
Proc. Natl. Acad. Sci. USA
Vol. 95, pp. 981–986, February 1998
Biochemistry

The 30-kDa C-terminal domain of the RecB protein is critical for
the nuclease activity, but not the helicase activity, of the
RecBCD enzyme from Escherichia coli

MISOOK YU, JEHANNE SOUAYA, AND DOUGLAS A. JULIN*
Department of Chemistry and Biochemistry, University of Maryland, College Park, MD 20742

Communicated by I. Robert Lehman, Stanford University School of Medicine, Stanford, CA, December 2, 1997 (received for review April 23, 1997)

ABSTRACT The RecBCD enzyme from Escherichia coli
is an ATP-dependent helicase and an ATP-stimulated nu-
clease. The 3*3 5* exonuclease activity on double-stranded
DNA is suppressed when the enzyme encounters a recom-
binational hot spot, called chi (x). We have prepared a RecB
deletion mutant (RecB1–929) by using results of limited
proteolysis experiments that indicated that the RecB sub-
unit consists of two main domains. The RecB1–929 protein,
comprising the 100-kDa N-terminal domain of RecB, is an
ATP-dependent helicase and a single-stranded DNA-
dependent ATPase. Reconstitution of RecB1–929 with RecC
and RecD leads to processive unwinding of a linearized
plasmid. However, the reconstituted RecB1–929CD enzyme
has lost the single-strand endo- and exonuclease and the
double-strand exonuclease activities of the RecBCD enzyme.
These results show that the 30-kDa C-terminal domain of
RecB has an important role in the nuclease activity of
RecBCD. On the basis of these findings, we propose the RecB
C-terminal domain swing model to explain RecBCD’s trans-
formation from a 3* 3 5* exonuclease to a helicase when it
meets a x site.

RecBCD enzyme (exonuclease V) from Escherichia coli is a
330-kDa enzyme consisting of three nonidentical subunits
encoded by the recB, recC, and recD genes (1). It is an
ATP-dependent helicase and an ATP-stimulated nuclease.
The x sequence (59-GCTGGTGG-39) plays an important role
in inhibiting the 393 59 exonuclease activity of RecBCD (2–4).
A x site is recognized by RecBCD if the enzyme enters a DNA
molecule on the 39 side of x (5). The enzyme degrades the
x-containing DNA with a 393 59 polarity, until x is recognized
(2–4). RecBCD cuts the DNA strand containing the x se-
quence 4, 5, or 6 nucleotides to the 39 side of x as it is written
above (5). The 39 3 59 exonuclease activity of the enzyme is
then attenuated either by changing the nuclease polarity to a
59 3 39 direction as suggested (2, 3) or changing its function
from a nuclease to a helicase. x-modified RecBCD produces
a long 39 single-stranded overhang that the E. coli RecA
protein binds for recombinational and repair processes (6–8).

The RecD ejection model (9, 10) proposes that a x sequence
affects the function of RecD or causes its ejection from
RecBC, thereby suppressing the nonspecific exonuclease func-
tion of RecBCD (6, 11). The RecD ejection model has been
proposed and supported by several important observations
both in vivo and in vitro. Two of these observations are (i) that
cells with null mutations in the recD gene do not have
exonuclease activity and x-specific recombination but are
highly recombination-proficient (12, 13) and (ii) that x-en-
countered RecBCD becomes ‘‘enzymatically equivalent’’ (6)

to RecBC(D2) both in vivo (14–17) and in vitro (18–21). RecD
clearly has an important role in the double-stranded DNA
(dsDNA) exonuclease activity of RecBCD (12, 13), but a
nuclease active site has not been located in RecD. Rather,
RecD is homologous to several helicases (22–24).

The nonspecific dsDNA exonuclease activity of RecBCD
can also be suppressed in vitro by reducing the free Mg21

concentration (8). At low [Mg21], RecBCD unwinds a linear
dsDNA substrate, producing full-length single-stranded DNA
(ssDNA) (25–29). A x sequence and Mg21 thus have opposite
effects on the functions of RecBCD: Mg21 shifts RecBCD
toward its nuclease form, whereas x shifts RecBCD toward its
helicase form. RecD can be dissociated from RecBC with
incubation of RecBCD in 4 M NaCl (13, 30), but limiting Mg21

does not cause RecD to dissociate from RecBC, as observed
during RecBCD purification. The RecBCD holoenzyme can
be purified in the absence of any Mg21 in the purification
buffer. Thus, it is not clear why RecBCD is a helicase instead
of a nuclease at limiting free Mg21 concentration.

Herein we report the construction of a RecB truncation
mutant (RecB1–929) by deleting the DNA encoding the C-
terminal 251 amino acids of RecB. The RecB1–929 protein is an
ATP-dependent helicase and a ssDNA-dependent ATPase.
The RecB1–929 protein associates with the RecC subunit and
the histidine-tagged RecD subunit (hRecD or hD; ref. 31). The
reconstituted RecB1–929ChD enzyme is a processive helicase
that is able to unwind linearized plasmid DNA. However, the
RecB1–929ChD enzyme is not able to cut any of the three
substrates (circular ssDNA, linear ssDNA, and linear dsDNA)
that are degraded by RecBCD. These findings suggest an
alternative model to explain the RecBC(D2) phenotypic be-
havior of x-modified RecBCD: we propose a C-terminal
30-kDa domain swing model in which the C-terminal 30-kDa
domain of RecB swings away from the DNA upon encoun-
tering the x site, a recombinational hot spot, thereby attenu-
ating the 39 3 59 exonuclease activity of RecBCD.

MATERIALS AND METHODS

Limited Proteolysis of RecB and N-Terminal Sequencing.
The purified RecB protein was treated with 1–2 mg of subtilisin
Carlsberg (Sigma) per mg of RecB in 0.2 M potassium
phosphate, pH 6.8y5 mM DTT at 37°C. Samples were removed
at the indicated times, quenched with 5 mM phenylmethylsul-
fonyl f luoride (Sigma), and analyzed by SDSyPAGE. To
prepare the samples for N-terminal sequencing, the digested
protein bands in the SDSyPAGE gel were transferred to a
poly(vinylidene difluoride) membrane (Millipore) before they
were stained. The N-terminal sequencing was performed with
an Applied Biosystems model 470 gas-phase protein se-
quencer.
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Expression and Purification of the RecB1–929 Deletion Mu-
tant and the RecB Protein. The plasmid pPB700 (32) was
digested with PstI and the 7354-bp fragment was recircular-
ized. The resulting plasmid (pMY100) encodes the first 929
amino acids of RecB followed by 7 amino acids (KLLFWRM)
encoded by the pKK223–3 vector sequence. The plasmid
pMY100 was transformed into V186 cells (D)recBCD, ref. 33).
The RecB1–929 deletion mutant and the RecB protein were
purified as described (32) except for the following modifica-
tions: the cells were lysed by sonication, the DNA precipitation
step was omitted, and a DEAE-cellulose column (Whatman
DE52) was added to remove the DNA. The purification of the
target protein (the RecB subunit or the RecB1–929 deletion
mutant) was continued by using chromatography on hydroxyl-
apatite, followed by a heparin-agarose column (Sigma) or a
ssDNA-agarose column (Sigma).

RecBCD (34) and RecC (32) were purified as described.
RecBC and RecB1–929C were prepared by mixing purified
RecB1–929 (or RecB) and RecC proteins as described (20). The
hRecD protein was purified in denatured form, renatured, and
reconstituted with the other subunits as described (31).

Helicase Assays. Two substrates were used in the DNA
unwinding assays. The first substrate, a 21-bp oligomer with
4-nt 39 overhangs at both ends, was prepared by annealing two
25-mers [59-TGCACATCGACATCCAGCCGTAGTA-39 and
59-ACGGCTGGATGTCGATGTGCATGTGCAAGTA-39
(DNA International; Lake Oswego, OR)]. The second strand
was 32P-end-labeled at the 59 terminus with T4 polynucleotide
kinase. Reactions containing 4 nM 59-32P-labeled DNA mol-
ecules and 1 mM ATP in buffer A [25 mM MopszKOH, pH
7.0y10 mM MgCl2y10 mM KCly1 mM DTTyacetylated nu-
clease free BSA (0.1 mgyml)] at 37°C were started by adding
the indicated enzymes. Samples were removed at the indicated
times, quenched by adding 0.25 vol of quenchingyloading dye
(65 mM EDTAy30% glyceroly0.25% bromophenol blue), and
analyzed by electrophoresis in a 15% polyacrylamide gel in
TBE (89 mM Tris borate, pH 8.0y2 mM EDTA) at room
temperature. The helicase assay with the plasmid DNA,
pBR322x1FH (obtained from Gerald Smith, Fred Hutchinson
Cancer Research Center, Seattle, WA) was performed as
described (31).

Nuclease Assays. Three different substrates were used in the
nuclease assays. The ssDNA exonuclease reaction using 100
nM single-stranded 59-32P-labeled 25-mer (the second strand
in the preparation of the 21-bp oligomer) and 200 mM ATP in
buffer A at 37°C was initiated by adding the indicated enzymes.
Two-microliter samples were removed, quenched with 2 ml of
quenchyloading dye solution (70% formamidey80 mM
EDTAy0.2% bromophenol blue), and loaded on 20% nonde-
naturing polyacrylamide gels. The radioactivity in the gel was

analyzed on a Molecular Dynamics PhosphorImager with
IMAGEQUANT software. The ssDNA endonuclease reaction
containing 6 nM circular M13 ssDNA molecules as the sub-
strate in 50 mM MopszKOH, pH 7.0y10 mM MgCl2y0.5 mM
ATP at 37°C, was initiated by adding the indicated enzymes.
Samples were removed at the indicated times, quenched by
adding 6X stop buffer (40% glyceroly0.125% bromophenol
bluey0.12 M EDTA), and loaded on a 0.8% agarose gel in
TBE. After electrophoresis, the gels were stained with
ethidium bromide (5 mgyml). The dsDNA exonuclease assay
using [3H]pTZ19R DNA linearized with AvaI (specific radio-
activity of 3.7 3 107 cpmymmol of nucleotide; pTZ19R is from
U.S. Biochemicals) was performed as described (34).

RESULTS

Presence of Two Main Domains in RecB. The RecB protein
is susceptible to proteolysis during purification, producing two
major polypeptides of about 100 kDa and 30 kDa on SDSy
PAGE (data not shown). Subsequent limited proteolysis of the
purified RecB protein with a nonspecific serine protease,
subtilisin Carlsberg, produced two major fragments (Fig. 1A).
Automated N-terminal sequencing of the two fragments re-
vealed that cleavage occurred in the region of residues 928–
933. The 100-kDa fragment was degraded further at longer
digestion times, but the 30-kDa domain resisted further pro-
teolysis. These results suggest that RecB is organized into a
loosely folded 100-kDa N-terminal domain, with several sub-
domains, and a tightly folded 30-kDa C-terminal domain. An
exposed linker segment (residues 928–933) connects the two
domains.

Chromatographic separation of the two fragments, gener-
ated by limited proteolysis, was achieved with a ssDNA-
agarose column or a heparin-agarose column. The 30-kDa
domain did not bind to these columns, whereas the 100-kDa
fragment was eluted with an elution pattern identical to intact
RecB, suggesting that the 100-kDa domain is responsible for
binding DNA. Our initial assays contained the subtilisin-
generated fragments. No activities were detected with the
30-kDa fragment, either by itself or in combination with RecC
and RecD. The N-terminal 100-kDa domain has an ATP
binding motif, as well as six other sequences conserved among
DNA and RNA helicases (22–24). The 100-kDa fragment was
found to be a helicase and an ATPase (data not shown) as
predicted by these sequence alignment data. Because it was
difficult to remove the remaining intact RecB by chromatog-
raphy (Fig. 1B, lane 3), we constructed a plasmid that ex-
pressed the truncated RecB protein, RecB1–929 (Fig. 1B, lane
1). All in vitro assays presented in this paper were performed
with the RecB1–929 deletion mutant.

FIG. 1. Limited proteolysis of the purified RecB protein (A) and purification of the RecB1–929 deletion mutant (B). (A) The RecB protein (100
mg) was digested by adding subtilisin (0.09 mg) in 0.2 M potassium phosphate, pH 6.8y5 mM DTT at 37°C. Samples were analyzed on a 10%
SDSyPAGE gel. (B) SDSyPAGE analysis of the purified RecB1–929 protein (lane 1), partially digested RecB (lane 2), and the purified 100-kDa
fragment from limited proteolysis (lane 3).

982 Biochemistry: Yu et al. Proc. Natl. Acad. Sci. USA 95 (1998)

DR.R
UPN

AT
HJI(

 D
R.R

UPA
K 

NAT
H )



Functions of the N-Terminal 100-kDa Domain of RecB. The
RecB1–929 protein is a ssDNA-dependent ATPase and an
ATP-dependent helicase. Like RecB (35), the RecB1–929 pro-
tein is a poor ATPase using double-stranded calf thymus DNA
cofactor (data not shown). However, 2 nM RecB1–929 protein
hydrolyzed 70 mM ATP in 10 min using 100 mM total ATP, 200
mM (nucleotides) poly(dT) as the DNA cofactor, whereas 2
nM intact RecB protein hydrolyzed 62 mM ATP in 10 min in
the identical assay conditions (data not shown). These findings
establish two important points: (i) The RecB1–929 deletion
mutant is as active as the intact RecB subunit, thereby
eliminating the possibility that the deletion of its C-terminal
domain caused any structural damage to the RecB1–929 protein.
(ii) Both RecB and the deletion mutant are ssDNA-dependent
ATPases. Helicases in general have higher affinity for ssDNA
than dsDNA (36).

The purified RecB1–929 protein is able to unwind a 21-bp
oligomer (Fig. 2A). The rate and extent of unwinding are com-
parable to that of intact RecB. The reconstituted RecB1–929C
protein at a given enzyme concentration unwinds the 21-bp
oligomer faster and to a greater extent than RecB1–929 does,
indicating that RecB1–929 associates with RecC (Fig. 2A Left).
Analysis of protein mixtures by native gel electrophoresis in
imidazoleyHepes buffer at pH 7.5 also showed that the interac-
tion between RecB1–929 and RecC occurs. The mobility of the
100-kDa fragment showed a distinctive shift when it was mixed
with RecC, forming a new band with slightly greater mobility than

RecBC (data not shown). No such shift occurred when the
30-kDa proteolytic fragment was mixed with RecC, but rather
two distinct bands corresponding to RecC and 30-kDa domain,
respectively, were observed. Furthermore, the ATPase activities
of both RecB and RecB1–929 are low with 1 mM (dT)12 cofactor
at 45 mM ATP concentration (Km

app of (dT)12 5 4. 5 mM for
RecBC at 1.2 mM ATP; ref. 37), but adding RecC to the
RecB1–929 deletion mutant increases the activity 10-fold and
adding RecC to the intact RecB protein increases the activity 2-
to 3-fold (data not shown). These results show that the protein–
protein interaction domain of the RecB subunit with RecC lies in
the N-terminal domain of RecB.

Neither the intact RecB protein nor the RecB1–929 protein
by themselves (100 nM) unwound a 105-bp DNA fragment
(no unwound product detected in 30 min; data not shown).
However, both the reconstituted RecB1–929C enzyme (50
nM) and RecBC (50 nM) unwound linearized pBR322x1FH
plasmid DNA (Fig. 2B, lanes 1–4 and 13), suggesting that the
role of RecC is to increase the processivity of unwinding by
RecB. Comparison of the unwinding activity of reconstituted
RecB1–929ChD (Fig. 2B, lanes 9–12) to that of RecB1–929C
(Fig. 2B, lanes 5–8) at the same Mg21 concentration (3.5
mM, with 5 mM ATP) clearly demonstrated that the hRecD
associated with the RecB1–929C complex. RecB1–929ChD (30
nM) unwound the 4,300-bp linearized plasmid to near com-
pletion (93%, Fig. 2B, lane 12), whereas unwinding was
barely detectable (3%) with 50 nM RecB1–929C under these

FIG. 2. Helicase assays. (A) Unwinding of a 21-bp DNA fragment by RecB1–929 and reconstituted RecB1–929C (Left) and by RecB and
reconstituted RecBC (Right). (B) Unwinding of ClaI-digested [59-32P]pBR322x1FH by using the indicated enzymes and 50 nM RecBC (lane 13),
10 nM RecBChD (lane 14), and 1 nM RecBCD (lane 15). Each reaction contained 2 nM DNA molecules and 5 mM ATP, with the indicated Mg21

concentration in buffer A. Aliquots were analyzed by electrophoresis on a 1% agarose gel. Lane 16 (M), x-markers: ClaI-digested [59-32P]pBR322
x1FH, cleaved again with AvaI and then heat-denatured. The AvaI sites are 75 nt away from xF and 13 nt away from xH. Lane 17 (ss), heat-denatured
ClaI-digested [59-32P]pBR322 x1FH.

Biochemistry: Yu et al. Proc. Natl. Acad. Sci. USA 95 (1998) 983
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conditions (Fig. 2B, lanes 5–8). This observation, in turn,
suggests that protein–protein interactions occur between
RecD and the N-terminal 100-kDa domain of RecB andyor
RecC. Adding more Mg21 (10 mM, with 5 mM ATP) to the
reaction mixture with the RecB1–929C complex, however, led
to processive unwinding of the plasmid (up to 35% unwound,
Fig. 2B, lane 4). The higher Mg21 concentration somewhat

compensates for the lack of RecD and the C-terminal 30-kDa
fragment of RecB in the reaction with the RecB1–929C
complex (Fig. 2B, lanes 1–4). This observation indicates that
RecD, the C-terminal 30-kDa domain of RecB, and Mg21

may play similar role(s) in the processive unwinding of a long
piece of dsDNA.

The most interesting observation in the assay is that the
RecB1–929ChD complex (Fig. 2B, lanes 9–12) is functionally
equivalent to the RecBC protein (Fig. 2B, lane 13). Both are
competent helicases capable of unwinding the linearized plas-
mid to near completion. Neither generates the x-specific
fragments, but the RecBChD protein (Fig. 2B, lane 14) and the
wild-type RecBCD (Fig. 2B, lane 15) produced both the
full-length ssDNA and x fragments. Therefore, x-modified
RecBCD in vivo could resemble RecBC as the RecD ejection
model suggested (9, 10) or it could resemble RecB1–929ChD
with the C-terminal 30-kDa domain of RecB sequestered away
from the x-containing DNA strand. The dsDNA exonuclease
function of RecBCD is necessary for x-dependent recombi-
nation (12). Because RecBC and RecB1–929ChD do not gen-
erate the x fragments, they could not be a dsDNA exonuclease.
Therefore, we conclude that there are two ways to suppress the
dsDNA exonuclease function when RecBCD encounters a x
site: either by losing RecD or by losing the C-terminal 30-kDa
domain of RecB.

What Role(s) Might the C-Terminal 30-kDa Domain of
RecB Play in the Multiple RecBCD Enzymatic Activities? On
recognition of x, sequestering the C-terminal 30-kDa do-
main of RecB from the x-containing DNA strand, instead of
losing RecD, may be a better strategy for RecBCD to protect
the long x-specific 39 single-stranded overhang necessary for
homologous recombination. The highly processive helicase
RecB1–929ChD shows no signs of DNA strand scission with
either the single-stranded linear 25-mer (Fig. 3A, panel VI)
or the single-stranded circular M13 phage DNA (Fig. 3B).
Although the ssDNA exonuclease activity of reconstituted
RecBC (Fig. 3A, panel V) is much slower than that of
reconstituted RecBChD (Fig. 3A, panel VII), the DNA
degradation, nevertheless, occurs in the absence of RecD.
The degradation pattern of the linear single-stranded 25-mer
by the RecBC enzyme (Fig. 3A, panel V) shows that RecBC
cuts the substrate mostly in the middle. RecBC has been
found to cleave single-stranded circular M13 phage DNA
(21). Both the reconstituted RecBChD protein and the
wild-type RecBCD enzyme rapidly degraded tritium-labeled
linearized plasmid DNA, but the highly processive helicase
RecB1–929ChD did not (Fig. 3C). RecBC (8 nM) produced 0.6
mM acid-soluble nucleotides in 10 min at 37°C (about 10
times the background level), whereas 0.2 nM RecBCD
produced 6.2 mM acid-soluble nucleotides in reaction mix-
tures containing 10 mM MgCl2, 500 mM ATP, and 68 mM
[3H]dsDNA, at pH 7.0 (data not shown). Although RecBC
is an insignificant dsDNA exonuclease compared with
RecBCD, RecBC has at least 10 times more dsDNA exonu-
clease activity than RecB1–929ChD; 9 nM RecB1–929ChD
produced no acid-soluble DNA above background, 0.03 mM
nucleotides (Fig. 3C). Thus, losing the C-terminal 30-kDa
domain of RecB is a more efficient way of suppressing the
dsDNA exonuclease activity of RecBCD than is losing RecD.

DISCUSSION

We have presented evidence that the N-terminal 100-kDa do-
main of RecB is an ATP-dependent helicase and that it associates
with RecC and hRecD. The reconstituted RecB1–929ChD enzyme
is a highly processive helicase that is able to unwind a linear
4,300-bp plasmid (Fig. 2B). Deletion of the C-terminal 30-kDa
domain of the RecB subunit, however, abolishes all nuclease
activities of the RecBCD enzyme (Fig. 3). This observation is in
complete agreement with the results obtained with the AddAB

FIG. 3. Nuclease assays. All reaction mixtures contained buffer A
and 10 mM MgCl2. (A) ssDNA exonuclease assay with 100 nM
single-stranded linear 59-32P-labeled 25-mer as the substrate. (B)
ssDNA endonuclease assay using 6 nM single-stranded circular M13
phage DNA as the substrate. (C) dsDNA exonuclease assay using
AvaI-digested [3H]pTZ19R. Each reaction contained 2.3 mM (nu-
cleotides) double-stranded [3H]pTZ19R, 250 mM ATP, and 9 nM
RecB1–929CD (F), 0.2 nM RecBCD (Œ), or 9 nM RecBChD (■).

984 Biochemistry: Yu et al. Proc. Natl. Acad. Sci. USA 95 (1998)
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enzyme, an ATP-dependent nuclease from Bacillus subtilis. De-
letion of the C-terminal region of the AddA protein, a RecB
homologue, abolished the exonuclease activity of AddAB but left
its helicase activity intact (38). Two C-terminal regions of AddA
(residues 1153–1176 and 1189–1216) are homologous to two
regions in the C-terminal 30-kDa domain of RecB (residues
1061–1084 and 1099–1126) (38).

The results presented in this paper (Fig. 3) imply that
RecBCD has a single nuclease catalytic center that works on
the three different forms of DNA. If RecBCD relied on three
different sets of active site residues to cleave its three different
substrates, then disabling one catalytic center by deletion
would not abolish strand scission on all of the RecBCD
substrates. There are, however, two other possible explana-
tions for the total loss of the nuclease activity after deletion of
the 30-kDa domain: (i) It is possible that the truncated
RecB1–929 protein is unable to associate with RecC or RecD,
which might have the nuclease active site(s). The helicase
assays (Fig. 2), along with ATPase and native protein gel data,
clearly argue against this notion. Also, the (dT)12-dependent
ATPase activity at a low concentration of (dT)12 was higher
with RecB1–929C than RecBC. (ii) The deletion of the C-
terminal 30-kDa domain of RecB could have inactivated the
nuclease active site(s) through a global conformational
change. This possibility could be ruled out if we could locate
the nuclease active site in the C-terminal 30-kDa domain of
RecB. We suspect two reasons for the inactivity associated
with the subtilisin-generated 30-kDa domain of RecB either by
itself or with combinations of RecC or hRecD: (i) The
C-terminal 30-kDa domain of RecB does not bind DNA, as
indicated by its chromatographic behavior on the ssDNA-
agarose column. The 30-kDa fragment flowed through the
column, whereas the 100-kDa domain was bound to the
column. (ii) The 30-kDa fragment may not assemble produc-
tively with the other subunits without the N-terminal 100-kDa
domain. The protein–protein interactions of RecB with RecC
and RecD occur through the N-terminal 100-kDa domain, as
the helicase data (Fig. 2) and native protein gel indicated.

RecBCD is an unusual class of enzyme with many contra-
dictory functions. It functions as a nonspecific endonuclease
and exonuclease but at the same time recognizes a x site. The
x-activated RecBCD (similar to RecBC) in vitro is reversible
by adding more Mg21 to the reaction mixture (18). The data
indicated that the x-modified RecBCD enzyme becomes a
nonspecific dsDNA exonuclease in the presence of 10 mM
Mg21; the subsequent unwinding of the leftover substrate did
not lead to accumulation of fully ssDNA (18). This finding
indicates that Mg21 and x have opposite effects on the
conformational change of RecBCD to regulate its nuclease
and helicase functions. Is it possible that in the in vitro
experiment (18) x may have broken an electrostatic interaction
between RecD and the C-terminal domain of RecB instead of
causing ejection of RecD? Reconstitution of RecBC is easily
done on ice or at 37°C, but reconstituting hRecD to the RecBC
complex has been a challenging problem; it usually takes
overnight incubation at room temperature (31). Therefore, it
is highly unlikely that the ejected RecD subunit could reasso-
ciate with the RecBC complex in the in vitro experiment at the
given time and temperature (18).

We have reported in this paper that the reconstituted
RecB1–929ChD protein is a better helicase than reconstituted
RecBC under identical in vitro assay conditions (Fig. 2B).
However, our observation indicated that the reconstituted
RecBC protein is a better dsDNA exonuclease than reconsti-
tuted RecB1–929ChD (Fig. 3C). Thus, we propose an alternate
model, the C-terminal 30-kDa domain swing model, to explain
the event leading to suppression of the nuclease function of
RecBCD by x (Fig. 4A). In the 30-kDa domain swing model,
RecBCD scans the DNA looking for a x site, while processively
degrading it at the same time. On finding x, a global confor-

mational change in the RecBCD holoenzyme forces the C-
terminal cleavage domain of RecB to swing out of the x-con-
taining DNA strand, around the flexible linker segment (res-
idues 928–933) that was prone to proteolysis (Fig. 1A). This
‘‘swing’’ of the cleavage domain may cause transformation of
RecBCD from a 39 3 59 nuclease to a helicase, as suggested
by the RecD ejection model (9, 10), or to a 59 3 39 nuclease
as more recent in vitro studies suggested (2, 3). In the C-
terminal 30-kDa domain swing model, the C-terminal 30-kDa
domain of RecB simply swings in and out of the DNA around
the linker segment, depending on the Mg21 concentration,
explaining the low nonspecific nuclease activity when Mg21 is
low.

The recB2109 mutation abolishes x recognition by
RecB2109CD but leaves nonspecific nuclease activity intact
(39), suggesting either the N-terminal 100-kDa domain or the
C-terminal 30-kDa domain of RecB has the recognition do-
main for x sequence. We speculate that the recognition of x
occurs through interaction of residues in the N-terminal
100-kDa domain of RecB and a x sequence. If the recognition
and the cleavage of specific DNA sequences occur by the
cleavage domain like most type II restriction endonucleases,
such as BamHI or EcoRI (40), then the cleavage should occur
within the recognition sequence, not 4, 5, or 6 nt away from the
recognition site.

The recently published crystal structure of FokI restriction
endonuclease shows that FokI regulates its nonspecific nucle-
ase activity by ‘‘sequestration’’ of the C-terminal cleavage
domain until it is needed (41). This sequestration is made
possible by extensive electrostatic interactions between the
C-terminal cleavage domain and the N-terminal recognition
domain. FokI recognizes a specific DNA sequence and cleaves

FIG. 4. C-terminal 30-kDa domain swing model. (A) The effects of
x and Mg21 on the conformation of RecBCD. The helicase form, in
which the 30-kDa domain is removed from the DNA, is promoted by
x and by low concentrations of free Mg21. The nuclease conformation,
in which the 30-kDa domain swings back to the DNA, is favored at high
concentrations of free Mg21. (B) The possible role of RecD in the
processive exonuclease activity by RecBCD. The helicase form of
RecBC is favored in the absence of RecD, but the presence of RecD
shifts the equilibrium to processive nuclease mode of RecBCD (A) in
which rapid degradation of DNA occurs.

Biochemistry: Yu et al. Proc. Natl. Acad. Sci. USA 95 (1998) 985
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DNA phosphodiester bonds 9 and 13 bp away from the
recognition site; RecBCD recognizes a x sequence and cleaves
the DNA phosphodiester bonds 4–6 nt away from the recog-
nition site. Does the difference in the cutting sites away from
the recognition sites (9–13 bp for FokI and 4–6 nt for
RecBCD) reflect the differences in the lengths of their linker
segments (14 residues for FokI and 6 residues for RecBCD)?

If RecB carries out both the nuclease and the helicase
activities, what roles do the other two subunits, RecC and
RecD, play in RecBCD enzymatic activities? We speculate, in
the absence of any structural data, that RecD might be an
accessory factor that helps the C-terminal cleavage domain of
RecB position properly on the DNA for processive cleavage to
occur. We were able to detect a low level of nuclease activity
with RecBC by using a linear 25-mer, indicating that RecD is
not essential for cleavage of phosphodiester bonds of linear
DNA (Fig. 3A). Reconstitution of hRecD to RecBC, however,
allows the nuclease activity to proceed much faster with less
enzyme. In RecBC, without RecD, the 30-kDa domain of
RecB swings in and out of the DNA around the flexible
exposed linker segment, favoring the helicase mode where the
cleavage domain is away from the DNA (Fig. 4B). When RecD
is present, the equilibrium shifts to the processive nuclease
mode (Fig. 4A). RecC might be a clamp factor that allows
RecB to unwind a DNA substrate processively. We observed
that both RecBC and RecB1–929C unwound the 4,300-bp linear
DNA, whereas RecB was not able to unwind a 105-bp DNA
fragment.

The data that we have presented to develop a new model, the
C-terminal 30-kDa domain swing model, do not contradict the
in vivo and the in vitro data on which the RecD ejection model
is based: (i) The dsDNA exonuclease function of RecBCD is
the prerequisite for x-dependent recombination (12): only the
efficient dsDNA exonucleases (RecBChD and RecBCD, Fig.
3C) generated the x fragment (Fig. 2B). (ii) x-activated
RecBCD is ‘‘phenotypically equivalent to RecBC(D2) (17).’’
Both RecBC and RecB1–929ChD are competent helicases (Fig.
2B). The evidence presented in this paper has shown that
RecBCD could swing its C-terminal cleavage domain in and
out of the DNA, around the linker segment, to regulate its
degradative (nuclease) and recombinogenic (helicase) func-
tions. RecBCD, which has survived the vigorous evolutionary
selection process, must have developed an efficient mechanism
to suppress its nuclease activities after encountering a x site.
We have presented evidence in this paper suggesting that
sequestering the C-terminal 30-kDa domain of RecB, from
DNA, is a more efficient way to suppress the three different
nuclease activities of RecBCD than ejecting RecD. Ejecting
RecD (RecBC) still leaves the ssDNA endonuclease and the
ssDNA exonuclease functions of RecBCD (Fig. 3), but seques-
tering the C-terminal 30-kDa domain of RecB (RecB1–929CD)
abolishes all nuclease activities of RecBCD. If RecD were
ejected after RecBCD encounters a x site, rather than the
C-terminal 30-kDa domain of RecB being sequestered, a long
x-specific 39 ssDNA overhang necessary for recombination
would have suffered from ssDNA exonuclease attack by
RecBC (Fig. 3A, panel V).
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Biochemistry. In the article ‘‘Characterization of residual
structure in the thermally denatured state of barnase by
simulation and experiment: Description of the folding path-
way’’ by Chris J. Bond, Kam-Bo Wong, Jane Clarke, Alan R.
Fersht, and Valerie Daggett, which appeared in number 25,
December 9, 1997, of Proc. Natl. Acad. Sci. USA (94, 13409–
13413), one of the authors regrets that she inadvertently
omitted references to the computer program and protein
potential function that the authors used for their simulations
of barnase cited above. The following sentence should have
been the first sentence of the Methods section: Molecular
dynamics simulations were performed with the program
ENCAD (44) and the potential energy function of Levitt et al.
(45).

44. Levitt, M. (1990) ENCAD, Energy Calculations and Dynamics.
(Molecular Applications Group, Palo Alto, CA and Yeda, Re-
hovot, Israel).

45. Levitt, M., Hirshberg, M., Sharon, R. & Daggett, V. (1995)
Comp. Phys. Commun. 91, 215–231.

Biochemistry. In the article ‘‘Negative control of bacterial
DNA replication by a cell cycle regulatory protein that binds
at the chromosome origin’’ by Kim C. Quon, Bing Yang,
Ibrahim J. Domian, Lucy Shapiro, and Gregory T. Marczynski,
which appeared in number 1, January 6, 1998, of Proc. Natl.
Acad. Sci. USA (95, 120–125), the authors wish to note that the
institutional affiliations in the author line were incorrectly
attributed. The correct affiliations are as follows. Bing Yang
and Gregory T. Marczynski are at McGill University in
Montreal, and Kim C. Quon is now at the Netherlands Cancer
Institute.

Biochemistry. In the article ‘‘The 30-kDa C-terminal domain
of the RecB protein is critical for the nuclease activity, but not
the helicase activity, of the RecBCD enzyme from Escherichia
coli’’ by Misook Yu, Jehanne Souaya, and Douglas A. Julin,
which appeared in number 3, February 3, 1998, of Proc. Natl.
Acad. Sci. USA (95, 981–986), the following correction should
be noted. The symbols in the graph (Fig. 3C) were identified
incorrectly in the manuscript. The corrected legend and graph
with accompanying symbols are printed below.

Biochemistry. In the article “Escherichia coli RNA polymerase
terminates transcription efficiently at rho-independent termi-
nators on single-stranded DNA templates” by Susan M. Uptain
and Michael J. Chamberlin, which appeared in number 25,
December 9, 1997, of Proc. Natl. Acad. Sci. USA (94, 13548–
13553), the authors request that the following correction be
noted. It is critical that the bands in lanes 6 and 8 of Fig. 3
indicated by the T7Te arrow be visible. The existence of these
terminated bands is a major point on which the conclusions of
the paper depend. Therefore, to enhance their visibility, Fig.
3 and its accompanying legend are reprinted below with
greater contrast.

Cell Biology. In the article ‘‘Scavenger receptor class B, type
I (SR-BI) is the major route for the delivery of high density
lipoprotein cholesterol to the steroidogenic pathway in cul-
tured mouse adrenocortical cells’’ by Ryan E. Temel, Bernardo
Trigatti, Ronald B. DeMattos, Salman Azhar, Monty Krieger,
and David L. Williams, which appeared in number 25, De-
cember 9, 1997, of Proc. Natl. Acad. Sci. USA (94, 13600–
13605), the following correction should be noted. The equation
on page 13601 should be as follows:

Ptotal 5
[Pmax][HDL]

KHA 1 [HDL]
1 C[HDL]

FIG. 3. Nuclease assays. All reaction mixtures contained buffer A
and 10 mM MgCl2. (A) ssDNA exonuclease assay with 100 nM
single-stranded linear 59-32P-labeled 25-mer as the substrate. (B)
ssDNA endonuclease assay using 6 nM single-stranded circular M13
phage DNA as the substrate. (C) dsDNA exonuclease assay using
AvaI-digested [3H]pTZ19R. Each reaction contained 2.3 mM (nucle-
otides) double-stranded [3H]pTZ19R, 250 mM ATP, and 9 nM RecB1–
929CD (■), 0.2 nM RecBCD (Œ), or 9 nM RecBChD (F).

FIG. 3. Assaying for intrinsic transcript termination at T7Te on
ssDNA. C46 complexes bound to Ni21-NTA agarose in TGK-B40M4
were chased with 500 mM ATP, 500 mM GTP, 500 mM CTP, and 500
mM UTP for 10 min at 37°C in the presence of rifampicin at 20 mgyml
and yeast Torula RNA at 0.8 mgyml. The lanes are assigned as for Fig.
2A. The T7Te terminator is at positions 195 and 196, whereas
transcription to the end of the DNA template generates a run-off RNA
of 1146 nucleotides. C46 complexes in lanes 5–8 were digested with
Exo III at 5,000 unitsyml for 5 min at 37°C. Unlike C47, some of the
C46 complexes failed to resume elongation after treatment with Exo III
(see lanes 6 and 7). The mechanism of this inactivation is unknown but
similar observations have been made by others (29, 30).
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Cell Biology. In the article ‘‘Identification of a family of
low-affinity insulin-like growth factor binding proteins
(IGFBPs): Characterization of connective tissue growth factor
as a member of the IGFBP superfamily’’ by Ho-Seong Kim,
Srinivasa R. Nagalla, Youngman Oh, Elizabeth Wilson,
Charles T. Roberts, Jr., and Ron G. Rosenfeld, which ap-
peared in number 24, November 25, 1997, of Proc. Natl. Acad.
Sci. USA (94, 12981–12986), the authors request that the
following corrections be noted. In Fig. 8, the units on the scale
should indicate the number of substitution events, rather than
‘‘million years.’’ The lengths of the branches represent the
relative distance between the sequences of mammalian
IGFBPs compared in this figure. In the Discussion, the state-
ment ‘‘The dendogram depicted in Fig. 8 indicates that, based
upon structural similarities, all ten members of the superfamily
can be traced back to an ancestor gene 60 million years ago’’
should read: ‘‘The dendogram depicted in Fig. 8 indicates that
all ten members of the superfamily share a common ancestral
gene based upon their sequence similarities.’’

Neurobiology. In the article ‘‘Hair cell-specific splicing of
mRNA for the a1D subunit of voltage-gated Ca21 channels in
the chicken’s cochlea’’ by Richard Kollmar, John Fak, Lisa G.
Montgomery, and A. J. Hudspeth, which appeared in number
26, December 23, 1997, of Proc. Natl. Acad. Sci. USA (94,
14889–14893), the authors wish to note that the quality of
reproduction of Fig. 1 was below standard. In all three panels,

the middle parts were affected. Specifically, the reverse (white-
on-black) type denoting exons 9a, 22a, and 30a was illegible;
parts of the arrows that represented primers such as F9 were
missing; and the outlines of several of the boxes that depicted
exons such as 9, 10, and 20 were defective. The figure and its
legend are reproduced below.

Immunology. In the article ‘‘Parasite-mediated nuclear factor
kB regulation in lymphoproliferation caused by Theileria parva
infection’’ by Guy H. Palmer, Joel Machado, Jr., Paula Fer-
nandez, Volker Heussler, Therese Perinat, and Dirk A. E.
Dobbelaere, which appeared in number 23, November 11,
1997, of Proc. Natl. Acad. Sci. USA (94, 12527–12532), the
following correction should be noted. The concentration of
N-acetylcysteine used in the experiments was 30 mM, not 25
mg/ml as erroneously reported on page 12528, lines 14 and 15
of the paragraph entitled ‘‘Cell Lines and Cultures’’ in the
Materials and Methods section.

FIG. 1. Alternative splicing of the a1D mRNA in the basilar papilla and the brain. (A) Southern blot of PCR products amplified with primers
flanking the insert in the I-II loop (exon 9a). Marker sizes in base pairs are indicated on the left. The diagram below of the putative genomic structure
(not drawn to scale) depicts exons as rectangles, introns as horizontal lines, and PCR primers as arrows. To amplify all isoforms together, we used
primers F9 and R14. To amplify rare isoforms without interference from more abundant ones, we used exon-specific primers: primer F9a binds across
the splice junction of exons 9 and 9a, and primer F10 binds across that of exons 9 and 10. The table at the bottom lists product size and occurrence
for each splice variant and primer pair. 11, abundant; 1, detectable; (1), barely so; 2, not detectable. (B) Same as A, but for the alternative IIIS2
segment (exon 22a). Note the abundance in the basilar papilla of mRNAs with exons for both IIIS2 segments. (C) Same as A, but for the insert
in the IVS2–3 loop (exon 30a). Primer F30a binds across the splice junction of exons 30 and 30a, primer F31 binds across that of exons 30 and 31,
and primer F31a binds across that of exons 30 and 31a. For the basilar papilla, the lengths of even the minor products were consistent only with
splice isoforms containing exon 30a; for the brain, they were consistent only with isoforms lacking exon 30a. Note the abundance in the brain of
mRNAs with exons for both IVS3 segments.
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