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Holliday junction (HJ) resolution is essential for chromosome segregation at meiosis and the repair of stalled/
collapsed replication forks in mitotic cells. All organisms possess nucleases that promote HJ resolution by the
introduction of symmetrically related nicks in two strands at, or close to, the junction point. GEN1, a member of
the Rad2/XPG nuclease family, was isolated recently from human cells and shown to promote HJ resolution in
vitro and in vivo. Here, we provide the first biochemical/structural characterization of GEN1, showing that, like
the Escherichia coli HJ resolvase RuvC, it binds specifically to HJs and resolves them by a dual incision
mechanism in which nicks are introduced in the pair of continuous (noncrossing) strands within the lifetime of the
GEN1-HJ complex. In contrast to RuvC, but like other Rad2/XPG family members such as FEN1, GEN1 is

a monomeric 5'-flap endonuclease. However, the unique feature of GEN1 that distinguishes it from other Rad2/
XPG nucleases is its ability to dimerize on HJs. This functional adaptation provides the two symmetrically aligned
active sites required for HJ resolution.
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During meiosis, genetic recombination leads to the for-
mation of four-way intermediate structures (Holliday
junctions [HJs]) that link recombining DNA helices at
points of strand exchange (Holliday 1964). The resolution
of these intermediates can lead to crossover formation, in
which flanking markers are exchanged, or noncrossover
formation and gene conversion. As crossover formation is
critical for the bipolar segregation of homologous chro-
mosomes in meiosis I, HJ resolution represents a critical
step in cell biology (Roeder 1997). HJs can also form in
mitotic cells during the processes of double-strand break
repair (DSBR) or replication fork (RF) restart (Paques and
Haber 1999; Cox et al. 2000).

Prokaryotes encode a specialized nuclease called RuvC
that promotes the resolution of HJs that arise during
recombinational DNA repair (West 1997). RuvC is a di-
meric protein that promotes HJ resolution by introducing
a pair of symmetrically related nicks in two strands that
lie diametrically opposed across the junction point. HJs
are known to adopt an anti-parallel stacked-X structure,
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such that one pair of strands is continuous while the
other pair crosses over from one helical axis to the other
(Lilley 2000). RuvC-mediated incisions occur in the
continuous strands and take place within the lifetime
of the RuvC-HJ complex. This mechanism of cleavage
is also common to that mediated by the bacteriophage
resolvase T7 endonuclease I and yeast mitochondrial
resolvase Ccel. Another phage resolvase, T4 endonucle-
ase VII, promotes similar resolution reactions, although
in this case the incisions occur in the pair of crossing
strands (Declais and Lilley 2008). The products of resolu-
tion are nicked duplex molecules that can be readily
repaired by DNA ligation.

Despite their functional and mechanistic similarities,
these HJ resolvases show little amino acid sequence ho-
mology and have evolutionary roots in at least four dif-
ferent structural folds (Aravind et al. 2000; Garcia et al.
2000; Kvaratskhelia et al. 2000; Lilley and White 2.000;
Nishino et al. 2001). It appears that convergent evolution
has endowed them with strikingly similar features that
allow them to pursue a common strategy for HJ resolu-
tion. All form homodimers (sometimes underpinned by
domain swapping) to coordinate two active sites for reso-
lution, and use large, twofold symmetrical, basic surfaces
to bind all four arms of the HJ (Lilley and White 2001;
Declais and Lilley 2008).
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Eukaryotes possess alternative, and more mechanisti-
cally varied, ways to process HJs, possibly reflecting the
critical importance of this step for cell viability and mu-
tation avoidance. For example, HJs that arise in somatic
human cells may be “dissolved” by the actions of the BLM
complex (which includes BLM helicase, topoisomerase
I, RMI1, and RMI2). This topoisomerase-mediated dis-
solution reaction always results in noncrossover products,
and provides a mechanism that is essential for the avoid-
ance of sister chromatid exchanges (Wu and Hickson
2003). Inactivation of HJ dissolution through genetic
mutation leads to the cancer predisposition syndrome
known as Bloom’s syndrome (Wu and Hickson 2006).
Eukaryotic cells also contain a variety of enzymes that
can process recombination intermediates, including H]Js,
by nucleolytic cleavage. One such enzyme is MUS81-
EME], a member of the XPF family of heterodimeric
nucleases (Ciccia et al. 2008). The yeast homologs of
MUS81-EMEI1, Saccharomyces cerevisiae Mus81-Mms4
and Schizosaccharomyces pombe Mus81-Emel, play im-
portant roles in the maturation of recombination interme-
diates leading to crossover formation in meiosis (Interthal
and Heyer 2000; Boddy et al. 2001; Smith et al. 2003). They
are also required for efficient DNA repair in mitotic cells,
in particular after treatment with agents that cause RF
stress (Doe et al. 2002). In contrast to the RuvC-like
resolvases, MUS81-EME! preferentially cleave 3'-flap
substrates and nicked HJs (nH]Js), rather than fully intact
four-way intermediates, and HJ cleavage occurs by an
asymmetric nick and counternick mechanism that leaves
gaps and flaps in the product molecules (Ciccia et al. 2003;
Gaillard et al. 2003; Ehmsen and Heyer 2008). Symmetric
HJ cleavage has also been observed at high protein
concentrations, and may be dependent on the formation
of a MUS81-EME]1 heterotetramer (Gaskell et al. 2007;
Taylor and McGowan 2008). Moreover, MUS81-EME1
also forms part of a larger nuclease complex containing
SLX1-SLX4 and the nucleotide excision repair nuclease
XPF-ERCCI1, raising the possibility that these nucleases
cooperate to process HJs (Andersen et al. 2009; Fekairi
et al. 2009; Munoz et al. 2009; Svendsen et al. 2009).

Recently, yeast and human HJ resolvases (Yenl and
GENI1, respectively) were identified that promote HJ
resolution by RuvC-like symmetrical cleavage (Ip et al.
2008; West 2009). Yen1/GENI1 is a member of the Rad2/
XPG family of monomeric, structure-specific nucleases
(Harrington and Lieber 1994a; Johnson et al. 1998). This
protein family is characterized by an N-terminal (N) and
an internal (I) XPG nuclease motif, and a helix-hairpin—
helix domain (Lieber 1997; Hosfield et al. 1998). Prom-
inent members of the family include the nucleotide
excision repair protein XPG; the Okazaki fragment pro-
cessing/DNA repair protein FEN1; and EXO1, an enzyme
required for DNA replication, DNA repair, and meiotic
recombination (Friedberg et al. 2006). The signature activ-
ity of the family is the ability to cleave 5'-flaps. However,
Yenl/GENI1 has a unique place in the Rad2/XPG family, in
that it is also an HJ resolvase.

Deletion of YEN1 in S. cerevisiae severely enhances the
sensitivity of mus81A cells to RF damage, and this defect
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is dependent on RADA52 (Blanco et al. 2010; Tay and Wu
2010). This indicates that Mus81 and Yenl function in
overlapping pathways to process replication-associated re-
combination intermediates in budding yeast. Also, expres-
sion of human GENI1 alleviates the severe chromosome
segregation defect/meiotic lethality exhibited by mus81
mutants in fission yeast (an organism that lacks a GEN1
homolog) (Lorenz et al. 2010). These data indicate that
GENI1 is able to resolve meiotic HJ intermediates to pro-
duce crossovers in vivo.

In the work described here, we provide the first mech-
anistic analysis of HJ resolution by the human GENI1
protein, showing that the reaction shares many of the
hallmark features of HJ resolution catalyzed by RuvC.
However, there are significant differences that arise from
the evolutionary relationships of GEN1 to the Rad2/XPG
family of nucleases. The functional adaptation of GEN1
from a monomeric 5’-flap endonuclease into an HJ resolv-
ase has required a novel gain of function. The critical step
in this adaptation is the ability of GEN1 to bind and
dimerize on the HJ in order to provide the twin active sites
necessary to catalyze the symmetrical and simultaneous
dual incision reaction required for efficient HJ resolution.

Results

Substrate specificity of GEN1

GENI1 protein (908 amino acids) contains the XPG-N,
XPG-I, and helix-hairpin-helix domains essential for
nuclease activity, linked to a C-terminal tail region that
appears to be naturally disordered (Supplemental Fig. 1A).
Using a variety of expression systems, we were unable to
generate soluble full-length GEN1 (possibly due to the
presence of this disordered tail), leading us to express and
purify an active truncated form of the protein, GEN17%7,
from Escherichia coli for further analysis. GEN1!7%7 ig
similar in length to an active form of GEN1 (~60 kDa) that
was first identified during a search for human HJ-resolving
enzymes from HeLa cell-free extracts (Ip et al. 2008).

The specificity of recombinant GEN1'27 was deter-
mined using a series of branched and linear DNA sub-
strates produced by annealing partially complementary
oligos. All were related by a common 5'-**P end-labeled
DNA strand (Fig. 1A; orange). Substrates included linear
duplex, splayed arm, 3'-flap, 5'-flap, RF, and HJ DNAs.
GEN1'%7 cleaved the HJ (substrate VI) most efficiently,
followed by the 5'-flap and the RF (substrates IV and V), as
indicated by the appearance of fast-migrating products
during neutral PAGE (Fig. 1B, lanes 7-12). We did not ob-
serve the cleavage of linear duplex, splayed arm, or 3'-flap
(substrates I-III) DNAs (Fig. 1B, lanes 1-6).

To allow detection/mapping of the sites of incision, the
products of cleavage were also analyzed by denaturing
PAGE (Fig. 1C). In this case, each substrate was 5'-32P
end-labeled in either of two component strands (Fig. 1A,
indicated in orange or blue). In accord with data presented
in Figure 1B, we did not observe any nicking of linear
duplex, splayed arm, or 3'-flap DNA. In contrast, the HJ
was cut with perfect symmetry at sites located across the
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Figure 1. Substrate specificity of GEN1. (A) Schematic repre-
sentation of substrates I-VI showing DNA branch lengths
(nucleotides). Sites of incision, determined in C, are indicated.
(B) Substrates I-VI, 5’-32P end-labeled in oligo 1 (orange in A,
were incubated in the presence or absence of GEN1'"°%7 (15 nM)
for 2 min. Reaction products were resolved by neutral PAGE. (C)
Substrates I-VI, 5'-3?P end-labeled in oligonucleotide 1 (lanes 2-
7), or in oligo 5 (substrate I), oligo 4 (substrates II-V), and oligo 3
(substrate VI) (lanes 9-14, respectively; blue in A), were in-
cubated with GEN1'"°%7 as in B, except products were analyzed
by denaturing PAGE. (Lanes 1,8) 60-nt marker.

junction and positioned 1 nucleotide (nt) to the 3’ side of
the junction point (Fig. 1C, lanes 7,14). With the 5'-flap
substrate, we observed removal of the flap strand by
incision at one of three sites to release 5'-3*P-labeled
ssDNA products that were 26, 31, or 32 nt in length (Fig.
1C, lane 12). No incisions were observed in the strand
opposing the flap (Fig. 1C, lane 5). The RF substrate (V)
was processed by GEN1'27 in a similar fashion (Fig. 1C,
lanes 6,13) at a site located 2 nt to the 3’ side of the branch
point. The major incision sites on all substrates are
summarized schematically in Figure 1A.

Comparison of GEN1 and FEN1

The ability of GEN1'27 to cut dsDNA substrates con-
taining secondary structures, such as HJs and RFs, ap-
pears to distinguish it from other nucleases of the Rad2/
XPG family. To define the unique position that GEN1 has
within this nuclease family, we compared the activities of
GEN1'°?7 with FEN1, since these enzymes show signif-

Holliday junction resolution by GEN1

icant (50%) sequence similarity in their N termini, which
contain the bipartite nuclease domain and the helix—
hairpin-helix DNA-binding domain (Fig. 2A,B). Because
FEN1 is an Mn>**-stimulated nuclease (Harrington and
Lieber 1994b), the enzymes were compared at protein
concentrations that displayed similar levels of 5'-flap
endonuclease activity in an Mn>*-containing buffer. We
found that FEN1 cleaved the splayed arm and 5'-flap
substrates, whereas no activity was detected with 3'-flap,
RF, or HJ substrates (Fig. 2C; Supplemental Fig. 2). As
expected, GEN1'°27 again showed specificity for the HJ,
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Figure 2. Comparative analysis of GEN1 and FENI1. (A) Se-
quence alignment of the N-terminal regions of GEN1 and FEN1
showing regions of homology. The XPG-N (green) and XPG-I (red)
domains are indicated. Regions important for FEN1 DNA binding
are indicated: helix-hairpin-helix domain (light blue), helical
clamp (yellow), and additional interacting regions (dark blue).
Residues important for DNA binding (asterisks) and nuclease
activity (black circles) are indicated below for FEN1. Some resi-
dues required for GEN1 activity (black circles) are indicated above.
Identical and conserved (+) residues are indicated. (B) Position of
the XPG-N (green), XPG-I (red), and helix-hairpin-helix (blue)
domains in GEN1 and FENI1. (C) Nuclease activities of GEN117527
and FEN1. The indicated substrates, 5'-*>P end-labeled on com-
mon oligo 1 (orange), were incubated with GEN1'%’ (150 nM) or
FENI (0.01 U) for 1 min. Reaction products were analyzed by
neutral PAGE. (D) HJ X0 (lanes 2,3) and nicked junction X0 (lanes
4,5), 5'-32P-labeled at oligo 1 (orange), were incubated with
GEN1'"°%7 (150 nM) or FEN1 (0.01 U) for 1 min. Products were
analyzed by denaturing PAGE. (Lane 1) 60-nt marker.
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RF, and 5’-flap substrates. However, in the presence of
Mn?*, substrate selectivity was relaxed so that the pre-
ference for HJs over the RF and 5’-flap substrates was
reduced, and a minor cleavage product (5 nt in length) (see
Supplemental Fig. 2) was observed with the splayed arm
substrate. When the activities of GEN1'"°%7 and FEN1
were compared with static (X0), mobile (X26), and nicked
HJ DNAs, we observed that only GEN1 exhibited cleav-
age activity with these substrates, with a pre-existing
nick accelerating the rate of junction cleavage approxi-
mately fivefold (Fig. 2D; data not shown). A similar rate
increase with nHJs has also been observed with the RuvC
protein, and may relate to increased junction flexibility
(Fogg and Lilley 2000).

In addition to their structure-specific endonuclease
activities, some members of the Rad2/XPG family, such
as FEN1, also possess 5'-t0-3’ exonuclease activity
(Harrington and Lieber 1994b). However, little or no exo-
nuclease activity could be attributed to GEN1°2” when
analyzed using 3'-tailed or linear duplex DNA (Supple-
mental Fig. 3).

To summarize, the nuclease activities of GEN1 and
FENT1 are quite distinct despite their evolutionary relation-
ships within the Rad2/XPG family. Although GEN1 retains
the characteristic Rad2/XPG ability to cleave 5'-flaps that
occur at single-strand/double-strand junctions, it also pos-
sesses a property that is unique among this nuclease family,
in that it has the ability to cleave DNA substrates with
double-stranded branches, and, in particular, to promote HJ
resolution.

Structural basis of HJ resolution

Previously, it was shown that some junction-specific nu-
cleases (e.g., RuvC, Ccel, and T7 endonuclease I) promote
HJ resolution by the introduction of pairwise incisions in
the continuous (noncrossing) strands, whereas others (e.g.,
T4 endonuclease VII) incise the pair of strands that cross
from one helical axis to the other (West 1997; Declais and
Lilley 2008). To determine the mode of cleavage by GEN1,
similar analyses were performed using a well-character-
ized junction known as J3. In the presence of divalent
metal ions, this junction adopts an anti-parallel stacked-X
structure with a fourfold conformer bias, such that there
is coaxial stacking of helix B on X and H on R (Duckett
et al. 1988; Lilley 2000). Thus, in populations of J3, the h
and x strands are fourfold more likely to be continuous
than exchanging, while the b and r strands are fourfold
more likely to be the exchanging pair of strands (Fig. 3A;
McKinney et al. 2003). Using four J3 junctions, each
5'-32P_labeled in a different strand, we found that inci-
sions were introduced with a 4:1 ratio into strands h and
x (~80% cleavage) versus strands b and r (~20% cleavage),
closely reflecting the conformer bias of J3, and indicating
that GEN1'7%7 cuts the continuous pair of strands, as
observed with RuvC and Ccel (Fig. 3B). In all cases, cleav-
age occurred at symmetrically related sites located 1 nt to
the 3’ side of the branch point (summarized in Fig. 3C).
Similar experiments were also carried out with a different
junction (J1) containing sequence changes at the crossover
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Figure 3. Incision of the continuous strands of the HJ. (A)
Stacking conformers of junction J3. In the preferred form, shown
at right, strands x and h (blue) are continuous, while b and r
(orange) exchange between helices. (B) Junction J3, 5'-32P-
labeled in strands b, h, 1, or x, was incubated with GEN1'%7
(150 nM) for 2 min. DNA products were analyzed by denaturing
PAGE and autoradiography. Lanes 1, 3, 5, and 7 contained a mix
of marker oligonucleotides (M) of 15, 16, and 17 nt, representing
the 5’ sequence of strands b, h, 1, and x, respectively. (C) Central
sequence of junction J3. Individual strands are named b, h, r, and
x, and corresponding helical segments are named B, H, R, and X.
Red arrows indicate GEN1'"°%7 cleavage sites deduced in B.

point (Duckett et al. 1988). This junction adopts a different
conformer bias compared with J3, and again we observed
GEN1-mediated cleavage in the pair of continuous strands
(data not shown).

Solution state of GEN1'7°%7

HJ resolution requires a dual incision reaction mediated
by two symmetrically related active sites. It is therefore
not surprising that all HJ resolvases are dimeric proteins.
In contrast, however, Rad2/XPG family members are
generally monomeric, raising the question of whether
GENI1 retains the characteristic monomeric form, or has
developed the ability to dimerize in order to promote HJ
resolution. To determine the solution state of GEN1, we
carried out a variety of hydrodynamic analyses. When
analyzed by size exclusion chromatography and sedimen-
tation velocity ultracentrifugation, GEN1'%7 (predicted
mass, 64.6 kDa) exhibited a molecular weight of ~103
kDa or ~50 kDa, respectively (Fig. 4A,B). These data
indicate a Stokes radius of 40 A and a Svedberg coefficient
(S-value) of 3.58 (Fig. 4C,D). We calculated a native mo-
lecular mass of 62 kDa for GEN1'7%7 (Siegel and Monty
1966), in good agreement with the predicted mass of
the monomeric protein. That GEN1'%7 appears larger
than expected (fast elution) in size exclusion chromatog-
raphy and smaller than expected (slow sedimentation)
in density gradient ultracentrifugation is reflected in the
frictional ratio of 1.5 (Fig. 4E), suggestive of a deviation
from a perfectly globular shape. This may relate to the
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Figure 4. Hydrodynamic analysis of GEN1'™%*". (A,B) Size
exclusion chromatography (A) and density gradient ultracentri-
fugation (B) of GEN1'7°%7_ Fractions were analyzed by SDS-PAGE.
Mass standards are indicated. (C) Stokes radius of GEN1%7
determined from A. (D) S-value of GEN1'7°%7 from B. (E) Sum-
mary of GEN1'7%7 parameters. M, and M, are the predicted and
apparent native molecular mass. (F) Molecular weight distribu-
tion c(MW) of GEN17°%7 determined by analytical ultracentrifu-
gation. The inset shows the S-value and molecular mass of
GEN1% 35 calculated using DCDT*.

unstructured C-terminal extension of the protein, given
that amino acid residues 422-527 fall into the region pre-
dicted to be naturally disordered (Supplemental Fig. 1A).

The native molecular mass of GEN1'"?” was con-
firmed by analytical ultracentrifugation, a more direct
method of mass analysis, showing that the protein exists
as a single species corresponding to a molecular weight of
60.17 kDa with an S-value of 3.446 (Fig. 4F). We therefore
conclude that, like other Rad2/XPG nucleases, GEN1175%7
is a monomer in solution.

To remove any concerns that our in vitro observations
with GEN1'°%7 were not truly representative of the ac-
tions of GEN1 in vivo, full-length C-terminally FLAP-
tagged GEN1 (containing GFP and a Flag epitope) was
expressed in HeLa cells and immunoprecipitated using
anti-Flag and anti-GFP antibodies. We did not observe the
copurification of endogenous GEN1, indicating that the
proteins do not self-associate to form dimers in vivo (Sup-
plemental Fig. 4). This observation contrasts with MUS81-
FLAP, which copurified with endogenous EME1 under the
same conditions.

Holliday junction resolution by GEN1

GENI1-H] complexes

To gain insight into the way that GEN1 interacts with
DNA, we used electron microscopy (EM) to visualize
complexes formed between GEN1'%7 and HJ575, a HJ
that has four arms 575 bp in length. Using reaction
conditions that resulted in 52% of HJ575 being bound
by GEN1'27 we observed a strong preference for junc-
tion-specific binding (Fig. 5A). Scoring 127 individual
protein-DNA complexes revealed that 77% of the HJs
were bound at the intersection of the four duplex arms,
11% were bound along the duplex portion of one arm
(internal binding), and 12% were bound at the end of an
arm (Fig. 5B).

Further analysis indicated some variation in the size of
the protein bound to the DNA junctions, but not of
protein bound to internal sites or DNA ends (Fig. 5A;
data not shown), suggesting that GEN1'27 may interact
with HJs in different monomeric/oligomeric states. To
address this question, we used EM to analyze the mass of
GEN1'%% free in solution (Fig. 5C) and bound to the HJ
substrate (Fig. 5D), using streptavidin, a 52-kDa protein,
as a size marker. The projected area of free and DNA-
bound GEN1'2%7 was derived by digital image analysis
and compared with the streptavidin control (Fig. 5E). We
found that the projected areas of free GEN1'7%7 and
streptavidin were very similar, a result consistent with
hydrodynamic analyses indicating that GENI1'™%7 is
monomeric. In contrast, the projected area of GEN1'%7
bound to the HJ varied such that the average projected area
of DNA-bound GEN1'%*” was 9137 pixels compared
with 7382 pixels for streptavidin. This translates to a cal-
culated molecular weight of ~96 kDa for GEN1'7%7, Al-
though these estimates include a small amount of mass
associated with the DNA bound within the GEN1!~5%7
particles, our EM analysis supports the notion that
GEN1'%7 binds to the intersection of the four duplex
arms of HJs in both monomeric and dimeric forms. In
contrast, we found that RF substrate RF5 was bound al-
most exclusively by monomer-size GEN1 particles, and
that binding occurred at the branch point of the fork and at
internal/DNA end positions with approximately the same
frequency (Supplemental Fig. 5 A,B).

The association of GEN1 with H] DNA was also
analyzed by band-shift assays using 3*P-labeled synthetic
HJ and linear duplex substrates. We found that GEN1!~527
readily formed complexes with linear dsDNA (Fig. 6A),
but that these complexes could be competed away by the
addition of excess unlabeled poly[dI-dC] (Fig. 6C). In
contrast, addition of poly[dI-dC] to complexes formed
between GEN1'27 and HJ DNA revealed the presence
of stable junction-specific complexes (Fig. 6B,D). In the
presence of poly[dI-dC]|, three distinct protein-DNA
complexes were observed (Fig. 6D, I-III). These com-
plexes were formed in a concentration-dependent man-
ner, indicative of the recruitment of multiple protein
units.

To determine whether GEN1 forms dimeric complexes
with H] DNA, we adopted a strategy used previously in
studies of T4 endonuclease VII and RuvC (Pohler et al.
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1996; Shah et al. 1997). For this, we prepared a construct
that expressed a maltose-binding protein (MBP) fused to
GEN1'°27, The fusion of MBP adds an additional mass of
40 kDa to the protein (Fig. 6E). GEN1'™%_MBP was
purified and found to form distinct complexes with HJ
DNA that exhibited greater retardation than GEN115%7
(Fig. 6F, cf. lanes 2 and 4). Importantly, when GEN1'727—
MBP and GEN1'"27 were mixed and allowed to bind to
the HJ, we observed the formation of an intermediate
complex that migrated between GEN1'"°%" complex II
and the corresponding GEN12_MBP complex II* (Fig.
6F, lane 3, arrow). These results indicate that GEN1!527
and GEN1'"°?”_MBP associate to form a heterodimeric
complex on the H] DNA, and support the concept of
DNA-driven subunit associations, as indicated by the EM
studies. Recruitment of more than one GEN1'27 sub-
unit to RFs requires significantly higher protein concen-
trations (Supplemental Fig. 5C), indicating that the four-
way junction itself facilitates the binding reaction.

Mechanism of HJ resolution by GEN1

Bona fide HJ resolvases promote resolution by the in-
troduction of two symmetrically related incisions within
the lifetime of the HJ-resolvase complex (Giraud-Panis
and Lilley 1997; Fogg et al. 2000). With RuvC, near-
simultaneous cleavage is ensured by an increased rate of
cleavage of the second scissile bond compared with the
first (Fogg and Lilley 2000). This mechanism requires the
presence of two active sites, and is distinct from one that
involves the introduction of a single nick, followed by
protein dissociation, reassociation, and counternicking.
To determine whether GEN1'27 promotes resolution
within the lifetime of the enzyme-junction complex, we
used a mutant derivative of the inverted repeat-containing
plasmid pIRbke8 (Lilley 1985), which we designate
pIRbke™". When supercoiled, this plasmid extrudes the
inverted repeat to form a cruciform structure (Fig. 7A).
Coordinated cleavage results in the formation of a linear
duplex product, whereas uncoordinated cleavage leads
to the formation of a nicked duplex plasmid. The nicked
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Figure 5. Electron microscopic visualiza-
tion of GEN1'"27_(A) Binding of GEN1'-527
to H] DNA with 575-bp arms. Representa-
tive images of the protein (arrows) binding to
the junction point, to one of the arms, orata
DNA end are shown. (B) Quantitative anal-
ysis of the data represented in A (n=127).(C)
Free GEN1!7°%” mounted side by side with
streptavidin as size reference. (D) HJ575-
bound GEN1'7%%7 (arrows) with streptavidin
in the background. (E) Size analysis of
GEN1'%7_ Distribution of projected areas
of free GEN1'°%7 (n = 134) and streptavidin
(SA, n = 82), and of DNA-bound GEN1'-527
(n=49) and free SA (n = 100), measured from
EM images as shown in C (26,000X mag-
nification) and D (42,000 X magnification),
respectively.

End

plasmid cannot serve as a substrate for resolvases, as
the loss of superhelical stress results in cruciform re-
absorbtion (Fig. 7A). We found that GEN17°%7 resolved
pIRbke8™" to form linear products (Fig. 7B). Similar re-
sults were obtained over a range of protein concentra-
tions (data not shown). These results indicate that
GEN1'%?7 catalyzes dual incision of the DNA junction
within the lifetime of the enzyme-DNA complex, most
likely by the coordination of two active centers. More-
over, the formation of very few nicked plasmid products
indicates that the monomeric GEN1'"°*—junction com-
plexes seen by EM are unlikely to be functionally active.

The observed substrate-dependent dimerization of
GEN1 appears to be fundamentally different from that seen
with other HJ resolvases, which are constitutive dimers. To
confirm that this was indeed the case, we explored the
possibility that the resolution reaction may be susceptible
to substrate inhibition when increasing amounts of sub-
strate were added to sequester protein monomers and
thereby prevent dimerization. We found that increases to
the substrate to protein ratio decreased the rate of HJ
cleavage by GEN1'7%27 compared with that of the 5'-flap
substrate (Fig. 7C). Substrate inhibition was also observed
with the mobile HJ substrate X26 (Supplemental Fig. 6).

These results indicate that monomers of GEN1 cleave
5'-flap structures, consistent with the mode of action of
other members of the Rad2/XPG family, and that effi-
cient HJ resolution requires dimerization in order to
provide the two active sites required for near simulta-
neous dual incision (Supplemental Fig. 7). This mono-
mer/dimer substrate-driven switch distinguishes GEN1
from other HJ resolvases, and also from the other mem-
bers of the Rad2/XPG family of nucleases.

Discussion

The work presented here shows that GEN1 possesses
properties distinct from other HJ resolvases, and also
from the nuclease family from which it is derived. Mem-
bers of the Rad2/XPG family are monomeric nucleases
that play diverse roles in replication, recombination, and
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Figure 6. EMSA analysis of GEN1!?_DNA complexes.
GEN1%7 (12.5 nM, 25 nM, 50 nM, 100 nM, 200 nM, 400 nM,
800 nM, or 1.6 uM) was incubated with 5'-32P-labeled linear
duplex DNA (A) and HJ X26 (B), and complexes were analyzed by
neutral PAGE. (C,D) As A and B, but with poly[dI-dC]. Three
specific GEN17°27_HJ complexes are indicated (I-III). (E) Purified
GEN1'°%7 and GEN1'~°*”-MBP (0.5 pmol) were analyzed by 4 %—
12% SDS-PAGE and stained with Instant Blue. Molecular mass
markers (kilodaltons) are indicated. (F) GEN1"°27, GEN11527_
MBP, or a mix of both proteins (400 nM total in each case) was
incubated with HJ X26 in the presence of poly[dI-dC]. Complexes
were analyzed as in A. GEN1'*_DNA complexes I-III and
GEN1'°?_MBP-DNA complexes I*-III* are indicated. The
arrow denotes an intermediate complex present only in the pro-
tein mixture.

repair, using their 5'-flap endonuclease activities to incise
and trim a variety of DNA intermediates. GEN1 has
characteristic features of this family, consistent with its
evolutionary heritage, but has been adapted from a simple
5'-flap endonuclease into an HJ resolvase. No other
member of the Rad2/XPG family exhibits HJ resolution
activity. The critical step in this adaptation is GEN1’s
ability to bind its substrate to form a dimeric complex
that contains the two active sites required for the dual
incision reaction that is both symmetric and near simul-
taneous. We showed that dual incision occurs within the
lifetime of the H]-GEN1 complex, and that resolution
occurs by cleavage of the continuous, rather than the ex-
changing, pair of strands. In these respects, GEN1 is a bona
fide HJ resolvase that is functionally similar to RuvC.

Holliday junction resolution by GEN1

In our analysis of GEN1, we used a truncated version of
the protein spanning amino acids 1-527. This truncation
mimics the ~60-kDa N-terminal fragment of GEN1 orig-
inally purified from HeLa cell extracts and identified by
mass spectrometry (Ip et al. 2008). It has been shown that
the C-terminal tail of GENI is dispensable for HJ resolu-
tion activity in vitro (Ip et al. 2008), and that expression of
GEN1'?7 in fission yeast rescues the severe meiotic
lethality of mus81A cells, indicating that the truncated
protein resolves HJs in vivo (Lorenz et al. 2010). At the
present time, we have not been able to purify full-length
GENT1, in part due to protein insolubility, and also because
it is susceptible to protein degradation—findings that may
relate to natural disorder within the C terminus. These
observations are reminiscent of those found with EXO1,
another member of the Rad2/XPG family with a large
C-terminal tail, which may also be unstructured (Supple-
mental Fig. 1). Full-length EXO1 is unstable, and its ac-
tivities have been characterized using a stable N-terminal
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Figure 7. Mechanism of HJ cleavage by GEN1'7°%"_ (A) Sche-
matic of the assay to determine whether resolution occurs within
the lifetime of the protein-HJ complex. Supercoiled plasmid
pIRbke8™"* extrudes its inverted repeat into a cruciform struc-
ture. When extruded, the EcoRIsite is inaccessible. Incision of one
strand at the junction releases superhelical tension, and produces
a nicked duplex product in which the cruciform is reabsorbed.
Cleavage of both strands at the junction gives rise to a linear
duplex product. (B) Analysis of the cleavage mechanism of
plasmid pIRbke8™" by GEN1'%7 (0, 66 nM, 112 nM, 325 nM,
750 nM, 1.5 uM, or 3 wM). Reaction products were analyzed by
agarose gel electrophoresis and quantified. Percent product was
corrected for the background of linear DNA observed in the mock
reaction and normalized to reflect 75% cruciform extrusion (the
substrate fraction refractory to EcoRI cleavage) as 100%. (C) Time
course of cleavage of HJ X0 (O) and 5'-flap DNA () by GEN 11527
(10 nM) at the indicated substrate concentrations. Reaction
products were resolved by neutral PAGE, quantified by phosphor-
imaging, and expressed as a percentage of total DNA (+SD, n=3).
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fragment (Wilson et al. 1998; Qiu et al. 1999). Interestingly,
the C terminus of human EXO1 contains multiple phos-
phorylation sites that, in response to RF blockage, serve to
regulate the stability of EXO1 in vivo (El-Shemerly et al.
2005, 2008). Presently, the function of the C terminus of
GENT1 is unknown, but, by analogy to EXO1, it may be an
acceptor for post-translational modification. In this regard,
it is noteworthy that budding yeast Yenl, the homolog of
GENI1, is phosphorylated in a cell cycle-specific manner
(Ubersax et al. 2003), and that a phosphorylation site at
the C terminus is involved in nuclear import/export of
the protein (Kosugi et al. 2009).

In vitro analysis shows that GEN1} is a structure-
specific nuclease, acting preferentially on HJs, 5'-flaps,
and RF substrates. The nucleolytic cleavage of fully
double-stranded RFs indicates a departure from the activ-
ities typically associated with the Rad2/XPG nucleases.
XPG, FEN1, and EXOI1 possess 5'-flap endonuclease ac-
tivity, and all cleave splayed arm substrates but not RFs
(Harrington and Lieber 1994b; Lee and Wilson 1999; Hohl
et al. 2003). In contrast, simple intersections of ssDNA
and dsDNA, such as those in splayed arm substrates, are
not sufficient to induce cleavage by GEN1'~>* under nor-
mal reaction conditions. Sequence comparisons of GEN1
and FEN1 show a strong degree of homology across the
nuclease and helix-hairpin-helix domains. However, two
apparent deletions in GEN1 correspond to regions that are
implicated in precise and efficient cleavage of 5'-flap
substrates by FEN1. One comprises a conserved threonine
residue (T61 in FEN1) that binds an unpaired nucleotide
on the 3’ side of the flapped DNA strand interruption.
The other is part of a helical arch (indicated in yellow in
Fig. 2A) located above the active site, which appears to
encircle or clamp down on the 5'-flap, creating a groove
suitable for ssDNA interactions (Shen et al. 2005). These
deletions would be consistent with the concept that the
relevant targets of GEN1 are double-stranded, as a 3'-end
binding pocket would be obsolete, and the helical clamp
may have to be altered to create a space large enough for
duplex DNA. Side-by-side analysis of GEN1'*” and
FEN1 illustrates that the 5'-flap endonuclease activity
of GEN1'5%7 is less precise than that of FEN1, and is not
restricted to the site of the ssDNA-dsDNA junction, as
cleavage also occurs within the flap itself. It is possible that
the 5'-flap isnot a cognate GEN1 substrate, and that amino
acid residues that would normally position an accurately
fitting dsDNA substrate, when unoccupied, may lead to
slippage of the 5'-flap and result in spurious cleavage. Under
our assay conditions, FEN1 was completely inactive on
fixed, mobile, and nicked HJs. This rules out the possibility
that HJ cleavage by GENI1 relates to a simple extension
of its 5'-flap endonuclease activity induced by breathing
(exposure of single-stranded regions) at the junction core.

The adaptation of GEN1 to accept duplex strands
would appear a natural prerequisite for HJ resolution.
Moreover, this ability to promote HJ resolution appears to
be an acquired and specific activity of GENI1 that sets the
enzyme apart from all other Rad2/XPG family members.
In contrast to all single-scission endonuclease activities
associated with GEN1 and other Rad2/XPG nucleases,
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HJ resolution requires the accurate coordination of two
incisions. GEN1'°27 specifically places these incisions in
the continuous strand of the HJ, as also observed with
RuvC, Ccel, and T7 endonuclease I, but in contrast with
T4 endonuclease VII. This difference is thought to reflect
the distance between the two active sites within the
dimer: The active sites in T7 endonuclease I are separated
by a distance of ~30 A to match the spacing of scissile
bonds in continuous strands proximal to the junction
point (Hadden et al. 2007), whereas the active sites in T4
endonuclease VII are positioned to accommodate the
significantly shorter distance of ~15 A between scissile
bonds in the exchanged strands (Biertumpfel et al. 2007).
To a first approximation, the specificity of GEN1'°27 for
continuous strand cleavage close to the junction point
indicates that the active sites are likely to be positioned
~30 A apart.

Typical of other Rad2/XPG family members, we found
that GEN1 is monomeric in solution, and yet has the
capacity to dimerize on the HJ so that two active sites can
coordinate a dual incision reaction. Our studies suggest
two modes of action for GENI, according to which
single-cleavage substrates (such as 5'-flaps) are processed
by monomeric GEN1, while HJs are cut only after the
assembly of GENI1 dimers (Supplemental Fig. 7). Given
that we did not find any substantial nicking of HJs by
monomers of GEN1, it is possible that dimer assembly
results in a conformational change that provides a trigger
for dual incision. The requirement for dimer assembly
could serve as a licensing step that prevents futile HJ
nicking by a GEN1 monomer.

In summary, two functional adaptations appear to en-
able GENI1 to function as a resolvase: (1) the ability to
accommodate fully dsDNA substrates, and (2) the ability
to assemble a functional protein dimer via substrate-
directed binding. The latter deviation from normal Rad2/
XPG function allows GENI to act on HJs like a classical
RuvC-like resolvase, albeit by a distinct mechanism. The
end products of the cleavage reaction, however, are in-
distinguishable from those produced by the prokaryotic
HJ resolvases, suggesting that the adaptation of GEN1
represents a new solution to the problem of HJ resolution.

Materials and methods

Sequence analysis

The sequences for human GEN1 (NP_872431), FEN1 (NP_004102),
and EXO1 (NP_006018) were retrieved from the NCBI database
(http://www.ncbinlm.nih.gov), and were analyzed using BLAST.
Protein disorder prediction was performed with iPDA (Su et al.
2007).

Proteins

Human GEN1%% (Ip et al. 2008) and GEN1'"2_MBP (carrying
MBP at its C terminus) were expressed in E. coli BL21(RIL|DE3
from a pET-DEST42 derivative with a C-terminal V5/His tag and
purified by HisTrap, heparin, ssDNA-cellulose, and monoS
chromatography. The MBP sequence (malE from E. coli) was
taken from pMAL-c4X (New England Biolabs). Human FEN1 was
purchased from Trevigen.



DNA substrates

Synthetic DNA substrates were prepared by annealing the
oligonucleotides shown in Supplemental Table 1. HJ X0 (Benson
and West 1994) was assembled from oligos 1-4 and contains four
heterologous arms. Other structures derived from the X0 se-
quence contained oligo 1 in different combinations: linear du-
plex (oligos 1 and 5), splayed arm (oligos 1 and 4), 3’-flap (oligos 1,
4, and 6), 5’-flap (oligos 1, 4, and 7), RF (oligos 1, 4, 6, and 7), nHJ
(oligos 1,2, 4, 8,and9), and duplex with a recessed 5’ end (oligos 1
and 10). HJ J3 (Duckett et al. 1988) contained oligos 11-14, and HJ
X26 (Constantinou et al. 2001), with a 26-bp homologous core,
was composed of oligos 15-18. Substrates were prepared as
described (Rass and West 2006). One oligonucleotide was
5'-end-labeled using T4 polynucleotide kinase (New England
Biolabs) and y-3P ATP (PerkinElmer).

Plasmid pIRbke8™"* (3683 bp) was generated from pIRbke8
(Lilley and Markham 1983) by mutating one of its two EcoRI
sites to leave a single site at the center of the inverted repeat.
Plasmid DNA was propagated in E. coli DH5R and isolated in
supercoiled form. Cruciform extrusion was stimulated by in-
cubation for 90 min at 37°C in 50 mM Tris-HCI (pH 7.5), 50 mM
NaCl, and 0.1 mM EDTA. HJ575 and RF5 DNA were prepared as
described (Lee et al. 1997; Subramanian and Griffith 2005).

Nuclease assays

Unless stated otherwise, reactions (10 pL) contained 32P-labeled
synthetic substrate DNA (1 nM) in phosphate buffer: 60 mM
sodium phosphate (pH 7.4), 1 mM DTT, 0.1 mg/mL BSA, and 5
mM Mg(OAc),. After incubation at 37°C, DNA products were
deproteinized for 15 min at 37°C using 2 mg/mL proteinase K
and 0.4% SDS. The comparison of FEN1 and GEN1'%7 was
carried out in buffer REC12 (Trevigen) containing 50 mM Tris-
HCI (pH 8), 10 mM MnCl,, ] mM DTT, 0.1 mg/mL BSA, and 5%
glycerol. Products were analyzed by 10% neutral PAGE or 12%
denaturing PAGE (containing 7 M urea), followed by autoradi-
ography. Quantifications were carried out using a Typhoon
scanner for phosphorimaging and ImageQuant image analysis
software (GE Healthcare).

Cleavage of plasmid pIRbke8™"* (20 nM) was carried out in
phosphate buffer. Reactions were prewarmed to 37°C and
initiated by enzyme addition, and, after 5 min, reactions were
terminated/deproteinized. DNA products were resolved by 1%
agarose gel electrophoresis, stained with SYBR Green (Roche),
and analyzed using a Typhoon scanner and ImageQuant soft-
ware. Complete digestion with EcoRI was used to determine the
fraction of plasmid DNA that did not extrude the cruciform.

Hydrodynamic analysis

Size exclusion chromatography was carried out at 4°C on
a Superdex 200 PC 3.2/30 column (GE Healthcare) equilibrated
in 50 mM potassium phosphate (pH 7.2), 150 mM KCl, 10%
glycerol, 1 mM EDTA, and 1 mM DTT. GEN1'°27 (50 uL, 7.5 pg,
2.32 wM) was applied to the column, and 50-uL fractions were
collected, analyzed by 10% SDS-PAGE, and stained using Instant
Blue (Expedeon). The elution volume for GEN1'7°%" was de-
termined and converted into parameter K,,, and the Stokes
radius was estimated using a linear calibration plot of Stokes
radii versus (—log K,,)1/2 values obtained for a gel filtration
standard (Bio-Rad) containing thyroglobulin (670 kDa), y-globu-
lin (158 kDa), ovalbumin (44 kDa), and myoblobin (17 kDa). The
frictional ratio was calculated as described (Tsai 2006).
Sedimentation velocity ultracentrifugation was performed us-
ing a 15%-35% (v/v) 4.8-mL glycerol density gradient made in size

Holliday junction resolution by GEN1

exclusion buffer and layered in 13 X 51-mm open-top centrifuga-
tion tubes (Beckman Coulter). GEN1'%7 (150 wL, 7.5 ug, 0.77 uM)
was loaded and centrifugation was carried out in a SW55Ti
swinging bucket rotor at 42,000 rpm for 16 h at 4°C (Optima LE-
80K Ultracentrifuge, Beckman Coulter). Bio-Rad gel filtration
standards were used for calibration. Fractions (180 wL) were
collected and aliquots (12 pL) were analyzed by 10% SDS-PAGE.

Analytical ultracentrifugation was carried out in 50 mM
potassium phosphate (pH 7.2) containing 100 mM KCI using
a Beckman XL-I Ultracentrifuge with absorbance optics at 280
nm. The velocity sedimentation of GEN1"°%7 (400 pL, 160 pg,
6.19 uM) was measured at 16°C, and data were analyzed using
the improved dc/dt method as implemented in DCDT* (Philo
2006) and as a continuous sedimentation distribution in SEDFIT
(Schuck 2000). Good fits to experimental data were obtained
with an even distribution of residuals by both methods.

EM

GEN1'"°%7 (50 nM) and HJ575 (1 nM) or RF5 (2 nM) DNA were
incubated for 30 min at 37°C in 50 mM Tris-HCI (pH 8.0), 1 mM
DTT, and 5 mM EDTA. Protein-DNA complexes were fixed
with 0.6% glutaraldehyde, and either diluted in 10 mM Tris-HCl
(pH 7.6) and 0.1 mM EDTA, or passed over a column containing
2% agarose beads (Agarose Bead Technology) equilibrated with
10 mM Tris-HCl (pH 7.6) and 0.1 mM EDTA to remove unbound
GEN1°%7, Protein-DNA complexes were mixed with a buffer
containing 2.5 mM spermidine, and were incubated on glow
charged carbon grids for 3 min (Griffith and Christiansen 1978).
Samples were washed with a series of water-ethanol washes,
air-dried, and rotary shadowcast with tungsten at 1 X 107° Torr.
Samples were analyzed using an FEI Tecnai 12 transmission elec-
tron microscope (FEI, Inc.) at 40 kV, and images were captured on
a Gatan Ultrascan 4000 slow-scan CCD camera with supporting
software (Gatan, Inc.).

For mass analysis, free GEN1'27 or streptavidin were diluted
to 10 ng/pL in 20 mM HEPES (pH 7.5) and 0.1 mM EDTA, mixed
with an equal volume of 1.2% glutaraldehyde, and incubated on
ice for 10 min prior to preparation for EM. For GEN1'?_DNA
complexes, streptavidin was added at a concentration of 1 ng/pL.
Fields of free or DNA-bound GEN1'"°% were captured on digital
micrographs. Projected surface areas were measured using
Image] software (Abramoff et al. 2004), and the molecular weight
of DNA-bound GEN1'7?7, the mean, and SEM (standard error of
the mean) were calculated. A scatter plot showing the distribu-
tion of measured particles was constructed using GraphPad
Prism version 5. To determine the molecular weight from the
projected area, with streptavidin as the standard, we used the
equation MwWsample/MWseandard = (Projected areas,mpie/Projected
areagandara)”’? (Griffith et al. 1995).

DNA-binding assays

Reactions (10 pL) contained 3*P-labeled DNA substrates (1 nM)
in 60 mM sodium phosphate (pH 7.4), 1 mM DTT, 0.1 mg/mL
BSA, 5 mM EDTA, and 5% glycerol. Poly[dI-dC] (60 ng) was
added as indicated. Incubation was for 10 min at room temper-
ature. Reactions were then put on ice and analyzed immediately
by 4% neutral PAGE at 4°C, followed by autoradiography.

BAC-mediated protein expression

BACs harboring GENI1 (clone 2190M2) and MUSS81 (clone
2084A20) were obtained from Invitrogen. A localization and af-
finity purification (LAP) cassette encoding GFP, or a FLAP cas-
sette additionally encoding the Flag epitope, was inserted as
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a C-terminal fusion using recombineering (Gene Bridges) (Poser
et al. 2008). HeLa cells expressing LAP- or FLAP-tagged versions
of GEN1 or MUSS81 were harvested and, after lysis in LAP buffer
(Poser et al. 2008), cleared from insoluble material by ultracen-
trifugation. Lysates were normalized for total protein content
and analyzed by Western blotting. Tagged proteins were immu-
noprecipitated using anti-Flag M2 affinity gel (Sigma) for 2 h at
4°C, eluted using Flag peptide, and incubated with GFP-Trap
matrix (Chromotek) for 1 h at 4°C. Immunoprecipitated mate-
rial was eluted by boiling in NuPAGE LDS sample buffer, and
analyzed by Western blotting using the following antibodies:
mouse anti-GFP (Roche), mouse anti-MUS81 (MTA30 210/3,
Abcam), mouse anti-EMEI (MTA31 7H2/1, Santa Cruz Biotech-
nology), and rabbit polyclonal anti-GEN]1 raised against C-termi-
nal peptide 890-908.
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