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In vitro reconstitution of homologous recombination reactions
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Abstract. The proteins essential to homologous recombination in E. coli have been purified and their individual
activities have been identified, permitting biochemical reconstitution of steps that comprise the cellular recombina-
tion process. This review focuses on the biochemical events responsible for the initiation and homologous pairing
steps of genetic recombination. The properties of an in vitro recombination reaction that requires the concerted
action of recA, recBCD, and SSB proteins and that is stimulated by the recombination hotspot, Chi(y), are
described. The recBCD enzyme serves as the initiator of this reaction; its DNA helicase activity produces
single-stranded DNA that is used by the recA protein to promote homologous pairing and DNA strand invasion
of supercoiled (recipient) DNA. The SSB protein acts to trap the single-stranded DNA produced by recBCD
enzyme and to facilitate pairing by the recA protein. The y regulatory sequence acts in cis by attenuating the
nuclease, but not the helicase, activity of recBCD enzyme. This attenuation assures the preservation of ssDNA
produced by the DNA helicase activity and is responsible for the simulation in vitro and, presumably, in vivo. The
attenuation of nuclease activity by y results in the loss or functional inactivation of the recD subunit.

Key words. Genetic recombination; recA protein; recBCD enzyme; single-stranded DNA binding protein; recombi-

nation hotspot; DNA helicase; nuclease; homologous pairing; and DNA strand exchange.

Introduction

Genetic recombination is a fundamental biological pro-
cess. All organisms rely on recombination both for
maintenance of chromosomal integrity through recombi-
national repair and for generation of genetic diversity by
random assortment of genes. Yet despite the importance
of recombination, the steps that comprise this process
have only recently become accessible to biochemical
inquiry. This chapter focuses on the biochemical mecha-
nism of homologous recombination in E. coli, with a
particular emphasis on the initial steps of the major
pathway. Citations to the original literature are inten-
tionally limited and readers are encouraged to consult
major review articles on recombination for comprehen-
sive citation lists (refs 6, 22, 31, 34, 39, 43, 51, 69, 72).

Biochemical pathway for recombination in wild-type
E. coli

All models of homologous recombination can be parti-
tioned into at least four mechanistically distinct steps:
initiation, exchange of DNA strands, DNA heterodu-
plex extension, and resolution (fig. 1). Initiation in-
volves the creation of a single-stranded DNA- (ssDNA)
or double-stranded DNA- (dsDNA) breaks, suitable for
use by recombination enzymes. The exchange of DNA
strands is a deceptively simple term for a complex
process that requires recognition of DNA sequences
between two potentially distant regions of DNA, dis-
ruption of existing base pairs, and formation of het-

eroduplex DNA. DNA heteroduplex extension can in
principle occur spontaneously, but the existence of at
least three proteins capable of promoting branch migra-
tion suggests otherwise. Finally, the resultant unique
DNA structure, referred to as a Holliday junction, must
be resolved by specific nucleolytic cleavage.
Homologous recombination in E. coli requires the par-
ticipation of a large number of proteins (table); the
specific requirements for any given recombination event
is dependent on the type of DNA molecules (e.g., linear
versus circular) that are participating in the reaction
and on the genetic background of the strain. In wild-
type strains, recombination between linear DNA
molecules and the chromosome (during processes such
as conjugation, transduction, and transformation by
broken DNA) occurs primarily by the recBCD-path-
way. Genetic studies defined a need for recA, recBCD,
SSB, DNA polymerase 1, DNA ligase, DNA gy-
rase”?®2! and either the ruvA, ruvB, and ruvC proteins
or recG protein®® in this process. These proteins have
been purified and some of their biochemical activities
have been uncovered (table).

Based on current knowledge, each of these proteins is
placed in figure 1 at the step where it is thought to
function; this illustration provides an overview of the
likely biochemical events. The recBCD enzyme is envi-
sioned to be the initiator of the recombination process,
since it binds to a DNA end and begins unwinding,
producing ssDNA (i). This heterotrimeric protein com-
plex is a multifunctional enzyme that possesses both
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Figure 1. Biochemical model for the major pathway of homologous recombination in E. coli. Details are discussed in the text.

(Modified from ref. 31).

DNA helicase and nuclease activities®*®'. The recBCD
enzyme is also needed for the recombination hotspot
activity®>>> that is associated with the DNA sequence
(5-GCTGGTGG-3)* known as Chi (y) (see Smith in
this issue). The y sequence is asymmetric and is recog-
nized by recBCD enzyme only when the enzyme is
traveling through the dsDNA from the 3'-side of y**%.
Interaction with y results in an attenuation of the nucle-
ase, but not the helicase, activity of recBCD enzyme,
permitting the enzyme to continue unwinding without
further DNA degradation'>'6. A consequence of this
y-dependent attenuation is that ssDNA with a 3-end in
the vicinity of y is created (the product of step (i)). This

ssDNA is the substrate for invasion of the homologous
dsDNA promoted by recA and SSB proteins (ii) (see
Stasiak and Egelman, and Heyer in this issue; ref. 15).
Both the y-dependent generation of the 3' ssDNA inva-
sive end and the y-dependent attenuation of the
recBCD enzyme nuclease activity are sufficient to ex-
plain the recombination hotspot activity of y. After
formation of the homologously paired joint molecule
(product of step (ii)), a Holliday junction can form,
presumably through the action of either DNA poly-
merase I or DNA gyrase (iii). The resultant cross strand
structure can undergo either thermal or protein-medi-
ated branch migration but, given the slow speed of the
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Proteins and DNA sites involved in genetic recombination in Escherichia coli?

Protein Activity

recA

DNA strand exchange; DNA renaturation; DNA-dependent ATPase;

DNA- and ATP-dependent coprotease

recBCD (exonuclease V)

DNA helicase; ATP-dependent ssDNA and dsDNA exonuclease and

ATP-stimulated ssDNA endonuclease; y-hotspot recognition

Holliday-, cruciform-, and 4-way junction binding; interaction with ruvB protein
branch migration of Holliday junctions; DNA helicase; interaction with ruvA protein

ssDNA exonuclease, 3' =5 specific; deoxyribophosphodiesterase

recBC DNA helicase

recE (exonuclease VIIT) (sbcA) dsDNA exonuclease, 5'— 3 specific

recF ssDNA and dsDNA binding; ATP binding

recG branch migration of Holliday junctions; DNA helicase
rec] ssDNA exonuclease, 5' — 3 specific

recN unknown, ATP binding consensus sequence

recO interaction with recR and (possibly) recF proteins
recQ DNA helicase

recR interaction with recO and (possibly) recF proteins
recT DNA renaturation

ruvA

ruvB

ruvC Holliday junction cleavage; 4-way junction binding
sbcB (exonuclease I) (xonA)

sbeC unknown, ATP binding consensus sequence

sbeD unknown

SSB ssDNA binding

DNA topoisomerase I (fopA)

DNA gyrase (gryd & B)

DNA ligase (lig)

DNA polymerase ( po/A)

helicase 11 (uorD, uvrE, recl., mutU)
helicase IV (helD)

Chi(y)

DNA ligase

DNA helicase
DNA helicase

 protein, type 1 topoisomerase
DNA gryase, type 11 topoisomerase

DNA polymerase; 5'— 3’ exonuclease; 3' -5 exonuclease

recombination hotspot: 5-GCTGGTGG-3'; regulator of recBCD enzyme nuclease activity

afrom ref. 31.

random process and its inability to proceed past DNA
mismatches*!?, it is almost certain that the branch mi-
gration activity of either recA, ruvAB or recG protein is
used (iv) (see West in this issue). Finally, resolution of
the Holliday junction and completion of the process is
accomplished by the ruvC protein (v) (see West in this
issue). The result is recombinant progeny that represent
either ‘spliced’ or ‘patched’ parental DNA (products of
step (v)). Each of these biochemical steps together with
some of the experimental details that support the model
illustrated in figure 1 are elaborated below.

RecBCD enzyme, a DNA helicase with nuclease
activity

The recBCD enzyme is encoded by the recB, recC, and
recD genes (see refs 52, 61). The resulting heterotrimeric
protein complex, which is also known as exonuclease
V, constitutes an enzyme possessing both helicase and
nuclease activities. The DNA helicase activity can un-
wind dsDNA with flush or nearly flush (having ssDNA
overhangs of less than about 25 nucleotides) dsDNA
ends in an ATP-dependent reaction®. The nuclease
activities are quite diverse, and include ATP-dependent
dsDNA exonuclease, ATP-dependent ssDNA endonu-
clease, and ATP-stimulated ssSDNA exonuclease activi-
ties. This seemingly unlikely combination of activities
is accomodated by the following mechanism (fig.

2)48,60.64-66 The enzyme initiates unwinding by binding
to the ends of dsDNA; simultaneous with unwinding, it
introduces endonucleolytic nicks randomly into the un-
wound ssDNA. The frequency of nicking is unrelated to
the distance traveled, but is highly dependent both on
the rate of protein translocation and on solution condi-
tions. This results in the generation of ssDNA frag-
ments that can range in size from short oligonucleotides
which are acid soluble (i.e., less than about 15 nucle-
otides in length) to pieces thousands of nucleotides in
length.

DNA helicase activity plays a prominent role in models
for recBCD enzyme function in genetic recombination.
The nick initiation model of Smith and colleagues pro-
posed that recBCD enzyme uses its helicase activity to
travel to a y sequence where it nicks the DNA>*, Subse-
quent unwinding past y produces ssDNA for use by
recA protein. Models of Thaler et al. proposed that the
recBCD enzyme translocates through dsDNA until it
encounters a crossover structure; there, depending on
whether it encountered a y sequence along the way, it
either destroys or resolves the Holliday junctions®”-67-68,
However, it seemed paradoxical from the outset that a
potent nuclease (recBCD enzyme), which is responsible
for much of the degradation of foreign DNA in E. coli,
is also required for homologous recombination. This
apparent incongruity was resolved when it was discov-
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Figure. 2. Biochemical mechanism of action for recBCD enzyme.

ered that the y sequence is a regulatory element which
controls nuclease activity of recBCD enzyme; upon
recognizing y, the nuclease activity of recBCD enzyme
is attenuated but its helicase activity remains'®'®,
Hence, recBCD enzyme can be viewed as a DNA heli-
case that possesses a regulatable nuclease activity.

Electron microscopic analysis determined that, under
the conditions used, the enzyme unwound at a rate of
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300 bp/sec, producing characteristic looped structures
which grew at about 100 bp/sec. Kinetic analysis of the
unwinding process was facilitated by a continuous,
spectrofluorometric assay for DNA helicase activity®.
The helicase activity of recBCD enzyme was found to
depend on reaction conditions that typically influence
all protein-nucleic acid interactions. Optimal helicase
activity at 37°C is about 1000—1300 bp/sec/recBCD en-
zyme molecule. This rate, which has an optimum at
about 80-100 mM NaCl, decreases with increasing
NaCl concentrations (decreasing about 40% at
200 mM) and with decreasing temperatures. Increasing
the ATP concentration results in a hyperbolic increase
in the rate of DNA unwinding with a K., of about
130 pM. The enzyme also has a relatively high apparent
affinity for DNA ends, yielding a K., of =1 nM (0.6—
2.1 nM).

The unwinding of dsDNA is highly processive*”-%°. Ge-
netic studies demonstrated the recBCD enzyme could
recognize y sites located at the distal end of bacterio-
phage 2 relative to the cos entry site®®. Biochemically,
this translates into a requirement for recBCD enzyme to
translocate a distance of about 30 Kb. Electron micro-
scopy showed that recBCD enzyme could travel proces-
sively for at least 20 Kb®*%¢ and subsequent quantitative
analysis showed that the enzyme will unwind an average
of 30 Kb before dissociating from the DNA, with
about 15% of the enzymes unwinding 50 Kb*". As
observed for the rate of DNA unwinding, the processiv-
ity of unwinding decreases with increasing NaCl (by
50% at 280 mM) and with decreasing ATP (apparent
Ky & 40 uM). During the course of this processive un-
winding, 2-3 molecules of ATP are hydrolyzed for each
base pair unwound, suggesting that two subunits (prob-
ably the recB and recD subunits) are involved in the
processive helicase activity of the holoenzyme*®, which
is reduced about 15-fold when the recD subunit is
absent®®. The enzymatic parameters for apparent sub-
strate affinity are well within the estimates for the phys-
iological concentration of each of these substrates,
which lends support to the potential importance of this
activity in vivo.

The availability of these kinetic parameters for recBCD
enzyme helicase activity greatly facilitated in vitro exper-
iments designed to address the role of DNA unwinding
in recombination processes. The first reactions tested a
simple but important question: could the helicase activity
of recBCD enzyme be used to produce ssDNA that could
be used by recA protein in DNA pairing reactions? The
answer, from two different reactions (fig. 3), was yes*®°.
The first reaction used ssDNA and dsDNA under condi-
tions that failed to support recA protein-promoted DNA
strand invasion; when recBCD enzyme was added, it
produced ssDNA that was utilized by recA protein to
produce heteroduplex DNA via its DNA renaturation
activity. The second reaction used linear dsDNA and
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Figure. 3. DNA substrates used for reconstitution of in vitro homologous pairing reactions.

supercoiled DNA; recBCD enzyme produced ssDNA
that was utilized by recA protein to produce homo-
logously paired joint molecules via its DNA strand
invasion activity.

The second reaction, in particular, displayed some sig-
nificant properties*®. Besides requiring recBCD enzyme
unwinding, it was optimal at concentrations that ap-
proached one functional recBCD enzyme molecule per
DNA end, demonstrating that the rate of homologous
pairing was maximal when the rate of DNA unwinding
was maximal*. Second, the maximal rate of joint
molecule formation was obtained in the presence of an
SSB protein concentration that saturated about 50% of
the ssDNA produced by enzymatic unwinding, consis-
tent with behavior of SSB protein in other recA protein-
promoted reactions'®. Third, the ability of recA protein
to form joint molecules from the ssDNA produced by
recBCD enzyme was equivalent to its use of heat dena-
tured DNA, indicating that ssDNA produced by either
method was equivalent with respect to recA protein
function?. Fourth, the optimal concentration of recA
protein represented the amount needed to nearly satu-
rate the ssDNA produced, consistent with the properties
of other homologous pairing reactions (see Stasiak and
Egelman in this issue). Fifth, the behavior of mutant
recA proteins in these homologous pairing reactions
corresponded to their genetic phenotype (see ref. 29).
Finally, the actions of the recA, recBCD, and SSB
proteins were coordinated, in that optimal joint molecule
formation was obtained only when all three proteins
were present simultaneously®®. Although no evidence
exists for protein-protein interactions, these proteins
‘cooperate’ to promote this in vitro reaction. RecBCD
enzyme unwinds the dsDNA and SSB serves as the

primary trapping protein. Trapping by SSB protein, in
turn, allows recA protein to bind; however, recA protein
must be present during the unwinding phase because it
must bind to the ssDNA coincidently with SSB protein
so that it can rapidly displace the SSB protein.

These studies established the basic properties of joint
molecule formation by recA, recBCD, and SSB proteins
in vitro and afforded an experimental route to the next
important topic: Does the presence of a y sequence have
any effect on joint molecule formation in this in vitro
recombination reaction?

Chi, a regulator of recBCD enzyme nuclease and
recombination activities

The y recombination hotspot stimulates recombination
in its vicinity in a polar manner (see Smith in this issue).
Recombination is 5 to 10 times more frequent near y and
is dependent on recB and recC'’-*2%° Simulation is
primarily to the 5’ side of the y site and extends as far
away as 10 kb>%. In vivo, it is assumed that all recBCD
enzyme-dependent recombination requires interaction
with y or y-like sequences. In vitro, recognition of y
produces a ssDNA fragment that terminates near y;
cleavage occurs in the DNA strand containing the y
sequence, 4 to 6 nucleotides to the 3’ side of y**%

The nick initiation model for Chi action predicts that
during the process of DNA unwinding, a nick will be
introduced at 34 For the DNA substrates typically used
in vitro (4-7 Kb), the nick at y should result in three
discrete ssDNA fragments due to the high processivity of
unwinding (disregarding the heterogeneously sized frag-
ments produced by random nucleolytic nicking) (fig. 4).
Two result from cleavage of the y-containing strand (top
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Figure 4. Expected pattern of joint molecule formation resulting from DNA unwinding, with a nick at y, mediated by recBCD enzyme.
The joint molecules observed experimentally are indicated with a v/ and the one not observed is marked by an x .

strand in figure 4), and the sizes of these fragments
will be y-specific (i.e., they will depend on the location
of y). The third discrete-sized ssDNA should be the
full-length strand that originates from the bottom
strand in figure 2. This pattern is expected for recBCD
enzyme entering from the right side of dsDNA; recBCD
enzyme which enters from the left side of the DNA
(50% of the events) will fail to recognize the improperly
oriented y sequence.

In vitro reactions using recA, recBCD, and SSB proteins
and the DNA substrates depicted in figure 4 readily
detect formation of a single y-specific joint molecule
as the predominant species'®. This result experimen-
tally established one of the principle tenets of the nick-
initiation model. The formation of joint molecules
derived from full length ssDNA generated by the ex-
pected complete unwinding of dsDNA is also detected.
Significantly, however, the y-specific ssDNA fragment
derived from the upstream side of y is not observed
under the reaction conditions employed, neither as a
participant in a joint molecule nor as a ssDNA frag-
ment'>1%, This, and other observations, lead to the
conclusions that the DNA 3’ to y is degraded and,
furthermore, the interaction with y causes an attenuation
of the nuclease activity of recBCD enzyme. This attenu-
ation lasts as long as the enzyme remains associated with
the DNA molecule that contains y. The nuclease-attenu-
ated enzyme continues to unwind the DNA (for at least

10 Kb), ultimately dissociating when it reaches the end of
the DNA duplex. Thereafter, the nuclease activity is
reactivated, and the cycle of unwinding, y-recognition,
and nuclease attenuation is repeated indefinitely'>.
These experiments also uncovered another unrecog-
nized feature of recBCD enzyme nuclease activity:
degradation during DNA unwinding is highly asymmet-
ric'®. The strand 3’ at the entry site is degraded much
more extensively than the strand 5 at the entry site.
Furthermore, upon encountering a y site, this asymmet-
ric degradation is significantly attenuated. These obser-
vations offer a very simple explanation for the failure to
detect a ssDNA fragment from the upstream side of
¥ — 1t is simply degraded. However, upon attenuation
of nuclease activity, the DNA downstream of y is saved
from degradation. Thus, y is a regulatory sequence.
The differential degradation is sensitive to solution con-
ditions, with one of the primary determinants being the
free Mg*? concentration'® (determined experimentally
by the ratio of the concentrations of Mg*? relative to
ATP). The nuclease activity of recBCD enzyme displays
maximal nucleolytic activity at free Mg*? concentra-
tions above about 0.1-0.5 mM and decreases continu-
ously to near zero at a free Mg*®? concentration of
about 5 uM'. This observation readily explains the
detection of fragments derived only from the down-
stream side of y at higher Mg*? concentrations, whereas
detection of both upstream and downstream fragments
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Figure 5. Nuclease attenuation model for initiation of homologous recombination by recBCD enzyme. Details are discussed in the text.

(Modified from ref. 15).

occurs at lower free Mg*? concentrations'. If both the
frequency of cleavage and the distance to the y site are
low, then an upstream y-specific fragment is recov-
ered*?. But regardless of the solution conditions used,
interaction with y resulits in a modification of recBCD
enzyme that attenuates its nuclease activity. The at-
tenuation is greater than 500-fold at higher Mg*? con-
centrations and as low as 5-10-fold at the lowest con-
centrations examined'?; conceivably at very low free
Mg*? concentrations, degradation would be minimal
and attenuation could go undetected.

These results are accommodated by the nuclease atten-
uation model for initiation of genetic recombination
depicted in figure 53~ '°. The recBCD enzyme binds to
the ends of dsDNA and begins unwinding and degrad-
ing the DNA. Unwinding and the introduction of en-
donucleolytic breaks is coincident and results in the
production of ssDNA fragments. Degradation of ds-
DNA is asymmetric, with the DNA strand 3’ at the
entry site being nicked more frequently than the 5
strand. This process of unwinding and random en-
donucleolytic nicking of primarily (but not excusively)
the 3'-terminal strand adequately describes the bio-
chemical characteristics of the ATP-dependent dsDNA
exonuclease activity of recBCD enzyme. This course of
action continues until a jy sequence is encountered.
Recognition of the y sequence results in a pause of the
recBCD enzyme. This pause, in turn, assures a high

probability of an endonucleolytic cleavage to occur in
the vicinity (4 to 6 nucleotides) of y. Recognition of ¥
causes an alteration of the biochemical activity of
recBCD. The nuclease activity is reduced by as much as
500-fold so that now the enzyme is primarily a helicase
rather than a helicase with nuclease activity'®!>!6.
Continued unwinding of the dsDNA, without further
degradation, results in the formation of an intact ssDNA
fragment originating from the 3'-side of y and continuing
downstream to the point of recBCD enzyme dissocia-
tion. This distance is at least 10 Kb and, for the unaltered
enzyme, averages 30 Kb*’. The act of continued unwind-
ing by the nuclease-attenuated enzyme results in produc-
tion of the ssDNA strand that is the preferred substrate
for recA protein-promoted DNA strand invasion. Atten-
uvation of nuclease activity persists as long as the y-
altered recBCD enzyme remains associated with the
DNA molecule that effected the attenuation. However,
upon exiting or dissociating from the DNA, the recBCD
enzyme typically reverts to the state that is seen prior
to interaction with y, ie., the nuclease activity is re-
stored!>!>1¢ (however, see below and ref. 14). This
reactivated enzyme is indistinguishable from the enzyme
prior to its interaction with y and is fully capable of
subsequent rounds of DNA unwinding, nucleolytic
degradation, y-recognition, and nuclease attenuation.
Thus, under these conditions, the process is completely
catalytic and the protection afforded by y is a cis-effect.
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This model is consistent with all of the known in vitro
and in vivo properties of recBCD enzyme and y sites. It
explains the polarity of y hotspot activity with the direct
demonstration that at y, but not before, the nuclease
activity of recBCD enzyme is substantially reduced.
Consequently, the DNA that is downstream of y is
protected relative to the DNA that is upstream of j.
Thus, y exerts its effect on genetic recombination not
because of a biochemical activiation at y but, rather,
because of a biochemical inactivation; this inactivation
of nuclease activity is presumably responsible for the
cellular stimulation of recombination because it results
in preservation of a DNA intermediate that is an essen-
tial ingredient of the initiation phase of homologous
pairing. Hence y is a regulatory sequence for genetic
recombination as was initially proposed to explain the
behavior of recD} mutuations®”-%%; however, rather than
acting at a resolution step, the in vitro data argue for an
initiation function!'? 1316,

The interaction between recBCD enzyme and y ob-
served in vitro is paralleled in vivo. In vivo, the presence
of a y sequence upstream from a second y causes the
stimulation of recombination resulting from the down-
stream y to be reduced®”-®, In agreement, in vitro, a y
sequence downstream from another y site is not recog-
nized when the first y is recognized®*. Both of these
observations are consistent with the attenuation model:
once the nuclease activity is attenuated, both non-spe-
cific and y-specific cleavages are reduced dramatically.
The protection of DNA downstream, but not upstream,
of y from degradation by recBCD enzyme was also
deduced from in vivo work. Recombination of bacterio-
phage A to produce y-containing recombinant progeny
requires the participation of three individual 4 phage:
two parents that contain y and one that need not*”. This
study indicated that the DNA upstream of y is degraded
by recBCD in one of the y* parents, but that DNA
downstream of y is not””. A similar conclusion was
derived from studies of plasmids replicating by a
rolling-circle mechanism. The presence of y in the
proper orientation with respect to the free dsDNA end
results in the formation of high molecular weight linear
multimers, but when the orientation of y is reversed,
degradation by recBCD enzyme ensues'”. Thus both the
in vivo and in vitro data suggest that DNA is degraded
by recBCD enzyme up to y, but, upon interaction with
¥, this degradation is diminished. These observations
also offer an explanation for why DNA upstream of y is
not highly recombinogenic both in vivo and in vitro: it
is degraded. Furthermore, consistent with the in vitro
studies, y increases the amount of heteroduplex DNA in
vivo, in a process that requires both rec4 and recB
function®?. These observations are readily explained by
the nuclease attenuation model (fig. 5).

The strong functional relationship between y recombi-
nation hotspot activity and y-recognition by recBCD
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enzyme 1s established by extensive mutational analysis
(see ref. 52). The conformity between y-dependent stim-
ulation of recombination in vivo and the detection of
g-specific fragments (i.e., nicking activity) in vitro is
virtually exact (see Smith in this issue). The nick at y
was envisioned to generate a 3'-terminal ssDNA frag-
ment that participated in recA protein-dependent DNA
strand invasion®, a prediction that was demonstrated in
vitro'>. However, the attenuation model suggests that
the close correlation between these phenomena has, at
its root, a more fundamental origin. The nick at y and
the persistence of the downstream y-specific ssDNA
result from a pause at 7, with subsequent attenuation of
nuclease activity’> !¢, The production of y-specific frag-
ments in vitro is therefore a manifestation of the attenu-
ation event. Thus, this view sees in vivo hotspot activity,
in vitro y-specific cutting, and nuclease attenuation as
consequences of y-recognition producing the biochemi-
cally altered recBCD enzyme!*~'6.

The properties of a purified mutant recBCD enzyme are
consistent with the expectations of the nuclease attenua-
tion model 1'%'°. The recB2109 mutation is phenotypi-
cally defective in homologous recombination’'. In vitro,
the purified recB*'*°CD enzyme retains all of the activi-
ties of the wild-type enzyme, save one'®'". Within a
factor of 2-3, the recB*'CD enzyme has the same
DNA helicase, dsDNA exonuclease, ssDNA exonucle-
ase, and ssDNA endonuclease activities at physiological
levels of ATP (although it does have an ~6-fold lower
affinity for ATP than the wild-type enzyme). The mu-
tant enzyme demonstrates no ability to recognize y as
manifested by the inability to produce y-specific ssDNA
fragments' '8, As a consequence, this mutant enzyme
continues to degrade the ssDNA produced by DNA
unwinding. Thus, recB>'*CD enzyme can be viewed as
a constitutively active nuclease that fails to promote
recombination since y is unable to regulate its nuclease
activity, either because recB?'?CD enzyme cannot rec-
ognize y or because the mutant enzyme cannot attenu-
ate its nuclease activity'® ',

The unusual phenomenon of attenuation of nuclease
activity invites an explanation as to its biochemical
basis. One potential explanation has at its origin the
unique attributes of reci mutations**, This class of
mutants primarily map to the recD gene and is pheno-
typically recombination proficient™*; in fact, these mu-
tants are hyper-recombinogenic in some assays despite
their insensitivity to the presence of y*%37% To explain
the behavior of these mutations, Thaler et al. hypothe-
sized that interaction with y converted the antire-
combinogenic recBCD enzyme to the recombinogenic
recBC enzyme, accompanied by loss of the recD sub-
unit®, This recBC enzyme was proposed to produc-
tively resolve Holliday junctions. An element of this
hypothesis was recently tested in vitro'*. The recBC
enzyme (reconstituted without the recD subunit) bio-
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chemically mimics certain characteristics of the recBCD
enzyme that has productively interacted with y'*. It has
helicase activity but little or no nuclease activity'*24
and its activities can be completely inhibited, affording
protection to DNA in trans'. In agreement with the
failure of rec} mutants to recognize y in vivo, the recBC
enzyme does not produce y-specific fragments in vitro'.
Despite this defect, because of the near absence of
nuclease activity, the recBC enzyme efficiently promotes
joint molecule formation in a coupled recA, recBC, and
SSB protein-mediated reaction in vitro'®. Thus, the bio-
chemical evidence suggests that interaction with y re-
sults in either the loss or functional inactivation of the
recD subunit and that, as a consequence of this event,
the nuclease activity of the resultant (y-modified) en-
zyme is lost'. Nevertheless, the altered enzyme is still
capable of producing ssDNA by DNA unwinding
which can be used by recA protein, arguing for an
initiation purpose for y'31516,

These in vitro results further illuminate the replication-
blocked intracellular behavior of the recBC(D1) enzyme.
Recombination of A phage in recDI strains occurs pri-
marily at the ends of 4%, consistent with the retention of
helicase but not nuclease activity by the recBC enzyme
(i.e., the DNA ends are not degraded). Conjugal and
Pl-mediated, but not A phage, recombination in recD}
strains requires recJ function®”%. The rec] protein is a
5 — 3" ssDNA specific exonuclease®® and the combined
action of recBC and recJ enzymes should produce ss-
DNA with 3'-tails. Thus, the nuclease activity lost by the
recBC(D ™) enzyme can be compensated by the non-spe-
cific nuclease activity of recJ protein. The specific need
for this nuclease activity is unclear but perhaps degrada-
tion of one DNA strand prevents reannealing of the two
complementary ssDNA strands, an event that would
compete with recA protein-dependent DNA strand inva-
sion. Finally, the recombination proficiency of recD}
strains without any y recognition appears to contradict
the primacy of y in recBCD-dependent recombination
events. This apparent violation is readily explained,
however, by proposing that the major function of y is to
convert the nucleolytically-active recBCD enzyme to
the nucleolytically-attenuated recBC enzyme'>'®. The
nuclease-deficient, helicase-proficient recBC enzyme,
therefore, represents the constitutively y -altered recBCD
enzyme'*. Thus, the characteristics of the recD mutations
and the recBC enzyme are in complete accord with the
nuclease attenuation model.

RecA protein, promoter of DNA strand invasion

The recA protein is a remarkably complex protein. The
wide scope of its activities prevents a detailed discussion
here (but see Stasiak and Egelman in this issue), so only
the properties relevant to its participation in the cou-
pled in vitro reaction will be discussed. The recA
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protein can promote homologous pairing and DNA
strand exchange between a variety of DNA substrates
(see reviews’0-312.43-45.58.59.72) ‘The in vitro reaction that
is most relevant to the events envisioned in figure 1 is
the reaction between linear ssDNA and covalently
closed supercoiled DNA. Within a few minutes, recA
protein can promote homologous plectonemic pairing
(i.e., the paired DNA strands are intertwined as in
conventional dsDNA) between this pair of substrates,
provided that the ssDNA is linear and the other
is negatively supercoiled®* ?’. The supercoiled DNA
molecule serves as the recipient and is invaded by the
linear donor ssDNA molecule. The 3'-end of the ss-
DNA is more invasive than the 5-end due to the poly-
merization properties of recA protein®’. Since recA
protein polymerizes 5 — 3’ along ssDNA and initial
binding is random™, the 3’-end of linear ssDNA has a
higher probability of coverage by recA protein than the
opposite end. Furthermore, if SSB protein is present,
this preference is exacerbated because the binding of
SSB protein is more rapid and subsequent displacement
of the SSB protein by recA protein occurs in the same
5" >3 direction™.

Formation of joint molecules in the coupled recA-,
recBCD-, and SSB protein-reaction requires participa-
tion of recA protein in a similar way. The ssDNA
generated by dsDNA unwinding is a suitable substrate
for recA protein-promoted pairing with supercoiled
DNA'>%_ The joint molecules formed are plectonemic
in nature, as evidenced by their stability in the absence
of bound recA protein!*%, The 3'-end generated by
degradation up to the y-site is the invasive end in the
z-specific pairing step's, as was predicted by the nick-
initiation model**. The DNA sequences at this 3'-end
define the homology requirements for the pairing pro-
cess in vitro: if the DNA sequence immediately down-
stream of y is homologous to pBR322 DNA, then
pBR322 DNA sequences are required in the supercoiled
DNA recipient; if those sequences are M13 DNA, then
M13 DNA sequences are required for y-specific DNA
strand invasion'®.

Holliday junction formation and resolution

The formation of homologously paired joint molecules
by the combined actions of recA, recBCD, and SSB
proteins has been reproduced in vitro'>*¢, although, in
this reaction, formation of Holliday junctions is yet to
be demonstrated. But recA protein is capable of form-
ing Holliday junctions in vitro”™ 7, so it certainly re-
mains plausible that, as shown in figure 1, the step
following joint molecule formation is Holliday junction
formation. Formation of the Holliday junction should
simply require pairing of the DNA strand displaced
from the supercoiled DNA, with the remaining DNA
strand from the linear dsDNA. This may require either
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extension of the invading ssDNA strand by DNA poly-
merase I to regerate the ssDNA lost to degradation by
recBCD enzyme, or the involvement of a topoisomerase
(see Gangloff, Lieber and Rothstein in this issue) to
permit plectonemic pairing of the longer 5'-terminal
strand depicted in figure 1, or both. Though topoiso-
merases have been shown to permit recA protein-
promoted plectonemic pairing between topological
constrained DNA substrates® "7, their participation in
a coupled system is yet to be demonstrated.

After formation of the Holliday junction, all models of
homologous recombination propose branch migration
of the crossover point to extend the region of DNA
heteroduplex. There now exist three candidate proteins
that are capable of effecting branch migration: recA®,
recG*>%¢, and ruvAB proteins?>4%7', In vitro, any of
these proteins can promote branch migration, though
the characteristics of their reactions are somewhat
different (see West in this issue). In vivo, recG and
either ruv4, B, or C mutations dramatically reduce
recombination levels*, implying that if the major func-
tion of the recG and ruvAB protein is branch migra-
tion, then recA protein is not an effective substitute.
The final step in figure 1 requires resolution of the
Holliday junction. Since ruvC protein is the only known
activity in E. coli that demonstrates specificity for such
unique structures®, ruvC protein is a likely resolver of
Holliday junctions (see West in this issue).

Future directions

This brief review has only touched upon some of the
unique features of recombination enzymology that were
uncovered by in vitro reconstitution of recombination
reactions. I have attempted to highlight the needed
coordination between the rapid helicase activity of
recBCD enzyme and the relatively slower pairing activ-
ity of recA protein; the singular role that the y recombi-
nation hotspot plays as a regulator of recombination
processes; and the dual nature of the recBD enzyme as
a helicase with nuclease activity. I have focused on
biochemical events important to initiation of recombi-
nation, leaving discussion of details important to the
behavior of recombination hotspots, homologous pair-
ing and branch migration, and Holliday junction resolu-
tion to others (see Smith, Stasiak and Egelman, Heyer,
Gangloff, Lieber and Rothstein, and West, respectively,
in this issue). Since essentially all of the individual
steps illustrated in figure 1 have been reproduced using
purified components, reconstitution of even more com-
plex reactions seems imminent. Not only will the com-
plete reconstitution of homologous recombination in
vitro represent a major milestone, but certainly new,
unexpected discoveries will emanate from the biochemi-
cal and genetic studies that will be required to achieve
this endpoint.
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