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Abstract

The crystal structure of the four-stranded DNA Holliday junction has now been determined in the 

presence and absence of junction binding proteins, with the extended open-X form of the junction 

seen in all protein complexes, but the more compact stacked-X structure observed in free DNA. 

The structures of the stacked-X junction were crystallized because of an unexpected sequence 

dependence on the stability of this structure. Inverted repeat sequences that contain the general 

motif NCC or ANC favor formation of stacked-X junctions, with the junction cross-over occurring 

between the first two positions of the trinucleotides. This review focuses on the sequence 

dependent structure of the stacked-X junction and how it may play a role in structural recognition 

by a class of dimeric junction resolving enzymes that themselves show no direct sequence 

recognition.
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INTRODUCTION

Homologous recombination is involved in a variety of cellular processes. Originally 

described as a means to generate genetic diversity by creating new gene combinations 

(Holliday, 1964,1974), homologous recombination is now recognized to be important for 

viral integration (Subramaniam et al., 2003), for maintaining genome stability (Flores-Rozas 

and Kolodner, 2000) through recombination dependent repair of DNA lesions (Kreuzer, 

2004; Smith, 2004) and restart of stalled replication forks (Cox et al., 2000; Cox, 2001), and 

for proper segregation of homologous chromosomes during meiosis (McKim et al., 2002; 

Morrison et al., 2003; Kreuzer, 2004; McKee, 2004; Sherratt et al., 2004). Loss of 

recombination functions results in increased mutagenesis, mitotic and meiotic aneuploidy 

(MacDonald et al., 1994; Kamstra et al., 1999; Kwan et al., 2003), and DNA instability, 

which has been related to various diseases, including fragile-X syndrome (Bowater and 

Wells, 2001; Fleming et al., 2003), colon cancer (Grady, 2004), and aging (Lombard et al., 
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2005; Rodier et al., 2005). In addition, methods are currently being developed to apply 

recombination strategies to promote genetic therapy (see, for example, Urnov et al., 2005). 

The central intermediate in homologous recombination is the four-stranded DNA complex 

known as the Holliday junction. Thus, it is important to characterize the Holliday junction 

intermediate and how this DNA structure is recognized by recombinases, repair enzymes, 

and other junction binding proteins to fully understand the basic mechanism of 

recombination. In this review, we will focus primarily on the detailed structure and 

structural determinants of the Holliday junction in free DNA, and speculate on how the 

DNA structure itself may be involved in how proteins recognize and bind to such junctions.

STRUCTURE OF THE DNA HOLLIDAY JUNCTION

Early Models of junctions

The structure and conformation of the DNA Holliday junction (Fig. 1) have been of interest 

since it was first proposed by R. Holliday in 1964 (Holliday, 1964). The basic structural 

features of DNA junctions in solution were elucidated in the 1980's by several groups using 

asymmetric sequence constructs that prevent migration and resolution of the junction off the 

ends (Kallenbach et al., 1983; Seeman and Kallenbach, 1983; Seeman et al., 1985; Cooper 

and Hagerman, 1987, 1989; Duckett et al., 1988; Lilley, 1999, 2000). The general structure 

was found to be dependent on both the type and concentration of cations present in the 

solution, with the DNA junction adopting either a low salt extended-X form (Fig. 1b) or a 

high-salt compact stacked-X form of the junction (Fig. 1c, d) (reviewed in Lilley, 1999, 

2000). At low salt, the negatively charged phosphates remain largely unshielded and, thus, 

the arms are extended away from each other in an approximate 4-fold symmetric structure. 

At higher salt concentrations, condensation of cations around these phosphates allow 

formation of a more compact structure in which the four arms pair and coaxially stack into 

two nearly continuous double-helices that are interrupted only by the crossing of strands. 

The model for the stacked-X junction relates the stacked duplexes by a positive (right-

handed) rotation of ~60° (Duckett et al., 1988). The strands of this latter stacked-X junction 

were proposed to be aligned antiparallel to each other, thereby forcing the two cross-over 

strands that link the stacked duplex arms to form a sharp U-turn. Notably, this antiparallel 

form of the junction would be topologically incapable of migrating along the DNA strands, 

while both the parallel stacked-X (as initially proposed by Holliday, Fig. 1a, Holliday, 1964) 

and the extended open-X forms would be free to migrate along the duplex arms of 

homologous sequences.

How the arms of these asymmetric junctions pair defines different conformational isomer 

forms of the stacked-X junction. These conformational isomers are determined by the 

nucleotide sequences immediately around the junction cross-over. The interconversion 

between isomeric forms has been shown to be, again, cation dependent. Furthermore, recent 

single-molecule studies (McKinney et al., 2003) show that the interconversion between 

isomeric forms goes through the extended open-X structure. In homologous sequences, this 

conversion to the open-X form results in migration and subsequent resolution of the junction 

into discrete B-DNA duplexes (Lushnikov et al., 2003; McKinney et al., 2003).
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First single-crystal structures of junctions

Despite this wealth of physical data in solution, obtaining the single-crystal structure of the 

Holliday junction had long been considered the `Holy Grail' in DNA crystallography. The 

detailed molecular structure of the junction was first elucidated in the mid-1990's as 

complexes of DNA with various repair and recombination proteins, including the RuvA 

DNA repair protein (Hargreaves et al., 1998; Roe et al., 1998), RuvC (Bennett and West, 

1995a), Cre recombinase (Guo et al., 1997), and flp recombinase (Chen et al., 2000). In all 

of these protein bound structures, the DNA junction adopts some version of the extended 

open-X form, presumably to allow for migration of the junction cross-over along the DNA 

strands. The crystal structure of a four-way junction in the absence of protein was first seen 

in an RNA/DNAzyme complex (Nowakowski et al., 1999, 2000), while the structures of the 

DNA junction in its native state were finally solved nearly simultaneously by two different 

laboratories (Fig. 2) (Ortiz-Lombardía et al., 1999; Eichman et al., 2000). Both of these 

DNA junction structures were obtained serendipitously—the first was from a sequence that 

was designed to study the structure of adjacent G A mismatched base pairs (Ortiz-

Lombardía et al., 1999), while the second was intended to study the structure induced by 

interstrand thymine-thymine cross-links by the drug psoralen (Eichman et al., 2000, 2001). 

In the former structure, the sequence was an inverted repeat interrupted by G·A mismatches 

(5′-CCGGGACCGG-3′), while in the latter case, the junction formed in a true inverted-

repeat (IR) sequence with all standard Watson-Crick type base pairs (5′-

CCGGTACCGG-3′). The general features of both crystal structures were surprisingly 

similar to the molecular model proposed from solution work in 1988 (Duckett et al., 1988), 

with the junctions adopting the antiparallel stacked-X form, and the stacked duplexes related 

by a right-handed, albeit slightly less twisted (at ~40° rather than the 60° rotation relating 

the two pairs of stacked helical arms, Fig. 1) (reviewed in Ho and Eichman, 2001; Hays et 

al., 2003b).

Effect of sequence and sequence dependent interactions on formation and conformation

Comparison of the two junction forming DNA sequences to other similar sequences that 

had, to that point, been crystallized as standard B-DNA double-helices implicated the ACC 

trinucleotide at the N6N7N8 nucleotide positions within the sequence motif 

CCnnnN6N7N8GG as a common motif (a junction core) that stabilized the four-stranded 

structure in crystals (Eichman et al., 2000; Ho, 2001; Hays et al., 2003b). This hypothesis 

was supported by the observation that these nucleotides are found at the cross-over of the 

junction and that the cytosine base at cytosine C8 formed direct hydrogen bonds to the 

phosphate at the U-turn of the crossing strands. Interestingly, none of the divalent cations 

present in the crystallization solutions were identified in either crystal structure (Ortiz-

Lombardía et al., 1999; Eichman et al., 2000). Thus, contrary to our expectations, there is a 

strong sequence dependence for the formation and stabilization of DNA junctions in 

inverted-repeats, which had always been considered to be freely migrating. This raises the 

question of how sequence, substituent groups, and cations affect the formation and 

conformation of Holliday junctions.

Crystal structures of Holliday junctions have now been determined from several IR 

sequences that contain the ACC trinucleotide motif, and show that the junction can form (i) 
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with terminal C·G base pairs replaced by T·A (Thorpe et al., 2003), (ii) with the base at 

cytosine C8 methylated (Vargason and Ho, 2002), (iii) with the central thymine bases 

photocross-linked by psoralen (Eichman et al., 2001), (iv) with inosine, 2-aminopurine 

(Hays et al., 2004) and brominated (Hays et al., 2003a) base analogues at the N6N7N8 

positions, and (v) in the presence of various divalent cations including magnesium (Eichman 

et al., 2000), calcium (Hays et al., 2003a), and strontium (Thorpe et al., 2003). The 

structures confirm that (i) the ACC core triplet is important for formation of junctions, (ii) 

the interaction between the N4 amino at the major groove surface of cytosine C8 with the 

cross-over phosphate is important not only for the formation of the junction but also in 

defining its conformational geometry, and (iii) divalent cations can be localized along the 

stacked DNA duplexes and that these cations can affect the local and global geometry of the 

junction. It should be noted that although the cytosine C8 to phosphate hydrogen bond is 

seen as an intramolecular interaction in the junction, similar cytosine-phosphate hydrogen 

bonds were seen to provide sequence-dependent intermolecular interactions that `locked' 

two B-DNA double-helices together (Timsit et al., 1989). Finally, an interesting variation on 

this interaction is that this amino-phosphate hydrogen bond can be replaced, to some degree 

by, a halogen bond, an underappreciated interaction between a polarizable halogen (in this 

case a bromine of a 5-bromouracil) and a Lewis base (oxygen, nitrogen, sulfur, etc.) 

(Auffinger et al., 2004).

We have recently applied a crystallographic screen of the general IR sequence 

CCnnnN6N7N8GG (where N6N7N8 is a combination of any of the four standard nucleotides, 

and nnn are trinucleotides that maintain the overall inverted repeat pattern in the sequence) 

to search for junction forming sequences that do not contain the ACC-motif. At this point, 

63 of the 64 possible sequence combinations have been crystallized and the structures of 29 

of these have been determined (Hays et al., 2005). The screen to date has identified a set of 

sequences that relate the formation of junctions to B-DNA duplexes, junctions to A-DNA, 

and A-DNA to B-DNA (Fig. 3). Among the structures that resulted from the screen are three 

new junction-forming sequences, all of which, in contrast to the ACC-core sequence, are 

identified as amphimorphic (capable of adopting both junctions and double-helical 

structures). The sequence GCC (these sequences are referred to according to their unique 

N6N7N8 trinucleotides) was crystallized as a junction from Ca2+ solutions (Aymami et al., 

2002; Hays et al., 2003a), but as B-DNA duplexes from Mg2+ solutions (Heinemann et al., 

1992). ATC, however, forms both a junction and B-DNA in Ca2+, with high salt favoring 

the stacked-X junction. We propose that, in this case, the lower cation concentration allows 

for unstacking of the junction into the open-X form, which subsequently allows for 

migration and consequently the resolution of the junction into individual B-DNA duplexes. 

Finally, CCC was seen in Ca2+ solutions to form a junction at high salt and the altered A-

DNA duplex at lower salt (Hays et al., 2005). With these amphimorphic sequences spanning 

the junction and duplex forms of the DNA, Holliday junctions could be related to B-DNA 

and A-DNA through a structural map constructed from 32 unique single-crystal structures 

from 29 different sequences (Hays et al., 2005). The structures from this map show (i) that 

the C8 to phosphate interaction is essential but not sufficient for formation of the junction, 

(ii) that the C7 position is favored by pyrimidines (C > T) because of electrostatic 

interactions from either the N4 amino of the cytosine or C5-methyl of the thymine base to a 
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phosphate of an opposing arm, and (iii) that the N6 position shows the preference A > G > C, 

although the molecular rationale for the series has yet to be established (Fig. 4). In addition, 

the structural map supports the model that A-DNA is favored explicitly by GGN, NGG, and 

CC(C/G) trinucleotides within this sequence context, as expected. Thus, this structural map 

allows four-stranded junctions to be related to both B-DNA and A-DNA explicitly through 

sequence context. Finally, this sequence motif was seen to adopt structures and 

conformations relatively independent of crystal lattice and crystallization solutions effects, 

as evident from the broad range of crystal forms observed in the screen and the relatively 

limited crystallization solutions required to obtain these large variety of structural and 

crystal forms. We anticipate that additional junction forming sequences will be identified 

with the completion of the screen.

With the increasing number of crystal structures of DNA junctions, it became necessary to 

develop a set of definitions to accurately describe geometries of the four-stranded complexes 

relative to a set of defined planes (Vargason and Ho, 2002; Watson et al., 2004) in order to 

quantitatively analyze and compare the effects of various factors, including sequence, salt 

and drugs on their conformations. An analysis of the currently available DNA structures 

shows that stacked-X type junctions in the crystal exhibit a more shallow Jtwist (the angle 

relating the stacked duplex arms across the junction) as compared to the model derived from 

solution studies. In addition, the arms can be translated along their helix axes (characterized 

as Jslide) and rotated about their helical axes (measured by Jroll) to either bury or expose the 

major groove surfaces of the junction. These geometric perturbations are associated with the 

effect that sequence, salt, and substituents have on the intramolecular interactions at the 

junction core (Vargason and Ho, 2002; Hays et al., 2003a; Watson et al., 2004).

The obvious question is whether the properties of junctions seen in crystals have any 

relationship to the structure in solution. For example, all of the symmetric junctions in IR 

sequences have a more shallow twist angle relating the stacked duplex arms (40° −45°) 

compared to that determined for asymmetric junctions in non-IR sequence constructs (~60°). 

Studies using atomic force microscopy and hydroxyl radical foot-printing to probe the 

geometry of symmetric junctions that contain the ACC-core (Sha et al., 2002), however, 

show that this angle is ~40° and that the junction crosses between duplexes exactly between 

the A and C nucleotides of the core triplet, as seen in the crystal structures (Hays et al., 

2003b). These results indicate that the sequence specific interactions identified within the 

ACC core are responsible for specifying the geometry of the DNA junction even outside the 

environment of the crystal lattice.

Does this ACC core, however, help to stabilize the junction in solution? To address this 

question, we recently studied the parent (5′-CCGGTACCGG-3′)4 junction by analytical 

ultracentrifugation and determined dissociation constant for the junction to duplex 

equilibrium of 100–200 μM (Hays et al., 2006). Analytical ultracentrifugation studies 

showed that the similar sequence 5′-CCGCTAGCGG-3′ (which does not crystallize as a 

junction, but as B-DNA duplexes) exists only as double-helices in solution. Thus, the ACC 

core is seen to contribute ~5 kcal/mol of stabilization to the tetrameric junction. Moreover, 

the junction is dissociated at low Ca2+ concentrations even at high DNA concentrations, 

consistent with the general understanding that the stacked-X junction is stabilized by high 

Khuu et al. Page 5

J Mol Recognit. Author manuscript; available in PMC 2015 August 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



concentrations of divalent cations (Duckett et al., 1990). It is clear, therefore, that the 

stacked-X DNA junction in solution is well described by the single-crystal structures, 

including their sequence dependent formation and the intramolecular interactions associated 

with their formation. One must ask, however, whether the compact stacked-X structure seen 

in isolated DNA constructs is at all relevant to the biological mechanisms of recombination 

where the DNA does not exist in isolation, but in the context of protein complexes.

JUNCTION BINDING PROTEINS

There are currently numerous junction binding proteins known, consistent with the variety 

of cellular mechanisms associated with homologous recombination (Aravind et al., 2000; 

Lilley and White, 2001); however, only a handful have been characterized in complex with 

their DNA substrates (Sharples, 2001). Although the DNA junctions seen in crystals 

structures of all current protein-DNA complexes are in the open-X form, a large number of 

junction binding proteins show high affinity for the stacked-X junction, including the BLM 

protein associated with Bloom's syndrome (Karow et al., 2000). The general forms of the 

DNA in complexes with several dimeric resolvases (enzymes that make symmetric cuts at 

the point of strand exchange in four-stranded junctions, (White and Lilley, 2001), including 

T7 endonuclease I (Declais et al., 2003) and Hjc resolvase (Fig. 2) (Fogg et al., 2001; 

Middleton et al., 2004), have been characterized biochemically by gel electrophoresis and 

fluorescence resonance energy transfer (reviewed in Lilley, 2000). The dimeric junction 

resolving enzyme RusA has been shown to bind stacked-X junctions and specifically cut 

homologous sequences at the phosphodiester bond 5′ of CC dinucleotides (Chan et al., 

1997; Giraud-Panis and Lilley, 1998). Although, as with many resolvases, RusA distorts the 

junction upon binding, this sequence specificity, along with the observations that NCC 

trinucleotides favor junction formation in the absence of proteins both in crystals and in 

solution, suggests that the sequence context for junction formation may play a role in 

recognition.

Classifying the junction binding proteins according to whether they recognize the open-X or 

stacked-X form of the junction (those for which the structure of the DNA can be 

experimentally assigned, Table 1) provides some interesting insights into their structural 

specificity for the DNA substrate. Enzymes that recognize the two-fold symmetric stacked-

X junction are all dimeric, while nearly all tetrameric proteins bind to the approximate four-

fold symmetric open-X structure. Moreover, proteins that recognize open-X junctions also 

have some degree of sequence specificity (either a specific DNA sequence or damaged base 

pairs), while those that recognize stacked-X junctions are relatively non-specific at the 

sequence level (the lone exception in Table 1 is topoisomerase I from vaccinia, Liao et al., 

2004). It seems reasonable, therefore, to think of the tetrameric proteins as a group that 

binds to the open-X form to allow for migration of the junction and provide a means for the 

protein to seek-out its target sequence.

One group of dimeric proteins that initially appears to violate these general trends includes 

RuvC (Bennett and West, 1995b; Fogg et al., 2001), and the resolvases CCE1 from S. 

cervisiae (White and Lilley, 1997) and Ydc2 from S. pombe (White and Lilley, 1998): these 

are all homodimers, but the DNA substrates in the complexes are seen to adopt the open-X 
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structure. A more detailed analysis of this group suggests that these proteins are not so much 

exceptions to the general trends described above, but serve to bridge the dimeric stacked-X 

binding proteins with the tertrameric open-X binding proteins. These RuvC-related proteins 

are thought to initially recognize and bind to stacked-X junctions, but then to induce the 

DNA to adopt the more extended open-X form (Fogg et al., 2001). The induced structural 

perturbations to the DNA are associated with the dimerization of the protein—the monomers 

do not induce the open-X structure. Thus, the dimeric proteins all induce some structural 

perturbation to the stacked-X structure (from minor opening of the junction center and 

rotations of the stacked arms, to more dramatic changes to the open-X or even a possible 

tetrahedral form) presumably to allow the enzymes to gain access to the scissile bond or to 

stabilize a transition state (Sharples, 2001). We suggest here that the protein-induced open-X 

structure may also allow the junction to migrate and the protein to seek-out its specific 

recognition site, even if it is the immobile stacked-X form that is initially recognized.

What then is the role of the stacked-X junction? We propose here a model in which the 

sequence dependent formation of this compact structure provides dimeric proteins, including 

nonspecific resolvases, with some degree of sequence specificity through an `indirect-

readout' mechanism (Dickerson, 1983; Otwinowski et al., 1988; Olson et al., 1998; Lu et al., 

2000; Arauzo-Bravo et al., 2005), as opposed to direct recognition of base pair identity (Fig. 

5). In this model, inverted-repeat sequences that incorporate the ACC and, to lesser extents, 

the amphimorphic GCC, ATC and CCC trinucleotides help pause or fix junctions at specific 

sites along a genome. The evidence for sequence specific pausing during junction migration 

was first seen in immobilized symmetric junctions by Seeman's group (Sun, et al., 1998). It 

is then this stabilized junction that serves as the substrate for protein binding. In a classic 

example of an induced-fit model for enzymes, the protein subsequently induces distortions 

away from the intrinsic structure of the DNA junction in the course of its function. This 

perturbation can maintain the general topology and symmetry of the stacked-X junction, as 

with Hjc, or may induce the open-X structure if there is a need for the junction to migrate as 

the protein searches for a target sequence, as in the cases of CCE1 and Ydc2. Thus, in this 

model, sequence specificity is conferred at the initial point of recognition and binding, but 

through indirect sequence dependent stabilization of the stacked-X junction rather than by 

direct read-out of the base pairs that define the DNA sequence.

SUMMARY AND PERSPECTIVES

We now have a very detailed understanding of the DNA Holliday junction alone in the 

compact stacked-X form, at least within the context of inverted-repeat DNA sequences. 

Specific intramolecular interactions are seen to direct the formation and conformation of the 

DNA junction both in solution and in crystals. We suggest, therefore, that sequences that 

favor junction formation may provide a stable substrate for recognition and binding by 

proteins involved in recombination and DNA integration processes. This seems to be 

particularly important for dimeric enzymes that typically are not highly specific for a 

particular DNA sequence. Thus, specificity may be conferred by the ability of certain DNA 

sequences, particularly in inverted repeat sequences, to fix the junction and, thereby, 

indirectly confer sequence specificity through structure specificity. We recognize that the 

model proposed here is based on a small subset of known junction binding proteins, and the 
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two general observations on which the model is based may need to be revised as the 

structures of the DNA substrates that are recognized and bound become characterized for 

additional proteins.

Where do we go from here in terms of the structure of the Holliday junction? For the DNA 

itself, we are challenged to determine the structures of the stacked-X junction in non-

symmetric sequences to help bridge the conceptual gap between junctions in crystals and the 

wealth of information on their behavior in solution (as reviewed by Lilley, Lilley, 2000). In 

addition, it would be informative to determine the structure of the open-X junction in the 

absence of protein (in order to understand how, by comparison, the protein affects this form) 

and perhaps other possible junction forms, including a potential tetrahedral four-stranded 

junction and three-way junctions. For junction binding proteins, the challenge has been to 

determine the structure of a resolvase in complex with a stacked-X substrate, particularly 

one that does not bind to or induce an open-X junction. Together, structural studies on 

junction binding proteins and their DNA substrates will provide us with an understanding 

for how sequence directed conformations contribute to `indirect read-out' of genomic 

information, particularly for the ever growing class of biological functions that rely on the 

mechanism of genetic exchange first elucidated by R. Holliday over 40 years ago.
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Figure 1. 
Structural forms of DNA Holliday junctions. a. The parallel stacked-X junction initially 

proposed by Holliday as the recombination intermediate (Holliday, 1964). b. The extended 

open-X form of a DNA junction. c. The antiparallel stacked-X junction does not allow for 

migration of the junction along the DNA strands. d. Model of the antiparallel stacked-X 

junction proposed from solution studies (Duckett et al., 1988).
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Figure 2. 
Single-crystal structures of Holliday junctions. a. The open-X junction in complex with the 

DNA repair protein RuvA (Hargreaves et al., 1998). b. Antiparallel stacked-X junction in 

the sequence CCGGTACCGG (Eichman et al., 2000). c. Model of the junction-resolving 

enzyme Hjc from Sulfolobus solfataricus bound to a stacked-X junction (Middleton et al., 

2004).
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Figure 3. 
Sequence effects on B-DNA, A-DNA and Holliday junctions. The sequence dependent 

stabilization of DNA structures has been determined using a crystallographic screen of the 

decanucleotide sequence CCnnnN6N7N8GG, where each position in N6N7N8 is allowed to be 

any of the four standard nucleotides, and the trinucleotide nnn is specified to maintain the 

inverted repeat symmetry of the motif (Hays et al., 2005). The N6N7N8 trinucleotides that 

lead to formation of junctions from B-DNA, A-DNA from B-DNA, and junctions from A-

DNA are indicated.
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Figure 4. 
Stabilizing interactions in the Holliday junction. The formation of four-stranded DNA 

junction in the inverted-repeat sequence type d(CCnnnN6N7N8GG) is dependent on the 

sequence and sequence dependent interactions at the N6N7N8 trinucleotide. A hydrogen 

bond from the N4 amino of a cytosine at N8 to the phosphate at the junction cross-over is 

seen to be essential, but not sufficient, to specify formation of the junction. Cytosine is 

favored over thymine at the N7 position (when N6=A and N8=C) because the electrostatic 

interaction from the phosphate oxygens of N6 to the N4 amino nitrogen of the cytosine base 

is stronger (distances range from 3.1 to 3.6Å) as compared to the C5 methyl group of the 

thymine base (distances range from 4.2 to 4.5Å). The preference is A > G > C (with N7 and 

N8=C) for the nucleotide at N6.
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Figure 5. 
Proposed model for indirect sequence recognition of stacked-X junctions. In this model, 

migration of the Holliday junction in free DNA requires a transition to the open-X form. 

This is consistent with models proposed from single-molecule studies on junction 

isomerization (McKinney et al., 2003) and translocation (Lushnikov et al., 2003). However, 

certain sequences such as the ACC-trinucleotide in an inverted repeat help to stabilize and 

stall the junction, thereby presenting a defined structure for recognition by a dimeric 

junction binding protein. In the complex, the protein induces a structural perturbation that 

either maintains the topology and symmetry of the stacked-X junction, or induces an open-X 

junction that can then migrate to a protein specific target site.
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Table 1

Holliday Junction Binding Enzymes

Enzyme Organism Oligomeric state Sequence Specificity
2 References

Open-X Type DNA Junction 
Substrate

 Cre
1 Bacteriophage P1 Tetramer LoxP sequence (Guo et al., 1997)

 RuvAB
1 E. coli Tetramer Damaged DNA (Hargreaves et al., 1998; 

Roe et al., 1998)

 Flp
1 S. Cerevisiae Tetramer

Flp Recombination target (FRT)
3 (Chen et al., 2000)

 λ Integrase
1 Bacteriophage λ Tetramer TNNNTTNNTNNNANNAANNNG (Biswas et al., 2005)

 RecU B. subtilis Dimer (G/t)G ↓ C(A/C) (McGregor et al., 2005)

Induced Open-X Junction 

Substrate
4

 RuvC
1 E. coli Dimer (A/T)TT(G/C) (Bennett and West, 1995b; 

Fogg et al., 2001)

 CCE1 S. Cerevisiae Dimer ACTA (White and Lilley, 1997)

 Ydc2 S. Pombe Dimer CT and/or TT (White and Lilley, 1998):

Stacked-X Type DNA 
Junction Substrate

 T4 nuclease VII Bacteriophage T4 Dimer None (White and Lilley, 1997; 
Raaijmakers et al., 1999)

 T7 Endonuclease I Bacteriophage T7 Dimer None, (C/T) ↓ (C/T) (Declais et al., 2003)

 Hjc P. furiosu Dimer None (Middleton et al., 2004)

 Hjc S. solfataricus Dimer None (Fogg et al., 2001)

 Hje S. solfataricus Dimer None (Middleton et al., 2004)

 Vtopo I Vaccinia Dimer CCCTT ↓ N (Liao et al., 2004)

Tetrahedral DNA Junction 
Substrate

 RusA E. coli Dimer ↓ CC (Chan et al., 1997; Giraud-
Panis, 1998)

Enzymes are categorized according to conformation of the DNA substrate (open-X, stacked-X, or tetrahedral forms) as determined from crystal 

structures with junctions
1
, or inferred by biochemical data and/or molecular modeling (references are to studies that define the form of the DNA 

substrate).

1
Crystallized DNA-complex.

2
Binding or cutting sites (cut site specificity indicated by vertical arrow).

3
Natural Flp Recombination target is an A/T-rich 48 bp sequence (Chen et al., 2000).

4
Binds stacked-X, but induces an open-X structure in complex.
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