, o, v are given on the margin.
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FIG. 7. A, Determination of the apparent K,, and maximal velocity V of Exo III. pUC18 was linearised with Pstl + Xbal. 187, 375, 750, and
1500 ng DNA were digested with 30 U Exo III in 10 ul at 31, 37, and 41°C. From the DNA concentrations and the rates of deletion the enzyme
velocities were calculated. The K, and V were determined at (top to bottom) 41, 37, and 31°C. B, Determination of the apparent K, of double
stranded DNA. Reactions were carried out at 37°C as described in the legend to A (O) or in presence of additional 750 ng pUC18 DNA (ccc: ¢;

Xbal cut: A).

carried out in the presence of an additional 750 ng
pUCI18, uncut or linearized with either Pstl or Xbal, at
37°C. The added DNA acted as a competitive inhibitor
(Fig. 7B) with a K; of 20 uM base pairs. No difference
between the competition with linear or ccc DNA was
observed.

Digestion of 4 nt 3'-protrusions. Brutlag and Korn-
berg (24) found that double stranded polymers with up
to three mismatched terminal nucleotides at far re-
cessed 3’ ends are hydrolyzed by Exo III as opposed to
terminal mismatches of more than 4 nt. Based on this, 4
nt 3’ overhangs produced by restriction endonucleases
are commonly used to protect DNA termini from Exo
I1I digestion in order to achieve unidirectional deletion
(34,21,8).

The 4 nt protrusions produced by Apal were found to
be degraded by Exo IIl in an experiment with the plas-
mid pJDH118 (35). Based on this finding, 4 nt 3'-protru-
sions produced by commercially available restriction
enzymes were checked for their resistance to the action
of Exo III (Table 1). The plasmids pHDJ18R (36} and
pMCS3 (unpublished result) were used. The latter is an
extended version of the former, containing 31 unique
hexamer sites, 8 unique heptamer or octamer sites for
the enzymes Rsrll, Ascl, Fsel, Notl, SgrAl, Sfl,
Sse83871, and Swal and the 18mer recognition sequence
of the extremely rarely cutting I-Scel (37) in its poly-
linker. The termini produced by Aatll were checked us-
ing the cosmid vector Lawrist-4 (38).

DNA was cleaved with the relevant enzyme and
checked for nonspecific degradation of the 3’ ends by
religation and end-labeling experiments. Incubation

with Exo I1I was carried out as described under Mate-
rials and Methods but with 160 and 280 U/ug DNA.
Prior to the addition of the enzyme and after an incuba-
tion time of (usually) 1, 3, and 30 min, aliquots were
removed, heat-inactivated, and treated with S1 nu-
clease. Most DNA termini were not substrates for Exo
III (Table 1), but fragments created by Apal, Banll,
Bsp12861, Haell, and Kpnl were degraded (Fig. 8 and
Table 1). However, only the small fragments adjacent to
the Apal site were digested in DNA cut with Banll (not
shown). Similarly, the two rates of disappearance of the
Bsp12861 fragments (Fig. 8i) indicate a selective diges-
tion of ends causing unidirectional deletion in some
fragments and bi-directional digestion in others. In all
cases, only 4 nt-protrusions with dCyt at the very 3’ po-
sition were found to be degraded by Exo IIl. Further-
more, the ends produced by Haell and Kpnl, with only a
single dCyt in the terminal position, required a higher
enzyme concentration and longer incubation to achieve
a degree of degradation similar to that at ends with two
adjacent dCyt nucleotides. This sequence specificity
corresponds with the fact that in double stranded DNA
dCyt is known to be a preferred substrate for Exo I1I
(39). One alternative possibility would be that these
ends become sensitive by annealing to like ends, pro-
ducing a nicked double-strand structure. This is ruled
out, because quantitative data of nearest neighbour
analysis (40) predicts that Nsil, PstI, Sphl, or Sstl end
duplexes (resistant ends) are more stable than rean-
nealed Kpnl (sensitive) ends.

The distinct bands of deleted DNA visible in the gel
indicate an initial burst of activity followed by a slower
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TABLE 1

Enzyme End Substrate Activity
Aatll GACGT Lawrist-4 -
Apal gGGQ_Q pHDJ18R ++
Banll gRGQY pHDJ18R ++
Bsp12861 (C}DGQH pHDJ18R %
Haell gGQGQ pHDJ18R +
HgiAl EWG_(_JW pHDJ18R -
Kpnl (éGTAQ pHDJ18R +
Nlalll ggATG pHDJ18R -
Nsil ETGQA pMCS3 -
Pstl gTGgA pHDJ18R -
1-Scel SATAA pMCS3 -

gTTAT pMCS3 -
Sphl ggATG pHDJ18R -
Sstl E}AGQT pHDJ18R -

Note. The activity of Exo IlI was tested on all 4 nt 3'-protrusions
produced by commercially available restriction endonucleases (see
text). dCyt nucleotides in the overhang are underlined.

and more constant rate of hydrolysis. A similar effect
was observed by Donelson and Wu (41), although at 5°C
and far lower Exo III concentrations. Digestion of the
same intensity (rate X time = constant at a fixed en-
zyme concentration) at susceptible 4 nt 3'-protrusions
produced deletions of identical length, but a higher
overall degree of degradation was obtained at low tem-
perature (e.g., 0.5, 1, 20 min at 41°C versus 5, 10, 200
min at 22°C; Figs. 8c and 8d), suggesting an effect of the
thermal breathing of the DNA ends.

Synchronism of Exo III. An even rate of deletion
within a population of molecules can be a crucial experi-
mental factor, for example in the preparation of nested
deletion clones. To examine the synchronism of Exo III
deletions, plasmid DNA was unidirectionally deleted
from blunt ends or 4 nt 5'-protrusions. A 50- to 75-fold
molar excess of Exo III was used in order to minimize an
influence of the nonprocessivity (42) and sequence spec-
ificity (39) of the enzyme. The DNA was then recircu-
larized and transformed into E. coli cells. The plasmid
DNA of individual, randomly selected clones was iso-
lated and sized by gel electrophoresis (28). To check on
the unidirectionality of the deletion, the plasmid DNA
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of all clones obtained from a transformation (more than
2000) was isolated and cut with HindIIl, whose site is
located 13 bp behind the PstI 3'-end used for strand
protection. In all cases, more than 95% of the DNA
could be linearized.

The distribution of the plasmid sizes in each deletion
approximates a Poisson distribution (e.g., Fig. 9, top).
The standard deviation serves as a good description for
the synchronism of the Exo IIl reaction. It increases
linearly with the length of deletion (Fig. 9, bottom). For
the calculation of the regression line in Fig. 9, the origin
of the graph was not taken into account. The standard
deviation of a mere 4 bp which can be extrapolated for
zero deletion confirms the relevance and accuracy of the
measurements. From the regression line, the increase in
standard deviation was determined to be 22 bp per 100
bp of Exo III deletion. However, about 9% of the sized
plasmids were found to be disproportionally far from
the mean thereby distorting the figure given above. The
increasingly wide distribution of this small percentage
of the clones was found to be produced during the Exo
111 digestion, though, rather than by any other manipu-
lation involved, such as the S1 nuclease treatment, for

FIG. 8. Degradation of 4 nt 3-protrusions. Apal-cut DNA was di-
gested with (a) 160 U or (b) 280 U Exo I1I/ug DNA at 37°C for 0, 1, 3,
and 30 min (left to right). The same DNA was incubated with 160
U/ug DNA for 0, 5, 10, 200.min at 22°C (c) and 0, 0.5, 1, and 20 min at
41°C (d). As a control (e), HindIIl-linearized plasmid was digested as
in (a). f, g, and h are incubations of DNA cut with Kpnl, Sstl, and
Haell, respectively, with 280 U Exo III/ug DNA at 37°C for 0, 1, 3,
and 90 min. Plasmid cut with Bsp1286l (i) was digested with Exo III
as in (a).
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FIG. 9. Synchronism of Exo II1. (Top) Size distribution of individ-
ual plasmids after Exo III deletion. The percentage of plasmids
within size ranges of 50 bp are shown. The average length of deletion
(d), the standard deviation (SD), and the total number of clones (V)
are indicated. (Bottom) Increase of the standard deviation of the size
distribution with increasing length of deletion. Each symbol repre-
sents a set of deletion clones as shown in the top. The number of
clones sized for each set is given. Digestion was started at 4 nt re-
cessed (A) or blunt (O) DNA termini. Data from two other sources are
also included (OJ; 30; V: 43). The correlation of the regression line is
0.94.

instance (data not shown). With only the remaining
91% of the clones taken into account, the standard de-
viation is much reduced to about 7.5%.

For many applications, as the isolation of nested dele-
tion clones for sequencing, it is interesting to know how
many clones have to be picked and analyzed in order to
obtain a full range of deletion clones. This number can
be calculated from the total standard deviation of an
Exo III deletion and the hence known clone distribution
(e.g., Fig. 10), information instrumental, for example, in
decisions on the strategy for sequencing a DNA stretch.
The fraction of clones falling into a certain size range
around the mean of deletion is represented by the per-
centage of area under the graph of the distribution that
is limited on either side of its mean by the given size

JORG D. HOHEISEL

constraint. The relevant values can be found in any sta-
tistical table (e.g., 44). With a limit of +100 bp as in Fig.
10, for example, 95.5% of the clones would fall into this
region at a standard deviation of 50 bp (half the given
variation of +100 bp), and in a reaction in which the
standard deviation would be 100 bp 68.3% of the clones
could be expected within a range of +100 bp.

DISCUSSION

The activities of Exo III permit a wide variety of ap-
plications in DNA modification. Regulation by varia-
tion of the incubation temperature generates highly re-
producible results. To obtain reliable deletion rates,
however, the determination of the DNA concentration
is a prerequisite, due to the competitive inhibition of the
Exo III by double stranded DNA. On the other hand, the
frequency of cleavage of the restriction enzyme produc-
ing the DNA termini is irrelevant. The apparent K, of
0.05 mM base pairs for the exonuclease activity is about
35-fold less than the 1.75 mM reported for the enzyme’s
AP-endonuclease activity (25).

Heat-inactivation of the Exo III at 70°C as described
here instantly terminates the digestion (¢[r,,] < 20 ms
— ~1 nt). The low buffer concentration used in the
reaction is rather convenient, since after the heat-inac-
tivation the incubation conditions can easily be changed
to meet the requirements of subsequent DNA manipula-
tions, such as the restriction digestion of various dele-
tion aliquots for mapping purposes (unpublished re-
sults).

Weiss has proposed that all the functions of Exo III
are catalyzed by a single active site (26,3). According to
his common-site model, the enzyme contains three re-
gions. Figure 11 shows this model fitted to the helical
structure of DNA and extended on the basis of the data
presented in this manuscript as discussed below. One
region (a) recognizes a deoxyribose on the strand oppo-
site the strand that is cleaved, while a second (b) recog-
nizes a space created by a missing or displaced base.
Only then, the active site (c¢) cleaves the phosphoester
bond.

A refinement of this model reported by Kow (31),
based on experiments with various substituent-N-gly-
cosides, is contradictory in itself. For the AP endonucle-
ase activity of Exo III, it proposes that only the presence
of a secondary amine at the N-glycosylic linkage facili-
tates a ring opening of the (deoxy)ribose thereby pro-
ducing a change in the stereochemistry which results in
the interstrand space necessary. The inability to cleave
at substituents with a tertiary amine is explained by the
fact that there would be an unstable iminium interme-
diate. For the exonuclease activity, however, the stabil-
ity of such iminium intermediates would be required,
since the N-glycosylic bond in nucleotides is present as
a tertiary amine. Apart from the fact that one secondary
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FIG. 10. Calculation of the percentage of clones (from any taken aliquot) falling into a size range of +100 bp around the mean of deletions of

up to 5 kb.

amine used was not a substrate for Exo III, the model
not only implies the catalysis of two different mecha-
nisms at the single active site of the enzyme, but more
variations would actually be required for its activities as
an AP endonuclease in absence of any amine or as a 3’
phosphomonoesterase with neither amine nor glycoside
present. This seems rather unlikely, especially since the
endonuclease and the exonuclease activity are concomi-
tantly lost by the introduction of point mutations in the
xth gene (45,3). Additionally, given a 3'-phosphoryl ter-
minus on DNA, Exo III releases the inorganic phos-
phate before proceeding as an exonuclease (1), although
the monoesterified group is removed at a lower rate
than the phosphodiester linkage (3), a fact not ex-
plained by the proposed mechanism.

Fitted to a double helical DNA structure, Fig. 11 ex-
tends the model of Weiss according to the following find-

.
P, [*X

FIG. 11. Schematic model of the complex formed between Exo 111
and a DNA terminus with a 4 nt 3'-protrusion. The free DNA (left)
and the complex are shown. a, b, and ¢ indicate the three regions of
the enzyme (see text).

ings: The enzyme is double-strand specific, but 3’ pro-
trusions of up to 4 nt can be digested, although with
lower efficiency. There is a temperature dependence of
the degradation at 4 nt 3'-protrusions suggesting, to-
gether with the higher K, at 41°C, that the degree of
double strand breathing at the terminus influences the
ability of the enzyme to reach the 3-most phosphodies-
ter bond. Considering the enzyme’s Stokes radius of
2.29 nm (26), these data suggest a binding of region (a)
to the major groove. Since the substrate is located 3 to
the binding site by about 5 bp, the model allows for an
attachment from one side of the DNA. The resulting
close contact to the sugar-phosphate backbone of the
undigested strand could explain the deoxyribose speci-
ficity of Exo III. Any 3" overhang longer than 4 nt cannot
be reached by the active site for the lack of a double
strand opposite to it.

No data are available whether the enzyme-DNA
complex influences the DNA structure. However, Exo
II1, highly processive below 20°C, becomes distributive
at higher temperatures coinciding with a change in its
activation energy. This suggests that the association
and dissociation with the DNA is not rate limiting above
30°C (31). Also, binding of enzymes to nonspecific se-
quences does not need to infiuence the DNA conforma-
tion (46,47).

Exo III requires an intersirand space created by the
absence or the displacement of a base for its activity.
The space itself rather than some feature of the un-
paired base seems to be recognized (3). Exo IIl cannot
even initiate hydrolysis at a single strand break at 5°C
and 70 mM salt, conditions that favor base stacking
across the nick (41). However, 3'-protruding nucleotides
are not endonucleolytically released, although no such
restraint is present, nor is any nucleotide exonucleolyti-
cally removed before the 3'-terminal phosphoryl group
is released. All this points to a critical connection be-
tween the C3' phosphate and the base. When the base at
the C1’ position of the sugar would be displaced to pro-
vide the necessary space, the phosphate at the C3' posi-
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tion would concomitantly pushed toward the enzyme.
Thus, either the protein-DNA complex would be desta-
bilized or the displacement of the base would be inhib-
ited. The model of a merely steric inhibition of the en-
zyme’s activity as long as both the base and the 3
phosphoryl group are present is consistent with all the
data available.
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