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ABSTRACT

Human GENT1 is a cytosolic homologous recombina-
tion protein that resolves persisting four-way Holl-
iday junctions (HJ) after the dissolution of the nu-
clear membrane. GEN1 dimerization has been sug-
gested to play key role in the resolution of the HJ,
but the kinetic details of its reaction remained elu-
sive. Here, single-molecule FRET shows how human
GENT1 binds the HJ and always ensures its resolution
within the lifetime of the GEN1-HJ complex. GEN1
monomer generally follows the isomer bias of the HJ
in its initial binding and subsequently distorts it for
catalysis. GEN1 monomer remains tightly bound with
no apparent dissociation until GEN1 dimer is formed
and the HJ is fully resolved. Fast on- and slow off-
rates of GEN1 dimer and its increased affinity to the
singly-cleaved HJ enforce the forward reaction. Fur-
thermore, GEN1 monomer binds singly-cleaved HJ
tighter than intact HJ providing a fail-safe mechanism
if GEN1 dimer or one of its monomers dissociates
after the first cleavage. The tight binding of GEN1
monomer to intact- and singly-cleaved HJ empowers
it as the last resort to process HJs that escape the
primary mechanisms.

INTRODUCTION

The Holliday junction (HJ) is a four-way branch point
structure adjoining two DNA duplexes (1). These junctions
are central intermediates in homologous recombination
that repairs DNA double strand breaks arising from DNA
damaging agents or stalled replication forks (2-4). Recom-
bination occurs between two identical chromatids by strand
invasion into a double helix, where one chromatid provides
a template for the error-free repair of the broken DNA (5,6).

This strand invasion generates a single HJ and when it cap-
tures the second complementary DNA end, it forms a dou-
ble HJ (7,8). A variety of pathways resolve the HIs to allow
the achievement of proper chromosomal segregation.

The HJ is a highly dynamic structure connecting four
helices by strand exchange. In the presence of metal ions,
the junction folds by pairwise coaxial stacking of the he-
lices to form an X-structure (9,10). In this X-structure, two
DNA strands run continuously while the other two ex-
change between the helical pairs (Figure 1 A). [somerization
then takes place through the role-exchange between the con-
tinuous and the crossing strands (Figure 1A) (11,12). Ge-
netic recombination is affected by the stacking conformer
preference since it sets the orientation of the HJ resolution
leading to either crossover or noncrossover products (13).

The primary pathway for HJ processing in human
cells involves the BLM helicase-Topoisomerase [1la-RMI1-
RMI2 (BTR) complex (14-16). BTR is active through-
out the cell cycle and dissolves double HJs by promot-
ing their convergent migration to form hemicatenanes that
can be cleaved by the topoisomerase (17-19). BTR favors
the formation of noncrossover nick-duplex DNA products
and is therefore essential for avoiding sister chromatid ex-
change, which may in turn lead to the loss of heterozy-
gosity (17,20). The second pathway acts by resolving both
double HJs and single HJs, which are incompatible sub-
strates for BTR, by structure-selective endonucleases such
as the MUSS1-EME1-SLX1-SLX4-XPF-ERCC1 (SMX)
(21-25) and GENI (26,27). These resolvases introduce co-
ordinated nicks at the junction and produce both crossover
and noncrossover nick-duplex DNA products. To avoid the
formation of crossover products while ensuring the reso-
lution of persisting single- and double-HJs, the resolvases
are activated only at later stages in the cell cycle. MUSS81-
EME] and SLX1-SLX4-XPF-ERCCI form a complex at
the prometaphase (24,25), while GENI1 is a cytosolic pro-
tein that gains access to DNA upon the breakdown of the
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Figure 1. Conformation capturing of the HJ by GENI. (A) Schematic of isomerizing adjacent-label X-stacked HJ conformers. The strands are numbered
while the arms are denoted by letters. The conformers are named after the two continuous strands and their incision sites are shown by arrows. The location
of the donor (green) and acceptor (red) and change in FRET upon isomerization are indicated. (B) Left panel: FRET histogram of Xg at 50 mM Mg2*.
Middle panel: FRET time trace (black) and idealized FRET trace (red) of X at 50 mM Mg?". The fluorescence intensities of the donor (green) and the
acceptor (red) are shown below. Right panel: FRET histogram of J3 at 50 mM Mg?*. (C) FRET histogram and time traces of J; at 50 mM Mg?*. (D) Bulk
cleavage of Xy, J3 and J7 junctions. The uncertainties in panels B and C represent the standard deviations from two or more experiments. The error bars
in the bulk cleavage assay (panel D) represent the standard error of the mean (SEM) from two experiments.

nuclear envelope (28). MUS81- and GEN1-depleted cells
enter mitosis with their sister chromatid bridges intact lead-
ing to a high level of chromosomal aberration and cell death
(29-31). Resolvases therefore do not simply act as a backup
mechanism for BTR, but rather play a critical role in chro-
mosomal segregation (32). The crossover cleavage by re-
solvases may also play a role in the exchange of genetic ma-
terial during meiosis.

GENI symmetrically incises the continuous strands and
appears to follow the conformer bias of the stacked-X struc-
ture via a coordinated nick and counter-nick mechanism
(Figure 1A) (33). Several lines of evidence indicate that
GENI is a monomeric protein in solution and requires
dimerization to cleave the HJ. Using supercoiled plasmids, it
was suggested that monomeric GENT is unlikely to be func-
tionally active on the HJ. The incision requires the coordi-
nation of two active sites contrary to a mechanism where
a single nick takes place, followed by protein dissociation,
reassociation, then counter nicking (33). The inactivity of
GENI1 monomer on HJ is supported by the observation that
GENI1 monomer binds HJs more tightly than its dimer and
that excess HJ decreases the cleavage rate by sequestering
the monomer from solution (34). Further evidence suggests
that even with the decoupling of the two incisions, either
by using an active subunit of the dimer associated with a
catalytically inactive partner or a non-cleavable phospho-
rothioate cleavage site, the first incision still seems to require
GENI dimerization (33).

GENI has been shown in vitro to cleave the DNA repli-
cation and repair 5’ flaps intermediary structures, forks and

three-way junctions. Moreover, the rate of cleavage of the
5" flap substrate is faster than that of the HJ (27,35). The
basis for this indiscrimination and its biological relevance
are largely unknown. Unlike the HJ case, for the 5 flap
substrate, the cleavage is not inhibited by increasing the
substrate-to-enzyme ratio demonstrating that it only re-
quires a single incision by GEN1 monomer (27). Therefore,
it is likely that GEN1 monomer lacks selectivity and it only
becomes highly selective upon dimerization at HJs.

The crystal structure of GEN1 from thermophilic fungus
C. thermophilum (termed CtGENI) (36) bound to a nicked
duplex DNA product after the cleavage of the HJ provides a
potential model as to how GEN1 dimer may act on the HJs.
Although the functional unit corresponds to one monomer,
protein-protein interactions in the crystal lattice generate
a structure that appears to be related to a dimeric GEN1
bound to a HJ. The strands in the product DNA can be re-
joined to generate an intact HJ without altering the posi-
tion of the arms. Nevertheless, this would require the open-
ing of the helical structure at the center of the junction.
In this model, the X-stacked structure is remodeled upon
GENI binding where the uncleaved strands become coax-
ially aligned, while the cleaved strands rotate towards each
other on the major groove side to be both mutually perpen-
dicular and with respect to the axis of the uncleaved strands.
Additionally, the existence of GEN1 as a monomer in solu-
tion was attributed to the relatively small dimer interface
that is composed of three helices and their associated loops.
This dimer interface may coordinate the two incisions since
it is in close proximity to a superfamily conserved helical



arch structure. An unstructured region in this helical arch
contains basic residues that are likely to play a role in catal-
ysis. Similarly, in the human GENI structure, the helical
arch is also largely unstructured (35). These results propose
a protein ordering step that is influenced by DNA binding
and dimer formation and may provide a mechanism that co-
ordinates the two incisions in GEN1 dimer, reminiscent of
that observed in other 5'-nucleases family members (FEN1
(37-41) and Exol (42,43)).

Previous biochemical characterizations highlighted the
importance of dimer formation in coordinating the two in-
cisions at the HJ (27,33,34). However, it remains unclear
how GENI1 binds the HJ, coordinates the two incisions,
and ensures its full resolution. Using smFRET, we simul-
taneously monitored human GEN1 binding and cleavage
of the HJ, thus accessing the rates of the underlying pro-
cesses leading to the resolution of the HJ. We showed that
GENI monomer initially binds the HJ by following its iso-
merization preference (conformational capturing) and then
actively distorts it into a different structure (induced fit).
This is followed by dimer formation and incisions. GEN1
consistently succeeds in resolving the HJ within the lifetime
of the GEN1-HJ complex, demonstrating a mechanism that
always ensures forward steps after DNA binding. This is
achieved through the tight binding of GEN1 monomer to
the HJ, fast on- and slow off-rates for GEN1 dimer, and the
increased affinity of the assembled GEN1 dimer at the first
incision product. Furthermore, GEN1 monomer binds the
singly-cleaved HJ 40-fold stronger. This in turn may pro-
vide a fail-safe mechanism in the unlikely event that GEN1
dimer, or one of its monomers, dissociates upon the first in-
cision. These findings unravel how GEN1 can effectively act
as the last resort to resolve any intact or singly-cleaved HIJs
that escape the primary pathways.

MATERIALS AND METHODS
Protein expression and purification

The active truncated form of carboxy-terminal His-tagged
human GEN1'"?7 was purified after overexpression in E.
coli (26). The constructed plasmid was transformed into
E. coli BL21-CodonPlus (DE3)-RIPL strain (Novagen) for
expression. The cells were incubated in LB media un-
til they reached ODygy of 0.8. Protein expression was in-
duced with 0.1 mM isopropyl-B-D-thiogalactopyranoside
(IPTG) for 48 h at 16°C. The cells were then harvested
by spinning down at 4°C and the cell pellet was resus-
pended in lysis buffer (20 mM Tris—-HCI pH 8.0, 10 mM 8-
mercaptoethanol, 300 mM NaCl and 2 mM PMSF). The
cells were lysed by a cell disruptor at 30 kPsi and spun
down by ultracentrifugation. The supernatant was filtered
and passed through a Ni-NTA column (HisTrap FF, GE
Healthcare) using Buffer A (20 mM Tris—-HCI pH 8.0, 1
mM DTT, 300 mM NaCl) and eluted with linear gradient
of Buffer A and 500 mM Imidazole at around 100 mM Imi-
dazole. After reducing the salt concentration to 100 mM by
dilution, the collected protein fractions were passed through
a HiTrap Heparin column (GE Healthcare) using Buffer
B (20 mM Tris—HCI pH 8.0, 1 mM DTT, 100 mM NacCl)
where the protein was eluted with a gradient of Buffer B and
1 M NaCl at around 360 mM NaCl. The collected fractions
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were diluted to lower salt concentration and loaded onto
a MonoS (4.6/100) (GE Healthcare) ion exchange column
using Buffer B and eluted by a gradient of Buffer B and 1
M NacCl at 300 mM NaCl. The collected fractions were di-
alyzed against storage buffer (20 mM Tris—HCI pH 8.0, 1
mM DTT, 0.1 mM EDTA, 100 mM NaCl and 10% glyc-
erol), flash frozen, and then stored at —80°C.

DNA substrate preparation

The DNA oligonucleotides used in this study were pur-
chased from either Integrated DNA technologies (IDT) or
Sigma-Aldrich (Supplementary Materials Table SI). The
fluorescently labeled oligos were HPLC purified, while oli-
gos of 60 bp length or higher were PAGE purified when pos-
sible. The HJs were annealed by equimolar ratio except for
nicked-HJ where the shorter strands were added in 6-fold
excess. The specific oligo strands were annealed in buffer
(50 mM Tris—HCI pH 8.0, 1 mM EDTA pH 8.0, 100 mM
NaCl) by heating at 95°C for 5 min followed by slow cool-
ing to room temperature. The substrates were then purified
by non-denaturing PAGE and eluted using the crush and
soak method in the annealing buffer, by overnight extrac-
tion at 4°C, followed by ethanol precipitation and were then
aliquoted and stored at —20°C. The purified substrates were
run on a native gel to verify that all four arms are annealed
properly in the HJ.

Single molecule FRET experiments

smFRET experiments were performed in a microfluidic
flow cell. The coverslip surface was passivated and func-
tionalized with biotin-PEG and PEG (1:100), then incu-
bated with 0.03 mg/ml solution of filtered NeutrAvidin
(NA) dissolved in PBS buffer. Excess NA was washed
followed by immobilization of biotinylated substrate. The
fluorophores stability was improved using protocatechuic
acid/protocatechuate-3,4-dioxygenase oxygen scavenging
system and Trolox. The imaging buffer in smFRET cleav-
age experiments is composed of 40 mM Tris—HCI pH 7.5,
40 mM NaCl, 2 mM MgCl,, | mM DTT, 0.1% BSA and
5% (v/v) glycerol. The buffer used for smFRET binding ex-
periments had the same composition except for substituting
MgCl, with 2mM CaCl,. Cy3 and Alexa Fluor 647 were ex-
cited with 532 and 640 nm lasers, respectively, in objective-
based TIRF mode as described in detail elsewhere (44). The
emissions of the donor and the acceptor were split inside
a Dualview. The images of the surface-immobilized DNA
were recorded using single-color green (532 nm) excitation
and alternating green (532 nm) and red (640 nm) excita-
tions. The image acquisition was synchronized to the laser
excitation through triggering the acousto-optic tunable fil-
ter by an EMCCD camera to prevent photobleaching of the
sample when images were not being acquired. The acquired
movies of the immobilized molecules were constituted of
400 frames, each of an average duration of 80 ms and con-
tain 200-300 linked molecules in both the donor and accep-
tor channels. The histogram was constructed by binning the
distribution of the states in each molecule against FRET
efficiency using 100 bins (45). An experiment refers to an
independent replica performed with a new set of reagents.
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Time-lapse single-color smFRET cleavage was used to ex-
tend the acquisition time. This was accomplished by using
125 excitation cycles over the period of 78 seconds using 60
milliseconds exposure and 624-ms cycle duration. The iden-
tification of FRET states and inference of idealized trajec-
tories from smFRET time traces were performed using the
vbFRET package implemented in Matlab (46).

Bulk cleavage assays

Isomer preference of GENI. 2 nM CyS5-labeled substrate
(X, J3 or J7) (Supplementary Materials Table SII) along
with 10 nM GEN1'?7 was incubated in reaction buffer
(40 mM Tris—HCI pH 7.5, 40 mM NaCl, I mM DTT, 0.1
mg/ml BSA, 2 mM MgCl, and 5% (v/v) glycerol) for 15
min at 37°C in a final volume of 15 pl. The reaction was
halted by adding 15 wl of STOP buffer (25 mM EDTA in
deionized Formamide). The fluorescently labeled products
were then denatured to single strands at 95°C for 5 min and
further resolved by loading onto 20% 7 M urea acrylamide—
bisacrylamide 19:1 gels. The gels were imaged by a laser
scanner (Typhoon Trio, GE Healthcare) at 635 nm and the
bands were quantified by GelQuantNET (BiochemLab So-
lutions).

Kinetic parameters determination. Equal volumes of 2 nM
Cy5-labeled Xy or nk-Xy (Supplementary Materials Ta-
ble SII) and the respective amount of GEN1!%7 were
mixed under reaction buffer conditions (40 mM Tris—HCI
pH 7.5, 40 mM NaCl, 1 mM DTT, 0.1 mg/ml BSA, 2
mM MgCl, and 5% (v/v) glycerol) at 22°C in a final
volume of 200 pl. Aliquots were taken and immediately
quenched in quenching buffer (100 mM Tris—HCI pH 7.5,
50mM EDTA, 2.5% SDS and 10 mg/ml proteinase K) after
5,10, 15, 20, 25, 30, 45 seconds as well as after 1, 2.5, 5 and
10 min of incubation. Subsequent incubation at 37°C for
45 min was performed to ensure complete deproteination.
The aliquots were resolved under native PAGE conditions
(10% TBE gel, Invitrogen). The gels were imaged by a laser
scanner (Typhoon Trio, GE Healthcare) at 635 nm and the
bands were quantified by GelQuantNET (BiochemLab So-
lutions). The percentage of cleaved substrate was calculated
as a fraction of the total fluorescence in the respective lane.
The relative cleavage versus time curves were fit to a single
exponential function to obtain the pseudo-first-order reac-
tion constant (kapp-buik). Further, to obtain kinetic parame-
ters, the kupp-buik (s7") versus GENI1 (nM) rate curves were
plotted and fit to the sigmoidal form:

Y = ksto - [GENI1]"/((K;2-dimer-bui)" + [GEN1]"), where
ksto 1s the maximum observed reaction rate; [GENI1]
is the concentration of GENI1; n is the Hill coefficient,
k1 /2-dimer-bulk 18 the concentration of GENI at which half-
maximum catalytic rate is achieved, analogous to the Ky
(Michaelis—Menten constant) of first-order enzyme sys-
tems.

Electrophoretic mobility shift assays (EMSA). Elec-
trophoretic mobility shift assays (EMSA) of GENI-HIJ
complexes were carried out at different GEN1 concentra-
tions in the pico and nano-molar ranges. In a total vol-
ume of 50 wl, GEN1 was incubated with Cy5-labeled DNA

(50 pM or 2 nM) at room temperature for 30 minutes in
binding buffer (40 mM Tris—HCI pH 7.5, 40 mM NacCl, 1
mM DTT, 2 mM CacCl,, 0.1 mg/ml BSA, 5% (v/v) glyc-
erol), and 5 ng/pl poly-dI-dC. Complexes were separated
via 6% native PAGE (Invitrogen) in 1 x TBE buffer at room
temperature and imaged using the Typhoon Trio Imager
(GE Healthcare) at 635 nm. The bands were quantified by
GelQuantNET (BiochemLab Solutions). The bound sub-
strate percentage was calculated from its contribution to
the total fluorescence of the respective lane. The apparent
bil’ldil’lg constants Kd-monomer-app-EMSA and Kd-dimer-app-EMSA
were calculated using the equation of the form ¥ = Max -
[GEN1]"/(Kg-app-Emsa” + [GENI]"), where Max is the con-
centration at which the respective species reached its max-
imum (monomer or dimer), n is the Hill coefficient and
Ky.app-Emsa is the apparent binding constant of the respec-
tive species, denoting the concentration of GEN1 at which
half-maximum of monomer or dimer is present.

RESULTS

Conformational capturing followed by active distortion of the
HJ by GEN1

The stacking conformer preference of the HJ influences the
outcome of genetic recombination by setting the orientation
of the resolution by the HJ resolvases (13). We started there-
fore by investigating the DNA conformational requirement
for the binding of GENI to the HJ.

HJs have been extensively investigated by FRET using
ensemble and single-molecule methods (10,12,47,48), and
as confirmed by X-ray crystallography, they exist in an anti-
parallel, noncrossing X-stacked configuration (49). Isomer-
ization occurs through role-exchange between the continu-
ous and the crossing strands (Figure 1A). The preference
of the arms to a particular configuration depends on the
core sequence at the strand-exchange point and probably
to a lesser extent on the second row of the neighboring
nucleotides around the junction core (50). In addition, the
ionic environment influences the isomerization rate without
altering the isomer equilibrium; i.e., divalent ions as Mg>*
slow down the isomerization by masking the repulsion be-
tween the phosphate groups on the DNA backbone, while
monovalent ions as Na* increase the isomerization rates
(12,47). As depicted in the schematic in Figure 1A, the HJ is
formed of four arms (R, X, B, and H) comprised of strands:
1, 2, 3 and 4 color-coded in green, red, blue and gray, re-
spectively. We primarily used adjacent-labeling, where the
donor (Cy3) and acceptor (Alexa Fluor 647) are positioned
at the two adjacent arms, R (strand 2) and X (strand 3), re-
spectively (Figure 1A). We will refer to each of the stacked-
X isomers by the two continuous strands; i.e., Iso(1,3) or
Iso(2,4). In the high FRET Iso(1,3), strands 1 and 3 are con-
tinuous, while strands 2 and 4 are crossing and vice versa in
the low FRET Iso(2,4) (Figure 1A). We studied the HJ res-
olution by GEN1 with three static junctions X, J3 and J7,
which have fixed strand-exchange points and discrete iso-
mer preferences. We determined the conformational prefer-
ence of these junctions under significantly reduced isomer-
ization rate conditions using 50 mM MgCl, (47). The FRET
histograms of X, and J; show two peaks which correspond
to the interchanging more abundant Iso(1,3) (£~ 0.75) and



less abundant Iso(2,4) (E ~ 0.40) (Figure 1B). A representa-
tive FRET time trace of a single X, junction shows the tran-
sitions between high and low FRET isomers (Figure 1B).
The isomerization rates kjgo(1,3)—1502.4) and kreo(2.4)—150(1,3)
(Supplementary Figure S1A) are consistent with those re-
ported previously (12). The X-stacking in J;7, on the other
hand, shows no preference to either isomer with nearly
equal populations of Iso(1,3) and Iso(2,4) as shown in the
FRET histogram and the FRET time trace (Figure 1C).
To study the conformer bias of GENI1 to Iso(1,3) and
Iso(2,4) in bulk, we constructed fluorescently-labeled junc-
tions in either strand 1 or strand 2, respectively. The total
cleavage yield by GEN1 was similar between 0.5 and 2 mM
Mg?* but decreased by 2-fold at 10 mM Mg>*. However,
this trend was not observed for the 5’ flap substrate (Sup-
plementary Figure S1B), which forms a stable structure (39)
and is cleaved by GEN1 monomer (27). The bulk cleav-
age of Xy and J; under steady state showed major bands
for the cleavage of Iso(1,3), while J; displayed nearly equal
product bands of the two isomers (Figure 1D). Moreover,
we investigated whether changing the isomerization rate of
the HJ by varying Mg>* concentration would influence the
conformer bias of GEN1. Kim ef al. demonstrated that the
isomerization rates of the HJ decrease by 30-fold upon in-
creasing Mg?* concentration from 0.5 to 8 mM (51). The
percentages of isomer cleavage of Xy, J3 and J; were nearly
unchanged at the tested 0.5, 2 and 10 mM Mg”* concentra-
tions (Supplementary Figure S1C). GENI1 generally follows
the conformational bias of the HJ but since the percentages
of isomer resolution in bulk slightly differ from the isomer
bias of the HJ in smFRET, we conclude that there are other
factors that may influence the initial binding such as prefer-
ence towards particular core sequences as shown previously
(52). The sequence of the incision sites are not equivalent in
both X and J3, thus the preference towards incising arms 1
and 3 in these two junctions beyond the isomer distribution
of the free junction may be attributed to GEN1 tendency to
incise particular sequences. On the other hand, in J; where
the incision sites are identical in the four arms, the isomer
resolution coincides with the isomer bias of the free junction
determined by smFRET. Collectively, these findings suggest
that the initial binding of GEN1 to the HJ (27) is generally
mediated by conformational capturing, where the stacking
conformer preference and to a lesser extent sequence depen-
dence set the orientation of the HJ resolution by GENI1.
We next show that GENI1 actively distorts the captured
conformer in agreement with the recent crystal model (36).
According to the model, the binding of GENI1 to Iso(1,3)
causes the uncleaved arms X (strand 2) and H (strand 4) to
become coaxial, while the cleaved arms R (strand 1) and
B (strand 3) rotate towards each other to be both mutu-
ally perpendicular and with respect to the axis of the un-
cleaved arms as illustrated in Figure 2A. Similarly, the bind-
ing of GENI to Iso(2,4) results in the uncleaved arms R
(strand 1) and B (strand 3) to assume a coaxial orientation,
while the cleaved arms X (strand 2) and H (strand 4) be-
come perpendicular to each other and to the axis of the
uncleaved arms (Figure 2A). We tested this prediction for
the GEN1-HJ model using an inline-label scheme of the HJ
by positioning the donor on arm H (strand 4) and the ac-
ceptor on arm X (strand 3) (Figure 2A). The FRET in this
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scheme is insensitive to the isomerization of the HJ, since
the distance between the donor and the acceptor in both
isomers remains the same (Figure 2A) (53). Therefore, any
change in FRET corresponds to the GEN1-induced DNA
structural distortion. The smFRET binding assay was per-
formed in the presence of the catalytically inactive Ca** us-
ing 2 mM concentration to prevent the cleavage of the HJ. If
the crystal structure model is correct, then the formation of
GEN1-Iso(1,3) complex will increase the distance between
the fluorophores to form a structure with a lower FRET
than Iso(1,3) (Figure 2A). In contrast, in GEN1-Iso(2,4)
complex, the distance between the two fluorophores will de-
crease to result in a structure with higher FRET than ei-
ther isomer (Figure 2A). The FRET histogram of the inline-
label X junction is composed of a single peak centered at
(E =~ 0.40) (Figure 2B). The histogram at saturating con-
centration of GENI is formed of a major peak centered
at low FRET (E & 0.25) and a minor high FRET peak (E
~ 0.46) corresponding to the GEN1-Iso(1,3) and -Iso(2,4)
complexes, respectively (Figure 2B). The FRET histogram
of the inline-label J7 junction also shows a single peak (E ~
0.48) (Figure 2C). At saturating GENI concentration, the
FRET histogram becomes divided into two nearly equally
abundant low FRET (£~ 0.32) and high FRET (£ = 0.60)
peaks corresponding to GEN1 complexes with Iso(1,3) and
Iso(2,4), respectively (Figure 2C). Since the distributions
of the respective GENI1-bound isomers in the FRET his-
tograms of the inline-label X and J; are in good agreement
with the cleavage ratios observed in bulk (¢f. Figure 1D), we
concluded that these bound complexes are those poised for
cleavage. The FRET time trace of the inline-label X, junc-
tion shows a single low FRET state upon GEN1 distortion
of the HJ that persists for the entire acquisition duration
of the experiment demonstrating a highly stable GEN1-HJ
complex (Figure 2D).

The GENI1-HJ model can also be tested using the
adjacent-label scheme. The model predicts that upon GENI1
binding, the distance between the donor and the acceptor
would be similar in both Iso(1,3) and Iso(2,4) (Figure 2E).
Within our temporal resolution, the merging of the two iso-
mers in Xy and J; FRET histograms (Figure 2F, G; respec-
tively) is caused by the averaging due to the higher transi-
tion rates at low divalent ion concentration. At saturating
GENI concentration, only a single low FRET peak corre-
sponding to GENI binding to either isomer is seen in the
FRET histograms of X, and J; (Figure 2F and G), respec-
tively. The FRET time trace (Figure 2H) shows low ampli-
tude transitions between the two isomers in the presence of
Ca®" reflected in the reduced separation between the peaks
of the two isomers in the FRET histogram (c¢f. Figure 1B).
Upon GENI1 binding to the HJ, a stable low FRET complex
is formed that persists for the entire acquisition duration of
the experiment (Figure 2H), similar to that observed with
the inline-label.

In conclusion, the combination of smFRET binding as-
say and bulk cleavage assays suggest that GEN1 gener-
ally follows the isomer bias of the HJ in its initial binding
(conformational selection) with slight deviation that may
be caused by other factors such as sequence preference of
GEN1%2, Subsequently, GEN1 actively molds the HJ to a
structure poised for catalysis (induced fit) in accordance
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Figure 2. Active distortion of the HJ by GENI (A) Inline-label schematic of the HJ structural distortion by GENI1 based on the proposed model (36).
(B) FRET histogram of inline-label X, showing a single peak (£ ~ 0.40). At saturating GEN1 concentration, the major low FRET peak (E ~ 0.25) is
attributed to GEN1-Iso(1,3) while the minor high FRET peak (£ ~ 0.46) results from GEN1-Iso(2,4). (C) FRET histogram of J; showing a single peak
(E ~ 0.48). GENI binding to Iso(1,3) and Iso(2,4) yields two nearly equal populations of low and high FRET isomers, respectively. (D) Upper panel:
FRET time trace of inline-label X,. Lower panel: GENT1 is flown in Ca2* buffer to detect the onset of binding. A stable complex persists throughout the
acquisition time. (E) GENI binding to adjacent-label Iso(1,3) and Iso(2,4) forms a low FRET structure (E ~ 0.32). (F) FRET histogram of X exhibits
a major high FRET peak (E ~ 0.60) corresponding to Iso(1,3) and a lower FRET peak (E ~ 0.40) for Iso(2,4). At saturating GEN1 concentration, the
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corresponding to Iso(1,3) and Iso(2,4), respectively. Binding of GEN1 forms a low FRET structure corresponding to a single peak (£ ~ 0.37). (H) Upper
panel: FRET time trace of adjacent-label Xy. Lower panel: GEN1 binding forms a stable low FRET state (£ ~ 0.32). The uncertainties in panels B, C, F,
G represent the standard deviations from two or more experiments.



with the model proposed by Liu ef al. (36), and forms a sta-
ble complex with no apparent dissociation.

Real-time observation of HJ resolution by GEN1

We next replaced Ca>* with Mg?* to simultaneously moni-
tor the HJ distortion and the HJ resolution by GEN1 at the
single-molecule level. Since in smFRET, we can only detect
the product release that follows the second cleavage event
thus the term ‘cleavage’ in this context refers to the reso-
lution of the HJ. The schematic in Figure 3A depicts the
resolution of the highly abundant adjacent-label Iso(1,3) of
X immobilized on the glass surface via biotin/NeutrAvidin
linkage. Upon the introduction of the enzyme into the flow-
cell, GENI binds and distorts X, followed by incision of
strands 1 and 3. The outcome is one unlabeled nicked du-
plex anchored to the surface and a second nicked duplex
carrying both fluorophores which goes into solution result-
ing in the disappearance of both donor and acceptor sig-
nals. The FRET histogram of X, at 2 mM Mg?* is shown
above the schematic of Iso(1,3). The probability distribu-
tion of the FRET efficiency of the dwell-time before cleav-
age (Tpefore—cleavage) 18 centered at £~ 0.30 (Figure 3A), sim-
ilar to that in the binding assay (¢f. Figure 2F). The reso-
lution of the HJ was recorded by ALternating EXcitation
(ALEX) of the donor and the acceptor to independently
monitor both fluorophores. The incision of strands 1 and
3 results in the simultaneous departure of the donor and
the acceptor following the low FRET state (£ ~ 0.30) that
defines the GENI1 distortion of the HJ (Figure 3B, Supple-
mentary Figure S2A). The direct excitation of the acceptor
in the ALEX scheme also confirms the loss of the acceptor
signal as a result of resolution (Figure 3B). To demonstrate
that the simultaneous disappearance of the donor and the
acceptor signals resulted from the resolution of the HJ by
GENI, we categorized the events according to the order of
disappearance of the fluorophores in the binding (Ca>*) and
the cleavage (Mg>") experiments within a fixed time window
that coincided with the entry of GEN1 and few tens of sec-
onds onwards (Supplementary Figure S2C). The simultane-
ous departure of the donor and the acceptor after a stable
low FRET state was exclusively observed in the cleavage ex-
periment. Furthermore, under the same GEN1 concentra-
tion, the average Tpe/ore—cleavage Measurements at different
flow rates were very similar indicating that the cleavage was
not influenced by our choice of the flow rate (Supplemen-
tary Figure S2D).

We next decoupled the two incision events using a nicked-
X junction (nk-X;) at one cleavage site. The nick re-
lieves the topological constraints resulting in a relaxed non-
isomerizing structure, where the two stacked helices lie at
a mutual angle of ~ 90° and the electrostatic repulsion
is reduced (Figure 3C) (54). The FRET histogram of the
adjacent-label nk-X junction shows a single peak centered
at £~ 0.40 in contrast to the isomerizing X, junction (Fig-
ure 3C ¢f Figure 3A). Upon binding and distortion by
GENI1, nk-X, assumes a structure similar to that of the
GENI-Iso(1,3) complex, as indicated by the similarity in
FRET efficiencies of the states before resolution (E ~ 0.25
for nk-X, and 0.30 for Xy) (Figure 3C ¢f. Figure 3A). The
resolution of nk-Xy results in the DNA duplex harboring
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both the donor and the acceptor going into solution (Fig-
ure 3C). Thus, the FRET time trace displays a low FRET
state (£~ 0.25) upon binding of GEN1 followed by the res-
olution of the junction demonstrated by the simultaneous
loss of the donor and the acceptor (Figure 3D, Supplemen-
tary Figure S2B). The analysis of the photobleaching events
in the binding and the cleavage experiments of nk-X, con-
firms that the simultaneous departure of the donor and the
acceptor after a stable low FRET state was exclusively ob-
served in the cleavage experiment (Supplementary Figure
S2E). These results do not support a scenario where GEN1
monomer binds the HJ, nicks it then dissociates, followed
by a second monomer binding then performing the second
cleavage. If this scenario were to hold, then a nicked HJ with
a different FRET (£ ~ 0.40) would be created. However,
since the FRET efficiencies of the bound intact junction and
the bound nicked junction are similar, we cannot exclude
the possibility that a monomer binds, nicks, and remains
bound awaiting dimer formation. The change in FRET due
to the binding of GENI1 to the HJ followed by the simulta-
neous departure of the donor and the acceptor represents a
cleavage event within the lifetime of the GEN1-HJ complex.
This demonstrates a remarkable ability of GEN1 to always
resolve the HJ without a missed opportunity.

GEN1 monomer binds tightly to the junction followed by
dimer formation

A previous study demonstrated that GEN1 initially binds
the HJ as a monomer (34). Since we always observed the
resolution within the lifetime of the GEN1-HJ complex, we
propose that GEN1 monomer distorts the HJ and remains
firmly bound until a dimer is formed and full resolution of
the HJ takes place. Here, we provide evidence to support
this hypothesis by showing that s, fore—cieavage distribution
is dependent on GENI concentration. Hence, we carried
out the smFRET cleavage at different GEN1 concentra-
tions using time-lapse single-color excitation to minimize
photobleaching over the acquisition time of ~ 1.3 min. A
representative FRET time trace of the uncleaved X junc-
tion acquired by this method is shown in Figure 4A and
Supplementary Figure S2F. These uncleaved particles with
stable low FRET state resulting from the binding and the
distortion of GEN1 monomer to the HJ were observed in a
significant number of traces at low GEN1 concentrations
and their number decreased upon increasing GEN1 con-
centration. On the other hand, the cleaved particles, where
dimer was eventually formed, exhibited low FRET state (£
~0.30) for a several-second long dwell time (Tpe fore—cieavage)
prior to the signal loss (Figure S4B). Upon resolution, both
the donor and the acceptor fluorescence intensities disap-
pear as well as the signal from the direct excitation of the ac-
ceptor (Figure 4B). The FRET efficiency of the state before
cleavage was similar between the bound-uncleaved (Sup-
plementary Figure S2G) and cleaved particles (Figure 3A)
indicating that binding of GEN1 monomer is sufficient to
distort the HJ. The strong binding of GEN1 monomer ob-
served at all concentrations always ensures that the forward
reaction to form a dimer is more favorable than the disso-
ciation of GEN1 monomer from the HJ. The apparent dis-
sociation constant of GEN1 monomer (Kg-monomer-app) for
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Figure 3. Real-time resolution of the HJ resolution by GEN1 (A) Schematic of the adjacent-label X Iso(1,3) attached to the functionalized glass surface
by the 5’ end of strand 4 via biotin/NeutrAvidin linkage. The FRET histogram of X at 2mM Mg?* is shown above the schematic. The probability density
histogram of the FRET state from which cleavage occurs has the same FRET (E ~ 0.30) as that observed in the binding experiment (Figure 2F). The
dissociation of GENI after the two incisions results in two DNA duplex products: one harboring both the donor and acceptor that goes into solution and
another unlabeled duplex that remains attached to the surface. (B) FRET ALEX time trace (black) at 2 mM Mg>" of the cleavage of Iso(1,3). The onset of
GENI1 binding forms a stable low FRET state until the FRET signal is abruptly lost due to cleavage. Correspondingly, the increase in the donor and the
decrease of acceptor fluorescence intensities upon GEN1 binding is followed by the simultaneous disappearance of the fluorescence from both dyes upon
cleavage. The direct excitation of the acceptor (purple) confirms its loss. (C) Schematic of the adjacent-label nicked junction (nk-Xj). The FRET histogram
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X determined from the binding isotherm in the presence
of Ca?* was 1.92 £ 0.31 nM (Figure 4C, Supplementary
Figure S3A).

The processes involved under Ty, fore—cleavage Start from
the distortion of the HJ by GENI monomer and extend to
include the sequential steps of dimer formation, followed by
active-site formation/rearrangement in the transition state
complex, the first incision then occurs within the lifetime
of the dimer producing the nicked complex, and conclude

by the second incision and product release. Since we cannot
rule out the possibility that GEN1 remained bound to the
nicked-DNA duplex product after completing the two inci-
sions, we termed the rate measured from the single-molecule
cleavage assays as an apparent rate of the HJ resolution
(kapp), which is the inverse of the mean of Tjefore—cieavage at
the respective GEN1 concentration. The plot of k,p, ver-
sus GEN1 concentration was fitted to a hyperbolic function
to determine the apparent catalysis rate constant knjax-app
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Figure 4. GENI1 monomer binds tightly to the HJ followed by dimer formation (A) FRET time trace of bound but uncleaved adjacent-label X, in Mg?*.
Donor excitation for ~ 1.3 min was performed, followed by direct acceptor excitation for 4 s (shaded red region). (B) FRET time trace of bound and
cleaved Xj. Subsequent acceptor excitation (shaded red region) shows the absence of the acceptor. Dwell times of the low FRET state (tpefore—cicavage)
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constructed by titrating GEN1 under Ca%* and determining the percentage of bound HJ from the FRET histograms (Supplementary Figure S3A). The
error bars are as described in Figure 1 and 2. The dissociation constant (Kd-monomer-app) i determined from a hyperbolic fit of the plot. (D) kupp versus
GENI concentration plot s fitted to a hyperbolic function to determine the apparent catalytic rate (Kpax-app)- (E) The Cumulative Density Function (CDF)
plotis obtained by fitting the s fore—cieavage distribution at the respective GEN1 concentration to a bi-exponential model (Supplementary Material, Figure
S3B). The association (kon_dimer) and dissociation (kofr.dimer) rates for dimer formation are determined from the deconvolution. (F) The Probability Density
Function (PDF) plot of the Tpefore—cleavage distribution illustrates its dependence on GEN1 concentration. The listed kypp rates are determined from
the inverse of the mean Tpefore—cieavage at the respective GENI concentration. The errors represent SEM of kapp. (G) The X apparent rate (Kapp-bulk)
versus GENI concentration plot from bulk cleavage is fit to a sigmoidal function yielding values of half-maximum activity (k1/2-dimer-bulk) and single
turnover (ksto). Error bars represent the SEM from two experiments. The concentration for half-maximum activity indifferent of substrate inhibition
(k1/2-dimer-bulk-1Qssa) was determined by the first-order total quasi-steady-state approximation (tQSSA) (Supplementary Figure S5E).
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(0.107 +0.011 s71) (Figure 4D). The concentration at which
the half-maximum cleavage rate is achieved (ki /2-dimer) that
is analogous to Ky from classical enzyme kinetics, cannot
be derived from this fit, since the single-molecule cleavage
assay only accounts for the cleaved particles.

To deconvolute the rates of the underlying processes,
we fitted the cumulative density function (CDF) of the
The fore—cleavage distribution at each GENI concentration to
a bi-exponential function (Supplementary Material) using
kMax-app determined from the hyperbolic fit (Figure 4E, Sup-
plementary Figure S3B). The deconvolution yields the as-
sociation and dissociation rates for the dimer, oy dimer and
Koff-dimer» respectively. The Tpe fore—cieavage distribution of Xo
gave the parameters koqgimer = 7.6 £ 0.3 x 10’ M~! s~ and
Kotr-dimer = 0.024 4 0.006 s~!. The relatively fast kop-dimer
ensures rapid formation of GEN1 dimer, whereas the rel-
atively slow ko dimer SUpports the forward reaction to pro-
ceed to catalysis once the dimer is formed. The Probabil-
ity Density Functions (PDF) of the Ty fore—cieavage distribu-
tions (Figure 4F) were constructed from the derivative of
the CDF. The distributions are broad at low GENI con-
centrations due to the longer duration for dimer forma-
tion, then become narrow at higher GEN1 concentrations
as the dimer is readily formed. To demonstrate that bind-
ing proceeds by the association of one GEN1 monomer at
a time to the HJ, we performed Electrophoretic Mobility
Shift Assay (EMSA) at the lowest possible X, concentration
within our detection limit (50 pM). The equilibrium dis-
sociation constant of GEN1 monomer (Ky-monomer-EMSA ) 1S
consistent with that observed from SmFRET Ky.monomer-app
(Supplementary Figures S4A, C; respectively). On the other
hand, the equilibrium dissociation constant of GEN1 dimer
(K4-dimer-EMsa) Was determined from the association of a
second GEN1 monomer to the first complex thus form-
ing a dimer (Supplementary Figure S4A). Besides, we
observed higher order oligomers as previously reported
(27,33), which seemed not to interfere with catalysis even
at 5-fold higher concentrations than those used in EMSA
(Supplementary Figures S4A, G).

We next compared our snFRET cleavage kinetics with
those from bulk assays at the same temperature (22°C). The
time-course cleavage reactions were performed using 2 nM
X and different GEN1 concentrations. The pseudo-first-
order reaction rates (Kapp-buic) at different GEN1 concentra-
tions followed a sigmoidal curve (Figure 4G, Supplemen-
tary Figure SSC). The resulting single turnover rate (ksto)
at 0.071 + 0.004 s—! was not far from keMax-app of 0.107 £
0.011 s~ obtained via smFRET. The individual rates are
listed in Supplementary Materials Table SIII. This slight
difference in rates between bulk- and single-molecule cleav-
ages is likely due to the lower temporal resolution in our
bulk assays. Nonetheless, the prominent similarity between
ksto and kmax-app indicates that the majority of the reaction
time in SmFRET is used for catalysis by GEN1 dimer. The
cleavage activity of C+GEN1 varied with different monova-
lent ions showing 2-fold increase in K* compared to Na* in
the presence of Mg?* (55). Performing the cleavage reaction
using human GEN1'%7 in Tris buffer pH 7.5 and either K*
or Na* at the standard 22°C, the rates were comparable but

just slightly higher in Na* than in K* (Supplementary Fig-
ure S5D).

The resolution reaction by GEN1 is proposed to be sus-
ceptible to substrate inhibition (27,34,35). Therefore, we ex-
pect k1 /2-gimer tO be substrate-concentration dependent. We
estimated the effect of substrate inhibition by factoring in
kon-dimer from the deconvolution (Figure 4E), ksro from
bulk cleavage (Figure 4G) and Ky.gimer-Emsa 1nto the follow-
ing equation (56).

kl/Z—dimer = Kd—dimer—EMSA + kSTO/kon—dimer (1)

By substitution in Equation (1) and using results of
EMSA at 2 nM X, we estimated k1 /2.dimer to be 23.40 nM
+0.93 nM = 24.33 nM, which is similar to the k1 >.dimer-bulk
determined from the sigmoidal fit of the bulk cleavage (Fig-
ure 4G). Next, we computationally determined ki/2-dimer
under limited substrate concentration using the first-order
‘total quasi-steady-state approximation’ (tQSSA) (Supple-
mentary Figure SSE). This approximation holds under the
criteria of high enzyme excess compared to substrate, and
thereby evaluates the half-maximum catalytic activity re-
gardless of substrate inhibition. The tQSSA yielded a much
reduced k1 /2-dimer 0f 6.92 & 0.35 nM under limited substrate
concentration. However, this estimation agrees well with the
k1/2-dimer When substituting for Ky.gimer-Emsa at 50 pM X in
Equation (1), i.e. 6.23 nM + 0.93 nM = 7.26 nM, demon-
strating that k1 2-dimer-bulk-tQssa provides a good approxima-
tion for the catalytic activity of GEN1 under limited sub-
strate concentration.

A fail-safe mechanism to ensure the symmetrical cleavage of
the HJ

For the following set of experiments, we used a pre-nicked
junction to decouple first- and second-cleavages and as a
prototype for the partially unresolved HJ in the unlikely
event that GEN1 dimer, or one of its monomers, dissoci-
ates after the first cleavage. We show that GEN1 monomer
binds extremely tightly to safe-guard this substrate eventu-
ally ensuring full resolution through dimer formation. The
FRET histogram of the adjacent-label phosphorylated nk-
X in the presence of Ca®* shows a single peak centered at E
~2 (.45 (Supplementary Figure S6A). Upon binding and dis-
tortion by GEN1 monomer at concentrations as low as 25
pM, nk-X, displays low FRET (E ~ 0.25) similar to that of
GEN1-Xj (Supplementary Figure S6A). Interestingly, nk-
Xo has a very low Ky.monomer-app (47.24 & 7.55 pM) (Figure
5A, Supplementary Figure S6A). This Kq-monomer-app 15 40-
fold lower than that of X, (¢f- Figure 4C) as determined by
smFRET and is consistent with that observed from EMSA
at 50 pM (¢f. Supplementary Figures S4A, B). The dif-
ference in Kq-monomer-app between the nicked and the intact
junctions is most likely caused by a difference in the on-rate
of GEN1 monomer since we do not observe monomer dis-
sociation for both junctions (Figures 4A and 5B). In a con-
trol experiment, we decoupled the first and second cleav-
ages by substituting one of the scissile phosphate bonds by
a phosphorothioated group (33) in an intact substrate. We
found using smFRET that GEN1 cleaves this HJ generating
a similar structure to the synthetically made nk-X, junction
and binds it equally tightly (Supplementary Figure S7). In
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contrast to the higher affinity of GEN1 monomer to nk-Xj,
the Kq.dgimer-Emsa (10.60 £ 0.50 nM) of this substrate is only
2-fold higher than the respective value of X, at a substrate
concentration of 50 pM (c¢f. Supplementary Figure S4A).

The FRET time traces of the uncleaved nk-X, in Mg?*
were observed from around Kgmonomer-app Until GENI
concentrations of few nanomolar indicating predominant
monomer binding (Figure 5B). The FRET time trace of the
cleaved particle in Figure 5C shows the low FRET state
upon distortion by GEN1 monomer followed by cleavage
and loss of FRET subsequent to dimer formation. The
KMax-app OF 0.231 £ 0.036 57! was obtained from fitting kypp
as a function of GENI1 concentration to a hyperbolic equa-
tion (Figure 5D). The deconvolution of the rates from the
CDF of'the Tpe fore—cieavage distributions via a bi-exponential
function (Figure 5E, Supplementary Figure S6B) yielded
kon-dimer 0f 2.2 £ 0.1 x 107 M~! s7' and no kofr.dimer indi-
cating tighter binding of the dimer, once formed, to nk-X
than to Xo. The PDF of the theore—cieavage distribution of
nk-Xj at each respective GENI concentration is shown in
Figure SF. Similar to X, the PDFs at low GENI concen-
trations are skewed towards longer durations and converge
to shorter times when the dimer is readily formed at high
GENI concentrations.

The ksto from bulk cleavage of nk-X, (Figure 5G) is
nearly 2-fold faster than that of X, (¢f. Figure 4G; Sup-
plementary Figure S5C). As a result of the 2-fold Amax-app
(ksto) and 0.3-fold kop_gimer Of the nicked compared to the
intact junction, the plots of kypp (Kapp-buik) for Xo and nk-
X junctions intersect at a particular GEN1 concentra-
tion above which kupp (Kapp-bulk) of nk-Xo prevails in both
smFRET (Supplementary Figure S6C) and bulk cleavage
(Supplementary Figure S5C), respectively. Similar to Xy, we
estimated ki,>-dimer based on EMSA performed at 50 pM
and 2 nM nk-X substrate (Supplementary Figure S4B and
D), respectively. Using Equation (1) at 50 pM nk-X,, we
estimated k1/2-dimer to be 10.6 nM + 4.8 nM = 15.4 nM
and the result from tQSSA was 19.09 £ 0.95 nM (Supple-
mentary Figure SS5F). Using EMSA at 2 nM nk-X, we es-
timated k1/2-dimer to be 28.80 nM + 4.8 nM = 33.6 nM,
which is very close to the k2 dimer-buik Obtained from the
sigmoidal fit (Figure 5G). The k1 >-dimer-bulk-1Qssa constants
of Xy and nk-X, under limited substrate concentrations are
6.92 + 0.35 nM and 19.09 + 0.95 nM, respectively (Sup-
plementary Figure S5E and F). The k1 /2-dimer-bulk constants
of 26.6 + 1.1 nM and 29.8 + 0.8 nM for X, and nk-Xg,
respectively, obtained from the sigmoidal fit of bulk cleav-
age are caused by substrate inhibition as demonstrated by
the higher Ky gimer-emsa from EMSA at 2 nM. Therefore,
the choice of substrate concentration is an important fac-
tor. Our smFRET cleavage assay circumvents this limita-
tion since substrate concentration is always limited. A re-
cent study suggested that the half-maximum catalytic ac-
tivity of GEN1 (D. Melanogaster) is attained at concentra-
tions between 0.1 and 1.1 wM. However, their binding and
cleavage studies were performed at vastly different substrate
concentrations yielding a high value for half-maximum cat-
alytic activity most probably due to substrate inhibition
(34).

In summary (Figure 6), the dependence of Tye/ore—cleavage
distributions on GENI1 concentration provides strong ev-

idence that cleavage of both nk-X, and X, proceeds via
dimer formation. The strong binding of GEN1 monomer
to the nk-Xy junction can be considered as a fail-safe mech-
anism against any scenario that may abort the second cleav-
age. This mechanism ensures full resolution of the HJ within
the lifetime of GEN1 dimer. This includes the unlikely event
of GENI dimer or one of its monomers dissociating after
the first incision. Additionally, it allows GEN1 to effectively
bind and then resolve to completion any nicked HJs left be-
hind by other primary pathways, thereby safe-guarding ge-
nomic stability.

DISCUSSION

GENI mainly processes four-way junctions, where the out-
come of genetic recombination is influenced by the stacking
conformer bias, which in turn sets the orientation of the HJ
resolution. In this study, we applied smFRET to gain real-
time structural and mechanistic insights into the events in-
volved in the binding and resolution of the HJ by GENI.

Using static HJs with different isomer preferences, we
demonstrated that GEN1 monomer captures the dynami-
cally interchanging isomers following their abundance (con-
formational capturing) and actively molds the HJ (induced
fit) in agreement with the predictions of the crystal model
(36). We further established that GEN1 monomer alone
is capable of distorting the HJ. This distorted structure
projects the HJ for the second GEN1 monomer to bind be-
fore licensing catalysis. DNA-induced fit binding has also
been illustrated in FEN1 and Exol, two members of the
5" nuclease superfamily to which GENI1 belongs (39,57).
Increasing structural evidence also suggests that the pro-
teins undergo conformational changes upon DNA bind-
ing, which control active-site assembly in GENI (35,36),
FENI1 (37,41) and Exol (42,43). However, it is unclear if
the protein uses induced-fit or conformational selection to
verify the substrate. In the case of FENI1, the protein uses
an induced-fit mechanism where it actively pulls out a nu-
cleotide at the 3’ end of the nick junction to drive protein
ordering (39,40). This step locks the protein and the DNA
interactions to verify their ability to promote the transition
state (39,57,58).

Performing cleavage using smFRET along with sup-
porting bulk cleavage and binding assays, we showed that
the stable binding of GEN1 monomer always ensures the
progress of the forward reaction towards dimer formation.
GENI1 monomer binding is supported by the following
lines of evidence. First, several traces at GEN1 concen-
trations below Ky monomer-app are distorted without being

cleaved in presence of Mg”>*. Second, FRET efficiency of
that state before cleavage remains the same. If GEN1 were
to dissociate prior to full resolution, an intermediary FRET
state of a free nicked junction would be observed, which
is not the case. However, the similarity in FRET between
both GEN1 bound nicked and bound intact junctions pre-
vents ruling out the possibility that GEN1 monomer nicks
the HJ and remains bound until the dimer is formed to
perform the second cleavage. Third, GEN1 concentration-
dependence of Tpefore—cleavage Provides direct evidence for
the initial monomer binding followed by dimer formation.
Fourth, the binding of GEN1 monomer is greatly enhanced
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Figure 6. Timeline representation of GEN1 interaction with the HJ. The steps involved in the resolution of GEN1 of the HJ include: DNA conformational
capturing (one isomer is selected for simplicity), DNA molding by GEN1 monomer, dimer formation, first cleavage, second cleavage and product release.
The diagram sketches a fail-safe mechanism in case GEN1 dimer or one of its monomers dissociates after the first cleavage of the complex. The asterisk

indicates that the order of cleavage can be interchangeable.

for the nicked junction, where Kd-monomer-app 18 i the pi-
comolar range, yet the HJ resolution still requires dimer
formation as shown by the concentration-dependence of
Thefore—cleavage- L1 his 18 also supported by Kq.dimer-EMsa and
k1/2-dimer-bulk-1Qssa of nk-Xo being in the nanomolar range
similar to the intact junction. Therefore, monomer to dimer
transition is at the heart of the resolution mechanism and
is the essential step before GEN1-HJ complex is poised for
catalysis. Moreover, based on the crystal model, it was pro-
posed that the activity of GENI monomer is suppressed
by a partially-disordered active-site region adjacent to the
dimer interface (36). This suggests that this region of the
active-site becomes structured only when a dimer is bound
to the HJ (36).

The deconvolution of Ty, fore—cieavage distributions of the
intact and nicked HJs using a bi-exponential model charac-
terized the rates of dimer formation, dissociation and sub-
strate affinity. These kinetic parameters showed clearly how
GENI dimer ensures the forward reactions to perform both
incisions. The relatively fast kon_dimer and slow koft-dimer SUP-
port fast formation of GEN1 dimer and the subsequent
two cleavages. The ko gimer Of the nicked HJ is even slower
than that of the intact HJ suggesting that GEN1 dimer also
strengthens its binding to the HJ after it performs the first
incision.

The interplay between monomer binding, dimer forma-
tion and catalytic rate of resolution can be demonstrated by
kapp of GEN1 on the intact and nicked junctions at differ-
ent regimes of enzyme concentration. The topological con-
straints in the intact junction seem to favor dimerization
more than in the relaxed nicked junction. This difference in
Kon-dimer resulted in higher k,pp in SmFRET and kypp.pulk in
bulk for the intact junction at low GEN1 concentrations. At

high GEN1 concentrations, where dimer is readily formed
for both junctions, the kyax-app and ksto of nk-Xg are twice
that of X in both smFRET and bulk, respectively. This may
be because only one incision is needed to resolve the nicked
junction.

The resolution of HJs by resolvases takes place by two
consecutive, but uncoupled, strand cleavages (59). RuvC,
which exists as a homodimer in clear distinction to GEN1,
has been considered as the counterpart resolvase to GEN1
due to the similarities in several functional aspects. It was
reported that the second incision in RuvC is 150-fold faster
than the first incision based on the acceleration of the cleav-
age of a transient nicked junction (60). This mechanism
is proposed to ensure that the second cleavage takes place
within the lifetime of the resolvase-HJ complex. The accel-
eration of the second cleavage was reported in quantitative
kinetic studies based on the supercoiled cruciform substrate
which showed 11-fold (61) and 17-fold acceleration of the
second strand cleavage of the junction in presence of Mg>*
and K" ions (55). We cannot assign the rates of the first
and the second incisions nevertheless we can measure the
dimer lifetime on the nicked and intact HJs. The accelera-
tion of the second cleavage can be beneficial for achieving
the HJ resolution within the lifetime of the complex. How-
ever, whether this acceleration is absolutely required for full
resolution of the HJ may be questioned by some observa-
tions. First, the dimer lifetime is much longer than the time
required for cleavage providing sufficient time to cleave as a
complex even without acceleration of the second cut. Sec-
ond, even if the second subunit of GENI falls off before
complete resolution, producing a nicked-HJ, the remaining
GENI monomer has very high affinity to the nicked prod-
uct and will drive as many dimer formation cycles as nec-
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essary for complete resolution regardless of second strand
cleavage acceleration. Third, the dimer once formed on the
nicked junction has even longer lifetime than on the intact
junction.

The production of partially-resolved junctions either
through the unlikely event of the dissociation of GENI
dimer or as a byproduct from other primary pathways can
be detrimental to the cells. The high affinity of GENI
monomer to the nicked junction and the stability of the
dimer on the same substrate ensure a fail-safe mechanism
for the resolution of partially processed HJs. In addition,
other members of the XPF family of endonucleases have
strong affinity for binding and cleaving nicked HJs such
as Mus81 which acts in conjunction with a partner pro-
tein EMEL (62). The tight binding of GEN1 monomer to
the nicked HJ additionally provides a fail-safe mechanism
if one of GEN1 monomers dissociates prior to performing
the second cleavage. The stringent requirement to cleave the
nicked HJs also by a dimer may be critical to generate a
ligatable nicked-DNA product, since the two cleavages are
usually marked by the alignment of the dimer active-sites in
resolvases in general (31,63).

It is unclear why GENT1 deviates from other resolvases in
the fact that it exists as a monomer in solution rather than as
a dimer. GEN1 acts on its own by engaging in a distinctive
monomer to dimer transition with which it alternates be-
tween a tight binding mode and a catalytic mode. The tight
binding mode of GEN1 monomer to intact and nicked HJs
might be instrumental for its action as a last-line guardian
of genomic stability. It is possible that monomeric GEN1
is more suitable for screening the DNA for HJs. GENI1
monomer may also have other functionalities in vivo. For
instance, it has been shown that GEN1 monomer cleaves
the 5 flap substrate more effectively than the HJ (27,34)
but the biological role of this cleavage remains largely un-
known. It might be possible that GENI monomer plays a
role in handling aberrant flap structures during long patch
base excision repair or flaps containing mismatches and G-
quadruplex structures after the dissolution of the nuclear
membrane. The tight binding of GEN1 monomer to four-
way junctions may also have other biological relevance in
stabilizing fork reversal intermediates.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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