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SUMMARY

Over the past three or four years, great strides have been made in our understanding of the proteins
involved in recombination and the mechanisms by which recombinant molecules are formed. This review
summarizes our current understanding of the process by focusing on recent studies of proteins involved
in the later steps of recombination in bacteria. In particular, biochemical investigation of the in vitro
properties of the E. coli RuvA, RuvB and RuvC proteins have provided our first insight into the novel
molecular mechanisms by which Holliday junctions are moved along DNA and then resolved by

endonucleolytic cleavage.

1. INITIATION OF RECOMBINATION

A simple scheme which attempts to coordinate the
properties of the enzymic activities involved in recom-
bination in E. ¢oli is shown in figure 1. Recombination
in bacteria, and probably also in eukaryotic organisms,
requires the formation of single-stranded DNA (West
1993). Single strands are generated by the combined
helicase/nuclease activities of RecBCD enzyme (see
accompanying article by G. R. Smith), following
cleavage at specific sites known as Chi (Smith 1990;
Taylor 1988). Mutations in recB, or recC, reduce the
frequency of recombination but do not block it
completely, because in the absence of functional
RecBCD, other proteins can provide the single-
stranded DNA required for initiation. For example, a
DNA helicase such as RecQ (Umezu et al. 1990) or a
single-strand specific exonuclease such as Rec]J, or their
combined action, would suffice (Lovett & Kolodner
1989). A similar function could be played by DNA
helicase II (wworD gene product) or helicase IV (helD
gene product) (Matson & George 1987; Mendonca et
al. 1993; Wood & Matson 1987).

2. PAIRING AND STRAND EXCHANGE

The presence of single-stranded DNA triggers re-
combination reactions catalysed by the RecA protein.
This 38 kDa protein is quite remarkable in that it plays
a dual role in recombination by providing: (i) the
catalytic activity for homologous pairing and strand
exchange; and (ii) the structural framework within
which recombination reactions take place (figure 2). In
the presence of ATP, RecA binds DNA (either single
stranded or gapped duplex) to form a right-handed
helical nucleoprotein-filament (West et al. 1980;
Stasiak et al. 1981; Flory & Radding 1982; Stasiak &
DiCapua 1982). Recent studies suggest that RecF,

Phil. Trans. R. Soc. Lond. B (1995) 347, 21-25
Printed in Great Britain

RecO, RecR and SSB may facilitate the loading of
RecA onto the initiating single strand (Madiraju &
Clark 1990, 1991; Umezu et al. 1993) and may be
considered, therefore, as accessory proteins for RecA.
Electron microscopic observations of RecA filaments
formed on duplex DNA, in the presence of ATP or a
non-hydrolysable ATP-analogue (ATPyS), show that
the DNA is underwound as the pitch of the helix is
extended to approximately 95A (Stasiak e al. 1981).
Thus DNA is stretched from a 3.4A axial rise per base
pair (b.p.) in B-form DNA to a 5. 1A rise per b.p. in the
RecA-DNA complex. A similar stretching occurs with
single-stranded DNA. This extended and regular
filament structure, which contains 6.2 RecA monomers
per turn of DNA (18.6 b.p.) (DiCapua et al. 1982; Yu

- & Egelman 1990), represents the active form of RecA.

A second, non-extended form of the RecA filament has
been observed with single-stranded DNA in the
absence of a nucleotide cofactor, though this structure
is thought to be inactive (Yu & Egelman 1992;
Egelman & Stasiak 1993; Ruigrok et al. 1993). The
crystal structure of the RecA-helical polymer has been
solved at a resolution of 2.3A, and resembles the
inactive filament (Story & Steitz 1992; Story et al.
1992; Egelman & Stasiak 1993).

The primary function of RecA is to bring two DNA
molecules into close proximity within a single filament,
so that the DNA sequences are aligned, ready for
strand exchange and the formation of heteroduplex
DNA (Howard-Flanders et al. 1984 ; Stasiak et al. 1984
West 1992). Pairing is thought to occur by means of
multiple random contacts which are facilitated, at least
in wvitro, by the formation of large protein-DNA
aggregates that serve to concentrate the DNA (Gonda
& Radding 1986). It is likely that the two DNA
molecules become interwound within the RecA fi-
lament in the form of a multi-stranded DNA helix
(figure 2) (see also article by C. M. Radding). The
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Figure 1. Recombination proteins and their roles in the
recombination process. The RecBCD, Rec] and RecQ
proteins utilize their nuclease and/or helicase functions to
generate regions of single-stranded DNA which are recog-
nized by RecA. The RecF, RecO, RecR and SSB proteins
act as accessory proteins which facilitate the interaction
between RecA and ssDNA. RecA forms helical nucleo-
protein filaments which interact with other duplex DNA
molecules leading to homologous pairing and strand ex-
change. Recombination intermediates, containing Holliday
junctions made by RecA are then recognized by RuvAB or
RecG, which catalyse branch migration and the formation of
heteroduplex DNA. Finally, the Holliday junctions are
resolved by RuvC (or an alternative resolvase activity), and
the recombinant DNA molecules are repaired by DNA
ligase. A number of the indicated proteins, including RecQ,
RecA, RuvA and RuvB, are part of the sos response to DNA
damage and induced by uvv-irradiation. In addition to their
role as general recombination proteins, they are likely to play
a particularly important role during recombinational repair.

RecG + ?
branch migration/resolution

homoduplex heteroduplex

. direction of strand exchange

Figure 2. Homologous pairing and strand exchange mediated
by RecA protein. The DNA lies within the deep groove of the
RecA filament and is stretched (axial rise = 5.1A compared
with 3.4A in B-form DNA). The two interacting duplexes are
proposed to be interwound within the RecA filament.
Rotation of the filament along its longitudinal axis causes the
naked duplex DNA to be spooled into the filament such that
strand exchange occurs (although not shown, this corre-
sponds to a 5'-3’ polarity relative to the single-stranded DNA
on which filament formation was initiated). For simplicity,
the RecA filament is drawn as only a few protein monomers,
in reality it may be much longer. Similarly the diameter of
the RecA filament (approximately IOOA) and the length of
the DNA are underestimated for diagrammatic purposes.
Watson-Crick b.p. and any additional bonds are not shown.
Deproteinization of the four-stranded immediate would
produce a classical Holliday junction.

reaction then proceeds into its next phase in which
strands are exchanged to form heteroduplex DNA.
Strand exchange occurs relatively slowly (2-10 b.p.
per second), with a defined 5-3" polarity (Cox &
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Lehman 1981; Kahn e al. 1981; West et al. 1981) and
during the course of the reaction large amounts of ATP
are hydrolysed by RecA (Kowalczykowski 1991; Roca
& Cox 1990).

3. PROCESSING OF RECOMBINATION
INTERMEDIATES

Recent work has led to significant advances in our
understanding of the late steps of genetic recom-
bination and related recombinational repair processes.
Itis now known that Holliday junctions made by RecA
can be recognized by the RuvA and RuvB proteins
which catalyse their movement along DNA (Tsaneva et
al. 1992 ). This process, known as branch migration, is
required for the formation of heteroduplex DNA. The
next step, resolution of the junction to allow the
separation of recombinant duplexes that can be
repaired by DNA ligase, is catalysed by RuvC protein,
a Holliday junction-specific endonuclease (Dunder-
dale ¢t al. 1991 ; Iwasaki et al. 1991 ; Bennett e al. 1993).
Surprisingly, mutations in ruwwA, ruwwB or ruwC do not
lead to a recombination defective phenotype (Lloyd
1991), thus providing evidence for the presence of a
second pathway for Holliday-junction processing. This
pathway is likely to involve RecG, an alternative
branch migration protein which is functionally anal-
ogous to RuvAB (Lloyd & Sharples 19934, 19935;
Whitby et al. 1993), and may require a second, as yet
unidentified, Holliday-junction resolvase activity
(Lloyd 1991).

(a) Branch Migration Catalysed by RuvAB

Electron microscopic visualization of deproteinized
recombination intermediates made by RecA, shows
that the two interacting DNA molecules are linked by
a crossover or Holliday junction (DasGupta et al. 1981
West et al. 1983; Miiller et al. 1992). The structure of
this junction appears to be an integral component of
subsequent processing reactions. In vitro, the RuvA
(22 kDa) and RuvB (37 kDa) proteins have been
shown to act upon synthetic Holliday junctions, or
recombination intermediates made by RecA, and
catalyse branch migration (Iwasaki ef al. 1992 ; Parsons
et al. 1992; Tsaneva et al. 1992a, 19924 ; Miiller et al.
1993 4; Parsons & West 1993). The RuvB protein is a
DNA-dependent ATPase (Iwasaki et al. 1989; Parsons
& West 1993) which, in the presence of ATP and high
concentrations of Mg?®" (> 15mM) can promote
branch migration without the need for RuvA (Tsaneva
et al. 19925; Miiller et al. 1993 a). This result indicates
that RuvB is the catalyst of the branch migration
reaction, with high levels of Mg?* required to overcome
the low binding affinity that RuvB shows for DNA
(Miller et al. 1993b). At lower Mg?®" concentrations
(< 10 mM), RuvB binds DNA weakly and branch
migration shows an absolute requirement for RuvA
(Miiller et al. 19934, 1995). Under these conditions,
and in the presence of RuvA, the stoichiometric
requirement for RuvB is reduced 50-fold, to about
20 RuvB monomers per junction (Miiller et al. 1993 a;
Parsons & West 1993).
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Figure 3. Model for branch migration catalysed by RuvA
and RuvB. The RuvA protein specifically targets the RuvB
ATPase to the Holliday junction. The RuvA protein is
tetrameric while the RuvB protein is likely to take the form
of a ring structure which encompasses the DNA. It is not at
present known whether one or both DNA helices pass
through the hollow cavity in the RuvB ring structure.
Translocation of the RuvAB complex, coupled with DNA
unwinding, is proposed to lead to the movement (branch
migration) of the Holliday junction along DNA.

How does RuvA reduce the requirement for RuvB
and thereby facilitate RuvB-mediated branch mi-
gration? The answer to this question was provided by
band-shift assays which showed that RuvA, which
interacts with RuvB in solution (Shiba et al. 1993),
binds specifically to Holliday junctions (Parsons et al.
1992). Moreover, in the presence of a non-hydrolysable
ATP analogue (ATPyS) it has been possible to detect
stable [RuvAB]-Holliday junction complexes using
this assay (Parsons & West 1993). In contrast, without
RuvA, RuvB failed to bind the junction. Interestingly,
the DNA-dependent ATPase of RuvB, which is
normally quite low, is activated by the presence of
RuvA (Shiba et al. 1991), and junction-specific ATPase
activity has been detected (Parsons & West 1993).
These results indicate that the primary role of RuvA is
to target the RuvB enzyme to the site of the junction
where it promotes ATP-dependent branch migration.

Until recently, little was known about the mechanics
of RuvAB-mediated branch migration. However, a key
observation was made recently when Stasiak et al.
observed that RuvB protein formed doublet ring-like
structures on relaxed circular duplex DNA in the
presence of ATPyS and 15 mm Mg (Stasiak et al.
1994). Scanning transmission electron microscopy and
three-dimensional image reconstruction indicates that
each ring contains six RuvB monomers. The dodec-
americ ring structure appears to surround the DNA
which passes through a deep hollow core. As the RuvB
ring structures were observed in the absence of RuvA,
it is not, at present, clear whether this structure
represents the active form of the protein involved in
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branch migration. In fact, recent gel-filtration studies
indicate that RuvA and RuvB associate in solution to
form a structure made up of a RuvA tetramer with a
RuvB hexamer (A. M. Mitchell & S. C. West, un-
published data), and further studies will be required to
determine whether the active form of RuvB involves a
single or a double ring.

A model for branch migration catalysed by RuvAB
is presented in figure 3. It proposes that the high
affinity binding shown by RuvA targets RuvB directly
to the junction point. Here the RuvB ring structure is
assembled, although it is not, at present, known
whether the ring encompasses one DNA helix or two
within its hollow core. RuvAB have been shown to
exhibit DNA-helicase activity (5’3’ relative to single-
stranded DNA) (Tsaneva et al. 1983). Based on this
fact, it is proposed that the helicase activity plays a
direct role in branch migration since RuvB tracks
along DNA and promotes strand separation followed
by reannealing. It is also possible that ATP hydrolysis
is directly coupled to DNA unwinding. Interestingly,
recent work indicates that RuvAB can dissociate RecA
protein from duplex DNA (Adams et al. 1994), possibly
as a consequence of translocation. This result is
consistent with the proposal that RuvAB act after
RecA and it has been suggested that RuvAB may play
an important role in recycling RecA protein (Adams et
al. 1994).

(b) Holliday Junction Resolution by RuvC

Following branch migration, the production of mature
recombination DNA molecules requires the resolution
of Holliday junctions — this reaction is carried out by
the 19 kDa RuvC protein (Connolly et al. 1991;
Dunderdale et al. 1991 ; Iwasaki et al. 1991 ; Bennett et
al. 1993). Band-shift assays show that RuvC forms a
specific complex with a Holliday junction, indicating
that recognition of the junction is structure-specific
(Dunderdale et al. 1991; Bennett et al. 1993). The
binding reaction occurs efficiently in the absence of
Mg?* (Bennett et al. 1993), a result which is surprising
given that divalent cations are known to play an
important role in the folding of a Holliday junction
(see accompanying article by D. M. J. Lilley) (Duckett
et al. 1990). The reason for this is that RuvC protein
directs the folding of the junction upon binding, so that
the initial folding-state of the junction is unimportant
(R.J. Bennett & S. C. West, unpublished work).
Whereas junction binding is independent of co-
factors, resolution requires the presence of Mg**
(Bennett et al. 1993; Dunderdale et al. 1994) or Mn**
(Shah et al. 1994). The cation is needed for nucleolytic
activity rather than DNA folding, because it cannot be
replaced by other divalent cations such as Ca** or
Zn**. Resolution by RuvC occurs via the introduction
of nicks into two strands of like-polarity (figure 4). The
cuts are placed with perfect symmetry in each duplex,
so that the product DNA molecules contain nicks that
can be ligated by E. coli DNA ligase (Bennett ef al.
1993; Dunderdale et al. 1994). Although binding of a
Holliday junction by RuvC is structure-specific, the
incision reaction exhibits sequence-specificity (Bennett
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Figure 4. Schematic diagram illustrating the basic features of
Holliday junction resolution by RuvC. RuvC protein binds
the Holliday junction via structure-specific contacts to form
a RuvC-Holliday junction complex (b). Resolution occurs at
specific DNA sequences such that nicks are introduced at the
same sequence into two strands of like polarity (c). The
nicked duplex products are repaired by DNA ligase (d).

et al. 1993; Shah et al. 1994). Which may, in part, be
relaxed by the presence of Mn®* ions (Shah et al. 1994).
Although the precise sequences for cleavage are at
present unknown, it is likely that branch migration to
specific resolution hotspots is required for efficient
RuvC-mediated cleavage. This may account for a
number of genetic observations which imply a role for
RuvAB in Holliday-junction resolution (Mandal et al.
1993). Future studies will be required to investigate

possible protein—protein interactions between RuvAB
and RuvC.
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sigure 2. Homologous pairing and strand exchange mediated
v RecA protein. The DNA lies within the deep groove of the
ecA filament and is stretched (axial rise = 5.1A compared
ith 3.4A in B-form DNA). The two interacting duplexes are
roposed to be interwound within the RecA filament.
otation of the filament along its longitudinal axis causes the

aked duplex DNA to be spooled into the filament such that
rand exchange occurs (although not shown, this corre-
- >}Dnd5 to a 5'—3” polarity relative to the single-stranded DNA
& =n which filament formation was initiated). For simplicity,
1e RecA filament is drawn as only a few protein monomers,
| reality it may be much longer. Similarly the diameter of
ie RecA filament (approximately 100A) and the length of
sie DNA are underestimated for diagrammatic purposes.
/atson-Crick b.p. and any additional bonds are not shown.
leproteinization of the four-stranded immediate would

roduce a classical Holliday junction.
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crigure 3. Model for branch migration catalysed by RuvA
—~ 1d RuvB. The RuvA protein specifically targets the RuvB
~zCTPase to the Holliday junction. The RuvA protein is
trameric while the RuvB protein is likely to take the form
“a ring structure which encompasses the DNA. It 1s not at
resent known whether one or both DNA helices pass
sirough the hollow cavity in the RuvB ring structure.
ranslocation of the RuvAB complex, coupled with DNA
awinding, is proposed to lead to the movement (branch
agration) of the Holliday junction along DNA.

SOCIET

PHILOSOPHICAL
TRANSACTIONS THE ROYA



http://rstb.royalsocietypublishing.org/

