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ABSTRACT recB and/or recC deficiency in Escherichia
coli K-12 is indirectly suppressed by the presence of sbc4~
mutations. sbcA~ strains contain an increased level of an
ATP-independent nuclease. Genetic and enzymatic tests
indicate that this activity is not exonuclease III, exo-
nuclease V (recB-recC nuclease) DNA polymerase I, or
lambda exonuclease. This new enzyme (exonuclease
VIII) has been purified 750-fold and shows a striking
preference for double-stranded DNA over heat-denatured
DNA. It does not act endonucleolytically on closed circular,
single-stranded DNA as exonuclease V does. It also lacks a
’-phosphatase function. Analysis on sodium dodecyl sul-
fate~polyacrylamide gels indicates that exonuclease VIII
is not present in unsuppressed (sbcA4*)strains. It is thought
that sbcA4 determines some type of control function; the
structural gene for exonuclease VIII is denoted by recE.

The observation that recB— and/or recC ~ mutants carried out
residual levels of wild-type genetic recombination (1, 2) in-
dicated that Escherichia colt might possess a pathway of
genetic recombination that normally was repressed and did
not involve the recB and recC gene products. Analysis of Rec*
revertants from recB~ and/or recC— strains showed that in-
direct suppression did occur from alterations at two distinct
loci. These strains remained genotypically recB and/or
recC deficient but became recombination proficient. Barbour
et al. showed that strains carrying sbcA — mutations contained
increased levels of an ATP-independent DNase (3). A second
class of indirect suppressor, called sbcB, involved the loss of
exonuclease I, an enzyme specific for single-stranded DNA (4).
A more detailed analysis of strains carrying recB~ and sbcB~
mutations led to the demonstration of an alternate pathway
for carrying out genetic recombination in E. colz (5).

Because of difficulties encountered in mapping the sbcA
locus, attention was focused on the sbeB type of indirect sup-
pressor. However, the striking difference in the apparent mode
of action of these two loci suggested the importance of a com-
plete characterization of the ATP-independent nuclease that
was apparently associated with sbcA — alleles. Goldmark and
Linn have shown that the recB-recC' gene products form a
single enzyme (exonuclease V), which, in the presence of ATP,
exonucleolytically digests single- and double-stranded DNA
(6). In addition, exonuclease V acts as an ATP-stimulated,
single-stranded endonuclease and a DNA-dependent ATPase
(6). If the ATP-independent nuclease found in sbcA ~ strains
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substitutes for exonuclease V, an analysis of its substrate
specificity will provide an important clue into the function
of the recB-recC gene products in vivo.

In this communication we show by genetic and enzymatic
tests that the nuclease present in sbcA ~ strains is not exonu-
clease III, exonuclease V, DNA polymerase I, or lambda
exonuclease. Electrophoretic analysis of purified fractions
suggests that this enzyme, which we call exonuclease VIII,
does not exist in unsuppressed strains. In its partially purified
form the enzyme preferentially digests double-stranded DNA
over heat-denatured, single-stranded DNA. It is suggested
that sbcA is not the structural gene for exonuclease VIII, but
determines some type of control function. The structural gene

has been denoted by recE (7).
MATERIALS AND METHODS

Strains. JC7693 and JC7722 are isogenic derivatives of a
Su~ parent (JC4693), which has been described elsewhere (8).
Both strains are genotypically recB21, sbcB15, supD+, trp—,
and 7eu— (the trp and leu mutations are caused by amber
codons). In addition, JC7693 contains sbcA9, which was ob-
tained by mutagenesis with ethyl methane sulfonate (3).
J(17722 is the unmutagenized parent. The presence of recB21
and sbcB15 in both strains was tested genetically and enzy-
matically prior to exonuclease VIII purifications. BW9091
carries the zthA 1 mutation inactivating exonuclease I1I (9).

Materials. Reagents were obtained from the following
sources: carrier-free [32P]H;PQ, [methyl-*H [thymidine, “Ul-
tra Pure” (NHy).S0,, and streptomycin sulfate, Schwarz/
Mann; salmon sperm DNA, Calbiochem Corp.; calf-thymus
DNA, Sigma Chemical Co.; egg-white lysozyme and micro-
coccal nuclease, Worthington Biochemical Corp.; Brij-58,
Atlas Chemical Industries; Munktell 410 cellulose, Bio-Rad
Corp.; and DE-52, Reeve Angel. Antiserum to E. coli DNA
polymerase I was the gift of Dr. A. Kornberg. Antiserum to
lambda exonuclease was obtained from Dr. John Little, and
purified lambda exonuclease from Dr. A. D. Kaiser.

E. coli B DNA was labeled with 32PQ, in M-70 supple-
mented medium (10) and extracted by the method of Marmur
(11). *H-labeled E. colt DNA was prepared by the method of
Mabhler (12). *H-labeled M13 DNA was made by the proce-
dure of Forsheit and Ray (13). 3?P-labeled nicked DNA for
exonuclease III phosphatase assays was prepared as de-
scribed by Richardson and Kornberg (14). 3?P- or *H-labeled
DNA (150 uM) was heated for 10 min at 100° and quickly
chilled to produce heat-denatured DNA.
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TaBLE 1. Purification of exonuclease VIII from JC7722 (sbcA+) and JC7693 (sbcA9)*

JC7693 JC7722
Protein Specific % Protein  Specific %
Fraction Units/ml  (mg/ml) activity = Recovery Units/ml (mg/ml) activity = Recovery

Crude lysate (I) 172 7.5 23 100 86 10.0 8.6 100
Crude supernatant (IT) 165 5.0 33 70 124 6.0 20.7 99
Streptomycin supernatant (IIT) 148 2.7 55 70 101 2.3 44 96
Ammonium sulfate (IV) 1,842 10.7 172 59 89 7.1 12.5 6
Concentrated DEAE—cellulose (V) 12,345 10.7 1,154 11 41 3.0 13.7 0.05
DNA-cellulose (VI) 874 0.05 17,480 t — — — —

* Exonuclease VIII was purified from both strains as described in Materials and Methods.
t The DNA—cellulose column was run at a later date, and accurate recoveries were not determined.

DNA-—cellulose was prepared by the method of Alberts (15).
The calf-thymus DNA (12 mg/ml) was heated at 100° for 15
min and rapidly chilled prior to binding to the cellulose.

Enzyme Assays. DNA polymerase I was assayed with acti-
vated calf-thymus DNA as substrate by the procedure of
Richardson et al. (16). Exonuclease III phosphatase was de-
termined as described by Richardson and Kornberg (14).
The assay of lambda exonuclease was as noted by Little et al.
7).

Exonuclease VIII was assayed by measuring nucleotide
release from *H- or 32P-labeled double-stranded DNA. The
incubation mixture (0.3 ml) contained 10 mM Tris-HCl
(pH 8.0), 20 mM MgCly, 10 mM 2-mercaptoethanol, 24 M
labeled DNA from E. coli B, and enzyme [diluted immediately
before use in 50 mM Tris-HCI] (pH 7.4), bovine-serum al-
bumin (0.5 mg/ml), and 1 mM 2-mercaptoethanol]. In ex-
periments with DNA—cellulose fractions, 0.33 mg of bovine
serum albumin was added to each incubation mixture. After
incubation for 30 min at 37°, 0.2 ml of salmon sperm DNA
(2.5 mg/ml) and 0.3 ml of cold 79, perchloric acid were added.
The acid-soluble supernatant fraction was counted in a
toluene-Triton X-100 scintillator. One unit of exonuclease
VIII is defined as that amount of protein that catalyzes the
release of 1.0 nmole of nucleotide in 30 min at 37°.

Electrophoresis in gels containing 5%, acrylamide and 0.1%,
sodium dodecyl sulfate was performed as described by Weber
and Osborn (18). Protein was determined by the method of
Lowry et al. (19).

Purification of Exonuclease VIII. The sbcA — strain, JC7693,
grown in Luria broth (20), was harvested in logarithmic phase,

TABLE 2. Enzyme levels in crude extracts of sbcA+
and sbcA9 strains*

DNA polymerase I  Exonuclease III

(units/mg (units/mg

Genotype of protein) of protein)
sbcA + 0.272 30.7
sbcA9 0.292 33.7
xthA 1 n.t. 3.8

* Enzyme activities were assayed as described in Materials and
Methods on sonically prepared crude lysates. Exonuclease III
was assayed on the basis of its 3’-phosphatase activity. Exo-
nuclease VIII activity in crude lysates is shown in Table 1. n.t.
indicates that DNA polymerase activity was not assayed in the
extracts of the zthA41 strain.

washed with 5% saline, and stored at —20° until use. All
operations were carried out at 4°. Two hundred grams of
JC7693 were suspended in 1250 ml of 10 mM Tris (pH 8.0),
259, sucrose (w/v), and 100 ml of 0.1 M EDTA. After addi-
tion of 131 ml of egg-white lysozyme (1 mg/ml in 10 mM
Tris- HC], pH 7.2), 312.5 ml of 5% Brij (in 10 mM Tris- HC]
at pH 7.2) and 1500 ml of distilled H,O were added. The sus-
pension was incubated for 10 min at 37° and_ then held on
ice for 2 hr. At this stage, 3 M MgCl, was added to a final
concentration of 60 mM, and the mixture was allowed to sit
on ice overnight. The viscous crude lysate (fraction I, 3650 ml)
was clarified by centrifugation for 60 min at 27,000 X g (frac-
tion 11, 2680 ml).

Streptomycin sulfate (5%, w/v, in 10 mM Tris, pH 8.0)
was added to the supernatant fraction on the basis of 2.35
ml/1000 Ass units (265.5 ml). After the mixture was stirred
for 15 min, it was centrifuged at 27,000 X g and the pellet was
discarded. The supernatant fraction (fraction III) was made
50 mM in Tris by adding 1.0 M Tris, pH 7.5 (134 ml). The
solution was brought to 409, saturation by adding 731 g of
(NH,)2804. After the solution was stirred for 30 min it was
centrifuged for 60 min at 27,000 X g. Because of the Brij-58,
the majority of the protein precipitate was trapped in a de-
tergent matrix, which layered on top of the bottles. This
material, containing the bulk of the activity, was collected

TaABLE 3. Fate of exonuclease III in exonuclease VIII
purification procedure*

Phosphatase Exonuclease
activity activity]
Specific % Specific %
Fraction activity Recovery activity Recovery
Streptomycin

supernatant (III)t 8.8 100 33.2 100
Ammonium sulfate

precipitate (IV)t 1.2 3.6 120.2 74
Ammonium sulfate.

supernatant 17.5 117 18.5 24

* Small-scale purification (10 g wet weight) was carried out as
described in Materials and Methods. Exonuclease III was assayed
as 3’-phosphatase.

t Fraction numbers correspond to those in Table 1.

1 Phosphatase activity presumably indicates the presence of
exonuclease III, while the exonuclease activity was determined
under conditions most f-vorable for exonuclease VIII.
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and resuspended in 50 mM Tris-HCl (pH 7.2), 1 mM di-
thiothreitol (buffer A) and clarified by centrifugation at
48,000 X g (fraction IV, 202 ml). ‘

The conductivity of the resuspended (NH,)2SO; pellet was
adjusted to an equivalent of 0.15 M NaCl in buffer A and
loaded onto a DE-52 column (3.5 X 23 em) that had been
equilibrated with buffer A. A linear gradient from 0.15-0.5 M
NaCl in buffer A (total volume, 1250 ml) was applied to the
column. The bulk of activity eluted between 0.18 and 0.25 M
NaCl. The peak tubes (164 ml) were pooled and precipitated
with 50% (NH,),S0:. The precipitate was collected by centrif-
ugation at 27,000 X ¢ for 15 min and resuspended in 0.05 M
Tris- HCI (pH 7.5), 1 mM dithiothreitol, and 109, glycerol
(buffer B). Fraction V (5.4 ml) was stored in liquid nitrogen.

_ Two milliliters of fraction V were dialyzed for 2 hr against 2
liters of buffer B and applied to a DN A—cellulose column (3 X
2 cm) that had been equilibrated in the same buffer. After a
10-ml wash with buffer B plus 0.05 M NaCl, the column was
eluted with a linear gradient from 0.05-0.35 M NaCl (total
volume, 60 ml). The majority of activity eluted around 0.25
M NaCl. The pooled eluate was concentrated with an Amicon
ultrafiltration cell. Fraction VI, representing a 750-fold puri-
fication, was stored in liquid nitrogen.

The purified fractions are relatively stable when stored in
liquid nitrogen, but lose activity rapidly on repeated freezing
and thawing. Unless otherwise noted, all experiments were
carried out on fraction VI. An identical procedure was used
for the purification from the.sbcA * strain, JC7722. A summary
of two such purifications is shown in Table 1.

RESULTS

The appearance of high levels of an ATP-independent exo-
nuclease in cells carrying sbcA ~ mutations could be explained
by some alteration in preexisting cellular enzymes. Modifica-
tion of either the recB and/or recC subunit could produce an
enzyme of altered specificity. The fact that strains carrying
sbcA ~ alleles lack all the activities associated with exonuclease
V, that they carry genotypically unaltered recB21 and/or
recC'22 mutations, and that the sbcA ~ alleles do not map in
the thyA-argA region, tend to rule out this possibility.

Other enzymes that might be candiddtes for alteration in-
clude exonuclease III (14) and the 5'-3’-exonuclease activity
associated with DNA polymerase I (21). Strains carrying
sbcA™* or sbcA9 alleles contain identical levels of DNA poly-
merase I and exonuclease III, as assayed in crude lysates
(Table 2). When antiserum prepared against purified DNA
polymerase I was added to the crude lysates, both strains
exhibited a 209, decrease in double-stranded nuclease ac-
tivity. Subsequent antiserum tests on fraction VI produced no
effect. _

In order to determine more precisely if exonuclease I11
might be involved, a partial purification of the ATP-indepen-
dent nuclease was undertaken, with the early fractions being
assayed for the specific 3’-phosphatase associated with exo-
nuclease ITI. As shown in Table 3, less than 49, of the exo-
nuclease III activity is precipitated in the ammonium sulfate
step, while most of the exonuclease activity we are following
is precipitated. On the basis of these results, the nuclease ap-
pearing in sbcA ~ strains was considered a new enzyme and
called exonuclease VIII. It has been brought to our attention
that the data are also consistent with another conclusion—
namely, that the sbcA mutation may affect exonuclease I11
such that the phosphatase and nuclease activities are sepa-
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rable. We will postpone dealing with this point until the
Drscusston.

Since the sbcA ~ indirect suppressor is found in only certain
genetic backgrounds (8), it has been suggested that perhaps
exonuclease VIII is carried on a cryptic prophage that is
derepressed during mutagenesis. Bacteriophage lambda is
known to carry genetic information for an exonuclease in-
volved in phage recombination. In order to test if exonuclease
VIII might in fact be this enzyme or some closely related en-
zyme, fraction VI was treated with antiserum prepared against
crystalline lambda exonuclease. As shown in Table 4, excess
antiserum resulted in only about a 109, loss in activity. While
this finding proves that exonuclease VIII is not lambda exo-
nuclease, it does not eliminate the possibility that the enzyme
is of cryptic prophage origin.

Although the results indicated that exonuclease VIII was
not a modified preexisting cellular enzyme, it was of interest to
determine if low levels of this activity were present in un-
suppressed strains. In order to determine this, the purification
procedure used for JC7693 (sbcA9) was carried out on JC7722
(sbcA*). In Fig. 1 are shown the DEAE-cellulose elution
profiles obtained from these two purifications. Fractions that
eluted at the same NaCl concentrations as exonuclease VIII
were pooled and concentrated with (NH,)»SO4. The low level
of activity present in concentrated material from JC7722
was assayed against single- and double-stranded DNA. In
contrast to exonuclease VIII, which preferred double-stranded
DNA by a 9 to 1 ratio at this stage, the material obtained
from JC7722 showed a marked preference for single-stranded
DNA.

To further corroborate this finding, the concentrated
DEAE—celiulose fractions were run on 5% polyacrylamide
gels containing 0.19, sodium dodecyl sulfate. A band with &n
R, of 0.33 (molecular weight, 122,000) is present in the mate-
rial from the sbcA ~ strain and appears to be missing in the
material from the sbcA * strain. All of the other bands appear
to be present in the material from both strains, although some
of them do differ in relative amounts. The DNA~cellulose
fraction showed a marked enrichment for the band at R, of
0.33, which, if it is exonuclease VIII; indicated a purity of
approximately 509,. Work by Gillen and Clark (22) indicates
that the molecular weight of the native enzyme is about
130,000.

Exonuclease VIII has an absolute requirement for Mg+t+,
with optimal activity at 20 mM. The enzyme exhibits a pH
optimum of 8.0 in Tris buffer. Activity on double-stranded

TaBLE 4. Effect of lambda exonuclease antiserum or
exonuclease VIII activity*

Activity (nmoles)

Without With

Enzyme antiserum antiserum
Lambda exonuclease 2.09 0.15
3.21 0.57
Exonuclease VIII 0.15 0.13
0.36 0.33

* Identical amounts of antiserum were added to each sample,
followed by incubation in the presence of substrate for 30 min at
37°. Nucleotide release was determined as described in Materials

and Methods.
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DNA is unaffected by addition of ATP between 20 and 200
uM.

Since exonuclease VIII apparently can substitute for the
multi-functional recB-recC nuclease, the purified enzyme was
tested for its activity on a variety of DNA substrates. As
shown in Fig. 2, the enzyme shows 4 marked preference for
hative DNA over heat-denatured DNA: The relative rates
varied with the preparation of heat-denatured DNA and ap-
parently with the age of the enzyme preparation. The enzyme
showed negligible activity on single-stranded, closed circular
DNA in the presence or absence of ATP. This result indicates
that, although not a homogeneous preparatlon exonuclease
VIII apparently does not exhibit the endonuclease function
cha.ra,c'oenstlc of exonuclease V. In addltlon, it seems to show
a much more striking affiniity for double-stranded over single-
stranded DNA than is exhibited by the recB-recC nuclease
(6). It also contained only trace levels of 3'-DNA phosphatase.
Analysis of homogeneous preparations of exonuclease VIII
should serve to clarify what mode of action this enzyme uses
to digest double-stranded DNA.

DISCUSSION

Loss of the recB-recC gene products results in recombination
deficiency, UV sensitivity, and loss in cell viability. This en-
zyme is capable of digesting both single- and double-stranded
DNA in the presence of ATP. It also is an ATP-stimulated,
single-stranded endonuclease and & DNA-dependent ATPase
(6). The presence of exonuclease VIII reverses the observed
pleiotrophic effects associated with' recB and/or recC de-
ficiency. From the evidence presented in this communication,
exonuclease VIII appears to be a new enzyme (see below),
with only an exonuclease function. While the search for in-
termediates involved in repair and recombination produced
by exonuclease V, the enzyme determined by recB and recC,
has been hampered by the multiple catalytic activities, this
problem does not seem to hold true for exonuclease VIII. A
detailed analysis of the substrate specificity of exonuclease

VIII should lead to the prediction of what types of DNA in-
termediates may be involved in repair and recombination.

It has been shown that exonuclease VIII not only sub-
stitutes for the recB-recC gene products in bacterial recom-
bination, but also that it will completely substitute for the
lambda red function (22). Since lambda exonuclease and exo-
nuclease V have strikingly. different substrate specificities,
this finding presents an interesting paradox. The results
presented here indicated that exonuclease VIII had only
minor immunologic similarity with lambda exonuclease, as de-
termined by antiserum inhibition. It is still possible that exo-
nuclease VIII may be functionally similar to lambda exo-
nuclease. This, if true, would also be of great interest, since
the lambda enzyme has a molecular weight of 52,000 (23),
while early indications point to a molecular weight of at least
122,000 for exonuclease VIII. It should be pointed out, how-
ever, that while the presence of exonuclease VIII is sufficient
to allow recombination to occur in recB and/or recC' deficient
strains, the process may be entirely different from that which
occurs in wild-type cells.

Although there is not direct evidence to prove whether sbcA
is the control gene or structural gene for exonuclease VIII, it
seems most likely to be a control function. If the structural
gene for the enzyme (i.e., recE) is carried on a cryptic pro-
phage, sbcA may in fact be similar to one of the many control
genes of lambda. For the present time we prefer to think of
sbcA bearing a relationship to recE, the structural gene for
exonuclease VIII, that lacI bears to lacZ, the structural gene
for beta-galactosidase. Recent evidence of R. G. Lloyd and S.
D. Barbour (submitted to Mol. Gen. Genet.) indicates that
sbcA+ is dominant to sbcA~, a result consistent with our
working hypothesis.

Lloyd and Barbour also have mapped the sbcA gene in the
vicinity of the zth gene, and it is possible that the recE gene
maps nearby. This is consistent with the possibility that exo-
nuclease VIII is not a new enzyme but is exonuclease III
without the phosphatase activity. We feel that this possibility
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Fi1c. 2. Substrate specificity of exonuclease VIII. Enzyme
was assayed as described in Materials and Methods, except that
at time points indicated the reaction was stopped and acid-
soluble radioactivity was determined. The incubation mixtures
contained identical amounts of double-stranded and heat-
denatured DNA. Each incubation mixture contained 3 nmoles of
DNA. O, Double-stranded DNA; ®, heat-denatured DNA.

is an unlikely one, however, from what we know about the
molecular weights of the two enzymes. Jovin et al. (24) have
shown that exonuclease III elutes from Sephadex G-100 in
such a manner that, if it were a spherical protein, it would
have a molecular weight of 30,000. If exonuclease VIII were
to be this protein minus a portion that determined phos-
phatase activity, we would not have expected its subunit
molecular weight to increase to about 120,000, the value we
have found. Because this argument is not conclusive, however,
we are attempting to construct an xthA~ sbcA~ strain to
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observe the effects on exonuclease VIII activity of a mutation
inactivating exonuclease III, in the hope that this will settle
the matter. '
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