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PERSPECTIVES AND SUMMARY 

The ability to pair two DNA chromosomes homologously and to exchange 
DNA between them lies at the heart of all models for general recombination. 
This process requires that sequence similarity between two DNA molecules is 
searched, homology is recognized, and individual DNA strands are mutually 
exchanged. The complexity of this molecular recognition process has hampered 
mechanistic analysis, but recent concerted effort has resulted in significant 
understanding of this elaborate series of events. The biochemical features of 
this process and of the proteins that promote it are reviewed here. 

Major insight came with the discovery that the Escherichia coli RecA 
protein, known from genetic analysis to be crucial to recombination (I) ,  
promoted the homologous pairing and exchange of DNA strands (2-6). It is, 
perhaps, surprising that a single protein can carry out such a complicated 
biochemical process, but RecA protein is a remarkably complex entity (see 
Figure 1 ; details are explained below). RecA protein binds both ATP and DNA, 
and acts not as a monomer or a limited assemblage of monomers, but rather as 
a helical filament of indefinite length polymerized on DNA. This nucleoprotein 
complex, the presynaptic complex, requires ATP binding to attain its striking 
functional form and is the active species during the homology search and DNA 
strand exchange. Despite the need for ATP binding in filament assembly and 
in the homologous alignment of DNA, neither the homology search nor DNA 
strand exchange requires ATP hydrolysis (see below), further highlighting the 
unusual nature of this reaction. 

The ubiquity of RecA-like proteins in eubacteria (7, 8) argues for 
conservation of the mechanism for homologous pairing and DNA strand 
exchange. The extension of this mechanism to eukaryotes is supported by 
a growing list of proteins that are structurally similar to the E. coli RecA 
protein (see below). Thus, the paradigms established from studies of RecA 
protein can be tested for their generality. 

A hallmark of RecA protein-promoted DNA strand exchange is its ATP 
dependence. However, a class of eukaryotic pairing proteins can function 
in the absence of ATP. Although they were initially thought to be a limited 
case of the RecA paradigm [reviewed in (9)], recent evidence argues that 
these proteins promote pairing and apparent DNA strand exchange by a 
distinct reaction mechanism. Most, if not all, of these ATP-independent 
proteins require nucleolytic degradation of one strand of a duplex molecule 
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DNA Strand 
Exchange .1 Annealing 

Heteroduplex Branch 
Extension Migration 

Strand Exchange Reannealing 

Figure 2 Models for the generation of heteroduplex DNA. (Lefr) DNA strand-exchange 
mechanism involving initial strand invasion of dsDNA by ssDNA followed by DNA heteroduplex 
extension. (Right) Reannealing mechanism involving renaturation of ssDNA between resected 
dsDNA and ssDNA molecules, followed by either thermal or protein-mediated branch migration. 
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as a first step (Figure 2; see below). The annealing of complementary 
regions of single-stranded DNA (ssDNA), rather than the invasion of 
double-stranded DNA (dsDNA) by ssDNA, is responsible for the observed 
homologous pairing. The ensuing extension of DNA heteroduplex may or 
may not be protein-promoted. 

The existence of two different biochemical mechanisms for effecting DNA 
strand exchange (ATP-dependent and -independent) raises the question: Is the 
net input of free energy, or even the participation of proteins, necessary? While 
the complexity of the reaction seems to favor protein-mediated catalysis, 
neither condition is essential in vitro. DNA strand exchange between identical 
sequences is isoenergetic (i.e. an equal number of basepairs are disrupted and 
reformed), so DNA strand exchange is not restricted thermodynamically. This 
fact argues that the major mechanistic need for proteins is kinetic. Since 
catalysis involves lowering the activation energy of a rate-limiting step, DNA 
strand-exchange proteins must facilitate the formation or stabilization of a 
normally unstable transition-state structure, which many lines of evidence 
suggest is a three-stranded intermediate (10, 11; see below). In contrast, when 
DNA sequences are not identical (due to mismatches), then a need for energy 
input arises; this consideration predicts the involvement of an ATP-dependent 
step when sequence similarity is imperfect. 

This introductory perspective has raised issues that will be elaborated 
below. The discussion first addresses structural, energetic, and experimental 
aspects of the homologous pairing of DNA molecules. This groundwork is 
followed by a discussion of the ATP-dependent class of pairing proteins 
and the mechanism by which they promote DNA strand exchange. Next, 
the ATP-independent class of pairing proteins and their mechanism of action 
are examined. A brief description of eukaryotic structural hon~ologs of RecA 
protein and their potential as DNA strand-exchange proteins follows. Finally, 
protein-independent renaturation, pairing, and strand exchange are compared 
to the protein-promoted reactions. Table 1 summarizes pertinent information 
about the proteins that are discussed. Other perspectives on DNA strand- 
exchange proteins and homologous recombination are found in (7, 12-22). 
This article is an elaboration of a previous overview of this topic (9). 

PRINCIPLES OF HOMOLOGOUS PAIRING AND DNA 
STRAND EXCHANGE 

Homologous Pairing 
The problem of homologous recognition between DNA molecules is, in 
principle, no different than that of site-specific recognition by DNA-binding 
proteins. There are typically few appropriate targets in the entire genome, 
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Figure 5 Substrates used to characterize homologous pairing and DNA strand-exchange proteins. 
Reactions that result in the production of plectonemically intertwined product molecules are shown 
in (A); those that are restricted to forming paranemic, non-intertwined molecules are shown in 
(B). Regions of nonhomology are indicated by shaded cylinders. 
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although extension of the DNA heteroduplex joint is limited by the topo- 
logical constraint of using covalently closed DNA (59). 

NUCLEASE SENSITIVITY ASSAY The most direct assay for DNA strand 
exchange involves measuring the displacement of ssDNA from a linear 
dsDNA molecule (46). Using uniformly labeled dsDNA, the existence of 
a displaced DNA strand can be assayed by adding a ssDNA-specific nuclease 
(e.g. S1 or PI) to deproteinized samples. This assay is perhaps the easiest 
to quantify and generally yields the most accurate kinetic data and mea- 
surements of DNA heteroduplex length. In addition, if the specific activity 
of the labeled DNA is sufficiently high, the presence of contaminating DNA 
exonuclease activity can be monitored by intentionally omitting the nuclease. 
If the nuclease assay conditions do not perturb the joint molecules, this 
assay is a direct measure of DNA strand exchange. 

ELECTRON MICROSCOPY Electron microscopy (EM) provides the most visual 
evidence of pairing and DNA strand exchange. Micrographs of DNA strand 
exchange taken before removal of protein can provide striking displays of 
the pairing process (30, 60), while micrographs of deproteinized samples 
can demonstrate the presence of a displaced DNA strand [see (14, 21)]. 
Provided that the spreading procedures do not select for a specific subclass 
of molecules, EM is a direct assay for both pairing and DNA strand 
exchange. However, it is neither the most convenient nor the most accessible 
assay and is subject to the same nuclease and helicase artifacts. 

THREE-STRANDED VS FOUR-STRANDED REACTIONS The most common sub- 
strates are a ssDNA molecule and a homologous, fully dsDNA molecule 
(Figure 5A, reactions 1 and 2) ;  this is the three-stranded reaction. Because 
of the enzymatic requirements imposed by the properties of RecA protein, 
pairing between intact duplex substrates does not occur. However, DNA 
strand exchange can occur between duplex DNA pairs if one molecule has 
a homologous ssDNA region 37-52 nt in length (61-63); this is the 
four-stranded reaction (Figure 5A, reaction 3) (64, 65). Pairing and exchange 
initiate in the ssDNA region, and DNA heteroduplex then extends into the 
double-stranded region. The characteristics of both reactions are similar, 
but some differences exist. Most notably, ssDNA-binding protein (SSB 
protein) is not needed for joint molecule formation when the regions of 
ssDNA are short (<I62 nt) or for exchange between regions of dsDNA 
(65). In addition, an intermediate in the four-stranded reaction is a bona 
fide Holliday junction rather than a D-loop joint molecule (66). These 
particular characteristics may prove useful in the identification of novel 
pairing proteins. 
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DETECTION OF PARANEMIC JOINT MOLECULES Every pair of DNA substrates 
designed to detect plectonemic joint molecule formation is also capable of 
forming paranemic joint molecules (32, 44, 61-63, 67-69). Paranemic 
pairing can be studied directly using DNA substrates that either are covalently 
closed or are prevented from pairing at DNA ends by the presence of 
heterologous DNA sequences (typical substrate pairs are shown in Figure 
5B). Since paranemic joint molecules are unstable when deproteinized, any 
of the assays described above can be used as long as bound proteins are 
not removed. Alternatively, paranemic pairing can be detected by treating 
the closed circular molecule containing the paranemic joint with a topoiso- 
merase; a homology-dependent perturbation of the linking number confirms 
the presence of pairing (61-63, 69). Since the presence of bound protein 
can affect the accuracy of all of the aforementioned assays, dependence on 
DNA sequence homology must be absolute, even though transient interac- 
tions with heterologous DNA may result in a much smaller but still detectable 
unwinding of supercoiled DNA (70). 

POTENTIAL ARTIFACTS All pairing reactions are susceptible to artifacts, 
because any activity that generates ssDNA can yield a positive result due 
to renaturation of complementary regions. Although a potentially interesting 
reaction in itself, this does not constitute DNA strand exchange. Biochemical 
activities that contribute to such artifacts include strand-specific dsDNA 
exonucleases, helix-destabilizing proteins, and helicases . Trace amounts of 
strand-specific dsDNA nuclease activity can generate sufficient ssDNA in 
the dsDNA substrate to permit reannealing with the ssDNA; results with 
ATP-independent pairing proteins demonstrate that 20 nt or less of homol- 
ogous ssDNA are sufficient (see below). Thus, nucleolytic degradation 
corresponding to as little as 0.3% of a 6 kb dsDNA substrate would suffice 
to produce pairing by DNA renaturation rather than by DNA strand ex- 
change. Helix-destabilizing proteins (e.g. E. coli SSB protein) can potentially 
lower the T, of dsDNA below the assay temperature. Upon deproteinization 
of the assay mixture prior to analysis, the free DNA strands can spontane- 
ously renature to give the appearance of ATP-independent DNA strand 
exchange. The presence of helicase activity is particularly misleading because 
unwinding requires ATP hydrolysis; thus, helicases also introduce artifactual 
ATP dependence to an apparent DNA strand-exchange reaction. The arti- 
factual results caused by these activities are compounded when deproteinizing 
conditions that enhance renaturation are used. For example, drying of the 
DNA following ethanol precipitation led to an incorrect assignment of DNA 
strand-exchange activity to histone H1 (71, 72). Phenol extraction in the 
presence of salt is another example that led to the detection of an artifactual 
pairing activity in S. pombe nuclei that resulted from nuclease activity (73). 



DNA STRAND-EXCHANGE PROTEINS 1009 

For these reasons, DNA strand-exchange assays of partially purified frac- 
tions, particularly those using linear dsDNA, can be notoriously unreliable. 
Most, but not all, of these artifacts can be minimized by using covalently 
closed dsDNA as one of the substrates. Since DNA shorter than -400 bp 
is particularly susceptible to denaturation (73a), DNA substrates greater than 
this length should be used. 

ATP-DEPENDENT DNA STRAND-EXCHANGE 
PROTEINS 

The E. coli RecA protein was the first DNA strand-exchange protein 
discovered; consequently, its properties have served as a benchmark against 
which all newly discovered proteins are compared. Genes encoding proteins 
with high degrees of similarity to RecA protein have been identified in 
every prokaryote examined. Thus, it is likely that the biochemical properties 
of RecA protein are characteristic of a broad and ubiquitous family of DNA 
strand-exchange proteins. 

Escherichia coli RecA Protein 
The RecA protein (M, 37,842) was discovered as a DNA-dependent ATPase 
and as a DNA- and ATP-dependent coprotease (74, 75, 75a). Subsequently, 
the RecA protein was found to possess ATP-stimulated DNA renaturation 
and ATP-dependent DNA strand-exchange activities (2-6). The unique DNA 
strand-exchange activity almost certainly reflects the protein's intracellular 
recombination function, although a role for its DNA renaturation activity 
in vivo cannot be eliminated [see (76)l. The DNA strand-exchange activity 
of RecA protein consists of three major phases: presynapsis, synapsis, and 
DNA heteroduplex extension [Figure 1; see (7, 12, 14, 16, 17, 19, 21, 
22)l. 

PRESYNAPSIS The first step of DNA strand exchange is the assembly of 
RecA protein on ssDNA to form a right-handed helical structure known as 
the presynaptic complex. The assembly of RecA protein on ssDNA is polar, 
with association and dissociation occurring in the 5'+3' direction (77, 78). 
This structure has 6.2 monomers per turn, a pitch of -95 A, and a diameter 
of -100 A [(14, 21, 79, 80) and references therein]. The most unusual 
characteristic of this complex (as well as the one formed with dsDNA) is 
that the DNA is extended -50% relative to B-form DNA, increasing the 
axial spacing between basepairs to 5.1 A, and unwinding the DNA to 18.6 
bp per turn. Assembly into the active form requires ATP, dATP, or ATPyS 
and a saturated complex (one monomer per 3 4  nt). Thus, for the typical 
ssDNA substrate used in vitro, the functional form of RecA protein in the 
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homology search is a filament of approximately 2000 protein monomers. 
This complex is capable of hydrolyzing ATP at a modest rate (hat) of 25-30 
min-I (81-83). ATP hydrolysis-though it accompanies this and the sub- 
sequent steps-is not required for presynaptic complex formation, the 
homology search, or DNA strand exchange (37, 38, 4 6 4 8 ,  53; SC Kowal- 
czykowski, RA Krupp, in preparation). 

SYNAPSIS The presynaptic filament is capable of rapidly searching for DNA 
sequence homology. Although the details of the homology search remain 
unclear [see (16) for discussion of the limitations of existing data regarding 
the kinetics of this process], it is certain that the first step involves the 
formation of random nonhomologous contacts. These interactions typically 
result in large, easily sedimented complexes of nonhomologously paired 
ssDNA and dsDNA called coaggregates (84, 85); they are detected under 
many, but not all, conditions that support DNA strand exchange (86-89). 
The heterologous contacts are promiscuous, being independent of orientation 
of the DNA strands and capable of recognizing either complementary or 
identical sequences (90), and they lead to a transient unwinding of the 
dsDNA (70). The minimum length of homology required for recognition in 
vitro can be as low as 8 nt (91). Iteration of these random collisions is 
envisioned ultimately to align a region of homology; thereafter, the two 
DNA molecules pair homologously along their length. Since this process 
occurs with equal efficiency and rate in the absence of ATP hydrolysis, the 
mechanism of the homology search must be completely passive. The 
recognition of DNA sequence homology results in formation of a region of 
nascent DNA heteroduplex estimated to range from 100 to 300 bp in length 
(32, 35, 92). Plectonemic joint molecule formation occurs at the homologous 
ends of the DNA substrate pairs (Figure 5A). Pairing between circular 
ssDNA and linear dsDNA occurs at either end of the dsDNA; however, 
pairing between linear ssDNA and supercoiled dsDNA occurs preferentially 
at the 3' end of the ssDNA (59), primarily as a consequence of the polarity 
of RecA protein assembly/disassembly (see Ref. 92a for discussion). 

DNA HETERODUPLEX EXTENSION The region of DNA heteroduplex formed 
in the synaptic phase can enlarge, provided there is no topological constraint. 
In the RecA protein-promoted reaction, this process is not random but, 
instead, is protein-mediated. The direction of DNA heteroduplex formation 
is 5'+3' relative to the displaced ssDNA (or the invading ssDNA) (6, 
93-95), which is the same direction as RecA protein polymerization (77). 
This phase of DNA strand exchange requires ATP hydrolysis (37, 46), and 
introduces torsional strain into the dsDNA (96, 97). Under typical reaction 
conditions, RecA protein-promoted DNA heteroduplex extension occurs at 
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replicating sequence) (RARS) (1 70). An essential gene (RATIITAPI IHKEI) 
with homology to SEPI was also isolated (171, 172, 172a). It encodes a 
116-kDa 5'-+3' exoribonuclease that is implicated in mRNA trafficking and 
transcriptional activation. The meiotic S. pombe homolog of Sepl, exoII, 
was initially purified as a ssDNA nuclease (173). Mutations in SEPlIDST2 
have a slight defect (2-3-fold) for intragenic mitotic recombination (162, 
163), but no intergenic defect (169); they do not sporulate, arrest in 
pachytene, and show certain defects in some, but not all, recombination 
assays (15, 15a, 173a). Formation and processing of dsDNA breaks occurs 
in sepl mutants, but the level of recombination is reduced. It appears that 
the absence of a striking recombination phenotype is at least partially due 
to redundant functions. The sepl Admcl A or seplArad51 A double mutants 
display more severe defects than any single mutation; meiotic intrachomoso- 
ma1 recombination was reduced more than 20-fold and meiotic inter- 
chromosomal recombination was partially reduced (D Tishkoff, B Rockmill, 
GS Roeder, RD Kolodner, personal communication). This complicated 
behavior potentially argues for a direct role for Sepl in meiotic recombination 
and, in addition or alternatively, these phenotypes are indirect consequences 
of the pleiotropic physiological defects of sepl mutants. 

STIMULATORY FACTOR: yRPA A number of yeast ssDNA-binding (ySSB) 
proteins stimulate the pairing activity of Sepl. One of these is the large 
subunit of a heterotrimeric protein, known as yeast replication protein A 
(yRPA) (174). Though normally isolated as a complex consisting of 69-, 
36-, and 13-kDa polypeptides, a 34-kDa proteolytic fragment of the large 
subunit, encompassing the central portion of the polypeptide and containing 
the Zn2+ finger DNA-binding domain, can by itself stimulate the activity 
of Sepl (101). 

Addition of the 34-kDa fragment results in an 18-fold increase in the 
initial rate, primarily by reducing a kinetic lag in the formation of joint 
molecules (101). This ySSB protein does not change the sigmoid dependence 
on Sepl concentration, but it does reduce (by -2-3-fold) the amount of 
Sepl required for optimal levels of DNA pairing. There is little enhancement 
of DNA pairing by ySSB protein at saturating concentrations of Sepl. 
Likewise, a variety of other ssDNA-binding proteins stimulate joint molecule 
formation by Sepl (161). A 50-fold stimulation is observed at optimal 
concentrations, and up to 1.5 kb of heteroduplex DNA is formed. Only 
2-3 molecules of Sepl per linear dsDNA molecule are required when optimal 
concentrations of these ySSB proteins are present (161). 

The trimeric yRPA holoprotein also stimulates Sepl, with maximal 
stimulation occurring at saturating concentrations of yRPA (102). yRPA 
binds ssDNA with a stoichiometry of one molecule per 90 nt, forming a 
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explained by its nucleolytic activity (186, 187, 191). The maximum extent 
of DNA heteroduplex formation is -600 bp (186), and joint molecule 
formation requires as little as 13 bp of homology (33). This result suggests 
that as few as 13 nt need to be resected for pairing activity, a value that 
is in good agreement with the S. cerevisiae Sepl and DPA data. The pairing 
activity also correlates with the ability of the purified protein to aggregate 
ssDNA, conditions that would encourage renaturation of ssDNA with the 
resected dsDNA. Deletion of the carboxyl terminus results in a 452-amino- 
acid polypeptide that retains renaturation, but not nuclease, activity; this 
truncated protein cannot promote homologous pairing between ssDNA and 
linear dsDNA substrates unless ssDNA tails at least 35 nt long and of either 
polarity are produced by an exogenous nuclease (191). Complete strand 
displacement could occur if the displaced strand is <400 nt long; the 
observation that histone H1 did not promote DNA strand displacement 
suggests that Rrpl may facilitate this branch migration phase. 

Human HPP-1 
A homologous DNA pairing protein (HPP-1; M, 130,000) was purified from 
human T cells (192, 193). Its pairing activity is ATP independent, apparently 
requires a 5' complementary strand in the dsDNA, and proceeds 3'+5' 
relative to the displaced strand; all three observations can be explained by 
the presence of a trace 3'+5' exonuclease activity. Joint molecule formation 
between circular ssDNA and linear dsDNA occurs within a few minutes, 
but only -6% of the DNA is converted into a product with more than 7 
kb of heteroduplex DNA. Extension of DNA heteroduplex proceeds at a 
rate of 2 nt s-'. Optimal pairing requires as little as one monomer per 
25 bp dsDNA, but both the rate and extent are dependent on the con- 
centrations of protein and DNA (192, 193). Even though HPP-1 appears to 
bind ssDNA cooperatively, it does not form extensive nucleoprotein 
filaments. 

HPP-1 is found associated in a 500-kDa recombination complex at earlier 
steps in the purification (192). This complex is also proficient in DNA 
strand exchange, but the reaction promoted by the complex fraction is both 
ATP-dependent and catalytic. Interestingly, HPP-1 binds the photoaffinity 
analog, 8-azido ATP. Thus, it is possible that, in vivo, HPP-1 functions 
as part of a complex that utilizes ATP (possibly that bound by HPP-1) to 
promote DNA strand exchange. The presumptive ATP-dependent factor may 
assist in HPP-1 turnover, since the rate of strand exchange in crude extracts 
is 10-fold faster. 

One component of the 500-kDa complex has been identified as the human 
SSB protein, hRPA (194). Although normally isolated as a heterotrimer of 
70-, 32-, and 14-kDa subunits, only the large and small subunits are present 
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nucleotide-binding fold of RecA protein, a motif that is conserved in Rad51 
protein (124). Mutation of the conserved lysine residue (Lysl91) in the 
polyphosphate-binding loop of Rad51 protein results in a null phenotype 
(140), as it does for E. coli RecA protein (50, 200) (WM Rehrauer, SC 
Kowalczykowski, unpublished observation). 

RadSl protein was first purified from E. coli, although it has subse- 
quently been purified from yeast with no apparent difference in biochem- 
ical activity (140, 201, 201a). Like RecA protein, this protein binds both 
ss- and dsDNA, and the protein concentration dependence displays sigmoid 
behavior, which indicates that the active form of this protein may be a 
RecA protein-like filament. DNA binding is stimulated by the presence 
of ATP and saturates at a stoichiometry of 2 nt per monomer, and the 
structure of the Rad5 1 protein-ssDNA complex undergoes a conformational 
transition upon ATP binding (140), properties that are characteristic of 
RecA protein-ssDNA complexes (51). Despite these indications that Rad51 
protein might form filaments on ssDNA, EM imaging showed only 
filaments formed on dsDNA. Image reconstruction from electron micro- 
graphs of these Rad.51 proteiil-&DNA conlplexes finds that the structures 
of the prokaryotic and eukaryotic filaments are highly conserved (201). 
The RecA protein-ATP-dsDNA filament is right handed, has a pitch of 
92-97 A, a 5.1 A axial rise, and 18.6 bp per turn, parameters that are 
nearly identical for the Rad51 protein-ATP-dsDNA filament (a pitch of 
99 A, and the same 1.5-fold-increased axial rise and number of bp per 
turn). No structure was observed for the -120 amino acids at the amino 
terminus of Rad51 protein that are not present in RecA protein, suggesting 
that this region of unknown function is disordered. Genetic analysis 
suggests that the functional form of Rad51 protein in vivo is a filament, 
as many mutations in RADSI display codominant behavior (201b), a 
behavior manifest by recA mutations (see Ref. 76). Yet, despite these 
similarities to RecA protein, studies have failed to identify other activities, 
such as DNA renaturation and (co)aggregation, that are normally associated 
with RecA protein Cunction. Initially, Rad51 protein displayed no detect- 
able ATPase activity (140); however, it was recently reported that Rad51 
protein hydrolyzes ATP in a ssDNA-, but not a dsDNA-, dependent 
manner at a rate that is about one-fourth that of RecA protein (201a). 
No conditions have yet been found that allow RadS1 protein to promote 
DNA strand exchange (140, 201a). 

A possible reason for the inability to detect Rad51 protein-mediated DNA 
strand-exchange activity is that the protein functions as one necessary but 
insufficient component of a complex. The ability of Rad51 protein to act 
in the presence of ssDNA-binding proteins such as yRPA has not been 
reported, but other studies suggest that Rad51 protein may comprise only 
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part of a recombination-promoting con~plex, perhaps similar to the T4 
system. Using affinity chromatography, Shinohara et a1 demonstrated that 
Rad51 and Rad52 proteins interact (140). Genetic evidence confirms a direct 
functional interaction between these proteins (202) (C Bendixen, R Roth- 
stein, personal communication; JH New, SC Kowalczykowski, unp~~blished 
observations). The RAD52 gene lies in the same epistasis group as RAD.51 
and was reported initially to have no biochemical activity (140). But recently 
it was found that RadS2 protein binds both ssDNA and dsDNA, and that 
it can promote ATP-independent renaturation of ssDNA (201a). Perhaps 
somewhat surprisingly, it can also promote DNA strand exchange between 
circular ssDNA and linear dsDNA molecules, although the efficiency is 
only 5% of the reaction promoted by RecA protein; the Rad52 protein-pro- 
moted reaction is not enhanced by ATP. It is possible that the interaction 
of one or more of the other proteins in this epistasis group (RadSO, Rad54, 
Rad55, Rad57) with RadS1 and/or Rad52 proteins may be required for 
efficient DNA strand exchange to occur. In fact, both Rad55 and Rad57 
proteins (52 and 53 kDa, respectively) have homology to RecA protein 
(203, 203a). As with Rad51 and Dmcl proteins (see below), the most 
highly conserved region of these proteins is in the nucleotide-binding fold, 
a region referred to as Domain I1 (15a, 201a). Outside of this region, Rad55 
and Rad57 proteins share no additional similarity to other RecA-like proteins. 
No biochemistry has been reported for either protein. 

Saccharomyces cerevisiae Dmcl Protein 
The DMCl gene was identified as a cDNA clone derived from a transcript 
that was meiosis specific and that, when disrupted, was essential for meiosis 
(204). It was also identified by cross-hybridization to a Lilium longiflorum 
cDNA clone, LIM15, which is specifically transcribed at meiotic prophase 
(204a). Genetic experiments indicate that DMCl is involved in the early 
stages of recombination. As in rad51 cells, exonucleolytically processed 
double-strand breaks persist in dmcl strains. These and other effects of 
dmcl mutations are only observed in meiotic cells. 

The Dmcl protein sequence has a significant homology to RecA protein, 
particularly in the hydrophobic core and the nucleotide-binding domain (124, 
204). Sequence similarity diverges at both the amino and carboxyl termini 
of the proteins. Greater similarity is found between Dmcl and Rad51 
proteins; their sequences are 45% identical, again primarily in the central 
region of the proteins. Even greater similarity exists between Dmcl and 
Liml5 proteins (48%); similarities are found not only in the central core 
region [Domain I1 (I5a, 201a)], but also in the amino-terminal Domain I, 
suggesting that these two proteins represent a subclass of the RecA-like 
proteins (15a, 201a). 
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Analysis of the sequence similarity between Dmcl, RecA, and UvsX 
proteins makes a case for the conservation of function as well (124). A 
288-amino-acid region of Dmcl protein shares 26% identity and 41% 
similarity with the central portion of RecA protein (204). Modeling of the 
Dmcl protein sequence on the crystallographic structure of RecA protein 
reveals several classes of identical or conserved residues (124). This analysis 
suggests that the fundamental properties of Dmcl and RecA proteins are 
similar, but until demonstrated biochemically, such a proposal must be 
viewed as a hypothesis. 

Arabidopsis thaliana RecA-like Proteins 
Two RecA protein homologs have been identified in Arabidopsis thaliana. 
One was identified on the basis of both its immunological crossreactivity 
to the E. coli RecA protein and hybridization to the cyanobacterial recA 
gene (142), while the other (Drt100) was isolated on the basis of its ability 
to complement partially the recombination and repair defects of recA- uvrC- 
phr- E .  coli cells (205). Both proteins appear to be targeted to the 
chloroplast, but they are distinct in sequence. The former shows 61% 
sequence identity to the Synechococcus RecA protein and 52-57% identity 
with 20 other prokaryotic RecA proteins; the sequence conservation is 
primarily in the central core, with poor conservation at the amino and 
carboxyl termini (142). DrtlOO shows no identity to RecA proteins but does 
possess a consensus ATP-binding site (205). 

Other Rad51 -like Proteins 
Homologs of Rad51 protein have been identified in S. pombe (201a, 206, 
206a), chicken (207), mouse (206, 208), and human (206, 209) cells using 
probes derived from M 5 1  sequences. The fission yeast protein is 30% 
identical and 53% similar to RecA protein, and 69% identical to Rad51 
protein. The chicken protein is 68% and 49% identical to Rad51 and Dmcl 
proteins, respectively, and 95% identical to its mammalian counterpart. It 
is found in lymphoid tissue and germ cells, suggesting that it is involved 
in not only DNA repair but also recombination. The mouse protein is 83% 
and -55% homologous to Rad51 and RecA proteins, respectively. It is 
expressed in spleen and intestine as well as lymphoid tissue and germ cells, 
suggesting that it is involved in both imm~~noglobulin and general recom- 
bination. When expressed in S. cerevisiae, this protein partially suppresses 
rad.51 defects (208). The human protein is 83% homologous (67% identical) 
to Rad51 protein and 56% homologous (30% identical) to RecA protein. 
The region encompassing the nucleotide-binding fold (Domain 11) of each 
of these homologs displays the greatest amino acid conservation. However, 

in addition, these proteins show conservation of their amino-terminal Domain 
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I sequences that is distinct from the sequences of both the Dmcl and Liml5 
protein subclass and the Rad55 and Rad57 proteins (15a, 201a). Use of the 
mouse RAD.51 cDNA probe reveals a single genetic homolog in sources as 
diverse as human, chicken, rabbit, pig, snake, turtle, frog, swellfish, sea 
urchin, mussel, lamprey, fruit fly, and tobacco (206, 208). 

A RecA protein structural homolog has also been identified in Neurospora 
crassa (210). Mutations in the gene encoding this protein, mei3, have 
recombination and repair defects. This protein is smaller than the other 
RecA protein homologs (27 kDa), but retains the central hydrophobic core 
and nucleotide-binding domains. Mei3 protein has 27% identity to RecA 
protein over a 214-amino-acid region, but has much greater identity to 
Rad51 protein (73% over 260 amino acids). 

PROTEIN-FREE DNA PAIRING AND DNA STRAND 
EXCHANGE 

The complexity of the protein-promoted DNA strand-exchange reactions 
belie their physicochemical simplicity. All of the processes promoted in 
vivo by proteins occur in vitro in the complete absence of proteins. As for 
all protein-promoted reactions, the intracellular process benefits from both 
increased rates and control of the reactions. However, analysis of the 
protein-free reactions offers the benefits of simplicity and of physical insight 
into the underlying mechanism. 

DNA Renaturation 
Nearly every protein discussed above possesses the ability to renature 
complementary DNA strands. Protein-free renaturation of DNA is usually 
a second-order kinetic process that is limited by at least two important 
characteristics of DNA: electrostatic repulsion between charged phosphates 
and secondary structure [see (211)l. Proteins could mitigate either or both 
limitations. Charge repulsion can be minimized by reagents as simple as 
inorganic salts, but positively charged alkyl detergents (e.g. dodecyl- and 
cetyltrimethyl-ammonium bromide) are far more effective reagents. Though 
DNA renaturation in the presence of these detergents is still a second-order 
process, the rate of annealing is more than 2000-fold faster than the reaction 
in 1 M NaCl due to weak favorable interactions between the detergent-coated 
DNA molecules (212). Condensation of DNA into aggregates by agents 
such as poly(ethy1ene oxide), sodium dextran sulfate, phenol-salt emulsions, 
NaCl in the presence of ethanol, spermine, spermidine, and hexaminecobalt 
(111) ion greatly increases renaturation (213). DNA-binding proteins not only 
reduce charge repulsion, but eliminate secondary structure as well; the rapid 
second-order reactions catalyzed by SSB protein and G32P are notable 
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examples (113, 114). Other proteins that bind DNA [transcription factor 
IIIA (TFIIIA) (2 14), histones (2 15), ribonucleoprotein A 1 (2 16), fatty acid 
synthase (177), and the "model" protein polylysine (215)l also renature 
ssDNA. Thus, agents that increase the local concentration of DNA by either 
miminizing repulsive interactions or by introducing weak favorable interac- 
tions enhance DNA renaturation; hence it should be no surprise that many 
proteins promote DNA annealing. 

Since DNA renaturation is promoted by many reagents, both protein and 
nonprotein, it is reasonable to ask whether a special characteristic dis- 
tinguishes the renaturation activity of a protein as being exclusive to (and 
perhaps important to) homologous recombination. Two proteins known to 
be essential to recombination, E. coli RecA protein and A phage P protein, 
promote DNA renaturation by a first-order process, but this feature is not 
unique: TFlIIA-dependent DNA renaturation is also first order. From ex- 
amination of the many proteins described in this review, the only property 
unique to recombination proteins is the ATP stimulation of renaturation 
displayed by RecA-like proteins. 

D-loop Formation 
The uptake of ssDNA fragments by homologous supercoiled DNA can occur 
independent of protein (57). This process requires an optimal temperature 
(75-78°C) about 5°C below the T,. At 37"C, the rate of D-loop formation 
is - 100-fold slower but is nevertheless detectable. The apparent equilibrium 
constant for D-loop formation is favorable and has a value of about lo6 
M-I (57). Thermodynamic analysis shows that the reaction is driven by the 
entropy increase associated with loss of superhelical turns. The rate-limiting 
step exhibits positive entropy and enthalpy of activation, suggesting that 
this step involves the unstacking of a few basepairs in the dsDNA (57). 
Knowledge that the rate-limiting step requires dsDNA opening suggests that 
this step is a candidate for acceleration by a catalyst; this prediction is 
consistent with the ability of RecA protein to unwind dsDNA in anticipation 
of the strand-exchange step. 

DNA Strand Exchange 
Like renaturation, DNA strand exchange requires that the impediment to 
bringing two DNA molecules into proximity be overcome; but unlike DNA 
renaturation, DNA strand exchange requires destabilization of the dsDNA. 
Ostensibly, DNA strand exchange would seem too concerted a process to 
be catalyzed at room temperature without the intervention of proteins; this, 
too, is not the case. Condensation of DNA into aggregates by 15% 
poly(ethy1ene oxide) and 0.3 M NaCl results in DNA strand exchange 
between circular viral ssDNA and duplex DNA fragments as large 2748 bp 
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