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Abstract

Four-way Holliday junctions in DNA are the central intermediates of genetic recombi-
nation and must be processed into regular duplex species. One mechanism for
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achieving this is called resolution, brought about by structure-selective nucleases. GEN1
is an important junction-resolving enzyme in eukaryotic cells, a member of the FEN1/
EXO1 superfamily of nucleases. While human GEN1 is difficult to work with because of
aggregation, orthologs from thermophilic fungi have been identified using bioinfor-
matics and have proved to have excellent properties. Here, the expression and purifi-
cation of this enzyme from Chaetomium thermophilum is described, together with the
means of investigating its biochemical properties. The enzyme is quite similar to
junction-resolving enzymes from lower organisms, binding to junctions in dimeric form,
introducing symmetrical bilateral cleavages, the second of which is accelerated to pro-
mote productive resolution. Crystallization of C. thermophilum GEN1 is described, and
the structure of a DNA-product complex. Juxtaposition of complexes in the crystal lat-
tice suggests how the structure of a dimeric enzymewith an intact junction is organized.

1. HOLLIDAY JUNCTIONS AND THEIR RESOLUTION

Holliday junctions (Holliday, 1964) are four-way junctions in DNA

formed by the mutual exchange of strand connectivity, and thus connected

by the covalent continuity of each strand of the junction (Orr-Weaver,

Szostak, & Rothstein, 1981; Potter & Dressler, 1976; Schwacha & Kleckner,

1995). They are the central intermediates of genetic recombination, formed

in the repair of double-strand DNA breaks and by fork reversal at blocked

replication forks. In the presence of metal ions the free four-way junction

undergoes pairwise coaxial stacking of helical arms to form the right-handed

stacked-X structure (Duckett et al., 1988; Eichman, Vargason, Mooers, &

Ho, 2000; Murchie et al., 1989). This conformation exists in one of two alter-

native stacking conformers (Clegg et al., 1992) that interconvert in solution

(Grainger, Murchie, & Lilley, 1998; McKinney, Declais, Lilley, & Ha, 2003).

Holliday junctions must be processed into duplex DNA species, and this

can occur in two main ways. One is by the action of nucleases that are selec-

tive for branched DNA—the junction-resolving enzymes. Proteins with

junction-resolution activity have been isolated from a wide range of organ-

isms and their viruses or phages. The second way of processing junctions is

called dissolution and is important in eukaryotes. In this process junctions are

translocated toward each other by a helicase (Bloom’s helicase in humans)

until decatenated by a topoisomerase.

2. THE RESOLUTION PROCESS

Much of the analysis of the key defining properties of junction-

resolving enzymes came from the study of relatively simple proteins from
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bacteria, phage, yeast mitochondria, and archaea (Lilley & White, 2001;

West, 2003). These are small proteins (typically around 150 amino acids, apart

for the mitochondrial enzymes) that are basic, with pI between 8.8 and 9.8.

Most of these enzymes group into one of two superfamilies (Lilley &White,

2000; Makarova, Aravind, & Koonin, 2000). Some of the techniques that

were developed in the study of these enzymes (e.g., the supercoiled cruciform

assay for analysis of bilateral cleavage and its kinetics; Fogg, Schofield,

D�eclais, & Lilley, 2000; Giraud-Panis & Lilley, 1997) have become standard

tools that can be applied to new enzymes as they are found.

As a group, the junction-resolving enzymes exhibit a broadly similar set

of properties that reflect their function in the productive resolution of

Holliday junctions. We can draw a scheme for the resolution process

(Fig. 1) and see how these properties relate to this.

In free solution the enzymes exist in a monomer–dimer equilibrium that

varies widely in terms of the affinity and rate of association (Freeman, Liu,

D�eclais, Gartner, & Lilley, 2014; Parkinson & Lilley, 1997; P€ohler, Giraud-
Panis, & Lilley, 1996;White & Lilley, 1996). However, the enzymes all bind

to the junction in dimeric form (Giraud-Panis & Lilley, 1998; Parkinson &

Lilley, 1997; P€ohler et al., 1996; White & Lilley, 1996, 1997a), consistent

with the requirement for bilateral cleavage in order to achieve a resolution.

Binding to junctions occurs in the low nM range (Giraud-Panis & Lilley,

1998; P€ohler et al., 1996; White & Lilley, 1997b, 1998), but importantly

this is typically 1000-fold higher than the affinity of binding to duplex

DNA of the same sequence (P€ohler et al., 1996). However, at the present

time we know nothing about the searching mechanisms that allow the

Dimerization

Binding Two cleavages Product dissociation

Fig. 1 Scheme showing the steps involved in the resolution of a four-way junction
by a Holliday junction-resolving enzyme. The resolving enzymes exist in a monomer–
dimer equilibrium in solution, which can be biased toward monomer or dimer for
different enzymes. The enzyme binds as a dimer, with the two active sites juxtaposed
with the DNA to make two, symmetrically disposed hydrolytic cleavages. In general
the second cleavage is accelerated relative to the first, so that bilateral cleavage
has been achieved before dissociation of the protein from the resolved junction.
The resolving enzyme should dissociate from the DNA leaving nicked duplexes that
can be ligated.
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proteins to find their targets in cellular DNA. In each case studied, the global

structure of the DNA junction in the enzyme-bound complex is altered

from that of the free junction (Bennett & West, 1995; Duckett, Giraud-

Panis, & Lilley, 1995; P€ohler et al., 1996; White & Lilley, 1997b, 1998).

3. A MECHANISM ENSURING PRODUCTIVE JUNCTION
RESOLUTION

Once the dimeric enzyme has bound to the junction then cleavage

should proceed. The resolving enzymes hydrolyze single phosphodiester

linkages in two arms of the junction, symmetrically disposed relative to

the junction. These are typically one or two nucleotides either 30 or 50 to
the junction; so long as its the same on both sides for a given enzyme, a pro-

ductive resolution is achieved. At the end of this process it will leave ligatable

nicks in the resulting duplex DNA. It is, however, critical that the two cleav-

ages are made within the lifetime of the enzyme-junction complex. Prema-

ture dissociation after unilateral cleavage would leave a nicked junction that

is likely to be dangerous to the cell, and therefore a mechanism is required to

avoid this.

The relative timing of cleavages has been studied using the cruciform

cleavage assay (Fogg & Lilley, 2001; Fogg et al., 2000; Giraud-Panis &

Lilley, 1997) (see later for an example). A cruciform can be formed at an

inverted repeat in DNA by the extrusion of two opposed stem-loop struc-

tures (Lilley, 1980;Mizuuchi, Kemper, Hays, &Weisberg, 1982). The junc-

tion between the two stem-loops and the duplex DNA is a four-way

junction and is a substrate for junction-resolving enzymes (Lilley &

Kemper, 1984; Mizuuchi, Mizuuchi, & Gellert, 1982). Normally cruciform

structures do not form in DNA, because they are less stable than the duplex

by at least 55 kJ mol�1. However, the cruciform can become stable in neg-

atively supercoiled DNA because of the local negative twist change that

occurs when it forms; this relaxes the superhelical stress and the free energy

corresponding to that will be greater than the cost of extrusion above a crit-

ical level of negative supercoiling (Lilley & Hallam, 1984). Thus a cruciform

with arms of 20 bp will be stable in a plasmid extracted from Escherichia coli

(with a superhelix density—σ�0.06), but if a nick is introduced anywhere

within that circular DNA the supercoiling will be lost and consequently the

cruciform reabsorbed. This is the basis of the assay for bilateral cleavage.

We use a plasmid containing an inverted repeat where the central region

is an alternating (AT)n sequence. For the majority of sequences there is a
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strong kinetic barrier to extrusion (Courey &Wang, 1983; Gellert, O’Dea, &

Mizuuchi, 1983; Lilley, 1985), but for (AT)n there is none (Greaves,

Patient, & Lilley, 1985; McClellan & Lilley, 1987; Murchie & Lilley,

1987); these can be extruded from DNA inside bacterial cells (McClellan,

Boublikova, Palecek, & Lilley, 1990). Plasmid DNA is extracted from

E. coli cells in exponential growth and purified by two rounds of isopycnic

centrifugation to give >95% supercoiled circular DNA.

The assay can be stated in a very simple way. If the resolving enzyme

introduces bilateral cleavages the product will be linear DNA. However,

if the enzyme only makes a unilateral cleavage then the product is a nicked

circle (Fig. 2). Moreover the reaction is inherently self-limiting. If the

enzyme dissociates after making just a single cut in the DNA, the super-

coiling is released and consequently the cruciform is reabsorbed so that there

Supercoiled
DNA

Nicked
circular
DNA

Linear DNA

Cleavage 1 Cleavage 2

Unilaterally cleaved
junction

Bilaterally cleaved
junction

Uncleaved
junction

Complex
dissociation

Complex
dissociation

Fig. 2 Scheme showing the principle of studying the unilateral and bilateral cleavage of
a four-way junction using a cruciform extruded from an inverted repeat in supercoiled
DNA. The cruciform structure is not stable in duplex DNA (ΔGformation �50 kJ mol�1) but
is stabilized in negatively supercoiled DNA due to its local twist change. However, once a
cleavage is introduced the cruciform is no longer stable and so absorbed into the body
of the plasmid. Thus if the resolving enzyme dissociates after a unilateral cleavage, no
further cleavage is possible because the substrate no longer exists and the product is a
nicked circular DNA. By contrast, bilateral cleavage leads to the formation of a linear
DNA product. Supercoiled, nicked, and linear DNA can be simply separated by agarose
gel electrophoresis.
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is no longer any substrate present to be resolved. Supercoiled, nicked, and

linear DNA are readily separated and quantified because they migrate very

differently from each other by electrophoresis in agarose, in the order nicked

circle (slowest migration), linear (intermediate migration), and supercoiled

DNA (fastest migration).

Formation of nicked circle shows that a unilateral cleavage has

occurred. A linear product indicates bilateral cleavage, but the two cleav-

ages could occur simultaneously or sequentially. In fact so long as both

cleavages occur within the lifetime of the complex, then linear product

could result. These schemes are shown in Fig. 2. It was found that a

phage-derived resolving enzyme converted a supercoiled plasmid DNA

containing a cruciform into linear product, consistent with bilateral cleav-

age (Giraud-Panis & Lilley, 1997). However, when such reactions were

followed as a function of time of incubation it was found that nicked

DNA was formed as a transient intermediate. This was no longer observed

at longer times, as the singly cleaved intermediate was subsequently con-

verted into linear product by a second cleavage (Fogg & Lilley, 2001; Fogg

et al., 2000). These data can be accommodated by a kinetic model of

sequential cleavage (Fig. 3).

The rates of conversion of supercoiled DNA (concentration [S]t at time t)

and nicked circular DNA ([N]t at time t) will be given by:

d S½ �=dt¼�k1 S½ �t (1)

d N½ �=dt¼ k1 S½ �t�k2 N½ �t (2)

Integration of these first-order differential equations by standard analyt-

ical methods leads to the rate equations expressing the instantaneous frac-

tional concentrations of the three species as:

S½ �t= S½ �0¼ exp �k1tð Þ (3)

N½ �t= S½ �0¼ k1= k2�k1ð Þ: exp �k1tð Þ� exp �k2tð Þð Þ (4)

and by conservation, the fractional concentration of linear species [L]t at

time t will be:

L½ �t= S½ �0¼ 1� exp �k1tð Þ�k1= k2�k1ð Þ: exp �k1tð Þ� exp �k2tð Þð Þ (5)

The cruciform-containing plasmid is therefore incubated with the

enzyme being studied and samples removed at different times and the
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reaction terminated. This can be performed manually down to about 10 s,

or using quench flow apparatus for faster rates. After deproteinization the

DNA is separated by agarose gel electrophoresis, and the relative con-

centrations of supercoiled, nicked, and linear DNA quantified using a

fluorimager. The data can then be fitted by nonlinear regression (e.g., in

Kaleidagraph) to Eqs. (3)–(5), from which rates k1 (the first cleavage of

the cruciform) and k2 (the second cleavage of the cruciform) are obtained.

In principle one might expect that the rates of first and second cleavage

would be similar, i.e., k1 ¼ k2, yet this is not the case in general. The

general result is that k1 < k2, i.e., that cleavage of the second strand is accel-

erated relative to the first. In the case of the E. coli resolving enzyme RuvC

we found that this factor was�100 (Fogg & Lilley, 2001). The net effect of

this is that the second cleavage follows hard on the heels of the first, as if

they were simultaneous. Importantly, the acceleration of the second cleav-

age ensures a productive resolution within the lifetime of the enzyme-

junction complex.

Unilaterally cleaved
junction 
(nicked circle)

Bilaterally cleaved
junction
(linear)

Uncleaved
junction
(supercoiled)

k1 k2

Fig. 3 A simple kinetic scheme for cruciform cleavage by a junction-resolving enzyme.
The rate of the initial cleavage is k1, and that of the second is k2. This leads to the rate
Eqs. (1) and (2), used to analyze the data for CtGEN1. In principle the first cleavage could
occur on either the top or bottom strand, followed in the second step by cleavage of the
uncleaved strand. Since the sequences of the top and bottom sites are not identical in a
cruciform, k1 and k2 could each have two values, and the corresponding equations have
been solved in Fogg et al. (2000). For CtGEN1 this added complexity was not necessary
(Freeman et al., 2014).
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4. PROCESSING OF HOLLIDAY JUNCTIONS
IN EUKARYOTES

In eukaryotes Holliday junctions are processed by two quite dissimilar

mechanisms, the key difference being whether or not they involve hydro-

lytic cleavage. These are:

Dissolution. This mechanism involves the combined action of a helicase and

a topoisomerase. The helicase (the BLM helicase in human cells) translocates

two adjacent junctions toward each other, where upon they are unlinked by

topoisomerase IIIα (Cejka, Plank, Bachrati, Hickson, & Kowalczykowski,

2010; Ellis et al., 1995; Wu & Hickson, 2003). Dissolution seems to be

the primary way of processing DNA junctions in mitotically dividing cells.

In humans defects in the dissolution pathway lead to Bloom syndrome

(Bloom, 1954) resulting in genomic instability (Chaganti, Schonberg, &

German, 1974). We will not discuss dissolution further here.

Resolution. This is the action of nucleases that are selective for the struc-

ture of a four-way DNA junction, as discussed earlier (Lilley, 2016; Matos &

West, 2014; Svendsen &Harper, 2010). Junctions that fail to be processed by

dissolution are probably subject to resolution.

There are two main resolution systems in eukaryotes. The first to be

identified was GEN1 (Bailly et al., 2010; Ip et al., 2008; Rass et al.,

2010), and its ortholog in yeast Yen1 (Ip et al., 2008). GEN1 is a member

of the FEN1/XPG1 superfamily of 50 nucleases that are selective for various
structural distortions of DNA including flaps, overhangs, and loops. The

family includes EXO1, FEN1, and XPG (Lee & Wilson, 1999; Orans

et al., 2011; Tsutakawa et al., 2011). GEN1 comprises a single polypeptide,

and in most respects is very similar in properties and characteristics to the

phage, bacterial, archaeal, and mitochondrial junction-resolving enzymes.

The second resolution system is rather more complex, comprising

several different polypeptides that are all connected by the SLX4 protein

(also called variously BTBD12 and FANCP), a large protein that forms a

complex with a number of different nucleases involved in DNA repair

(Agostinho et al., 2013; Andersen et al., 2009; Fekairi et al., 2009;

Munoz et al., 2009; Svendsen et al., 2009). These are SLX1, MUS81,

and EME1. The first cleavage is introduced into the junction by SLX1,

a member of the UvrC family of endonucleases that contains a GIY–
YIG element that creates a metal ion-binding active center in several
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nucleases (Aravind, Walker, & Koonin, 1999; Mak, Lambert, & Stoddard,

2010). The second cleavage is made by the MUS81–EME1 nuclease

(Boddy et al., 2001; Chen et al., 2001; Gaillard, Noguchi, Shanahan, &

Russell, 2003). The combined action of these nucleases generates a produc-

tive resolution of the Holliday junction. This model is also supported by

genetic and cytological experiments in Caenorhabditis elegans where SLX1

and MUS81 appear to act in conjunction to resolve Holliday junctions

in meiosis (Agostinho et al., 2013; O’Neil et al., 2013; Saito, Lui, Kim,

Meyer, & Colaiacovo, 2013). The resolving enzyme is the SLX4–
SLX1–MUS81–EME1 tetramer, although it is part of the larger complex

of repair enzymes coordinated by SLX4.

Neither GEN1 nor SLX4–SLX1–MUS81–EME1 are essential for cell

viability, but the combined depletion of GEN1 and SLX4 leads to synthetic

lethality in human cells, with defects resulting in unprocessed junctions and

consequently dysfunctional mitosis (Garner, Kim, Lach, Kottemann, &

Smogorzewska, 2013). The meiotic phenotype of mus81Δ fission yeast

was restored by expression of human GEN1 (Lorenz, West, & Whitby,

2010), and persistent DNA junctions in meiotic yeast were resolved by

Yen1 (Matos, Blanco, Maslen, Skehel, & West, 2011). In what follows we

shall focus on GEN1.

5. GENES FOR THE FEN1/XPG1 SUPERFAMILY IN
THERMOPHILIC FUNGI

We reasoned that GEN1 enzymes derived from thermophilic organ-

isms might be thermodynamically more stable and amenable to biochemical

and structural analysis. GEN1 is not encoded in prokaryotes. We thus

searched for GEN1-related enzymes in thermophilic fungi, that had previ-

ously been subject to genome sequencing (Morgenstern et al., 2012).

Species analyzed included Chaetomium thermophilum, Myceliophthora thermo-

phile,Talaromyces marneffei,Talaromyces stipitatus, andThielavia terrestris. These

species grow at temperatures up to 55°C. Given that FEN1, EXO1, XPG,

and GEN1 nucleases all belong to the FEN1/XPG1 superfamily, we needed

to establish orthologous relationships between those proteins from thermo-

philic fungi and known budding yeast and mammalian orthologs. This

required the identification of all candidate FEN1/XPG1 family nucleases

from those fungi via blast searching and their alignment with already known

family members from budding yeast, C. elegans, Drosophila melanogaster,
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and various mammals using the JALVIEW sequence analysis suite and

employing the MAFT algorithm (Clamp, Cuff, Searle, & Barton, 2004).

An unrooted phylogenetic tree was then generated using the Splitstree pro-

gram (Huson, 1998) and application of the neighbor joining method. This

analysis allowed the unambiguous identification of the GEN1 ortholog from

C. thermophilum (Freeman et al., 2014).

6. EXPRESSION AND PURIFICATION OF GEN1 FROM
C. THERMOPHILUM

Having identified the gene for GEN1 in C. thermophilum, we initially

constructed a synthetic gene encoding amino acids 1–530 polypeptide with
codon optimization for E. coli. This was systematically truncated at the

C-terminus in stages as a result of which we chose to study the construct

comprising amino acids 1–487 (hereafter called CtGEN1). This was

found to be expressed best and has the greatest stability to loss of activity.

CtGEN1 was expressed as a C-terminal fusion with green fluorescent

protein (GFP) separated by a tobacco etch virus (TEV) protease site, and

followed by a C-terminal octahistidine peptide (Freeman et al., 2014).

The CtGEN1–GFP fusion protein was expressed from the plasmid pWaldo

(a pET derivative) transformed into E. coli BL21 (DE3) RIL. Immediately

after transformation the cells were grown at 37°C in LB supplemented

with kanamycin and chloramphenicol until the culture reached an absor-

bance at 600 nm (A600) of 0.4 after which the cells were grown at 20°C.
Once the culture reached A600 ¼0.6, expression of CtGEN1–GFP was

induced by addition of 0.1 mM IPTG and incubated for a further 20 h. After

centrifugation the cells were lysed with 1 mg/mL lysozyme in 50 mM

NaHPO4 (pH 8), 1 M NaCl and protease inhibitors and the extract soni-

cated. After clarification by centrifugation the extract was applied to

Ni2+-IDA metal chelate resin and eluted using a gradient of 0–0.5 M imida-

zole while monitoring the absorbance of GFP. The CtGEN1–GFP fusion

was cleaved using TEV protease, and the protein extract applied to a heparin

HP column and eluted using a gradient of 0.1–1 M NaCl. The protein

was finally applied to a Superose 12 gel filtration column in 25 mM Hepes

(pH 7.5), 1 M NaCl. The peak fraction of CtGEN1 was dialyzed against

25 mM Hepes (pH 7.5), 0.1 M NaCl, 50% glycerol and stored at �80°C.
The purified CtGEN1was analyzed by electrophoresis in 10% polyacryl-

amide gels under denaturing conditions in the presence of SDS. The protein

migrated as a single band even when heavily overloaded.
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7. THE BIOCHEMICAL PROPERTIES OF CtGEN1

We have analyzed the biochemical properties of the N-terminal

1–487 fragment of C. thermophilum GEN1. The properties will be discussed

in the sequence following the scheme of Fig. 1. Unless otherwise stated all

the following experiments were carried out in 10 mM Hepes (pH 7.5),

50 mM NaCl, and 1 mM DTT (buffer A).

7.1 The State of Oligomerization of CtGEN-1 in the Absence
of DNA

Following cleavage of CtGEN1–GFP protein with TEV protease the digest

was applied to Superdex 75 10/300GL gel filtration column in buffer A. The

released CtGEN1 eluted in between BSA (66 kDa) and carbonic anhydrase

(29 kDa) (Freeman et al., 2014). This indicates that CtGEN1 (calculated

mass 55.1 kDa) exists predominantly in monomeric form in free solution.

However, at high concentration some dimer could be detected indicating

that mass action will drive some dimerization.

7.2 Binding of CtGEN1 to a Four-Way DNA Junction
The binding of CtGEN1 to a four-way DNA junction is most readily stud-

ied using gel electrophoresis. For this we use our well-characterized junction

3 sequence (Duckett et al., 1988), which is incapable of branch migration.

This is assembled from four synthetic oligonucleotides (e.g., each of 50 nt)

and is radioactively [50-32P]-labeled. 100 pM junction was incubated with a

range of concentrations of CtGEN1 in the presence of either 1 mM EDTA

or 1 mM Ca2+ ions in buffer A, 0.1 mg/mL BSA, and electrophoresed in a

6% polyacrylamide gel under nondenaturing conditions in 90 mM Tris–
borate (pH 8.5) with either 2 mM EDTA (TBE) or 1 mM Ca2+. CtGEN1

is essentially inactive in the presence of Ca2+ ions, so no cleavage occurs dur-

ing the analysis.

In contrast to analogous studies with human GEN1 (Rass et al., 2010),

CtGEN1 forms complexes with DNA junctions that migrate as very discrete

bands in gel electrophoresis under nondenaturing conditions without

requiring the addition of competitor DNA (Freeman et al., 2014)

(Fig. 4A). Incubation in the absence of metal ions leads to the formation

of two complexes at intermediate protein concentrations, but a single species

is present at higher concentration. Incubation in the presence of 1 mMCa2+

ions results in a single discrete complex. These results suggest the formation
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of complexes with one and twomolecules of GEN1, and this is characterized

in the following section.

The fraction of bound junction ( fb) was determined by autoradiography,

and the resulting isotherms fitted to two different binding models. One is a

simple model lacking cooperativity:

f b¼ Kd +Pt +Dt� Kd +Pt +Dtð Þ2�4Pt:Dt

� �1=2n o
=2Dt (6)

[CtGEN1]

Complex

Unbound
junction 1 mM Ca2+

Binding

Cleavage

*

*

*

*

CtGEN1

Uncleaved

Cleaved

A
G
C
T

T G A G

A C T C

T
C
G
A

C C G G

G G C C
T
G
A
G

A
C
T
C

b h

x r

5′

3′

Strand

Junction 3

b h

r x
+ + + +− − − −

A

B

Fig. 4 CtGEN1 binding to and cleaving a four-way DNA junction. (A) Analysis of binding
by gel electrophoresis in polyacrylamide. 82 pM of four-way junction 3 was incubated
with increasing concentrations of CtGEN1 in 10 mM Hepes (pH 7.5), 50 mM NaCl, 1 mM
DTT, and 0.1 mg/mL BSA plus 1 mM Ca2+ ions to prevent cleavage. DNA–protein com-
plexes (arrowed right) migrate more slowly than the free junction. Additional experi-
ments discussed in the text show that the upper band comprises a dimer of CtGEN1
bound to the junction. (B) Cleavage of junction 3 by CtGEN1. Four junction substrates
were used, each with the same sequence, but individually radioactively [50-32P]-labeled
on a single strand (named b, h, r, and x). Each species was incubated with (+) or without
(�) CtGEN1 in 10 mMHepes (pH 7.5), 50 mMNaCl, 1 mMDTT, 0.1 mg/mL BSA plus 1 mM
Mg2+ ions, and the products separated by electrophoresis in a polyacrylamide gel. The
junction is strongly cleaved on two diametrically opposite strands (h and x), and weakly
on the other two (b and r), as shown by the larger arrows on the sequence (right). Both
cleavages are 1 nt 30 to the point of strand exchange.
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where Kd is the dissociation constant, Pt is the total protein dimer concen-

tration, andDt is the total DNA concentration. Nonlinear regression analysis

gives a binding affinity of Kd ¼10 nM. However, the data deviate signifi-

cantly from this model, suggesting cooperativity. The data were therefore

fitted to the Hill equation for cooperative binding:

f b ¼Pn
t = Pn

t +Kd

� �
(7)

where n is the Hill coefficient. This gave a significantly better fit to the

experimental binding data (Freeman et al., 2014) with a value of n ¼2.2.

Thus the binding is significantly cooperative.

7.3 CtGEN1 Binds to a Four-Way DNA Junction in Dimeric Form
The oligomerization state of CtGEN1 bound to a DNA junction was char-

acterized using two forms of the enzyme of different size, i.e., the CtGEN1–
GFP fusion and the nonfusion CtGEN1. In this experiment radioactively

[50-32P]-labeled four-way junction 3 was incubated with 40 nM CtGEN1

plus an additional concentration of CtGEN1–GFP between 0 and

125 nM. The inverse experiment was also performed, where the junction

was incubated with CtGEN1–GFP plus a range of concentrations of

CtGEN1. In both cases the samples are then electrophoresed in parallel

in a 6% polyacrylamide gel in the presence of 1 mM Ca2+ ions under non-

denaturing conditions. Binding of the single proteins resulted in the forma-

tion of a single retarded band corresponding to the complex. However,

addition of the second protein led to the formation of three bands of com-

plex (Freeman et al., 2014). This indicates that CtGEN1 binds to the junc-

tion in dimeric form. The mixture of long (CtGEN1–GFP) and short

(CtGEN1) proteins statistically gives rise to three junction-protein com-

plexes, corresponding to long-long, long-short, and short-short dimers of

CtGEN1.

Thus, CtGEN1 is predominantly monomeric in free solution, but binds

to the junction in dimeric form, explaining the cooperativity in binding. All

the resolving enzymes function as dimers, consistent with the bilateral cleav-

age required for resolution.

7.4 CtGEN1 Introduces Symmetrically Paired Cleavages Into
a Four-Way DNA Junction

Sites of cleavage by CtGEN1 into a four-way DNA junction were mapped

on the four versions of junction 3 in which a different single strand is radio-

actively [50-32P]-labeled. 1 nM DNA junction was incubated with 50 nM
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CtGEN1 in the presence of 10 mM Hepes (pH 7.5), 50 mM NaCl, 10 mM

MgCl2, 0.1 mg/mL BSA, and 1 mM DTT for 60 min. After termination of

the reaction by addition of EDTA and proteinase K, the substrate and prod-

ucts were separated by electrophoresis in 15% polyacrylamide sequencing

gels under denaturing conditions in the presence of 8M urea (Fig. 4B).

Comparison with a sequence marker generated by citrate-induced dep-

urination revealed that CtGEN1 cleaved junction 3 1 nt 30 to the junction

on two diametrically related strands (termed h and x) (Freeman et al., 2014).

Cleavage 1 nt 30 to a structural discontinuity is the hallmark of the XPG1

superfamily of nucleases.

Cleavage reactions on junction 3 were also performed under single-

turnover conditions as a function of time to determine the kinetics of cleav-

age (Freeman et al., 2014). 5 nM junction radioactively [50-32P]-labeled on a
given strand was incubated with 20 nM CtGEN1 in buffer A, 0.1 mg/mL

BSA, and the reaction initiated by addition ofMgCl2 to a final concentration

of 10 mM. Aliquots were removed at various times and the reaction

terminated by addition of an excess of EDTA to chelate divalent metal ions.

Following denaturing gel electrophoresis and quantification by phospho-

rimaging, reaction progress curves of cleaved fraction (Ft) as a function of

time (t) were fitted to:

Ft ¼Ff : 1� exp �kctð Þð Þ (8)

where Ff is the fraction of DNA cleaved at the end of the reaction and kc is

the single-order rate constant for cleavage. Cleavage rates of kc ¼0.008 and

0.01 s�1 were measured for cleavage of the h and x strands, respectively, of

junction 3 under these conditions (Freeman et al., 2014).

7.5 CtGEN1 Exhibits Second Strand Cleavage Acceleration
The relative rates of first and second strand cleavage were analyzed using the

cruciform cleavage assay described in Section 3. This was achieved using the

supercoiled plasmid pHRX3 containing a 34 nt inverted repeat with a cen-

tral (TA)12 sequence that ensures facile extrusion of the cruciform (Greaves

et al., 1985). The plasmid was transformed into E. coli DH5α, grown to

A600 ¼0.6 at 37°C and amplified by treatment with 150μg/mL chloram-

phenicol overnight. Plasmid DNA was subjected to two rounds of

isopynic CsCl/ethidium bromide ultracentrifugation, and the supercoiled

fraction purified by extraction with n-butanol and extensive dialysis
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against 20 mM Tris (pH 8.0), 1 mM EDTA (Murchie & Lilley, 1992). The

resulting plasmid preparations are typically >95% supercoiled.

To analyze cleavage 10 nM supercoiled plasmid was preincubated

with 200 nM CtGEN1 in 10 mM cacodylate (pH 5.75), 50 mM NaCl,

0.1 mg/mL BSA for 3 min at 37°C whereupon cleavage was initiated by

addition of MgCl2 to a final concentration 1 mM. Aliquots were removed

at specific times and 20 mM EDTA was added to terminate the reaction,

followed by incubation with 1μL proteinase K at 1–2 mg/mL. The DNA

was electrophoresed in 1% agarose gels in TBE buffer to separate super-

coiled, linear, and nicked species, stained with Safeview nucleic acid stain

(NBS Biological Ltd.). After washing with water the gel was imaged using

a FLA-2000 fluorescent image analyzer (Fuji) using excitation at 473 nm

with an emission filter at 580 nm.

Incubation with CtGEN1 converts pHRX3 into linear product, reveal-

ing bilateral cleavage occurring within the lifetime of the enzyme-junction

complex (Fig. 5). However, at early times a small fraction of nicked-circular

DNA is apparent. This species is a transient intermediate, consistent with an

initial unilateral cleavage, that is then converted to a bilaterally cleaved junc-

tion by the action of the second CtGEN1 subunit. Fitting the data to Eqs.

(3)–(5) gave rates of k1 ¼0.025 and k2 ¼ 0.125 s�1 for the first and second

strand cleavage, respectively. This shows that after the cleavage of the first

strand, the second strand is cleaved five times faster, thus promoting produc-

tive resolution within the lifetime of the enzyme-junction complex.

7.6 CtGEN1 Distorts the Structure of a Four-Way DNA Junction
All junction-resolving enzymes distort the shape of the four-way junc-

tion on binding. The global shape of a four-way DNA junction bound

by CtGEN1 was determined using comparative gel electrophoresis

(Liu et al., 2015). In this method we compare the electrophoretic mobility

of the six possible forms of a junction with two long (e.g., 40 bp) and two

short (e.g., 14 bp) arms. These can be generated in a variety of ways, but in

general we simply synthesize all 16 component strands and hybridize the

required 6 combinations of 4 strands, some of which are radioactively

[50-32P]-labeled. The six junctions with two long and two short arms are

electrophoresed side by side in a polyacrylamide gel under nondenaturing

conditions. This method was originally used to determine the structure of

the four-way DNA junction in free solution (Duckett et al., 1988) and has

been extended to study the shape of junctions bound to junction-resolving
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enzymes (Duckett et al., 1995; Giraud-Panis & Lilley, 1998; P€ohler et al.,
1996; White & Lilley, 1996, 1997b).

To study the complex we incubate the six long-short species with

100 nM CtGEN1 in the presence of 1 mM CaCl2 (the enzymatic activity

is completely inhibited by the Ca2+ ions) and electrophorese in a 5% poly-

acrylamide gel in buffer containing 1 mM CaCl2. The resulting electropho-

retic pattern can be described as slow-slow-slow-slow-fast-slow (Liu et al.,

2015) (Fig. 6). This was interpreted in terms of structure where the unc-

leaved arms were coaxial, and all the remaining included angles were

90 degrees. The two cleaved arms extended perpendicular to the coaxial
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Fig. 5 Analysis of the acceleration of second strand cleavage using a supercoil-
stabilized cruciform structure. 10 nM of cruciform-containing plasmid pHRX3 was incu-
bated with 200 nM CtGEN1 in 10 mM cacodylate (pH 5.75), 50 mMNaCl, 0.1 mg/mL BSA,
and 1 mM MgCl2 at 37°C. Aliquots were removed at various times and the reaction
stopped by addition of 20 mM EDTA. The samples were treated with proteinase
K and electrophoresed in a 1% agarose gel in TBE, followed by staining in SYBRsafe.
The gel is shown at the top of the figure. The fractions of supercoiled (filled circles), nic-
ked (open circles), and linear (filled squares) DNA were quantified and plotted as a func-
tion of time. These were fitted to the integrated rate Eqs. (3)–(5) with an adjustment to
take account of a small uncleaved fraction. This gave rates of first and second strand
cleavage of k1 ¼ 0.025 s�1 and k2 ¼ 0.125 s�1, reflecting a fivefold rate acceleration
for second strand cleavage.
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arms, and to each other. This agreed well with the crystal structure deter-

mined for the complex—see later.

We also explored the central opening of the junction on binding

CtGEN1 (Liu et al., 2015). This was done in two contrasting ways, by

chemical probing and by a spectroscopic approach. We analyzed the envi-

ronment of thymine bases close to the center of the junction using probing

by permanganate ion (Sasse-Dwight &Gralla, 1989). Junctions radioactively

[50-32P]-labeled on a chosen strand with or without bound CtGEN1 were

reacted with 1 mM KMnO4 for 2 min at 25°C in the presence of 1 mM

CaCl2. Modified thymine nucleotides were cleaved by piperidine, and

the products separated by gel electrophoresis. This revealed that thymine

bases close to the point of strand exchange were structurally distorted in

the complex, but not in the free junction, consistent with an opening

induced by CtGEN1 (Liu et al., 2015).

In the second approach we studied junctions in which a chosen adenine

nucleotide was replaced by 2-aminopurine (2-AP) (Declais & Lilley, 2000;

Jean &Hall, 2001; Ward, Reich, & Stryer, 1969). The fluorescence of 2-AP

is strongly lowered by static quenching when stacked, so an opening that
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Fig. 6 The global shape of a four-way DNA junction bound to CtGEN1 in solution deter-
mined by comparative gel electrophoresis. The six species of junction 3 with all combi-
nations of two long and two short helical arms were bound to CtGEN1 in 10 mM Hepes
(pH 7.5), 50 mM NaCl, 1 mM CaCl2, 1 mM DTT, 0.1 mg/mL BSA and electrophoresed in a
polyacrylamide gel under nondenaturing conditions. The pattern of migration reflects
the geometry of the DNA helical arms in the complex, interpreted in terms of the model
shown at the top (with the position of the cleavage sites in the B and R arms indicated by
arrows), and the six long-short arm species shown on the left.
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unstacks the 2-AP leads to a marked enhancement of fluorescence. These

experiments are performed as ensemble, steady-state fluorescence measure-

ments by excitation of 2-AP at 315 nm and measuring emission between

330 and 460 nm. 2-AP substituted junctions were titrated with CtGEN1,

in the presence of 1 mM Ca2+ ions to prevent cleavage. We found that

two 2-AP base located immediately adjacent to the point of strand exchange

exhibited marked increases in fluorescence intensity (in one case �40-fold)

on binding CtGEN1 (Liu et al., 2015), suggesting an opening of the junction

center. This was repeated for the product of cleavage, finding an enhance-

ment of 2-AP fluorescence about half that for the intact junction

(Liu et al., 2015).

8. THE CRYSTAL STRUCTURE OF A CtGEN1-PRODUCT
COMPLEX

For crystallization studies, the CtGEN11–487 construct was modified

by addition of a C-terminal His6 tag following amino acid 487 (called

CtGEN1–His). The protein was expressed in E. coli using normal and

selenomethionine-containing medium with the same strategy as described

earlier. The cells were collected by centrifugation, lysed with 1 mg/mL lyso-

zyme and the extract sonicated. After clarification by centrifugation, the

extract was applied to Ni2+-IDA metal chelate resin and eluted using

1� PBS, 0.2 M imidazole. The peak fraction of CtGEN1–His protein

was applied to a heparin HP column and eluted using a gradient of 5 mM

Hepes (pH 7.0), 0.1–1 M NaCl. The protein was finally applied to a

Superose 12 gel filtration column in 5 mMHepes (pH 7.0), 150 mMNaCl.

The purified peak fraction was concentrated to 100μM and kept on ice

until usage. CtGEN1–His was crystallized with a four-way junction with

the central sequence of the well-characterized junction 3 with 15 bp in

each helical arm (Liu et al., 2015). 100μM each of CtGEN1–His protein

and junction 3 were mixed in a final concentration of 100 mM Hepes

(pH 7.5), 2 mM MgCl2, 20% PEG10000, and 150 mM NaCl. Crystalli-

zation was performed using hanging drop vapor diffusion at 7°C in the same

buffer. Initial phases were acquired using single-wavelength anomalous dif-

fraction by locating the selenium atoms with Autosol (Adams et al., 2010).

The initial model was generated automatically by PHENIX autobuild

wizard, and then applied to the native data sets by molecular replacement

using Phaser (McCoy et al., 2007). The model was adjusted manually,

and subjected to several rounds of adjustment and optimization. The

CtGEN1 complex in Mg2+ was solved at a resolution of 2.5 Å.
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The enzyme was of natural sequence (i.e., not an active site mutant) and

was crystallized with Mg2+ ions in the buffer, so it was expected that the

resulting complex would be the product of cleavage bound to CtGEN1.

Moreover an extra molecule of CtGEN1was bound in a crystallographically

equivalent position so that contributions from both halves of the product

DNA became averaged in the electron density map. Within the crystals

the functional unit was one CtGEN1 monomer with one complete

DNA product. Extracting the DNA from the crystals on return from the

synchrotron and analysis by gel electrophoresis revealed that only one of

the two possible products had crystallized with the enzyme.

For the full details of the structure of CtGEN1 and its bound product

DNA the reader is referred to Liu et al. (2015). In brief, the structure of

CtGEN1 is similar to that of FEN1 (Tsutakawa et al., 2011), based on a

seven-strand β-sheet flanked by α helices (Fig. 7). CtGEN1 lacks the helical

arch of FEN1 that functions to select the single strand flap and has an

Fig. 7 The crystal structure of a CtGEN1monomer, and the complex with the product of
resolution cleavage. (A) Scheme showing the cleavage of a four-way junction. Cleavage
of the junction gives rise to the two products shown. Only that based on the R and
X arms was present in the crystals. This is shown schematically by the triangular shape
representing a CtGEN1 monomer; the pink oval shape represents the active site. (B) The
structure of a CtGEN1 monomer. The protein structure is shown in cartoon form, with α
helices and coil regions colored yellow, and β sheet cyan. (C) The structure of the func-
tional unit of the product complex in the crystal. The arms of the junction are perpen-
dicular, and each is bound to the enzyme at multiple sites. The strand coloring is
consistent with that used in part (A).
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additional chromodomain at the C-terminal end allowing it to bind an extra

turn of helix. The trajectory of the DNA is closely similar to that of DNA

bound to human FEN1 (Tsutakawa et al., 2011), with the two arms of the

product being mutually perpendicular. The DNA follows an electropositive

path on the surface of the protein. The active site contains two bound metal

ions coordinated by six acidic amino acid side chains.

9. THE INTERACTION OF CtGEN1 WITH FOUR-WAY DNA
JUNCTIONS DEDUCED FROM THE CRYSTAL LATTICE

CtGEN1 crystallized as a trigonal lattice of space group P3121. Chains

of product complexes are oriented at 120 degrees to each other, related by

the threefold symmetry. Within this lattice, protein–protein interaction

between CtGEN1 monomers brings two bound DNA products into close

proximity as though forming a four-way junction (Fig. 8).

Fig. 8 A dimeric form of the CtGEN1–DNA complex in the crystal lattice that is closely
related to a four-way junction. Within the crystal lattice two product complexes are jux-
taposed mediated by a protein–protein dimer interface. The uncleaved arms are coaxial
and the two cleaved arms are perpendicular to the uncleaved arms and to each other.
The two CtGEN1 monomers are distinguished by color, and the strands have been col-
ored to correspond to those of a resolved four-way junction (as in Fig. 7A). The metal
ions in the active sites are indicated by the magenta spheres.
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The dimerization is mediated through contact between three α-helices
from each monomer, interacting with a relatively small interface burying

530Å2. The interaction leads to a virtually coaxial alignment of the unc-

leaved DNA helices, while the cleaved helical arms rotate toward each other

on the major groove side such that they include an angle of close to

90 degrees. This structure is essentially identical to that deduced for the com-

plex of CtGEN1 and the intact four-way junction by comparative gel elec-

trophoresis discussed earlier. Using computer graphics it is straightforward to

reconnect the 50 ends of the strands in the product complex to generate a

covalently intact four-way junction. This requires some disruption of the

basepairing at the center of the junction, consistent with the permanganate

probing, and 2-aminopurine fluorescence discussed earlier. These data also

indicate a smaller degree of central disruption in the product complex, and

structural reorganization following the first cleavage may be responsible for

the acceleration of second strand cleavage, and thus integral to the function

of GEN1.

10. COMPARISON WITH OTHER JUNCTION-RESOLVING
ENZYMES

The study of fungal GEN1 has opened the door to the analysis of the

biochemistry and structure of this eukaryotic junction-resolving enzyme.

The biochemical properties of CtGEN1 conform to the scheme shown in

Fig. 1. The enzyme binds in dimeric form to a four-way DNA junction and

generates two cleavages, where the second cleavage is accelerated relative

to the first to ensure productive resolution. These characteristics are typical

of the great majority of junction-resolving enzymes isolated from phage,

bacteria, archaea, and yeast mitochondria and are clearly required for

enzymes of this class. The structure of CtGEN1 is closely similar to that

of human GEN1 in a nonspecific complex with DNA (Lee et al., 2015),

so it is probably representative to GEN1 structures in general. Further-

more, the core structure is closely similar to those of other members of

the FEN1/EXO1 family, adapted for its specific requirements in the res-

olution of four-way junctions. This CtGEN1 lacks the helical arch of

FEN1 that likely selects for the single-strand flap of the FEN1 substrate.

In addition CtGEN1 has the additional chromodomain at the

C-terminal end that allows it to bind an extra turn of DNA, and it is clearly

required to dimerize on the junction. At present the dynamic properties of

GEN1 are of considerable interest, and for this the fungal enzyme should

prove highly informative.
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