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ABSTRACT

The Shu complex, a conserved regulator consisting
of Csm2, Psy3, Shu1 and Shu2 in budding yeast,
plays an important role in the assembly of the Rad51–
ssDNA filament in homologous recombination. How-
ever, the molecular basis for the assembly of the
Shu complex and its functional role in DNA repair
is still elusive. Here, we report the crystal structure
of the yeast Shu complex, revealing that Csm2, Psy3,
Shu1 and Shu2 interact with each other in sequence
to form a V-shape overall structure. Shu1 adopts
a structure resembling the ATPase core domain of
Rad51 and represents a new Rad51 paralog. Shu2
assumes a novel structural fold consisting of a con-
served zinc-finger containing SWIM domain and a
small insertion domain. The functional roles of the
key residues are validated using mutagenesis and
in vitro pull-down and in vivo yeast growth studies.
Structural analysis together with available biological
data identifies two potential DNA-binding sites, one
of which might be responsible for binding the ssDNA
region of the 3′-overhang DNA and the other for the
dsDNA region. Collectively, these findings reveal the
molecular basis for the assembly of the Shu com-
plex and shed new insight on its functional role in
homologous recombination.

INTRODUCTION

Homologous recombination (HR) is a highly conserved
error-free DNA repair mechanism from yeasts to humans,
which is responsible for repair of the most harmful DNA
lesions, such as DNA double-strand breaks (DSBs) and
inter-strand crosslinks (ICLs), and thus plays a critical role
in maintenance of genome integrity (1,2). In addition, HR

also plays an important role in maintenance of telomeres,
proper segregation of homologous chromosomes in meio-
sis, and resolving of stalled and collapsed replication forks.
Hence, HR is a tightly regulated process and defects in
HR can lead to genomic instability. In humans, HR de-
fects can cause many genetic diseases and cancers, such
as Fanconi anaemia, Bloom syndrome, and Werner syn-
drome (3,4). A critical step in HR is the formation of a
Rad51-single-stranded DNA (ssDNA) nucleoprotein fila-
ment (also called presynaptic filament), which is essential
for the homology search and strand invasion steps leading
to the formation of a displacement loop (D-loop) (2,5,6).
The loading of Rad51 onto the replication protein A (RPA)
complex-coated ssDNA is facilitated by a class of proteins
called Rad51 mediators, including Rad52 and the Rad51
paralogs Rad55-Rad57 in Saccharomyces cerevisiae, and
RAD52 and BRCA2 in humans (7–9).

Saccharomyces cerevisiae primarily uses HR to repair
DSBs and thus is the most common model organism for
studying the mechanism of DSB repair by HR (7). In the
budding yeast, four genes PSY3, CSM2, SHU1, and SHU2
are identified in a genetic screen as suppressors of the slow
growth of top3� or sgs1� strains under hydroxyurea (HU)
or methyl methanesulfonate (MMS) stress (10). Mutants
of these genes impair the genome stability in both mito-
sis and meiosis, and increase the sensitivity of yeast strains
to DNA damage reagents, such as MMS, cisplatin, and
camptothecin (10–15). In addition, deletion of any individ-
ual gene confers similar sensitivity as deletion of the four
genes (10). Yeast-two-hybrid (Y2H), immunoprecipitation
and recombination expression analyses showed that Psy3,
Csm2, Shu1, and Shu2 could form a heterotetrameric com-
plex both in vitro and in vivo, which is referred as the Shu
complex (also called the PCSS complex) (16–18). It has been
demonstrated that the Shu complex can regulate HR at sev-
eral types of DNA DSBs (including replication-associated
and meiotic DSBs) and specifically functions as a Rad51
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mediator which, in cooperation with Rad52 and Rad55–
Rad57, promotes the Rad51 loading on the RPA-coated ss-
DNA and thus the formation of Rad51 presynaptic filament
(15,18–21). Genetic and bioinformatic studies have shown
that Shu2 orthologs are conserved across eukaryotes from
archaea to humans, which define the Shu2/SWS1 protein
family; and additionally, orthologs of other components of
the Shu complex have also been identified in some species
including Schizosaccharomyces pombe, Caenorhabditis ele-
gans, and humans (22–26). These data indicate that the Shu
complex might be a conserved regulator in the formation of
Rad51–ssDNA filament in eukaryotes.

In the Shu complex, the structure of the Csm2–Psy3
heterodimer has been solved (16,17,27). Although Csm2
and Psy3 share a very low sequence identity (17%), they
have a similar structural architecture resembling the AT-
Pase core domain of Rad51 and particularly the Csm2-Pys3
heterodimer resembles a Rad51 homodimer, and therefore
both Csm2 and Psy3 are deemed as Rad51 paralogs. In ad-
dition, the biochemical studies have shown that Csm2–Psy3
is responsible for the DNA-binding activity of the Shu com-
plex: Csm2–Psy3 binds preferentially to a forked DNA and
to a lesser extent, 3′-overhang DNA; whereas Shu1–Shu2
cannot bind to DNA (16,17,20,27). Shu1 is a relatively small
protein in the Shu complex and is suggested to be a Rad51
paralog without a clearly defined functional domain, but
no ortholog has been identified in other species (26). Shu2
is conserved in other eukaryotes and all members of the
Shu2/SWS1 protein family contain a unique Zn finger-like
SWIM domain comprising a characteristic sequence mo-
tif of CxCxnCxH, which is predicted to have DNA-binding
and protein-protein interaction functions (28). It is note-
worthy that mutations in human SWS1 have been associ-
ated with unexplained colorectal adenomatous polyposis,
and particularly a homozygous mutation in the SWIM do-
main of SWS1 results in a frame shift leading to disruption
of the zinc coordination of the SWIM domain (29). This ob-
servation also underscores the importance of the Shu com-
plex in HR regulation and implies potential biomedical sig-
nificance. So far, the structures and functions of Shu1 and
Shu2 and the molecular basis for the assembly of the Shu
complex are still unknown. In addition, it remains elusive
how the Shu complex facilitates the formation of the presy-
naptic filament during HR.

Here, we report the crystal structure of the yeast Shu
complex and show that Csm2, Psy3, Shu1, and Shu2 in-
teract with each other in sequence to form a V-shape over-
all structure. Shu1 assumes a structure resembling the AT-
Pase core domain of Rad51 and thus represents a new
Rad51 paralog. As the first structure of the Shu2/SWS1
family members, Shu2 assumes a novel protein fold con-
sisting of a conserved SWIM domain and a small insertion
domain. The protein-protein interfaces involve predomi-
nantly hydrophobic interactions supplemented with a few
hydrophilic interactions. The key residues at the protein-
protein interfaces are validated by both in vivo and in vitro
functional assays. The structural and functional data reveal
the molecular basis for the assembly of the Shu complex,
and shed new light on its functional role in the formation of
the Rad51–ssDNA filament in HR.

MATERIALS AND METHODS

Cloning, expression and purification of proteins

Full-length PSY3 (residues 1–242), CSM2 (residues 1–
213), SHU1 (residues 1–150) and SHU2 (residues 1–223)
genes were amplified from S. cerevisiae genomic DNA. For
structural study, the PSY3 and CSM2 genes were inserted
into the pRSFDuet plasmid (Novagen) and the SHU1
and SHU2 genes were inserted into the pETDuet plasmid
(Novagen) with a His6 tag attached to the N-terminus of
Shu2. Mutants were generated using the QuikChange®

Site-Directed Mutagenesis kit (Strategene) and confirmed
by DNA sequencing.

The two reconstructed expression plasmids were co-
transformed into Escherichia coli BL21 (DE3) Codon-Plus
strain (Novagen). The transformed cells were grown in LB
medium at 37◦C containing 0.05 mg/ml ampicillin and
kanamycin until OD600 reached 0.8 and then induced with
0.2 mM IPTG at 16◦C for 24 hr. The cells were harvested by
centrifugation and lysed by sonication in a lysis buffer (30
mM Tris–HCl, pH 8.0, 300 mM NaCl and 1 mM PMSF).
The target proteins were purified by affinity chromatogra-
phy using a Ni-NTA column (Qiagen) and then gel filtration
chromatography using a Superdex 200 16/600 column (GE
Healthcare), and stored in a buffer containing 30 mM Tris–
HCl (pH 8.0) and 300 mM NaCl. The purified proteins were
of high purity (>95%) and homogeneity as determined by
Tricine-SDS-PAGE.

Single-stranded oligonucleotides corresponding to the
template and complementary strands were synthesized by
Sangon Biotech (Shanghai). The dsDNAs were prepared by
annealing of the template and complementary strands from
95◦C to 22◦C over a period of 6 h in the same storage buffer
as for the proteins.

Crystallization, data collection, structure determination and
refinement

Prior to crystallization, the dsDNA was incubated with the
Shu complex at a molar ratio of 1.2:1 at 4◦C overnight. The
final concentration of the complex for crystallization was
about 20 mg/ml. Crystallization was performed using the
hanging drop vapor diffusion method. Crystals were grown
at 16◦C from drops containing equal volumes (1 �l) of the
complex solution and the reservoir solution (0.1 M Bis–Tris,
pH 6.5, 0.2 M potassium sodium tartrate, and 10% PEG
10 000). For diffraction data collection, the crystals were
cryo-protected using the reservoir solution supplemented
with 25% glycerol and then flash-cooled into liquid nitro-
gen. Diffraction data were collected at 100 K at BL19U1 of
National Facility for Protein Science in Shanghai, China,
and were processed, integrated and scaled together with
HKL3000 (30).

The structure of the Shu complex was solved using a com-
bination of the molecular replacement (MR) and single-
wavelength anomalous dispersion (SAD) phasing methods
as implemented in Phenix (31). Initial phases were deter-
mined by the MR method using the structure of the Csm2–
Psy3 heterodimer (PDB code 3VU9) (16) as the search
model. In the MR-phased electron density map, the struc-
ture of Csm2–Psy3 was well defined, and additionally there
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was evident and continuous electron density beside Psy3.
Considering that Shu2 has a Zn-containing SWIM domain,
the SAD was performed using Zn as the anomalous atom
and the preliminary MR solution as the partial model,
yielding a figure-of-merit (FOM) of 0.411. The resultant
electron density map revealed a large portion of the sec-
ondary structure elements of Shu1 and Shu2. Iterative cy-
cles of manual model building and refinement gradually de-
veloped more electron density that allowed us to build the
full model of the Shu1–Shu2 heterodimer. Structure refine-
ment was carried out using Phenix and Refmac5 (32,33) and
model building using Coot (34). Structural analyses were
carried out using programs in the CCP4 suite (33) and the
PISA server (35). The figures were generated using Pymol
(http://www.pymol.org). Statistics of the structure refine-
ment and the final structure model are summarized in Table
1.

Yeast two-hybrid assays

Yeast-two-hybrid (Y2H) assay plasmid pBTM116 was used
to express a fusion of LexA-binding domain, and plasmid
pACT2 to express a fusion of GAL4-activation domain
(Clontech). The gene fragments with or without indicated
mutations were inserted into pBTM116 or pACT2. The
Y2H constructs were co-transformed into yeast L40 strain.
Cells were cultured on selective SD-Trp-Leu plates. Individ-
ual cells were grown at 30◦C to early log phase (OD600 of
0.2), and then 5 �l cell culture was spotted onto medium
(SD-Leu-Trp) to select for the plasmids or onto medium
(SD-Leu-Trp-His, 5 mM 3AT) to select for the expression
of reporter gene HIS3 as an indicator of protein-protein in-
teraction. Plates were incubated for 2–4 days at 30◦C and
then photographed. All experiments were done in triplicate.

Semi-quantitative growth assays

The pRS316-PSY3, pRS316-CSM2, pRS316-SHU1 and
pRS316-SHU2 plasmids were constructed by cloning the
gene fragments containing the coding regions with or with-
out the indicated mutations and their upstream 1000-bp
and downstream 500-bp regions into the BamHI–XhoI sites
of pRS316. The plasmids were confirmed by DNA sequenc-
ing. The wild-type BY4742 (MAT� his3Δ1 leu2Δ0 lys2Δ0
ura3Δ) strain and the psy3�, csm2�, shu1�, and shu2�
BY4742 strains were used. Phenotypic analysis was per-
formed using serial dilutions of the yeast cells grown at 30◦C
to early mid-log phase (OD600 of 1.0–1.5). Serial dilutions
were carried out by spotting the cells and diluting 5-fold for
each spot onto the indicated plates. Plates were grown at
30◦C for 3–4 days and then photographed. All experiments
were done in triplicate.

Affinity pull-down assays

The full-length PSY3 and CSM2 genes were inserted into
pETDuet (Novagen) with a His6 tag attached to the N-
terminus of Psy3, and the full-length SHU2 and SHU1
were inserted into pETDuet with a His6 tag attached to
the N-terminus of Shu2. For later removal of the His6-
tag, a human rhinovirus (HRV) 3C protease cleavage

site was inserted between the His6 tag and the gene se-
quence. Mutations and deletions were performed based
on these two plasmids. His6-tagged Psy3-Csm2, Psy3�(1–
7)-Csm2, Psy3�(1–15)-Csm2, and His6-tagged Shu2-Shu1,
Shu2(V51A)-Shu1, Shu2(V51L)-Shu1, and Shu2(V51D)-
Shu1 were expressed and purified as described above. The
purified His6-tagged wild-type and mutant Shu2–Shu1 pro-
teins were digested by HRV 3C protease to remove the His6
tag. The purified His6-tagged wild-type and mutant Psy3–
Csm2 proteins were covalently conjugated with Ni-NTA
agarose beads (Qiagen), and the control beads were pre-
pared using the same method in the absence of protein. For
pull-down assay, 20 �g His6–Psy3–Csm2 conjugated beads
or control beads were incubated with 100 �g Shu2-Shu1 at
4◦C for 2 h, and then washed three times (10 min each) with
1 ml buffer (30 mM Tris–HCl, pH 8.0, 300 mM NaCl, and
0.1% NP-40). The bound proteins were analyzed by Tricine-
SDS-PAGE and visualized by Coomassie blue staining.

RESULTS

Crystal structure of the Shu complex

To carry out the structural study of the Shu complex, we
co-expressed full-length Psy3, Csm2, Shu1 and Shu2 pro-
teins in E. coli with a His6 tag attached on the N-terminus of
Shu2, and purified the Shu complex using a combination of
affinity chromatography and gel filtration chromatography.
The purified Shu complex is of high purity and homogene-
ity and exists as a monomer in solution as revealed by gel
filtration, SDS-PAGE and SEC-MALS analyses (Supple-
mentary Figure S1). Crystallization experiments of the Shu
complex alone did not yield any crystals. Considering that
the Shu complex has a reasonably high binding affinity (KD
= 4.66 �M) for double-stranded DNA (dsDNA) (27), we
performed co-crystallization experiments of the Shu com-
plex with several dsDNA of different lengths and success-
fully obtained crystals of the Shu complex in the presence of
16-bp, 18-bp, or 20-bp dsDNA. Crystals of the Shu complex
grown in the presence of 20-bp dsDNA diffracted X-rays
better than other crystals and thus were used for diffraction
data collection and structure determination. As the Shu1–
Shu2 heterodimer could be expressed and purified sepa-
rately, we also tried to crystallize Shu1–Shu2 alone; how-
ever, various attempts failed to produce any crystals. The
structure of the Shu complex was solved using a combina-
tion of the MR and SAD methods and was refined to 3.3
Å resolution (Table 1). There is one Shu complex in the
asymmetric unit, in which most residues of the four pro-
teins are well defined except for some surface exposed loops
or residues (residues 99–106, 178–195 and 213 of Csm2,
residues 63–66, 145–155, 194–205, 228–231 and 240–242 of
Psy3, residues 18–20 and 102 of Shu1, and residues 1–3,
19–20, 60–69 and 83–85 of Shu2) (Supplementary Figure
S2A and B). Intriguingly, no electron density was observed
for the dsDNA, indicating that the dsDNA does not bind
tightly to the Shu complex but its presence might facilitate
the crystal packing of the complex.

In the structure of the Shu complex, Csm2, Psy3, Shu1
and Shu2 interact with each other sequentially, and the
Csm2–Psy3 and Shu1–Shu2 subcomplexes make an angle
of about 120◦ to form a V-shape overall structure (Figure

http://www.pymol.org
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Table 1. Summary of diffraction data and structure refinement statistics

Diffraction data
Wavelength (Å) 0.9785
Space group P43212
Cell parameters
a, b, c (Å) 174.2, 174.2, 102.9
α, β, γ (◦) 90, 90, 90
Resolution (Å) 50.0-3.3 (3.4–3.3)a

Observed reflections 158 237
Unique reflections (I/�(I) > 0) 24 373
Average redundancy 6.5 (6.3)
Average I/�(I) 20.3 (3.0)
Completeness (%) 99.9 (100.0)
Rmerge (%)b 8.9 (69.2)
Refinement and structure model
No. of reflections (Fo > 0�(Fo)) 23,864
Working set 22,642
Free R set 1222
R-factor/free R-factor (%)c 20.8/25.7
No. of atoms
Protein 6027
Zn 1
Average B factor (Å2)
Protein 38.5
Zn 21.5
RMS deviations
Bond lengths (Å) 0.011
Bond angles (◦) 1.2
Ramachandran plot (%)
Favored 96.9
Allowed 3.1

a Numbers in parentheses represent the highest resolution shell.
bRmerge = �hkl�i |Ii(hkl)i – <I(hkl)> |/�hkl�iIi(hkl).
cR-factor = �hkl | |Fo | – |Fc | |/�hkl |Fo |.

1A). Structural comparison shows that Csm2–Psy3 in the
Shu complex assumes almost identical structure as the pre-
viously reported Csm2–Psy3 alone (16,17,27) with a root-
mean-square deviation (RMSD) of 0.4 Å for 345 C� atoms.
However, the N-terminal region (∼19 residues) of Psy3,
which forms two short �-helices (�1 and �2), exhibits sub-
stantially different conformations with a rotation of ∼60◦
around Thr19 (Figure 1B). In the Shu complex, the N-
terminal region of Psy3 is stretched outside the bulk of Psy3
and interacts directly with Shu1 (see discussion later); in
the Csm2–Psy3 structure, this region is also extended out-
side the bulk of Psy3 but interacts with a symmetry-related
Csm2 (Supplementary Figure S2C). Like in the Csm2–Psy3
structure, the L2 loops of Csm2 (residues 175–203) and Psy3
(residues 187–211), which are suggested to be involved in
DNA binding, are partially disordered in the Shu complex.

The structure of Shu1 consists of a parallel four-stranded
�-sheet (�1–�4) flanked by four �-helices on each side (�1–
�4 on one side and �5–�8 on the other) (Figure 1C and Sup-
plementary Figure S3A). Previously, Shu1 was suggested to
be a Rad51 paralog (26). Structural comparison shows that
Shu1 shares a high structural similarity with the ATPase
core domain (residues 191-354) of Rad51 with a RMSD
of 2.7 Å for 119 C� atoms (Figure 1D). Nevertheless, the
central �-sheet of the Rad51 ATPase domain contains 9 �-
strands whereas that of Shu1 contains only 4 �-strands cor-
responding to �2–�5 of Rad51 (Supplementary Figure S3A
and B). These results indicate that Shu1 is indeed a Rad51
paralog with some variations.

Shu2 is a founding member of the Shu2/SWS1 pro-
tein family, which contains a Zn finger-like SWIM domain
(5,24). Interestingly, Shu2 contains an extremely long inser-
tion in the conserved CxCxnCxH motif (number n = 59),
which is much longer than that of a typical SWIM domain
(usually n = 6–16) (28) (Supplementary Figure S4A). The
structure of Shu2 consists of two relatively separated do-
mains: the SWIM domain forms a large domain compris-
ing a five-stranded �-sheet (�1–�4 and �8) flanked by six
�-helices (�1–�4, �7 and �8) on one side and one �-helix
(�9) on the other; the insertion region of the conserved mo-
tif (residues 117–175) forms a small insertion domain com-
prising an antiparallel three-stranded �-sheet (�5–�7) and
two �-helices (�5-�6) (Figure 1E and Supplementary Fig-
ure S3C). The Zn-binding site is located at the interface
of the two domains with the Zn2+ coordinated by four in-
variable residues, Cys114 and Cys116 from the �4–�5 loop,
Cys176 from the �7–�7 loop, and His178 from �7 (Figure
1F). Intriguingly, there are two hydrophobic cores flanking
the Zn-binding site: one is centered at Phe119 surrounded
by Trp112, Phe113, Phe123, Val174 and Leu179; and the
other is centered at Ala181 surrounded by Ala44, Leu47,
Leu48 and Met52 (Figure 1F). Sequence comparison shows
that Phe119 and Ala181 are strictly conserved in all mem-
bers of the Shu2/SWS1 family identified so far (Supple-
mentary Figure S4A). Our functional studies indicate that
both residues play important roles in the stabilization of
the Zn-binding site and in the function of Shu2 (see discus-
sion later). As Shu2 is the first structure of the Shu2/SWS1
family, we performed structural similarity search with other
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Figure 1. Crystal structure of the Shu complex. (A) Overall structure of the Shu complex. The Shu complex is shown with a ribbon model in a transparent
envelope surface. Csm2, Psy3, Shu1 and Shu2 are colored in magenta, green, cyan, and orange, respectively. The Zn2+ ion is shown with a gray ball.
(B) Superposition of the Csm2–Psy3 heterodimer in the Shu complex and in the Csm2–Psy3 structure (colored in slate, PDB code: 3VU9). (C) Overall
structure of Shu1 in two different views. Shu1 is shown with a ribbon model with the secondary structure elements labeled. (D) Superposition of Shu1 and
the ATPase core domain (residues 191–354) of Rad51 (colored in salmon, PDB code: 1SZP). The secondary structure elements of Shu1 are labeled. (E)
Overall structure of Shu2 in two different views. Shu2 is shown with a ribbon model with the SWIM domain and the insertion domain colored in orange
and yellow, respectively. The secondary structure elements of Shu2 are labeled. (F) Structure of the Zn-binding site in the SWIM domain of Shu2. The
Zn2+ ion is shown with a gray ball and the side chains of key residues are shown in stick models. Interactions between the Zn2+ ion and coordination
residues are indicated with dash lines.

known protein structures using the Dali server (36). The
search did not reveal significant structural similarities for
Shu2 as a whole, or the SWIM domain and the insertion
domain separately, indicating that the Shu2 structure rep-
resents a new structural fold containing a novel Zn-finger
domain.

Interactions at the protein–protein interfaces

In the Shu complex, the interface of the Csm2–Psy3 het-
erodimer is almost identical to that in the Csm2–Psy3 struc-

ture, which is mediated largely by hydrophobic interactions
supplemented with a few hydrogen-bonding interactions
(16,17,27). Shu1 and Shu2 form another heterodimer, and
the interface is mediated by numerous residues from Shu1
and Shu2 which buries a total solvent-accessible surface
area of 3034 Å2 (Figure 2 and Supplementary Figure S5).
The interface involving the SWIM domain of Shu2 com-
prises both hydrophobic and hydrophilic interactions (Fig-
ure 2B and Supplementary Figure S5A and C). The hy-
drophobic interactions are formed between Tyr73, Met74,
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Figure 2. Interactions at the protein-protein interfaces. (A) Overall structure of the Shu1–Shu2 heterodimer in two different views. Shu1 is colored in cyan,
and the SWIM domain and insertion domain of Shu2 are colored in orange and yellow, respectively. The Zn2+ ion is shown with a gray ball. (B) Interface
between Shu1 and the SWIM domain of Shu2. (C) Interface between Shu1 and the insertion domain of Shu2. The residues involved in the interactions are
shown in ball-and-stick models. The hydrophilic interactions are indicated with dashed lines. For clarity, only Ser115, Ile219, Ile221 and Val222 of Shu2
are shown with full models and the other residues are shown with side chains. (D) Surface presentation of the Psy3–Shu1 heterodimer. Psy3 and Shu1 are
colored in green and cyan, respectively. (E and F) Electrostatic surfaces of Shu1 and Psy3 showing the interaction interface. The three interaction regions
are circled with solid lines. The interaction interfaces of Shu1 and Psy3 exhibit both geometrical and electrostatic complementarities. Detailed interactions
in the three regions are shown in the zoom-in windows. The side chains of residues involved in the interactions are shown in stick models.
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Arg78, Leu111, Leu114, Trp145 and Ile148 of Shu1 and
Leu106, His111, Phe113, Leu215, Ile221 and Val222 of
Shu2. Additionally, the side chain of Lys70 of Shu1 makes
hydrogen-bonding interactions with the main chains of
Ile219 and Val222 of Shu2; the side chain of Gln80 of Shu1
forms a hydrogen bond with the side chain of Arg92 of
Shu2; the side chain of Arg110 of Shu1 makes hydrogen-
bonding interactions with the main chain and side chain of
Ser115 and the main chain of Ile221 of Shu2; and the side
chain of Arg117 of Shu1 forms a salt bridge with the side
chain of Asp108 of Shu2 (Figure 2B and Supplementary
Figure S5A and C). The interface involving the insertion do-
main of Shu2 comprises predominantly hydrophobic inter-
actions between Leu109, Val137, Leu141, Phe144, His147
and Ile148 of Shu1 and Phe123, Leu127, Leu136, Leu140,
Ile141, Leu158, Trp167 and Phe169 of Shu2. In this region,
only the side chain of Arg143 of Shu1 forms a salt bridge
with the side chain of Glu135 of Shu2 (Figure 2C and Sup-
plementary Figure S5B and C).

The interface between the Csm2–Psy3 and Shu1–Shu2
heterodimers is primarily mediated by residues of Psy3 and
Shu1, which buries a total solvent-accessible surface area
of 2900 Å2 (Figure 2D–F and Supplementary Figure S6).
Specifically, the N-terminal region of Psy3 lies across the
surface of Shu1 and makes predominantly hydrophobic in-
teractions with residues from several structure elements of
Shu1 and additionally a very small portion of Shu2. The
interface could be divided into three regions (Figure 2E
and F). In region I, Met1, Val3, Leu4 and Ile7 of Psy3
make hydrophobic contacts with Leu66, Tyr71, Met74 and
Tyr75 of Shu1, and Leu215 and Ile219 of Shu2. In region II,
Leu12, Phe15 and Ile16 of Psy3 are buried into a hydropho-
bic pocket formed by Leu7, Val37, Leu42, Val46, Val61,
Val63, and Phe65 of Shu1. In region III, Val51 of Shu1 is in-
serted into a hydrophobic cavity formed by Pro114, Leu118,
Phe128, Leu130 and Leu171 of Psy3.

Validation of the functional roles of key residues in the assem-
bly of the Shu complex

To investigate whether the protein interactions between
members of the Shu complex are important for the assem-
bly of the complex, we performed mutagenesis and Y2H
or in vitro pull-down assays. The functional roles of key
residues at the Csm2–Psy3 interface have been previously
validated by in vitro pull-down assays (27) and thus we
would not repeat here. Firstly, we analyzed the functional
roles of the key residues at the Shu1–Shu2 interface. As
Shu1 and Shu2 could not be expressed and purified sepa-
rately, we performed Y2H instead of pull-down assays to
analyze the effects of mutations on the Shu1–Shu2 interac-
tion. The Shu1–Shu2 interface involves numerous residues
from both Shu1 and Shu2, and we designed four sets of
residues and mutated them to either Ala or Asp (Figure 2B
and C). At the interface involving the insertion domain of
Shu2, the first set consists of Leu141, Phe144, Trp145 and
Ile148 of Shu1 (designated as M1 and M2 for mutations to
Ala and Asp, respectively), and the second set consists of
Phe123, Leu136, Leu140, Ile141, and Phe169 of Shu2 (M3
and M4). At the interface involving the SWIM domain of
Shu2, the third set consists of Tyr73, Leu111 and Leu114 of

Shu1 (M5 and M6), and the fourth set consists of Leu106,
Ile221 and Val222 of Shu2 (M7 and M8). Our Y2H re-
sults show that M1, M2, M4 and M6 completely disrupt
the Shu1–Shu2 interaction; M5, M7, and M8 significantly
impair the interaction; and M3 has no notable effect on the
interaction (Figure 3A and Supplementary Figure S7B). To
analyze whether the multiple mutations would affect expres-
sion of the proteins, we constructed a series of co-expression
plasmids of Shu1 and Shu2 containing the eight sets of mu-
tations and expressed them using the same method as the
WT co-expression plasmid in E. coli. The results show that
these mutations have no significant impact on the expres-
sion of Shu1 and Shu2, but impair the Shu1–Shu2 interac-
tion to differed degrees as analyzed by purification of the
Shu1–Shu2 complex using His6-Shu2 to pull-down Shu1
(Supplementary Figure S8A and B). Among the four Shu1
mutants, M1, M2, and M6 have no interaction with Shu2
and M5 of Shu1 has weak interaction with Shu2 (Supple-
mentary Figure S8A). Among the four Shu2 mutants, M4
has no interaction with Shu1 and M3, M7 and M8 have
weak interaction with Shu1 (Supplementary Figure S8B).
These results are largely consistent with the Y2H assay re-
sults except for the M3 mutation of Shu2, which weakens
moderately the interaction with Shu1 in the purification ex-
periment but has no significant effect on the interaction
with Shu1 in the Y2H assay. To further identify the key
residues at the Shu1–Shu2 interface, we performed single
mutations of the above residues to Ala or Asp, and the Y2H
results show that mutations L141D and W145D of Shu1
completely disrupt the Shu1–Shu2 interaction; mutations
L114D and F144D of Shu1 and F123D of Shu2 severely im-
pair the interaction; and the other mutations have no signif-
icant effects on the interaction (Figure 3B and Supplemen-
tary Figure S7C). Structural analysis shows that Leu114,
Leu141, Phe144, and Trp145 of Shu1, and Phe123 of Shu2
are located at the core of the hydrophobic interactions, and
their changes to Asp apparently destabilize the Shu1–Shu2
interaction (Supplementary Figure S9). Furthermore, se-
quence alignment shows that the four key residues of Shu1
are conserved in other fungal species, of which Leu114 and
Trp145 are strictly conserved and Leu141 and Phe144 are
highly conserved (Supplementary Figure S4B). Addition-
ally, among all members of the Shu2/SWS1 family identi-
fied so far, Phe123 of Shu2 is also highly conserved with two
variations to Ala or Val (Supplementary Figure S4A).

Secondly, we analyzed the functional roles of the key
residues at the Zn-binding site of Shu2 in the Shu1–Shu2
interaction. Consistent with the previous Y2H assays (24),
our Y2H assays show that mutations C114S, C116S, C176S,
and H178A of Shu2 disrupt the Shu1–Shu2 interaction
(Supplementary Figure S7D). Although the Zn2+ and the
coordination residues have no direct interactions with Shu1,
disruption of the Zn-binding would affect the stability of
the nearby structural elements (including �5, �3 and �4)
which are involved in the interactions with Shu1 (Figure
2A). Structural analysis shows that there are two hydropho-
bic cores flanking the Zn-binding site centered at the con-
served Phe119 and Ala181, respectively. The previous Y2H
assays showed that mutations F119A and A181T have no
significant effects on the Shu1–Shu2 interaction (24). We
mutated Phe119 into Ala and Asp and Ala181 into Thr
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Figure 3. Validation of the functional roles of key residues in the assembly of the Shu complex. (A) Y2H interactions between Shu1 and Shu2 containing
without or with multiple mutations at the interface. The lower panel lists the detailed mutations of the M1-M8 mutants. (B) Y2H interactions between
Shu1 and Shu2 containing without or with point mutations at the interface. (C) Y2H interactions between Shu1 and Shu2 containing without or with
mutations of Phe119 and Ala181 surrounding the Zn-binding site of Shu2. (D) Y2H interactions between the Csm2–Psy3 and Shu1–Shu2 heterodimers
containing without or with mutants of Psy3 or Shu1. (E) Pull-down assays between the His6-tagged Csm2–Psy3 heterodimer (WT or mutants of Psy3) and
the Shu1–Shu2 heterodimer (WT or mutants of Shu1). Tricine-SDS-PAGE gels were analyzed by Coomassie blue staining.

and Asp, respectively. Our Y2H results show that muta-
tions F119A and A181T indeed have no significant effects
on the Shu1–Shu2 interaction; however, mutation A181D
completely disrupts and mutation F119D severely impairs
the Shu1–Shu2 interaction (Figure 3C). It is possible that
these mutations destabilize the hydrophobic cores and thus
affect the Shu1–Shu2 interaction.

Thirdly, we analyzed the functional roles of the key
residues at the interface of the Csm2–Psy3 and Shu1–Shu2
heterodimers on the formation of the Shu complex us-
ing both Y2H and pull-down assays. Based on the Psy3–
Shu1 interaction, we prepared two Psy3 truncates [�(1–7)
and �(1–15)] and three Shu1 mutants (V51A, V51L, and
V51D). Our results show that the truncations and mutations
have no effects on the expression and stability of the two
subcomplexes (Supplementary Figure S8C and D). Trun-
cation �(1–15) of Psy3 and mutation V51D of Shu1 com-
pletely disrupt the Psy3–Shu1 interaction in the Y2H as-
says and the assembly of the Shu complex in the pull-down
assays; however, truncation �(1–7) of Psy3 and mutations
V51A and V51L of Shu1 have no significant effects on the
interaction and the assembly (Figure 3D and E). In addi-
tion, the sequence alignment shows that Val51 of Shu1 is
highly conserved in other fungal species with two variations
to Leu or Ile (Supplementary Figure S4B). The Y2H as-
say results suggest that residues in the region 8–15 of Psy3

are important for the Psy3–Shu1 interaction. Our structural
analysis shows that in the region 8–15 of Psy3, residues
Leu12 and Phe15 are buried in a hydrophobic pocket of
Shu1 and have tight interactions with Shu1 (Figure 2F and
Supplementary Figure S10A). The adjacent residue Ile16
of Psy3 is located on the edge of the hydrophobic cavity
of Shu1 but has few contacts with residues of Shu1 (Fig-
ure 2F and Supplementary Figure S10A). To analyze the
functional role of these residues in the Psy3–Shu1 interac-
tion, we performed mutagenesis and Y2H assays. The re-
sults show that mutations L12D and F15D completely dis-
rupt the interaction and mutation I16D has no significant
impact on the interaction (Supplementary Figure S10B).
These results together indicate that the interactions at re-
gion I of the Psy3–Shu1 interface are not essential, and the
interactions at regions II and III are critical for the assem-
bly of the Shu complex and particularly Val51 of Shu1 plays
an important role in the assembly.

In vivo functional analyses of the Shu complex

To investigate the functional role of the Shu complex in vivo,
we performed mutagenesis and yeast MMS sensitivity as-
says to examine whether mutations of the key residues im-
portant for the assembly of the Shu complex affect its func-
tion in the repair of MMS-induced DNA damage. Previous
genetic data demonstrate that all four components of the
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Figure 4. In vivo functional analyses of the Shu complex. (A and B) MMS sensitivity assays for multiple or single mutations of the residues involved in the
Shu1–Shu2 interaction. (C) MMS sensitivity assays for mutations of Phe119 and Ala181 of Shu2. (D and E) MMS sensitivity assays for mutants of Psy3
and Shu1.

Shu complex are essential for its function in DNA repair
(10,15). Indeed, our yeast growth experiments show that de-
pletion of any component of the Shu complex abolishes its
function in DNA repair (Supplementary Figure S11A–C).
All mutations or truncations examined in the Y2H assays
are also analyzed in the yeast MMS sensitivity assays. The
results show that at the Shu1–Shu2 interface, M1, M2, M4,
and M6 completely abolish, M5 and M8 severely impair,
and M3 and M7 slightly affect the function of the Shu com-
plex (Figure 4A). The single mutations of Shu1 and Shu2
that significantly impair the Shu1–Shu2 interaction either
completely abolish (L141D and W145D), or severely impair
(L114D and F144D), or moderately compromise (F123D)
the function of the Shu complex (Figure 4B). At the Zn-
binding site of Shu2, mutations C114S, C116S, C176S and
H178A completely abolish the function of the Shu com-
plex (Supplementary Figure S11D). In addition, mutation
A181D completely abolishes and mutation F119D severely
impairs the function of the Shu complex, but mutations
A181T and F119A also moderately compromise the func-
tion of the complex (Figure 4C). At the Psy3–Shu1 inter-
face, truncation �(1–15) and mutations L12D and F15D
of Psy3 and mutation V51D of Shu1 completely abolish the
function of the complex, and truncation �(1–7) and muta-

tion I16D of Psy3 and mutations V51A and V51L of Shu1
only slightly impair the function of the complex (Figure
4D, E and Supplementary Figure S10C). All of these re-
sults are very consistent with our Y2H results. Collectively,
our structural and functional data indicate that the Shu1–
Shu2 interaction, the Zn-binding site of the SWIM domain
of Shu2, and the Csm2–Psy3 and Shu1–Shu2 interface are
critical for the assembly of the Shu complex and important
for its function in the DNA repair.

DISCUSSION

The yeast Shu complex consisting of Csm2, Psy3, Shu1 and
Shu2, is a conserved regulator of homologous recombina-
tion in DNA repair. The previous biological studies show
that the Shu complex, in cooperation together with the
Rad55–Rad57 complex, can promote the formation of the
Rad51–ssDNA filament in the HR process (15,18–21). In
this work, we solved the crystal structure of the Shu com-
plex and performed the structure-based functional stud-
ies. Our structural and functional data together reveal the
molecular basis for the assembly of the Shu complex. In ad-
dition, our data together with the previous biological data
shed light on the functional role of the Shu complex in the
formation of the Rad51 presynaptic filament during HR.
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Figure 5. Possible DNA binding model for the Shu complex. (A) A ribbon diagram of the Shu complex. The proteins are colored the same as in Figure
1. The disordered L2 loops of Csm2 and Psy3 are indicated by dashed lines with the two clusters of positively charged residues colored in blue. (B) An
electrostatic surface of the Shu complex in the same orientation as in (A). The two positively charged regions at the Psy3–Shu1 interface are circled by
dashed lines. A 3′-overhang DNA is modeled to bind to the Shu complex. The ssDNA region of the DNA substrate binds to the potential binding site I
formed by the L2 loop and L1 loop of Csm2 and the N-terminal region of the L2 loop of Psy3, and the dsDNA region of the DNA substrate binds to the
potential binding site II formed by the C-terminal region of the Psy3 L2 loop and the two positively charged regions at the Psy3–Shu1 interface.

The previous biochemical data show that the Csm2–Psy3
subcomplex is able to bind preferentially to forked DNA
and 3′-overhang DNA, both of which are DNA structures
recognized and repaired by HR; whereas the Shu1–Shu2
subcomplex cannot bind to DNA (16,17,20,27). These re-
sults led to the suggestion that Csm2–Psy3 is responsible for
the DNA-binding activity of the Shu complex, and might
bind to the 5′-end of ssDNA and stabilize the Rad51 fila-
ments (16). Intriguingly, the previous biochemical data also
show that Psy3 alone lacks DNA-binding activity, but the
Psy3–Shu1–Shu2 complex exhibits high affinity for both ss-
DNA and dsDNA (27). The previous structural and muta-
genesis data show that both Csm2 and Psy3 contain a sur-
face exposed, positively charged L2 loop; and mutations of
the L2 loop of Csm2 completely abolish the DNA-binding
ability of Csm2–Psy3, whereas those of Psy3 have no effect

on the binding affinity of Csm2–Psy3 for dsDNA, but de-
crease the affinity of Csm2–Psy3 for ssDNA and abolish the
binding ability of Psy3–Shu1–Shu2 for both ssDNA and
dsDNA (27). These results suggest that the Shu complex
might contain two DNA-binding sites: one site involves the
Csm2 L2 loop, and the other is formed by the Psy3 L2 loop
and the Shu1–Shu2 heterodimer (27). Like in the structure
of the Csm2–Psy3 subcomplex, the L2 loops of both Csm2
and Psy3 are largely disordered, probably due to the absence
of DNA (Figure 5A). As the basic residues on the L2 loops
(189-KRRR-192 of Cms2 and 199-KRK-201 of Psy3) are
located in the disordered regions, there are no obvious posi-
tively charged regions on the surface of the Csm2–Psy3 het-
erodimer (Figure 5B). On the other hand, there are two pos-
itively charged regions around the Csm2–Psy3 and Shu1–
Shu2 interface: region I is located on the surface of Psy3 and
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consists of basic residues Lys156, Lys159, Lys162, Arg165
and Lys166; and region II is located on a surface cleft at the
Psy3–Shu1 interface and consists of basic residues Lys5 and
Arg8 of Psy3 and Arg58, Arg60 and Arg78 of Shu1 (Figure
5B and Supplementary Figure S12). In the Shu complex,
the cluster of basic residues on the C-terminal region of the
Csm2 L2 loop appears to be positioned in the close vicinity
of the N-terminal region of the L2 loop of Psy3 and the L1
loop of Csm2, and these three structure elements together
form a shallow positively charged surface groove (Figure
5A and B). We propose that this surface groove is likely
to form a major DNA-binding site (site I). In addition, the
cluster of basic residues on the Psy3 L2 loop is positioned
in the middle of the disordered region. It is possible that
the disordered Psy3 L2 loop might be oriented towards the
positively charged regions (I and II) at the Psy3 and Shu1–
Shu2 interface, and these three structure elements together
form another DNA-binding site (site II). Site I is a shallow
surface groove which is structurally similar to the ssDNA-
binding site in the Rad51 presynaptic complex (37), and site
II consists of a flat surface and a large cleft. As the Shu com-
plex prefers to bind forked and 3′-overhang DNAs both of
which contain ssDNA and dsDNA regions, it is possible
that site I may be responsible for binding the ssDNA re-
gion of the substrate and site II may be involved in binding
of the dsDNA region of the substrate, and the two bind-
ing sites work cooperatively to ensure a tight binding of the
substrate (Figure 5B). Further structural and biochemical
studies are needed to elucidate the exact molecular mecha-
nism for the recognition and binding of DNA substrates by
the Shu complex.

The previous functional data demonstrate that the Shu
complex stimulates Rad51 loading onto the RPA-coated ss-
DNA in cooperation with Rad52 and Rad55–Rad57 (21).
The Y2H and pull-down assays show that the Shu complex
interacts directly with Rad55–Rad57 via the Csm2–Rad55
interaction (19–21). On the other hand, Rad55-Rad57 can
also bind directly to Rad51 via Rad55, and the interactions
of Rad55–Rad57 with Rad51 and Csm2–Psy3 are non-
competitive (21,38,39). These results suggest that Rad55
might contain two binding interfaces for Rad51 and/or its
paralog to extend the filament smoothly. Based on these re-
sults, we can propose a working model for the functional
role of the Shu complex in promoting the formation of the
presynaptic filament. During the HR process, the ssDNA
generated by DNA end resection is firstly coated and pro-
tected by the RPA proteins. Secondly, the Shu complex rec-
ognizes and binds to the 5′-end of the ssDNA. Thirdly, the
Rad55–Rad57 complex is recruited to the damage site via
the Csm2–Rad55 interaction and then loaded on the ss-
DNA. Subsequently, the RPAs are gradually replaced by
Rad51 with the help of Rad52 and then the Rad51–ssDNA
filament extends in the 5′-3′ direction.
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