
7740–7752 Nucleic Acids Research, 2021, Vol. 49, No. 13 Published online 28 June 2021
https://doi.org/10.1093/nar/gkab542

Structure specific DNA recognition by the SLX1–SLX4
endonuclease complex
Xiang Xu1,2,†, Mingzhu Wang 3,†, Jixue Sun1,†, Zhenyu Yu2,†, Guohong Li2,4, Na Yang1,* and
Rui-Ming Xu 2,4,*

1State Key Laboratory of Medicinal Chemical Biology, College of Pharmacy and Key Laboratory of Medical Data
Analysis and Statistical Research of Tianjin, Nankai University, Tianjin 300353, China, 2National Laboratory of
Biomacromolecules, CAS Center for Excellence in Biomacromolecules, Institute of Biophysics, Chinese Academy of
Sciences, Beijing 100101, China, 3Institutes of Physical Science and Information Technology, Anhui University, Hefei
230601, Anhui, China and 4School of Life Science, University of Chinese Academy of Sciences, Beijing 100049,
China

Received November 22, 2020; Revised June 04, 2021; Editorial Decision June 07, 2021; Accepted June 11, 2021

ABSTRACT

The SLX1–SLX4 structure-specific endonuclease
complex is involved in processing diverse DNA dam-
age intermediates, including resolution of Holliday
junctions, collapse of stalled replication forks and
removal of DNA flaps. The nuclease subunit SLX1
is inactive on its own, but become activated upon
binding to SLX4 via its conserved C-terminal domain
(CCD). Yet, how the SLX1–SLX4 complex recognizes
specific DNA structure and chooses cleavage sites
remains unknown. Here we show, through a combi-
nation of structural, biochemical and computational
analyses, that the SAP domain of SLX4 is critical for
efficient and accurate processing of 5′-flap DNA. It
binds the minor groove of DNA about one turn away
from the flap junction, and the 5′-flap is implicated in
binding the core domain of SLX1. This binding mode
accounts for specific recognition of 5′-flap DNA and
specification of cleavage site by the SLX1–SLX4
complex.

INTRODUCTION

The SLX1–SLX4 complex was originally discovered in
yeast synthetic lethal screens designed to isolate proteins
redundant with the Sgs1 helicase, which is important for
maintenance of genome stability (1–3). Biochemical charac-
terizations revealed that SLX1 is a highly effective structure-
specific endonuclease cleaving a variety of branched DNAs
including Holliday junctions (HJs), single-Y, as well as 5′-
flap DNA, when forming a complex with the scaffolding
protein SLX4 (4–7). In addition to its role in resolving HJs,

the SLX1–SLX4 complex is also involved in the collapse
of stalled replication forks and maintenance of genome in-
tegrity of ribosomal loci (1,8–11). SLX1 has also been im-
plicated in the processing of the 5′-flap during interstrand
crosslink repair, telomere maintenance and nucleotide exci-
sion repair during meiosis (12–16).

SLX1 is an evolutionarily conserved protein belonging to
the GIY-YIG family of nucleases. It contains two clearly
identifiable domains, an N-terminal GIY-YIG nuclease do-
main (also called Uri domain) and a C-terminal Zinc-finger
domain (Figure 1A). The GIY-YIG domain is character-
ized by a conserved signature sequence motif containing
‘Gly-Ile-Tyr’ and ‘Tyr-Ile-Gly’ triplets, which are found in
many homing endonucleases (17). The C-terminal Zinc-
finger domain of SLX1 is believed to be involved in protein-
protein interactions. In comparison, SLX4 is a multidomain
protein less well conserved than SLX1. Nevertheless, SLX4
proteins known to date all contain a SAF-A/B, Acinus, and
PIAS (SAP) domain, followed by a conserved C-terminal
domain (CCD). The CCD domain is a globular �-helical
module involved in interaction with SLX1, while the SAP
domain is predicted to contain a pair of �-helices suggested
to bind DNA (18–20) (Figure 1A). It is reported that the
SAP domain of SLX4 recruits the MUS81-EME1 3′-flap
endonuclease complex in human cells, allowing the SLX1–
SLX4 and MUS81–EME1 complexes to form a SLX-MUS
holoenzyme that directs a distinct pathway of HJ resolu-
tion (6,21). Other reported functions of SLX4 include in-
volvements in recruiting various proteins in diverse types
of DNA processing, such as the MSH2-MSH3 mismatch-
repair complex, the XPF-ERCC1 nucleotide excision-repair
nuclease complex, and telomeric proteins TRF2, RAP1 and
PLK1 kinase (7,12,22–25).
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Figure 1. Structure of the yeast SLX1–SLX4 complex. (A) Schematic drawing of domain structures of yeast SLX1 and SLX4 proteins. (B) 1.45 Å structure
of the SLX1–SLX4CCD complex shown in a cartoon representation, with the Uri/GIY-YIG) domain, zinc finger (ZF) domain and the linker helix of SLX1
colored, yellow, green and pale green, respectively, and the SLX4 CCD domain is colored cyan. �-helices and �-strands in each domain are numbered
consecutively and labeled. The grey spheres indicate zinc ions in the ZF domain. The conserved residues in the catalytic active site, which is indicated by
dashed-line circle, are shown in a stick representation. (C) Mostly hydrophobic interaction between the ZF domain of SLX1 and the CCD domain of
SLX4, and involved residues are displayed as sticks. (D) Chiefly polar interaction mediates packing of the Uri domain of SLX1 and the CCD domain of
SLX4. Dashed lines indicate intermolecular hydrogen bonds between the involved residues.

SLX1 alone has a very weak nuclease activity, but the
binding of SLX4 greatly stimulates its enzymatic activ-
ity (4–7). The crystal structure of Candida glabrata SLX1
(CgSLX1) shows that it forms a stable homodimer, and
the dimerization blocks the active site of SLX1. Structural
and biochemical analyses revealed that the binding of the
CCD domain of SLX4 (CgSLX4CCD) to the Zinc-finger do-
main of CgSLX1 makes the active site of CgSLX1 acces-
sible to the substrate DNA (26). A structure of Tribulus
terrestris (Tt) SLX1–SLX4CCD in complex with DNA was
reported recently (27). However, the DNA adopted an un-
expected structure and was bound in an area distinct from
the catalytic active site or familiar DNA binding regions in
Uri domain nucleases. Thus, the mechanisms by which the
SLX1–SLX4 complex recognizes DNA structure and spec-
ifies cleavage sites remain unclear. To address these impor-
tant mechanistic questions, we have determined the crys-
tal structures of a Saccharomyces cerevisiae SLX1–SLX4
complex in the absence and presence of a 5′-flap DNA. Be-
sides the catalytic core of SLX1, the SAP domain of SLX4
is found to play an important role in DNA recognition
and cleavage site specification. Furthermore, our molecu-
lar modeling and biochemical analyses suggest that a pos-
itive charged surface area of the SLX1 Uri domain par-
ticipates in the positioning of 5′-flap DNA for effective
cleavage.

MATERIALS AND METHODS

Protein expression and purification

cDNAs encoding S. cerevisiae SLX4 fragments
(F1/SLX4SAP+CCD, a.a. 610–748; F2, a.a. 619–748;
F3, a.a. 641–748; F4, 666–748; F5/SLX4CCD, a.a. 675–
748) and full-length SLX1, or amino acid substitution
mutants of which, were amplified by PCR and cloned into
a pCDF-Duet vector (Novagen) at MCS I and MCS II
between the NdeI-EcoRV and BamHI-SalI restriction sites,
respectively. The bicistronic plasmid was transformed into
the BL21 (DE3) strain of Escherichia coli for coexpression
of the binary complex consisting of full-length SLX1 and
a 6× his-tagged SLX4 fragment. Bacterial cultures were
first grown at 37◦C in LB medium to OD600 ∼ 0.8-1.0,
followed by induction of protein production with 0.25
mM isopropyl �-D-1-thiogalactopyranoside (IPTG) at
16◦C for 18 h. Cells were harvested by centrifugation and
lysed by sonication in the lysis buffer (20 mM Tris, pH
8.0, 500 mM NaCl), followed by removal of cellular debris
by centrifugation. The supernatant was incubated with
Ni-NTA chelating beads (Qiagen), washed with the lysis
buffer, and the bound proteins were eluted with the elution
buffer (lysis buffer+500 mM imidazole). Subsequently,
the eluted sample was dialyzed against a buffer of 20
mM Tris, pH 8.0, 125 mM NaCl, and loaded onto a
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HiTrap Q column (GE Healthcare) pre-equilibrated with
the buffer. The protein complex was eluted by sodium
chloride gradient, pooled and concentrated before further
purification through a Superdex 75 size-exclusion column
(GE Healthcare) in a buffer containing 20 mM Tris, pH 8.0
and 150 mM NaCl. We typically obtain 1–3 mg of purified
SLX1–SLX4 complexes from 10 L of E. coli culture after
the three-step purification.

DNA oligos

All chemically synthesized DNA oligos were purchased in
PAGE-purified grade from Sangon Biotech (Beijing). 5′-flap
or HJ DNAs were prepared by mixing respective oligos in
20 mM Tris, pH 8.0, 150 mM NaCl, and 1 mM MgCl2 at
equal molar ratio. The mixture was heated at 95◦C for 5 min
and annealed by slowly cooling down to 25◦C in 5 h (se-
quences of DNA are shown in Supplementary Table S1).

Crystallization and structure determination

All crystals were grown by the hanging-drop vapor diffusion
method. Diffracting crystals of the SLX1–SLX4SAP+CCD

complex grew in a buffer containing 0.2 M potassium
sodium tartrate tetrahydrate, 0.1 M sodium cacodylate, pH
6.0, 20% PEG 3350 and 0.2 M NDSB-201 at 16◦C with a
protein concentration of ∼3 mg/ml. Crystals of the SLX1–
SLX4CCD complex were grown in a buffer containing 0.2
M ammonium sulfate, 0.1 M Tris, pH 8.5 and 20% PEG
3350 at 16◦C with a protein concentration of ∼10 mg/ml.
The SLX1–SLX4SAP+CCD-5’-flap DNA complex was pre-
pared by mixing the inactive SLX1Y17F-SLX4SAP+CCD mu-
tant complex with pre-annealed 5′-flap DNA at a 1:1 mo-
lar ratio, with the final protein concentration at ∼7 mg/ml.
Crystals were grown in a buffer containing 0.1 M sodium
cacodylate, pH 6.0, 12% PEG 1500 and 0.1 M TCEP hy-
drochloride at 4◦C.

All X-ray diffraction data were collected at beam-
line BL17U of Shanghai Synchrotron Radiation Facility
(SSRF) using an ADSC Q315r detector. Data collection
was carried out at 100 K in a condition with 10% glycerol
added to the crystallization solution, and the data were pro-
cessed using HKL2000 (28). The structure of the SLX1–
SLX4SAP+CCD complex was determined by the single wave-
length anomalous dispersion (SAD) method using endoge-
nous Zinc ions as the anomalous scatterers. The 2.8 Å SAD
data were collected at the wavelength of 1.2815 Å. The crys-
tal belongs to the P212121 space group and there are two
SLX1–SLX4 heterodimers per asymmetry unit. Four Zn
ions were found using ShelxD (29), and the initial elec-
tron density map was generated by PHENIX (30). A model
of the SLX1–SLX4SAP+CCD complex was built and refined
with a 2.5 Å dataset collected at 0.9792 Å using PHENIX
and COOT (31).

The 1.5 Å SLX1–SLX4CCD crystal diffraction dataset
was collected at 0.9789 Å. The crystal belongs to the P21212
space group, and there is one SLX1–SLX4 heterodimer per
asymmetry unit. The structure was solved by molecular re-
placement using the MOLREP (32) program, with the 2.5 Å
SLX1–SLX4SAP+CCD structure as the search model. The
3.3 Å SLX1-SLX4SAP+CCD-5’-flap DNA complex data were

also collected at 0.9789 Å, and the crystal belongs to the
P6522 space group with one SLX1–SLX4 heterodimer and
one 5′-flap DNA per asymmetry unit. The structure was de-
termined by molecular replacement using the 1.45 Å SLX1–
SLX4CCD structure as the search model. Further refine-
ments using the 1.45 Å structure as the starting model pro-
duced electron density maps allowing unambiguous build-
ing of the model of SLX4 SAP domain and DNA, and
the complete model of SLX1, SLX4 CCD and SAP do-
mains and DNA was subjected to multiple rounds of refine-
ment and structure adjustment. All structural refinements
were carried out using PHENIX and the models were built
and adjusted using COOT. Detailed statistics for crystallo-
graphic analyses can be found in Table 1.

Single turnover nuclease assay

Each reaction mixture contains 4 pM Cy3-labeled DNA
substrate added to a buffer containing 20 mM Tris, pH 8.0,
150 mM NaCl, 5% glycerol, 1 mM MgCl2 and 16 pM
SLX1–SLX4 wildtype or mutant complex was incubated
for 20–50 min at 37◦C. The reaction was terminated by
adding 2 mg/ml proteinase K for 15 min at 37◦C. Reaction
products were examined by native (1× TBE, 12%) or dena-
tured (8 M urea, 20%) PAGE and analyzed by a fluorescence
gel imaging system (BioRad GelDocEZ).

Circular dichroism (CD) analysis

Far-UV CD spectra of wild-type and mutant SLX1–
SLX4SAP+CCD complexes were measured in the wavelength
range of 200–250 nm on a Chirascan Plus CD instrument
(Applied Photophysics, UK) at 25◦C in a 1 mm path-length
thermostated cuvette, with the protein samples at 0.2 mg/ml
in 20 mM Tris, pH 8.0, and 200 mM NaCl. Data were col-
lected with a band pass of 1 nm and the sensitivity was set
to 100 mdeg.

Fluorescence polarization assay (FPA)

FPA was performed according to a published protocol (33)
with minor modifications. Custom-synthesized 5′-FAM-
labeled Flap-15nt DNA (Takara) was mixed at 100 nM with
increasing amounts of SLX1–SLX4 complex in a buffer
containing 20 mM Tris, pH 8.0 and 100 mM NaCl. The
mixtures were incubated for 30 min at room temperature.
The measurements were performed on an Envision multi-
mode plate reader (PerkinElmer). The background mP val-
ues (no protein) were subtracted and the KD values were
calculated by nonlinear regression fitting of specific bind-
ing with Hill slope model for the SLX1–SLX4 complex
and using the GraphPad Prism 8 software. Saturation lev-
els were calculated as [saturation] = [mP (measured) − mP
(background)]/mPmax (calculated).

Molecular dynamics (MD) simulation

Two systems, named Group 1 and Group 2, were subjected
to MD simulations. The starting models for both simu-
lations were derived from the ScSLX1–SLX4SAP+CCD-5’-
flap DNA crystal structure, except that in Group 2 a 10-
nt nucleotide flap (5′-TGCCTTGCTA-3′) substitutes the
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Table 1. Data collection, phasing and refinement statistics

SLX1–SLX4SAP+CCD

SAD
SLX1–SLX4SAP+CCD

Native SLX1–SLX4CCD
SLX1–SLX4SAP+CCD-5’flap
DNA

Data collection
Space group P212121 P212121 P21212 P6522
Cell dimensions

a, b, c (Å) 61.01, 75.92, 186.83 61.28, 75.96, 186.97 70.30, 118.42, 62.00 123.22, 123.22, 233.58
α, β, γ (˚) 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 120

Resolution (Å) 50.00–2.80(2.90–2.80) 50.00–2.50(2.59–2.50) 50.00–1.45(1.50–1.45) 50.00–3.30(3.42–3.30)
Rmerge 0.135(0.547) 0.104(0.383) 0.060(0.502) 0.122(0.722)
I / �I 25.2(6.5) 15.7(3.9) 26.8(3.3) 20.1(3.7)
Completeness (%) 100.0(100.0) 99.3(98.3) 99.8(100.0) 99.8(100.0)
Total/Unique reflections 312 930/22 224 174 439/31 535 517 405/92 349 180 712/16 540
Redundancy 14.1(14.1) 5.5(5.6) 5.6(5.6) 10.9(11.1)
Refinement
Resolution (Å) 50.00–2.50(2.59–2.50) 50.00–1.45(1.47–1.45) 50.00–3.30(3.50–3.30)
No. reflections 30829 92234 16509
Rwork/Rfree

0.201(0.264)/0.262(0.327) 0.123(0.161)/0.157(0.225)
0.235(0.311)/0.267(0.356)

No. atoms
Protein 5945 3214 3352
DNA 1119
Ligand/ion 16 17 2
Water 125 698 12

B-factors (Å2)
Protein 54.2 21.0 91.8
DNA 85.0
Ligand/ion 59.0 34.9 120.9
Water 47.3 39.2 59.6

R.m.s deviations
Bond lengths (Å) 0.004 0.007 0.004
Bond angles (˚) 0.740 1.036 0.993

Ramachandran plot
Favored 687(98.1%) 365(99.2%) 389(97.7%)
Allowed 13(1.9%) 3(0.8%) 9(2.3%)
Outlier 0 0 0

*One crystal was used for each structure. *Values in parentheses are for highest-resolution shell.

1-nt flap DNA in the crystal structure and the 5′ tail is
manually placed at an arbitrary orientation not contact-
ing SLX. For each system, missing residues and hydro-
gen atoms were added using SWISS-MODEL (34). The
protonation states of histidine residues were assigned as
predicted by H++ (35). Zinc ions observed in the crys-
tal structure were retained and the chelating cysteine and
histidine residues were deprotonated. The Amber FF14SB
(36) and Parmbsc1 (37) force fields were used for protein
and DNA, respectively. The complex was solvated using the
TIP3P model in a hexagonal explicit water box under the
periodic boundary condition, and a distance of 12 Å be-
tween box edges and the closet atoms of the complex is im-
posed. Na+ was added as counter ions to neutralize each
system.

For each solvated system, a 5000-step energy minimiza-
tion for the whole residues was performed, followed by a
combined equilibration process with a 500-ps constant vol-
ume ensemble to heat the system from 0 to 300 K, and
a 500-ps constant pressure ensemble at a constant pres-
sure of 1 bar. During equilibration, a force constant of
10 kcal·mol–1·Å–2 as a harmonic constraint was applied.
Then, 1-�s MD simulation of each system was performed
using the AMBER18 software package in constant pres-
sure ensembles at 300 K with the constraint released. The
time step was set to 2 fs, and the SHAKE algorithm was

used to restrain all of the bond lengths involving hydro-
gen atoms. The particle Mesh Ewald (PME) method was
used to calculate the long-range electrostatic contributions.
The cut-off value of the van der Waals interactions was set
to 10 Å.

RESULTS

Overall structure of S. cerevisiae SLX1–SLX4 complex

We first assembled the complex of full-length yeast SLX1
and a C-terminal fragment of SLX4 encompassing the SAP
and CCD domains (SLX4SAP+CCD, a.a. 610–748) by co-
expression in E. coli (Figure 1A), then crystallized and
solved a 2.5 Å structure. However, the SAP domain of SLX4
is disordered, and there are two SLX1–SLX4 heterodimers
per asymmetric unit (ASU), which occurs through inter-
molecular contact via the CCD domains of SLX4 and is
likely a crystallization effect (Supplementary Figure S1).
Since the SAP domain is completely missing in the struc-
ture, we then expressed only the SLX4CCD domain (a.a.
675–748) together with SLX1 and solved a 1.45 Å struc-
ture by molecular replacement (Figure 1B, Table 1). In the
new crystal form, there is one SLX1–SLX4CCD heterodimer
per asymmetric unit. Superposition of the SLX1–SLX4CCD

and the SLX1–SLX4SAP+CCD structures shows that the two
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heterodimers are highly similar, except that the loop con-
necting �1 and �3, and the one between �2 and �3 in the
Uri domain appear to have variable conformation (Supple-
mentary Figure S2). With this caveat in mind, we shall use
the higher resolution SLX1–SLX4CCD structure for analy-
sis of the apo SLX1–SLX4 complex.

In the ScSLX1–SLX4CCD structure, all but the very N-
terminal six residues of SLX1 are well defined (Figure 1B).
The Uri domain in SLX1 adopts an �/� sandwich con-
figuration common to the GIY-YIG nuclease superfamily
(Supplementary Figure S3). Two zinc ions are bound in the
Zinc-finger (ZF) domain of SLX1, which is formed by two
�-helices and four short �-strands. Both the Uri and ZF do-
mains, which are connected by a long �-helix, interact with
the CCD domain of SLX4. The globular CCD domain is
composed of five �-helices, among which, �2 and �5 contact
the ZF and Uri domains of SLX1, respectively (Figure 1B).
SLX4CCD and SLX1ZF interaction buries 556 Å2 surface
area and occurs mainly via hydrophobic residues (Figure
1C). Aromatic sidechains of Tyr703 and Phe705 of the CCD
domain contact either aromatic or hydrophobic sidechains
of His256, Trp288, Ile273 and Val292 of the ZF domain.
In comparison, the 520 Å2 interface between SLX4CCD and
SLX1Uri shows mainly polar interactions (Figure 1D). No-
tably, Asp737 of CCD makes a hydrogen bond with His92
of SLX1Uri, and mainchain carbonyl groups of Leu743 and
Val738 of CCD form hydrogen bonds with the sidechains
of Gln80 and Arg128 of Uri, respectively. The packing of
SLX1 Arg128 against the C-terminal end of CCD helix �5
via charge-helix dipole interaction, as well as indirect con-
tact via ordered water molecules, additionally stabilized the
packing between the Uri domain of SLX1 and the CCD do-
main of SLX4.

The overall structure of the ScSLX1–SLX4CCD complex
is very similar to that of its C. glabrata and T. terrestris
counterparts (Supplementary Figure S4). The catalytic ac-
tive site of ScSLX1 is formed by five conserved residues in-
cluding Tyr17, Tyr29, Arg39, His43 and Glu82 located in
the Uri domain (Figure 2A, Supplementary Figure S3), and
they are spatially well aligned among the three structures
(Supplementary Figure S4). These five residues are essen-
tial for DNA cleavage, as demonstrated by dramatic loss of
SLX1’s nuclease activity with individual amino acid substi-
tution, whether using a HJ or a 5′-flap DNA as the substrate
(Figure 2B). The loss of nuclease activity of these mutants
is not due to protein misfolding as a result of amino acid
substitution, as judged by circular dichroism analyses (Fig-
ure 2C). Tyr17, Arg39 and Glu82 are invariant within the
GIY-YIG superfamily, and Tyr29 is highly conserved but a
rare exception with a lysine is found in Hpy188I (38), while
His43 is more readily substituted by a tyrosine (39) (Fig-
ure 2D). The invariant glutamate residue has been shown
to bind a metal ion, while the rest of the catalytic residues
are implicated in direct DNA binding or coordinating wa-
ter molecules for catalysis (Figure 2D). Our structure does
not have a metal ion bound to Glu82, but a pair of well-
ordered water molecules form a network of hydrogen bonds
connecting the active site residues (Figure 2A). The two or-
dered water molecules occupy conserved positions in the
UvrC structure, suggesting a shared catalytic mechanism of
GIY-YIG nucleases (40).

Biochemical function of the SAP domain of SLX4

All SLX1–SLX4 structures determined so far, including
ours, did not provide structural and functional insights into
the SAP domain of SLX4, despite being included in our
crystallization specimen. Based on its predicted biochem-
ical function, we reasoned that it might not be stabilized
in the absence of DNA (19,20). To reveal its role in DNA
binding and impact on DNA cleavage activity, we tested
these properties using SLX4 fragments with or without
the SAP domain. Our electrophoretic mobility shift assay
(EMSA) shows that SLX4SAP+CCD shifted both HJ and 5′-
flap DNA, while the shorter SLX4CCD fragment showed no
detectable binding to either type of DNA (Supplementary
Figure S5A). An analysis by fluorescence polarization as-
say (FPA) reveals that the SAP+CCD fragment binds 5′-
flap DNA ∼25 times stronger than the CCD fragment does,
with KD values of 1.4 and 34.2 �M, respectively (Supple-
mentary Figure S5B). These results indicate that the SAP
domain of SLX4 is endowed with an intrinsic DNA binding
property. Consistently, upon forming a complex with SLX1,
the SLX4SAP+CCD complex binds 5′-flap DNA with a KD
value of 0.9 �M, which is approximately 3 times stronger
than the one with SLX4CCD (Figure 3A).

To test the nuclease activity of the SLX1–SLX4 com-
plexes assembled from SLX4 fragments with successive
truncations into the SAP domain, a DNA strand labeled
with Cy3 at its 5′ end is used to form HJ or 5′-flap
DNA substrates for analysis of the enzymatic activity of
these complexes (Figure 3B). Compared with the intact
SLX1–SLX4SAP+CCD complex (F1: a.a. 610–748), deletion
of merely nine residues into the SAP domain (F2: a.a. 619–
748) already results in an appreciable level of reduction of
the cleavage activity, especially with the 5′-flap DNA sub-
strate, although the 5′-flap DNA binding abilities are com-
parable for the two complexes (Figure 3A). Further trunca-
tions (F3–F5) into the SAP domain result in severer loss of
the nuclease activity. Evidently, the reduced DNA cleavage
activity is also accompanied with cuts at alternative and/or
non-specific DNA sites, as judged by the nature of the prod-
uct bands revealed in the denaturing gel (Figure 3B). The
above experiments demonstrate that the SAP domain of
SLX4 is not only crucial for DNA binding, it is also impor-
tant for DNA cleavage activity and cleavage site selection of
the SLX1–SLX4 complex.

Structure of SLX1–SLX4SAP+CCD in complex with 5′-flap
DNA

To understand how the SAP domain achieves its func-
tion, we set out to obtain a SLX1–SLX4SAP+CCD structure
in complex with DNA. After screening a large variety of
DNAs, we succeeded in crystallizing SLX1–SLX4SAP+CCD

with a 26-bp dsDNA containing a 1-nt 5′-flap in the middle
and solved a 3.3-Å structure (Figure 4A and Supplementary
Figure S6A). All of the residues and nucleotides are well de-
fined in the structure except two loop regions, one connect-
ing the SAP and CCD domains of SLX4 (a.a. 667–677), and
the other segment linking �1 and �2 near the active site in
SLX1Uri (a.a. 49–55) (Supplementary Figure S6B).

The overall structure of SLX1, SLX4 and their interface
remain mostly the same as in the apo structure of SLX1–
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Figure 2. The catalytic active site of SLX1. (A) A section of the 2Fo – Fc electron density map, contoured at 3.5 �, covering the active site. A stick model of
the refined structure is superimposed. The carbon half-bonds of the active site residue are labeled magenta, and the rest is shown in green, while nitrogen
and oxygen half-bonds are shown in blue and red, respectively. Red crosses indicate water molecules, and two of which making hydrogen bonds to catalytic
residues are designated W1 and W2. (B) Mutation of SLX1 active site residues results in impaired cleavage of HJ (top panel) and 5′-flap DNA (bottom
panel) substrates. The assay was carried out using the protein complexes assembled from wild-type (WT) or indicated SLX1 mutants assembled with
SLX4SAP+CCD, and a 5′-Cy3 labeled HJ and 5′-flap DNA as the substrates (Supplementary Table S1). (C) Circular dichroism (CD) spectra of WT and
mutant SLX1–SLX4SAP+CCD complexes show that protein folding was not compromised by mutations. (D) Superposition of Hpy188I (green; PDB ID:
3OR3) and UvrC (cyan; PDB ID: 1YD0) GIY-YIG domains with the Uri/GIY-YIG domain of SLX1 shows that the active sites are highly conserved. A
calcium ion from the Hpy188I structure (green sphere), and a manganese ion (grey sphere) in the UvrC structure offer insights into the role of the conserved
glutamate residue.

SLX4SAP+CCD, except that the SAP domain of SLX4 is
now visible (Figure 4A). Two � helices, �2 and �3, form
the core of the SAP domain, and amino acid residues lo-
cated at their N-terminal portions and the loop connect-
ing the two helices bind the minor groove of DNA approxi-
mately one turn away from the flap junction, in the direction
termed the post-nick side (3′ side of the uncut strand). The
two SAP helices pack together principally via hydrophobic
interactions (Figure 4B). The SAP domain packs against
the CCD domain via its C-terminal portion and the �1
and �4 helices of CCD, although the linker connecting the
two domains is disordered (Supplementary Figure S3B).
The mainly hydrophobic interdomain interactions involve
Val640, Leu642, Ala658, Ile661 and Leu662 of the SAP
domain, and Phe679, Ile684, Phe723 and Ile727 of CCD
(Figure 4B). It is interesting that Phe679 and Phe723 oc-
cupy central positions at the interface of the two SLX4
domains in the presence of DNA, as they were seen me-
diating the formation of a non-physiological dimer of the
SLX1–SLX4SAP+CCD complex within the crystal asymmet-
ric unit (Supplementary Figure S1A and S1B). This obser-

vation suggests that, in the absence of DNA, the SAP do-
main is not stably positioned against the CCD domain, thus
exposing the two phenylalanine residues on the CCD do-
main for engagement. Finally, a hydrogen bond between
the hydroxyl group of Ser654 in the SAP domain and the
sidechain amino group of CCD’s Gln726, and packing of
Lys681 from the CCD domain against the C-terminal end
of SAP’s �2 helix also contributes to the juxtaposition of
the two domains (Figure 4B).

Disruption of the interdomain interaction by mutating
Phe723 of CCD either to a glutamine or glutamate re-
sults in a much less active SLX1–SLX4SAP+CCD complex
(Figure 3B, bottom right panels). The nuclease activities
of the Phe723 mutant complexes are similar to that of the
SLX1–SLX4CCD complex without the SAP domain (F5
fragment). In the denaturing gel, the major cleavage prod-
ucts of 5′-flap DNA by the Phe723 mutant or the SAP-
deleted SLX1–SLX4CCD complexes appear to be shorter
than that generated by the wild type enzyme complex (Fig-
ure 3B). High resolution gel electrophoresis reveals that
the wild-type enzyme complex cuts 5′-flap DNA at the -3
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Figure 3. Biochemical functions of the SAP domain of SLX4. (A) The
SAP domain of SLX4 enhances DNA binding of the SLX1–SLX4 com-
plex. Fluorescence Polarization Assay (FPA) assessment of the binding
of SLX1–SLX4 complexes with the indicated SLX4 fragments to 5′-flap
DNA. The derived KD values are displayed. (B) The SAP domain of SLX4
is required for efficient and accurate cleavage of DNA substrates. Top
panel, schematics of truncation fragments of SLX4SAP+CCD used for as-
sessing the function of SAP domain; middle and bottom left panels, cleav-
age of HJ and 5′-flap DNA by complexes formed between SLX1 and the
indicated SLX4 fragments, assessed by native gel electrophoresis, respec-
tively; middle and bottom right panels, analysis of the indicated SLX4 mu-
tant complexes by denatured gel electrophoresis, respectively. The SLX1
Y29F mutant complex with the F1 fragment of SLX4 is shown as a nega-
tive control.

phosphodiester bond (between –3 and –4 nucleotides) much
more frequently than at the –2 and –1 positions, while dele-
tion of the SAP domain greatly reduced the nuclease activity
and shifts the major cleavage site to the -1 position (Figure
4C). The F723Q or F723E mutant of SLX4 also results in
much less active enzyme complexes and the cleavages oc-
cur at both the –3 and –1 positions. This debilitating effect
of the Phe723 mutations are not due to protein misfolding
(Figure 2C). These results clearly demonstrated the impor-
tant role of the SAP domain in substrate recognition and
cleavage site selection of the SLX1–SLX4 complex.

SLX1–SLX4SAP+CCD interacts with the 5′-flap DNA
through positively charged regions of the Uri domain of
SLX1, the C-terminal part of CCD and the SAP DNA
binding unit of SLX4 (Supplementary Figure S6C). Be-
sides the catalytic core, several positively charged residues
of SLX1Uri, including Arg38 and Arg39 from �1, Lys75
and His92 from �2 and the following loop, contact the

backbone phosphate groups of DNA (Figure 4D). Simi-
larly, the DNA backbone also interact with Arg733 and
Arg744 of SLX4CCD, and Lys631, Arg634 and Lys648 of
SLX4SAP via charge interactions (Figure 4D and E). Arg646
of SLX4SAP inserts into the minor groove of the post-nick
part of DNA and forms hydrogen bonds with the carbonyl
groups of the pyrimidine rings of a Cyt and a Thy. Surpris-
ingly, the 1-nt flap, an adenine, does not project away from
the DNA duplex, instead, its base intrudes into the duplex
and stacks with adjacent bases and contacts the imidazole
ring of His83 of SLX1Uri (Figure 4D). The insertion of the
extra base distorts the local double helix structure and al-
lows the bending of DNA by approximately 40 degree (Fig-
ure 4A). The most significant distortion is observed with
the continuous (non-cleaved) strand, where the intrusion of
the 1-nt flap from the opposite strand makes two neighbor-
ing bases on each side of the wedge ∼7 Å apart, instead of
the ∼3.4 Å in canonical B DNA, and at least four consecu-
tive nucleotides on the continuous strand next to the wedge
adopting a C3′-endo sugar pucker.

DNA binding mode of the SLX1–SLX4 complex

Together with the TtSLX1–SLX4CCD–DNA structure, the
available structural information still appears insufficient
to account for the DNA binding mode of the SLX1–
SLX4 complex capable of productive DNA cleavage. In
the TtSLX1–SLX4CCD–DNA complex, the single-stranded
stem-loop DNA is bound at a positively charged surface
region on the side of the SLX1Uri domain separated from
the catalytic pocket, therefore not accessible for DNA cleav-
age (Supplementary Figure S7). In our structure, the DNA
region near the active site is distorted from the canoni-
cal double-stranded form and out of immediate reach by
the catalytic residues (Figure 5A and B). Alignment of our
SLX1–SLX4–DNA complex structure with the structure of
the prototypical type-II GIY-YIG nuclease-DNA complex,
the R. Eco29KI-DNA complex (41), shows that the two ac-
tive sites, which are made up of five identical residues, are
spatially conserved (Figure 5A and B). Though the nearest
phosphodiester bond of the 5′-flap DNA to the active site
of ScSLX1–SLX4SAP+CCD is between the –2 and –3 posi-
tion, which is only a minor cleavage site on the 5′-flap DNA
(Figure 4C). The structures show that the distances between
the hydroxyl group of a catalytic tyrosine (Y29 in ScSLX1)
to the nearest backbone phosphorus atom are 3.6 Å in
the R. Eco29KI–DNA complex and 5.1 Å in the ScSLX1–
SLX4SAP+CCD–flap DNA complex (Figure 5B). The former
arrangement more readily accounts for a catalytically pro-
ductive DNA binding.

Possible causes for the non-ideal DNA binding in the
ScSLX1–SLX4 SAP+CCD-DNA structure may be twofold.
First, insertion of the one 5′-flap base into the duplex dis-
torted the local structure of DNA (Figure 4A). Second,
the DNA is bent by ∼40 degree around the duplex-flap
junction, compared with the continuous DNA substrate of
Eco29KI-DNA, which is a restriction endonuclease (Fig-
ure 5A). These differences in the DNA structure have two
consequences. One is that helix �1 and the following loop in
SLX1 are not engaged in binding the major groove of DNA
in the pre-nicked portion, as in the case of the Eco29KI-
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Figure 4. Structure of SLX1–SLX4SAP+CCD bound to a 1-nt 5′-flap DNA. (A) A cartoon representation of the structure, with the SAP domain of SLX4
colored in magenta, DNA in orange, and the rest of the protein domains as in Figure 1. The location of the 1-nt flap is indicated with a red arrowhead.
(B) A detailed view of packing interaction between the CCD and SAP domains of SLX4. Note that the conserved F723 of the CCD domain occupies a
central position at the inter-domain interface. (C) Interference of the CCD-SAP interaction by the F723E and F723Q mutants impairs cleavage at the -3
position exhibited by the WT SLX1- SLX4SAP+CCD complex, much like with the removal of the entire SAP domain (�SAP), as judged by single-nucleotide
resolution gel electrophoresis. The DNA marker is a mixture of synthetic DNA oligos all with a 5′-Cy3 label, carrying the XO-1 oligo sequence, as listed
in Supplementary Table S1 (also see the right bottom panel of Figure 5D), but with the 3′-most nucleotide ending at –4 (C), –3 (A), –2 (G), –1 (G), +1 (A),
etc., as labeled. (D) Protein-DNA interaction involving the Uri domain of SLX1 (yellow) and the CCD domain of SLX4 (cyan). The involved residues are
shown as sticks. (E) The SAP domain of SLX4 (magenta) contacts DNA principally via charge interaction, and the involved residues and bases are shown.

DNA structure. The other is that the –2 phosphodiester
bond, instead of the major –3 cleavage site, is placed closest
to the active site (Figure 5A and B).

To gain better insights into productive 5′-flap DNA bind-
ings, we turned to the DNA binding mode of the well-
studied Flap Endonuclease 1 (FEN1), which plays impor-
tant roles in DNA replication and repair (42,43). Due to
lack of structural similarity between the proteins, we aligned
the –1 to –3 paired region in the pre-nicked portion of DNA
(Figure 5C and Supplementary Figure S8). The comparison
shows that the minor groove in the pre-nicked end of DNA
in the SLX1–SLX4 complex is significantly narrowed, and
the backbone of the continuous strand is kinked at the po-
sition facing the –3 nucleotide on the incised strand (Figure
5C). The post-nicked portion of DNA in the FEN1 struc-
ture lies almost perpendicular to the pre-nicked region, as
well as with respect to the post-nicked region of DNA in the
SLX1–SLX4 structure (Supplementary Figure S8). The 5′-
flap of FEN1 substrate DNA exits a gateway capped by an
�-helix, while the projected binding site for 5′-flap in SLX1
is an open, positively charged surface area (Figure 5C and
Supplementary Figure S8).

Recognition of the 5′-flap DNA structure

In our nuclease activity assay, two cleavage product bands
could be detected when the 1-nt 5′-flap DNA was used as

a substrate. The minor band corresponds to cleavage at the
–3 position, while the major band actually corresponds to
cut at the –5 position (Figure 5D). The intensities of the cut
and uncut bands indicate that 1-nt 5′-flap DNA is not a very
good substrate compared to the longer, 15-nt 5′-flap DNA
substrate, where the cleavage predominantly occurs at the –3
position (Figure 5D). Thus, recognition of the longer 5′-flap
has a significant impact on the enzymatic property of the
SLX complex toward 5′-flap DNA substrates. For the 1-nt
5′-flap substrate, the crystal structure appears to represent
an inhibitory conformation, as the scissile phosphate is out
of reach by the catalytic residues (Figure 5B). Two reasons
could possibly account for this setting: first, wedging of the
1-nt 5′-flap nucleotide into the duplex may prevent correct
positioning of the scissile phosphate next to the catalytic
residues; second, crystal packing conceivably stabilizes the
pre-nicked portion of DNA in an unproductive configura-
tion (Supplementary Figure S9). Hence, an understanding
of the manner by which 5′-flap DNA binds the SLX1–SLX4
complex in a productive state is needed to comprehend the
molecular details of the catalytic process. Unfortunately, we
were not able to crystallize the ScSLX1–SLX4SAP+CCD het-
erodimer in complex with DNA having longer 5′-flaps, de-
spite many efforts.

To gain some initial insights, we evaluated the binding
of the SLX1–SLX4 complex to DNA with a longer 5′-flap
by molecular dynamics (MD) simulation using DNA with
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Figure 5. Comparison of DNA binding modes of nucleases. (A) Superposition of the SLX1–SLX4SAP+CCD-DNA complex structure (yellow) with that of
the R. Eco29KI-DNA complex (PDB: 3MX4, cyan) shows the difference of DNA conformation and positioning of the DNA cleavage sites. The structures
were aligned via their Uri nuclease domains, and SLX4 is not shown for viewing clarity. The DNA bound to R. Eco29kI is colored green, and that of SLX1
is shown in orange. Active site residues in both enzymes, and nearby DNA backbone phosphate groups are shown in a stick model, colored magenta for
the SLX1 complex, and cyan and red for that of the R. Eco29KI complex. (B) A close-up view of the superimposed active sites. (C) Superposition of the
5′-flap DNA substrate of FEN1 (green; PDB ID: 5KSE) with the 1-nt 5′-flap DNA of the SLX1–SLX4 complex, which is shown in a semi-transparent
electrostatic potential surface representation. Three DNA basepairs next to the flap junction (–1 to –3 position) were used for alignment. The superposition
shows notable differences of DNA structure at the pre-nick end of DNA, and the post-nick portion of FEN1 DNA is nearly perpendicular to the SLX1–
SLX4 DNA. The 5′-flap of FEN1 DNA is next to an open surface area, indicated by a dashed-line circle, enriched with positively charged residues. (D)
Sequencing gel (left panel) shows that SLX1–SLX4 cuts 1-nt 5′-flap DNA mainly at the –5 position, in contrast to the –3 position with DNA having a
longer 5′-flap. The DNA marker for the 1-nt 5′-flap DNA substrate is a mixture of synthetic oligos of difference length, all with a 3′-Cy3 label, starting at
the –2 nucleotide following the sequence of the flap strand displayed in the right panel. The marker for the 5′-flap DNA substrates is the same as that used
in Figure 4C, as also displayed in the right panel.

a 10-nt 5′-flap. The initial model was constructed using our
ScSLX1–SLX4SAP+CCD–DNA structure as the framework,
and a 10-nt flap was placed at an arbitrary orientation not
interacting with SLX1 at all. A 1-�s MD simulation shows
that the protein-DNA complex is stabilized quickly in ∼30
ns, and the distance between the active site of SLX1 (the hy-
droxyl group of Tyr29) and the -2 phosphate group of DNA
mostly stays at ∼3.7 Å after ∼80 ns of the MD procedure
(Figure 6A). The stabilized model shows that the SLX1–
SLX4 structure stays quite similar to the crystal structure
throughout the MD simulation (Figure 6B). However, it is
worth noting that, in the Uri domain of SLX1, the loop
connecting �1 and �3 (a.a. 46–57), which is mostly disor-
dered in the crystal structures, engages the major groove of
DNA in the MD structure, notably via Tyr53 and Arg54,
resembling the role of the corresponding Uri domain he-
lix in the Eco29KI–DNA structure (Figures 5A and 6B).
The DNA shows more prominent changes in the MD struc-
ture. First, the pre-nicked portion of dsDNA is raised to-
ward SLX1 and the duplex is less distorted (Figure 6B). Sec-
ond, the post-nicked portion extended further away from

the flap junction. Finally, the freely placed 10-nt 5′-flap rests
on the positively charged surface area overlapping with the
DNA hairpin binding region in the TtSLX1–SLX4CCD–
DNA structure (Figure 6B, C and Supplementary Figure
S10).

The MD simulation clearly shows the elasticity of the
5′-flap DNA substrate bound to the SLX1–SLX4 com-
plex. Although the scissile (–3) phosphate group still ap-
pears one register away from the position for cleavage in
the MD model, the –2 phosphate moved closer to the hy-
droxyl group of Tyr29 than in the crystal structure. It is
not unprecedented that the scissile bond on nucleic acids
will shift toward the catalytic active site in the presence of
metal ions (43–45). On the other hand, the predicted 5′-flap-
binding positively charged surface region can be readily ver-
ified. Mutation of selective positively charged residues in
the region, including Lys24, Arg57, His83, His87, His112
and Lys113 in ScSLX1, differentially impacts the nucle-
ase activity of ScSLX1–SLX4SAP+CCD (Figure 6C and D).
K24A, R57A, H87A and K113A mutants are less active,
while H83A and H112A become more active than the
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Figure 6. Recognition of the 5′-flap by the SLX1–SLX4 complex. (A) MD simulation of a 10-nt 5′-flap DNA bound to the SLX1–SLX4SAP+CCD complex.
The RMSD values and the distances between the catalytic Tyr29 and the neighboring DNA backbone phosphate during the course of 1 �s simulation are
shown. (B) A representative model from the MD simulation (SLX1 in pale green, SLX4 in light blue, and DNA in magenta) shows that the 5′-flap binds
SLX1 in a shallow cleft flanked by positively charged residues (also see Supplementary Figure S10). The crystal structure of the SLX1–SLX4SAP+CCD–
DNA complex (SLX1 in yellow, SLX4 in cyan and DNA in orange) and the 5′-flap DNA substrate of FEN1 (green) are superimposed. The conformation
of the pre-nick DNA from the MD simulation appears more similar to that of FEN1 DNA. The inset shows that the loop connecting �1 and �3 is
capable of binding DNA, as demonstrated by the indicated residues in contacting the major groove of DNA. (C) Superposition of the hairpin DNA from
the TtSLX1–SLX4CCD–DNA complex (pink; PDB ID: 6SEI) onto the ScSLX1–SLX4SAP+CCD–DNA structure. Selected positively charged residues are
shown in a stick representation. For visual clarity, SLX4 is not displayed. (D) Mutations of selected residues in the newly identified DNA binding region
of SLX1Uri differentially affect the 5′-flap cleavage activity of the SLX1–SLX4SAP+CCD complex.

wild type enzyme. All of these mutants cleave DNA non-
specifically. These results confirm the importance of this
positively charged region for the specificity and activity of
the SLX1–SLX4 enzyme, and support our MD simulation
result that this positively charged surface area accommo-
dates the binding the single-stranded arm of a longer 5′-flap.

DISCUSSION

In this study, we attempted to better understand the DNA
binding mode and the mechanism governing DNA cleavage
site selection of the SLX1–SLX4 complex. Given its roles
in processing diverse forms of DNA substrates, we imagine
that there might be multiple forms of DNA binding when
the enzyme complex engages distinct types of DNA sub-
strate. Here, we focused on dissecting these mechanisms on
the 5′-flap DNA in this study. One of our important findings
is that the SAP domain of SLX4 is critically important for
the efficiency and accuracy of the enzymatic activity of the
SLX1–SLX4 complex. None of the previous structures of
the SLX1–SLX4 complexes contain the SAP domain, either
because it was disordered or left out in the study. Our struc-
ture shows that it independently folds into a helical module,
consisting of two long �-helices and a shorter, N-terminal
helix. The SAP domain binds the minor groove of DNA ap-
proximately one turn away from the flap-duplex junction,
principally via several positively charged residues. The im-
portance of the SAP domain for DNA binding of SLX4

is confirmed by our in vitro binding experiments (Supple-
mentary Figure S5). Interestingly, the SAP domain is stably
placed against the CCD domain in the presence of DNA, in
contrast to being flexibly tethered in the absence of DNA.
Disturbance of the interdomain interaction by mutations in
the CCD domain not only weakens the SLX1–SLX4 nucle-
ase activity, it also results in cuts at alternative sites much
like in the absence the SAP domain (Figures 3B and 4C).

The tandem SAP-CCD domain arrangement of SLX4 is
evolutionarily conserved in eukaryotes. While the CCD do-
main is responsible for interaction with SLX1, there is no
consensus about the function of the SAP domain. In hu-
man SLX4, it was reported that the SAP domain is not
required for processing of HJ and removal of 5′-flap from
a splayed-arm structure (7). It is perhaps easier to under-
stand that the SAP domain may be dispensable in process-
ing 5′-flap in a splayed-arm DNA structure, as there is no
immediate double-stranded region in the post-nicked region
of DNA. The reason is not clear in the case of HJ reso-
lution. Nevertheless, several possibilities may account for
the difference. First, the SAP domain may have a differ-
ent role in HJ resolution and removal of the single-stranded
arm of a 5′-flap DNA. Increasing evidences indicate that the
SLX1–SLX4 heterodimer forms a larger complex with the
MUS81–EME1 complex via the SLX4 scaffold in resolu-
tion of HJs: the SLX1–SLX4 complex will make an initial
cut to generate a nicked HJ intermediate, which then acti-
vate the MUS81–EME1 complex to cut at a site across the
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junction, leading to the eventual resolution of the HJ into
linear DNA products (6,21). The SAP domain of SLX4 is
implicated in mediating the interaction with the MUS81–
EME1 complex to form a SLX–MUS HJ resolvase holoen-
zyme, but whether the SAP domain is involved in interac-
tion with DNA is unknown. Second, although the SAP-
CCD domain arrangement is conserved in SLX4 across
species, the spacing between the two domains ranges from
approximately a dozen residues in S. cerevisiae and S. pombe
to more than a hundred residues in humans. The shortest
human SLX4 fragment used in the study by Fekairi et al.
contains ∼80 intervening residues in addition to the CCD
domain. The extra residues may contain cryptic DNA bind-
ing motifs that can fulfill the role similar to the one played
the SAP domain of yeast SLX4.

In vitro, the yeast SLX1–SLX4 complex efficiently cleaves
5′-flap DNA at the –3 position, but the efficiency and ac-
curacy drop dramatically when the 5′-flap is only one nu-
cleotide long. Our structure shows that the one nucleotide
flap is wedged into the DNA duplex, rather than being freely
disposed, and the insertion of the extra nucleotide distorts
the local structure around the duplex-flap junction. The
DNA is also kinked at the junction, and the –2 DNA back-
bone phosphate group is positioned next to the catalytic ac-
tive site, instead of the –3 scissile phosphate for substrates
with a longer 5′-flap, or the –5 scissile phosphate group with
a 1-nt 5′flap, although the latter is much less efficient. These
observations indicate that the DNA is trapped in a con-
formation resistant to nucleolytic removal of the 1-nt 5′-
flap in the crystal structure. Furthermore, crystal packing
may have stabilized the enzyme–DNA complex in an inac-
tive state. Using DNA with a longer 5′-flap for MD simu-
lation shows considerable conformational elasticity of the
DNA substrate. Intriguingly, the longer 5′-flap in the MD
model interacts with the positively charged surface region of
SLX1 shown to bind DNA in the TtSLX1–SLX4CCD-DNA
structure, and the –2 phosphate, although still not the cor-
rect scissile phosphate, moved closer to the catalytic active
site. Our mutagenesis results also identify the importance
of this region for cleavage efficiency and specificity. Thus,
a likely scenario for 5′-flap DNA processing by the SLX1–
SLX4 complex may be as follows: the SAP domain of SLX4
binds the minor groove of DNA approximately one turn
away from the flap-duplex junction in the post-nicked por-
tion, and the 5′-flap engages the positively charged surface
in the Uri domain of SLX1, in addition to the binding of �1
and the following loop to the major groove of DNA in the
pre-nicked direction.

Our MD simulation is still unsatisfactory in one respect,
namely, the DNA phosphodiester bond closest to the ac-
tive site is between nucleotide –2 and –3, instead of the
more prevalent cleavage site between nucleotide –3 and –4.
We surmise that this is partly due to the bias introduced in
the starting model, which is constructed using the double-
stranded framework of DNA from the 1-nt 5′-flap DNA
complex, where the DNA is distorted across the junction
and one turn of DNA counts 11 basepairs. This starting
model of the double-stranded portion of DNA appears to
be trapped throughout the MD procedure. Two possible
contributing factors of this bias maybe, first, the co-crystal
structure we obtained is with the Y17F mutant. This change

may affect the binding of a water molecule in the active site,
indirectly perturbing DNA binding or destabilization of key
residues nearby (Supplementary Figure S2A). In the struc-
ture of Hpy188I in complex with DNA, the corresponding
tyrosine is seen to interact with the backbone phosphate di-
rectly or through a water molecule, depending whether it
is in a product or substrate complex (38). Another possible
factor is the involvement of metal ions, which is not included
in our structure. Studies of FEN1 and other type of nucle-
ases have revealed that metal ions could induce the shift of
DNA for correct positioning of the cleavage site (43–45).
We envision that mechanisms learned from studies of other
type of nucleases, such as the involvement of metal ions and
the sliding of the 5′-flap DNA, as implicated in FEN1 (42),
could be operating in SLX1–SLX4 catalysis. It should be
pointed out that, however, in addition to a main cleavage
site, the yeast SLX1–SLX4 complex also cuts at several sec-
ondary sites in vitro (1). This property may be mitigated in
the presence of other partners in vivo for distinct types of
DNA structures. Nevertheless, further structural studies are
needed to reveal precise mechanisms governing DNA cleav-
age site selection for different forms of DNA. We believe
that our work on the structure and function of the SAP do-
main and the mechanism of 5′-flap recognition presented
here represents a significant advance in the mechanistic un-
derstanding of the versatile SLX1–SLX4 complex.
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